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Abstract

Artificial enzyme cascades are constructed by the combination of biocatalysts that are metabolically unrelated
in nature. Rapidly increasing numbers of available biocatalysts and cross-disciplinary efforts such as biocatalytic
retrosynthesis accelerated the design of (bio)synthetic routes with increasing complexity to produce value-added
chemicals. Well-established genetic regulatory elements (e.g., promoters) for balancing enzyme production,
complementing substrate channeling approaches, and the engineering of enzymatic host backgrounds by gene

knock-out target different molecular levels to implement and optimize pathways in whole cells.

The introduction of nonnative enzymes may interfere with the metabolic environment in hosts like Escherichia
coli (E. coli), which might impair the carbon flux through the synthetic pathway in vivo. Particularly, unexpected
interactions between different synthetic genetic elements are often underestimated contextual issues in
pathway design and a current challenge. Consequently, this thesis aims at the application of synthetic enzyme
cascades in vivo and the resolution of both compositional and host context dependencies by complementing flux

enhancement strategies to maximize product titers.

The biocatalytic retrosynthetic approach pursued in this thesis, revealed two distinct pathway designs to produce
polyhydroxylated compounds. Both involve the oxidation of primary alcohols to the corresponding aldehydes
and subsequent carboligation catalyzed by an aldolase. Regarding the second cascade step, aldols can be either
produced from extracellularly added aldol donor molecules such as (di)hydroxyacetone [(D)HA] or by hijacking
glycolytic DHA phosphate (DHAP). The latter will tightly interconnect the de novo pathway and the central carbon
metabolism of E. coli and circumvent the lability of DHAP in vitro. The implementation of a phosphatase and
stereocomplementary DHAP-dependent aldolases dephosphorylates the phosphorylated intermediate adduct to

shift the reaction equilibrium and provides access to aldol products in different configurations, respectively.

Subsequent screening of the biocatalytic toolbox identified AlkJ, an alcohol dehydrogenase from Pseudomonas
putida, as an efficient biocatalyst for the in situ production of reactive aldehyde acceptors. For the first cascade
design, the (D)HA-dependent aldolase Fsa1-A129S from E. coli was most suitable yielding aldol adducts with
(3S,4R) configuration, whereas, for the second pathway, the DHAP-dependent FucA (E. coli) was selected to
produce (3R,4R) polyhydroxylated compounds and phosphatases from different microbial hosts studied.

Up-to-date sequence- and ligation-independent cloning techniques were successfully applied to assemble
pathway modules in different genetic architectures. Compositional context was improved by the integration of
multiple genetic (transcriptional) regulators including (synthetic) terminators to balance pathway enzyme
production in vivo. The cellular host environment severely interfered with the in situ preparation of (cytotoxic)
aldehyde intermediates by the rapid reduction to the alcoholic substrates and the irreversible metabolization to
the corresponding carboxylic acids. These context issues were addressed by the utilization of highly engineered
strains such as E. coli RARE and simply by the introduction of a reversing enzymatic activity, respectively, to
reroute the carbon flux from the carboxylate sink toward cascade aldehyde intermediates. The latter employed
a carboxylic acid reductase from Nocardia iowensis (CARni). In the presence of AlkJ and CARwi, reactive aldehyde
species were quickly interconverted between the corresponding alcohols and carboxylates. Consequently,
aldehydes were equilibrated below nonviable, yet freely available concentrations for subsequent aldol reaction.
This so far neglected strategy establishing a ‘hidden reservoir for reactive aldehyde species’ increased cell

viability and could address the issue of aldehyde toxicity and persistence in vivo.

Although aldols could not be synthesized via the DHAP-dependent cascade, crucial bottlenecks such as
insufficient intracellular DHAP concentrations were identified by metabolomic analysis. To compensate this
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‘parasitic’ interaction, a DHA kinase from Citrobacter freundii was successfully studied in this thesis and offers an
optimization strategy for future applications.

The research conducted in this thesis not only designed, assembled, implemented, and optimized an artificial
biosynthetic pathway consisting of up to three metabolically unrelated enzymes (AlkJ, CARwi, Fsa1-A129S). The
‘hidden aldehyde reservoir’ approach in combination with a refined solid phase extraction purification, tackling
the issue of notoriously low yielding aldol reactions in vitro, demonstrated the applicability of the developed
system and synthesized structurally different aldols from the donor molecules HA and DHA in up to 91% isolated
yields in short reaction times in living cells.
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Kurzfassung

Die Kombination von Enzymen aus verschiedenen metabolischen Kontexten fiihrte zur Etablierung kiinstlicher
Stoffwechselwege. Das sich stdndig erweiternde Portfolio zur Verfliigungen stehender Biokatalysatoren
ermoglichte die Entwicklung komplexer, enzymatischer Syntheserouten zur Herstellung von Fein- und
Bulkchemikalien. Flr die Optimierung von Ganzzellsystemen wie Escherichia coli (E. coli) kommen genetische
Regulatoren wie Promotoren zur Verbesserung der Enzymproduktion oder die gentechnische Veranderung von

Bakterienstammen durch das gezielte Ausschalten von Genen zum Einsatz.

Die Einbringung von nicht-nativen Enzymkaskaden kann nicht nur die Viabilitdt von E. coli negativ beeinflussen.
Unterwiinschte Interaktionen zwischen genetischen Elementen des kiinstlichen Stoffwechselweges oder des
Stoffwechselweges mit dem metabolischen Kontext von E. coli minimieren den Kohlenstofffluss und — folglich —
Produktausbeuten. Die Behebung dieser oft unterschatzen Kontextprobleme bei der Etablierung von

Enzymkaskaden in vivo ist Hauptziel dieser Arbeit.

Die (bio)retrosynthetische Analyse pharmazeutisch relevanter Zuckermolekile ergab zwei unterschiedliche
Wege, polyhydroxylierte Verbindungen zu synthetisieren. Beide oxidieren priméare (aromatische) Alkohole zu den
entsprechenden Aldehyden, die durch Aldolase-katalysierte Aldolreaktion zu den Zielverbindungen umgesetzt
werden. Fir die C-C-Knlpfung kdnnen extrazelluldre Donormolekiile wie (Di)hydorxyacetone [(D)HA] oder
intrazellulares DHA-Phosphat (DHAP) verwendet werden. Die Implementierung DHAP-abhéangiger Aldolasen mit
unterschiedlicher Stereospezifitat verknipft die kiinstliche Enzymkaskade nicht nur mit dem zentralen
Kohlenstoffmetabolismus der Zelle (iber die Glykolyse; die Labilitat von DHAP in vitro kann so umgangen werden
und ermoglicht die Synthese von Aldolen mit unterschiedlicher Konfiguration. Die irreversible
Dephosphorylierung von phosphorylierten Zwischenprodukten durch eine Phosphatase verschiebt schlieBlich

das Reaktionsgleichgewicht in Richtung der gewlinschten Aldole.

Die Evaluierung verschiedener Biokatalysatoren fiihrte zu AlkJ, einer Alkoholdehydrogenase aus Pseudomonas
putida, fur die in situ Produktion von reaktiven Aldehyden, und zwei Aldolasen aus E. coli, der (D)HA-abhangigen
Fsal-A129S und der DHAP-abhangigen FucA. Erstere liefert polyhydroxylierte Verbindungen mit (35,4R) und
zweitere mit (3R,4R) Konfiguration. Im Zuge dieser Arbeit wurden Phosphatasen aus unterschiedlichen

Mikroorganismen charakterisiert und implementiert.

Moderne sequenz- und ligation-unabhadngige Klonierungsmethoden ermoglichten die Assemblierung von
Enzymmodulen in verschiedenen genetischen Konfigurationen. Durch die Implementierung transkriptioneller
Regulatoren wie (synthetischer) Terminatoren konnte die Produktion von AlkJ und Fsa1-A129S in vivo deutlich
verbessert werden. In der zelluldren Umgebung von E. coli jedoch wurden die in situ produzierten Aldehyde rasch
verstoffwechselt. E. coli exprimiert eine Vielzahl von Enzymen, um sich vor oxidativem Stress zu schiitzen, und
wandelt deshalb Aldehyde zu den entsprechenden Alkoholen um oder oxidiert sie irreversibel zu Carbonsauren.
Zur Losung dieses Kontextproblems fiihrte unter anderem der Transfer der kiinstlichen Enzymkaskade in einen
geeigneten, genetisch optimierten Stamm wie E. coli RARE oder aber die Erweiterung der Kaskade um ein Enzym,
das die Bildung von Carbonsauren umkehren kann. Die Implementierung einer Carbonsaurereduktase von
Nocardia iowensis (CARni) konnte die irreversible Nebenproduktbildung erfolgreich umkehren und fiihrte,
zusammen mit der enzymatischen Aktivitdt von AlkJ, zu einer Gleichgewichtseinstellung zwischen primaren
Alkoholen, Carbonsauren und reaktiven Aldehyden. Aldehydkonzentrationen wurden so unter das Toxizitatslevel
gesenkt, standen jedoch weiterhin dem nachsten Kaskadenschritt, der Aldolreaktion, zur Verfligung. Die
Anwendung dieses Zweienzymsystems erhohte die Viabilitdt von E. coli und stellt eine komplementére Strategie

fiir das ,,In-Schach-Halten” reaktiver Intermediate wie Aldehyde dar.
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Obwohl die Produktion von Aldolen Ulber die DHAP-abhdngige FucA und den entsprechenden kiinstlichen
Stoffwechselweg nicht erfolgreich war, wurden wichtige, E. coli-abhangige Faktoren identifiziert. So reicht der
intrazellulare Pool an DHAP nicht aus, um das Gleichgewicht erfolgreich in Richtung der Aldolbildung zu
verschieben. Fir die in situ Produktion von DHAP wurde die DHA-Kinase aus Citrobacter freundii evaluiert und
verspricht Potential fir eine Optimierung dieses synthetischen Stoffwechselweges.

Mit der Kombination dreier Enzyme (AlkJ, CARni, Fsa1-A129S) aus verschiedenen metabolischen Kontexten und
der Etablierung einer synthetischen Enzymkaskade in E. coli wurde das Ziel dieser Dissertation erreicht. In
Kombination mit einer verfeinerten Festphasenextraktion zur Aufreinigung polyhydroxylierter Verbindungen,
konnten die isolierten Ausbeuten strukturell unterschiedlicher Aldole mit den Donormolekiilen HA und DHA in
kurzen Reaktionszeiten auf bis zu 91% gesteigert werden und ubertrifft dabei etablierte in vitro Systeme.
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A Synthetic enzyme cascade

schemes

All compounds prepared or used as starting materials in this thesis are numbered in bold Arabic numerals. Since
this work aims at the development of artificial cascade reactions, substrates entering the cascade will
successively converted via intermediate cascade steps to the target compounds. To emphasize this, the cascade
step is designated with letters after the corresponding substrate compound number (e.g., 1a for the 1% cascade

step, 1b for the 2" cascade step, and so forth).

Noteworthy, in vivo cascades start from the primary alcohols (b) and not the more lipophilic esters (a) since the

alcoholic substrates can freely pass the cellular membrane of E. coli.

A | Artificial metabolic pathways producing

polyhydroxylated compounds in vivo

b FAD® FADH, [ Fsal-
i A1295 gH
AOH 52 » R H R/\-/\n/\ R .
AlkJ =

>=o
(=9
=

E. coli BL21(DE3) R OH

Core

odule fsa1-A1295

Scheme A-1 Mini-pathway for the successful production of target polyhydroxylated compounds. Pathway flux
in black; competing endogenous activities in grey. Enzymatic core module containing pKA1_alkJ::fsal-
A129S in pseudo-operon configuration (pPOP). Synthesis: Stationary phase E. coli BL21(DE3) whole
cell biocatalyst coexpressing AlkJ and Fsal-A129S, 1% (w/v) glucose, 5 mM substrate (b), 5% (v/v)
ACN, 20 eq aldol donor (DHA, R’ = OH, compounds e; HA, R" = H, compounds f), 25°C (250 rpm).

Downstream aldol (e or f) purification by SPE.
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Table A-1. Isolated yields of target aldol compounds

Isolated
Products Substrate Donor yields
[%]
OH
= DHA
SNt (e) 7®
OH O 2b
(2e—f) HA 70
(f)
OH
= DHA
OH O ab
(4e—f) HA 89
(f)
OH O
DHA
©A°WJVX (e) o4
OH 5b
(5e-f) HA 61
(f)
o OH
= DHA
©/\OJ\H/\=/\"/\X e) 91
OH O 6b
(6e—f) HA

(f)

83
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/ FAD* FADHQ NAD(P) NAD(PH \
2b 2d

OH OH
...... b
o] CARy,
k(f ATP
MADPH

NAD(P) I‘ WD)
1 AMP + PPy

Fsai-A1295 NADP*

fsal-A1295

Scheme A-2 ‘Hidden aldehyde reservoir’ approach. Pathway for the production of 2e. Converged pathway flux in
black; endogenous enzyme activities in grey. Enzymatic modules containing pKA1_alkJ::fsa1-A129S
in pseudo-operon configuration (pPOP) and pETDuet-1_PPtases::carni in pseude-operon
configuration. Synthesis: Stationary phase E. coli BL21(DE3) whole cell biocatalyst coexpressing AlkJ,
Fsa1-A129S, CARwi, PPtases. (omitted for clarity), 1% (w/v) glucose, 5 mM 2b, 5% (v/v) ACN, 20 eq
DHA, 25°C (250 rpm). Downstream purification of 2e by SPE: 78% isolated yield in 2 h.
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/ M Glycolysis OH \
2b + -

OH + OH
HO _MX_OPO;* P PhoN
2c
Al <
D" ’}\‘ AN oPOs>
FADH, o —

FucA

NAD(P) />\ OH
NAD(FJH
O 2d E. coli BL21(DE3) /

P'zeFucA

Core
module

phoN-5f or

Scheme A-3 Unsuccessful production of 2erca via a DHAP-dependent pathway. Pathway flux in black;
endogenous fluxes in grey. Enzymatic modules containing pKA1_fucA::alk) in pseudo-operon
configuration and a phosphatase (PhoN) module (pET26b(+)_phoN-Sf or pCDFDuet-1_yqaB). E. coli
BL21(DE3) whole cell biocatalyst coexpressing AlkJ, FucA, PhoN-Sf or YqaB tested under various

conditions and module combinations.
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A
FucA :
module / 2b Glycolysis OH \
YqaB OH
module OH O
Py YgaB
OH
OPQs%
OH ©
P-2er,cn

E. coli BL21(DE3) /

i Transport by diffusion ]
/ p‘ FAD* FADH, NAD{P)* MAD{P)H " \
2b )—§ /\-<*
H

OH Alkd OH
------ OO L O
o) CARy; 0
‘>_< 2c NADP>-<ATP 2d

\E. coli BL21(DE3) NADI(F NAD(P)H AMP + PP, NADFH

CAR
module

/

Scheme A-4 Unsuccessful ‘mixed culture approch’ for the production of 2er.ca. Pathway flux in black; endogenous
fluxes in grey. Separated enzymatic modules consisting of pKA1_alKJ and pETDuet-1_PPtasec.::carni
and pKA1_fucA and pCDFDuet-1_yqaB. Biotransformations: Late exponential phase E. coli whole cell
biocatalysts expressing the corresponding modules, 1% (w/v) glucose, 5 mM 2b, 5% (v/v) ACN, 25°C
(250 rpm).
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Compound library

Compound library

l Cascade substrates and intermediates:

Aromatic esters, primary alcohols,

aldehydes, and carboxylic acids
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Metabolic background studies in E. coli:
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C Introduction

C I Out of a test tube:
The evolution of biocatalysis

Enzymes and natural metabolic pathways had been used by mankind in fermentation processes including baking,
brewing, and the production of vinegar long before cells, proteins, and their functions were explored (Figure
C-1). The anaerobic fermentation in yeast breaks down starch into monosaccharides and, ultimately, ethanol
(EtOH) and carbon dioxide (CO2) and was first scientifically described in the early 19t century. In 1896, Eduard
Buchner performed the first cell-free fermentation with an extract from Saccharomyces cerevisae (S. cerevisae)
converting sugars into alcohol in a test tube. His conclusion that the reduction was carried out by enzymes,
marked the beginning of modern biocatalysis.'3 Amongst the first nonnative substrates converted
biocatalytically was benzaldehyde in the presence of hydrogen cyanide and a plant extract by Ludwig Rosenthaler
yielding (R)-mandelonitrile (Figure C-1).[* Since then, the concept of biocatalysis has developed from converting
simple molecules by (isolated) native enzymes in single-step reactions to engineered metabolic routes producing
value-added (nonnatural) compounds by the application of multi-enzyme cascades (Figure C-1 and Figure C-3).1*
7]

Cascade type reactions benefit from the cooperative effect of multiple biocatalysts with their inherently high
chemo-, regio- and stereoselectivity and the omission of intermediate isolation (Figure C-2).*! Although in vitro
applications can be optimized by simply changing reaction parameters (e.g., substrate and enzyme
concentrations, temperature, or pH), they consist only of a few enzymes and cannot compete with the efficiency
of natural metabolic pathways.® 1% Cell-free systems require the preparation of biocatalysts, which involves the
(heterologous) expression, isolation, and purification of enzymes from host cells. Many biocatalysts, especially
redox enzymes, depend on cofactors, which must be either added in stoichiometric amounts or regenerated by
recycling systems.[1%12] Both render in vitro cascades uneconomical and add complexity to a system that started
out being facile (Figure C-2A). In comparison, living cells produce amino acids from simple nutrients like glucose
and ammonium and synthesize enzymes and other proteins via the coordinated processes of transcription and
translation.[*® The host metabolism supplies and recycles cofactors and biocatalysts usually are more stable in
the cellular environment of the host cell (Figure C-2B).[% 10-11]

In the beginning 1980s, the limited stability of enzymes in vitro had been overcome by immobilization
techniques***! and emerging structure-based protein engineering tools were employed to substantially
increase the tolerance of biocatalysts toward elevated temperatures or organic solvent concentrations. Soon,
protein engineering was applied to extend the substrate scope of enzymes, which enabled the synthesis of
unusual synthetic intermediates (e.g., ethyl-(R)-4-cyano-3-hydroxy butyrate for the commercial production of
atorvastatin;*®! Figure C-1 and Figure C-22).1'") Starting in the 1990s, pathway enginnering tools were still in their
infancy, Frances Arnold, Pim Stemmer, and others pionieered protein engineering methods mimicking an in vitro
version of Darwinian evolution to efficiently modify biocatalysts. These techniques, now commonly known as
directed evolution, equipped enzymes with remarkably new features to biocatalytically produce pharmaceutical

intermediates and fine chemicals (Figure C-23—Figure C-26).15 17
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Figure C-1. The evolution of biocatalysis. From fermentations used for millennia and the start of modern biocatalysis with the synthesis of

(R)-mandelonitrile,® the field of biocatalysis has evolved to today’s application of multi-enzyme cascades, extensively
engineered enzymes, and whole cell biocatalysts in industrial applications.!® 17 This evolution was accompanied by an almost
exponential gain of knowledge and constant technological innovations (dotted boxes): Molecular cloning marked the beginning
of recombinant DNA technology.[®1°! Immobilization of enzymes increased stability in vitro and was employed in the production
of fructose from glucose by an immobilized glucose isomerase (iGl), for example.[**! Protein engineering techniques highly
accelerated the improvement of enzyme properties and led to the realization of synthesic routes to pharmaceutical
intermediates as well as products (e.g., 6-chloro-2,4,6-trideoxy-D-erythrohexapyranoside,’?? artemisinin,?!! D-fagomine,2
ethyl-(R)-3-cyano-3-hydroxy butyrate,!* or (1S,35)-3-aminocyclohexanol®). Metabolic and synthetic pathway engineering
strategies are supported by bioinformatics tools and enhanced, for example, the production of vanillin from ferulic acid in whole
cells.?l Current research progress projects toward the efficient reprogramming of genomes, for example, by CRISPR/Cas9,1*
the (computational) de novo design of enzymes,!1”! the assembly of sophisticated metabolic circuits accessing CO; as valuable
carbon feedstock,?%! and the identification and optimization of novel (degradation) pathways from metagenomes.?” ‘The
evolution of scientists’ (top left) was adapted from G. R. Scott (McMaster University, CA, 2017).

Advances in DNA technologies and in bioinformatics have provided essential support to the rapidly growing field

of biocatalysis. They have promoted the discovery of novel enzymes from natural resources such as

metagenomes!?® and accelerated the redesign of existing biocatalysts. Reduced costs for DNA synthesis and high-

throughput screenings speeded up the development of tools for synthetic pathway design and engineering.*”!

The elucidation of whole genome sequences of organisms including Bacillus subtilis (B. subtilis), Escherichia coli

(E. coli), and S. cerevisiae has not only led to the evolvement of the omics disciplines transcriptomics, proteomics,

metabolomics, and fluxomics; it offered comprehensive (microbial) metabolic network information that enabled

the genetic remodeling of biological systems toward customized microbial cell factories for industrial uses (Figure

C-3).16: 25301 Bjpinformatics tools complement experimental advances, have facilitated the understanding of

protein sequence-function relationships, and become an integral part of modern protein engineering and

pathway design.[®:31-33]
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Figure C-2. Features of in vitro and in vivo multi-enzyme cascades. (A) /n vitro cascades can be easily optimized by changing process
parameters (e.g., substrate and enzyme concentrations), but their assembly requires the preparation of enzymes and cofactors
must be artificially added or regenerated. (B) In vivo cascades benefit from the simultaneous production of all pathway enzymes

and the recycling of cofactors by the host cell metabolism.®!
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Figure C-3. Development of engineered metabolic routes. Metabolic engineering redirects native metabolic pathways (black arrows), for
example, by the knock-out (KO) of endogenous enzyme activities (red X) to accumulate natural products (in black on the left).
The engineering of microbial cells and the introduction of non-native pathways (red arrows) produced non-natural compounds

(in red on the right) from renewable feedstocks.¥

In context of the increasing environmental impact of the chemical and pharmaceutical industry, the stewardship
of available resources and the reduction of waste are key challenges of the present and the future. Biocatalysts

are made from renewable sources, they are biodegradable and nontoxic. Since they are perfectly combinable in
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cascade type reactions (Figure C-2), characterized by high selectivities that simplify downstream purification
processes and result in higher product yields, biocatalysis provides an attractive alternative to classic organic
syntheses, which is in full compliance with the 12 principles of green chemistry.[* With the recent advent of
systems metabolic engineering, combining metabolic and genetic engineering with systems biology and synthetic
biology, scientists have started to efficiently remove bottlenecks and to maximize product titers of artificial
enzyme cascades in vivo.!® 36371 Whereas the emerging CRISPR/Cas9 (clustered regularly interspaced short
palindromic repeats/CRISPR-associated protein 9) genome editing tool for eukaryotic cells?> 3839 js 3 yet
underrepresented gene manipulation method in bacteria,!*>*! scientists routinely reorganize the metabolic
background of microbial host cells by gene knock-out (KO) strategies.!*?! Current research successfully assembled
de novo pathway modules for manufacturing a broad variety of nonnatural compounds*>*# (Figure C-4) and
projects toward the construction of highly engineered (de novo) biocatalysts — enzymes and whole cells — that
offer potential to tackle today’s environmental and industrial challenges, including electrogenic reactors based
on ‘microbial fuel cells’ for harvesting electricity from biomass,**! the degradation of plastics to reduce waste,?”!

or the fixation of CO: as an important carbon feedstock for a green economy in the future (Figure C-1).12¢!

OH
RT
/ z
N————
N OH
R I_(j/\ N NH2
= R+
Styrene \ ), F
derivatives
NH;
RT
=
Amino- and

E. coli oxy-functionalized products

Figure C-4. Example of a modular pathway design for the functionalization of terminal alkenes. Production of a-hydroxy
carboxylic acids (top), 1,2-amino alcohols (center), and a-amino acids (bottom) by E. coli cells harboring
multiple enzyme modules. M1: epoxidase, epoxide hydrolase; M2: alcohol dehydrogenase (ADH), aldehyde
dehydrogenase (AIDH); M3: ADH, w-transaminase (w-TA), alanine dehydrogenase (AlaDH); M4: hydroxy acid
oxidase, a-transaminase, catalase, glutamate dehydrogenase. The figure was adapted from S. Wu et al.
(2016).143

C Il Tools for cellular pathway engineering

A suitable host proves essential for in vivo pathway design, introduction, and optimization. The gram-negative
bacterium E. coliis widely used in pathway engineering because of its rapid growth at high density on inexpensive
nutrients and its well-understood genetics.l® 6471 The access to comprehensive genome sequences from
databases enabled the application of rational gene KOs and the construction of mutant libraries (e.g., the Keio
collection).*® In living cells, many different proteins and enzymes are simultaneously produced to ensure vital
functions such as reproduction and growth. The introduction of metabolically nonrelated enzymes potentially
disturbs the finely tuned metabolic host network, which, in turn, might primarily interfere with the production
of pathway enzymes in vivo.[® 1 41 To maximize the carbon flux through synthetic pathways and to meet
performance metrics such as high product titers, both in vitro and in vivo applications require a balanced pathway

enzyme stoichiometry. Therefore, target enzymes must be individually produced or coexpressed in E. coli in
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sufficient amounts balanced for individual activities. For decades, enzymes have been overexpressed from
plasmids, which can be constructed by standard molecular cloning techniques involving restriction enzymes and
ligases.[*®! For the (heterologous) production of enzymes and other pathway proteins, the use of plasmids is still
the method of choice since an increasing number of different vectors and standardized guidelines for
construction and subsequent protein production are available.®® However, the expression of whole pathways is
challenging, not only because of the innately high metabolic burden of artificial enzyme cascades bestowed upon
the host.1®!

C 1.1 The challenges of multiple recombinant protein expression

Before 1970, the characterization of individual genes from microorganisms was impaired due to the inability to
isolate them. This changed dramatically with the advent of molecular cloning methods after the identification
and isolation of restriction endonucleases in bacteria, restricting the growth of bacteriophages (Figure C-1).1181%
491 Since then, recombinant DNA molecules could be propagated in E. coli, target genes expressed, and their

functions studied.

Today, synthetic pathways comprise of several pathway elements — usually enzymes — but the expression of a
larger number of different enzymes from indivdual plasmids is not feasible. Not only does this approach involve
separate rounds of molecular cloning; major obstacles are encountered after the introduction of plasmids. The
replication of foreign DNA®Y and the overproduction of recombinant proteins!®? impose a high metabolic load
on the host.®! The drain of resources from the host cell induces stress responses including amino acid depletion,
starvation, and heat shock responses.®® Housekeeping genes involved in transcription, translation, and amino
acid biosynthesis are down-regulated, reducing growth rates and cell viability.’*>® As a result, the flux through

de novo pathways can be strongly impaired with low productivities as only one consequence.[® 575

An immediate solution to reduce the metabolic burden!® is the coexpression of two (or more) genes from a
single plasmid. One common tool for protein coproduction is the Duet expression system from Novagen. It offers
plasmids with compatible origins of replication (ORIs) and different antibiotic markers including ampicillin (Amp;
pETDuet-1), chloramphenicol (Cam; pACYCDuet-1), kanamycin (Kan; pRSFDuet-1 and pCOLADuet-1), and
streptomycin (Str; pCDFDuet-1) (Table C-1).[9 Single Duet vectors are useful to coexpress enzyme complexes!®!l
or metabolically related enzymes, for example, carboxylic acid reductases (CARs) and a phosphopantetheinyl
transferase (PPtase). The PPtase posttranslationally attaches a phosphopantetheinyl residue to the apo-CAR to

form the functional holo-CAR enzyme (Figure C-36).[62-64

By employing four Duet vectors with compatible replicons and complementing antibiotic resistances, up to eight
proteins can be produced in a single cell.** %! Hence, the Duet expression system has been successfully applied
to enhance the production of various natural compounds in E. coli and to introduce synthetic pathway modules
to access nonnatural products.!® Scientist in the Prather group assembled pathway enzymes in modules that
allowed to rationally test different combinations to increase product titers of odd-chain fuels and chemicals
including pentanol'®® and 4-methyl-1-pentanol.[®”! The latter was formed via a ten-step de novo pathway that
was designed by a retro-biosynthetic approach!®® with enzymes taken from nine different microorganisms
(Figure C-5). Wu et al. also utilized a modular approach to convert nonnatural (substituted) styrenes into amino-
and oxyfunctionalized products in E. coli cells, heterologously coexpressing up to eight different enzymes from

Duet vectors (Figure C-4).143]
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Table C-1. Plasmid replicons, copy numbers, and compatibility

Plasmid(s) ORI Copy Compatible ORIs
number [
pUC (all), (b] RSF1030, Mini-F/RK2,
pGEM (all) pPMB1 300-500 CloDF13, ColA, P15A
PRSF, ColE1, CloDF13, P15A,
PRSFDuet-1 RSF1030 >100 pSC101
PET (all), ColE1 ~ 20 RSF1030, Mini-F/RK2,
pETDuet-1 (pBR322) CloDF13, ColA, P15A
pETcoco™ Mini-F/RK2 ~4010d ColE1, ColA, P15A
pCDF, RSF1030, ColE1, ColA,
pCDFDuet-1 CloDF13 20-40 P15A, pSC101
pCOLA, ColE1, Mini-F/RK2,
pCOLADuet-1 ColA 20-40 CloDF13, P15A, pSC101
pACYC, -
RSF1030, ColE1, Mini-
pACYCDuet-1, P15A 10-12 ! !
PRARE F/RK2, CloDF13, ColA
pSC101 pSC101 ~g RSF1030, ColE1, CloDF13,

ColA

[l Copy numbers may vary depending on the size/type of DNA insert, growth
conditions, and the E. coli strain used. Copy numbers were adapted from T.
Bayer et al.®! and references therein. ®) pMB1 derivatives are related to the
ColE1 replicon, which originates from the pBR322 ORI. [! Amplifyable up to 40

copies per cell.
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Figure C-5. Modular 4-methyl pentanol pathway designed by retro-biosynthesis. Modules M1 and M2 utilize the glycolytic product
pyruvate to form the precursor i-butyrate-CoA. M3 is the coenzyme A (CoA)-dependent module to elongate the carbon chain.
The condensation of i-butyrate-CoA and acetyl-CoA, which is formed by the pyruvate decarboxylase (PDC) complex, yields 3-
keto-4-methyl valerate-CoA. After three consecutive enzymatic transformations, 4-methyl valerate is formed by endogenous
thioesterase activity.l®® M4 is the alcohol-terminating module yielding 4-methyl pentanol. Retro-biosynthetic analysis and de
novo pathway construction started from the target compound (in opposite direction of the final carbon flux). The formation of
n-butanol from acetyl-CoA as a pathway byproduct was omitted for clarity. M1: acetolactate synthase (B. subtilis), acetohydroxy
acid isomeroreductase, dihydroxy acid dehydrolase (E. coli), decarboxylase (Lactobacillus lactis), ALDH (Flavobacterium
johnsonaie); M2: isobutyryl-CoA ligase (Rhodopseudomonas palustris); M3: thiolase, acetoacetyl-CoA reductase, enoyl-CoA
hydratase (Cupriavidus necator), enoyl-CoA reductase (Treponema denticola); M4: CAR (Nocardia iowensis), ADH (Leifsonia sp.
strain S749). The figure was adapted from M. J. Sheppard et al. (2014).1"
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Despite the inspiring synthetic pathway applications based on combinations of different Duet vectors and the
assembly of enzyme modules (i.e., enzymatic toolboxes), there are limitations. Considering the metabolic
burden, the Duet expression system exclusively features medium- and high-copy number plasmids (Table C-1).t°!
The plasmid maintenance by host cells can provoke stress responses that are related to the copy number.[®
Contrary, low-copy number plasmids confer a lower metabolic burden. They are more stably maintained and
capable of replicating larger pieces of DNA due to their larger native size and the replication mechanism. This
makes low-copy number plasmids excellent but undervalued alternatives to medium- or high-copy number

plasmids for the vector-based introduction of metabolic pathways.[® 7472

Furthermore, the Duet expression system does not allow quick modular alterations of single or multiple pathway
elements. Changes in the pathway architecture from the pseudo-operon configuration in the Duet vectors to
operons, for example, are not feasible (Figure C-6). With only strong isopropyl B-D-1-thiogalactopyranoside
(IPTG)-inducible T7 promoters (Pr7) in place, which is also known to be a leaky expression system, tuning of gene
expression is not possible.l®! Therefore, enzyme stoichiometry is hard to control, which is strictly required for

both a balanced flux through synthetic pathways and the reduction of the metabolic burden.

Pseudo-operon

Sad

Sgy

} Constitutive promoter B Inducible promoter Ribosome binding site m Open reading frame Terminator

m Origin of replication Plasmid backbone

Figure C-6. Genetic configurations of an example plasmid harboring three target genes. (A) In operons, a gene cluster is under the control
of an inducible promoter and one terminator. (B) The expression of genes is controlled by individual promoters in pseudo-
operons. One common terminator stops transcription. (C) In monocistronic configurations, multiple genes are under the control
of an individual promoter and a terminator. The ORI is necessary for plasmid replication and a marker gene (e.g., antibiotic
resistance gene) for positive selection and plasmid maintenance under selective pressure. The Duet vectors are designed to

harbor two target genes in pseudo-operon configuration. The figure was adapted from T. Bayer et al. (2015).1

As noted before, current and future artificial metabolic routes will not only depend on modularity but tools for
fine-tuning of expression on different molecular levels (e.g., transcription and translation) to balance the

simultaneous production of all pathway enzymes, 32 7% 73-74

Xu et al. combined both modularity and the regulation of gene expression in a set of ePathBrick vectors.[”” The
ePathBrick expression system supports the assembly of multi-component pathways in different configurations
(Figure C-6) and the incorporation of genetic activator and repressor elements enabling transcriptional fine-
tuning.[® 7! The applicability was demonstrated by the functional assembly of a seven-gene flavonoid pathway
(9 kb) on a single ePathBrick vector in monocistronic configuration (Figure C-6C), dramatically reducing the

plasmid burden.!® 7> The construction of ePathBrick vectors was based on restriction enzymes, precisely, the four
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isocaudamers Xbal, Spel, Avrll, and Nhel.l”® These restriction enzymes are compatible with the BioBrick™
standard, which was introduced by Knight in 2003 and first contemplated by Rebatchouk, who suggested a
general cloning strategy referred to as NOMAD (nucleic acid ordered assembly with directionality) in 1996.7”!
The BioBrick™ standard aims at the dissection of biology into standardized parts (e.g., promoter, terminator,
RBS) and their directional assembly into genetic devices and whole (synthetic) pathways by consecutive rounds
of molecular cloning, utilizing the isocaudomer pair Xbal and Spe! (Figure C-7).® Isocaudomers are pairs of
restriction enzymes that have slightly different recognition sequences but, upon cleavage, generate identical
cohesive termini. Ligation results in a scar sequence that cannot be cleaved by either of the initial restriction
enzymes.® While the BioBrick™ scar sequence encodes an in-frame stop codon, the isocaudamer scar sequence

of Bglll and BamHI encodes a Gly-Ser, which can be utilized to produce fusion proteins.l’s7%!

Spel
Inducible promoter
Xbal
Terminator

* Restriction and ligation

Restriction site

P Gene 1 P Gene 2 T

‘Scar site’ Scar sequence

L kEy§

Figure C-7. Schematic BioBrick™ assembly. Restriction by the isocaudamer pair Spel and Xbal creates compatible sticky ends that can be
joined by ligation. The resulting scar sequence cannot be cut by the original enzymes. Consequently, Spel and Xbal can be re-
used in a subsequent round of cloning. The figure was adapted from T. Bayer et al. (2015).[¢!

Although the simplification of biology into parts and their Lego brick-like assembly are powerful tools for the
construction of artificial pathways, the iterative rounds of restriction enzyme digestion and ligation can be time-
consuming. Furthermore, the sequence dependency of restriction enzymes can be troublesome if a target gene
contains recognition sites for the desired restriction enzymes. Certainly, other restriction enzymes can be used
and codon degeneracy allows alterations in a nucleotide sequence to ditch forbidden restriction sites without
changing the amino acid sequence. Since such strategies offer not more than a laborious compromise, cloning
methods omitting the repeated use of restriction enzymes and ligase were developed to assemble whole

metabolic pathways (ideally) in one step.®

C 1.2 Advanced cloning techniques

In the last two decades, advances in DNA technologies have dramatically reduced the cost of commercial DNA
synthesis and sequencing.['”-8%81 The limiting technology for the construction of larger metabolic pathways with
a defined architecture featuring the desired regulatory elements has long been its assembly. This obstacle was
overcome and several DNA assembly methods allow constructing synthetic pathways and can even assemble

whole genomes. [6: 32 36, 82:84]

Advanced cloning techniques utilize polymerase chain reactions (PCRs) to produce linear DNA fragments to be
joined. Joining is facilitated by terminal, overlapping, and homologous DNA sequences. Hence, multiple DNA
fragments can be linked in a seamless and (almost) sequence-independent fashion. This circumvents restriction
enzyme digestion, ligation and, consequently, the scar sequences generated during the BioBrick™ and related

assembly methods, for example (Figure C-7).1®!
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PCR cloning became interesting for pathway construction with the introduction of sequence- and ligation-
independent cloning (SLIC), which enabled the assembly of ready-to-transform plasmids harboring target
pathway genes.l® %! Originally applied by Li etal.,'® SLIC has been successfully applied and constantly

improved.3?

One advanced SLIC protocol repeatedly used in this thesis is Fast Cloning (FC).[®”! The target vector backbone and
the desired insert are amplified in independent PCRs. A mixture of both linear DNA fragments is digested with
Dpnl to destroy the methylated PCR templates. Subsequently, competent E. coli cells are directly transformed
with the mixture. The DNA fragments are joined in vivo via the homologous ends (15-30 bases) introduced during

PCR. Finally, the bacterial DNA repair machinery seals DNA strand breaks (Figure C-8).87!

HZ\

PCR lificati
Vector v amphtication v Insert

* Dpnl digestion

Transformation v Assembly and DNA repair
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N\

\

Figure C-8. Vector construction by Fast Cloning (FC). FC is an improved SLIC protocol that involves the
separate ampflicication of vector and insert by PCR with terminal homologous overhangs (H1
and H2). A mixture containing both linear DNA fragments can be transformed after Dpnl/
digestion. The overlapping sequences H1 and H2 direct assembly and DNA gaps sealed in
vivo. The exact mechanism is not fully understood yet.!#”! The figure was adapted from T.
Bayer et al. (2015).1

Although FC is rather simple and mostly sequence- and ligation-independent, scaling up to assemble entire
pathways can be difficult. (Engineered) DNA polymerases exhibiting proof-reading activity, for example, reduced
the innate error rate of PCRs and are capable of amplifying nucleotide sequences with an increased GC content.
However, plasmids become less efficient at larger sizes and, importantly, complex mixtures only assemble with

low efficiency in vivo after transformation.[® 32

Higher developed microorganisms such as S. cerevisiae outpace the DNA repair mechanisms of bacterial cells.
Defects like double strand breaks (DSBs) can be efficiently sealed by processes involving homologous
recombination events.[® 8 Gibson et al. exploited this repair capacity by adapting a long-known cloning protocol

in S. cerevisiae called transformation-associated recombination (TAR; Figure C-9)®% to assemble the entire
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circular genome of Mycoplasma genetalium in a single step in yeast cells.®* ° The mechanism is also based on
overlapping sequences that undergo homologous recombination.®! TAR was successfully applied to rebuild
natural pathways for two polyketides, aureothin®! and spectinabilin®, which were then heterologously
expressed in E. coli (Figure C-9).[6:93-94

Aureothin
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Figure C-9. Transformation-associated recombination (TAR) in yeast. Homologous recombination is facilitated by matching DNA overlaps
(H1 and H2) in vivo. TAR is capable of assembling more complex mixtures of DNA fragments and was used to re-build natural

pathways yielding aureothin and spectinabilin after introduction in E. coli.®3

Due to the high fidelity and accuracy of enzymes involved in homologous recombination and the fact that
S. cerevisiae can tolerate large (synthetic) DNA molecules, this and similar yeast-based assembly strategies hold

promise to be reliable and powerful tools for de novo pathway construction.[® 32 93-95

A very convenient in vitro technique for the ligation of multiple DNA fragments is the ‘Gibson’ isothermal
assembly, commonly referred to as ‘Gibson assembly’ (Figure C-10). It omits both potentially forbidden
restriction sites of restriction enzyme based cloning strategies and the increasing error-rate of PCRs when
amplifying long DNA sequences.® 23 Gibson assembly employs an enzyme cocktail containing a high-fidelity DNA
polymerase, a T5 exonuclease, and a Tag DNA ligase and was successfully applied to assemble small circular
genomes of 16-580 kb in one step.[#% % Short incubation times at a single temperature and the parallel assembly
of multiple DNA pieces containing homologous overlaps are obvious advantages. Additionally, the elevated
temperature (50°C) can be beneficial to resolve rigid secondary DNA structures (e.g., stem loops) that would
otherwise interfere with an efficient assembly.[® 32 831 Since the Gibson assembly depends on three purified
enzymes, it is more expensive than in vivo SLIC methods. However, the ligase activity may enhance assembly

efficiency, which is relatively low for assemblies in vivo.[®!

Zhang and co-workers applied a seamless ligation cloning extract (SLIiCE) to assemble linear DNA fragments in
vitro.””! Since different laboratory strains can be used as sources for SLiCE (e.g., E. coli TOP10), it is a very cheap
alternative to the enzyme cocktail used in Gibson assembly. However, the bacterial extract contains the same
enzymes that join DNA fragments via homologous overhangs only at low efficiency in vivo. Therefore, Zhang et al.
employed an E. coli DH10B strain expressing a A Red recombination system (PPY strain), which greatly enhanced

assembly efficiency.l®”

Assembly tools such as SLIC, Gibson assembly, and the application of bacterial extracts depend on homologous,
single stranded DNA (ssDNA) overlaps of certain lengths depending on the method used. If ssDNA adopts stable
secondary structures such as hairpins and stem loops (e.g., terminator sequences),®®%? they can strongly
interfere with directed assembly. Furthermore, identical homologous sequences must not be used repeatedly

since this can produce constructs either not containing all desired DNA fragments or in unwanted configurations.



Thomas Bayer, Ph.D. Thesis | 31

Introduction

Consegeuently, the thoughtful design of DNA overlaps is essential, especially for the assembly of complex
mixtures containing many different biological parts. This renders such methods not truly sequence-independent

and can be a major obstacle.®!
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Figure C-10. Schematic Gibson assembly. Gibson assembly utilizes a 5’-3’ exonuclease, a DNA polymerase, and a ligase to ligate mixtures of
linear DNA fragments in vitro. The T5 exonuclease chews back the ends of homologous DNA sequences (H1-H3) creating
terminal overlaps. The DNA polymerase fills the gaps and a Taq ligase finally seals them (both not shown for clarity). The figure
was adapted from T. Bayer et al. (2015).1¢)

With advanced DNA assembly techniques available, single biological parts can now be more efficiently assembled
into multi-component pathways. Further improvements of established protocols included the exploitation of
novel enzymatic activietes to enhance assembly efficiencies.[*°%9U Computational tools will highly support DNA

assembly strategies in the future and lead to automated DNA assembly processes. 6 3237102

Since the imposed metabolic burden on the heterologous host due to the drain of resources used to produce
enzymes and other pathway components is inevitable, the plasmid burden can be reduced by assembling
metobilic pathways on a minimal number of plasmids. Ultimately, the plasmid burden can be abolished by the

integration of de novo pathways into the host genome.[6!

C 1.3 Genomic modification tools

Although plasmids are easy to insert into a cell and allow strong gene expression, they do not only contribute to
the metabolic burden. Plasmids can suffer from genetic instability consequently, decreasing product yield and
productivity of the de novo pathway due to both the loss and the alteration of plasmids. Major contributers to
genetic instability are: segregational instability, in which unequal distribution of plasmids to daughter cells leads
to plasmid-free cells; structural instability, in which plasmids acquire altered DNA sequences that may cause
incorrect expression of the target pathway enzymes; and allele segregation, in which functional plasmids are
displaced by non-functional plasmids, resulting in non-productive cells that are resistant to selection

pressure.!103]
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Figure C-11. Allele segregation mechanism. (1) Random mutation (red X) eliminates functional pathway expression but does not affect the

E. coli

selectable marker. (2) Plasmids are copied before cell division. Ordered replication results in one plasmid copy (as shown),
whereas random replication leads to varying copy numbers (not shown). (3) Plasmids are segregated randomly during cell
division, which leads to different plasmid populations in daughter cells. Daughter cells exclusively harboring functional plasmids
(pink) show slow growth and high productivity. Cells predominantely containing functional plasmids (yellow) exhibit medium
growth and moderate productivity, while cells accumulating non-functional plasmids (green) grow faster at low productivity.
The high growth rate will result in the accumulation of the mutant (non-functional) plasmid. The figure was adapted from K.
Tyo et al. (2009).[103]

Under selective pressure (e.g., antibiotic resistance), plasmid-free cells (segregational instability) are not viable.
Computational modeling suggests that allele segregation, not random mutations, majorly contributes to the
rapid plasmid productivity loss in both ordered and random plasmid inheritance models (Figure C-11).1*%3! Upon
target pathway expression, cells containing non-functional plasmids can grow and replicate faster due to the

decreased metabolic burden, accumulate, and lead to an unproductive cell population.

Various strategies have been implemented to reduce segregational and structural instability.[’*! However, allele
segregation, which is not soothed by selection markers and the non-viability of plasmid-free cells, has been
widely unaddressed in synthetic pathway design and metabolic engineering. Genomic integration ensures the
ordered inheritance of recombinant pathways. Random modifications of bacterial genomes by chemical
mutation,® UV irradiation,'%! or transposon mutagenesis!*°! have been used for decades. Recently, the group
of Nikel employed transposable elements to insert the entire poly-3-hydroxy butyrate (P3HB) biosynthetic
pathway from Cupriavidus necator (C. necator) into the E. coli genome with good integration efficiency.[*?”]
However, the introduction of undirected (unwanted) alterations in the genome represents a major drawback of
these methods. The availability of complete genome sequences facilitated targeted, homologous recombination-
based DNA modifications. Such methods often utilize the enzymatic activity of RecAl1% 1% or certain phage-

derived enzymes that enable homologous recombination.[® 36-37]

Tyo et al. circumvented allele segregation by anchoring pathway operons for lycopene and P3HB (Figure C-12A)
production, respectively, into the E. coli chromosome.[*%3! Genomic integration was achieved by site-specific
recombination of the A phage (attP) and the E. coli (attB) attachment sites on the donor plasmid and the host
genome, respectively (Figure C-12B).[103. 1% The jterative duplication of pathway-coding operons was performed
by recA-mediated homologous recombination in a process termed chemically inducible chromosomal evolution
(CIChE). Finally, the number of genomically inserted pathway copies was stabilized by recA deletion (Figure

C-12C) and the evolved CIChE strain was unaffected by plasmid instabilities in the absence of the antibiotic.*%3

Although the productivity loss due to allele segregation in plasmid-based pathway engineering was suggested, it
has been hardly addressed in industrial biotechnology.[*'®! Furthermore, many pathway engineering efforts might
have suffered from allele segregation by decreasing product yields and the productivity of the desired

compounds in batch and continuous fermentations and, thus, will remain a challenge in future applications.
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Figure C-12. Chemically inducible chromosomal evolution (CIChE). (A) Operon coding for the P3HB pathway. P3HB is produced from
intracellular acetyl-CoA involving four enzymes (PhaA, PhaB, PhaE, and PhaC). (B) Stable integration of a single copy of the P3HB
operon into the E. coli chromosome. The donor plasmid resulted from the recombination of two DNA molecules (not shown): a
ColE1-derived plasmid containing the P3HB operon, the chloramphenicol acetyltransferase (cat) gene and flanking homologous
regions (H) and the A phage genome. Recombination was facilitated between a portion of the cat gene and region homologous
to the ColE1 ORI (orange rectangle). E. coli is transduced with the recombinant A phage (top left). The lysogene is formed by
site-specific recombination between the attP and the attB sites (top right). Recombination in two att, sites removes remaining
A phage DNA (center),!'%! which results in a stable genomic integration in the CIChE strain (bottom). (C) The construct delivered
to the CIChE strain contains the P3HB operon (blue rectangle), the cat gene conferring chloramphenicol (Cam) resistance (light
blue rectangle), and two homologous regions (red rectangles; top). RecA mediates an uneven homologous crossover between
the homologous flanking regions, which generates a DNA strand with two insert copies and one strand with a deletion (top
center). After cell division, one daughter cell inherits two copies, whereas the other lost the insert (bottom center). Cam is used
to select for cells with increased numbers of insertions. Finally, the recA gene is knocked-out to prevent further changes in the
copy number (bottom).l1%3] (A) and (C) were adapted from K. Tyo et al. (2009).1193] (B) was adapted from D. Boyd et al. (2000).[10%

Currently, one routinely employed genomic integration tool for metabolic pathway engineering is the A Red

system.[®37. 111 The A Red recombination protocol had been established first by Datsenko and Wanner, involving

33
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a Flp recombinase besides A Red,**? and was successfully applied to construct the Keio collection of non-essential
gene KOs in E. coli.*® This strategy involved two “helper” plasmids encoding the A Red and the Flp recombinase,
respectively (Figure C-13A). The activity of A Red disrupted the target gene by insertion of an antibiotic resistance
marker via homologous recombination. In addition to sequences homologou to the gene to be knocked-out
flanking the marker gene, also FRT (Flp recognition target) sequences are present. Colonies with the disrupted
target gene can be selected by their acquired antibiotic resistance. After transformation with the second “helper”
plasmid, the antibiotic resistance gene is excised by Flp recognizing the FRT sequences (Figure C-13A). Both

helper plasmids have temperature sensitive replicons and are easily cured.[® 1121
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Figure C-13. A Red recombination. (A) Target gene KO in E. coli involves the expression of A Red from a first “helper” plasmid post
transformation. The insertion of an antibiotic resistance gene via A Red mediated recombination between homologous
sequences (H1 and H2) disrupts the trarget gene and enables positive selction. The transformation of a second “helper” plasmid
and the expression of Flp leads to the exicison of the marker gene via flanking FRT sites. Plasmids contain temperature sensitive
ORIs and can be cured by a temperature shift. Sequential recombinase expression can be induced by the same inducer.[*? (B)
Transformation of only one “helper” plasmid harboring two individually inducible recombinases, A Red and Cre, respectively.
Upon expression of A Red, marker insertion knocks-out the target gene. After positive selection, Cre is expressed with a second
inducer, leading to the excision of the marker via flanking loxP sites. The use of one plasmid omits repeated rounds of “helper”

plasmid transformation and curing.(

A modified protocol also involved the A Red system for gene distruption but a Cre recombinase for subsequent
marker excision. The individually inducible recombinases were encoded on a single “helper” plasmid,
conveniently omitting repeated rounds of transformation and curing (Figure C-13B).[ 1131 The system was
successfully employed to sequentially delete four endogenous genes, which resulted in a fumaric acid
overproducing E. coli strain.[!13]

To introduce larger DNA fragments on the E. coli chromosome, the A Red system was combined with the yeast
mitochondrial homing endonuclease /-Scel.l***118] The recognition site of /I-Scel is absent from the E. coli genome

and rather large (18 bp) for an endonuclease. I-Scel introduces a DSB at the target locus, which stimulates in vivo
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recombination, consequently, increasing recombination efficiency (Figure C-14).[127-118 Noteably, to utilize I-Scel
activity to anchor DNA encoding large synthetic constructs on the E. coli chromosome, /-Scel restriction sites

must be be integrated first at the target locus, which can be laborious.[® 114115l
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Figure C-14. I-Scel mediated double strand break (DSB) recombination. A Red mediates genomic integration by homologous recombination
between H1 and H2. A DSB is introduced by /-Scel at its recognition, which stimulates DSB recombination between adjacent
homologous regions (H3) and the exicison of the marker gene.[**l However, to utilize I-Scel activity to enhance recombination

efficiency for target Kls, it must be previously integraded at the desired locus.®

With the A Red system, target genes can be inserted into the genome of microorganisms at any (non-essential)
locus via flanking homologous regions. However, the integration efficiency decreases for larger DNA molecules
(1.5-2.5 kb), 112114 3lthough insertions of larger fragments (>7 kb) have been reported.[**! [67a, b] Additionally,
insertions (and subsequent excisions) leave scar sequences that might lead to undesired recombinations.
Consequently, multiple knock-ins (KIs) utilizing the same mechanisms or similar homologous sequences can be
troublesome.!® %1331 Sapri et al. constructed a set of KIKO vectors to integrate target genes in two different E. coli
strains at three loci (arsB, lacZ, and rbsA-rbsR). KIKO vectors contain a multiple cloning site (MCS) for cloning
insertion casettes. The MCS is flanked by hairpin loops to isolate target genes from genomic DNA sequences at
the site of insertion. This minimizes the interference of adjacent DNA elements with target gene expression. Such
(undesired) interactions between native and synthetic genetic elements are termed context dependency!® 32 111
and will be discussed later in this introduction. KIKO vectors encode A Red recombinase. Long homology arms of
0.5 kb increased the insertion efficiency!®® and achieved the genomic integration of larger cassettes (5.4 kb). FIp
removed the antibiotic resistance markers (Figure C-13).11%% Although the KIKO vector set provides a
standardized tool for the integration of multi-gene pathways in only a few steps, the number of insertion loci is
restricted and, importantly, unintended deletions and rearrangements can result via FRT scar sequences from

previous rounds of genomic integration.®

The discovery of CRISPRs in the E. coli genome had not been conclusive when first disovered!*®! but could be
attributed to be part of the adaptive immunity of bacteria against bacteriophages.[*21231 CRISPRs direct
sequence-specific restriction of viral DNA to prevent viral replication.*?) As a genomic engineering tool, Doudna
and Charpentier utilized the system to efficiently cleave target DNA sequences with less off-site effects.[*?%] Since
then, the system has been successfully used to engineer the chromosomes of various organisms, mainly

eukaryotes.[?> 126128 Besideds the Cas9 endonuclease, which, like /-Scel, induces DSBs, CRISPR also requires a
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guide RNA (gRNA). The gRNA is a short synthetic RNA composed of a conserved loop necessary for Cas9 binding
and a customized spacer (i.e., targeting) sequence of 20 nucleotides, defining the genomic target to be modified.
Conveniently, by altering the target sequence in the gRNA, the genomic target of Cas9 can be changed.
Coexpression of both, Cas9 and the gRNA, is sufficient to knock-out chromosomal DNA (Figure C-15A).1125!

So far, the CRISPR/Cas9 system has not been extensively used in the metabolic enginnering of prokaryotes since
the DNA repair mechanisms of bacterial cells often fail to fix DSBs resulting from Cas9 endonuclease activity.**
41 821 However, the combination of CRISPR/Cas9 with the A Red system increased homologous recombination,

hence, avoided the otherwise deleterious accumulation of DSBs in E. coli (Figure C-15B).3 129
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Figure C-15. CRISPR/Cas9 genome editing. (A) Genome editing depends on a ribonucleoprotein (RNP) composed of the Cas9 endonuclease
and a gRNA, which directs the RNP to the target sequence in the genome. Cas9 introduces a DSB upstream of the protospacer
adjacent motif (PAM). (B) In the presence of a homologous DNA molecule containing the desired sequence to be integrated, A
Red facilitates homologous recombination, which is enhanced by the DSB previously introduced by Cas9.

By the simultaneous expression of A Red, Cas9, and gRNA, whole synthetic pathways encoded on a linear PCR
product (10 kb), for example, could be integreated into the E. coli genome.? 130131 Jiang et al. established a two-
plasmid system to express A Red and Cas9 from one plasmid (pCas) and the gRNA from another vector (pTarget).
This allows to reuse pTarget for multigene editing if the plasmid encodes various gRNAs for different targets(*?°!
and, in general, reflects the potential of CRISP/Cas9 as a versatile tool for specific genomic modifications,
deletions and insertions. Hence, a broad applicability lies ahead for the CRISPR/Cas9 system; not only as a tool

for synthetic pathway modification but to cure genetic disorders and disease in humans.?!

A completely different genomic integration strategy is the use of mobile group Il introns in combination with Cre
recombinase as suggested by Enyeart and co-workers.[*3?] Spliceosomal introns and short terminal repeat
retrotransposons comprise roughly 45% of the human genome and are thought to be descendants of group Il
introns. These autocatalytic and retrotransposable RNA elements are found in all species with a highly conserved
secondary structure!®3 and a multifunctional intron-encoded protein (IEP).®! Since IEP exhibits reverse
transcriptase activity and stabilizes the intron RNA, it enables a remarkable mobility mechanism known as target
DNA-primed reverse transcription. The intron RNA, which is spliced during messenger RNA (mRNA) maturation,
is integrated into the target DNA, where it is reversely transcribed by the IEP, a process called retrohoming
(Figure C-16).1*331 If the intron RNA encodes loxP sites,*3413%! Cre recombinase can insert a whole donor plasmid
with homologous loxP sites into the genome. The system was commercialized as a vector set named TargeTron®
to knock-out target genes in bacteria (Figure C-16). One main advantage of this system is that the DNA segment

to be inserted is not limited to its size, retaining full control over the locus of integration. 133
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Figure C-16. Group Il intron mobility mechanism. The TargeTron® system employs group Il introns to specifically target genomic DNA and
to integrate the intron by IEP activities. The intron containing directing oligonucleotides (E1 and E2) can be easily redesigned to
target a different locus, likewise the intron can be re-designed to deliver another insert. The IEP exhibits maturase,
endonuclease, and reverse transcriptase activity. (1) Upon expression, intron and IEP are produced from the TargeTron®
plasmid. The IEP is translated by the host. (2) Following translation, the maturase activity splices the premature intron, which
forms a lariat structure and binds to the IEP to form the RNP complex. (3) The RNP scans the genomic DNA. The target site is
recoginized by base pairing between the target DNA and the complementary E sites (yellow and red) of the intron. (4) Upon
recognition, the intron RNA reverse splices into the top DNA strand, while the IEP nicks the bottom strand. (5) The IEP reversly
transcribes a cDNA copy of the intron. (6) By assistance of the host DNA replication machinery, a stable insertion (green) is

formed that disrupts the target sequence. The figure caption was adapted from Sigma Aldrich (2015).

Oberleitner et al. utilized the TargeTron® system to subsequently knock-out two genes, nemA!36-1371 and fadH13%
1391 from the E. coli genome. The natively expressed enoate reductases (EREDs) N-ethylmaleimde reductase
(NemR) and 2,4-dienoyl-CoA reductase (DCR) potently interfered with a modular cascade for the transformation
of cyclohexenol derivatives via intermediate cyclohexenones toward the corresponding lactones!*! (Figure
C-17).1*38 The double KO lead to an E. coli strain with reduced enoate reducing activity, offering potential to be

used as a platform strain for the production of chiral compounds.

The described methods are not only capable of disrupting target genes; if homologous sequences are provided,
desired genes, heterologous pathway elements, and whole metabolic pathways can be anchored in the genome.
By simultaneous Kl and KO, synthetic pathways can be genomically integreated and host genes, interferring with
the de novo pathway, can be disrupted./® The chromosomal intsertion of a 2’-fucosyllactose pathway in E. coli
by Baumgartner et al. is only one example. To prevent the intracellular degradation of L-fucose, the expression
cassette was integrated into the region encoding two degrading enzymes, fucl and fucK. The carbon flux toward
the target compound was enhanced by providing an additional copy of futC, which produces 2’- fucosyllactose
from GDP-L-fucose and lactose.l® 149 Agudo and Reetz inserted the ERED-encoding ygjM gene from B. subtilis
into the E. coli genome, simultaneously knocking-out the endogenous nemA locus (Figure C-24). Other than

Oberleitner et al., Agudo and Reetz employed A Red recombination for the deletion of the same target gene.[*4!

The construction of industrially optimized strains requires the integration of whole synthetic pathways, 193 107]
the deletions of competing endogenous host enzyme activities,*? and regulatory modifications.[® 2% Such large
numbers of genome editing targets depend on efficient and versatile tools to perform time-saving sequential or

even multiplex manipulations.'?%

37
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Metabolic engineering is widely applied to modify E. coli to produce biotechnologically relevant chemicals
including biofuels and other compounds (e.g., ethanol,**?! higher alcohols,*****¥ rare or unusual sugars,**"

amino acids,**% 23] fatty acids,[*46247] terpenoids,!**¥! and polyketides®* 14°),
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Figure C-17. E. coli double knock-out strain with reduced ERED activity. The TargeTron® system was applied to sequentially knock-out (red
X) the genes nemA and the fadH, encoding the endogenous EREDs N-ethylmaleimde reductase (NemR) and 2,4-dienoyl-CoA
reductase (DCR), respectively. Byproduct formation could be reduced for substituted subtrates in the NemR- and DCR-deficient
strain, while product yields improved. M1: (R)- or (S)- specific ADH (Rhodococcus ruber or Lactobacillus kefir); M2: ERED

(Pseudomonas putida), cyclohexanone monooxygenase (CHMO; Acinetobacter sp.).1138]

The genomic integration of entire (synthetic) pathways can negate the plasmid burden bestowed upon the host
and combined modifications turn simple strains into highly engineered microbial cell factories. With the advent
of systems metabolic engineering, combining metabolic and genetic engineering with systems biology and
synthetic biology, scientists have already been able to efficiently remove bottlenecks to optimize enzyme
cascades in vivo to meet industrial performance metrics such as high product titers and productivity.[® 36 57, 150
Genomic modification tools have greatly advanced and will be able to resolve difficult to predict impacts on

pathway performance such as the context dependency in the chromosomal environment.!®!

C Il Optimization of synthetic pathway

elements

With the research progress made in the last decades, genetic and metabolic engineering tools for the
modification of the bacterial hosts such as E. coli are available that not only enable the design and application of
entire de novo pathways. The optimization of (synthetic) pathways is equally important and aims at the

idendification of bottlenecks, which can decrease host cell viability and product titers.(®

The heterologous expression of metabolic pathways, usually consisting of several genes, can lead to cellular
stress responses, thus, negatively influencing pathway performance.l® 151531 Advanced cloning techniques
enable the assembly of multiple genes on individual plasmids to reduce the plasmid burden and genomic
integration tools assist to completely abolish the plasmid burden by anchoring desired pathways in the genome.
However, to minimize the metabolic load and to enhance the carbon flux through the target metabolic pathway,
enzyme production must be balanced and even cooridinated.!*”- 78 141 An unbalanced enzyme stoichiometry can
result in the accumulation of (toxic) cascade intermediates® or a depletion of cofactors (e.g., flavin

nucleotides).[15415]

Since proteins are produced by the interconnected processes of transcription and translation,*® both can be

targeted and finely modulated to avoid the overproduction of single cascade enzymes and to balance overall
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stoichiometry.[¥! Promoters are the main regulatory elements of transcription and translation is strictly
dependent on a functional RBS (Figure C-18). Promoters as well as the RBS can be altered to directly change
transcription and translation levels, respectively. However, adjacent sequences (and even distant ones) can
greatly influence target gene expression, a phenomenon termed context dependency (Figure C-18).(3% 111,115, 156]
The RBS perfectly illustrates context dependency: The only 6 bp long core sequence is located upstream of an
open reading frame (ORF), followed by a short spacer sequence of 5 to 9 bp, which is criticial for the initiation of
translation.[*>"15° Additionally, the 50 bp around the RBS modulate its efficiency and the stability of the
transcribed mRNA influences translation.!?! Whereas the promoter and the RBS are commonly modified to
regulate gene expression in bacteria, other regulatory elements have not been used extensively such as
riboswitches.[® 160161 More recently, small regulatory RNAs (sRNAs) have been introduced to fine-tune gene
expression.!*62-1631 Se|f_regulatory elements can be exploited as metabolic engineering tools (e.g., auto-inducers)
but might resemble obstacles in biotechnology processes due to feedback inhibition mechanisms.3!
Independent of the regulatory element introduced, their influence on the genetic context will modify

transcription, translation, or both.[3 & 32 158 164]

B Inducible promoter ﬁ Riboswitch w Operator RBS| Ribosome binding site » Target gene

i Tunable intergenic region Terminator = DNA molecule

Figure C-18. Genetic regulatory elements. The expression of ORFs can depend on adjacent regulatory elements and include (inducible)
promoters, operator sequences, the RBS, and terminators. Riboswitches are structural mRNA elements that relay the binding
of a small molecule, for example, via conformational changes into a biological function in a concentration dependent
manner.[160-161, 1651 The tunable intergenic region (TIGR) can be modified to influence downstream regulatory elements such as
the RBS or influence mRNA stability. The figure was adapted from T. Bayer et al. (2015).1¢)

C llIl.1 Optimization on the levels of transcription and translation

Enzymes and their arrangement in cascades build up biosynthetic pathways, which are embedded in highly
regulatd metablic networks. Genes encode these enzymes and other cellular proteins. To ensure vital functions
including the replication of DNA, protein biosynthesis, bacterial growth, and energy charge homeostasis,
environmental stimuli (e.g., nutrients) as well as intracellular signal molecules such as guanosine tatraphosphate
or pentaphosphate [(p)ppGpp]*®®! lead to alterations in gene expression.'> 67 The alarmone (p)ppGppp, for
example, is involved in the stringent response in bacteria, reacting to amino acid*¥! and fatty acid!*®® depletion,
heat shock,'’® and other stress conditions.['’*172 Stringent control involves extensive changes in gene
expression, the transcriptional inhibition of ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs), the activiation
of biosynthetic genes, and the translational repression of non-vital proteins by interfering with 30S and 50S

subunit interactions.[166 1721

In the conctext of synthetic pathway engineering, both transcription and translation are suitable targets to
balance pathway enzyme production and install a beneficial enzyme stoichiometry that will enhance the flux
through the de novo pathway. Many regulatory elements (Figure C-18) are available to regulate gene expression

from the synthetic biology (online) toolbox: http://parts.igem.org.



http://parts.igem.org/

Thomas Bayer, Ph.D. Thesis | 40
Introduction

A group of proteins responsible for the initiation of transcription recognizes promoter sequences, which serve as
standard regulatory elements to fine-tune enzyme production. For the heterologous production of pathway
enzymes, inducible promoters routinely replace native ones. Promoter strength has profound influence on the
amount of enzyme produced and, thus, impacts pathway enzyme stoichiometry (Figure C-19A)."Y Frequently
used promoter systems such as Psap or Przec are induced by L-arabinose and isopropyl [B-D-1-
thiogalactopyranoside (IPTG), respectively, and will result in the expression of target genes at high-levels.[}3!
IPTG, an a-lactose (a-Lac) analogue, is not readily metabolized by E. coli and grants prolonged expression levels.
It binds to the Lacl repressor complex, which is released from its target DNA and, consequently, allows the RNA
polymerase to start transcription. Such DNA segments are commonly known as operators, which bind
transcription factors (TFs) that prevent downstream gene transcription (Figure C-19B).17% The lac operon of
E. coli had been the first discovered operon,!*’4178l which built the foundation for today’s standard pET system
for the heterologous production of proteins.[*’”! The pET vectors feature the Lacl/Pr7iac promoter, which turned
out to be highly efficient on the level of transcription. However, transcripts are often translated into vast amounts
of inactive (insoluble) proteins.!’® The combination of Pr7iec and the Lacl repressor exhibits leaky expression,
another drawback of the pET system.[’%: 1721801 promoters for metabolic engineering must show tight control to
avoid unintentional metabolic load. Therefore, tightly controlled systems such as AraC/Pzap®® or the more
recently introduced cumate gene switch-based expression system may be more suitable to control the
production of target pathway enzymes.'® 8% Nonetheless, other regulatory elements take precedence over the

use of operator sequences and there are only a few literature examples related to metabolic engineering.[® 73

Brautaset et al. compared an expanded set of promotors for gene expression in bacteria, which not only included
promoters regulated by the addition of sugars such as L-arabinose (L-Ara) and L-rhamnose (L-Rhm); promoters
can be also induced by small organic molecules including alkanes, substituted benzenes, and even peptides.[® 181
Auto-responsive promoters do not depend on the addition of certain chemicals and represent promising
alternatives to established promoter systems. They respond to environmental stimuli (e.g., oxygen8? or light[*83
185]) or metabolites produced during microbial growth or stress conditions.”> 1881 Another process than the
stringent response to starvation in bacteria is quorum sensing.!*87-188l |t, too, results in the coordinated expression
of genes, which leads to the concerted behavior of a whole cell population. It is triggered by specific signal
molecules (i.e., auto-inducers).”! The auto-inducer concentration can be proportional to the cell density, for
example, and was successfully tested to heterologously express different enzymes.*8-192 Since the production
of target genes only occurs at a certain cell density threshold, the optimization of induction initiation can be
avoided, eliminating continual monitoring of bacterial growth prior to induction.!® 73! Newly discovered
promoters will complement the toolbox for transcriptional control for metabolic engineering purposes on a
fundamental level. The modification and combination of established promoter systems will enable the precise

tuning of gene expression and the coordinated transcription of multiple pathway genes, respectively.[193-196]

Wherase promoters were thoroughly investigated and have been employed as regulatory elements, their
transcriptional conunterparts (i.e., terminators) have been widely neglected.”® Terminators intrinsicly stop
transcription.l®® 71 Terminators adopt stable secondary hairpin structures, formed by palindromic GC rich
regions of the newly synthesized mRNA.®>' A chain of at least six uracil (U) residues immediately follows the
hairpin structure. The lower binding energy of the U stretch destabilizes the RNA-DNA duplex, allows it to unwind,
and to dissociate from the RNA polymerase.®® Depending on the composition of hairpin sequence, its exact
secondary structure, and the length of the U chain, both termination strength and fidelity are influenced and,
thus, modifies translation. Since adjacent nucleotides influence the terminator functionality, terminators are
another example for context dependency.®® In addition to stopping transcription, terminators stabilize their own
mRNA.[®8 Hence, engineering transcriptional terminators may provide another layer of control to regulate both

transcription and translation since the half-life of an mRNA correlates with translation frequency.®
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Figure C-19. Transcriptional and translational regulation mechanisms. (A) Promoter strength regulates the rate of transcription
and impacts subsequent mRNA translation. (B) Operators recruit repressor proteins (yellow) that regulate the
activity of upstream promoter sequences. In the presence of inducer molecules (red), which bind to the inhibitory
proteins, the RNA polymerase proceeds and transcription continues. (C) Translation efficiency can be modified by
sequence alterations close to the RBS. (D) Sequestration of the RBS due to the formation of stable secondary
structures can strongly interfere with translation initiation. (E) Riboswitches are structural mRNA elements. The
binding of small molecules (dark blue) leads to conformational changes, which affect the biological activity of the
mRNA. (F) The presence of RNase sites can influence transcript stability, thus, impacts subsequent translation. The
figure was adapted from T. Bayer et al. (2015).1%

Besides modifying the persistence of mRNAs in vivo, a more routinely applied strategy to control translation
targets the sequence of the RBS (Figure C-19C). The recognition of the RBS by the ribosome is necessary for
protein biosynthesis. The RBS, sometimes referred to as the Shine-Dalgarno (SD) sequence in bacteria, is a short
sequence upstream of the ATG start codon, encoding a methionine.[!>% 19%-2001 As noted above, variations in the
core sequence and the nucleotides around the RBS modulate translation efficiency.3% 158 164 Fyrthermore, stable
secondary structures of the RBS or close to it can drastically reduce the rates of translation or even prevent it
(Figure €-19D).2°l To avoid a non-functional synthetic RBS, bioinformatic tools are available to assist their
design.16 158 2022031 \Wang et al. examined a method called multiplex automated genome engineering (MAGE),
which was applied to engineer a recombinant E. coli strain to accumulate lycopene.’®® 294 Targeting the 20 genes
responsible for lycopene biosynthesis, the RBS sequences were modified through allelic replacements, using
oligo-nucleotides containing degenerated RBS sequences: DDRRRRRDDDD; whereas D = adenine (A), guanine
(G), or thymine (T) and R=A or G. High similarity between the replaced RBS regions and the proposed SD
sequence (AGGAGG) resulted in enhanced translation efficiencies.!® 73 2% The unbalanced translation of several
enzymes in a biosynthetic mevalonate to amorpha-4,11-diene (amorphadiene) pathway lead to the
accumulation of intermediates. To overcome this bottleneck, Nowroozi et al. applied a combinatorial approach

to screen suitable RBSs for different cascade enzymes. By taking growth, expression levels, and the accumulation
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of intermediates into account, Nowroozi and co-workers could improve the production of amorphadiene, a

precursor for the anti-malarial drug artemisinin (Figure C-1),2°! about 5-fold. (Figure C-20).[: 206!
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Figure C-20. Amorphadiene synthesis. The upper and the lower mevalonate pathway were arranged in modules. Incorporation of the
amorphadien synthetase (adS) gene and balancing enzyme stoichiometry by RBS variants (colored RBS boxes) lead to an
increased production of amorphadiene. (A) Upper mevalonate pathway (violet) to convert intracellular acetyl-CoA into
mevalonic acid. M1: acetoacetyl-CoA thiolase (AtoB from E. coli), 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) synthase (Hmgs),
truncated HMG-CoA reductase (tHmgR; S. cerevisiae) (B) The lower mevalonate pathway (blue) including the adS gene (pink)
converts mevalonic acid via farnesyl pyrophosphate into the target molecule. Intermediate reactions not shown for clarity. M2:
amorphadiene synthase (AdS), mevalonate kinase (MevK), phosphomevalonate kinase (PmK), mevalonate pyrophosphate
decarboxylase (PmD; S. cerevisiae), isopentenyl pyrophosphate isomerase (/dl), farnesyl pyrophosphate synthase (IspA;

E. coli).[206]

Codon usage also influences the translation efficiency due to the availability of tRNAs corresponding to its codon
on the mRNA, which is specific for different species. The use of codon-optimized genes is standard if synthetic

pathway enzymes from higher organisms are heterologously expressed in host organism such as E. coli.[6207-210]

A post-transcriptional and -translational regulation strategy in bacteria is based on RNA molecules called
riboregulators or sRNAs. sRNAs belong to a small subset in the group of non-coding RNAs in prokaryotes and
eukaryotes and can exhibit different structural, regulatory, or even enzymatic functions.!®-21:-23I Noncoding RNAs
can also comprise a portion of mRNAs such as riboswitches (Figure C-19E). sRNAs can bind chemicals!?** and
respond to environmental changes such as temperature,!?> which provoke a change in gene expression;*® the
translation of proteins can be either activated or repressed.[® 217-220 Different riboregulators have already been
applied successfully.l?21-223 Kang et al. artificially overexpressed a sRNA (rhyB) to accumulate the metabolic
intermediate succinate®® and to produce polyhydroxyalkanoates.”?! More recently, Na et al. designed
synthetic SRNA arrays to knock-down target genes to increase the production of both tyrosine and cadaverine in

engineered E. coli strains.[%? With the sRNA approach, tyrosine titers (2 g-L™%) as high as previously reported by
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Juminaga et al. could be achieved. In contrast, Juminaga and co-workers employed a plasmid-based expression

system and had to tune promoter strength and engineer synthetic operons.[22°!

Finally, intergenic regions can be designed to stabilize mRNA secondary structures or modified to encode, for
example, RNase sites (Figure C-19F).?27-228] pfleger et al. tuned the expression levels of multiple genes in operon
configuration (Figure C-6) by customizing TIGRs (Figure C-18). Balancing enzyme production of a heterologous
pathway producing mevalonate could be increased 7-fold.[”> 22! The incorporation of RNase sites in the 3’-
untranslated region (3’-UTR) could also modulate the expression levels of a BVMO from Pseudomonas

fluorescens (P. fluorescens) in E. coli.3%

The advent of systems metabolic engineering provides various strategies for the optimization of heterologous
enzymes production on the levels of transcription and translation.®! The combination of different tools lead to
engineered microorganisms, overproducing both natural compounds and non-natural chemicals.?3Y The
utilization of synthetic sSRNAs offers great potential as alternatives to conventional gene KO strategies. KOs
cannot be easily undone, whereas the knock-down of target genes is reversible.*®! The introduction of SRNAs
only conveys a minimal metabolic burden on the host due to their natively small size. Expression is simple and
sRNAs can be applied to simultaneously tune the expression levels of multiple target genes, allowing gene to
function studies of essential genes that cannot be deleted.® 3¢ 232 Gene silencing was successfully applied to shift
the production of P3HB from glucose toward poly-4-hydroxy butyrate in E. coli, for example.[?3? Guidelines for
the rational design of novel sSRNAs have already been proposed and will assist and accelerate the devolpment of

future metabolic engineering applications to boost the performance of artificial biosynthetic pathways.23?

C llIl.2 Engineering enzyme performance

Optimization strategies target different molecular levels and cellular processes including transcription and
translation. The modification of regulatory elements, thereby changing the genetic context of associated genes,
can enhance (or decrease) expression levels and will produce different amounts of the target proteins. However,
unbalanced enzyme stoichiometry is not the only reason potentially imparing the carbon flux through de novo
pathways. The accumulation of cascade intermediates might result from unfavored enzyme kinetics or poor
substrate acceptance. Furthermore, biocatalysts regularly failed to meet industrial process criteria including pH
and thermostability, and organic solvent tolerance, for example.’® 224 |n the 1990s, Arnold and Stemmer
pioneered advanced enzyme engineering methods to overcome these shortcomings and efficiently modified the
amino acid sequence of biocatalysts by mimicking Darwinian evolution in a test tube at fast pace.® 7 235 Two

strategies have been extensively used: directed evolution!?3¢237) and rational design.[238-240

Enzyme engineering by directed evolution involves iterative cycles of gene mutagenesis, expression, and
selection of mutant enzymes exhibiting the desired property. Commonly used mutagenesis techniques include
error-prone PCR, saturation mutagenesis, combinatorial active-site saturation testing (CASTing), and DNA
shuffling (Figure C-22).13% In contrast, rational design largely depends on the availability of structure-function
relationships of target enzymes. Initiative approaches were based on the comparison of sequence homology and
aimed at enzyme mutants with improved solubility, thermostability, or organic solvent tolerance.’ 241 The
groups of Arnold, Bornscheuer, Clapés, Fessner, Reetz, Turner, and others have impressively applied directed
evolution and rational design to improve the properties of biocatalysts and even equipped them with completely

new functions.[17-234 2421
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Figure C-21. Commonly applied mutagenesis methods. (A) Error-prone PCR employs conditions to enhance the intrinsic error rate of PCRs
and randomly targets the whole amplicon. (B) Directed mutagenesis by designed primers carrying the desired mutation (e.g.,
QuickChange protocol) targeting specific base pairs. (C) DNA shuffling recombines portions of different mutant genes to
generate chimeric genes. (D) CASTing: Amino acids (a, b, ¢, ...) of the enzyme binding pocket are identified by X-ray structure or
homology models and systematically targeted by saturation mutagenesis. (C) and (D) were adapted from M. T. Reetz (2013).(234

Some of these achievments were accomplished en route to commercially relevant biocatalytic processes. One
excellent example was the synthesis of ethyl-(R)-4-cyano-3-hydroxy butyrate, a key intermediate in the synthesis
of atorvastatin (Figure C-22). Atorvastatin is a cholesterol-lowering blockbuster drug sold under the name
Lipitor® with a peak sales volume exceeding 10 billion USS in 2011. The key enzyme towards ethyl-(R)-4-cyano-
3-hydroxy butyrate is a halohydrin dehalogenase (HHDH) from Agrobacterium radiobacter (Figure C-22).1! The
combination of the statistical analysis of protein sequence activity relationships (proSAR) and a recombination-
based directed evolution approach tremendously improved the cyanation capability of the HHDH. Under process
conditions, the productivity of the target intermediate could be increased about 4 000-fold.?**) Another process
utilized a DNA shuffling approach and yielded the same atorvastatin intermediate (Figure C-22).[244245 HHDH
activity was increased >2 500-fold compared to the unengineered enzyme and included the application of a
ketoreductase (KRED) to reduce the precursor ethyl-4-chloroacetoacetate to ethyl-(S)-4-chloro-3-hydroxy
butyrate, which was subsequently transformed by HHDH into ethyl-(R)-4-cyano-3-hydroxy butyrate. Additionally,
a glucose dehydrogenase (GDH) was applied to recycle the cofactor NADPH (nicotinamide adenine dinucleotide,
reduced; Figure C-22).% Several rounds of DNA shuffling improved GDH and KRED activity 13- and 7-fold,

respectively.[f!

Chiral amines are important motifs in drug molecules and the development of efficient synthetic routes to
optically pure derivatives remains a major goal for the pharmaceutical industry. w-transaminases (w-TAs) and
monoamine oxidase variants from Aspergillus niger, for example, represent two important families of
biocatalysts to access optically pure chiral amines. TAs mediate the pyridoxal phosphate (PLP) dependent,

reductive amination of prochiral ketones and allows the synthesis of the corresponding (S)- or (R)-amines.[246-247]
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Figure C-22. Improved atorvastatin precursor synthesis by directed evolution of enzymes. A hybrid approach of directed evolution and
proSAR greatly increased the HHDH activity leading to the target intermediate ethyl-(R)-4-cyano-3-hydroxy butyrate (top right)
in the synthesis of atorvastatin (bottom).[?*3! Another approach employed a DNA shuffling methodology not only to improve the
HHDH activity; a KRED and a GDH were engineered for the reduction of ethyl-4-chloroacetoacetate (top left) to ethyl-(S)-4-

chloro-3-hydroxy butyrate (top center) and cofactor recycling, respectively.[*8!

By combining in silico design and a potpourri of protein engineering technologies, Savile et al. equipped a
transaminase lacking activity for prositagliptin, a ketone precursor for the type Il diabetes drug sitagliptin (Figure
C-23).12%81 Oneinitial objective driving this development was the omission of problematic Pd/C catalyst separation
after chemical reductive amination,'?*®! which could partly solved by second generation processes employing a
Rh catalyst.®” Furthermore, the transaminase was engineered to meet process parameters including the
tolerance toward dimethyl sulfoxide (DMSO), acetone, and isopropyl amine (i-PrNH2) at elevated temperatures.

By employing the mutant transaminase, productivity could be increased significantly.[?>!

Chemoenzymatic
route
—-.
F
F >99.5% ee

79% yield

Enzymatic route F k/ N \,{

(R)-specific TA sitagliptin CF

Prositagliptin CF3
; ; 92% yield

I-PrNH, Acetone

Figure C-23. Superior enzymatic route toward sitagliptin. Directed evolution of an (R)-specific TA lead to the acceptance of the sterically
demaninding prositagliptin and meeting process conditions including organic solvent tolerance and higher reaction

temperatures; i-Pr = isopropyl. The figure was adapted from T. Bornscheuer et al. (2012).7

Agudo and Reetz assembled an in vivo redox cascade encompassing two successive regioselective oxidations
catalyzed by an engineered cytochrome P450 enzyme from Bacillus megaterium (P450-BM3). The two

regioselective oxidation steps were followed by stereoselective olefin reduction by (R)- or (S)-selective mutants
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of the ERED YgjM.*%! Both enzymes, P450-BM3 and YgjM, have been subjected to directed evolution. P450-BM3
mutants showed increased activity toward the substrate 1-cyclohexene carboxylic acid methyl ester. YgjiM
mutants installed the desired stereoselectivity in the target compounds. Apart from enzyme engineering
strategies, the nemA gene coding for the endogeneous ERED NemR, was knocked-out from the E. coli genome
by A Red recombination. As noted earlier, the natively expressed NemR interfered with the activity of the

heterologously expressed YgjM mutants (Figure C-24).1°!

OH o} 0 o}
P450-BM3 P450-BM3 Yqim (R) or (s) >99% ee
@\ mutant O\ mutant mutants
CO,CHj ( ; CO,CH3 ( ; CO,CH3 f ; “IC0,CHs CO,CH;

NADPH NADP’ NADPH NADP* NADPH NADP*

\_/ \ S e A
Gluconic acid - Glucose
GDH

E. coli AnemA

Figure C-24. Synthetic enzyme cascade optimization by directed evolution. Optimization of a redox cascade reaction consisting of
consecutive regioselective oxidations by a P450-BM3 mutant and the stereoselective olefin reduction by either a (R)- or (S)-
selective YgjM mutant. Cofactor recycling was performed by GDH. The KO of endogenous NemR (red X) abolished unselective
byproduct formation. The figure was adapted from R. Agudo and M. T. Reetz (2013).1141]

Another recent example of directed evolution reversed the enantioselectivity of a phenylacetone
monooxygenase (PAMO) to perfrom the asymmetric sulfoxidation of prochiral thioethers. Saturation
mutagenesis resulted in an engineered PAMO containing four single point mutations. The mutations
synergistically turned the wild type enzyme with (S)-preference for sulfoxide formation (90% ee) into the mutant

enzyme with (R)-preference (95% ee).® 252

Protein engineering methods were not only employed to optimize enzymes catalyzing functional group
transformations. Carbon-carbon bond formations are key reactions in synthetic organic chemistry to construct
the carbon framework of complex molecules.[?>3 Aldol reactions have been proven to be a powerful
methodology for C—C bond formation reactions amongst others. Particularly, aldolases have been subjected to
protein engineering since they offer a green, uniquely regio-, and stereoselective tool for carboligations (Figure
C-25). New aldolases derived from the transaldolase scaffold (e.g., fructose-6-phosphate aldolase) have been
shown to be unusually flexible regarding their substrate scope. In general, aldolases display a relaxed scope

toward acceptors but are very specific for the donor molecule.?>%

An intensively studied aldolase is the D-fructose-6-phosphate aldolase from E. coli (Fsal). Fsal exhibits
promiscous nucleophile selectivity, accepting glycolaldehyde as well as several hydroxylated ketones.[?>*! The
wild type enzyme catalyzes homo- and cross-aldol additions of glycolaldehyde, accessing small sugars including
D-threose, L-glyceraldehyde, and functionally related derivatives.?>>! The substrate specificity of Fsal variants
has been tailored by structure-guided engineering of the active site to expand the application scope. Szekrenyi
et al. assembled hexoses from simple prescursoers in a stereodefined way (Figure C-25A). Mutations at positions
L107 and, particularly, A129 were found to be crucial to both donor activity and selectivity, which resulted in

Fsal variants with relaxed donor preference (Figure C-25B).[25625
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Figure C-25. Synthesis of sugar derivatives from achiral starting materials by Fsal mutants. (A) Stereoselective
trimerization of glycolaldehyde (red and green) and derivatives (blue) by engineered Fsal aldolase from
E. coli. (B) Rational design of wild type Fsal lead to variants with relaxed donor specificity (pink). (A)
was adapted from A. Szekrenyi (2015).126%)

Other than changing the stereoselectivity or enhancing the activity toward known and novel (sterically)
demanding substrates, protein engineering was applied to equip enzymes with completely new functions.
Scientists in the Arnold group engineered the previously introduced P450-BM3 by site-saturation mutagenesis
and screened variants for enhanced cyclopropanation activity.[?62%621 Cyclopropanation activity was a new
function desperately needed for the enantioselective synthesis of levomilnacipran,?®®! an antidepressant sold as
Fetizma® (Figure C-26). Zhang et al. also demonstrated the possible alteration of the P450-BM3 scaffold to fine-
tune the acceptance of other demanding substrates and established non-natural biocatalytic cyclopropanations

as a complementing tool in organic synthesis. 264265

o o P450-BM3 o
mutant Ph \w!j\
| o~ + NN ——— > N(CoHs)2
N2 \ “CO,(C2Hs)

Figure C-26. Levomilnacipran synthesis by enzymatic cyclopropanation. The wild type P450-BM3 from Bacillus megaterium was adapted
by directed evolution for non-natural cyclopropanation reactions. Mutant P450-BM3 was used to synthesize the antidepressant

levomilnacipran on gram-scale; Ph = phenyl.[264

The selected examples above undeniably demonstrate the power of protein engineering technologies. Directed
evolution and rational design have dramatically accelerated the test tube evolution of biocatalysts. The catalytic
properties of enzymes could be greatly improved!?%®! and engineered enzymes operate under harsher conditions
(e.g., high temperatures, organic solvents), accept non-natural substrates,’®*l or even exhibit new functions

including Diels-Alder reactions?*”! or cyclopropanations.® 264

The engineering of high performance biocatalysts depends on steadily increasing numbers of amino acid
substitutions. Whereas one to five mutations were typical in the early 2000s, 35 amino acid exchanges were
made on average during protein engineering in 2010.7 The directed evolution of the HHDH for the precursor
synthesis of atorvastatin (Figure C-22) changed >35 of the 254 amino acids?®*3! and 27 of 330 residues were
substituted in the transaminase variant accepting prositagliptin (Figure C-23).1'”- 251 Consequently, the sequential
introduction of mutations is not feasible. Methods to add multiple mutations simultaneously relied on statistical

or bioinformatic methods like proSAR.[?*3! Other approaches limited the location of amino acid substitutions in
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the protein sequence to the active site and the types of changes to those known from sequence comparisons to

occur often at these sites.2%8!

Despite these advances, major challenges remain since changing 30—40 amino acids and screening tens of
thousands of candidate mutants certainly is laborious and time-consuming.*”? An immediate solution to this
problem has been the development of high-throughput screenings (e.g., fluorescence-activated cell sorting;
Table c_z)_[lSZ, 269-273]

Table C-2. Screening and selection strategies

Method Genotyr?e/phenotype Detection Library size Advantages Disadvantages
linkage (throughput)
Manual
Colonies on Spatial searation inspection of 102-10* Straightforward Laborious; qualitative and
solid media of variants visible signals (low) implementation semi-quantitative
fa, b]
Straightforward
Isolated . . . . , " . . -
I Spatial searation Biochemical 10°-10 implementation; flexibility .
liquid . b : . Laborious
of variants assays o (low) in reporter/detection
cultures .
method; quantitiative
Cell surface  Compartementalization b d 108 Yeast display: j:-zukaryotlc Limited application to
) ELISA, FACS [ . gene expression, post- L
display (cell membrane) (high) certain biocatalysts [

translational modification

» s IVC and microfluidic
. . &l 10" - 10 o . .
IVC Emulsions ! FACS (high) Quantitative techniques require
g expertise and optimization

lal For example, fluorescence or colorimetric assays of surrogate substrates. ! Selection might also be coupled to organismal
fitness/survival or auxotrophy. [ GC, HPLC, nuclear magnetic resonance (NMR), mass spectrometry (MS), fluorescent or colorimetric
(microplate) assays. 9 Enzyme-linked immunosorbent assay (ELISA), fluorescence-activated cell sorting (FACS). [ For example, esterases
or proteases.?73 Il |n vitro compartementalization. 8! For example, water-oil emulsions or (self-assembling) polyelectrolyte shells.273 The
table was adapted from M. S. Packer and D. R. Liu (2015).1273

The engineering of enzymes solved limitations such as low stability in vitro and low activity toward unusual
substrates and led to biocatalytic processes on industrial scales. Future protein engineering will have to face
challenges emerging through the interfacing of individual biocatalysts with other enzymes and proteins in
synthetic enzyme cascades;*”! a problem that has already been addressed by synthetic biology tools to enhance

the performance of de novo pathways in living cells.

C IV Improving synthetic pathway

performance in the cellular context

As early as in 2001, Schmid et al. predicted an increasing portfolio of biocatalysts in application and the
continuous regeneration of expensive cofactors (e.g., NADP*/NADPH) by 2010.B% However, by then, the use of
non-metabolizing cells for biocatalysis had proven to be more challenging than estimated and the use of
engineered enzymes shifted to crude and semipurified forms. Whereas historically whole cells had offered a
simple and effective option for cofactor recycling and enhanced enzyme stability in vivo, protein engineering and
the use of single enzymes was considered more economic and convenient. Engineered enzymes tolerated

harsher reaction conditions and the absence of cell membranes eliminated potential limitations by diffusion.™!”)

Today, two- and three-step biotransformations are routinely accomplished by the combination and engineering

of enzymes from different sources in vivo. Recombinant microbial whole cell biocatalysts (i.e., ‘designer cells’)
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have been successfully constructed, optimized, and applied to produce value-added chemicals.[5% 43274 Under
this approach, drawbacks of in vitro preparations are dispensable. Required enzymes are simultaneously
produced by host cells. Hence, cell disruption, clarification, and concentration of target enzymes is not necessary
(Figure C-2). The separation of the biocatalyst after biotransformation can easily be done by flocculation and
filtration of the biomass.[?”> Substrate and product transfer limitations through cell membranes have hardly been

observed using lyophilized biocatalysts, for example.?7¢!

At present, designer cells contain synthetic pathways consisting of up to nine heterologously expressed
enzymes.!*> 277 In living cells (with intact cell membranes), bottlenecks can originate from limited permeability
of substrates and/or products.?’®] The leaking of pathway intermediates out of the cell, their accumulation due
to different kinetics or an unbalanced heterologous production is also possible.!?”®) Hazardous intermediates can
dramatically reduce cell viability unless host cell responses compensate cellular toxicity.[28-281 |n this context,
the metabolic background of the host may lead to the formation of byproducts from cascade intermediates by
endogenous enzyme activities.[*? #* 1 Fyrthermore, bottlenecks can also be caused by a depletion of redox

cofactors.[11, 1541551

Several optimization strategies have already been suggested earlier in this introduction and target different
molecular levels. The use of balanced promoter systems (transcription)!”® and codon-optimized genes
(translation)?3? is well-established.[”*) With the advent of systems metabolic engineering, combining metabolic
and genetic engineering with systems and synthetic biology, limitations of in vivo applications have been
addressed in more elaborate ways including, for example, the spatial organization of pathway enzymes along
scaffold proteins.[?®31 Recent advances aim at improved cofactor availability, the identification as well as the

removal of competing background reactions.[® 36-37. 421

C IV.1 Substrate uptake and product release

Whereas substrate and product transfer limitations are neglectable in dried or frozen whole cell biocatalysts, the
permeability of the intact cell membranes might interfere with the diffusion of substrates and/or products. The
outer membrane of bacteria is a lipid bilayer and only lipophilic substances can pass the membrane by diffusion.
Consequently, the uptake of more polar substrate molecules might be limited. For unpolar compounds, the

velocity of uptake can be limiting since diffusion is a passive and rather slow process.®

Treatment of bacterial cells with solvents and/or detergents is a simple yet unspecific approach to improve the
permeability of cell walls and commonly used in biocatalysis.[284285 Many protocols involve treatment of cells
with ethylenediaminetetraacetic acid (EDTA) and toluene. One example is the bioconversion of ethyl-4-
chlorooxobutanoate (ECOB) to ethyl-(R)-4-chloro-3-hydroxybutanoate (ECHB) by E. coli whole cells expressing
the yeast reductase YOL151W and a GDH for cofactor recycling. ECOB could be fully converted to the target ECHB
within 3 h reaction time. Importantly, no conversion was observed without pretreatment.[® 2281 Although such
protocols are straightforward, the adaption of incubation time and the addition of additives might be required.
Unpredictable host cell responses in the presence of solvents and detergents or due the increased permeability

of the cellular membrane represent drawbacks to be considered.[?”]

The introduction of transporter proteins provides an elegant solution to facilitate the uptake of specific
substrates or a certain group of compounds. The coexpression of the alkane transporter AlkL from Pseudomonas
putida (P. putida) overcame the rate limiting step of an artificial in vivo cascade leading to amino-functionalized
fatty acid methyl esters (or the corresponding carboxylic acids; Figure C-27).12%81 The activity of the AlkL
transporter improved yields up to 100-fold for the oxidation of Ci2 and higher alkanes to the corresponding fatty
alcohols and acids.!® 2281 Generally, AlkL shows transport activity for hydrophobic (long chain) substrates.?® By

implementation of an w-TA, the amino-functionalized product was generated, whereas amounts of the
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carboxylic acid byproduct were reduced. Importantly, the production of AlkL had to be tightly regulated since

the overexpression of this transporter was cytotoxic.28®!

/ DAME HDAME ODAME DDAME \
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Figure C-27. The alkane transporter protein AlkL enhances target substrate uptake. Since the uptake of dodecanoic acid methyl ester
(DAME) represented the rate-limiting step of the outlined in vivo cascade, the plug-in of AlkL overcame this limitation. DAME
was oxidized via 12-hydroxy dodecanoic acid methyl ester (HDAME) to 12-oxododecanoic acid methyl ester (ODAME) by the
alkBGJLT operon from P. putida. The same operon-encoded enzymes lead to the formation of dodecanedioic acid methyl ester
(DDAME). The implementation of an w-TA produced 12-amino dodecanoic acid methyl ester (ADAME) with L-alanine (Ala) as
the amine donor; Pyr = pyruvate. The figure was adapted from T. Bayer et al. (2015) and S. P. France et al. (2017).1277

Gram-negative bacteria natively express outer membrane proteins (OMPs), so-called porins, which enable the
passage of hydrophilic solutes (e.g., nutrients) across the cell membrane and the secretion of waste products.
Consequently, porins can be utilized to increase the influx of polarer substrates. Three known porins in E. coli are
OmpC, OmpF, and NmpC, all trafficking various (non-natural) compounds including antibiotics.[2?0-2°1
Environmental stimuli such as osmolarity, pH, temperature, or the concentration of nutrients regulate both the
expression and the permeability of porins.?*2 OmpF, for example, is expressed at low temperatures. PhoE,
another transporter protein, is exclusively expressed under phosphate starvation, which makes the expression

of PhoE inducible?®! and may be utilized as a regulatory tool for synthetic pathway design.®

At present, the utilization of endogenous transporter proteins to regulate substrate uptake and product release
is underrepresented in whole cell biocatalysis. Moreover, heterologous transport proteins, especially from higher
organisms, can be difficult to express in microbial cells such as E. coli. The different composition of cell
membranes potentially interferes with the native folding required for integral membrane function. Highly polar
unusual target molecules (e.g., phosphorylated compounds) might have to be harvested by cell disruption.
Alternatively, they can be converted by an additional enzymatic activity (e.g., dephosphorylation) into less polar

products that can freely diffuse through the celluar membrane.?*3!

C IV.2 The intracellular environment and metabolic background

Historically, whole cells were exploited to accumulate natural metabolites. The fermentative production of
ethanol by S. cerevisiae is only one prominent example.’?**! Organic acids of the tricarbonic acid (TCA) cycle
including citric and succinic acid are produced by different microorganisms on industrial scales. For example,
Aspergillus niger, Lactobacillus rhamnosus, and E. coli are commonly employed to produce citrate, lactic acid,

and succinate, respectively.!?®]

With increasing knowledge about the biochemistry and the architecture of metabolic networks of different

organisms, productivities of designer cells have been improved by rational KO/KI strategies to remove unwanted
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side reactions and reroute metabolic fluxes and to permanently insert target genes into the genome,
respectively. Additionally, the adjustment of target protein production has been intensively used to enhance the
flux through (synthetic) pathways (e.g., shikimate production in engineered E. coli cells).!® 2°¢! Regarding genomic
integration, Koma et al. observed differences in the activity of single copy insertions of reporter genes such as
lacZ, which encodes B-galactosidase, depending on the insertion loci. Although the deleted genes were not
essential, they might directly or indirectly influence the expression of other genes involved in protein
production.!¥ As discussed earlier, the altered genetic context post genomic integration might also influence
expression levels.®! Koma et al. combined A Red recombination, Flp/FRT recombination, and P1 transduction!?®”!
to insert multiple genes into target loci on the E. coli chromosome. They successfully incorporated essential genes
of the shikimate pathway to accumulate aromatic amino acids. By integrating two non-native decarboxylases
from Lactobacillus brevis and P. putida, Koma et al. efficiently produced the aromatic compounds tyramine and

phenethylamine.**!]

A contrary strategy is the design of ‘minimal genomes’ and the generation of synthetic cells and strains. Such
microbial strains will feature a strongly reduced metabolic background, consequently, will be less likely to
interfere with de novo enzyme cascades. One way to build a minimal genome that includes only the genes
essential for life was pursued by the team around Craig Venter in 2010.12°® Parts of the genome of Mycoplasma
mycoides (1 079 kb) were chemically synthesized and transplanted into cytoplasm, giving rise to the JCV-syn1.0
strain. Hutchison Il et al. used a design, build, and test cycle to further reduce this genome to 531 kb encoding
473 genes. The resulting JCV-syn3.0 retained genes involved in key processes such as transcription and

translation but also contained 149 genes of unknown function.?*”

However, the biocatalytic application of ‘minimal cells’ as platform strains will probably not be realized soon and
many in vivo cascades have not been optimized beyond laboratory scale. At present, low productivity still
represents a major obstacle, which must be overcome to enable industrially relevant and profitable processes.
Generally, there are two different strategies: a classical in vivo approach based on the increased metabolic

network information of microorganisms and a more comprehensive in silico approach.

The in vivo methods specifically target side reactions to rationally knock-out genes. KOs aim at rerouting the flux
through the (synthetic) pathway to accumulate target products and improve overall productivity.l®! Whereas
examples so far involved the KO of only one or a few genes, some strains have been immensively engineered to
accumulate (natural) target compounds.2%%-3%21 Recently, Kunjapur et al. constructed an E. coli strain exhibiting
reduced aromatic aldehyde reduction (RARE) activity by the deletion of up to six genes (dkgA, dkgB, yeaE, yqghD,
yahK, and yjgB) with reported activity on the model substrate benzaldehyde.*?l Other deletions targeted a
transcriptional activator (yghC), an endonuclease (endA), and a recombinase (recA). The latter two had been
knocked-out to increase plasmide stability. The RARE strain was used to heterologously produce vanillin from
vanillic acid by the expression of a CAR from Norcadia iowensis (N. iowensis; Figure C-28A). The vanillyl alcohol
byproduct generated from the target vanillin by endogenous ADHs and aldo-keto reductases (AKRs) was not
detected. To demonstrate that the RARE strain may serve as an aldehyde production platform strain, Kunjapur
et al. synthesized the chiral pharmaceutical intermediate L-phenylacetyl carbinol (L-PAC) by C—C bond formation
between benzaldehyde and glycolytic pyruvate (Figure C-28B) by recmobinantly coexpressing CARniand a mutant
PDC. Benzoic acid was reduced by CARwi to benzaldehyde, which was not further reduced to the corresponding
benzyl alcohol in the RARE strain. Compared to the unengineered E. coli strain, L-PAC production could be

increased 10-fold.[® 42

Like KO strategies, computational approaches depend on a comprehensive knowledge of biocatalytic reactions
taking place in the target host microorganism. Whole cell biocatalysts are modelled as systems of a set of

chemical reactions sets, resembling the metabolic pathways within the cell.®! Two complementary approaches
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to predict and measure both the operation and regulation of metabolic networks are the genome-based flux

balance analysis (FBA)%! and the steady-state isotopic labeling-based (*3C) metabolic flux analysis (MFA).[® 304

Genome-scale reconstructions of metabolic networks are available from online platforms such as BIGGE%! or
SEED.B3%! These models represent stoichiometric reaction equations of the metabolic reactions of the target
microorganism and can be either analyzed with the freely available MATLAB COBRA toolbox or online tools (e.g.,

http://www.theseed.org).[6 307-308]

Systems biology progressed toward a full understanding and (quantitative) description of the metabolome3*! of
various microorganisms by computational models. Knowledge about the distinct metabolic flux distribution in
production hosts has become essential for biotechnological applications with respect to productivity.
Additionally, FBA is a valuable tool for the identification of lethal KOs prior to engineering whole cell biocatalysts.
Three KOs in the central carbon metabolism of E. coliresulted in a >7-fold increase in the production of 3-hydroxy
propionic acid, a precursor of the biodegradable poly-3-hydroxy propionic acid. The strain was constructed after

gene KO simulations in silico.131%
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Figure C-28. The engineered metabolic background in the RARE strain enables the production of aromatic aldehydes in vivo. (A) Vanillin

was produced by the reduction of vanillic acid by heterologously expressed CARwi. The vanillyl alcohol byproduct formation was
eliminated by the KO of six endogenous enzyme activities (red X). (B) The pharmaceutical intermediate L-PAC was produced in
a two-step transformation from benzoic acid by CARwn and subsequent C—C bond formation with glycolytic pyruvate by a
pyruvate decarboxylase from Zymomonas mobilis (PDCzm). Reduction of the intermediate benzaldehyde to the corresponding

benzyl alcohol was not observed in the RARE strain.*?

In a recent study, 3C-MFA was successfully employed to optimize the accumulation of lysine in Corynebacterium
glutamicum. MFA attributed the enhanced production of lysine to the de novo NADPH generation pathway
resulting from the alteration of the cofactor specificity of the native glyceraldehyde-3-phosphate dehydrogenase
from NAD* (nicotinamide adenine dinucleotide) to NADP* and not to a previously hypothesized change in

metabolic fluxes toward the pentose phosphate pathway (PPP).[® 311 The absolute quantification of metabolites
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in host cells is an important tool as it provides information about maximal product yields and can identify
potential metabolic bottlenecks (e.g., cofactor availability and recycling).3'? In the context of synthetic pathway
design, metabolomics was applied as a control strategy to follow the changes through intracellular fluxes in E. coli
after the introduction of a synthetic pathway to produce isopropyl alcohol .3

Different computational approaches enable the construction and optimization of whole cell biocatalysts in silico
prior to their construction in vivo. KO candidates can be easily determined and verified in fewer experiments,
consequently, reducing time, costs, and the overall workload, which is essential toward the industrial application
of designer cells. Importantly, FBA and MFA can assist the identification of bottlenecks if artificial pathways
conntect to the metabolism of host cells by the utilization of (redox) cofactors (Figure C-17, Figure C-27, and
Figure C-28) or hijacking metabolites such as acetyl-CoA (Figure C-20), pyruvate (Figure C-5), or dihydroxyacetone
phosphate (DHAP; Figure C-39) to further improve product yields.!® 314

C IV.3 Cofactor balancing and recycling

Since two decades, industrial biocatalytic processes have become increasingly common.% Advances were driven
by the development in the omics disciplines, genetic and metabolic engineering tools for pathway assembly and
optimization, and protein engineering techniques to tune enzyme performance to meet industrial requirements.
However, the large scale use of biocatalysts has long been limited to cofactor independent enzymes such as
hydrolases.[7: 30315 Cofactor dependent enzymes like oxidoreductases can perform demanding, synthetically
useful reactions and have been used for the asymmetric reduction of carbonyl groups to alcohols and amines,

for example.39

Cofactors such as NAD(P)*/NAD(P)H and acetyl-CoA are low molecular weight compounds that are essential for
many enzymatic reactions in host cells and usually recycled by the reactions of the central metabolism. Some
cofactors including PLP, biotin, and flavins are tightly bound to their enzymes and self-regenerating in most cases.
However, NAD(P)*/NAD(P)H cofactors and nucleoside triphosphates (NTPs) act more like cosubstrates. They are
rather loosely bound and facilitate functional group transfer reactions and, hence, are consumed
stoichiometrically.?*6-317 The introduction of cofactor dependent enzyme cascades can result in their depletion
as reported by Milker et al. recently.[*>% The additional consumption of cofactors by de novo pathways inevitably
affects cellular growth and probably the production of target compounds.! Consequently, different strategies
to balance or recycle cofactors have been employed to improve both cell viability and the productivity of

(synthetic) pathways.3®

A simple approach to balance cofactor consumption and regeneration is the establishment of self-sustaining
redox cascades (Figure C-29).131%-3201 |n multistep transformations, a cofactor that is consumed in a previous step
can be regenerated in a subsequent step dependent on the consumed form of the cofactor (Figure C-29A).
Alternatively, an additional enzyme activity for cofactor recycling can be employed. The transformation of a
cosubstrate into the corresponding byproduct depends on the exhausted cofactor, which is regenerated (Figure
C-29B). Oberleitner et al. utilized both approaches to assemble a self-sustaining redox cascade in vitro containing
an ADH from L. kefir (ADHw«), EREDs from either S. cerevisae (OYE1) or Pseudomonas sp. (XenB), a CHMO from
Acinetobacter sp. (CHMOacineto), and a D-glucose-6-phosphate dehydrogenase (G6P-DH) for NADPH
regeneration.3?? The applicability of the enzymatic cascade was exploited to synthesize structurally different e-
caprolactones as precursors for biorenewable polyesters (Figure C-30). Nonetheless, G6P is an expensive
cosubstrate and the produced D-glucono-1,5-lactone-6-phosphate (G-1,5-L6P) cannot be reused. This is a
drawback of many recycling approaches transforming cosubstrates into (unusable) byproducts, eventually

causing complications in their separation during down-stream processing.



Thomas Bayer, Ph.D. Thesis
Introduction

B C
@ - @ @ - @ @ - E]
Cofacty, Cofactg.y Cofacty, Cofactg,y Cofact,, Cofactg,y

@ M @ Peo L‘Z Sco Sco

s/1/p Substrate / intermediate / product € Pathway enzymes

Sco/Pe | Cosubstrate / coproduct € cofactor regeneration enzyme

Figure C-29. Exemplary self-sustaining redox cascades. (A) Redox neutral two-step cascade regenerating cofactors through the intermediate
step. This strategy is also known as ‘closed loop’ cascade. (B) Cofactor regeneration by an additional cofactor recycling system

at the expense of a cosubstrate. (C) Redox neutral ‘convergent’ cascade.[31-321]
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Figure C-30. Self-sustaining redox cascade to produce e-caprolactones in vitro. Transformation of (S)-2-cyclohexen-1-ols (a) via 2-
cyclohexenones (b) to cyclohexanones (c), in which NADP* is regenerated via the intermediate step. The subsequent oxidation
of ¢ to e-caprolactones (d) by a BVMO depends on NADPH, which is regenerated by the oxidation of D-glucose-6-phosphate
(G6P) to D-glucono-1,5-lactone-6-phosphate (G-1,5-L6P) catalyzed by G6P-DH.1322

To synthesitze e-caprolactone, Bornadel et al. designed a convergent two-enzyme cascade consisting of
CHMOacineto for the oxidation of cyclohexanone and an ADH from Thermoanaerobacter ethanolicus (ADHre) for
the oxidation of the ‘double-smart’ cosubstrate 1,6-hexanediol and the regeneration of NADPH (Figure C-29C
and Figure C-31).321 Recently, a two-step optimization of the convergent cascade through design of experiments

and a biphasic system was achieved.??3!

54
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Figure C-31. Example of a ‘convergent’ cascade. The convergent cascade involved the oxidation of cyclohexanone by

CHMOacineto and a ‘double-smart’ cosubstrate (1,6-hexanediol), which is used for cofactor regeneration and
transformed into the target product (e-caprolactone) by ADHr. without the formation of a byproduct. The
figure was adapted from A. Bornadel et al. (2015).5321

Smart cosubstrates provide an elegant solution for the optimization of redox cascades with various advantages
since the high excess of conventional cosubstrates (e.g., ethanol, isopropanol), which might negatively affect

enzyme activities, can be omitted and the amounts of byproducts and waste are reduced (Figure C-29C).

In general, DH-catalyzed reactions are involved in biodegradation reactions and depend on NAD*/NADH, whereas
NADP*/NADPH facilitate biosynthetic reactions. Both nicotinamide cofactors play essential roles in biochemical

redox reactions and enable the application of synthetically useful biocatalysts.[*?!

Several enzymatic strategies have been developed to regenerate NADH such as the conversion of formate,
glucose, or G6P by formate dehydrogenase (FDH), GDH, or G6P-DH, respectively; ADHs are routinely applied as
well and utilize simple molecules (e.g., isopropanol) as cosubstrates.’3®) NADPH is preferentially regenerated by
GDH,B! G6P/G6P-DH,36 3221 engineered FDHs accepting NADP* instead of the natural NAD*3? and
phosphite/phosphite dehydrogenase (PTDH).3%5-326) PTDHs catalyze the (almost) irreversible oxidation of
phosphite to phosphate and were engineered toward a relaxed specificity for both NADP* and NAD*.[316: 3271 A
thermostable PTDH mutant was also linked to several BVMOs to spatially converge the enzymatic transformation
and the cofactor regeneration activities.*?8! However, phosphite cannot diffuse trough cellular membranes and

is, therefore, not applicable for cofactor regeneration in vivo.l®

Changing the cofactor specificity of enzymes by protein engineering techniques has been employed in vitro to
develop industrial feasible processes. Recently, Beier et al. switched the cofactor specificity of CHMOacineto from
NADPH to NADH. Many BVMOs display a strong preference for NADPH, which is less stable and ten times more
expensive than NADH.??) The same strategy has been employed to optimize enzyme cascades in vivo and to

increase the flux through target pathways.!!

In the context whole cell biocatalysis, it is essential to manipulate the intracellular redox state as well as cofactor
levels.['%-330] Thys, various strategies have been applied to control the cofactor regeneration system or balance
the enzyme activities of redox reactions. For example, NADH oxidase (NOX) has been applied for cofactor
regeneration by an engineered whole cell biocatalyst for chiral compound production.!3'® Intracellular cofactor
recycling capacaties and availability can be achieved by the KI of cofactor regenerating enzymes and/or the KO

of competing metabolic reactions consuming the target cofactor.33%
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Recently, the redox neutral amination of alcohols in E. coli was reported. It involved an ADH from Geobacillus
stearothermophilus (ADH-ht) to oxidize primary aliphatic and aromatic alcohols to the corresponding aldehydes
and an w-TA from Vibrio fluvialis (VfIH6), which aminated the intermediate aldehydes. An AlaDH from B. subtilis
was coexpressed to recycle NADH (Figure C-32).1331

O
ADH-ht J VflH6
€ R
NADH Ala
NAD* Pyr
R—OH R—NH;,
H,0 AlaDH NI 14+

Figure C-32. Redox self-sufficient whole cell amination of primary alcohols. NAD* dependent ADH-ht oxidized alcohol
substrates to the corresponding aldehydes. Subsequent amination was catalyzed by VfIH6. L-alanine (Ala)
served as the amine donor. An AlaDH from B. subtilis simultaneously regenerated both Ala from Pyr and the
NAD* cofactor. The figure was adapted from S. Klatte and V. F. Wendisch (2014).133

NAD*/NADH availibilty in vivo can be enhanced by the expression of well-known regeneration enzymes such as
GDH and FDH.'® The GDH from B. subtilis has been broadly applied in biocatalysis™**" 28] and engineered to
adapt to industrial process conditions;!*® 332 on the other hand, the FDH from Candida boidinii has been
intensively used under aerobic and anaerobic growth conditions.!3'® 3331 Both enzymes were simultaneously
expressed to engineer the NADH regeneration capacity of E. coli to produce (2S,3S)-butanediol, a valuable
building block in asymmetric synthesis.*3* Zhou et al. employed NOX and further increased intracellular NAD*

levels by co-expressing a NAD* transporter for the uptake of extracellularily supplied cofactor.33!

An example involving the KO/KI of genes is depicted by the engineering of E. coli to produce succinic acid by the
fixation of CO2 by a phosphoenolpyruvate (PEP) carboxylase. The KO of competing pathways led to accumulation
of pyruvate and limited the regeneration of NAD* from glycolytic NADH. To increase the regeneration of NAD", a
nicotinic acid phosphoribosyltransferase (NAPRTase) and a pyruvic acid carboxylase (PYC) were coexpressed.
NAPRTase is the rate-limiting enzyme of NAD*/NADH synthesis in E. coli and PYC produces oxaloacetate from
pyruvate.l5 33 The Kls led to a significant increase in both cell mass and succinic acid production, which was not
possible without the NAPRTase and PYC activties since the glycolytic flux was blocked by the insufficient

regeneration of NAD*.[336:337]

For NADP*/NADPH recycling, alternative KO/KI strategies must be pursued as for NAD*/NADH regeneration,
which are recycled differently in vivo.38 Many engineering approaches focus on enhancing the flux through the
PPP.?) FBA assisted to the measure intracellular redox cofactor levels and suggested the cyclization of the PPP, 339
which was confirmed by C-MFA.** |n case of regenerating NADPH under anaerobic conditions, the
overexpression of PPP enzymes is inefficient. Hence, the activities of NADP* transhydrogenase and ATP-
dependent NAD* kinase were modulated to produce NADPH.!®! The combination of both strategies was applicable
for the aerobic as well as the anaerobic regeneration of NADPH.3*!! Alternatively, the regeneration of cofactors

can be accomplished through photochemically or electrochemically ways.[342-3441

Apart from NAD(P)*/NAD(P)H cofactors, the regeneration of NTPs is of increasing importance, particularly
adenosine-5'-triphosphate (ATP; Figure C-33A).3%® ATP not only serves as a phosphorylating agent; it is a

common cosubstrate for enzymes forming (high energy) bonds (e.g., acetyl-CoA; Figure C-34) in nature.
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Figure C-33. SAM regeneration cycle. (A) Detailed and simplified structure of ATP. (B) The biocatalytic alkylation with cofactor regeneration
is powered by polyphosphate (pPi) and uses L-methionine (Met) or a derivative (not shown) as alkyl donor. A Met adenosyl
transferase (MAT; E. coli or Thermococcus kodakarensis) forms SAM from Met and ATP. The target substrate is methylated by
specific methyl transferases (MTs).%¢l S-adenosylhomocysteine (SAH) is hydrolyzed by SAH hydrolase (SAHH; Mus musculus)
ATP is regenerated from adenosine and pP; by adenosine kinase (ADK; S. cerevisae), pPi kinase (PKK2-Il from Acinetobacter
Jjohnsonii; PKK2-1 from Sinorhizobium meliloti). Met and the target MT substrate were added stoichiometrically, with an excess

of pPi and a catalytic amount of AMP as cofactor precursor. (B) was adapted from S. Mordhorst et al. (2017).349

Consequently, the enzymes involved have an intrinsic application potential in the syntheses of value-added
products. Several enzymatic strategies have been developed but do not match the ATP regeneration capabilities
of whole cells. Although regeneration systems for ATP starting from adenosine-5’-diphosphate (ADP) are

available, certain limitations exist for both in vitro and in vivo applications requiring ATP regeneration from
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adenosine-5’-monophosphate (AMP) or adenosine (Figure C-33).3%! Up to now, well-studied regeneration
systems involved PEP/pyruvate kinase, acetylphosphate/acetate kinase, or polyphosphate (pPi)/polyphosphate
kinase (PPK), for example.31% 345 Most recently, Mordhorst et al. coupled different ATP regeneration strategies
and a biomimetic cyclic S-adenosylmethionine (SAM) regeneration system to perform catalytic alkylation

reactions (Figure C-33B).34¢!

SAM-dependent methyltransferases (MTs) are versatile tools for the specific alkylation of various compounds
including pharmaceuticals. The cyclic SAM regeneration system assembled by Mordhorst et al. promises the
robost and economical application of MTs soon. In addition to the substrate to be methylated, only methionine
and pPi must be added in stoichiometric amounts and the system acts catalytically with respect to the cofactor

precursor adenosine in alkylation reactions. 46!

Cofactor recycling and balancing has intensively applied to optimize redox cascades and other functional group
transfer reactions. As mentioned earlier, C—C bond formations are pivotal reactions in nature and syntheses to
expand the carbon framework to build up larger molecules.!?53l Whereas sugar derivatives can be assembled, for
example, by DHAP-dependent aldolases (Figure C-39), fatty acids, polyketides, and steroids can be synthesized
by enzymes requiring acetyl-CoA. Among the various enzymatic acetyl-CoA regeneration systems available, ¢!
acetyl-CoA synthetase was successfully applied to synthesize P3HB via the biosynthetic pathway from Ralstonia
eutropha from acetate in vitro.®*”) The condensation of acetate and CoA at the expense of ATP regenerated
acetyl-CoA (Figure C-34). AMP could also be recycled from pPi by PKk2-II and -I (Figure C-33B), for example, or
recycled by whole cell biocatalysts heterologously expressing the P3HB pathway (see also Figure C-12A).
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Figure C-34. Acetyl-CoA regeneration. The acetyl-CoA dependent production of P3HB involves two separate B-ketothiolase reactions (PhaA
and PhaC). Acetly-CoA is regenerated from acetate and CoA by acetyl-CoA synthetase. NADPH used in the reduction of
acetoacetyl-CoA (PhaB) is regenerated by GDH."*”] The figure was adapted from R. D. Woodyer et al. (2008).3¢

In the past decade, substantial progress has been made to further improve cofactor/cosubstrate regeneration
systems and to implement them in vivo. Recycling systems cover nicotinamide cofactors such as
NAD(P)*/NAD(P)H, which are essential for many redox enzymes and their applications in syntheses, ATP/NTPs,
and small molecules such as acetyl-CoA, involved in the expansion of carbon chains and frameworks en route to
assemble complex chemicals. Advances in metabolic and protein engineering enabled the application of cofactor
recycling systems on larger scales, including the production of pharmaceutical intermediates!*®! and precursors
with industrial relevance.l*” 323 Most recently, a regeneration system for the cofactor SAM was introduced.34¢!
This will rapidly facilitate the development of more applicable, economical, and environmentally friendly uses of

enzymes like MTs to expand the biocatalytic toolbox in the future.
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C V.4 Synthetic biology tools for carbon flux enhancement

The apparent advantages of in vivo biocatalysis include the efficient recycling of cofactors and the simultaneous
production of target enzymes by host cells and are routinely applied. Control over the carbon flux through target
cascades can be challenging. Strategies to enhance the flux such as the optimization of enzyme stoichiometry
(Figure C-19) and the KO of competing endogenous enzyme activities (Figure C-28) have proven their applicability
beyond doubt.[® 348

These strategies evolved through millions of years of evolution to produce metabolic pathways and networks in
cellular systems capable of one-pot multi-step catalysis and have been successfully transferred into test tubes
and bioreactors. In nature, enzymes catalyzing sequential reactions have frequently evolved structures with
stoichiometric arrangements of active sites and chemical and/or physical mechanisms, which control the mass
transport through cellular systems and intermediates along metabolic pathways.®*? This controlled flux and the
direct transfer of chemical entities from one active site to another (without first diffusing to the bulk
environment) is termed ‘substrate channeling’.[3*%351 Substrate channelling promotes the processing of
metabolites along a designated pathway; intermediates are directed from one active site to the next, thereby,
reducing exposure to competing side reactions and protecting cells from toxic or labile intermediates.
Additionally, high local concentrations of metabolites may overcome otherwise unfavorable thermodynamics in

the bulk or cellular environment.34°

Intramolecular tunnels, electrostatic guidance, spatial organization (i.e., clustering), and covalent attachment of
intermediates in multienzyme structures represent naturally evolved channeling mechanisms and are
complemented by the colocalization of enzymes in microcompartments.[3*% 3523531 Consequently, substrate
channeling and the underlying mechanisms inspired synthetic chemists and biologists to optimize enzymatic
cascade reactions, where intermediates are not in equilibrium with the bulk solution, to direct diffusion

processes, enhance the flux through target cascades, and increase yields (Figure C-35).

A
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B E] Intermediate
E] Product
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Figure C-35. Substrate channelling. (A) Intramolecular tunnels channel intermediate from one active site (blue) to the next (e.g., tryptophane
synthetase). (B) Electrostatic guidance directs intermediates between active sites by interactions between positive (green) and
negative (red) charges (e.g., TCA cycle metabolon). (C) Intermediates are covalently bound to chemical swing arms and

transferred from one active site to another (e.g., PDC). The figure was adapted from I. Wheeldon et al. (2016).34%!

One well-studied example of substrate channelling by an intramolecular tunnel is tryptophan synthase, a
bifunctional enzyme catalyzing the conversion of indole-3-glycerolphosphate to indole and glyceraldehyde-3-

phosphate at one active site and condenses indole with serine to tryptophan at the second active site (Figure



Thomas Bayer, Ph.D. Thesis | 60
Introduction

C-35A). A hydrophobic tunnel connects both active sites, facilitating the diffusion of indole along the tunnel.3>*
3531 Intramolecular tunnels are also found in bifunctional aldolase/dehydrogenases and carbamoylphosphate

synthase, channelling short chain aldehydes and carbamates, respectively.[*3 349

An alternative mechanism of substrate channelling is electrostatic guidance that is utilized, for example, by a
complex of malate dehydrogenase and citrate synthase, two TCA cycle enzymes.[*3! Diffusion of the negatively
charged cascade intermediate oxaloacetate is bounded by a positively charged patch on the protein surface
between the active sites of the upstream malate dehydogenase and the downstream citrate synthase (Figure
C-3SB).[349' 356)

Regarding the covalent attachment of intermediates on chemical swing arms (Figure C-35C), there are various
examples in nature. The PDC catalyzes the oxidative decarboxylation of pyruvate to acetyl-CoA, metabolically
linking glycolysis to the TCA cycle.*3 The complex is comprised of three enzymes: E1, E2, and E3. In E. coli, 24
subunits of E2 form a core with multiple E1 and E3 subunits around that comprise the surface of the multienzyme
complex.?1 E1 decarboxylates pyruvate and transfers the resulting acetyl group to the lipoamide swing arm on
E2. Subsequently, E2 transfers the acetyl group from the chemical swing arm to free CoA. Finally, the swing arm
is reactivated by NADH-dependent E3.1*3 Swing arms are also found in fatty acid synthases, polyketide synthases,
and fatty acid B-oxidation complexes.[*%8-3¢% |n fatty acid and polyketide synthases, intermediates are attached
to acyl carrier proteins via a thiol ester to a phosphopantetheine moiety. Acyl carrier proteins are channelled
between enzymatic modules, where the intermediates are successively extended and modular assembly results
in structural highly diverse products. Such assembly lines channel intermediates by protein/protein interactions,

which are less dependent on the chemical properties of the target intermediates.3*”!

The phosphopantetheine swing arm in CARs shuttles carboxylic acid substrates from the adenylation domain to
the reduction domain, where activated substrates are finally reduced to the corresponding aldehydes at the

expense of NADPH (Figure C-36). PPtases posttranslationally attach the phosphopantetheinyl residue to the apo-

CAR to form the functional holo-CAR enzymes.[62:64
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Figure C-36. Proposed mechanism of CAR enzymes. Carboxylate substrates and ATP enter the adenylation domain, where a phosphoester
intermediate is formed and PP; released. The thiol of the phosphopantheine arm nucleophilically attacks the carbonyl carbon
to form a thioester intermediate and AMP is released. The swing arm transfers the intermediate to the reduction domain, in
which NADPH reduces the thioester bond. The phosphopantetheine thiol group is regenerated, the aldehyde products and

NADP* released; reaction equation given at the top center. The figure was adapted from W. Finnigan et al. (2017).164

The recent interest in the assembly of nanostructures with multiple organic and inorganic active sites that

catalyze desired cascade reactions has been successfully adapted for the synthetic biology toolbox, which, at
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present, features protein, nucleic acid, and polymer scaffolds to spatially organize non-natural cascades in vitro
and in vivo.[® 381 Scaffolds enable the directed assembly and colocalization of multiple enzymes without the

genetic and irreversible fusion of proteins.[36?

Synthetic fusion proteins are designed by incorporating multiple proteins and domains into one complex to
achieve improved properties and new functionalities, respectively, with a wide range of biotechnological and
pharmaceutical applications.*? A prominent example was presented by the groups of Fraaije and Mihovilovic,
who covalently fused a BVMO to a PTDH.3%8! One example is the construction of a synthetic bifunctional
aldolase/kinase by gene fusion through overlap extension. The fusion enzyme consists of fructose-1,6-
bisphosphate aldolase (FruA) from Staphylococcus carnosus (S. carnosus) and dihydroxyacetone kinase (Dhak)
from Citrobacter freundii (C. freundii) with an intervening linker of five amino acid residues. The fusion protein
retained both enzymatic activities and the proximity of the active centers promoted a kinetic advantage,

indicated by a 20-fold increase in the initial velocity of the overall aldol reaction.*%3!

On the other hand, protein scaffolds were engineered and expressed in E. coli to colocalize a three-enzyme
cascade producing mevalonate.l?®3 Dueber et al. assembled the heterologous pathway consisting of the
endogenous acetoacetyl-CoA transferase (AtoB), 3-hydroxyl-3-methylglutaryl-CoA synthase (HmgS), and 3-
hydroxyl-3-methylglutaryl-CoA reductase (HmgR) from S. cerevisiae (see also Figure C-20A). The de novo
pathway performance suffered from an unbalanced enzyme stoichiometry and the cytotoxicity of the
intermediate 3-hydroxyl-3-methylglutaryl-CoA (HMG-CoA).’% To overcome these bottlenecks, a synthetic
protein scaffold was constructed from metazoan binding domains: a GTPase binding domain (GBD) from rat, the
Src homology 3 (SH3) domain, and PSD-95/DIgA/Z0-1 (PDZ) from mouse.!?83 AtoB, Hmg$s, and HmgR were tagged
with the corresponding peptide ligands, respectively (Figure C-37).
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Figure C-37. Modular control over metabolic fluxes by synthetic protein scaffolds. (A) Pseudo-operon encoding the independently inducible
mevlonate pathway genes (atoB, hmgs, and hmgR) and the synthetic scaffold. (B) The biosynthetic enzymes for mevalonate
production AtoB, Hmgs, and HmgR were tagged with the peptide ligands to bind to the protein scaffold via their target binding
domains GBD, SH3, and PDZ, respectively. The number of domain repeats x, y, and z controls enzyme stoichiometry to maximize

mevalonate titers. The figure was adapted from J. E. Dueber et al. (2009).1283

In comparison to the unoptimized cascade, the spatially organized mevalonate pathway achieved a 77-fold

improvement in product titer. The natural modularity of GBD, SH3, and PDZ domains enabled the recruitment of
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the three mevalonate biosynthetic enzymes to a synthetic complex and balancing of enzyme activities.
Consequently, the low target enzyme expression reduced the metabolic load, channelling of the toxic HMG-CoA

improved cell viability, and the overall flux through the artificial pathway could be greatly increased.!® 283!

Furthermore, nucleic acid scaffolds have been used to assemble two-step cascades leading to trans-resvervatrol,
propane-1,2-diol, and hydrogen;!3¢>3%] DNA aptameres have been used to colocalize enzyme cascades in
vitro;1367-3% and polymersomes and microcapsules have been used to assemble two- and three-step enzyme

cascades.l370-371

So far, many colocalization and compartmentalization systems have been developed for in vivo applications with
the goal of increasing the efficiency of metabolic pathways. Each of the two strategies, colocalization and
compartmentalization, has its challenges: scaffolds ideally should allow control over the recruitment and
proximity of the target cascade enzymes, while encapsulation of enzymes in compartments should likewise be
programmable. Currently, colocalization onto protein or DNA-scaffolds exclusively relies on reversible
interactions, which could lead to disassembly in vivo and diminish robustness of applications in vitro. Additionally,
the low number of binding domains (e.g., GBD, SH3, or PDZ) available limits the number of enzymes that can be

colocalized in a controlled fashion.[372-374

Bacterial protein microcompartments and smaller capsids are currently under investigation as alternatives to
(synthetic) scaffolds.?’? So far, virus capsids have been engineered to encapsulate enzymatic cascade
reactions.’7>378 |n contrast to viral capsids, bacterial microcompartments are larger and have evolved to
compartmentalize metabolic pathways including the ethanolamine degradation pathway in Salmonella sp. or
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) in cyanobacteria. Encapsulation peptides target
metabolic enzymes into the self-assembling compartments;37737) to connect the metabolically active lumen of
the compartment and the bacterial cytoplasm, pores are formed by shell proteins.?’2 Such compartments can
be heterologously produced and non-native cargo proteins targeted into the lumen.[377 389382 |n the context of
synthetic cascade optimization and biotechnological application, compartments may be engineered as robust
nano-scale ‘bioreactors’ in vitro with functionalized shell surfaces for immobilization and pore selectivities
tailored for specific cascade reactions. Another area of vivid research is the encapsulation of enzymes into
synthetic vesicles and, more recently, polymersomes have been used to entrap complex multi-enzyme systems,

for example, the transcription/translation machineries of cells and other metabolic cascades.?7?

Advances in systems biology and biological engineering have provided elegant solutions and tools for the
industrialization of (synthetic) biology."® The colocalization and assembly of enzymes into controlled aggregates
and organized clusters is a recently developed strategy to enhance the overall performance of enzyme cascades,
leading to enhanced selectivities and yields. The goal of these efforts is to construct artificial nano-bioreactors in
vitro or cellular compartments in vivo. Both can function as chemical microenvironments that are equipped with
the ability to produce their own enzymes, facilitate transport across their membrane, and, potentially,

communicate with other vesicles performing the same or different tasks.[370 372, 383-385]

cCV State-of-the-art microbial cell factories

With the genetic strategies to assemble artificial metabolic pathways and to introduce them in bacterial hosts
like E. coli, biocatalytic systems have matured to produce chemicals that could not be easily made by known
(chemical) processes. With the advent of systems biology from 2000 onwards, the description of complex
biological systems led to genetic engineering tools that resolved bottlenecks impairing synthetic enzyme

cascades in the cellular context due to the metabolic background of host cells. 6 17, 386-388]
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These combined strategies resulted in the construction of ‘microbial cell factories’ and optimization approaches
aimed at balancing enzyme stoichiometry by the implementation of different regulatory elements (Figure C-18
and Figure C-19) and reduced endogenous host enzyme activities through targeted gene KO, for example,
preventing the formation of byproducts from cascade intermediates (Figure C-17 and Figure C-28).16 389-3%0)
Enhanced fluxes through synthetic cascades were achieved by substrate channeling (e.g., scaffolding; Figure
C-37) to ultimately increase the overall pathway performance.® 283372 Besides the adaption of cellular properties
including its genetics and cell physiology (e.g., membrane permeability!?®® and substrate uptake;?%® 3°1 Figure
C-27) and catalyst design by protein engineering techniques, reaction engineering was intensively examined to
improve both selectivities and yields.[*” 3323%4 The adaption of reaction conditions can include the reaction
medium (e.g., buffer solutions), temperature, pH, or the use of biphasic systems.!® 393-3%4 The previously
introduced concept of biocatalytic retrosynthesis supports the design of de novo enzyme cascades and the
identification of appropriate biocatalysts from a rapidly expanding portfolio.%® The use of whole cell catalysts
has been shown as more resource efficient with a reduced environmental impact for the efficient production of

natural compounds, fine chemicals, and complex molecules including pharmaceuticals.[® 3% 39!

cvi The synthesis of aldehydes as products and valuable

intermediates

Aldehydes are a class of chemicals with various industrial applications such as flavors and fragrances.[%!
Importantly, the high reactivity of the carbonyl group makes aldehydes valuable intermediates and precursors,
not only for pharmaceuticals.[?2% 397-3%8] Regarding the high value applications and large markets for several
aldehydes (e.g., benzaldehyde, cinnamaldehyde, and vanillin), focus has been put on microbial aldehyde
synthesis in recent years.3°®! However, aldehydes are not known to accumulate in most natural microorganisms
since their high reactivity contributes to cellular toxicity.[280-28% 4901 |njtially, target aldehyde products had to be
isolated from bacterial hosts by evaporation or extraction in situ. Alternatively, efforts have been made to
engineer E.coli and other microbes with emphasis on de novo aldehyde biosynthetic routes and the

accumulation of target aldehyde compounds, contemplating cellular toxicity.!22%

Because most industrial host strains do not accumulate aldehydes, microbial production of these molecules from
simple carbon sources required two parallel approaches: pathway construction for product synthesis and strain
engineering for product accumulation. Pathway constructions considered enzymatic reactions that can produce
desired aldehydes including the oxidation of primary alcohols and the reduction of carboxylic acids, for example.
Carboxylic acids are ubiquitous in cellular metabolism and many can be converted to aldehydes in whole cells,
usually involving only a single enzymatic activity.*1%%3 Roughly a decade ago, significant advance occurred by
the identification and characterization of a CAR from N. iowensis (CARni). After cloning into E. coli, soluble
expression, and purification, CARn was active on several aromatic carboxylic acids in vitro.*®* The unfavored
conversion from carboxylates to aldehydes requires the activation of substrates by the hydrolysis of ATP to AMP
and pyrophosphate (PPi). The activated intermediates are shifted intraenzymatically by a phosphopantheine
residue to be reduced in the presence of NADPH (Figure C-36).1%°%! Since then, various CARs from organisms such

as Mycobacterium sp. or Streptomyces sp. have been added to the portfolio of available biocatalysts.[62-54

One major challenge of aldehyde production in vivo has long been the rapid endogenous conversion of nearly all
aldehydes to their corresponding alcohols.!#? 2894041 |n 2012, Rodriguez and Atsumi reported the accumulation
of isobutyraldehyde in E. coli by sequentially deleting eight genes (yghD, adhP, yiaY, ahr, betA, fucO, eutE, and
eutG).P% In 2014, they constructed a platform E. coli strain (with 13 gene KOs) that minimally converted
exogenously supplied aliphatic aldehydes to the corresponding alcohols.“°¢! Kunjapur et al. constructed an E. coli
strain displaying reduced aromatic aldehyde reduction (RARE) activity by deleting up to six genes (dkgA, dkgB,
yeaE, yahK, ahr, and yghD) with reported activity on their model substrate benzaldehyde. They applied the RARE
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strain to heterologously produce vanillin and L-PAC upon expression of CARwi (Figure C-28). Both engineered
strains provide versatile microbial cell factories to produce structurally different aliphatic and aromatic

aldehydes, respectively.!42 4]

Whereas the reduction of carboxylates is now readily established on laboratory scale and non-oxidative
biosynthetic routes exist that decarboxylate 2-keto acid substrates (e.g., PDC, KivD), the oxidation of primary
(aromatic) alcohols to the corresponding aldehydes remains a major challenge in biocatalysis with only a few
examples in the literature.[?8% 407409 One jssue toward the production of aldehydes is the overoxidation to the
corresponding carboxylic acids. In this regard, whole cells (e.g., Glucanobacter sp. or Brevibacterium sp.) are
commonly used to carry out the two-step oxidation from primary alcohols to carboxylates. Such systems exploit
endogenous activities of ADHs and aldehyde dehydrogenases (AIDHs); the use of isolated enzymes is less
common for these oxidations.[**” 419 However, aldehydes as endproducts only could be accessed by in situ
extraction, employing two-liquid-phase systems to avoid overoxidation,??® 41 or subsequent reaction of the
aldehyde with a ‘scavenger’ molecule./**? The group of Biihler presented an efficient whole cell biocatalyst for
the oxidation of hydrophobic long-chain substrates (e.g., DAME).?®® The heterologous pathway contains the
alkane monooxygenase AIkBGT and the ADH AlkJ from P. putida. As mentioned earlier, the OMP AlkL was
introduced to overcome the limited substrate uptake and increased the carbon flux through the cascade. To
isolate target aldehydes, for example, an organic solvent served as a substrate reservoir and extracted target
products in situ. Best results were achieved with an organic phase composition of 75% (v/v) bis-(2-ethylhexyl)
phthalate and 25% (v/v) DAME as the substrate. The heterologous expression of AlkJ shifted the reaction
equilibrium from the primary alcohol HDAME to the thermodynamically unfavored aldehyde moiety, yielding
ODAME, which was extracted in situ®®Y or subsequently transformed into DDAME (Figure C-27).[6: 389

From the perspective of de novo aldehyde synthesis, biocatalytic oxidations may provide new opportunities for
primary alcohols as valuable starting materials.?®"! In general, ADHs are more often applied than oxidases since
the biocatalyst portfolio lacks native enzymes from the latter class that accept a broad variety of substrates.!*%”!
Horse liver dehydrogenase, on the other hand, has been widely applied in vitro and shows a broad substrate
specificity for primary alchols.*'34141 Recently, the group of Li introduced synthetic pathways for the
functionalization of styrenes in E. coli (Figure C-4). Pathway assembly and product flexibility was achieved by the
combination of enzyme modules encoded by four compatible pET vectors in one cell. Target products included
a-hydroxy carboxylic acids, 1,2-amino alcohols, and a-amino acids and were all synthesized via aldehydes from

their primary alcohol intermediates.**

The minimization of the endogenous reduction of aldehydes in model organisms such as E. coli has provided a
foundation for microbial aldehyde synthesis and broader utilization of aldehydes as intermediates for other
biosynthetically challenging compound classes including primary amines,!#841! esters,[*2% and chiral building
blocks such as cyanohydrins*?!! or polyfunctional carboligation products (Figure C-38).14% 280, 397-398, 422-424)
Especially aldolases have been used to enzymatically elongate carbon chains from aldehyde substrates. As
pointed out earlier, protein engineering techniques have been applied to enhance the applicability of aldolase

mutants as powerful biocatalysts in organic synthesis (Figure C-25).[256, 2601
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Figure C-38. Enzymatic aldehyde-derived products and building blocks. Aldehydes (red) can be produced from primary alcohols (blue) and
carboxylic acids (green) and are valuable intermediates toward the synthesis of primary amines, esters, chiral cyanohydrins, and
carboligation products. Like carboligation products, aldols (yellow) are synthesized by the formation of a new C—C bond,
resulting in two new chiral centers.[256 260, 293, 415418l The metabolic host background of E. coli, for example, can be utilized to
produce alcohols*”! or carboxylates.?*®¥ Structures in frames are the focus of this work. The figure was adapted from A. M.
Kunjapur and K. L. J. Prather (2015).1280

C V.2 Carbon framework expansion by (engineered) aldolases

The stereoselective formation of C—C bonds is essential for organic synthetic chemistry to build up and expand
carbon frameworks and increase complexity of target compounds.#?>4?7! |n this regard, biocatalysts with their
high chemo-, regio-, and stereoselctivity offer major advantages to chemical catalysts and have accelerated
research on enzymes for C—C coupling reactions.*?®! In living systems, C—C bonds are usually formed from
activated precursors that are joined stereoselectively by highly specific enzymes, which play vital roles in the
biosynthesis of carbohydrates. Enzymes involved in these biosynthetic pathways are ketolases/transketolases
and aldolases/transaldolases. Naturally, ketolases and aldolases cleave C—C bonds rather than forming them.**>
4281 From a synthetic point of view, aldolases have been widely applied as biocatalysts to expand carbon
frameworks. Not only up to two stereogenic centers can be formed upon C-C coupling from simple, unprotected
substrates; aldolase tandem reactions produce (cyclized) carbohydrates, simultaneously introducing as many as
six chiral centers (Figure C-25).125% The use of aldolases has greatly improved the synthetic opportunities for the
atom-economic asymmetric synthesis of chiral molecules with potential pharmaceutical relevance.?®® New
aldolases derived from the transaldolase scaffold (based on fructose-6-phosphate aldolase from E. coli) have
been shown to be unusually flexible in their aldol acceptor scope; this makes them particularly valuable for

addressing an expanded molecular range of complex polyfunctional targets. 54

Aldolases catalyze C—C coupling between an aldehyde acceptor and another carbonyl compound (e.g., ketone or
aldehyde) that can form an enol and acts as the aldol donor. Aldolase-mediated reactions yield polyhydroxylated
chiral compounds that are of special interest for the pharmaceutical industry since the polar hydroxyl
functionalities aid water solubility and hydrogen bond interactions may convey biological specificity.[26 415!

Depending on the nature of the reaction, aldolases belong to either the lyase enzyme class [EC 4] or the

65



Thomas Bayer, Ph.D. Thesis | 66
Introduction

transferases [EC 2]. They usually show relaxed specificities regarding the electrophilic group (acceptor), but
strictly depend on a specific nucleophile (donor). Aldolases can be grouped by their reaction mechanisms into
type | and Il aldolases. Type | aldolases form a protonated Schiff base intermediate, linking a highly conserved
lysine in the active site with the donor carbonyl carbon (e.g., DHAP). Additionally, tyrosine residues are crucial
since they act as stabilizing hydrogen acceptors. On the other hand, class Il aldolases polarize the carbonyl group

with a divalent cation such as Zn?* for subsequent C—C bond formation.[428429!

Amongst the carbohydrate aldolases, the commercially available fructose 1,6-bisphosphate aldolase (FruA) from
rabbit muscle (RAMA) has been most widely employed in preperative synthesis.!*3% This class | aldolase reversibly
catalyzes the formation of D-fructose 1,6-bisphosphate (F-1,6-bisP) from DHAP and D-glyceraldehyde 3-
phosphate (GAP). RAMA and FruA aldolases from other organisms display a broad tolerance for many other
aldehydes and sugar analogs and vyield (35,4R) products (Figure C-39).4*5! Other known DHAP-dependent
aldolases fuculose 1-phosphate aldolase (FucA), rhamnulose 1-phosphate aldolase (RhuA), and tagatose 1,6-
bisphosphate aldolase (TagA) provide the complementary product configurations (3R,4R), (3R,4S), and (3S,45),

respectively (Figure C-39).[293 4151

Another DHAP-dependent type | aldolase was first described by Schiirmann and Spenger.*3! The D-fructose 6-
phosphate aldolase Fsal from E. coli natively links dihydroxyacetone (DHA) and DHAP. Within recent studies by
the groups of Clapés and Fessner, Fsal was evolved by protein engineering tools and the donor preference was
impressively expanded. Both groups modified the specificity toward hydroxyacetone (HA) and DHA,[2%% 432
hydroxyethanal,?* and various, more sterically demanding nucleophiles.[?>” 432433 | jke other aldolases, Fsal
accepts a vast number of different aldehyde acceptors,!*3**3% which makes Fsal a versatile biocatalyst to

produce iminocyclitols, a compound class of attractive drug candidates,**®! and other biologically relevant

substances.1!
OH O OH ©
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Figure C-39. The four complementary DHAP-dependent aldolases. DHAP-dependent aldolases mediate the aldol condensation of an
aldehyde acceptor (red) with the natural donor DHAP (black). FruA, FucA, RhuA, and TagA provide the full set of four aldol
products. The figure was adapted from M. Wei et al. (2015).12%3

As outlined before, protein engineering by directed evolution and rational design has altered properties such as

(437] (4384391 and stereoselectivity to produce tailormade aldolase

enzyme stability, substrate specificity,
biocatalysts.!#16 440-4411 Computational design of de novo aldolases from inactive protein scaffold backbones and
designed active sites has also been successfully demonstrated. Initially low activities were increased through site-

directed mutagenesis and laboratory evolution and resulted in the RA95 aldolase mutant.[**? Recently, the group
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of Hilvert applied an ultrahigh-throughput, droplet-based microfluid screening platform to further improve the
activity of the artificial RA95 aldolase 30-fold.[+3]

Although manipulation of aldolases led to new biocatalysts and their application in cascade reactions, they are
predominantly employed in transformations in vitro.260: 415416, 4441 Hé|aine et al. set up a multienzymatic
procedure consisting of two kinases and Fsal in one-pot to obtain terminally phosphorylated, rare L-sugars
(Figure C-40).144%]

Glycol- L-glyceraldehyde Phosphorylated
aldehyde Formaldehyde L-glyceraldehyde 3-phosphate RJK/OH L-sugars

E 0] OH
Fsa1 -
Oé} | = 0”7 o WGK 0”7~ " oroy’ == R)j\/\/\ 2

oH - OH oH X 0RO
H”  H 2 =
ATP  ADP Fsa1 OH OH
%
Pyr  PEP R = H, CHa, CH,CHs, CH,0H

Figure C-40. In vitro cascade leading to phosphorylated L-sugars. The three-step cascade involves Fsal to link the achiral compounds
glycoaldehyde (red) and formaldehyde (pink) in the first step and another donor molecule (blue) in the third step. The
intermediate step employs a glycerol kinase (GK) for phosphorylation of L-glyceraldehyde to L-glyceraldehyde 3-phosphate and
a pyruvate kinase (PK) to regenerate ATP from PEP; Pyr = pyruvate.31% The figure was adapted from V. Hélaine et al. (2015).144%

By utilizing an enzymatic route to produce DHAP as the acceptor for subsequent aldolase reaction, Hélaine and
co-workers circumvented the addition of notoriously labile DHAP. However, their cascade was still dependent
on an excess PEP, which, like many other phosphorylated compounds, is labile and expensive. This drastically
impairs the synthetic applicability of these chemicals. Besides often low yielding chemical syntheses,“*®
alternative enzymatic routes to produce DHAP in situ include (i) the phosphorylation of glycerol by a glycerol
kinase (GK) and the subsequent oxidation of GAP by a GAP oxidase and (ii) the ATP-dependent phosphorylation
of DHA by the DhaK from C. freundii, for example.[293 363, 447]

The oxidation of GAP by an oxidase generates hydrogen peroxide (H202), which must be mitigated by a
catalase,!**® especially in vivo.l® %% Even though (i) and (ii) start from the cheap substrates glycerol and DHA,
respectively, they employ multiple, costly isolated enzymes to produce DHAP. This adds complexity to the
enzymatic procedure and renders such in vitro approaches inefficient.'®! A desireable solution to eliminate these
bottlenecks was realized by the group of Wang. They transformed DHAP-dependent aldolase-mediated in vitro
reactions into an engineered E. coli and solved the issue of DHAP availaibilty and stability by hijacking the
glycolytic intermediate from the central carbon metabolism of the host cell.?®d In living cells, glucose is
metabolized into (F-1,6-bisP) via three consecutive enzymatic steps. FruA splits F-1,6-bisP into DHAP and GAP,
which are interconverted by triosepohsophate isomerase (TMI) with a highly favored formation of DHAP.[13: 44%-
450 The recombinant expression of FruA, FucA, and RhuA omits tedious enzyme isolation and purification. The
coexpression of the E. coli phosphatase YqgaB irreversibly dephosphorylates aldol adducts in vivo, thus, achieving
phosphate recycling by the host cell and shifting the reaction equilibrium toward the nonphosphorylated target

aldols (Figure C-41).[2%%
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Figure C-41. Aldolase cascade hijacking metabolic DHAP to produce polyhydroxylared compounds in vivo. The engineered E. coli
cells harbored one of the DHAP-dependent aldolases FruA, FucA, or RhuA, which linked substrate aldehyde acceptors
(red) to the intracellular donor DHAP (blue), which was produced from glucose via glycolysis. Subsequent
dephosphorylation by YgaB led to the formation of target aldols. The figure was adapted from M. Wei et al. (2015).12%3]

Such carbohydrate derivatives play essential roles in biological functions, including cell—cell interactions,
signaling processes during bacterial and viral infection, inflammation, and cancer metastasis. In this regard,
polyhydroxlated chiral compounds are precursor molecules for potential glycosyltransferase inhibitors. #1452

Consequently, they are valuable targets for the pharmaceutical industry and medical research.[26% 293, 4531

C VI Scope and aim of this thesis

Synthetic enzyme cascades are constructed by sequentially combining biocatalytic reactions that are
metabolically nonrelated in nature. This work blends in with this rapidly developing field, which has led to the
production of complex valuable chemicals from simple precursors. Aim of this thesis is the design, assembly and
implementation, characterization, and optimization of artificial enzymatic pathways in the model organism E. coli
(Figure C-42).
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Figure C-42. Synthetic cascade design cycle. The construction of de novo pathways goes through rounds of design (i.e., catalyst selection),
cascade implementation (e.g., in vitro, in vivo, or hybrid systems), analysis to identify bottlenecks, and optimization to enhance
the pathway flux, for example, by strain engineering and synthetic biology tools.

In two main chapters (chapter D and E), the evolvement of biocatalytic routes producing polyhydroxylated
compounds — from the design on paper to the optimized implementation in microbial cell factories — will be

described and include:

e The initial biocatalytic retrosynthetic approach to identify suitable biocatalysts to produce target sugar
derivatives (D 1),

e the characterization and selection of enzymes from different classes including esterases, ADHs, CARs,
(D)HA- and DHAP-dependent aldolases, and phosphatases (D Il),

e the assembly into ‘cascade core modules’ (D Ill) featuring either the engineered (D)HA-dependent
aldolase Fsa1-A129S (D IIl.1) or a DHAP-dependent aldolase (FruA, FucA, and RhuA; D 1l11.2), and

e the identification of bottlenecks and subsequent optimization of the flux through the de novo cascades
(chapter E).

Chapter D focuses on both biocatalyst selection and subsequent pathway assembly. Although the constantly
expanding toolbox of available biocatalysts (e.g., natural, engineered, and evolved enzymes) enables the
biocatalytic retrosynthesis (D 1) of target molecules, certain transformations including the oxidation of primary
alcohols to the corresponding aldehydes resembled a challenge in biocatalysis not only in vivo. The first
subchapter (D II) discusses the identification of a novel biocatalyst (AlkJ from P. putida) for the oxidation of
primary aromatic alcohols, a key transformation toward polyhydroxylated compounds. Furthermore, known
biocatalysts for in vitro transformations such as esterases like BS2 from B. subtilis and different aldolases
from E. coli were characterized toward the synthesis of sugar derivatives. The latter enzyme class catalyzes the
C—C coupling between the in situ produced aldehyde acceptors and a donor molecule. Whereas one-step
transfromations involving aldolases are commonly established in vitro, their implementation in living cells has

long been a vain endeavor. Therefore, the first subchapter also describes the transfer of two aldolases, the
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engineered Fsa-A129S and the wild type FucA, from in vitro to in vivo applications. The latter is dependent on
the labile (and expensive donor) molecule DHAP. Hence, the realization of a biosynthetic route hijacking DHAP
from the metabolite pool of E. coli in this work is highly desired but depends on the addition of a subsequent
enzymatic dephosphorylation step (e.g., PhoN-Sf from S. flexneri or YqaB from E. coli), which is also discussed.
Finally, pathway assembly is achieved not only by standard molecular cloning techniques involving restriction
enzymes and ligases; SLIC methods can assemble whole metabolic pathways in distinct genetic arrangements
from linear DNA fragments via homologous overhangs. Only introduced recently, such cloning methods are far
from being routinely used in biocatalysis and the construction of multi-enzyme pathways. Therefore, this work

aims at promoting the applicability and advantages of such assembly methods.

The impact of the key transformations, in situ aldehyde preparation and aldol formation, characterized in
previous chapter D and their influence on both E. coli host cell viability and target aldol adduct titers are
addressed in chapter E. Consequently, subchapters are dedicated to different optimization strategies from
genetic and metabolic engineering, synthetic and systems biology to enhance the flux through de novo pathways

and, more precisely, include:

e enzyme balancing from improved genetic architecutres by the introduction of genetic regulatory
elements such as synthetic terminators and analysis of context effects (E 1.1),

e theidentification of endogenous enzyme activities toward cascade intermediates such as aldehydes and
the utilization of host strains (e.g., E. coli K-12 RARE) featuring engineered metabolic backgrounds to
reduce byproduct formation (E 1.3),

e acomplementing flux enhancement strategy based on the reversion of undesired byproduct formation
(e.g., carboxylic acids) by the introduction of a nonative enzyme with opposing functional group
transformation activity (E 1.4), and

e engineering of reaction paramters and improving reaction work-up and aldol product isolation by SPE
(E 1.5).

Aldehydes are important chemicals with large markets in food and pharmaceutical industries. However, their
production as intermediates and products in microbes is an unmet challenge due to the high cytotoxicity of
aldehydes. This special issue of aldehyde toxicity is addressed in subchapter E 1.4 by the formation of a ‘hidden
reservoir’ for reactive aldehyde species in vivo. Aldehydes can be contained by AlkJ and a CAR from N. jowensis
below nonviable oncentrations, yet freely available for subsequent aldol formation. Additionally, the rerouting
of carbon fluxes by the introduction of a reversing enzymatic activity has been largely unperceived and offers
potential to maximize product titers by transforming byproducts in desired cascade intermediates. The aromatic
aldol adducts produced in this thesis are precursors for sugar derivatives with potential glycosyltransferase
inhibitor activity (e.g., D-fagomine). Hence, the optimized enzymatic routes established in this work provide
alternatives to access polyhydroxylated compounds with promising applications in the pharmaceutical industry
and medical research. Regarding aldol product isolation, in vitro (and in vivo) systems suffer from low yields. Not
only are polyhydroxylated chemicals highly soluble in water, acyclic aldol adducts are temperature sensitive.
Consequently, this work tackled the issue of aldol isolation and purification by refining the downstream

processing by an easy to apply solid phase extraction (SPE) procedure.

The last subchapter (E 1.6) discusses potential bottlenecks of cascades featureing DHAP-dependent aldolase like
FucA and offers different solutions to optimize this synthetic metabolic route that interconnects with the central

carbon metabolism of host cells.
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D Biocatalyst selection and de novo

pathway assembly

This chapter comprises the initial retro-biosynthetic approach applied to dissect the target polyhydroxylated
molecules into simple, achiral substrates. The identification of suitable chemical transformations in opposite
direction of the bioretrosynthesis enabled the selection of biocatalysts from enzyme classes. Their
characterization will be discussed in the first part of this chapter. In the second part, the assembly of de novo
pathways by (advanced) cloning techniques, their transfer into suitable E. coli host cells, and pathway validation

in vivo will be described.

D I Biocatalytic retrosynthesis:
From sugar derivatives to simple, achiral

substrates

Over the last decade, an increasing number of biocatalysts has been added to the portfolio and cherished by
organic chemists to solve, by classical chemical means, challenging transformations. With advanced protein
engineering techniques, biocatalysts have been tuned to function in the usually harsher environments of
chemical flasks and reactor vessels and have been even equipped with new transformation activities.!® 7! This
recent developments have inspired the design of (complex) synthetic routes involving multiple biocatalysts (i.e.,
enzymes) and their arrangement in cascade-type reactions.?3* 372454 |n 2013, Turner and O’Reilly transferred
the principles of chemical retrosynthesis, a concept introduced by Corey that revolutionized synthetic planning,
into guidelines for ‘biocatalytic retrosynthesis’.[®® 4>>{Hénig, 2017 #1013}

In the beginning of this thesis, target compounds, precisely, polyhydroxylated chiral molecules, were
disassembled via biocatalytic retrosynthesis (Figure D-1). First, the polyhydroxylated product was identified as
an aldol adduct and disconnected between the two stereocenters, resulting in an aldehyde (acceptor) and an
aldol donor molecule. By functional group interconversion (FGI), aldehydes were transformed into primary
alcohols. A second FGI converted primary alcohols to esters, which are thought to freely pass the cellular

membrane of E. coli and resemble suitable substrates as entry point for the de novo cascade.

Following the direction of synthesis, the proposed enzymatic route starts from simple and readily available
carboxylic esters. Regarding the implementation of the suggested enzyme cascade in E. coli, esters are suitable
substrates that likely pass the cellular membrane of host cell by diffusion owing to their high lipophilicity. In the
first (bio)transformation, an esterase converts carboxylic esters to the corresponding primary alcohols, 4564571
which can be oxidized to the corresponding aldehydes, for example, by an ADH.!%! Subsequently, aldehydes and
suitable donor molecules form the desired aldol adducts in an aldolase mediateed reaction.[?>® 4351 The resulting
polyhydroxylated compounds (i.e., carbohydrate derivatives) execute biological functions including cell—cell
interactions and are involved in signaling processes during bacterial and viral infections.*>3 Thus, they are

interesting targets for medical research and valuable precursors in the pharmaceutical industry. [260, 293, 348, 435, 458]



Thomas Bayer, Ph.D. Thesis
Biocatalyst selection and de novo pathway assembly

FGI FGI e} OH O
o} o] ’
S + R' s/, R'
~ M & RToH — H‘\/ — R)}\l)\/
R o] R H
OH OH
Esterase b ADH C Aldolase
— B — B -+ |:| B —
Esters Primary Aldehydes Aldol Aldols

alcohols donors

)
1

Ph, m-toluyl, Bn, Ph-propyl, Bn-O-ethyl, Bn-O-propyl, vanillyl, Cbz-amino-ethyl
H, OH, OPO3%

A
I

Figure D-1. Biocatalytic retrosynthesis. In the disconnection approach (top), target aldols (e) can be transferred into an aldehyde (c) and a
suitable aldol donor. Functional group interconversions (FGIs) lead to primary alcohols (b) and, subsequently, to the
corresponding carboxylic esters (a). In the synthesis (bottom), esters can be transformed into primary alcohols by an esterase,
which are oxidized to the corresponding aldehydes, for example, by an ADH. Mediated by an aldolase, aldehydes and an aldol
donor form the desired aldol adducts. The donor specificity (R’) is dictated by the selected aldolase. All enzymes should accept

a variety of aromatic substrates and intermediates (R; Ph = phenyl, Bn = benzyl).

Candidate biocatalysts for subsequent pathway assembly should exhibit broad substrate acceptance toward
structurally different aromatic residues R including phenyl, benzyloxy, and carbobenzyloxy (Cbz)-amino moieties
(Table D-1) since such molecules are precursors for D-fagomine (Figure C-1) or 1-deoxynojirimycin. 260293458 The
utilization of different aldol donors is dictated by the aldolases, which usually exhibit relaxed substrate profiles
toward the aldehyde acceptors but are very specific for the donor molecules (R’) (Figure D-1). Wild type and
engineered aldolases have been added to the biocatalytic portfolio that utilize donors such as HA (R’ = H) and
DHA (R’ =OH). Alternatively, DHAP-dependent aldolases strictly depend on DHAP (R’ = OPOs%), yielding a
phosphorylated aldol adduct. To facilitate the transport of aldol products out of the cell, the synthetic route
needs to be expanded by an additional dephosphorylation step catalyzed by a phosphatase (Figure D-36).

Table D-1. Substrate pool
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D Il Identification and characterization of
suitable biocatalysts

Based on biocatalytic retrosynthesis, biocatalysts were characterized belonging to the following enzyme classes:
carboxylic ester hydrolases [EC 3.1.1] (section D 11.1), ADHs [EC 1.1.1.1 and 1.1.1.2] (section D I1.2), C—C lyases
[EC 4.1.2] (section D 11.4), and acid phosphatases [EC 3.1.3.2] (section D 11.5).14>

During the identification of suitable biocatalysts for the oxidation of primary alcohols to the corresponding
aldehydes in vivo (D 11.2.2), carboxylic acids were identified as undesired byproducts. To potentially reduce the
carboxylate side products to the target aldehyde intermediates, the characterization of CARS [EC 1.2.99.6] was

also pursued.[348 459

D II.1 Getting started: Expression and characterization of esterases

(@) Esterase e
N
— R OH *+
NN PN

b

(Non-lypolitic) esterases represent a diverse group of carboxylester hydrolases catalyzing the cleavage and
formation of ester bonds in animals, plants, and microorganisms. Besides lipases with preference for

triacylglycerides, esterases exhibit preference for the hydrolysis of esters bearing short-chain acyl residues.[*>”)

The potential of esterases as enantioselective biocatalysts has increased in the last two decades due to the
progresses achieved in different scientific areas including the recombinant overproduction of enzymes, structural
information useful for understanding the rational behind properties such as enantioselectivity, efficient methods
to engineer these properties, and the establishment of rapid screening methodologies.[**¢%57] Since then,
esterases had significant impact on the development of new robust biocatalysts with high stereo- and
enantioselectivities and have been successfully applied as biocatalysts in organic synthesis, not only for the

resolution of racemates.[436-457, 460-462]

As outlined above, esters can be cleaved by carboxylester hydrolases into a primary alcohol and the acyl
compound. Compared to the corresponding primary alcohols, esters are rather apolar compounds that are
thought to freely pass cellular membranes. Regarding substrate uptake and the biocatalytic retrosynthesis
approach (Figure D-1), esterases from different microorganisms were characterized in this work and will be

described in the following.

Three microbial estereses from B. subtilis (BS2),153 P. fluorescens (Pfel),"*5**%5 and Pyrobacculum calidifontis VA1
(PEST)%%! were cloned and/or contributed by the group of Bornscheuer. All three esterases were successfully
expressed in E.coli BL21(DE3) transformants harboring pET28a_bs2, pGASTON_pfel, and pET2la_pest,
respectively (Figure D-2A-B). CFEs were prepared as described in G 1.5 and their activities toward p-nitrophenyl
acetate (oNPA) were tested (Figure D-2C).
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Figure D-2. Expression of different esterases. (A) SDS-PAGE analysis of CFEs containing B2S (2) and Pfel (3). For comparison, unftransformed
E. coli BL21(DE3) cells were cultivated as B2S and Pfel transformants (1 and 4, respectively). (B) CFE from E. coli BL21(DE3)
expressing PEST. Protein production was performed as in G 1V. Sample loading normalized to 10 pg total amount of protein per
lane. (C) Photometric assay monitoring the hydrolysis of pNPA in buffer (top), CFE from untransformed cells (center), and in the
presence of BS2 (bottom); Ac = —COCH3s. Assay performed in triplicates according to G VI.1.1.2.

CFEs containing B2S and Pfel rapidly hydrolyzed pNPA in less than 10 min incubation time, whereas PEST reached
the maximal absorption of Ass=1.0 after 30 min reaction time (data not shown). Subsequently,
biotransformations were performed in duplicates with resting cells (RCs) expressing BS2 or Pfel, following the
standard screening procedure outlined in G 1Il.2. B2S quantitively converted the selected esters 2-phenylethyl
acetate (2a), 2-(benzyloxy)ethyl acetate (3a), and 3-(benzyloxy)propyl acetate (4a) to the corresponding primary
aromatic alcohols 2-4b in only 2 h reaction time. Pfel accepted the same model substrates producing the target
alcohols at slower rates than BS2 (Table D-2).

Table D-2. Substrate scope of BS2 and Pfel for the prodcution of primary aromatic alcohols

Product formation [%]

Substrate BS2 Pfel
2h 24 h 2h 24 h
2a 299 299 20 92
3a 299 299 75 299
4a 299 299 15 91

Results presented as mean values of duplicates measured by GC/FID with
recoveries >75%. Screenings were performed in E. coli BL21(DE3) RCs
(ODsgo = 10.0) expressing esterases, starting with 5 mM substrate and
5% (v/v) ACN as cosolvent at 25°C (250 rpm).

In summary, BS2, Pfel, and PEST showed esterase activity in preliminary photometric assays hydrolyzing pNPA.
The tested esters 2-4a could pass the cell membrane of E. coli BL21(DE3) by passive diffusion and were efficiently
converted to the corresponding aromatic alcohols 2-4b. Hence, RC experiments demonstrated the permeability
of selected esters from compound library B | through the cellular barrier and BS2 from B. subtilis as well as Pfel
from P. fluorscens were identified as suitable biocatalysts for the preparation of primary aromatic alcohols from
esters in vivo. Ultimately, esterases were not implemented in the construction of the synthetic enzyme cascade
since it was shown that all alcohol substrates (B 1) can diffuse through the cellular membrane (Figure D-6; see

D 11.2.2), importantly, without limiting the rate of conversion (Figure D-29).
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D 1.2 Enzymes for the oxidation of primary alcohols to aldehydes in vivo
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The next cascade step involves the oxidation of primary alcohols to the corresponding aldehydes. Aldehydes do
not accumulate in most native microorganisms and are rapidly metabolized in vivo.[*> 28% 407l This issue was
tackeled by the selective inactivation of ADHs, AIDHs, and AKRs by conventional gene KO strategies to accumulate
aldehydes.[* %7l However, the high reactivity of aldehydes contributes to cellular toxicity, an obstacle of in vivo

applications that has not been solved yet.[280-281, 4001

Oxidative and electrophilic stress in bacteria can damage proteins, lipids, RNA, and DNA, drastically reducing cell
viability. Unlike free radicals like hydroxyl radicals generated from H202, a product of the respiratory chain in
E. coli,*®® aldehydes are rather long lived. Therefore, they can diffuse from the site of their origin and can form
adducts with proteins and DNA, inactivating enzymes, damage DNA, and, ultimately, causing cell death.[?8% 400,
469 Bacterial genetic responses to oxidative stress are controlled by two major regulators: OxyR and SoxRS.
Regarding oxygen-derived radicals, defense mechanisms include the reduction of such radicals to viable levels or
the repair of oxidative damage. The transcriptional activator OxyR mediates defense against peroxides and SoxRS
against superoxide.#7%471 Constitutively present molecules including NAD(P)H, ascorbic acid, iron (Fe?*), or
glutathione help to maintain an intracellular reducing environment or to scavange reactive oxygen species.[%
To specifically scavenger aldehydes, the expression of AIDHs is upregulated in bacteria. Besides various ADHs,
the AIDH superfamily represents an essential enzyme class to reduce oxidative/electrophilic stress in living
cells.!?®Y Endogenous AIDHs depend on NAD(P)* to oxidize aldehydes to the corresponding carboxylates and can

metabolize a variety of chemically and structurally diverse aldehydes.[28% 472

Besides the metabolic background and host cell responses disfavoring the production of aldehydes, there are
only a few examples of biocatalysts for the oxidation of primary (aromatic) alcohols to the corresponding
aldehydes in the literature.122% 4074991 pjchjg pastoris whole cells overexpressing an endogenous alcohol oxidase
(AOX) were employed to oxidize benzyl alcohol (1b) and 3-phenyl propanol (3b) to benzyaldehyde (1c) 3-phenyl
prpoanal (3c) using a two-liquid system for in situ product removal.*' Similarly, 2-Phenyl acetaldehyde (2c) was
produced from 2-phenyl ethanol (2b) using acetic acid bacteria.[*®”! The salicyl alcohol oxidase (SAQ) from
Chrysomela sp. was shown to oxidize 2b with 21% activity in comparison to the natural substrate salicyl alcohol

in the native host, whereas activity was reduced to <4% after recombinant expression of SAQ in E. coli.l*”?!

However, biocatalysts with a broad and overlapping substrate profile are the basis to transform simple E. coli
strains into microbial cell factories, capable of producing a variety of target compounds via the synthetic enzyme

cascade. According to the BRENDA database (www.brenda-enzymes.org), there has been no entry of a single

biocatalyst to show a broad substrate profile for the primary aromatic alcohol substrates in B I. Consequently,
screening of different ADHs for the desired transformation was conducted and will be described in the following.
AOXs were excluded to circumvent the coexpression of a catalase and to keep the initial metabolic burden on

the host low.

D 11.2.1 Unsuccessful substrate acceptance screening of ADH«, ADHg,, ADH-A, and ADH-ht

The first two ADHs tested were ADHi« from L. kefir'”* and ADHg: from R. ruber.!* Therefore, both enzymes were
expressed in E. coli BL21(DE3) and CFEs were produced as described in G VI.2.1.1 (Figure D-3A and Figure G-4).
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Figure D-3. Successful expression of different ADHs. (A) SDS-PAGE analysis of CFEs containing ADHuk (1) and ADHg: (2). Sample loading
normalized to 10 pg total amount of protein per lane. (B) Whole cell samples containing ADH-A (1) and ADH-ht (2). Sample
loading normalized to ODsgo = 7.0. Single enzyme productions were performed in E. coli BL21(DE3) under optimized conditions

according to G IV.

Biotransformations were carried out following the procedure in G VI.2.1.2 with a slight excess (4.25 mM) of
NADP* and NAD" for the substrate acceptance screenings with ADHx and ADHkr, respectively. Alcohols 1-3b, 2-
benzyloxy ethanol (4b), or 3-benzyloxy propanol (5b) were added last (4 mM). The reaction was monitored by

GC/FID at 2 h and 24 h reaction time.

Traces of the target aldehyde 3c and the 3-phenyl propionic acid (3d) byproduct were detected in the presence
of ADH.« after long reaction times. The target aldehydes 1-2c and 4-5c could not be detected (Figure D-4A).
ADHRg: did not display oxidation activity toward the tested primary alcohols 2b and 4-5b. Traces of aldehyde 1c
and carboxylate byproduct 3d were detected after 24 h reaction time (Figure D-4B). Since ADHix and ADHr, did
not accept the desired substrates and predominantly oxidized secondary alcohols, they did not represent suitable

biocatalysts for de novo pathway assembly.3!
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Figure D-4. Substrate scope of ADH.x and ADHg: toward primary aromatic alcohols. (A) ADH.« displayed only neglectable activity toward
the alcohol substrates 1-5b. (B) ADHk, insufficiently oxidized the same substrates to the corresponding aldehydes, if at all.

Screenings were performed according to G 1.5. Results presented as mean values of two independent experiments monitored
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by calibrated GC/FID; to" sample taken immediately after addition of substrate and mixing. Stacked bars add up to 100% and

represent the sum of alcohol (blue), aldehyde (red), carboxylic acid (green), and not recovered material (grey)

ADH-A, another secondary ADH from R. ruber, was reported to oxidize 2b to 2c.[*’”! After optimization of ADH-A
production in E. coli BL21(DE3) (Figure D-3B),“’® biotransformations were performed with resting cells (RCs) in
duplicates, following the standard screening procedure outlined in G 11l.2. However, ADH-A showed no activity
for the reported 2b, substrates 3-5b, and 3-(benzyloxycarbonylamino) propanol (6b) under experimental
conditions (Table D-3).1433 Furthermore, the thermostable ADH-ht from B. stearothermophilus was shown to
oxidize primary alcohols.?3% 4771 The adh-ht gene was successfully subcloned into pET26b(+) applying the refined
‘Florida’ cloning procedure according to G VI.2.2.1 and sequence integrity was confirmed by Sanger sequencing
(H 1.1.3.2).435 ADH-ht was expressed under optimized conditions in E. coli BL21(DE3) as outlined in G VI.2.2.1
(Figure D-3B and Figure G-10). However, under standard screening conditions, only the Cbz-protected amino
alcohol 6b was accepted, yielding 27% of the desired 3-(benzyloxycarbonylamino) propanal (6c) after 2 h reaction
time according to calibrated GC. Alcohols 1-5b were not accepted (Table D-3).143]
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Table D-3. Substrate scope of ADH-A and ADH-ht toward primary aromatic alcohols

Product formation [%]

Substrate ADH-A ADH-ht
2h 24h 2h 24 h
2b n.c. (e n.c. n.d.
3b n.c. n.c. n.c. n.d.
4b n.c. (e n.c. n.d.
5b n.c. n.c. n.c. n.d.
6b n.c. (al 27 n.d.

Results presented as mean values of duplicates measured by GC/FID with
recoveries >75%; n.c. = no conversion, n.d. = not determined. The results
for ADH-ht were adapted from T. Wiesinger et al. (2017).143%]

1l Traces of target aldehyde and/or carboxylate byproduct

In summary, all four tested ADHs were successfully expressed in E. coli BL21(DE3) (Figure D-3). ADH«, ADHrr, and
ADH-A showed no or only minimal activity toward a few aromatic alcohol model substrates 1-5b; ADH-ht
exclusively converted 6b to 6¢ (B 1). Consequently, these ADHs had to be discarded as candidates for de novo
pathway assembly to produce target aldehyde intermediates for subsequent aldol formation. However, ADH«
and ADHgr were successfully implemented in a redox cascade for the asymmetric synthesis of lactones in vivo.*!
ADHy« was also N-terminally tagged with a self-cleaving intein tag for purification.!*’%4%% perliminary expression
was performed as described in G VI.2.1.3 (Figure G-7) and purification endeavored by S. Milker.[*>* Furthermore,
the optimized production of ADH-A in E. coli BL21(DE3) and the preparation of lyophilized cells resulted in a

robust and powerful biocatalyst to reduce ketones to the corresponding secondary alcohols.!*7®

D 11.2.2 Successful cloning and expression of AlkJ and substrate scope expansion toward non-native

compound classes

The alkJ gene is encoded by the alkBGHJKL cluster in P. putida (H 1.1.11.1) and is translated into a membrane-
associated ADH that was previously reported as an efficient biocatalyst for the oxidation of primary aliphatic
alcohols.*81 Sequence analysis of the alk/ gene reveals that many recognition sites of commonly used restriction
enzymes (e.g., Ncol, Ndel, and Xbal) are present within the ORF. Hence, conventional molecular cloning into, for
example, standard pET vectors was not feasible due to the forbidden restriction sites. The FC procedure by Li et
al.®”l was adapted to circumvent the use of any restriction enzymes and DNA ligases to seamlessly assemble the
alk) gene and the target pKA1 vector. Primers for the alk/ gene and the pKA1 backbone were designed with
matching homologous overhangs (33-35 bp homology) for the directed assembly of the two linear fragments
post transformation of competent E. coli TOP10 cells. The detailed FC procedure is given in G VI.2.4.1. Colony
PCR confirmed the presence of the alkJ gene in transformants (Figure D-5A). The sequence was confirmed by
Sanger sequencing (H 1.1.3.6).3%¢ Since AlkJ is a membrane-associated enzyme, it was exclusively found in
insoluble protein fractions after IPTG-induced production in E. coli BL21(DE3) (Figure D-5B).[*81
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Figure D-5. Successful FastCloning and expression of AlkJ. (A) Colony PCR of three E. coli TOP10 transformants, AJ1 (1), AJ2 (2),
and AJ3 (3). Sanger sequencing of AJ1 and AJ3 plasmid DNA confirmed the integrity of the alkJ/ sequence. (B) SDS-PAGE
analysis of CFEs from untransformed E. coli BL21(DE3) (1); AlkJ expressed from pKA1_alkJ (clone: AJ3) in soluble (2) and
insoluble (3) fractions. Protein production: G IV. Sample loading normalized to 10 ug total protein per lane.

To confirm AlkJ activity and to determine the substrate scope, subsequent screenings were performed in RCs

under standard screening conditions (Figure D-6).

In the presence of AlkJ, especially the substrates 2b, 4—6b bearing aliphatic C2 and longer side chains were quickly
converted. Surprisingly, 3b was insufficiently oxidized to aldehyde 3c. Alcohols with substitutions on the aromatic
ring like m-toluoyl alcohol (7b) and vanillyl alcohol (9b) and the short side chain aldehyde 1b were moderately

converted to the desired aldehydes.
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Figure D-6. Substrate profile of AlkJ. The primary aromatic alcohols 1-7b and 9b were oxidized to the desired aldehydes. Overoxidation to
the corresponding carboxylates was observed in most transformations. Screenings were performed under standard screening
conditions (G 111.2). Results presented as mean values of biological triplicates (n = 3); SD <10% according to calibrated GC/FID.
Error bars omitted for clarity. Stacked bars add up to 100% and represent the sum of alcohol (blue), aldehyde (red), carboxylic
acid (green), and not recovered material (grey). Reduced recovery of material at to" due to insufficient mixing and a loss in mass
balance (e.g., volatility) at later time points. Parts of this figure were adapted from T. Bayer et al. (2017).13%!

Although the ADH from P. putida was reported to oxidize primary (aliphatic) alcohols selectively to the
corresponding aldehydes,'®% the prominent overoxidation of 2c, 4—6¢ to carboxylic acids 2d, 4-6d could be
observed in E. coli BL21(DE3) under experimental conditions.**®! Since endogenous AIDHs can metabolize the

produced aldehydes to the carboxylates to reduce oxidative/electrophilic stress,!?®> 472 further RCs were
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performed to determine the oxidation capacity of the enzymatic background of E. coli BL21(DE3) toward a

selection of aromatic alcohols (Figure D-7).
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Figure D-7. Primary aromatic alcohols in the cellular environment. None of the primary aromatic alcohols 1-5b, 7b, and 9b was oxidized
by the metabolic background of E. coli BL21(DE3). Results presented as mean values of biological triplicates (n = 3); SD <5%
according to calibrated GC/FID. Error bars omitted for clarity. Stacked bars add up to 100% and represent the sum of alcohol
(blue), aldehyde (red), carboxylic acid (green), and not recovered material (grey); to" sample taken immediately after the
addition of 5 mM substrate and mixing.

Additionaly, the contribution of AlkJ to the oxidation of aldehydes was determined in the metabolic backgrounds
of E. coli BL21(DE3) and the engineered RARE strain.[*? Therefore, RCs of both hosts expressing AlkJ were
challenged with 5 mM of 2-phenyl ethanal (2c). Untransformed RCs were prepared and treated accordingly.
E. coli BL21(DE3) mainly reduced 2c to the alcohol 2b, whereas the amount of 2-phenyl acetic acid (2d) increased
about 2-fold in the presence of AlkJ, from 4.3 + 0.8% to 9.0 + 1.3% (Figure D-8A). In contrast, E. coli RARE was
engineered to minimize the reduction of aromatic aldehydes and 2c was slowly oxidized to 2d. The amount of
2d increased on an average of 3.3+ 1.1% in E. coli RARE cells expressing AlkJ (Figure D-8B). Noteworthy, low
recoveries may not only be attributed to the volatility of the aldehyde 2c but crosslinking to proteins, for example,
and areduced cell viability due to the initially high aldehyde concentration. Experiments with the model aldehyde
2c indicated that both endogenous enzymatic activities and AlkJ contribute to the oxidation of aldehydes in the

cellular enivornment.
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Figure D-8. Contribution of AlkJ to the oxidation of aldehydes in different host strains. (A) Untransformed E. coli BL21(DE3) mainly reduced
the aldehyde 2c to the corresponding alcohol 2b (left). RCs expressing AlkJ showed slightly increased amounts of the carboxylic
acid 2d (right). (B) Untransformed E. coli RARE oxidized 2c to 2d, whereas the reduction to the alcohol 2b was not observed
(left). RCs expressing AlkJ showed minimally increased amounts of 2d (right). Results presented as mean values of biological
triplicates (n = 3); SD <10% according to calibrated GC/FID. Error bars omitted for clarity. Stacked bars add up to 100% and
represent the sum of alcohol (blue), aldehyde (red), carboxylic acid (green), and not recovered material (grey); to" sample taken
immediately after the addition of 5 mM 2c¢ and mixing. Reduced recoveries and the loss in mass balance are attributed to
volatility of 2c and reduced RC viability due to initially high load of aldehyde. Parts of this figure were adapted from T. Bayer
etal. (2017).B34

Finally, control experiments were performed to determine whether the uptake of primary aromatic alcohols
through the cellular envelope limits their oxidation by AlkJ. Therefore, RCs were incubated in resting cell medium
(RCM) supplemented with 1% (v/v) toluene and 5 mM EDTA final concentration. EDTA was added from a 250 mM
stock (pH 8.0). RCs were preincubated at 4°C without shaking for 0.5 h, and centrifuged (5 000 rpm, 4°C, 15 min.
Cells were resuspended in fresh RCM before 5 mM 2—4b were added and the (over)oxidation followed by GC/FID
as before. However, the oxidation of the tested alcohols was not accelerated and resulted in a similar oxidation

pattern as shown in Figure D-6. Again, 3b yielded only traces of 3c and 3d (data not shown).

In summary, the ADH AlkJ from P. putida was identified as an efficient biocatalyst for the oxidation of primary
aromatic alcohols 1-2b and 4-7b for the in situ preparation of aldehydes. AlkJ even showed low activity toward
9b, the reduced form of the industrially important aldehyde vanillin (9¢c; Figure D-6). Recently, the group of Li

also introduced AlkJ as a powerful biocatalyst for synthetic pathway applications.*3] Under experimental
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conditions, target aldehydes were further oxidized to the corresponding carboxylic acid byproducts.*! Since
E. coli does not exhibit endogenous carboxylate reducing activity (Figure D-9), the formation of the
thermodynamically favored carboxylic acids represented an irreversible sink for aldehyde intermediates. 389 391
This potentially drives the pathway flux into a dead end (Figure D-6), a bottleneck that was approached by the
introduction of a reversing enzyme activity and established as a complementing tool to reroute the flux through
the de novo pathway in this thesis and for future applications (E 1.4). Alternatively, byproduct formation could
be prevented in a cascade type reaction by coupling the aldehyde forming reaction with a subsequent (fast)
enzymatic transformation (e.g., aldolase; D 11.1.2 and E 1.4).5348

D 1.3 Investigation of carboxylic acid reductases (CARs) to access the

intracellular sink of carboxylate byproducts
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As shown experimentally, a variety of aromatic primary alcohols were oxidized via aldehyde intermediates to the
corresponding carboxylic acids, a common issue of the preparation of aldehydes in vivo.[**”) To confirm that E. coli
does not exhibit endogenous carboxylate reducing activity toward selected carboxylic acids (B 1), E. coli
BL21(DE3) RCs were prepared as before and incubated in the presence of 5 mM carboxylic acids 1-5d, 7d, and

9d. None of the carboxylates was reduced by the metabolic host background (Figure D-9).
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Figure D-9. Aromatic carboxylic acids in the cellular environment. None of the carboxylates 1-5d, 7d, and 9d was reduced by the metabolic
background of E. coli BL21(DE3). Results presented as mean values of biological triplicates (n = 3); SD <5% according to calibrated
GC/FID. Error bars omitted for clarity. Stacked bars add up to 100% and represent the sum of alcohol (blue), aldehyde (red),
carboxylic acid (green), and not recovered material (grey); to” sample taken immediately after the addition of 5 mM substrate
and mixing.

Therefore, the irreversible formation of the thermodynamically favored carboxylates, indeed, represented a sink

for aldehyde intermediates in vivo.3®Y CARs from different species were previously shown to reduce a variety of
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carboxylic acid substrates and offered potential to access the intracellular carboxylate sink and to reverse the
formation of these byproducts.[#% 494405 4821 The ynfavored conversion from carboxylates to aldehydes requires
the ATP-dependent activation of carboxylates. To be reduced by NADPH, the activated intermediate needs to be
shifted from the activation domain to the reduction domain by a phosphopantheine residue (Figure C-36).15% 403

To perform this demanding reduction, the well-studied CARwni and the CAR from Mycobacterium marinum
(CARmm) were cloned by the group of Winkler as described in G VI1.3.1.1.53%34%7] Competent E. coli BL21-Gold(DE3)
cells were transformed. For subsequent prescreenings, CARs were coexpressed with a phosphopantetheinyl
transferase from E. coli (PPtasee)*® from pETDuet-1 vectors by autoinduction (Figure D-10). PPtasecc

posttranslationally modifies CARni and CARwm, which is necessary for their activity.[*%%!
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Figure D-10. Expression of CAR enzymes. SDS-PAGE analysis of CFEs of untransformed E. coli BL21(DE3) (1), CFEs
containing CARwi (2) and CARwmm (3). CARs coexpressed with PPtasee. from pETDuet-1 plasmids.
PPtaserc below detection limit under experimental conditions as expected.?*¥! Protein production in
AIM as in G VI.3.1.1. Sample loading normalized to ODsgo = 7.0.

Functional expression of both CARs in RCs was tested with 1d since benzyaldehyde is accepted by many CAR
enzymes, 2d, and 7d. Whereas CARwi readily converted all three carboxylates to the target aldehydes, CARvm

only accepted 1d (Figure D-11).
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Figure D-11. Biocatalyst prescreening: CARni and CARwm. (A) CARwi reduced the tested carboxylates, which were further reduced by the
enzymatic host background of E. coli BL21-Gold(DE3). (B) CARvm moderatly reduced the standard substrate 1d but not 2d and
7d. RC screenings carried out under standard conditions. Results presented as mean values of duplicates. Stacked bars add up
to 100% and represent the sum of alcohol (blue), aldehyde (red), carboxylic acid (green), and not recovered material (grey); to”
sample taken immediately after the addition of 5 mM substrate and mixing.

Subsequently, RCs coexpressing CARni and PPtasecc were provided with carboxylic acids 1d=7d and 9d. All tested
carboxylates were efficiently reduced to the corresponding aldehydes, which were rapidly converted into
primary alcohols 1b—7b and 9b by the enzymatic host background in response to the oxidative and electrophilic
stress induced by the reactive carbonyl group in aldehydes (Figure D-12),142 280-281, 348, 400, 404]
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Figure D-12. Substrate profile of CARwi. The carboxylic acids 1-6d, 7d, and 9d were reduced to the desired aldehydes. Further reduction to
the corresponding primary alcohols was observed in vivo. Screenings were performed in E. coli BL21-Gold(DE3) RCs; to” sample
taken immediately after the addition of 5 mM substrate and mixing. Results presented as mean values of biological triplicates
(n=3); SD <10% according to calibrated GC/FID. Error bars omitted for clarity. Bars add up to 100% and represent the sum of
alcohol (blue), aldehyde (red), carboxylic acid (green), and not recovered material (grey). Reduced recovery of material due to

insufficient mixing and/or the volatility of produced aldehydes. Parts of this figure were adapted from T. Bayer et al. (2017).3%

To verify that any reduction of target aldehydes can be exclusively attributed to the metabolic background, CARwi
was expressed (and posttranslationally modified) in E. coli BL21-Gold(DE3) transformants as before and purified
via its N-terminal 6x histidine (6xHis) tag by metal affinity chromatography as described in G VI.3.1.2. In vitro

reductions were performed according to G VI.3.1.3. For NADPH cofactor regeneration, a 6xHis tag purified,
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double mutated GDH from B. subtilis (GDHaxss; 0.05 mg-mL?) and 100 mM D-glucose were used (Figure D-13).1332
GDHzxmut expression and purification are described in detail in G VI.7.2.2. The reduction was started by the
addition of 0.1 mM NADP* and followed by GC/FID as usual.

ATP AMP + PP;
o) ¢ 0
)L J‘k Purified enzymes
R™ "H i

R” “OH ;
NADPH NADP* 1

Ll
Gluconic acid M Glucase ‘ CARy; ‘ GDH

Figure D-13. In vitro reduction by CARni and GDHzss for NADPH cofactor regeneration. Carboxylates were selectively

reduced to aldehydes by purified CAR enzyme and a cofactor recycling enzyme.

Whereas 1d and 2d were selectively reduced to the target aldehydes 1c and 2c, respectively, cinnamic acid (8d)
was not reduced under experimental conditions (Figure D-14A). This might be due to insufficient amounts of
holo-CARw; in purified concentrates to reduce poorly accepted substrates. Additionally, the lack of PPtasec. in
vitro cannot compensate for a loss of holo-CARw; (e.g., inactivation) by modifying another apo-CARni molecule.
Since the corresponding alcohol byproducts were not detected and in vitro biotransformations starting from the
aldehydes 1c and 2c did not yield other reaction products (Figure D-14B), this experiment confirmed that

endogenous enzyme activities exclusively facilitated the reduction of aldehydes in vivo.
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Figure D-14. In vitro activity of purified CARwi. (A) The purified CAR enzyme reduced the aromatic carboxylic acids 1-2d but not 8d to the
corresponding aldehydes. (B) Aldehydes were not further converted in the presence of CARn and the GDHzass for NADPH
cofactor recycling. Screenings were performed as in G VI.3.1.3; to" sample taken immediately after the addition of NADP* and
the reaction followed by calibrated GC/FID. Results presented as mean values of duplicates. Stacked bars add up to 100% and
represent the sum of alcohol (blue), aldehyde (red), carboxylic acid (green), and not recovered material (grey).

Noteworthy, Finnigan et al. showed that CARw; poorly converted 8d based on a photometric NADPH consumption
assay (A =340 nm). Additionaly, product inhibitons (e.g., PPi) were determined for a CAR enzyme from
Mycobacterium phlei and suggested for other CARs as well.[®¥ Potential inhibition of CARn: by carboxylic acid
substrates and/or aldehyde products are possible and might be also the case for 8d. However, enzyme inhibition
was not further studied in this thesis.
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In summary, CARn;i was confirmed as a versatile biocatalyst for the selective reduction of aromatic carboxylic
acids. Since these carboxylates were formed by the overoxidation of cascade intermediates, CARw; displays
reversing enzymatic activity to reroute the carbon flux from these undesired byproducts to the target
aldehydes.*8! Importantly, de novo pathways can also utilize carboxylic acids as valuable starting materials,

adding flexibility to convertible substrates in regards to costs and availability. 348!

D 1.4 Carbon framework expansion from aldehydes: Characterization and
selection of aldolases

O o Aldolase OH O
+ . '
Ayt o MR R)\(U\/R
c Donor OH /f

R’ =H, OH, OPO.*

As already discussed, stereoselective C—C bond forming reactions are pivotal in organic synthetic chemistry to
both construct and extent carbon frameworks.[*?®) Toward the synthesis of chiral polyhydroxylated compounds,
biocatalytic retrosynthesis suggested the aldol addition of a donor carbonyl compound to aldehyde acceptors

produced by AlkJ in the previous cascade step (Figure D-1).

This work primarily focused on the implementation of the mutant D-fructose-6-phosphate aldolase of E. coli,
Fsa1-A1295.134%435 The wild type Fsal as well as the engineered aldolase accept different aldehyde acceptors,“3*
433 which makes them suitable biocatalysts to target polyhydroxylated compounds and sugar derivatives.
Furthermore, Fsa1-A129S was shown to display improved catalytic efficiency toward DHA as the donor substrate
in aldol reactions and has been widely applied for synthetic applications in vitro.”**? To transfer this striking
advantages in vivo, E. coli was engineered and transformed into a state-of-the-art microbial cell factory to

produce polyhydroxylated compounds.

The aldolases FruA, FucA, and RhuA, have been demonstrated to produce target aldols in vitro. All three aldolases
display the typically relaxed substrate scope for acceptor aldehydes, but strictly depend on DHAP as the donor.
Enzyme cascades involving DHAP-dependent aldolases are generally low yielding, which can be attributed to the
lability and the limited availability of DHAP in vitro and in vivo, respectively. To overcome this bottleneck in vitro,
DHAP was generated in situ by different strategies as discussed earlier (e.g., TIM or DhaK). The group of Wever
established an alternative route to produce DHAP by phosphorylation of DHA in the presence of PP; by an acidic
phosphatase mutant from Salmonella enterica ser. typhimurium LT2 (PhoN-Se V78L). Subsequently, DHAP was
linked to an aldehyde in a concurrent aldolase-mediated condensation reaction to the corresponding aldol
adduct. Finally, selelctive dephosphorylation was catalyzed by the already present PhoN-Se V78L.1434
Importantly, the phosphatase did not show phosphorylation activity for the dephosphorylated aldol. Hence, the
irreversibility of this reaction shifted the equilibrium toward the desired aldol products and could also be

transferred into a continuous flow reactor system. 83

The implementation of a phosphatase was also envisioned by Wei et al., who recently published the first in vivo
cascade involving the DHAP-dependent aldolases FruA, FucA, and RhuA."*>3 DHAP was provided by the central
carbon metabolism of the host and hijacked by aldolase-mediated cascade reaction. The coexpressed
phosphatase YgaB led to the dephosphorylated aldol adducts (Figure C-41). In vivo bottlenecks included the poor
solubility of different aldolase acceptor aldehydes and was circumvented by using the water-soluble aldehyde 3-
trifluoroacetamido propanal, for example. Retroaldol reaction was prevented by a high excess of acceptor

aldehydes (100 mM). Although the issues of aldehyde toxicity were not addressed by Wei et al., the synthesis of
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several iminosugars in moderate yields of 35% and good diastereoselectivty (dr=90:10) demonstrated the

applicability of the metabolic pathway.

To expand pathway complexity in vivo and to circumvent artificial donor addition (i.e., hijacking DHAP from the
central metabolism), this work also focused on the construction of de novo pathways fearturing DHAP-dependent
aldolases. By implementing the DHAP-dependent aldolases FucA and RhuA, the stereoconfigurations (3R,4R) and
(3R,4S) can be obtained, respectively, besides (35,4R) produced by FruA as well as Fsa1-A129S (Figure C-39).12%%
4151 TagA vyielding the (35,4S) diastereomere was not available and, hence, not studied in this thesis. Although
employed by the group of Wang, 2! the maximization of aldol titers of DHAP-dependent aldolase cascades in

vivo remains an unmet challenge and will be addressed in this thesis.

D 11.4.1 Expression of Fsal and Fsal-A129S and in vitro characterization of the engineered aldolase

The fsal and the fsa1-A129S genes*3?l were subcloned into pET16b and donated by the group of Fessner. Best
soluble expression for both aldolases was achieved after transformation of E. coli BL21(DE3) in TB medium upon
the addition of 0.5 mM IPTG and cultivation at 30°C (200 rpm) for 20 h (Figure D-15).
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Figure D-15. Expression of (D)HA-utilizing aldolases. (A) SDS-PAGE analysis of CFEs of untransformed E. coli BL21(DE3) (1),
CFEs containing Fsal (2) and Fsa1-A129S (3). Sample loading normalized to ODsgo = 7.0. (B) Semi-purified Fsal-
A129S by HS. Sample loading: 10 ug of total protein according to Bradford assay.

Transformation of E. coli IM109(DE3), followed by enzyme expression, did not boost the production of soluble
target proteins (data not shown).[*%! Cell lysis was performed in 50 mM glycylglycine (GlyGly) buffer (pH 8.0) in
the presene of lysozyme, the aldolases purified by HS (Figure D-15B), and lyophilsates prepared according to
G 1.15.1. Activity was tested in vitro by the aldol addition of the model aldehyde 2c and DHA (Figure D-16).
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Figure D-16. In vitro activity of semi-purified DHA-utilizing aldolases. (A) Fsal fully consumed the aldehyde 2c (red) to produce the target
aldol 2e (yellow). (B) The mutant aldolase Fsa1-A129S fully consumed 2c in only 2 h and efficiently produced the target aldol
2e. Screening carried out as in G V1.4.2.3; to" sample taken immediately after the addition of 2¢ and the reaction followed by
calibrated HPLC with recoveries >95%. Results presented as mean values of duplicates.

Both the wild type Fsal and the Fsal-A129S mutant accepted DHA as donor and the model aldehyde 2c as
acceptor for aldol addition in vitro. The higher activity toward DHA was reflected by the slightly slower
consumption of 2c after 2 h reaction time (Figure D-16). The high excess of DHA shifted the aldol reaction to
completion at longer reaction times by prevention of retro-aldol reaction. The same trend was observed for the
donor molecule HA, which gave access to 2f and related aldol adducts (Table E-2).1487! For subsequent de novo

pathway assembly and characterization, Fsal-A129S was further studied in course of this work.[348 43!

D 1.4.2 Cloning, expression, and in vitro characterization of DHAP-dependent aldolases

The aldolase genes fruA from E. coli, the fucA and rhuA from E. coli were subcloned into pKK223-3 vectors
(referred to as pKK in the following) and kindly provided by the group of Fessner.[*8% Competent E. coli BL21(DE3)
cells were transformed and the aldolases successfully expressed following the protocol in G VI.4.1.1 (Figure
D-17).
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Figure D-17. Expression of DHAP-dependent aldolases. SDS-PAGE analysis of CFEs containing (A) FruA; (B) RhuA (1) and FucA (2);
CFE from untransformed E. coli BL21(DE3) (3) for comparison. Aldolases expressed from pKK vectors (G VI). Sample
loading normalized to 10 pg total amount of protein per lane.

Initial studies in vitro were performed by T. Wiesinger with FucA and RhuA to access (3R,4R)-1,3,4-trihydroxy-5-
phenylpentan-2-one (2eruca) and (3R,45)-1,3,4-trihydroxy-5-phenylpentan-2-one (2ernua), respectively, which are
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complementary to previously synthesized 2e with (3S,4R) configuration (Figure D-16). Relative configurations
were confirmed by *3C- and 3'P-NMR by T. Wiesinger as well (data not shown).[%8”)

Biotransformations were performed in duplicates either in a one pot fashion by simultaneously adding CFEs
containing FucA (or RhuA) and a phosphatase from Shigella flexneri (PhoN-Sf) or by adding the aldolase and PhoN-
Sf sequentially (Figure D-18). The characterization and selection of phosphatases (e.g., PhoN-Sf) will be discussed
in the next section (D II.5). In vitro reactions were carried out with CFEs containing FucA and PhoN-Sf and the
model aldehyde 2c. The addition DHAP started the reaction. The experimental set up is outlined in G VI.4.1.3.
The consumption of 2¢ was followed by calibrated GC/FID, whereas the formation of the target aldol 2efuca was

monitored by calibrated HPLC (Figure D-18). Proteins were precipitated prior to HPLC measurement as before.
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Figure D-18. In vitro activity of FucA. (A) In the presence of FucA and PhoN-Sf, aldehyde 2c (red) was consumed and the target aldol 2efuca
(yellow) produced. (B) Repeated experiment with spiking of 1 mM DHAP after 6 h reaction time (full lines) and without spiking
of DHAP (dashed lines). Spiking slightly increased the yield of 2efuca. Aldol production performed as in G VI.4.1.3 with 1.7 eq 2¢
(5 mM), and DHAP (A: 1.0 eq, 3 mM; B: 1.3 eq, 4 mM). Reactions followed by calibrated HPLC. Results presented as mean values
of duplicates. The figure was adapted from T. Wiesinger (2017).1487)

In the presence of FucA and PhoN-Sf, 2c and DHAP were successfully converted to the target 2eruca after
dephosphorylation (dr = 70:30).171 However, 2eruca yields plateaued between 20-30% after 2 h (Figure D-18)
and could be increased by 10% upon the addition of 1 mM DHAP after 6 h reaction time (Figure D-18B). A similar
experiment employing the addition of 1 mM 2c after 6 h did not shift the equilibrium toward the desired aldol
adduct (data not shown). This indicates that DHAP hydrolyzes under experimental conditions by PhoN-Sf, for
example, or that FucA is inactivated by product inhibition. Methylglyoxalate, a decomposition product of DHAP,
and inorganic phosphates are known strong inhibtors for aldolases;#3% 488489 the |atter accumulate due to the
dephosphorylating activity of PhoN-Sf in the reaction mixture (Figure D-18A). Nonetheless, these bottlenecks
might not even occur in vivo since DHAP is rather stable in the cellular environment, intracellular DHAP levels are
adjusted by host cell responses, and inorganic phosphates recycled.?®3! Substrate inhibiton by 2c could be
excluded in vitro since experiments at lower substrate loading (1 mM) yielded similar amounts of 2efuc as
demonstrated by T. Wiesinger.!48”]

FucA was not only shown to retain full activity in the presence of different organic solvents (e.g., ACN, DMF);[#8"]
regarding the enzymatic synthesis of reference aldol compounds and the solubility of aldehyde acceptors, FucA
was the DHAP-dependent aldolase of choice for subsequent in vivo pathway construction. In this context, the
fucA gene was cloned into pKA1, which features a P15A ORI compatible with standard pET vectors, for example,
that feature a ColE1 ORI (Table C-1).%! Subcloning employed an adapted FC procedure (G 11.2.1) and is described

in detail in G VI.4.1.2. In vivo assembly depended on matching homologous overhangs (29-34 bp homology)
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introduced during PCR amplification of the fucA insert and the pKA1 backbone. Successful assembly was verified
by Ncol restriction enzyme digestion of plasmid DNA from putative positive clones (Figure G-18B), and the
integrity of the fucA sequence finally confirmed by Sanger sequencing (H 1.1.5.3). Competent E. coli BL21(DE3)
was transformed with pKA1_fucA (clone: BWA4) and the production of FucA was compared to cells harboring
the parent pKK_fucA plasmid (Figure D-19A).
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Figure D-19. Context dependency influences FucA expression. (A) SDS-PAGE analysis of CFEs from untransformed E. coli BL21(DE3) (1) and
transformants expressing FucA from the parent pKK plasmid (2) and the newly assembled pKA1 vector (3). Protein production
according to G VI. Sample loading normalized to ODse = 7.0. (B) Comparison of the genetic context in pKK_fucA (top) and
pKA1_fucA (bottom) around the fucA gene. Transcription is influenced by promoters (P), operators (O), and terminators (T);
translation efficiency is tuned by the RBS, the spacer sequence (red) between the RBS and the ATG start codon, and the
sequence upstream of the RBS (shades of blue).®

Cells harboring the newly assembled pKA1_fucA plasmid, produced significantly higher amouts of soluble FucA
compared to pKK_fucA transformants under optimized conditions for single enzyme expression (Figure D-19A;
see also G V). FucA production was also increased under different expression conditions including cultivation
media (e.g., M9-N* or LB-Miller medium), reduced expression temperature (20°C), and different modes of
induction (e.g., autoinduction). Protein production is not only influcenced by expression conditions, the genetic
context adjacent to the gene to be expressed can have profound influence.!®#°% Analysis of the genetic context
around the inserted fucA gene revealed that the RBS in pKA1_fucA (TTAACTTTAAGAAGGAG) was optimized for
the translation in E. coli BL21(DE3) and other T7 expression systems (Figure D-19B). The RBS was followed by an
AT-rich spacer sequence (6 bp). In contrast, the RBS in pKK_fucA (ACAGAATTCAGAGAGAG) was different from
the optimized one in the pKA1l vector, explaining the reduced amounts of FucA produced. Furthermore, the
spacer sequence had a higher GC content and was one basepair longer, which also affects translation efficiency.
Sequences upstream (not shown) and downstream (shades of blue) of the promoter can influence transcription
and transcription/translation, respectively.l® Both systems feature different promoters but with comparable

strength in vivo (Figure D-19B).[491-4%2]

Summing up, FucA represented a suitable DHAP-dependent aldolase for subsequent pathway assembly in vivo
to access the aldol 2eruca With a (3R,4R) configuration. By coupling the aldolase reaction with the non-specific
phosphatase PhoN-Sf, the model substrate 2c and DHAP were linked and the intermediate dephosphorylated
successfully, demonstrating the applicability of this two-step cascade (Figure D-18A). The addition of DHAP
slightly boosted aldol formation, suggesting that elevated intracellular concentrations of DHAP might be
beneficial for pathway applications in vivo (Figure D-18B).**”) The slightly lower dr =70:30 compared to a
dr =90:10 reported in the literature can be explained by the employment of CFEs,!*87! which contain solutes of
the cytosol and host enzymes, probably, endogenous aldolases (e.g., FruA and RhuA). Consequently, natively

expressed aldolases can lead to the formation of diastereomeric byproducts — not only in vitro.
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The construction of pKA1_fucA greatly enhanced the production of FucA under various expression conditions
(Figure D-19A) and could be explained by the optimized genetic context for the expression in E. coli BL21(DE3)
(Figure D-19B). Context dependency influences the transcription and translation of single genes and can be used
to optimize whole metabolic pathways by tuning genetic regulatory elements such as the RBS and its adjacent
sequences.'® Furthermore, FucA produced from the newly assembled vector was applied in biotransformations
(coupled with PhoN-Sf) on preperative scale to synthesize 2eruca by T. Wiesinger.!#87!

D II.5 Last but not least: Characterization and selection of wild type and
engineered phosphatases
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Bacterial non-specific acidic phosphohydrolases (i.e., phosphatases; PhoNs) belong to group of enzymes secreted
as soluble periplasmic proteins. Alternatively, they can be retained as membrane-associated lipoproteins.
Phosphatases dephosphorylate a variety of structurally unrelated organic phosphoesters including nucleotides,
sugar phosphates, and phytic acid. Hence, phosphatases are involved in the acquisition of inorganic phosphate

and organic byproducts as carbon source.[***!

Biocatalytically, phosphatases played a minor role but have gained significant attention with the introduction of
DHAP-dependent aldolases for C—C coupling reactions. Enzymatic cascades employed the FruA, FucA, RhuA, and
TagA to link acceptor aldehydes and DHAP and the dephosphorylating activities of phosphatases from various
bacteria including Salmonelia sp.,*®* Shigella flexneri (S. flexneri),“®! and E. coli.*®¥ In this thesis, two wild type
phosphatases from S. flexnerii (PhoN-Sf) and E. coli (YgaB) and the engineered PhoN-Se V78L were recombinantly
expressed in E. coli BL21(DE3) and further characterized.

PhoN-Se V78L was previously engineered to increase its phosphorylating activity toward DHA. The single mutant
showed increased DHAP production in the presence of PPi and was also more active than the wild type PhoN-Se
and PhoN-Sf in an aldolase cascade reaction in vitro (pH 6.0).14%% Since the enhanced DHA phosphorylating
activity of PhoN-Se V78L could be beneficial for the desired application in vivo, the gene was ordered from
GeneArt™ and subcloned into pET26b(+) utilizing Ndel/HindlII restriction sites as described in G VI.5.1.1 with
the improved Florida cloning procedure (G 11.1). The mutant phosphatase gene was published with an N-terminal
signal peptide (SP; MKSRYLVFFLPLIVA) for transport of the protein into the periplasmic space. In addition, the
gene was ordered with a C-terminal 3xFLAG fusion tag (DYKDHDGDYKDHDIDYKDDDDK) for subsequent
purification.!*?*4%] |n contrast to the original FLAG tag (DYKDDDDK),*%® the limit of detection is greatly improved
with 3xFLAG tag and has been used to perform cellular localization studies by immunofluorescence, for example.
The C-terminally fusion of the 3xFLAG tag aimed at the set-up of an ultra-sensitive detection and quantification
method by enzyme-linked immunosorbent assay (ELISA). However, this project line could not be followed due to

time constraints and will not be further discussed in this thesis.

In the following, PhoN-Se V78L containing the SP and the fusion tag will be referred to as PhoN-Se V78Ls. To study
the impact of both the SP and the fusion tag on the activity of the phosphatase, primers were designed to amplify
the gene without the SP (PhoN-Se V78Lsxriac) and without the 3xFLAG tag (PhoN-Se V78Lsp). All inserts were
successfully amplified by PCR (Figure G-22) and subcloned into pET26b(+) as before. Sanger sequencing
confirmed intact sequences (H 1.1.6). Competent E. coli BL21(DE3) cells were transformed with the plasmids

encoding the phosphatase variants and successfully expressed as described in G VI.5.1.1 (Figure D-20). To
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determine the influence on the cellular localization of PhoN-Se V78L variants, proteins were released from E. coli

in the periplasmic space by osmotic shock following the protocol used by the Wever group (Figure D-20).14°7)

[kDa] [kDa] [kDa]
A 130 B 130 C 130
.70 70 70
55 55 55
40 40 40
35 35 35
PhoN-Se
55 @ PhoN-se 25 R 2 PhoN-Se
- v7sL, N * L
'SP
15 15 15
0 4 0 4 [h] 0 3 0 4 [h] 0 4 0 4 [h]
Periplasmic Insoluble Periplasmic Insoluble Periplasmic Insoluble

Figure D-20. Cellular localization of PhoN-Se variants. Phosphatase variants were released from the periplasmic space by osmotic shock
before (0 h) and after induction (4 h). Periplasmic and insoluble (including cytosolic) fractions containing (A) PhoN-Se V78Ly, (B)
PhoN-Se V78Lsxac missing the SP, and (C) PhoN-Se V78Lsp lacking the 3xFLAG tag. Protein production: G VI.5.1.1. Osmotic shock:
G VI.5.1.2. Sample loading normalized to ODsgo = 7.0.

Phosphatase variants bearing the SP were transported into the periplasmic space. After release by osmotic shock,
PhoN-Se V78Ls and PhoN-Se V78Lsp could be detected in the corresponding fractions as soluble proteins
according to SDS-PAGE analysis (Figure D-20A and Figure D-20C, respectively). PhoN-Se V78Lsxrac lacking the SP
was not released by osmotic shock and was exclusively found in the remaining fraction containing most cytosolic
and insoluble proteins such as membrane proteins (Figure D-20B). Interestingly, variants C-terminally fused to
the 3xFLAG tag showed increased expression levels (Figure D-20A-B), whereas PhoN-Se V78Lsp was only poorly
expressed (Figure D-20C). As a side note, the PhoN-Se V78Lsp resembles the engineered PhoN-Se V78L as
published by van Herk et al. in 2009.18* Phosphatase activity was confirmed for PhoN-Se V78Ls and PhoN-Se
V78Lsp by 5-bromo-4-chloro-3-indoyl phosphate (BCIP) cleavage assay (Figure D-21A). Upon cleavage of the
phosphate group, 5-bromo-4-chloro-3-indoxyl is oxidized by atmospheric oxygen to form the blue dye 5,5'-
dibromo-4,4'-dichloro indigo (Figure G-24).[**8! Colonies with enhanced phosphatase activtity show a ‘blue
phenotype’ on agar plates (Figure D-21). This functional screening was used by Sarikhani et al. to identify a non-

specific acidic phosphatase in P. putida, for example!®?

Commonly, phosphorylated molecules (e.g., sugar phosphates, DHAP, PP;, or BCIP) cannot cross the envelope of
E. coli and other bacterial cells in either direction by passive diffusion. Therefore, exclusively cells overexpressing
phosphatases in the periplasmic space (e.g., PhoN-Se V78Ls, PhoN-Se V78Lsp, and PhoN-Sf) gave a blue phenotype
in the BCIP assay. The activity of PhoN-Se V78Lsxria6, which lacks the SP, is, thus, restricted to the cytosol. Colonies
expressing this phosphatase variant were not stained; neither were E. coli BL21(DE3) cells transformed with the
empty pET26b(+) vector (Figure D-21).



Thomas Bayer, Ph.D. Thesis
Biocatalyst selection and de novo pathway assembly

A B
3
tLﬁb\. Py,
& %
= @)
i \.?\
<
Empty vectol - o~
control . S-, ﬁ Untransformed Emptyvecton
PhoN-Se - BL21(DE3) G
V78Lyyrip6 A
PhoN-Se
V78Ls, x
74 f\c;
4 erav-St

Figure D-21. Functional screening of phosphatases by BCIP assay. (A) Cells expressing PhoN-Se V78Lsp in the periplasm show a ‘blue
phenotype’ (blue arrows). Colonies with cytosolic PhoN-Se V78Lsrias and empty vector transformants were not stained (white
arrows). (B) Cells expressing wild type PhoN-Sf in ther periplasmic space. E. coli BL21(DE3) did not grow on agar plates

supplemented with Kan as expected (red cross). BCIP assay according to G VI.5.4.2.14%

The second phosphatase characterized in this thesis was the wild type PhoN-Sf,1**”! which was also applied in an
aldolase-coupled cascade in vitro.[*8+4%51 PhoN-Sf was ordered from GenScript™ in a pET26b(+) vector utilizing
Ndel/Hindlll restriction sites. The sequence was checked by Sanger sequencing after transformation of E. coli
DH5a and plasmid re-isolation (H 1.1.6.5). PhoN-Sf contained an N-terminal SP (MKRQLFTLSIVGVFSLNTFA)
guiding the phosphatase into the periplasmic space. The cellular localization of PhoN-Sf in E. coli BL21(DE3)
transformants was confirmed by osmotic shock and SDS-PAGE analysis as before. Overall expression of PhoN-Sf
peaked after 3 h of induction (Figure D-22). Amounts decreased in periplasmic fractions at longer expression
times, suggesting regulatory responses by the host to the heterologous production of PhoN-5f (e.g., toxicity). To
circumvent the tedious enzyme preparation by osmotic shock, CFEs were prepared after cell lysis by sonication
as described in G 1.5. Compared to PhoN-Se V78Lsp, PhoN-Sf showed increased and stable expression levels even
under atypical phosphatase cultivation conditions such as decreased expression temperatures <30°C (Figure
D-23A), which is advantageous since the simultaneous production of multiple pathway enzymes in the same host
cell is routinely performed at lower temperatures. 64334 |n contrast, PhoN-Se V78L variants very poorly express

at temperatures <37°C (Figure D-23B).

PhoN-Sf activity was confirmed by BCIP cleavage assay (Figure D-21B). Like the functional screening of esterases
by the hydrolysis of pNPA, CFEs were prepared as described in G 1.5 and activities toward p-nitrophenyl
phosphate (pNPP) tested (Figure D-23C). For subsequent coupling of the DHAP-dependent aldolase reaction
catalyzed by FucA, PhoN-Sf was successfully employed in vitro to dephosphorylate phosphorylated aldol products
yielding 2eruca (Figure D-18). PhoN-Se variants were not tested in vitro due to varying expression levels in E. coli
BL21(DE3), especially of PhoN-Se V78Lsp (Figure D-23B), which is in accordance with R. Wever.[5%
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Figure D-22. Time-resolved cellular localization of PhoN-Sf. The phosphatase was released from the periplasmic space by
osmotic shock before (0 h) and after 3-21 h after induction. The periplasmic fraction mainly contained PhoN-
Sf with the highest expression levels at 3 h. Protein production: G VI.5.2.1. Sample loading normalized to

ODsg0 = 7.0.
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Figure D-23. Successful expression and functional testing of PhoN-Sf. (A) SDS-PAGE analysis of soluble and insoluble fractions containing
PhoN-Sf after lysis by sonication. (B) For comparison, PhoN-Se V78Ls» CFEs were prepared accordingly. Sample loading
normalized to ODsgo = 7.0. (C) Photometric assay monitoring the hydrolysis of pNPP in buffer (top left), CFE from untransformed
E. coli BL21(DE3) (bottom left), in the presence of PhoN-Se V78Lsp (expressed at 37°C; top right), and PhoN-Sf (expressed at 30°C;
bottom right); Pi = phosphate. Assay performed in triplicates according to G VI.5.4.1.

The third phosphatase characterized in this thesis was the E. coli phosphatse YgqaB,*®Y which was implemented
in an aldolase-coupled cascade in vivo.?*?! YqaB was ordered from GenScript™ in a pCDFDuet-1 vector utilizing
Ncol/BamH| restriction sites. The sequence was checked by Sanger sequencing after re-isolation of plasmid DNA

from E. coli DH5a transformants (H 1.1.6.6).

YqaB could be successfully produced in E. coli BL21(DE3) at different expression temperatures with the highest
soluble amounts produced at 20°C after 21 h. Expression at low temperatures was also beneficial in terms of
greatly reduced yields of target protein in insoluble fractions (Figure D-24A). Contrary to the phosphatases PhoN-

Se and PhoN-Sf from S. enterica and S. flexneri, respectively, YqaB is a cytosolic phosphatase and, thus, does not
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contain a SP and was not released by osmotic shock.*? The hydrolysis of pNPP confirmed the activity of CFEs
containing YgaB. CFEs of untransformed E. coli BL21(DE3) only showed minimal endogenous phosphatase activity

(Figure D-24B). CFEs were prepared as before.
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Figure D-24. Successful expression and functional testing of YqaB. (A) SDS-PAGE analysis of soluble and insoluble fractions containing YqaB
after expression at different temperatures and cell lysis by sonication. Sample loading normalized to ODsg = 7.0. (B) Photometric
assay monitoring the hydrolysis of pNPP in buffer (top), CFE from untransformed E. coli BL21(DE3) (top center), in the presence
of YqaB (expressed at 20°C; bottom center), and PhoN-Sf (expressed at 37°C; bottom). Assay performed in triplicates as before.

In summary, phosphatases from three different species were recombinantly expressed in E. coli BL21(DE3) and
their phosphatase activity was confirmed by functional screening assays (BCIP and pNPP assay). Furthermore,
the secretion of PhoN-Se V78L variants and the wild type PhoN-Sf guided by SPs was confirmed by protein
fractions collected after osmotic shock (Figure D-20 and (Figure D-22, respectively). The export into the
periplasmic space is reminiscent of the metabolic function of these phosphatases in the corresponding host
organisms.[*®31 However, PhoN-Se V78L variants were not further studied due to unsatisfying expression
levels.[’%! Furthermore, DHA phosphorylation could not be reproduced in vitro. Biological triplicate experiments
were conducted in cooperation with S. Milker. Phosphorylation activity was tested over a wide pH range (4.0—
8.0) and an excess of PP; as the phosphate donor; PhoN-Sf was used as reference phosphatase, which showed no
increased production of DHAP either under experimental conditions (data not shown). This is in disagreement

with the results reported by the Wever group.!#8¥

On the other hand, CFEs containing PhoN-Sf were successfully used in set ups employing FucA (or RhuA) besides
the phosphatase to convert the model aldehyde 2c and DHAP into the dephosphorylated aldol product 2eruca in
vitro (Figure D-18). The E. coli phosphatase could be stably expressed in the cytoplasm and displayed enhanced
activity toward pNPP (Figure D-24). Consequently, the periplasmic PhoN-Sf and the cytosolic YqaB were selected
as biocatalysts for pathway assembly in vivo. The different cellular localization of PhoN-Sf and YqaB allowed to
study the influence on the dephosphorylation of non-natural substrates in vivo, synthetic pathway performance,
and the overall impact on the engineered system (see D IIl.2 and E 1.6). As already mentioned, YgaB was
previously applied in a synthetic pathway in living cells also expressing the complementary DHAP-dependent
aldolases FruA, FucA, and RhuA to hijack DHAP from the host and to produce dephosphorylated aldol

products.[?%3!
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D Il Assembly of de novo pathways

D lll.1 Assembly of a synthetic mini-pathway consisting of AlkJ and the
mutant aldolase Fsa1-A129S

Based on biocatalytic retrosynthetic analysis, the oxidation of primary aromatic alcohols and the subsequent C—
C bond forming aldol reaction with (D)HA are the key steps to form the desired aldol adducts (Figure D-1). The
identification of AlkJ and Fsal-A129S as suitable biocatalysts for this two-step transformation was described in
the previous sections (D 11.2.2 and D 11.4.1, respectively). In the following, pathway assembly, introduction into
the host E. coli BL21(DE3), and pathway validation in vivo will be described.

The combination of target pathway enzymes in modules has provided major advantages and has been
successfully applied to construct many different (synthetic) pathways.“>4% %775 The heterologous expression of
whole metabolic pathways imposes an inherently high metabolic burden on the host and can impair growth
rates, cell viability, and the flux through the artificial pathway.!® 3 Thus, the coproduction of multiple pathway
proteins from one (or a few) expression vector not only reduces the (plasmid) burden on the host;® it provides
the possibility to increase cascade complexity by adding modules encoded on compatible vectors.*3 Therefore,
to reduce the metabolic burden ex ante and to expand pathway complexity in the future, the alkJ and the fsa-

A129S gene were ought to be coexpressed from a single plasmid.

D lll.1.1 De novo mini-pathway assembly and characterization

The pKA1 vector, which is a pACYC derivative, was already used to subclone the alk/ gene and functionally express
it in E. coli BL21(DE3) cells harboring the pKA1_alkJ plasmid (Figure D-5). pKA1 features a P15A ORI that allows
for the stable cotransformation of many routinely used vectors including pCDF, pET, and pRSF (Table C-1).[¢!
Furthermore, pKA1 provides the optimal genetic context for P77 based transcription and translation in E. coli
BL21(DE3), JIM109(DE3), and similar strains. Expression levels of AlkJ were sufficient for the oxidation of primary
alcohols 1-2b and 4-7b to the corresponding carboxylic acid byproducts via target aldehydes 1-2c and 4-7c
(Figure D-6). Subcloning of the fucA gene from the pKK223-3 parent into the pKA1 vector greatly increased the
production of FucA due to the optimal genetic context (Figure D-19). Finally, pKA1l is a medium copy number

vector bestowing a defined burden onto the host.

Consequently, SLIC methods were applied to assemble the linear fsa1-A129S fragment (parent: pET16b_fsal-
A129S) and the previously constructed pKA1_alkJ/ backbone (parent: pKA1_alkJ). The detailed cloning procedure
is given in G VII.1 for all constructs described below. All primers were designed with long homologous overhangs
(36-40 bp) to facilitate efficient recombination and assembly of the two linear fragments in vivo.®”! For the
amplification of the fsa1-A129S insert, different fwd primers were designed to include either the RBS only or the
RBS and an individual Pr7, giving rise to genetic arrangements of alk/ and fsa1-A129S in operon (OPE) and pseudo-
operon (POP) configuration (Figure D-25A and Figure D-25B, respectively). In a first round of cloning, the OPE
plasmid (pOPE) was constructed by SLiCE,®” assembling the pKA1_alkJ:fsal-A129S construct, in which
expression of the two genes is controlled by only one P77 in front of the alk/ gene and one Trs downstream of the
aldolase-coding region (Figure D-25A).13% Secondly, the POP plasmid (pPOP) was constructed, assembling
pKA1 alk)::fsa1-A129S, in which the two genes are under the control of individual T7 promoters. Both genes
share a common Tr7 (Figure D-25B).3%% %3] Consecutively, two vectors with monocistronic arrangements (MON)
were constructed by molecular cloning. Terminator sequences were placed downstream of the stop codon of
the alk/ gene and upstream of the Pr7 of the aldolase-coding region by utilization of the unique BamHI recognition

site between the AlkJ and Fsal-A129S coding regions. Two different bidirectional terminators were inserted:
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B0011 and B00014. BOO11 is a terminator derived from the luxICDABEG operont®®! of Vibrio fischeri and forms a

single hairpin loop, whereas the synthetic B0O014 is a rather strong terminator consisting of two stem loops
formed by BO012 and B0O0O11 (Figure D-26).

BamHI

I  rfs01-A1295

B T7 promoter
Riby
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N, fsa1-A1295 Ty |

Figure D-25. Mini-pathway designs and genetic context. (A) The operon (OPE) configuration features one Pr; under the control of a lac

BamHl

Spacer sequence

operator sequence and one Tr. (B) The pseudo-operon (POP) has an additional P77 controlling fsa1-A129S expression. (C) Both

genes feature their own Pr;. Synthetic terminators (Tsy) are inserted at the BamHI restriction site and function as insulator
between the two ORFs; Tsy, flanked by short spacer sequences on both sites.
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Figure D-26. B0014: a synthetic bidirectional terminator. (A) B0O014 consists of two single stem loop terminator sequences, B0012 and

B0011. The latter is derived from the luxICDABEG operon of Vibrio fischeri.>® (B) Terminator efficiencies determined by the [%]

reduction in fluorescence (CFP or YFP) in cells harboring genetic constructs containing the terminator sequences in forward

(fwd) or reverse (rev) orientation. Fluorescence was measured by flow cytometry. The figure was adapted from
http://parts.igem.org/Part:BBa_B0014 (2003); terminator efficiency data were produced by J. Kelly (2007) and retrieved from

the open access database OpenWetWare: http://www.openwetware.org/wiki/Cconboy:Terminator Characterization/Results;
n.d. = not determined.

The synthetic terminator (Tsyn) was designed by R. Shetty and its sequence retrieved from the open access

Registry of Standard Biological Parts: http://parts.igem.org/Part:BBa B0014.5°% The B0014 sequence was

ordered from GenSript™ with short flanking spacer sequences (5’-GGCTGCTAAC-3’) and BamHiI restriction sites.
B0014 was delivered in a standard pUC57 vector, which was used as PCR template (G VII.1.3). The insertion of

B0011 and B0014 gave rise to the plasmids pMON1 (pKA1l alk/::B0011::fsal-A1295)**! and pMON4
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(pKA1_alkJ::B0014::fsal-A129S), respectively. Cloning of BO011 and B0014 resulted in a 26 bp and a 16 bp spacer
sequence, respectively (Figure D-25C). The length of spacer sequences in the final constructs include the
remaining BamHI restriction site. The bidirectionality of the Tsy,» was crucial to achieve transcriptional stop
independent of the terminator orientation upon insertion, which is difficult to control with only one BamHI

restriction site in place (Figure D-25).

The construction of the AlkJ/Fsal-A129S mini-pathway in different genetic architectures allows to balance
enzyme coproduction by additional genetic regulatory elements and their impact on cellular growth and
expression levels. Whereas the modifications of promoters and the RBS are well-established to tune protein
production, terminators have been widely neglected.[ %! Recently, Mairhofer et al. designed a Tsy» and
combined it with two well-studied transcriptional terminators, Tr: and Trz. Combination of three terminators
reduced transcriptional read-through to 1%, in other words, enhanced terminator efficiency to 99% according to
RNA analysis by chip-based capillary electrophoresis. The analysis of mRNA provides a more accurate tool to
determine termination efficiency than coupling to the recombinant production of fluorescent proteins, for
example (Figure D-26B). In fermentation experiments with E. coli HMS174(DE3), the improved termination signal
led to a significant decrease in plasmid copy numbers and increased the total protein yield, thereby, enhancing

the overall fermentation process.>%!

The constructed MON plasmids in this thesis contain the target mini-pathway, in which expression should occur
independently since the pathway genes, alk/ and fsa1-A129S, are controlled by individual promoters and
terminators. The Tsys should act as an insulator to separate the two genes contextually. As with the two-plasmid
system, E. coli BL21(DE3) pOPE and pPOP transformants, cells harboring pMON1 and pMON4 plasmid were
subject to growth studies in different media and subsequent expression studies. The yield of soluble Fsa1-A129S
produced by the different engineered systems was determined both qualitatively and semi-quantitatively by

SDS-PAGE and quantification of semi-purified aldolase after heat shock by Bradford assay.

Therefore, competent E. coli BL21(DE3) cells were transformed with either the two plasmids pKA1_alk/ and
pET16b/fsa1-A129S or one of the vectors (pOPE, pPOP, pMON1, and pMON4) for the coproduction of pathway
enzymes. While untransformed E. coli BL21(DE3) and cells carrying an additional plasmid burden did not show
different growth behavior in rich medium (LB-Miller medium; Figure D-27A), (subtle) differences could be

determined by monitoring bacterial growth in minimal medium (M9-N* medium; Figure D-27B).
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Figure D-27. Growth studies in complex and minimal medium. (A) Growth in (rich) LB-Miller medium of (enginnered) E. coli BL21(DE3) cells.
(B) Subtle growth differences in (minimal) M9-N* medium in cells harboring different genetic constructs of the AlkJ/Fsal-A129S
mini-pathway. Cellular growth studies were performed in duplicates. Cultivation conditions: Inoculation with 1% (v/v)
preculture, 37°C (200 rpm) for 30 h.
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Unburdened E. coli BL21(DE3) showed short initial lag phases; E. coli cells containing the POP plasmid grew
equally fast. The two-plasmid system grew slower due to the increased plasmid burden, which is depicted by the

maximal growth rate and prolonged lag phases. The same was true for pKA1_alkJ transformants (Table D-4).143%

Table D-4. Cellular growth and Fsa1-A129S expression from different genetic constructs

(Engineered) host Growth rate tgrowth max) Fold-increase of
& (h] th] soluble Fsa1-A1295
Untransformed
E. coli BL21(DE3) 0.66 7.6 .

pKA1_alkJ 0.56 11.6 -
pKA1_alkJ /

pET16b_fsal-A129S 055 115 1.00

OPE 0.70 8.8 0.50+0.32
POP 0.76 7.7 1.10+0.12
MON1 0.66 8.8 0.94+£0.29
MON4 0.69 8.8 1.12+0.21

Cellular growth studies were performed in baffled flasks in duplicates; cultivation in M9-N*
medium after inoculation with 1% (v/v) preculture at 37°C (200 rpm). Fold-increase of soluble
Fsal-A129S measured by Bradford assay of semi-purified aldolase by HS; expression/HS
performed in biological triplicates and presented as mean values * SD. Fold increase normalized
to [g] dry cell weight. The table was adapted from T. Wiesinger et al. (2017) and updated.!*3%]

For further characterization, expression studies were performed with all E. coli BL21(DE3) transformants under
the optimized conditions for the two-plasmid system in M9-N* medium as described in G VII.1.4.1. Enzyme
production was monitored over time (0—20 h) by SDS-PAGE analysis (Figure D-28; for time course, see Figure

G-40).
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Figure D-28. Mini-pathway expression studies. SDS-PAGE analysis of whole cells of untransformed E. coli BL21(DE3) (1), harboring
the OPE plasmid (2), POP (3), MON4 (4), and cotransformants harboring pKA1_alkJ and pET16b_fsa1-A129S. Protein
production asin G VII.1.4.1. Sample loading normalized to ODseo = 7.0. The figure was adapted from T. Wiesinger et al.
(2017).143%)

In all engineered E. coli BL21(DE3) cells, AlkJ was readily produced and exclusively found in insoluble fractions as
it is a membrane-associated protein (Figure D-28).1**! The production of Fsa1-A129S was strongly influenced by
the genetic context and the different pathway architectures. The incorporation of regulatory elements (e.g., Pr7
and Tsyn) lead to different expression levels of the aldolase as determined by protein quantification after the
preparation of CFEs and HS purification as described in G 1.15.1. The amounts of Fsa1-A129S produced from
pOPE, pPOP, pMON1, and pMON4 were compared to the two-plasmid system consisting of pKA1_alk/ and
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pET16b_fsal-A129S (Table D-4). Fsal-A129S was poorly produced from pOPE simply because the distance
between the Pr7 in front of the alk/ gene and the aldolase coding region was too long (Figure D-28).14%! The
production of soluble Fsal-A129S was improved in all constructs featuring an individual P77 controlling the
downstream aldolase ORF (POP, MON1 and MON4 plasmids). However, pPOP not only yielded slightly higher
amounts of the target aldolase (Table D-4 and Figure D-28); based on the beneficial growth behavior (Figure
D-27B and Table D-4), pPOP transformants of E. coli BL21(DE3) were used for subsequent mini-pathway

validation (Figure D-29).[348 4331

D 111.1.2 Successful production of polyhydroxylated compounds in vivo

First, pathway validations were performed with 5 mM of the model substrate 2b and the influence of different
donor concentrations of monomerized DHA (0-20 eq) tested in RCs under standard screening conditions (Figure
D-29B). In the absence of the donor molecule, the cytotoxic aldehyde intermediate 2c accumulated after 3 h
reaction time. After 15 h, almost complete overoxidation to the corresponding carboxylic acid 2d, mediated by
the endogenous enzymes and, to a minor extent by AlkJ, was observed as expected (Figure D-29B; see also Figure
D-6). At a moderate excess of DHA (5 eq = 25 mM), the desired aldol adduct 2e was quickly produced. However,
after longer reaction times, retro-aldol reaction formed the interemediate aldehyde 2c, which was futher
oxidized to the carboxylic byproduct 2d. Larger DHA excesses (10-20 eq = 50—-100 mM) significantly shifted the
equilibrium of the aldol reaction toward the product 2e with yields up to 95% after 2 h reaction time. Retro-aldol
reaction and subsequent carboxylate formation was suppressed in the presence of 20 eq DHA. This contrasts
with the reaction with 5 eq DHA, in which the freely available aldehyde intermediate was almost fully converted

to 1c, directing the carbon flux into a dead end.[38 435!

Satisfyingly, the constructed mini-pathway consisting of two metabolically non-related enzymes AlkJ and Fsal-
A129S produced the target aldol 2e (Figure D-29B).13*®! From the previous characterization of AlkJ in RCs, it was
already known that the primary aromatic alcohols 1-9b can freely enter host cells (Figure D-6). This was also
confirmed in the context of pathway validation with the model substrate 2b (Figure D-29B). Control experiments
to determine whether the permeability of the cellular envelope of E. coliinfluences uptake of DHA and the overall
pathway performance, RCs were incubated with 1% (v/v) toluene and 5 mM EDTA. Pretreatment conditions were
already outlined in D I.2.2. However, higher permeability did not increase aldehyde, respectively, aldol
production (Figure D-29C). This double confirms sufficient uptake of alcohol substrates such as 2b to be
efficiently converted insde the cell. Furthermore, the uptake of DHA is not limiting either, which is as expected

since DHA can also be utilized as a carbon source by E. co/i.15%6-507]

In summary, complementary (advanced) cloning techniques led to the assembly of plasmids for the coexpression
of a de novo pathway consisting of AlkJ and Fsal-A129S, two metabolically non-related enzymes from P. putida
and E. coli. Newly constructed vectors differed in the number and the type of regulatory elements (e.g., Pr7 and
Tsyn), which translated into improved cellular growth in minimal medium M9-N* (Figure D-27B) and increased
Fsal-A129Syieldsin E. coli BL21(DE3) transformants (Table D-4). After successful expression of the mini-pathway
from the POP plasmid (Figure D-29A) using either M9-N* medium or autoinduction medium (AIM), pathway
functionality was demonstrated by the production of the target aldol 2e from the model substrate 2b. The
highest yield of 95% according to calibrated HPLC was achieved in the presence of the DHA donor in high excess
(20 eq) in 2 h reaction time (Figure D-29B). The DHA excess pushed the equilibrium toward the aldol adduct 2e,
slowing down the retro-aldol reaction and subsequent overoxidation of the reactive aldehyde intermediate 2c
to the carboxylate byproduct 2d.53*® 435 Analysis of supernatants by HPLC revealed that all cascade compounds,
2b—-e and DHA, can freely pass the cell membrane. Permeabilization of the cellular envelope by EDTA and toluene
did not enhance intermediate or product formation (Figure D-29C). Therefore, primary aromatic alcohols were

finally confirmed as suitable substrates to synthesize polyhydroxylated compounds in vivo.
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alcohol substrate 2b and extracellularly added DHA to produce 2e. Mainly endogenous host enzymes lead to the undesired 2d.

(B) E. coli BL21(DE3) expressing AlkJ and Fsa1-A129S pPOP produce 2e from 2b. Production of 2e monitored at varying DHA
concentrations (0-20 eq = 0-100 mM) over time. (C) Pretreated cells (1% (v/v) toluene, 5 mM EDTA, 4°C, 0.5 h) were used to
determine if increased permeability influences substrate uptake; to" samples taken immediately after the addition of 5 mM 2b.
Results presented as mean values of biological triplicates (n = 3); SD <10% and <5% according to calibrated GC/FID and HPLC,
respectively. Error bars omitted for clarity. Stacked bars add up to 100% and represent the sum of alcohol (blue), aldehyde (red),
carboxylic acid (green), aldol (yellow), and not recovered material (grey). Reduced recovery of material at to" due to insufficient

mixing and a loss in mass balance (e.g., volatility) at later time points. Parts of (B) were adapted from T. Bayer et al. (2017).348

Based on the results presented above, the genetically improved POP plasmid and the engineered E. coli system
promised to be a usefull whole cell biocatalyst to synthesize a variety of polyhydroxylated compounds and sugar
derivatives.[** The in vivo system was exploited to produce a whole palette of aldol adducts from alcohols 2b,
4-6b via aldehyde acceptors 2c, 4—-6¢ with DHA and HA as donor molecules yielding 2e, 4-6e and 2f, 4—6f
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respectively (Table D-5). Whereas Fsal-A129S shows a higher activity toward DHA, it displays slighty reduced
affinity for HA as the donor substrate compared to the Fsal wild type enzyme.*3? Nonetheless, as with DHA, a
high excess of HA (20 eq) was used to shift the equilibrium toward the target aldols. For preperative scale
experiments, the mini-pathway was expressed in POP transformants of E. coli BL21(DE3), which were cultivated
in M9-N* medium. Protein production was induced at ODss0=0.5 with 0.5 mM IPTG at 25°C, 150 rpm.
Biotransofromations were run under optimized RC conditions (ODsso = 10.0 in RCM, 5 mM substrate, 100 mM
donor, and 5% (v/v) ACN as cosolvent; 25°C, 250 rpm).[348 435, 487]

Table D-5. Isolated yields of target aldol compounds without optimized product isolation

Isolated yields [%] @

Products Substrate Donor
This work ! Literature !
OH
= DHA
- 2 46 432
RS (e ’ °
OH O Zb
(2e—f) HA 40 ld 48 1432]
(f)
OH
= DHA
- 7 28 1432]
e (e) : ¢
OH O 4b
(4e—f) HA a2 71 32
(f)
OH O
DHA
©/\OWJ\/X e) 18 n.a.
OH sb
(5e—) HA 21 n.a
(f) o
o OH
= DHA
M - 35 79 14921
©”0 N Y (e)
OH O 6b
(6e-f) HA 32 n.a.

(f)

lal |solated compounds contain 10% water based on H-NMR experiments in MeOH-ds and DMSO-de.!43> 487)
bl Reactions were quenched with MeOH, centrifuged, the supernatants concentrated, and dissolved in MeOH.
Product solubility was monitored by TLC, purification done by preparative HPLC.#87) [ |solated yields from in
vitro preparations employing Fsal-A129S lyophilisates*4 or HL-ADH, NOX, and Fsal-A129S.1508]
9 |solation by centrifugation, extraction of the supernatant with CH,Cl, or EtOAc, and purification by
preparative HPLC;!*87) X = OH (e) or H (f); n.a. = not available. Isolated yields adapted from T. Wiesinger et al.
(2017).14351

Although all substrates were converted to the corresponding aldol adducts in up to 95% vyield according to
calibrated HPLC analysis, the isolated yields of the two-step aldol production in vivo were inferior to the isolated
yields of single-step transformations in vitro (Table D-5).[43> 444 598 Acyclic aldol compounds are temperature
sensitive and highly water soluble.*3* Hence, their isolation and purification are particularly challenging and limit
yields.[2°3 436, 4441 Cconsequently, to translate the excellent yields of the de novo pathway as determined by
complementary GC and HPLC analysis into isolated yields, the downstream processing and product isolation were
optimized. This led to the establishment of an easy to apply solid phase extraction (SPE) protocol, which was
investigated by T. Wiesinger in detail.[**”! Application of the SPE purification achieved isolated aldol yields of up
to 91% (Table E-2)*3%! and will be briefly discussed in E I.5 as one strategy to optimize synthetic pathway

performance.

Apart from the challenging purification of polyhydroxylated compounds, retro-aldol reaction is a main issue of
the application of aldolases in vivo. In vitro set ups often shift the equilibrium toward target products by simply
increasing one of the substrate concentrations. One-step aldol reactions can either increase the aldehyde

acceptor or the donor concentrations based on cost and availibilty. The high excess of one reactant pushes the
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equilibrium in the direction of the concentration gradient (i.e., toward the product), conveniently, preventing
retro-aldol formation. However, the cytotoxicity of aldehydes does not allow high concentrations to push the
equilibrium. This issue could be overcome by the in situ production of aldehydes from primary aromatic alcohols
by AlkJ. As demonostrated above, high excesses of the donor molecule DHA resulted in efficient production of
aldols. Nonetheless, this approach is not atom efficient in terms of incorporation of DHA into the target
compound. Additionally, excess DHA concentrations probably decrease at prolonged reaction times since DHA
can be metabolized by E. coli and serve as additional carbon source.®®! Retro-aldol reaction is profoundly

accelerated in the cellular host environment because of several reasons:

The products of retro-aldol reaction are the (cytotoxic) aldehyde and DHA. Aldehydes are rapidly reduced to the
corresponding alcohols in vivo. In the presence of AlkJ oxidizing primary alcohols, endogenous AIDHs detoxify
reactive aldehyde species by the irreversible oxidation to the corresponding carboxylic acids. This competing side
reaction withdraws cascade intermediates from the equilibrium, directing the de novo pathway flux into a dead
end, especially at low DHA donor concentrations (Figure D-29B).13*8! Solutions to this bottleneck will be discussed

in chapter E.

Furthermore, complementary strategies from genetic engineering and synthetic biology were used in this thesis

to optimize the presented mini-pathway (and other enzyme cascades) and will also be discussed in chapter E.

D Ill.2 Assembly of a de novo pathway featuring AlkJ, the DHAP-dependent
aldolase FucA, and PhoN-Sf

Since FucA retained enzymatic activity in the presence of different organic solvents (e.g., ACN) that facilitate the
solubility of substrates and the DHAP-dependent aldolase and the phosphatase PhoN-Sf were shown to produce
the aldol 2efuca in vitro (Figure D-18), the two enzymes were chosen for pathway construction and to access the
(3R,4R)-aldol product (2efuca).

In assemblies of vectors for the coproduction of AlkJ and Fsa1-A129S, the arrangement of both genes in a pseudo-
operon was beneficial for mini-pathway expression in E. coli BL21(DE3) host cells.*33! Hence, the construction of
two target pKA1 backbone vectors containing the alk/ and the fucA genes in pseudo-operon configuration and,

ultimately, the modular pathway assembly will be described in the following.

D 1l1.2.1 Synthetic DHAP-dependent aldolase pathway assembly and characterization

The first ‘enzymatic core module’ to be assembled was pKA1l_alkJ::fucA (Figure D-31). Construction was
performed by an adapted FC procedure employed by J. Reiterlehner.B! Primers contained 26-31 bp homologous
overhangs for directed assembly in vivo. The fucA insert was amplified using the pKK223-3_fucA template. The
primers (POPFUC1A fwd and POPFUC1A rev) specifically amplified the aldolase coding region (G VII.2.1).
Regulatory elements including the Pr7and the RBS were encoded on pKA1_alkJ::fsa1-A129S (pPOP), which served
as PCR template to amplify the pKA1 backbone including the alkJ/ gene. This cloning strategy simply replaced the
fsal-A129S gene by the fucA gene and the detailed FC procedure is given in G VII.2.1. Assemby was confirmed
by Bgll control digestion yielding a single 7.7 kb fragment for the target pKA1_alkJ::fucA vector (Figure D-30A),
whereas the parent pPOP contained an additional Bgll restriction site and gave to fragments of 4.3 kb and 3.4 kb
(Figure D-30A, lane 6). The integrity of the fucA sequence in pKA1_alkJ::fucA (clone #1) was finally confirmed by
Sanger sequencing. Chemically competent E. coli BL21(DE3) cells were transformed with the newly constructed
plasmid to perform enzyme expression studies and, subsequently, biotransformations to confirm enzymatic

activities.
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Figure D-30. Assembly controls for pKA1_alkJ::fucA. (A) Bgll control digestion of correctly assembled plasmids re-isolated after FC (1-5) and
the parent pKA1_alkJ::fsal-A129S (pPOP; 6). (B) SDS-PAGE analysis of whole cell samples of untransformed E. coli BL21(DE3)
(1), pPOP transformants coexpressing AlkJ and Fsal-A129S (2), pKA1l_fucA transfromants expressing FucA (3), and cells
harboring the newly assembled plasmid (4). Controls were as expected (1-3) but FucA was not produced from pKA1_alkJ::fucA
(4). Sample loading normalized to Opseo = 7.0. The figure was adapted from J. Reiterlehner (2017).5!

Protein production was performed in AIM for 24 h adapted from G VI.3.1.1. Whereas control expressions of FucA
from pKA1_fucA and coproduction of AlkJ and Fsal-A129S from pPOP were successful, the newly assembled
pKA1_alkJ::fucA exclusively overexpressed AlkJ (Figure D-30B). As noted, Sanger sequencing confirmed both the
presence and the integrity of the inserted fucA gene. In silico alignments of the gene sequences in the parent
pKK223-3_fucA, the previously assembled pKA1_fucA, and the target pKA1_alkJ::fucA resulted in 100% sequence
identity for the gene of interest. However, careful analysis of the genetic context revealed an unintended
insertion of 7 bp into the spacer region between the RBS and the ATG start codon of the fucA gene in
pKA1_alkJ::fucA (Figure D-31B). The insertion also contained an ATG start codon optimally positioned to the RBS.
The following four nucleotides caused a frame shift resulting in a premature stop codon and, ultimately, an
untranslated ORF (Figure D-31B).F!

To reinstall the optimal contextuality for fucA gene expression, deletion of undesired nucleotides was
endeavored by J. Reitherlehner and the application of the Q5° Site-Directed Mutagenesis Kit from NEB.?! Briefly,
sense and antisense primers were designed by the free NEBaseChanger® online tool. The optimal annealing
temperature (Ta=56°C) was calculated by the NEBaseChanger® and the PCR was performed accordingly.
Subsequent kinase-ligase-Dpn/ (KLD) reaction was followed by transformation of competent DH5a cells. Plasmid
DNA from five putative positive clones post mutagenesis were isolated and sent for sequencing. Sequencing
indicated the complete deletion of the alk/ coding region in all clones and SDS-PAGE analysis confirmed the
sequencing result (Figure D-32). One explanation for the deletion of the whole ORF is the identical sequences
upstream of the alk/ and the fucA gene. The regulatory and adjacent sequences assembled on pKA1_alkJ::fucA
originated from a pACYC-derived vector (parent: pPOP = pKA1l_alkl::fsa1-A129S) and pET16b (parent:
pET16b_fsal-A129S). Both vectors are optimized for the T7 RNA polymerase based expression and translation in
host cells with the (DE3) genotype, hence, providing a very similar genetic environment. As a result, the primers
designed by the NEBaseChanger® were not specific enough to differ between the spacer regions in front of the
two genes. Ultimately, the sequence identity renders primer design, be it for another round of SLIC with the same

templates or Q5 mutagenesis, very difficult.l* ©
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Figure D-31. Contextuality of the fucA gene in different constructs for pathway expression. (A) The backbone the parent POP plasmid used
to construct pKA1_alkJ::fucA. Cloning strategy aimed at replacing the fsa1-A129S by the target fucA gene. (B) The unintended
insertion of 7 bp in the spacer region resulted in a frameshift and abolished fucA expression. (C) Q5 site-directed mutagenesis
led to the unexpected deletion of the alk/ coding region. (D) Alternative arrangement of the alk/ and the fucA gene in POP
configuration. On the right: Simplified schemes of different constructs. Lengths of ORFs do not reflect actual length. Expression
levels according to SDS-PAGE analysis are indicated with high (+++), low (+), and no expression (=) below the corresponding

ORF. On the right, genetic context of the fucA gene in each construct.

One solution was already intended and aimed at the construction of the second enzymatic core modul in pseudo-
operon configuration, pKA1_fucA::alkJ, and will be outlined below. Another straight forward route longing to
construct pKA1_alkJ::fucA employed another round of FC. Other than the cloning approach described above,
primer were designed to amplify the pKA1l backbone and the fucA gene from the previously constructed
pKA1_fucA (D 11.4.2).5%! The alkJ insert including its Pr7 and RBS was amplified depending on the initially
assembled pKA1_alk/).B*®! Unfortunately, assembly of the two linear fragments was not successful, neither with

FC nor the application of SLiCE due to unknown reason (see G VII.2.1).

Alternatively, a two-step cloning strategy could be applied. In the first cloning step, the fucA gene can be
amplified with primers containing Ncol/Xhol restriction sites using pKK223-3_fucA as PCR template. Subcloning
of the insert into pET16b will result in the optimal genetic context for fucA gene expression. Subsequently, SLIC
can be performed to generate the target pKA1_alkJ::fucA from scratch. Due to time constraints, this cloning

strategy could not be pursued.

However, FucA was readily produced from the plasmid generated by mutagenesis in E. coli BL21(DE3)
transformants (Figure D-32). Sanger sequencing of the fucA coding region finally confirmed the successful

deletion of the target 7 bp insertion (Figure D-31C).
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Figure D-32. Characterization of pKA1_alkJ::fucA post site-directed mutagenesis using the Q5® system. SDS-PAGE analysis
of whole cell samples of E. coli BL21(DE3) transformed with pKA1_fucA (1), cells harboring the mutated
plasmid (2), and cells containing the unmutated plasmid (3). Protein production in AIM for 24 h. Sample
loading normalized to Opseo = 7.0. The figure was adapted from J. Reiterlehner (2017).1%!

As noted above, the second vector to be constructed contained the two genes in pseudo-operon but the order
of the two genes was inverted. The previously assembled pKA1_fucA vector (clone: BWA4)5% served as template
for backbone amplification. The alkJ insert including the Prz and RBS was amplified using the pKA1_alkJ
plasmid.*®) Assembly of the two linear fragments was achieved by FC as described in G VII.2.2. Successful
assembly of pKA1_fucA::alkJ (Figure D-31D) was confirmed by Ncol control digestion yielding the expected DNA
restriction pattern with one 4.6 kb and one 3.3 kb fragment (Figure D-33A). Sanger sequencing confirmed the
alkJ sequence (clone: JRE2-1; H 1.1.9.7).13!

E. coli BL21(DE3) transformants harboring pKA1_fucA::alk) were cultivated in AIM as before. SDS-PAGE analysis
showed moderate overexpression of AlkJ and a weak band corresponding to the size of FucA (Figure D-33B).5!
AlkJ activity was confirmed in RCs under standard screening procedures with the primary aromatic alcohols 2b
and 4-5b (Figure D-34). All model substrates were oxidized to the target aldehydes 2c and 4-5c. In contrast to
other plasmids producing AlkJ, none of the substrates were fully consumed (see Figure D-6 and Figure D-29 for
comparison). Overoxidation to the corresponding carboxylic acids 2d and 4-5d was observed under experimental
conditions as expected.
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Figure D-33. Coproduction of AlkJ and FucA from pKA1_fucA::alkJ. (A) Ncol control digestion of pPOP as control (1) and correctly assembled
plasmids re-isolated after FC (2—6). (B) SDS-PAGE analysis of whole cell samples of E. coli BL21(DE3) transformed with pKA1_alkJ
(1), pKA1_fucA (2), and the newly assembled pKA1_fucA::alk) coproducing both enzymes (3). Protein production as before.
Sample loading normalized to Opsso = 7.0. The figure was adapted from J. Reiterlehner (2017).5!
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Figure D-34. Functional screening of AlkJ in the pKA1_fucA::alk) construct. The primary aromatic alcohols 2b and 4-5b were

For de novo pathway assembly, competent E. coli BL21(DE3) cells were cotransformed with the newly assembled
pKA1_fucA::alk/ and pET26b(+)_phoN-Sf. Stable plasmid maintenance is conveyed by the compatible ORIs, P15A

and ColE1. Cotransformants were selected on agar plates supplemented with Cam and Kan and coproduction of

oxidized to the desired aldehydes. Overoxidation to the corresponding carboxylates was observed in all
transformations. RC screenings performed under standard conditions; to” sample taken immediately after the addition
of 5 mM substrate and mixing. Results presented as mean values of biological triplicates (n = 3); SD <15% according to
calibrated GC/FID. Error bars omitted for clarity. Stacked bars add up to 100% and represent the sum of alcohol (blue),
aldehyde (red), carboxylic acid (green), and not recovered material (grey). Reduced recovery of material at to" due to
insufficient mixing. The results for 2b and 4b by courtesy of J. Reiterlehner (2017).5!

AlkJ, FucA, and PhoN-Sf tested in AIM (Figure D-35).
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Figure D-35. Pathway expression in AIM. SDS-PAGE analysis of whole cell samples of E. coli BL21(DE3) transformed with

pKA1_fucA::alk) coexpressing AlkJ and FucA (1) and cotransformants also expressing PhoN-Sf from
pET26b(+)_phoN-Sf (2). Protein production in AIM for 18 h. Sample loading normalized to ODsgo = 7.0.

Since the construction of one pathway core module (Figure D-31D) was achieved by SLIC and all three pathway
enzymes, the ADH AlkJ, the DHAP-dependent aldolase FucA, and the phosphatase PhoN-Sf were successfully

coexpressed in E. coli BL21(DE3) (Figure D-35), the engineered E. coli was subjected to experiments for pathway

validation.
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D 111.2.2 Unsuccessful production of (3R,4R)-1,3,4-trihydroxy-5-phenylpentan-2-one (2efyca) in vivo

First pathway validation experiments employed RCs under standard screening conditions (G 111.2). Briefly, E. coli
BL21(DE3) cotransformed with pKA1_fucA::alkJ and pET26b(+)_phoN-Sf (referred to as the AFucP strain; Figure
D-36) was cultivated in AIM and expression was confirmed by SDS-PAGE as before (see Figure D-35 for
comparison). The reaction was started by the addition of 2b. Samples were taken for GC and HPLC analysis as
described in G IIl.1 and G 1ll.2, respectively. Analyses did not show consumption of 2b in the AFucP strain. In a
parallel experiment, E. coli BL21(DE3) transformed with pPOP produced the target aldehyde 2c with the highest
concentration detected after 2 h reaction time (2c: 44.2+4.5%) according to calibrated GC/FID. The aldehyde was
further oxidized to 2d, being the main product after 24 h (2b: 17.1+1.6%, 2c: n.d., 2d: 77.8+1.7%, recovered
material: 94.8+1.7%). This suggested an inactive ADH for the in situ preparation of the aldehyde intermediate 2b
in RCs of the engineered AFucP strain

I}
"" / Zb FAD® FADH, 2 P-2efuca OH \ € w
} OH H € :
\ LL —— = OPOy € Fuca
\ C Y OH O
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Figure D-36. Synthetic DHAP-dependent pathway scheme. The de novo pathway consists of AlkJ, which oxidizes 2b to 2c by AlkJ and the

DHAP-dependent aldolase FucA, catalyzing the aldol reaction with the glycolytic DHAP to form the phosphorylated intermeidate

P-2eruca. Finally, PhoN-Sf irreversibly dephosphorylates the intermediate yielding the target aldol 2eruca. Endogenous host
enzymes interfere with the flux through the artificial pathway and produce the carboxylate 2d

As this was in remarkable contrast to the functional testing of AlkJ in RCs harboring the pKA1_fucA::alkJ plasmid
(Figure D-34), the immediate attempt to synthesize the desired aldol 2efwa was to circumvent the oxidation step

and entering the cascade at the intermediate aldehyde stage. Therefore, RCs were challenged with 2c. Since the
presence of high aldehyde concentrations can impair cell viability,[8” the screening was started with 2c at
standard (5 mM) and reduced final concentrations (1 mM). However, no formation of aldol adduct 2efuca was

Figure D-37

detected over time (0—24 h). Furthermore, 2c was reduced to a lesser extent in RCs expressing the whole pathway
than in a control experiment employing pPOP transformants as shown for 5 mM initial concentration of 2c in
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Figure D-37. DHAP-dependent pathway validation starting from aldehyde substrates. E. coli BL21(DE3) expressing AlkJ, FucA, and
PhoN-Sf (AFucP) did not transform 2c into the dephosphorylated aldol product 2eruca. Additionally, 2c was poorly
detoxified by the metabolic host background suggesting reduced cell viability. In transformants heterologously
expressing AlkJ and Fsal-A129S (POP), 2c was mainly converted to the corresponding alcohol 2b by endogenous
enzyme activities. Screenings performed under standard conditions; to" sample taken immediately after the addition
of 5mM 2c and mixing. Results presented as mean values of biological triplicates (n =3); SD <10% according to
calibrated GC/FID. Error bars omitted for clarity. Stacked bars add up to 100% and represent the sum of alcohol (blue),
aldehyde (red), carboxylic acid (green), and not recovered material (grey). Reduced recovery of material due to
volatility, binding to biomolecules (e.g., proteins),“*® and reduced cell viability.

The addition of aldehydes such as 2c induces stress responses in living cells.!?2% 471 These responses are complex
and involve the adaption of gene expression and the upregulation of enzymatic activities to reduce the
oxidative/electrophilic burden.!?8% 519 Hence, RCs might not be capable to respond appropriately since the RCM
lacks a nitrogen source and restricts bacterial reproduction, growth, and the biosynthesis of proteins (including
detoxifying enzymes). In experiments challenging RCs with the addition of 2c, differently engineered strains
exhibited different detoxification responses (Figure D-37). Whereas 2c was metabolized mainly to the alcohol 2b
(15.1+3.2%) and minorly to the carboxylate 2d (1.5+1.2%) after 2 h reaction time in pPOP transformants,
formation of the nontoxic 2b was 3.2-fold reduced in the AFucP strain (2b: 4.7£1.2%, 2d: n.d.). This indicates that
cells expressing the DHAP-dependent aldolase pathway consisting of AlkJ, FucA, and PhoN-Sf are probably less

viable than the less burdened strain overproducing only two enzymes, AlkJ and Fsa1-A129S, from one plasmid.

To reduce pathway complexity and the innately high metabolic burden, E. coli BL21(DE3) RCs expressing the
DHAP-dependent aldolase from pKA1_fucA and PhoN-Sf from pET26b(+) were prepared (referred to as FucP
strain). SDS-PAGE analysis confirmed protein production prior to starting the functional screening. RCs were
challenged with 5 mM or 1 mM 2c. Again, no production of 2eruca could be detected over time (0-24 h) according
to calibrated HPLC.

Wei et al. recentely established a synthetic pathway consisting of a DHAP-dependent aldolase (i.a., FucA from
Thermus thermophilus HB8) and the E. coli phosphatase YgaB. Their pathway assembly involved subcloning of
both genes into pCDFDuet-1, which resulted in the pCDFDuet-1_fucA::ygaB construct. Optimization of the
synthetic pathway was based on the water-soluble acceptor aldehyde 3-trifluoroacetamido propanal (3-TFAP)
and condensation with intracellular DHAP to form the corresponding aldol adduct.?%*

Protein production was performed in LB-ECAM. The engineered strain was grown to ODsg in the exponential

phase (ODsgo > 1.8). Protein production was induced by IPTG (1 mM, 30°C). Importantly, biotransformations were

111



Thomas Bayer, Ph.D. Thesis
Biocatalyst selection and de novo pathway assembly

started with 20 mM aldehyde and additional 20 mM aldehyde fed at later time points.) These optimized
conditions yielded 12.8% (3R,4R)-6-trifluoroacetamido-1,3,4-trihydroxyhexan-2-one (dr = 87:13).[2%3

Motivated by Wei et al., who demonstrated the functionality of their DHAP-dependent aldolase pathway in vivo,
fermentation and aldol production conditions were adapted where possible. However, preliminary cultivation
studies in LB-ECAM showed significantly reduced bacterial growth (e.g., untransformed E. coli BL21(DE3), AFucP
and FucP strain) and did not exceed ODsg > 1.5. Hence, LB-ECAM was discarded as cultivation medium. The use
of LB medium (supplemented with the appropriate antibiotics) and 1 mM IPTG to induce protein expression
resulted in the successful coproduction of FucA and PhoN-Sf (Figure D-38A). The increased expression
temperature (30°C) and IPTG concentration also led to high amounts of protein in insoluble fractions (Figure
D-38B).

After expression, cells were transferred into 8 mL reaction vials and biotransformations performed at
ODss0 = 6.0-7.0 but otherwise standard screening conditions as described in G IIl.2. After the addition the
aldehyde 2¢ (1 mM, 5 mM, or 10 mM; Viotal = 2.0 mL), samples were taken for GC and HPLC analysis. The increase
to 10 mM 2c¢ was difficult due to poor solubility of the substrate. Since E. coli BL21(DE3) cell viability was impaired
in the presence of higher amounts of ACN (as cosolvent to facilitate substrate solubility) and concentrations of
2c as low as 0.1 mM restricted bacterial growth to half of the maximal ODsgo value, aldehyde concentrations
higher than 10 mM were not tested (Figure D-39). Ultimately, the desired aldol 2efuca Was not produced under
the adapted conditions (Table D-6).
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Figure D-38. IPTG-induced protein production in the FucP strain. (A) SDS-PAGE analysis of soluble protein fractions of
untransformed E. coli BL21(DE3) (1), pKA1_fucA transformants (2), the FucP strain coexpressing FucA and PhoN-5f (3),
and pET26b(+)_phoN-Sf transformants (4). (B) SDS-PAGE analysis of insoluble fractions; loading scheme as in (A).
Protein production in LB-Miller medium but otherwise according to Wei et al. (2015).2°3 Sample loading normalized to

10 pg total amount of protein per lane.
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Figure D-39. Bacterial growth in the presence organics. Growing E. coli BL21(DE3) cells were challenged with solely 5-10% (v/v)
ACN or different concentrations of aldehyde 2¢ (0.1-10 mM) and 5% (v/v) ACN as the cosolvent. Addition of organics
at ODsq0 > 1.0. ! Insolubility of 2¢c detected after 2 h; ! insolubilty detected upon addition of 2c.

Despite approximation to the conditions suggested by Wei et al. and testing the FucP strain, differences between
the two systems remained that might be crucial. One inherent difference is based on the particular aldehyde
compounds to be converted in vivo. The Wang group mainly transformed terminally substituted propanals, most
of them bearing a -NHCOCFs group that facilitated solubility of substrates in water. Unfortunately, their standard
substrate 3-TFAP only became available at the end of this thesis and, thus, could not be tested. The synthesis of
3-TFAP was performed by T. Wiesinger.{Wiesinger, 2017 #924} Additionally, the analysis of 3-TFAP, its
corresponding aldol adduct, and potential byproducts (e.g., 3-trifluoroacetamido propanoic acid) would have
required a different HPLC analytics,’*®® which would not have been possible to synthesize and establish,

respectively, within the given time frame.

Regarding the choice of aldehyde, the water-soluble 3-TFAP and derivatives might not induce
oxidative/electrophilic stress responses in E. coli as pronounced as the aldolase acceptor aldehydes 2c and 4-6c.
Furthermore, Wei et al. fed their system with up to 40 mM of 3-TFAP to shift the equilibrium toward the desired
aldol product. Since aldehyde toxicity is an unmet challenge of in vivo biocatalysis,?% their preparation in situ —
as intended by the implementation of AlkJ — is highly preferred and the overall concentration in the system
should be low. This can be achieved either by increasing the amount of active FucA in the system to convert the
toxic aldehyde intermediates or by a ‘intracellular reservoir’ of aldehydes that contains reactive aldehyde species
at viable concentrations, yet freely available for the subsequent aldol reaction.?*®! The latter will be discussed as
one optimization strategy in E 1.4 and balancing enzyme stoichiometry to enhance the flux through the synthetic
pathway in E 1.6. However, increasing the production of FucA (or any other pathway enzyme) can impose an
additional metabolic burden and might reduce cell viability and, consequently, overall pathway performance. As
experimental data indicate, the metabolically burdened AFucP strain is less robust than the POP strain if
challenged with aldehydes, for example (Figure D-37). Although these two strains are unequally burdened with
AFucP expressing three pathway enzymes from two plasmids and POP expressing the mini-pathway consisting
of AlkJ and Fsal-A129S from one plasmid, the overproduction of the nonnative PhoN-Sf phosphatase might be
toxic to the host cell. The strong overexpression of recombinant enzymes can evoke a general stress response in
E. coli.l%8 279 |ndications to a cellular response resulting in the downregulation of PhoN-Sf in periplasmic (Figure
D-22) and cytosolic protein fractions (Figure D-23A) at longer expression times do not necessarily relate to the
toxicity of PhoN-Sf. Nonetheless, subtle differences in bacterial growth can be seen under expression conditions
(Figure D-40).
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Figure D-40. Bacterial growth under phosphatase expression conditions. (A) Growth of untransformed E. coli BL21(DE3) (),
pET26b(+)_phoN-Sf transformants (4A), and pCDFDuet-1_yqgaB transformants (M) in the absence of IPTG. (B) Phosphatase
expression upon IPTG addition. Growth studies performed in duplicates. Inserts: SDS-PAGE analysis of whole cell samples

collected after 24 h. Sample loading normalized to ODsgo = 7.0.

Cultures were grown at 37°C (200 rpm) until ODsg > 0.5 was reached. IPTG was added, if applicable, and the
temperature switched to 20°C for 24 h. In the absence of IPTG, leaky expression of the E. coli YagB was observed
after 24 h cultivation time, which is reflected in the slightly lower ODsgo value (Figure D-40A). The addition of
IPTG induced phosphatase production and increased the burden on host cells, which is reflected in the lower
final ODsgo values for PhoN-Sf and YqaB transformants. The final ODsgo = 6.1 of cells burdened by the high yielding
production of YgaB is slightly lower than the final ODsg = 6.9 of untransformed E. coli BL21(DE3) cells (Figure
D-40B). In contrast, PhoN-Sf was only weakly expressed under experimental conditions according to SDS-PAGE
analysis. The final ODsg0 = 5.0 was significantly lower suggesting a negative influence of PhoN-Sf production on

the whole cell system.

The application of the nonnative PhoN-Sf is another difference between the FucP strain constructed in this thesis
and the system established in the Wang group, who used YgaB from E. coli instead. This difference might

contribute to the — so far — unsuccessful production of the target aldol 2eruca in vivo.

Nonspecific acid phosphatases share a conserved active site with mammalian glucose-6-phosphatases
(G6Pase).>'! Tanaka et al. examined the phosphorylation of glucose and dephosphorylation of G6P catalyzed by
PhoN-Sf (and PhoN-Sesp). Their findings suggest that PhoN-Sf regiospecifically phosphorylates glucose to G6P in
the presence of PPi (Km=5.3mM at pH 6.0). On the other hand, the Km value for G6P is much lower
(Km =0.02 mM at pH 6.0). Although this study does not reflect the neutral to slightly basic pH of the cytoplasm
in E. coli and the determined Km values may not reflect the catalytic efficiency of PhoN-Sf in vivo, a low Kwm
indicates optimal use of small substrate levels in the environment. Hence, the lower Km for G6P resembles the
native function of nonspecific acid phosphatases, which is the tight binding of phosphorylated compounds and,
subsequently, cleavage of the ester bond to aquire inorganic phosphate and the organic byproduct. The access
to alternative nutrient sources certainly provided evolutionary advantages. In synthetic pathway applications,
however, the unbalanced overproduction of PhoN-Sf might interefere with the central carbon metabolism,
consequently, reducing cell viability by the undesired dephosphorylation of phosphorylated metabolites such as
G6P. (As a side note, the intracellular concentration of G6P is 0.08 mM under steady state conditions in

E. coli.51?)

On the other hand, the intracellular accumulation of phosphorylated aldol adducts may be toxic to host cells or,
at least, a burden. As noted above, the phosphatase should selectively dephosphorylate the target aldol products
under physiological conditions with little, ideally without any interference to other phosphorylated metabolic

intermediates.?®® As demonstrated by Wei et al., the irreversible dephosphorylation and the secretion the
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resulting aldols out of the cell offer to shift glycolysis and the aldol reaction toward the formation of product. To
follow this strategy, YqaB was previously characterized in vitro (Figure D-24). Furthermore, expression and the
influence on cellular growth compared to PhoN-Sf and the unburdened E. coli BL21(DE3) whole cell system was
studied (Figure D-40). Pathway implementation of YgaB and validation of the optimization potential will be

discussed in E 1.6.

The last initial variation from the conditions applied by Wei et al. was the use of RCs and its limitation already
discussed. Wei et al. employed E. coli BL21(DE3) cells in their late exponential phase (LEP). An on-demand feed
of glucose compensated its consumption and guaranteed a constant supply of DHAP, the donor for FucA
mediated aldol reaction, via glycolysis. Optimization strategies targeting the intracellular DHAP pool will be

addressed in E 1.6.1 and included the in situ production DHAP from an external non-glucose carbon source.

D Ill.2.3 Interim summary |

Although both engineered strains, AFucP and FucP, successfully expressed all target pathway enzymes according
to SDS-PAGE analysis (Figure D-35 and Figure D-38A), substrates (2b or 2c) were not converted under various
conditions and the target aldol product 2efuca not produced (Table D-6).

Table D-6. Summary: Unsuccessful production of the aldol 2efuca

Expression levels !

Engineered Expression Screening Aldol Associated
strains 12 conditions AlkJ FucA PhoN-Sf conditions production literature
RCs [@ ¢l
AIM €] +++ + + .d. Thi k
(5 mM 2b) n.d is worl
LEPs [
[c] .
AIM +++ + + (5 mM 2b) n.d. This work
RCs 4
AIM [ +++ + + (1/5mM n.d. This work
2¢)
LB-ECAM / h This work / Wei
Wei et al. @ n.a. n.a. n.a. n.a. n.a. et gl.2%3)
RCs [
LB-Miller / This work / Wei
w Wei et al. @ n.a. ++ ++ (1/5mM n.d. ot l. 299
2¢)
il
LB-Miller / " " ( 1L/E§5 " g This work / Wei
Wei et al. © n-a. Zc)m n.a. et al.l?

[l AFucP harboring pKA1_fucA::alk) and pET26b(+)_phoN-Sf, FucP harboring pKA1_fucA and pET26b(+)_phoN-Sf. ! Expression levels
according to SDS-PAGE analysis. [ AIM inoculated with 0.2% (v/v) preculture (37°C, 150 rpm, 4 h), expression at 20°C, 150 rpm, 18 h.
[dI RCs in RCM (ODsgo = 10.0), 5 mM substrate, 5% (v/v) ACN, 25°C, 250 rpm. ©! No Alk/ activity in AFucP. [l Late exponential phase cells
(LEPs; ODsoo = 5.0-7.0), 1% (w/v) glucose, 5 mM substrate, 5% (v/v) ACN, 25°C, 250 rpm. & Medium inoculated with 1% (v/v) preculture
(37°C, 200 rpm, ODsgo > 1.5), expression with 1 mM IPTG at 30°C, 200 rpm, 12 h. M Experiment terminated due to low maximal ODse < 1.5
in LB-ECAM (37°C, 200 rpm); expression media were supplemented with Cam and Kan; n.a. = not applicable, n.d. = not detected.

Not only remains the cytotoxicity of aldehydes a major obstacle for biotransformations in RCs (Figure D-37), the
presence of aldehyde even at low concentrations is deleterious to growing cells, as well (Figure D-39).
Furthermore, experimental data suggest detrimental effects of the heterologous expression of the de novo
pathway enzyme PhoN-Sf on cell viability. The enzymatic background in RCs expressing PhoN-Sf fails to counter
the aldehyde burden by reducing the reactive aldehyde species to the nontoxic primary alchols. Contrary, RCs
bearing a similar metabolic burden from overexpressing the mini-pathway consisting of AlkJ and Fsa1-A129S, but
not the phosphatase, detoxify aldehydes to the corresponding alcohols and carboxylic acids (Figure D-37).

Furthermore, literature precendence points to the possibility of an undesired dephosphorylation activity of
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PhoN-S£.1**Y] The dephosphorylation of phosphorylated metabolites, potentially including G6P, might not only
explain the reduced cellular viability; it fatally disturbs glycolysis and the continuous production of DHAP, the
donor for FucA mediated aldol formation. In comparison to E. coli BL21(DE3) overexpressing the native YqgaB,
cells heterologously expressing PhoN-Sf showed also reduced growth (Figure D-40). This substantiates the

increased burden from PhoN-Sf expression on host cells.
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E Optimization strategies for

synthetic pathways in vivo

This chapter comprises various strategies to enhance the flux through artificial enzyme cascades in living cells

and a refined SPE purification, which maximized isolated aldol yields.

E | Optimization of pathway performance by
complementing flux enhancement

strategies

In past decades, synthetic routes with increasing complexity have been realized by cascade-type reactions to
produce value-added chemicals.[®® 277: 454 The cooperative effect of multiple biocatalysts with their inherently
high chemo-, regio-, and stereoselectivity in combination with the omission of intermediate isolation has
increased product yields of in vitro and whole-cell-mediated cascades.® 38! Both approaches strictly require a
balanced carbon flux through the synthetic pathway to meet performance metrics such as high product titers.
As noted earlier, in vivo approaches offer advantages including the recycling of cofactors and the simultaneous

production of all pathway elements.[®

Despite these obvious benefits, the implementation of artificial metabolic routes in living cells can be highly
challenging since control over the carbon flux can be complicated in many aspects. The introduction of nonnative
enzymes potentially interferes with the metabolic environment in host cells, which, in turn, might primarily
impair pathway functionality in vivo.!® 2% 471 Reciprocal interactions between the host and heterologous pathways
or unexpected interactions between different synthetic genetic elements can be summarized as context

dependency or context effects.[®:4°%

In the previously assembled mini-pathway consisting of AlkJ and Fsal-A129S, both enzymes are synthesized by
the cellular transcription/translation machinery but enzyme production had to be adjusted to increase Fsal-
A129S yields. A minimal change in the genetic context by the introduction of an individual P77 upstream of the
fsal-A129S gene sufficed to improve aldolase production (Figure D-25). With increasing pathway complexity,
overall balancing of enzyme stoichiometry becomes increasingly important to prevent the accumulation of
(harmful) cascade intermediates, which impedes the flux through the synthetic pathway and reduces host
viability.!® 348 |n this regard, the in situ production of aldehydes by AlkJ as intermediates for the subsequent aldol
formation is a very suitable example. The metabolic background of E. coli converts reactive aldehyde
intermediates further to the corresponding carboxylic acids. In the ‘host context’ of E. coli, these cytotoxic
intermediates are metabolized (i.e., detoxified) to reduce the oxidative and electrophilic stress imposed by the
reactive carbonyl group in aldehydes.l?8%-2811 QOther harzardous chemicals might not only be subject to
metabolization but can also be actively transported across the cellular barrier.’*3! However, competing side
reactions such as the formation of carboxylates potently interfere with de novo pathway performance (Figure
D-29A) and decrease aldol product yields (Figure D-29B).348)
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Regarding toxicity, the heterologous expression of enzymes not only contributes to the metabolic burden on the
host; the production of a target pathway enzyme (above a certain level) can lead to adverse and detrimental
effects on cell growth and viability caused by the nonnative enzymatic activity, for example (Figure D-40). This
might be the case for the phosphatase PhoN-Sf by the unintended dephosphorylation of phosphorylated

metabolic intermediates (Figure D-36).16 52492, 511]

Methodologies from metabolic and genetic engineering, systems biology, and synthetic biology, efficiently
removed many of the bottlenecks described above and led to optimized enzyme cascades in vivo.[® 3637.3481 We||-
known genetic regulatory elements (e.g., promoters, RBS) to balance enzyme production were complemented
by substrate channeling strategies as noted earlier in this thesis.[® 349 A synthetic protein scaffolds, for example,
was applied to recruit tagged pathway enzymes. The number of interaction domains provided by the scaffold
dictated enzyme stoichiometry and toxic cascade intermediates were channeld along the scaffold, which
enhanced the pathway flux (Figure C-37).283 Alternative strategies to increase pathway fluxes are the
engineering of host cell genomes by targeted gene KO. Different approaches have long been used to minimize,
even eradicate, competing endogenous host enzyme activities to reroute the carbon flux of natural metabolic

pathways and to improve synthetic pathway performance (Figure C-28).3% 42,44, 406,514]

The methods described above are well-established and proved their applicability beyond doubt. However, single
optimization approaches may not suffice to tackle different bottlenecks and contextual issues simultaneously to
significantly enhance the flux through the artificial pathway. Moreover, bottlenecks might not be easy to detect,
particularly when genetic devices or pathways considered to be successfully assembled fail to function. To
identify and solve such ‘context bottlenecks’, complementing strategies were applied to optimize the previously

assembled enzymatic cascades (Figure D-29A and Figure D-36) and will be discussed in the following.

E I.1 Synthetic pathway contextuality and interactions between de novo

genetic elements

Host cells and their metabolic networks had long periods of coevolution and led to optimized endogenous
processes that provide robust and effective cellular functions for survival. In contrast, heterologous pathways
are designed from metabolically (and contextually) unrelated biological parts and their assembly performed
isolated from the target cellular host context. Hence, synthetic pathways have not had the advantage of

evolutionary optimization.

Genetic context effects have already been encountered in previous chapters. One example was the construction
of pKA1l_alkl::fucA. Whereas AlkJ was functionally expressed, FucA production was abolished due to an
unintended insertion of 7 bp into the spacer region between the RBS and the ATG start codon of the fucA gene
(Figure D-31B). The application of a site directed mutagenesis procedure not only deleted the undesired 7 bp
and restored the optimal context for FucA; the whole alk/ gene was deleted (Figure D-31C). In contrast, both
enzymes could be produced from the pKA1_fucA::alkJ containing the two genes in inversed order (Figure D-31D).
However, in the genetic context for coexpression (Figure D-33B), FucA is less efficiently synthesized compared

to the context of single enzyme expression in pKK223-3_fucA and pKA1_fucA (Figure D-19A).

In the pKA1_fucA::alkJ plasmid, both genes feature identical regulatory sequences (P77, RBS, and spacer
sequence). Nonetheless, the genetic context is different since these sequences control DNA sequences of
different compositions, precisely, the fucA and the alk/ gene. The RBS sequence, for example, determines the

efficiency of translation. In turn, the sequence to be translated influences RBS efficiency.®!

Generally, the activity of regulatory and expressed sequences composed on the same DNA molecule can be

influenced by their specific ordering. Such linkages may facilitate structural interactions on DNA or mRNA level.
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Like domains on the same polypeptide or subunits within a protein complex are only active when adopting their
native conformations and functional quaternary structures (i.e., are placed in the right structural context),

synthetic DNA molecules may depend on defined conformations to exhibit a certain function.!%%

One undesigned interaction that has not been described so far in this thesis occured with the construction of
mini-pathway arrangements in MON configurations, which colocalized Ts,» sequences with the alk/ and the fsal-
A129S genes (Figure D-25C). According to SDS-PAGE, both enzymes were readily produced in E. coli BL21(DE3)
harboring pMON1 or the pMON4 (Figure D-28). However, functional testing of AlkJ revealed that substrates 2b
and 4b were not or hardly oxidized to 2c and 4c, respectively (Figure E-3B and C).

Analyzing at the genetic context, the terminator sequences BO011 and B0014 were placed between the coding
regions of the ADH and the aldolase. Cloning of BOO11 in the pMON1 (pKA1_alkJ::B0011::fsa1-A1295)**% resulted
in a 16 bp spacer sequence; cloning of BO014 in the pMON4 (pKA1_alkJ::B0014::fsal-A129S) also contained 16 bp
flanking the terminator sequence (Figure D-25C). The spatial proximity of the Tsy» sequences to the C-terminus
of the alkJ gene might cause unwanted interactions between the two genetic elements. Since Sanger sequencing
confirmed the the integrity of the alkJ gene sequence, interactions between the 3’-end of the alk/ gene and the
Tsyn seqeuences must translate into variations in the protein sequence that lead to decreased activity toward 2b
and 4b. Since B0011 and B0014 form stable hairpin structures, their rigidity in the context of the surrounding
DNA sequence might influence local DNA conformation that cause the T7 RNA polymerase to fall off, prematurely
stopping transcription.’*®! Secondly, the composition of nucleotides may result in T7 RNA polymerase
slippage.**>17) Thirdly, the strong secondary structure of the synthesized mRNA molecule incorporates
nucleotides in 3’ coding region of the alk/ gene, terminating translation rather dependent on the structural
context than a freely accessible stop codon. Translation termination without a dedicated stop codon was recently
suggested for eukaryotes but might occur in prokaryotes as well, especially in artificial genetic devices.*®
Nonetheless, all three scenarios would result in a truncated C-terminus of AlkJ. Truncations can only concern a
few amino acids since SDS-PAGE analysis shows a protein band corresponding to the expected size of AlkJ (Figure
D-28).

To study whether local interactions between the 3’-end of the alk/ gene and B0014 undermine the function of
AlkJ, PCR primer pairs were designed to increase the length of spacer sequences flanking the Tsyn. Primers
included spacers of 50 bp and 100 bp, giving rise to pMONS5 (pKA1_alkJ::B0014s0::fsa1-A129S) and pMONG6
(pKA1_alkJ::B0014100::fsa1-A129S), respectively (Figure E-1). Primers also encoded Bglll restriction sites, whereas
the target pPOP vector was digested with BamH! to insert the B0014 variants. By utilization of the BamHI/Bglll
isocaudamer, ligation of target vector and B0014 insert resulted in a scar sequence that could not be cleaved by
either of the original restriction enzymes.!®! Subcloning was performed by C. Wokurek and the detailed procedure
is given in G VII.1.5.1.55%
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Figure E-1. Contextuality of the alkJ gene and a synthetic terminator sequence. (A) The monocistronic configurations MON1 and MON4
contain Tsy» sequences (B0011 and B0014) between the alk/ and the fsa1-A129S coding regions with short spacers of 16 bp and
26 bp, respectively. AlkJ activity is strongly impaired in these configurations. (B) Increasing the spacer sequences to 50 bp and
100 bp in MONS5 and MONS, respectively, provides a context for functional expression of AlkJ. Length of ORFs does not reflect

gene length.

Insertion was confirmed by Ncol control digestion after isolation of plasmid DNA from putative positive clones
after transformation (Figure G-42). Competent E. coli BL21(DE3) cells were transformed with the newly
assembled plasmids. SDS-PAGE analysis confirmed the production of AlkJ and Fsa1-A129S (Figure E-2).
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Figure E-2. Coproduction of AlkJ and Fsa1-A129S from pMONS5 and pMON&G. SDS-PAGE analysis of whole cell samples of
E. coli BL21(DE3) transformants harboring the MON5 (1) or the MONG6 plasmid (2). Protein production
described in G VII.1.5.2. Sample loading normalized to ODsg = 7.0.

Subsequently, RCs were prepared and AlkJ functionality was tested with 2b and 4b under standard screening
conditions (Figure E-3E=F). RCs expressing AlkJ from pPOP were used as assay control (Figure E-3A) and RCs

producing inactive AlkJinc (see E 1.1) as negative control (Figure E-3B).
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Figure E-3.

Functional assaying of AlkJ produced from pMONS and pMONG6. AlkJ activity determined in E. coli BL21(DE3) RCs expressing
the ADH in different genetix contexts: (A) pPOP (pKA1_alkJ::fsa1-A192S) as assay control, (B) truncated AlkJ (pKA1_alkJimc::fsal-
A192S) as negative control, (C) pMON1 (pKA1_alkJ::B0011::fsal-A192S), (D) pMON4 (pKA1_alkJ::B0014::fsa1-A192S), (E)
PMONS (pKA1_alkJ::B0014s0::fsal-A192S), and (F) pMONG6 (pKA1_alkJ)::B0014100::fsal-A192S). Standard screening conditions
using RCs (G 111.2); to" sample taken immediately after the addition of 5 mM 2b or 4b and mixing. Results presented as mean
values of biological triplicates (n = 3); SD <5% according to calibrated GC/FID. Error bars omitted for clarity. Stacked bars add up
to 100% and represent the sum of alcohol (blue), aldehyde (red), carboxylic acid (green), and not recovered material (grey).

Reduced recovery of material due to insufficient mixing and/or volatility of the aldehyde. (E-F) Figures for 4b adapted from C.
Wokurek (2017).1519



Thomas Bayer, Ph.D. Thesis
Optimization strategies for synthetic pathways in vivo

In assay controls, 2b and 4b were oxidized to the corresponding aldehydes and further to 2d and 4d as expected,
whereas AlkJimc, which misses a 774 bp portion close to the N-terminus (H 1.1.10.4) and is inactive toward
primary aromatic alcohols tested in this thesis (B 1), did not oxidize 2b and 4b. AlkJ produced in the context of
pMON1 and pMON4 did not or poorly convert the tested alcoholic substrates. AlkJ activity could be restored in
the context of pMONS and pMONSG. E. coli BL21(DE3) RCs harboring the MONG6 plasmid oxidized 2b and 4b as
efficiently as the assay control (Figure E-3B and Figure E-3F, respectively). This suggests that, indeed, physical
interactions and/or compositional effects between the 3’-end of the alk/ gene and B0014 translate into the

production of a dysfunctional AlkJ protein.

In summary, the unexpected reduction of AlkJ activity when produced from pMON1 and pMON4 could be traced
back to an unintentional context effect arising from spatially colocalizing synthetic genetic elements (Figure
E-1A). The expansion of spacer sequences flanking the artificial BO014 terminator probably prevented local
interactions between the alk/ gene and B0014 (Figure E-1B), thereby, restoring AlkJ activity in E. coli BL21(DE3)
as determined by the oxidation of the standard substrates 2b and 4b.

The presence of Tsyn seqeuences had a negligible impact on expression levels of the downstream fsa1-A129S
gene according to SDS-PAGE analysis (Figure D-28) and the quantification of soluble Fsa1-A129S (Table D-4).
Future studies will determine the performance of the mini-pathway in monocistronic configurations toward the
production of target aldol adducts. The example above illustrates that local context dependency can have far-
reaching impacts on de novo pathway performance. To ensure the functionality of designed genetical devices,
the elucidation of context effects needs to be integrated into the characterization of biological parts these

devices are made of and will remain a challenge in synthetic biology.[*%% 520

E 1.2 Cofactor recycling for in vitro (and in vivo) cascades by the engineered
GDH xss

Industrial biocatalytic processes regularly employ cofactor dependent enzymes (e.g., ADHs, oxidases) to carry
out synthetically useful but demanding reactions.l® 30 3161 Sych applications only became feasible by the
implementation of cofactor recycling systems. GDH (EC 1.1.1.47) is commonly used to regenerate NAD(P)H from
the oxidized precursors NAD(P)* with concomitant oxidation of inexpensive glucosel?!! (e.g., Figure C-22 and
Figure C-24) due to the high specific activity toward NAD(P)*.[!? As nictotineamide cofactros are expensive,

industrial (in vitro) application of cofactor recycling enzymes are mainly driven by cost.33?

Upon the introduction of artificial pathways performing redox transformations in living cells, the host cell
supplies and regeneratres cofactors.!®! However, the utilization of carboxylic acids as substrates in the CRAS
strain, for example, might not only be impaired by an unbalanced pathway enzyme stoichiometry; the ATP- and
NADPH-dependent reduction of carboxylates by CARw; (Figure C-36)* might be simply too demanding at initially
high carboxylate loading (see E 1.4).

To address this potential bottleneck, the characterization of an engineered GDH from B. subtilis (GDHss) will be
described in the following. As noted above, GDH is an efficient NAD(P)H regenerator and widely applied in redox
biocatalysis.!3'®! Moreover, the hands-on production and purification of a robust cofactor regeneration system
can certainly reduce costs in the laboratory of the Mihovilovic group and make biocatalytic (in vitro)

transformations independent from the supply of commercial GDHs.

E 1.2.1 Purification and characterization of two thermostable GDH mutants

GDH candidates were the double mutated GDH2xss (E170K and Q252L) and the seven times mutant GDH7xss (P45A,
N46E, F155Y, E170K, V227A, W230F, and Q252L) from B. subtilis. The Bommarius group kindly donated the

pET28a(+) plasmids containing the corresponding genes. Both engineered GDHs were reported to exhibit
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increased thermostability and organic solvent tolerance compared to the wilde type GDHss. Both GDH mutants

contained an N-terminal 6xHis tag for subsequent purification (H 1.1.7).0332

The GDH mutants were expressed in E. coli BL21(DE3) transformants according to Vazquez-Figueroa et al.
without modification of the enzyme production protocol (Figure E-4).
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Figure E-4. Expression and purification of engineered GDHs from B. subtilis. (A) SDS-PAGE analysis of whole cell samples of untransformed
E. coli BL21(DE3) (1), GDHzxss (2), and GDHxss transformants (3). Protein production as in G VI.7.1. Sample loading normalized
to ODsg = 7.0. (B) Purification of both GDHs by HisTrap™ purification (IMAC) under unoptimized conditions or HS. Sample
loading: GDH2zxss and GDHxss (5 pg) for IMAC and ODsgo = 7.0 for HS. (B) was adapted from P. Wolf (2017).522

Although GDH7ss yielded higher amounts upon IPTG-induced expression according to SDS-PAGE, initial
photometric NADP* consumption assays showed reduced activity for GDHss after both purification by heat
shock (HS) and immobilized metal ion affinity chromatography (IMAC) (Figure E-5A). GDHxxss, too, showed
significantly lower activity after HS (Figure E-5A). Consequently, P. Wolf performed the optimization of isolation,

purification, and the preliminary evaluation of storage conditions for GDHaxss.5%%

In a nutshell, cell lysis by sonication as described in G 1.5 in 50 mM Tris-HCI (pH 7.5) containing of 20% (w/v)
glycerol was utile regarding yields and the activity of GDHzxss. Purification by IMAC and subsequent elution was
also performed in the presence of glycerol as described in G VI.7.2.2. Combined fractions were snap-frozen in
liquid N2 and the samples lyophilized. For comparison, GDH2zxss was lyophilized without glycerol as supplement.
The resulting glycerol concentrates were stored at either -20°C or 4°C; the lyophilizate was stored at 4°C (Figure
E-5B). For subsequent activity measurements, GDHzxss stocks were 1:5-diluted in 50 mM Tris-HCI (pH 7.5), the
lyophilizate was dissolved in buffer, and the total amount of protein determined by Bradford assay (G 1.7).

Photometric assays were carried out in duplicates as described in G VI.7.3 (Figure E-5B).

Based on NADPH absorbance assay, glycerol assisted the preservation of GDHass activity during cell lysis,
purification, and lyophilization.®23-524 Lyophilization without glycerol as protectant resulted in a complete loss of
activity. Contrary, glycerol concentrates could be stored at different temperatures and retained activity. The
activity of GDHzxss was slightly higher in dilutions prepared from the glycerol concentrated stored at 4°C (Figure
E-5B). Fresh dilutions were prepared from the concentrates after five days and activity compared to previously
prepared 1:5 dilutions, which had been stored at 4°C and -20°C, respectively. The GDH2xss activity of dilutions
stored at 4°C showed comparably high activities after five days, wherease freezing at -20°C and thawing reduced
GDH:xss activity (data not shown). This suggestes that storage of glycerol concentrates and dilutions (containing

approximately 20% (v/v) glycerol) is superior to storage at -20°C.

To test the applicability of GDH2zss as cofactor regenerator in enzymatic reduction reactions, ene-reductase
YgiMP?%! and CARni were produced in E. coli BL21(DE3) and E. coli BL21-Gold(DE3) transformants, respectively.
YgiM was expressed from the pHT_ygiM plasmid’®® and CARwi (and the PPtases) from the previously
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constructed pETDuet-1_pptases::carni.?*®! Protein production was performed according to G V. Both enzymes
contained N-terminal 6xHis tags for subsequent purification by IMAC as described in the corresponding

subsections.
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Figure E-5. Activity assays of differently purified GDHs. (A) Activity comparison of a commercially available GDH from Pseudomonas sp.
(#) and GDH mutants. GDH mutants were either purified by IMAC ( ®) or by HS (A). The GDH2.ss showed similar activity as the
commercial GDH under experimential conditions. (B) GDH2xss was purified as before ( ® ) without glycerol (4 ) or in the presence
of glycerol. Combined pure fractions were lyophilized. Resulting glycerol concentrates were stored at 4°C (M) or
-20°C (). Activity monitoring based on NADPH absorbance (A =304 nm; G VI.7.3).332 Results presented as mean values of
duplicates. The figure was adapted from P. Wolf (2017).522

E 1.2.2 Cofactor dependent reductions of double bonds and carboxylic acids in vitro

The asymmetric reduction of a, B-unsaturated C=C bonds creates up to two new chiral carbon centres and, thus,
is an interesting transformation in organic synthesis. The biocatalytic addition of a hydride onto a C=C bond
bearing an electronwithdrawing group (e.g., aldehydes, ketones, carboxylic acids and derivatives, or nitriles) is
catalyzed by enoate reductases (EREDs), which belong to the old yellow enzyme (OYE) family. Enzymes in this

group of NAD(P)H dependent flavoproteins enzymes are typically involved in oxidative stress responses.!527-52

YqjM from B. subtilis also belongs to the OYE family. It noncovalently binds the cofactor FMN, which is reduced
by NADPH, and transfers electrons from the flavin a, B-unsaturated C=C bonds.?® Since cyclohexenone (10) and
2-methyl cyclohexenone (12) are known standard substrates for YqjM,5?®! they were subjected to reduction in

vitro.
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YqjM was successfully expressed, isolated in the presence of 0.1 mM FMN to assist protein folding, purified by
IMAC, and concentrated (Figure E-6). Both substrates, 10 and 12, were efficiently reduced in vitro in the presence
of purified YgiM and GDH:zxss for cofactor recycling and yielded >95% of cyclohexanone (11) and 2-methyl
cyclohexanone (13), respectively, in 2 h reaction time according to GC/FID (Figure E-7). In control experiments

employing a commercial GDH, 10 and 12 were reduced as fast (data not shown).
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Figure E-6. Expression and purification of YgjM. SDS-PAGE analysis of CFEs from E. coli BL21(DE3) expressing YgjM from
pHT_ygiM (1) and concentrate of YgjM after purification by IMAC (2). Protein production as in G VI.8.1.
Purification of YgjM by HisTrap™. Sample loading normalized to 10 pg total amout of protein per lane.

A B 100
O O
R ¢ R g %
=)
c
P i’ =] 0 0
560
NADPH NADP* o 10 "
N 5 L
Gluconic acid Glucose =}
‘ v 40
=
=
i
[F]
= 20
R=CHs H € vav € 6oH,,,
0 —
0 5 10 15 20 25

Time [h]

Figure E-7. In vitro reduction of C=C bonds by YgjM. (A) Reduction of the a, B-unsaturated compounds by YgiM to the corresponding
saturated cyclohexanones wth cofactor recycling. (B) Exemplary in vitro reduction of 10 to 11; 12 to 13 performed equally
efficient (data not shown). Screenings were carried out according to G VI.8.3 with purified GDHzxss. Control transformation with

commercial GDH not shown for clarity. Results presented as mean values of duplicates.!*??

The applicability of the recycling system could already be demonstrated in a more demanding reduction as
described in D 11.3 (Figure D-13). CARw; was purified by IMAC and concentrated as described in G VI.3.1.2 (Figure
E-8). In vitro reductions were carried with adaption of the protocol suggested by Finnigan et al.1*¥ and NADPH
cofactor regeneration performed as for the reduction of C=C bonds by YgjM. The carboxylates 1c, a standard
substrate for CARs, 2d, and 8d were tested. Whereas 1d and 2d were specifically reduced to the corresponding

aldehydes 1c and 2c, respectively, 8d was not under experimental conditions (Figure D-13).
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Figure E-8. Purification of CARw; by Ni affinity chromatography. SDS-PAGE analysis of concentrate mainly containing
CARui after purification. Bands of smaller sizes propably correspond to apo-CARwi. Protein production in AIM
(G VI.3.1.1). Purification of CARw; by HisTrap™. Sample loading normalized to 10 pg total amout of protein per
lane. The figure was adapted from P. Wolf (2017).1522

Regarding the optimization of in vivo cascades employing CARs, for example, GDHss and the double mutant offer
potential to achieve a redox neutral reaction set up. However, the coproduction of CARni, PPtases, and GDHzxas
was not feasible since target genes are encoded by vectors containing the same ORI, hence, belong to the same
incompatiblity group (Table C-1).®! The gdhass gene could be easily subcloned into the multiple cloning site
(MCS)-1 of pCDFDuet-1, for example, utilizing Ncol/Hindlll restriction sites that were also used to construct the
partent pET28a(+)_gdhaxss.

In summary, after the identification of suitable conditions to produce and store GDH2ass (Figure E-5), the
engineered GDH was shown to be as efficient as a commercial GDH from Pseudomonas sp. to regenerate NADPH,
driving the reduction of a, B-unsaturated cyclohexenones (Figure E-7) and aromatic carboxylic acids in vitro
(Figure D-13).

E 1.3 Utilization of host strains with engineered metabolic backgrounds

In the previous section, YgiM was applied for the efficient reduction of a, B-unsaturated compounds 10 and 12
in vitro (Figure E-7). However, major obstacles occur if similar reductions are performed in vivo.l® Y This is due
to endogenous enzyme activities that can interfere with the asymmetric reduction of C=C bonds and yield
mixtures of chiral compounds with undesired configuration.527-52° For example, $-(+)-carvone (14) and R-(-)-
carvone (16) were reduced to (2R,5S)-dihydrocarvone (15) and (2R,5R)-dihydrocarvone (17), respectively, by the
background of E. coli BL21(DE3) (Figure E-9). The nemA gene encoding N-ethylmaleimide reductase (NemR) was
suggested by N. Oberleitner as competing endogenous activity, diverging the pathway flux from synthetic
cascades containing the EREDs xenobiotic reducatase B (XenB) from P. putida® or OYE-1 from Saccharomyces
carlsbergensis.!*38 53 To test the reductive activity of NemR toward 14 and 16, the nemA single KO E. coli K-12
mutant was ordered from the Keio library.® Subsequently, CFEs were prepared from E. coli BL21(DE3) and the
K-12 mutant as described in G I.5. Biotransformations were performed according to G IIl.1. Indeed, 14 and 16
were not reduced in the presence of a slight excess of NADPH and the CFE from the NemR deficient mutant
(Figure E-9). Based on this finding, NemR was confirmed as the competing enzyme activity and was knocked-out

by N. Oberleitner employing the TargeTron® system (Figure C-16).14% 138!

126



Thomas Bayer, Ph.D. Thesis
Optimization strategies for synthetic pathways in vivo

100 100

E. coli BL21(DE3) E. coli mutant (AnemA)
g 80 E 80
=4 <
5] 2 o
Z 60 G 60
S g 14 15
£ 3
o 40 2 40
1 (]
2 =
k] &
g 20 g 20
(0] (o]
0 0 6 17
Time [h] Time [h] /i\ . Z
A

Figure E-9. The KO of nemA reduces the reduction of C=C bonds. The carvones 14 and 16 were not reduced in the nemA deficient mutant
strain. Screenings were performed with CFEs from E. coli BL21(DE3) or E. coli K-12 AnemA as indicated; 5% (v/v) dioxane as
cosolvent. Results presented as mean values of two independent experiments monitored by GC/FID; to" sample taken
immediately after addition of substrate and mixing. Stacked bars add up to 100% and represent the sum of carvone (dark color),
dihydrocarvone (light color), and not recovered material (grey). Loss of material due to insufficient mixing at to" and compound

volatility.

However, higher substituted cyclohexenones in a position (e.g., 2-benzyl cyclohexanone) were still reduced by
the background of the nemA KO strain according to N. Oberleitner. The KO of another endogenous ERED, 2,4-
dienoyl-CoA reductase (DCR), was necessary to optimize the host cell and to construct a strain with decreased

enoate reducing activity.[*3®

To impede the endogenous reduction of (aromatic) aldehydes in E. coli, more than only two consecutive rounds
of KOs were necessary, illustrating that the metabolic background of host cells can greatly interfere with the flux
through de novo pathways.! 4% 4% Regarding the mini-pathway consisting of AlkJ and Fsa1-A129S, a high excess
of donor molecules (e.g., DHA) were inevitable to shift the equilibrium of the aldolase mediated aldol formation
to the product side. At lower DHA concentrations, retro-aldol reaction was pronounced and formed the aldehyde
intermediate again, which was subject to the reduction and oxidation to the corresponding alcohols and
carboxylic acids, respectively. Therefore, these two competing endogenous transformations pulled on the retro-

aldol reaction, ultimately, decreasing aldol yields (Figure D-29B).53*¥!

Consequently, to study the influence of endogenous enzyme activites on the retro-aldol reaction and the related
high excess of DHA to shift the equilibrium, the mini-pathway was transferred into the engineered RARE strain
(Figure E-10).142

To transform competent RARE cells, desired plasmids must passage through one round of intermediate
transformation of E. coli DH5a. The genome of E. coli K-12 MG1655, which led to the construction of the RARE
strain, contains several genes responsible for the restriction of foreign DNA including hsdR, mcrA, mcrBC, and
mrr. The restriction enzyme EcoKl, encoded by hsdR, attacks DNA that is not protected by adenine methylation
at the appropriate recognition site 5’-AAC[Ns]GTGC-3".31 McrA, McrBC, and Mrr are methylation-dependent
systems that cleave only DNA that is methylated at specific positions.532534 All three of the latter systems restrict
DNA modified by CpG methyltransferases and do not restrict DNA modified at dcm sites.53%! Additionally, Mrr
does not cleave DNA modified at dam, EcoKl, or EcoRl sites.l>33-34 For example, the restriction and methylation
systems (r/m) were deleted in E. coli BL21(DE3) (r-/m™), whereas E. coli DH5a lacks hsdR but can still methylate
plasmid DNA (r-/m?). Therefore, plasmids methylated post transformation of DH5a cells will not be degraded

after reisolation and transformation of the RARE strain (r*/m?).
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The RARE strain in application. The metabolic background of the RARE strain exhibits decreased aromatic aldehyde reducing
activity. By preventing the rapid reduction of 2c to the substrate 2b, therby, increasing the intracellular concentration of 2c, the

equilibrium is thought to be shifted toward the target aldol 2e at reduced DHA concentrations. AlkJ and Fsal-A129S were
coexpressed from the previously construced POP plasmid. 348 4351

After successful transformation of the RARE strain with pPOP, AlkJ and Fsa1-A129S were coproduced and RCs

prepared as before (Figure E-11). Biotransformations with the standard substrate 2b were performed in the
presence of different DHA concentration (0—-100 mM; Figure E-12B).
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Figure E-11. Mini-pathway expression in the RARE strain. SDS-PAGE analysis of E. coli RARE whole cell samples expressing

AlkJ and Fsal-A129S from pPOP. Protein production in AIM (G VI.3.1.1). Sample loading normalized to
ODsgo = 7.0. The figure was adapted from T. Wiesinger (2017).143%

Although E. coli BL21(DE3) is a well-characterized and broadly applied host system for synthetic pathway
expression, the metabolic environment (i.e., host context) can impair and redirect the carbon flux from target
cascade compounds. In the first example, the confirmation of NemR as endogenous enzymatic activity reducing

carvones (and other cyclohexenone derivatives; Figure E-9) led to the construction of a single (AnemA) and a
double (AnemA AfadH) KO mutant strain of E. coli BL21(DE3), showing minimized endogenous activity toward
cyclic a, B-unsaturated C=C bonds.[*38

Furthermore, the mini-pathway could be further optimized in the host context of the engineered RARE strain. In
the host context of the unoptimized E. coli BL21(DE3), a high initial DHA loading (20 eq) was crucial to shift the
equilibrium to the target aldol 2e and achieve high yields of 89% according to calibrated HPLC analysis. DHA
loading could be reduced 4-fold in the RARE strain under otherwise unchanged experimental conditions, yielding
86% of 2e in only 2 h reaction time (Figure E-12B).
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Figure E-12. Mini-pathway validation in the RARE strain. (A) E. coli BL21(DE3) RCs expressing AlkJ and Fsa1-A129S from the POP plasmid
efficiently produced the target aldol 2e in the presence of high DHA concentrations (20 eq = 100 mM) in 2 h reaction time. (B)
RCs of E. coli RARE also expressing the mini-pathway. The DHA loading could be reduced to only 5eq (25 mM), yielding
comparably high yields of 2e in 2 h. Screenings performed as usual; to" sample taken immediately after the addition of 5 mM 2b
and mixing. Results presented as mean values of biological triplicates (n = 3); SD <5% according to calibrated HPLC. Error bars
omitted for clarity. Stacked bars add up to 100% and represent the sum of 2b (blue), 2c (red), 2d (green), aldol 2e (yellow), and
not recovered material (grey). The figure was adapted from T. Wiesinger et al. (2017).143%

In conclusion, the often-applied engineering of host cells has been a tool of great value for metabolic and
microbial cell factory design. Although the multiple gene KOs in the RARE strain contributed to the decrease of
the initial DHA load and to maximize target aldol titers, the many changes in the genome of host cells might
affect the expression of neighboring loci and lead to undesired context effects. Reduced growth rates of the RARE
strain in comparison to E. coli BL21(DE3), for example, might point toward such unpredictable consequences on

the overall cellular system.
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Figure E-13. The RARE strain and cellular growth. Unburdened E. coli RARE was characterized by significantly prolonged lag phase compared
to E. coli BL21(DE3). The engineering of the genomes by directed KOs might lead to context effects that affect growth and other
vital processes. Cellular growth studies were performed in baffled flasks in duplicates. Cultivation conditions: Inoculation with
1% (v/v) preculture of LB-Miller medium, 37°C (200 rpm) for 21 h.
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E 1.4 A ‘hidden reservoir’ for reactive aldehyde species: Addressing a

competing side reaction and the issue of aldehyde toxicity in vivo

A major obstacle in whole cell biocatalysis, the accumulation of aldehydes (as products), was overcome with the
introduction of the genomically engineered RARE strain by the Prather group.[*? Seven genes had to be disrupted
to minimize the inherent reducing activity of E. coli toward (aromatic) aldehydes, which beneficially changed the
genetic host context. However, the accumulation of aldehydes triggers complex cellular responses to counter
the oxidative and electrophilic stress from the reactive carbonyl group including the upregulation of AIDHs, for

example.[280-28L 4001 These enzymes catalyze the irreversible oxidation of aldehydes to the carboxylic acids, an
obstacle that has not been addressed by directed knock-out of the genes involved.

In this work, a conceptually distinct but complementary strategy, formerly known as ‘substrate funneling’, was
applied to enhance the pathway flux through the artificial mini-pathway consisting of Alk/ and Fsa1-A129S (Figure
D-29A). AlkJ oxidizes primary alchols (e.g., 2b) to the corresponding aldehydes (2c), which undergoes aldol
addition with the donor DHA to form target polyhydroxylated compounds (2e). At insufficient concentrations of
the extracellularly added donor DHA to shift the equilibrium toward the desired aldol product, the reactive
aldehyde intermediate was oxidized to the thermodynamically favored carboxlyates (e.g., 2c; Figure D-29B). To
redirect the carbon flux from the undesired byproducts toward the aldehyde cascade intermediates, the

previously characterized CARwi (and PPtasetc) was introduced to access the carboxylic acid sink (shown for 2b in
Figure E-14).53%

2d € Aamw

)—<‘ o
Endogenous enzymes
\ [ 4 o]
| ‘>_( arp € cary
“. NAD(P)* NAD(PH NADPH
\

AMP + PP, 1@9 E. coli transformant
\ E. coli BL21-Gold(DE3)

NADP? /

Figure E-14. An engineered strain for the containment of reactive aldehyde species (CRAS). AlkJ and CARy; are supposed to shuttle the toxic
aldehyde 2c between different redox states, the primary alcohol 2b and the carboxylate 2d.

For proof of concept studies, competent E. coli BL21-Gold(DE3) cells were cotransformend with pKA1_alkJ::fsal-
A129S and pETDuet-1_pptases.::carni. Successful coexpression of AlkJ, CARwi, PPtasee:, and Fsal-A129S could be
confirmed by SDS-PAGE analysis (Figure E-15A). CARn;i was readlily expressed, whereas AlkJ and Fsal-A129S
showed reduced expression levels in comparison to pPOP transformants due to the increased over metabolic
burden (Figure E-15B). Subsequent screenings were performed in RCs under standard conditions and the

conversion of the model substrates 2b and 2c monitored over time (0—24 h) in the absence of DHA (Figure E-16).
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Figure E-15. Enzyme coproduction in the CRAS strain. (A) SDS-PAGE analysis of whole cell samples of untransformend E. coli BL21-Gold(DE3)
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conditions as expected.?*® (B) Whole cell samples of untransformend E. coli BL21-Gold(DE3) (1) and pPOP transformants
coexpressing AlkJ and Fsa1-A129S (2). Protein coexpression according to G VIII.1. Sample loading normalized to ODsgo = 7.0. The
figure was adapted from T. Bayer et al. (2017).3%
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Figure E-16. The ‘hidden aldehyde reservoir’ in the CRAS strain. Single expression of AlkJ oxidized the alcohol substrate 2b to the toxic

aldehyde intermediate 2c, which was further oxidized and accumulated as 2d (left). CARni and AlkJ in the CRAS strain equilibrate
23, 2¢, and 2d and formed a distinct redox equilibrium (black arrows; center). Single expression of CARyi reduced 2d to 2¢, which
was rapidly metabolized to 2a (right). Screenings performed under standard conditions; to" sample taken immediately after the
addition of 5 mM substrate and mixing. Results presented as mean values of biological triplicates (n = 3); SD <10% according to
calibrated GC/FID. Error bars omitted for clarity. Stacked bars add up to 100% and represent the sum of alcohol (blue), aldehyde
(red), carboxylic acid (green), and not recovered material (grey). Reduced recovery of material due to volatility of the aldehyde,
for example. Parts of the figure were adapted from T. Bayer et al. (2017).348

In previous biotransformations employing RCs expressing AlkJ, 2b was oxidized to 2c, which was irreversibly

oxidized to the carboxylate 2d mainly by endogenous host enzymes (Figure D-6). Contrary, RCs expressing CARwi

(and the accessory PPtasec.) efficiently reduced 2c to 2b, which was rapidly converted to 2b by the metabolic

background in response to the reactive carbonyl group in the aldehyde 2c (Figure D-12).[4% 281,400, 404] | the

presence of both enzymes, AlkJ and CARwi, the primary alcohol 2b was oxidized to corresponding aldehyde 2c by

AlkJ. The subsequent overoxidation to the carboxylic acid 2d was successfully reversed by CARni. Endogenous

E. coli enzyme activities reduced 2c again to 2b, which, ultimately, resulted in a redox equilibrium between 2b,

2¢c, and 2d (Figure E-16). The system was balanced to a minimal but detectable amount of highly reactive

aldehyde 2c even after 24 h reaction time. The same effect was observed starting with the carboxylate 2d. Again,

the redox equilibrium was formed after 15 h (Figure E-16).53*8 To confirm the efficient formation of the ‘aldehyde
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reservoir’ in the CRAS strain, structurally different primary aromatic alcohols (1b and 4-5b) and carboxylic acids
(1d and 4-5d) were tested and the balance between the primary alcohol, aldehyde, and carboxylate monitored
as before (Figure E-17). Since AlkJ and CARni showed overlapping aldehyde production profiles for the tested
substrates (Figure D-6 and Figure D-12, respectively), distinct redox equilibria were formed. Equilibria reflected
the different activity of AlkJ and CARwi toward the alcohol and carboxylic acid substrates, respectively (Figure
E-17A). The compositions of the reaction mixtures after 24 h are also given in Table E-1.
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Figure E-17. 'Hidden reservoirs’ of structurally different aldehydes. AlkJ and CARwi;, an enzyme pair with opposing functional group activity,
established and maintained a redox equlibirum between primary alcohols, aldehydes, and carboxylic acids in vivo: (A) 1b and
1d, (B) 4b and 4d, and (C) 5b and 5d. Screenings performed in CRAS strain RCs under standard condtions; to" sample taken
immediately after the addition of 5 mM substrate and mixing. Results presented as mean values of biological triplicates (n = 3);
SD <5% according to calibrated GC/FID. Error bars omitted for clarity. Stacked bars add up to 100% and represent the sum of
alcohol (blue), aldehyde (red), carboxylic acid (green), and not recovered material (grey). Reduced recovery of material at to"
due to insufficient mixing. Parts of (B) and (C) were adapted from T. Bayer et al. (2017).14¥!



Thomas Bayer, Ph.D. Thesis

Optimization strategies for synthetic pathways in vivo

Table E-1. ‘Hidden aldehyde reservoir’ compositions after 24 h

Equilibrium composition [%]
Substrate
Alcohol Aldehyde Carboxylic acid
1b 88.4%5.1 n.d. 6.1+1.3
1d 24.5+3.7 n.d. 57.3+4.8
2b 26.4+7.8 2.4%1.6 21.6+6.8
2d 34.4+6.7 1.0+1.4 42.1+7.9
4b 57.4+1.1 0.2+0.1 42.0£0.2
4d 58.7+0.7 n.d. 41.3+0.3
5b 48.0£2.0 n.d. 44.5+0.9
5d 49.8+0.7 n.d. 50.2+0.2
Results presented as mean values of triplicates (n = 3) £+ SD measured by calibrated

GC/FID. Differences to 100% depict loss in mass that could not be recovered

due to aldehyde reactivity and/or volatility. Results for substrates 2 are shown
in Figure E-16 and 1, 3—4 in Figure E-17; n.d. = not detected

To study the influence of CARwi on the mini-pathway performance, aldehyde 2¢ was removed from the redox
equilibrium by the Fsa1-A129S mediated cascade reaction (Figure E-18)
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presence of DHA, the nontoxic polyhydroxylated product 2e is formed.[34]

/

Draining the ‘hidden aldehyde reservoir’ in a cascade-type aldol reaction. AlkJ and CARw; contain the reactive aldehyde 2c

€  Fsat-Ar29s

AlkJ

Endogenous enzymes

CARy;

E. coli transformant

which is withdrawn from the equilibrium between 2a and 2d by the cascade-type aldol reaction catalyzed by Fsa1-A129S. In the

To tap the aldehyde reservoir and pull 2c toward the nontoxic polyhydroxylated aldol product 2e, DHA was added

in different concentrations (Figure E-19). First, in the absence of DHA, the enzyme pair formed the distinct redox

equilibrium between 2b, 2c, and 2d within 6 h reaction time. Second, in the presence of DHA (5 eq), the target

aldol product 2e was produced but the amount was insufficient to shift the aldol formation equilibrium
completely. However, AlkJ and CARn; established the redox equilibrium at prolonged reaction times. In the

presence of a high DHA excess (20 eq), the desired aldol product 2e was efficiently produced with the highest
detectable amount (90.0+0.7%) after 6 h according to calibrated HPLC analysis (Figure E-19).(348)

Although the application of the four-enzyme system, consisting of AlkJ, CARni, PPtasec;, and Fsal-A129S, could

i K )
be successfully demonstrated, the overall cascade performance was slower in the four-enzyme system than in

the previously evaluated mini-pathway system, which yielded up to 95% in only 2 h (Figure D-29). This was mainly
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attributed to the additional metabolic burden arising from the coproduction of CARni. This resulted in decreased
amounts of the aldolase and an unbalanced overall enzyme expression. This is also depicted in the maximal aldol
production of only 20% after 6 h according to calibrated HPLC when starting the cascade from the carboxylate
2d (Figure E-21B).B3%¥
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Figure E-19. Aldol production from the intracellular aldehyde reservoir. To RCs of the CRAS strain, 2b was added. The production of 2e was
monitored at varying DHA concentrations (0-20 eq = 0—-100 mM) over time. In the absence of DHA or at low concentrations
(5 eq), AlkJ and CARw; formed the distinct redox equilibrium after prolonged reaction times. An excess of DHA (20 eq) yielded
up to 90% 2e in 6 h. Screenings performed under standard conditions; to" sample taken immediately after the addition of 5 mM
2b and mixing. Results presented as mean values of biological triplicates (n = 3); SD <5% according to calibrated HPLC. Error bars
omitted for clarity. Stacked bars add up to 100% and represent the sum of 2b (blue), 2c (red), 2d (green), aldol 2e (yellow), and
not recovered material (grey). The figure was adapted from T. Bayer et al. (2017).134¢!

To prove that insufficient yields of Fsal-A129S represented the bottleneck, the same RC experiment was
performed but with compensation of the lack of Fsa1-A129S. Therefore, Fsa1-A129S was purified by HS as before.
The lyophilized catalyst was added to the reaction mixture and the formation of aldol was followed by HPLC
analysis. Prior to HPLC measurements, extracellular Fsa1-A129S was precipitated as described in G 111.2. Since all
pathway intermediates diffuse through the cell membrane, a significant improvement in the cascade
performance was observed. After only 2 h reaction time, up to 90% of desired aldol product 2e were obtained
according to calibrated HPLC (Figure E-20).
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Figure E-20. Enzyme balancing by the extracellular addition of Fsa1-A129S. Compensation of the lack of Fsa1-A129S in the CRAS strain by
the extracellular addition of the purified biocatalyst, yielding up to 90% of the target aldol 2e in 2 h reaction time. Screenings
performed in RCs under standard conditions; to" sample taken immediately after the addition of 5 mM 2b and mixing. Results
presented as mean values of biological triplicates (n = 3); SD <5% according to calibrated HPLC. Error bars omitted for clarity.
Stacked bars add up to 100% and represent the sum of 2b (blue), 2¢ (red), 2d (green), aldol 2e (yellow), and not recovered
material (grey). The figure was adapted from T. Bayer et al. (2017).534¥!

The results shown in Figure E-20 confirmed the hypothesis that the Fsa1-A129S expression level was too low in
the four-enzyme cascade. Moreover, the reversing enzyme activity of CARni counteracted retro-aldol formation
and reduced carboxylate byproduct formation about 2-fold in comparison RCs expressing the mini-pathway and
employing 20 eq of DHA after 24 h (Figure D-29 and Figure E-19).

Since the engineered CRAS strain exhibits carboxylic acid reducing activity conveyed by CARw; it provides
flexibility regarding the choice of substrate class to synthesize target aldol products. Consequently, 2b was
substituted by 2d in RC experiments employing standard screening conditions. Unfortunately, 2d (5 mM) was
only slowly converted to the aldehyde intermediate 2c and the aldol adduct 2e was not produced under these
conditions. Given that the CRAS strain insufficiently produces the aldolase, immediate attempts included the
reduction of the overall metabolic burden by truncation of the alk/ gene in the POP plasmid and, as described
above, the addition of Fsa1-A129S lyophilisate (Figure E-21).

The construction of pKA1_alklinc::fsal-A129S is described in G VI.2.4.3. Sanger sequencing (H 1.1.10.4),
subsequent SDS-PAGE analysis (Figure E-21A), and abolished oxidation of 2b and 4-5b in RCs (Figure E-3B; data

not shown for 5b) confirmed the truncation of AlkJ.

In the presence of DHA (20 eq), RCs expressing CARwni, Fsa1-A129S, and AlkJinc, only produced 20% 2e when
starting with 5 mM 2d according to calibrated HPLC (Figure E-21B). Although the disruption of the alk/ gene
produced inactive AlkJimc, the amount of Fsal-A129S increased in vivo according to SDS-PAGE analysis (Figure
E-21A). However, this simple approach clearly did not suffice to balance overall pathway enzyme stoichiometry.
Since 2d was converted by CARn; at slower rates compared to the unburdened system (Figure D-12), results
suggest that the amount of the holo-CAR enzyme must be tuned, for example, by introducing other genetic

regulatory elements or changing the genetic context to improve aldol titers.!®

The extracellular addition of aldolase increased 2e yields to 49% after 2 h under otherwise unchanged screening
conditions. In control experiments employing E. coli BL21-Gold(DE3) RCs exclusively expressing CARwi (and
PPtaserc) and extracellular Fsa1-A129S, the highest HPLC yield of 70% 2e was detected after 6 h reaction time
(Figure E-21B).
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Figure E-21. From carboxylic acids to polyhydroxylated compounds. (A) SDS-PAGE analysis of untransformed E. coli BL21-Gold(DE3) whole
cell samples (1), cells producing AlkJinc and Fsal-A129S from pKA1_alklinc::fsal-A129S (2), or AlkJunc, Fsal-A129S, CARy;, and
PPtasecc (3). Protein coproduction in AIM (G VI.3.1.1). Sample loading normalized to ODsg = 7.0. (B) Production of target aldol
2e in RCs harboring pETDuet-1_pptaseec::carni and pKA1_alkJenc::fsal-A129S (AlkJinc strain) or only the pETDuet-1 vector with
or without the addition of extracellular aldolase. RC screenings performed under standard conditions; to" sample taken
immediately after the addition of 5 mM 2d and mixing. Results presented as mean values of biological triplicates (n = 3); SD <5%
according to calibrated HPLC. Error bars omitted for clarity. Stacked bars add up to 100% and represent the sum of 2b (blue),
2c (red), 2d (green), aldol 2e (yellow), and not recovered material (grey). (A) and parts of (B) were adapted from T. Bayer et al.
(2017).348

In summary, the modular expansion of the mini-pathway by introducing CARni and PPtasec, which
posttranslationally modifies apo-CAR to produce the holo-CAR enzyme, not only resulted in the redirection of
the pathway flux from the carboxylic acid sink to the target aldehydes; beneficially, the opposing activities of AlkJ
and CARni equilibrated the reactive aldehydes between the nontoxic primary alcohols and the carboxylates. This
‘biocatalytic reservoir’ contained the aldehyde intermediates below nonviable concentrations but freely
accessible for subsequent aldol reaction (Figure E-18). ‘Chemical reservoirs’ (e.g., biphasic liquid-liquid
systems)[28% 411 or scavenger strategies (e.g., aldoximes)!?! have been applied to address aldehyde toxicity ex
vivo but depended on additional organic solvents and chemicals. The presented approach and the engineered
CRAS strain greatly enhanced aldehyde persistence in vivo and aldehyde containment increased cell viability,
simply by the introduction of an additional enzyme activity. Furthermore, CARn; reduced the formation of
carboxylic acid byproducts post retro-aldol reaction. Despite the unbalanced pathway enzyme stoichiometry, a
final preperative scale experiment starting from 2b (5 mM; 20 eq DHA, Viotal = 0.2 L) yielded 90% 2e according to
calibrated HPLC in 6 h reaction time (Figure E-19). By applying a SPE purification protocol (see G 1X), 70% pure
aldol (>99% de)®3®! could be obtained after isolated Isolation. The longer reaction time of 6 h (see Figure D-29
for comparison with the mini-pathway) was a consequence of imbalanced enzyme production, mainly Fsal-

A129S, which could be compensated by the extracellular addition of the purified biocatalyst.3*®

Concluding, the synthetic enzyme cascade consisting of four enzymes (i.e., AlkJ, CARni, PPtasecc, and Fsa1-A129S)
successfully produced the target aldol products. The flux through the de novo pathway could be enhanced by the
reversion of carboxylate byproduct formation by CARni. Together with AlkJ, this enzyme pair with opposing
functional group activity resulted in the establishment of a reservoir for highly reactive aldehyde cascade
intermediates. Since intracellular aldehyde concentrations could be kept below nonviable levels, this approach
offers an immediate solution to address aldehyde toxicity in living cells. In general, the containment of toxic
pathway intermediates offers a complementary substrate channeling strategy independent from protein

modifications such as the tagging of enzymes and the construction of synthetic scaffolds.® 283 Morever, this
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approach can be utilized to reverse other byproduct-forming reactions and given that a reversing enzyme activity
exists and recombinant expression is functional and not interfering with the host metabolism, it promises

broader application.[34!

E 1.5 Once the microbial cell factory is done: Downstream processing by
solid phase extraction (SPE) to maximize aldol product yields

The examples above show the many strategies available to tweak synthetic enzyme cascades and the host E. coli
to efficiently produce (nonnatural) chemicals and provide the metabolic platform to do so. Genetic tools to
modify pathway architecture, engineer the genetic context for enhanced target enzyme production, provide for
an increased cofactor demand, or to knock-out competing endogenous have been applied to maximize product
titers. These strategies optimize de novo pathway performance on different molecular levels and were
successfully applied in this thesis. However, combined optimization efforts are rendered insignificant if the

engineered microbial cell factory produces high yields of target molecules that cannot be isolated.

As summarized in D 11l.1.2, the newly assembled mini-pathway consisting of AlkJ and Fsa1-A129S produced
various polyhoydroxylated compounds in up to 95% HPLC yields. However, acyclic aldol compounds are not only
water soluble, hence, difficult to isolate from aqueous media; acyclic aldol adducts are temperature sensitive.[43!
Consequently, aldol isolation and purification represented the yield limiting step toward an efficient production
(Table D-5).1293 4364441 The downstream processing was refined by T. Wiesinger and led to the establishment of

an easy to apply solid phase extraction (SPE) protocol.[*3%487]

Briefly, to identify a suitable method to isolate polyhydroxylated compounds, E. coli BL21(DE3) RCs expressing
AlkJ and Fsa1-A129S from the POP plasmid were prepared as before. Primary aromatic alcohols (2b and 4-6b)
were converted in the presence of monomerized DHA or HA. Reactions were performed under standard
screening condtions and the reaction progress was monitored by complementary GC/FID and HPLC analysis.
Biotransformations were terminated after full conversion of starting materials to the target aldol adducts (DHA:
2e and 4-6e; HA: 2f and 5-6f). RCs were centrifuged and the supernatants were subjected to isolation methods
including the extraction with organic solvents such as CH2Cl2 or EtOAc, for example. Extraction was suitable for
the purification of less hydrophilic HA aldol adducts (2f and 4-5f) while failing for more water-soluble products
like 2e and 4—6e (Table D-5).143> %871 Alternatively, preparative reversed phase (RP)-HPLC purification employing
octadecyl carbon chain (C18)-bonded silica material resulted in moderate yields for the HA aldol products 2f and
4-6f but also gave access to the more hydrophilic DHA adducts 2e and 4-6e. Major limitations of the isolation
by RP-HPLC rooted in both the concentration by lyophilization and the poor product solubility in the presence of
buffer salts.[*3> 4871 To separate buffer salts and other water-soluble components, SPE was performed as
described in G IX. After transferring supernatants on short C18 columns, eluting buffer salts and solutes of the
reaction medium with 5% (v/v) MeOH in water, aldol products were eluated in pure MeOH. The solvent was
evaporated at reduced pressure yielding significantly higher amounts of up to 91% of the desired aldol adducts
over two steps (Table E-2). Compared to the unoptimized downstream processing (Table D-5), the final yields in

this work exceeded the isolated yields reported in the literature for single-step transformations.[#4* 5081

In summary, the SPE purification protocol is independent from elaborate sample preparations, which, regarding
the temperature sensitivity of some aldol adducts, represents an advantage compared to other isolation
methods.*3% SPE can be easily applied and was performed to isolate the aldol adducts 2e, 4-6e and 2f, 4—6f in
good to excellent yields (de >99%).143! Moreover, the use of MeOH as solvent is beneficial for potential
transformations of 6e toward D-fagomine since it is one of the most prominent solvents applied in catalytic

hydrogenations.[*®! The eluate after the SPE purification could be directly used without further treatment.?°*
537]

137



Thomas Bayer, Ph.D. Thesis
Optimization strategies for synthetic pathways in vivo

The established artificial mini-pathway is a showcase example that the optimization of product
isolation/purification is equally important and cannot be entirely solved by tools from metabolic and genetic

engineering.

Table E-2. Isolated yields of target aldol compounds with optimized SPE product isolation

Isolated yields after SPE [%)] 12!

Products Substrate Donor
This work Literature (!
OH
= DHA
- [« 432
ey (e) e e
OH O 2b
(2e~f) HA 70 48 1432)
(f)
OH
= DHA
- [432]
©/\0/\i/\"/\x e) 60 28
OH O ab
(4ef) HA 89 71 132
(f)
OH O
DHA
4 .a.
©/\O/\/'\)J\/X () 6 n.a
OH 5b
(5e—f) HA
) 61 n.a.
o OH
= DHA
- 1 79 [484]
©/\O)J\H/\i/\"/\x (e) 9 9
OH 0 6b
(6e-f) HA 83 n.a.

(f)

[l |solated compounds contain 10% water based on H-NMR experiments in MeOH-ds and DMSO-de. 43> 487)
bl |solated yields from in vitro preparations employing Fsa1-A129S lyophilisatest**4 or HL-ADH, NOX, and Fsal-
A1295.15%81 X = OH (e) or H (f); n.a. = not available. [ Production in the CRAS strain. Isolated yields adapted from
T. Wiesinger et al. (2017).1433

E 1.6 A difficult case: The optimization of de novo pathways employing
DHAP-dependent aldolases

This subchapter summarizes the challenges of implementing DHAP-dependend aldolases (e.g., FucA) in vivo and

addresses obstacles such as the insufficient amounts of intracellular DHAP.

E 1.6.1 Consideration of potential bottlenecks

The production of 2eruca from the primary alcohol 2b in the AFucP strain (Figure D-36) and directly from the
aldehyde 2c in the FucP strain, respectively, failed under several screening conditions (Table D-6). Adaptions to
the conditions of Wei etal., who implemented a cascade in vivo consisting of the FucA from Thermus
thermophilus HB8 and the YgaB phosphatase from E. coli (in the following referred to as FucY strain), did not

result in the successful production of 2eruca either.

The set-up employing the FucP strain was not feasible due to (i) the innately high toxicity levels of aldehydes!?8%
471 when used as substrates (Figure D-37) and (ii) indications that overexpressing the nonnative phosphatase
PhoN-Sf from S. flerxneri might be toxic for E. coli. Whereas the expression of PhoN-Sf slightly reduced cellular
growth of host cells, the expression of YgaB did not (Figure D-40). Furthermore, downregulation of PhoN-Sf
expression levels in periplasmic and cytosolic protein fractions were reduced at prolonged expression times
(Figure D-22 and Figure D-23A, respectively). Although these observations are not necessarily related to the
toxicity of PhoN-Sf, Tanaka et al. examined the dephosphorylation of G6P catalyzed by PhoN-Sf (and PhoN-
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Sesp).5* Although this study was not carried out under the physiological conditions of E. coli cytosol, the
significantly lower Km = 0.02 mM for G6P compared to Km = 5.3 mM for glucose suggest a strong binding of the
phosphorylated compound. Since the implementation of PhoN-Sf in the AFucP and the FucP strain and,
consequently, the different metabolic host context might lead to undesired interferences between the

heterologous enzyme and the dephosphorylation of metabolites of central carbon metabolism such as G6P.

Since Wei et al. demonstrated the applicability of YqgaB for the irreversible dephosphorylation and the secretion
of resulting aldol adducts out of the cell,?*31 E. coli BL21(DE3) was engineered accordingly and is described in the

next section.

Another potential bottleneck already discussed in D 111.2.2 is the aldehyde compounds to be converted.!??3 Wei
et al. mainly converted water-soluble (and less toxic) aldehydes (e.g., 3-TFAP) and certainly took advantage of
high reactant concentrations of up to 40 mM aldehyde to shift the equilibrium toward the aldol product side. In
contrast, the concentration of aldehydes like 2c must be below toxicity levels to keep host cells viable and the
synthetic enzyme cascade running. The CRAS strain offers the possibility to produce 2c from 2b in situ by AlkJ
and to reduce the generated 2d byproducts into 2c by CARwi. The opposing functional group transformation
activities contain the reactive aldehyde 2c at viable concentrations (Figure E-14),13*8! which is certainly beneficial

for the performance of the DHAP-dependent aldolase cascade.

Since increasing the aldehyde acceptor concentration for pushing the equilibrium of the aldol reaction toward
the adduct side is clearly not an option, strategies to increase the intracellular DHAP donor concentration were
considered. One simple enzymatic route to produce DHAP in situ is the ATP-dependent phosphorylation of DHA
by the DhaK from C. freundii®®® 363 4471 Reviewing the intracellular concentration of DHAP of
approximately 0.2 mM in E. coli in the stationary phase,®*% 538 it can be expected to be a limiting reactant for
aldol reactions in vivo. Furthermore, the Km values of known DHAP-dependent aldolases are rather high ranging
from 0.5 to 1.0mM (e.g., 0.6 mM for RhuA).** Thus, to increase the intracellular DHAP amounts is
indispensable.[*>%

Consequently, the optimization strategy described in the following aims at the construction of an enzymatic
‘push and pull’ module consisting of DhaK and YgaB to feed the DHAP pool from extracellularly added DHA and
to pull the FucA-mediated aldolase reaction toward the nonphosphorylated target compound 2efruca by

irreversible dephosphorylation, respectively.

E 1.6.2 DhakK and YgaB: An enzymatic ‘push and pull’ module for pathway optimization

The plasmid encoding the dhak gene was kindly provided by Prof. Garcia-Junceda who is with the University of
Madrid, Spain. E. coli BL21(DE3) was transformed with pRSETa_dhak and DhaK successfully expressed as soluble
protein according to lturrate et al. (G VI.6.1.2; Figure E-22)36
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Figure E-22. Soluble expression of DhaK from pRSETa. SDS-PAGE analysis of CFEs (soluble fractions) from E. coli BL21(DE3)
transformed with pET22b(+)_dhak®>3*! (1) and pRSETa_dhak®*%3 (2). Only pRSETa produced soluble DhaK over
time (3—20 h). Protein production as in G VI.6.1. Sample loading normalized to ODseo = 7.0.

Noteworthy, the preliminary production of DhaK from a pET22b(+) as published by Daniel et al.!>3® exclusively
produced insoluble protein (G VI.6.1.1; Figure G-25). The gene was previously synthesized by GenScript™ and
delivered in the target pET22b(+) vector (G VI.6.1.1). Sanger sequencing confirmed the integrity of the gene.
However, comparison revealed differences in the nucleotide sequence in the pET22b(+)_dhaK construct that
translate into a protein with 96% amino acid identity to pRSETa_dhaK. BLAST (basic local alighment search tool)
revealed that the sequence published by Daniel et al. probably encodes the cfaS gene from C. freundii, which
would produce a cyclopropane fatty acid synthase and not DhaKk (H 1.1.10.2; Figure H-22). Hence, the pET22b(+)

construct was not further used in this thesis.

After expression, intracellular DHAP concentrations in untransformed E. coli BL21(DE3) and E. coli transformants
expressing DhaK were determined in both exponential and stationary phase. Metabolimics measurements were
performed in triplicates as outlined in G VI.6.2. Analysis and evaluation of results was done by S. Milker.[*>¥ |n
summary, the addition of 20 mM DHA after 5.8 h and another 10 mM DHA after 24.5 h showed that the Dhak
producing strain showed an 4-fold increase in the intracellular DHAP concentration compared to the empty
vector control in the exponential phase. Elevated DHAP concentrations were stable for 2 h before decreasing
again. The untransformed strain also showed slightly increased DHAP concentrations after the addition of DHA,
which can be explained by the metabolization of DHA through endogenous metabolic pathways. However, the
DHA concentration in the cultivation medium remained constant at later time points, making the initial DHAP
increase in E. coli BL21(DE3) neglectable. In both strains, DHAP concentrations did not increase during stationary
phase.['>4

Generally, the DHAP concentration during the stationary phase was up to 4-fold smaller compared to the
exponential phase,!*> which is disadvantageous for aldol reactions in vivo and supports the use of growing or
LEDs to produce 2eruca in biotransformations. As the transformation of DHA to DHAP by DhaK consumes ATP, the
impact on the energy metabolism of host cells was elucidated. Therefore, intracellular ATP, ADP, and AMP
concentrations were determined by metabolmic analysis and the energy charge calculated (Figure E-23).5%9 The
energy charge is an index used to measure the energy status of biological cells and ranges from 0.8 to 0.95 for
most cells.[*3!

[ATP] + 3 [ADP]
[ATP] 4 [ADP] + [AMP]

Energy charge =

Figure E-23. Calculation of the energy charge. The energy charge determines the energy status of cells.
Figure adapted from Nelson et al. (2013).1%3
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Upon DHA addition, a difference in concentration was observed for all three energy metabolites in both strains
for a short period of time and stabilized to 0.85 afterwards according to S. Milker.>* This is a good indication of
a functional metabolism and the recycling of cofactors. Careful metabolomic analysis of intracellular ATP
concentrations revealed that ATP (and DHA) concentrations were successively decreasing during bacterial
growth. At the end of the growing phase, the ATP concentration dropped to =10 uM.[*>¥ Considering the Km value
of DhaKk for ATP of 70 uM,3 the low ATP concentration might be insufficient to perform the phosphorylation
under nongrowing conditions. This result further substantiates the need of growing (e.g., LEPs) cells to efficiently

boost aldol formation in vivo.

Considering these bottlenecks, RbCl-competent E. coli BL21(DE3) was cotransformed with pKA1_fucA,>%
pCDFDuet-1_yqaB, and pRSETa_dhaKk. The resulting strain will be referred to as FucYD strain in the following.

Coexpression of different enzyme combinations was achieved by adapting the fermentation medium of the Li
group, who recombinantly coexpress up nine pathway enzymes in a single cell, and the expression conditions by
Wei et al. as outlined in G VII1.5.[> 231 Whereas preliminary expression studies at an earlier stage of this thesis
resulted in the successful coexpression of FucA and DhaKk, for example (Figure E-24A), DhaK production from the
pRSETa vector was abolished due to unknown reasons at later stages (Figure E-24B). Although Sanger sequencing
confirmed the integrity of the dhak sequence, expression could not be restored until the end of this thesis. To
rule out mutations in the regulatory squences (e.g., Pr7 or RBS), pRSETa should be fully sequenced soon and,
ultimately, requested again from our cooperation partner Prof. Garcia-Junceda if the plasmid backbone is

mutated.
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Figure E-24. Expression of DhaK and other pathway enzymes. SDS-PAGE analysis of CFEs from E. coli BL21(DE3) (A) coexpressing DhaK (FucA
only, 1; FucA + DhaK, 2; FucA + PhoN-Sf, 3) and (B) with abolished DhaK expression due to unknown reasons (untransformed
E. coli BL21(DE3), 1; DhaK only, 2; FucA + DhaK + YqgaB, 3). Protein production for (A) according to G VIII.3 and for (B) G VIIL5.

Nevertheless, pathway validation was pursued without DhaK and employed a mixed cell approach of LEPs. The
CRAS strain, coexpressing AlkJ and CARn; (pKA1_alkJ and pCDFDuet-1_PPtasec:::carni), will produce the aldehyde
in situ and keep intracellular concentrations viable in this strain and, supposingly, the overall system. Aldehyde
intermediates need to pass the cell membrane of CRAS cells and enter the FucY strain, which, on the other hand,
coexpresses FucA and YgaB (pKAl_fucA and pCDFDuet-1_ygaB). Experimental set-up and results will be

discussed in the last section of this chapter.

E 1.6.3 There is always room for improvement: Unsuccessful production of 2efyca

One major requirement in the following reaction set-up was the in situ formation of aldehydes by AlkJ and
sufficient amounts of FucA. Since unbalanced coproduction of AlkJ and FucA from the pKA1_fucA::alkJ assembled

in this thesis hardly expressed the DHAP-dependent aldolase, the pKA1_fucA solely expressing the aldolase was
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employed. Consequently, AlkJ could not be stably expressed in the same cell from two plasmids containing the

same ORI and a mixed cell approach was persued.®

Both the CRAS and the FucY strain were cultivated as outlined in G VIII.5 and protein coproduction checked after
expression (Figure E-25A) and after biotransformations (24 h) in mixed cell cultures (Figure E-25B).

[kDa] 1 2 3 4 [kDa] 1 2 3 4
A B
130 & CARy; 130 « AR,
70
« Al - « A
55 55
35 35
25 25
< = FucA
4 YqaB 4 4 FucA
4 YqaB
15 15

Figure E-25. Expression control of the mixed culture approach. SDS-PAGE analysis of whole cells (A) of single cell cultures and (B) after
biotransformations with mixed cells (24 h). Weak expression of Fsa1-A129 indicated by (4 ). Sample loading normalized to
ODsgo = 3.5. Loading scheme: (A) untransformed E. coli BL21(DE3) (1), Fsa1-A129S strain (2), FucY strain (3), CRAS strain (4);
(B) CRAS + Fsal-A129S strain mix (1), CRAS + FucY mix (2), FucY strain control (3), CRAS strain control (4).

For biotransformations, the final ODsgo values of mixed LEP cultures was = 20.0. Otherwise, the setting followed
the standard screening procedure (see G 1l.2). Biotransformations were performed with 5 mM of the model
substrates 2b and 2d to produce the aldehyde 2c in the CRAS strain. After diffusion of aldehyde intermediates
into the FucY strain, FucA should catalyze the formation of P-2efuca with intracellular DHAP and YqaB finally form
the dephosphorylated target aldol 2eruca (Figure E-26A). As biotransformation controls, E. coli BL21(DE3)
expressing Fsal-A129S (pET16b_fsal-A129S) was prepared accordingly and biotransformations with a mix of
CRAS cells were performed in the presence of DHA (20 eq; Figure E-26B). As negative control, LEPs of the FucY
strain were incubated with the model substrates and should not convert primary alcohols and carboxylic acids.
Sampling for GC/FID and HPLC was done as before (G 111.2).
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Figure E-26. Mixed culture cascade scheme. In situ preparation of 2c from 2b or 2d in the CRAS strain and equilibration of all cascade

intermediates. Diffusion of 2c out of the cell. (A) Cascade reaction in the FucY strain to produce 2efuca from 2c and intracellular
DHAP. (B) Cascade reaction in E. coli BL21(DE3) expressing Fsa1-A129S to form 2e in the presence of DHA.

The analysis of biotransformation samples by calibrated GC/FID confirmed the activity of Alk/ and CARwi in the
CRAS strain. As expected, both enzymes formed the distrinct redox equilibrium between 2b, 2c, and 2d. The FucY
strain does neither exhibit oxidation activity toward 2b nor reduction activity toward 2d and was employed as
negative control. Indeed, the two substrates were not converted and could be well recovered from the

biotransformation reactions (Figure E-27).

Regarding mixed cell biotransformations containing the CRAS and the FucY strain, the aldehyde intermediate 2c
was again produced from 2b and 2d. Whereas 2b was quickly oxidized (Figure E-27A), 2d was only slowly reduced
indicating low activity of CARwi (Figure E-27B). In both cases, the redox equilibrium was formed after 24 h reaction

time.

In mixtures containing the CRAS and the Fsa1-A129S expressing strain, 2b was poorly and 2d hardly converted
(Figure E-27A and Figure E-27B, respectively). Low recoveries according to GC analysis are usually a good
indication for the production of aldols. However, control transformations containing 20 eq DHA only yielded low
amounts of 2e (from substrate 2b: 5.6% after 1 h reaction time; 2d: <5%). This can be attributed to insufficient
amounts of Fsa1-A129S in the used batch (Figure E-25), which usually converts reactive 2c into the nontoxic aldol
2e. Furthermore, retro-aldol reaction and endogenous enzyme activities form the substrates again and outpace
the activity in the CARS strain (Figure E-27A).
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Figure E-27. Aldol production in the mixed culture approach. Cascade starting from (A) the primary alcohol 2b or (B) the carboxylic acid 2d.
Control experiments employing the CRAS or FucY strain; mixed cultures to produce 2eruca (CRAS + FucY strain) from intracellular
DHAP or 2e (CRAS + Fsal-A129S strain + 20 eq DHA). On the left: GC results of all biotransformations. On the right: Confirmation
of 2e production. Results from single biotransformations analyzed by calibrated GC/FID (2a—d) and HPLC (2a—e). Stacked bars
add up to 100% and represent the sum of 2b (blue), 2c (red), 2d (green), and not recovered material (grey). Reduced recovery

of material at to" due to insufficient mixing and a loss in mass balance due to the reactivity/volatility of 2c.

Regarding the DHAP-dependent aldolase cascade, if the desired 2eruca Was produced in mixed cultures employing

the CRAS and the FucY strain, it was below quantifiable amounts.

E 1.6.4 Interim summary Il

Unfortunately, the backup strategy separating aldehyde and aldol production in the CRAS and the FucY strain,
respectively, failed. Since this two-cell system depends on the passage of the reactive intermediate through two
cellular membranes, from the CRAS into the FucY strain, equilibration below toxicity levels is not achieved (Figure
E-27), which certainly triggers previously discussed stress responses and impair both cell viability and the flux

through the two synthetic cascades investigated (Figure E-26).

Although the coproduction of FucA and YgaB could be improved by the adaption of expression conditions
(G VIIL5) and the reduced overall metabolic load in the FucY strain, the target aldol 2efuca could not be detected.
One explanation, other than the unfavorable longevity of the 2c intermediate in the mixed cell culture, could

root in a bottleneck discussed previously. According to SDS-PAGE analysis, YqaB is readily expressed to pull the
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equilibrium of the aldol reaction from the phosphorylated P-2eruca to the dephosphorylated target 2eruca (Figure

E-25). However, metabolomic analysis by S. Milker and recalculation of intracellular DHAP concentrations

(<0.2 mM) suggest that the mere application of late exponential phase FucY cells (i.e., LEPs) simply does not

suffice to efficiently produce P-2eruca and, finally, 2eruca.

Consequently, if considering intracellular ATP levels, the immediate solution to this bottleneck remains the

implementation of DhaK suggested in this thesis (see E 1.6.1and E 1.6.2).

Table E-3. Unsuccessful production of the aldol 2efuca in mixed cell cultures

Expression levels !

Engineered Expression Screening Aldol Associated
strains 12 conditions AllJ CARwi Aldolase YqaB conditions ! production literature
\ y LEPs )
|- al €FucA X
+ - G VL5 ++ + +t | ++ (5mM 2b q This work
'L;:) or 2¢c) n.d.
G LEPs )
(- e .
G VIILS ++ + + [e] n.a. (5 mM 2b o [0 This work
or 2¢) 5.6%

eI Mixed culture of CRAS (pKA1_ alk/ and pETDuet-1_PPtaser.::carni) + FucY (pKA1_fucA and pCDFDuet-1_yqaB) or Fsal-A129S expressing
E. coliBL21(DE3) (pET16b_fsa1-A129S). M Expression levels according to SDS-PAGE analysis; 9 LEPs (ODsso = 20.0), 1% (w/v) glucose, 5 mM
substrate, 5% (v/v) ACN, 25°C, 250 rpm; after 6 h reaction time, 0.5% (w/v) glucose were spiked. [9 DHAP-dependent aldolase FucA. [
DHA-dependent aldolase Fsal-A129S. I Highest detectable amount according to calibrated HPLC; n.a. = not applicable, n.d. = not

detected.




Thomas Bayer, Ph.D. Thesis
Conclusion and outlook

F Conclusion and outlook

Past and current research has successfully assembled de novo pathways to accumulate natural compounds and
to produce valuable nonnatural chemicals with applications in all areas of today’s modern life.[® 4344 The
repertoire of organic reactions mediated by biocatalysts is increasing fast, driven by improved methods for
enzyme discovery, engineering, and characterization.!” & 277. 5411 The growing understanding of efficiently
assembling (synthetic) genetic elements and enzyme-coding genes into artificial metabolic pathways not only
expands the biocatalytic toolbox; it accelerates developments in the field of synthetic biology to evolve de novo
cascades, transforming host cells from a mere chassis for heterologous pathway production into a highly

optimized microbial cell factory.!®!

In summary, this thesis successfully designed enzymatic cascades for the production of
polyhydroxylated compounds (i.e., aldols) by biocatalytic retrosynthesis (D 1), identified and

characterized enzymes for subsequent pathway assembly from five major families (D 11):

e  Esterases (BS2, Pfel, PEST)

e ADHs (ADHuw, ADHgr, ADH-A, ADH-ht, AlkJ)

e CARs (CARni, CARvm)

e (D)HA-dependent aldolases (Fsal, Fsa1-A129S)

e DHAP-dependent aldolases (FruA, FucA, RhuA)

e  Phosphatases (PhoN-Se V78L variants, PhoN-Sf, YqaB)

Pathway construction (D Ill) was achieved by state of the art SLIC techniques and conventional
restriction enzyme cloning (D Ill.1 and D Ill.2). The latter was revisited to refine standard
- procedures and, for example, isolate linearized vectors for subcloning in high yields and purity

independent from expensive commercial kits for DNA purification (G 11.1).

Assembled de novo pathways were transferred and implemented in the well-characterized host
E. coli. Pathway validation was performed by complementing analytical methods (e.g., GC, HPLC,
LC-MS/MS) to identify potential bottlnecks that impair the flux through the artificial enzymatic
cascade (D Illl.1 and D III.2).

Although de novo pathways benefit from the cooperative effect of multiple biocatalysts with their
@ inherently high chemo-, regio-, and stereoselectivity in combination with the omission of
intermediate isolation,® 3*® they strictly require a balanced carbon flux through the synthetic

pathway to meet performance metrics such as high product titers.

The in vivo approaches persued in this thesis offer advantages including the recycling of cofactors, which is
essential for demanding (redox) transformations as the FAD-dependent oxidation of primary alcohols to the
corresponding aldehydes by AlkJ (D 11.2.2) or the ATP- and NADPH-dependent reduction of carboxylates by CARwi

(D 11.3).16:3%81 |n contrast, the control over the carbon flux in vivo is complicated in many aspects.

The mini-pathway established in this work consisted of the two metabolically nonrelated enzymes, the
membrane-associated ADH AlkJ from P. putida and the cytosolic aldolase Fsa1-A129S from E. coli (D 111.1).348!
AlkJ was previously reported to oxidize primary aliphatic alcohols to the corresponding aldehydes.?% |n this

thesis, the ADH was identified as an efficient biocatalyst for the oxidation of primary, structurally different
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aromatic alcohols (B 1). However, the in situ preparation of highly reactive aldehyde species triggered cellular
responses in E. coli, leading to the irreversible overoxidation to the corresponding carboxylic acids and,
ultimately, driving the carbon flux into a dead end. This bottleneck was addressed by (i) coupling the first cascade
step with the subsequent aldolase transformation catalyzed by Fsal-A129S, (ii) the utilization of the highly
engineered RARE strain to prevent retro-aldol formation by the KO of competing enzymatic activities, and (iii)
the introduction of a CAR from N. jowensis (and an accessory PPtase from E. coli, which posttranslationally
modifies apo-CARni to yield holo-CARni).

For (i), vector-based pathway modules were constructed by SLIC for the coexpression of AlkJ and Fsal-A129S.
This reduced the plasmid burden and increased the viability of host cells harboring the newly assembled
plasmids.*¥ To balance enzyme production, the target genes were arranged in different architectures featuring
operons, pseudo-operons, and monocistronic configurations and gave rise to the vectors pOPE, pPOP, pMON1,
and pMON4. The latter two monocistronic arrangements were achieved by the insertion of the synthetic
terminator sequences B0011 and B0014, respectively, in the short intergenic region between the alk/ and the
fsal-A129S gene. Although transcriptional terminators are known to play a key role in regulating genetic systems,
the systematic study of different termination signals is still in its infancy.5% 52 Therefore, the influence of the
two terminator sequences on protein production, overall pathway performance, and the standardization as
regulatory element for cascade design was investigated. An unintended context effect resulting from interactions
between the synthetic terminators and adjacent enzyme-coding ORFs resulted in unsteady Fsal-A129S
expression levels. Importantly, Alk/J activity was strongly impaired in vivo, surprisingly, at unchanged expression
levels according to SDS-PAGE analysis. The extension of the spacer sequences flanking B0O014 restored AlkJ
activity in the two additional plasmids with monocistronic configurations, pMONS5 and pMONG6 (E 1.1).

In the context of aldol production, the newly assembled pPOP proved to be beneficial regarding both soluble
aldolase expression levels and cell viability of transformants. A high excess of (D)HA (10-20 eq) was necessary to
shift the equilibrium of the aldol reaction toward target polyhydroxylated compounds, prevent retro-aldol
reaction, and the subsequent formation of carboxylate byproducts in vivo. Initial product titers of the model
compound (3S,4R)-1,3,4-trihydroxy-5-phenylpentan-2-one (2e) achieved up to 95% according to calibrated HPLC

in 2 h reaction time (D 1I1.1).

For (ii), the mini-pathway was transferred into the E. coli K-12 RARE strain exhibiting reduced aromatic aldehyde
reducing activity due to the KO of endogenous ADHs and AKRs.*? In the absence of these competing enzymatic
activities, retro-aldol reaction was less pronounced and the DHA loading decreased 4-fold (5 eq) by achieving

comparably high yields of 2e in only 2 h.

For (iii), CARni accessed the carboxylate sink but the produced aldehydes were rapidly converted to the
corresponding primary aromatic alcohols by the metabolic background of E. coli. The activity of the two enzymes
with opposing functional group activity, AlkJ and CARwi;, formed a redox equilibrium between alcohols, aldehydes,
and carboxylic acids. Beneficially, intracellular aldehyde concentrations were stably equilibrated below cytotoxic
levels, yet freely available for subsequent aldolase reaction. The formation of this ‘hidden reservoir’,
enzymatically containing the reactive aldehyde species, addressed the biocatalytic challenge of aldehyde toxicity
and ephemerality of intermediates in living cells independent from extensive strain engineering by target gene
KOs, for example.[? 3481 Since this unperceived strategy to reroute the pathway flux from undesired byproducts
toward target cascade intermediates offers potential to reverse other byproduct forming reactions, given that
an reversing enzyme activity has already been added to the biocatalytic toolbox, it certainly complements

existing flux enhancement methods.3*?!

Consequently, the ‘biocatalytic reservoir’ was tapped by Fsal-A129S5-mediated cascade reaction to yield up to

95% of 2e in 6 h. The longer reaction time was attributed the unbalanced coproduction of AlkJ, Fsa1-A129S,
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CARni, and PPtaseec in the same cell. Insufficient amounts of the aldolase could be compensated by the
extracellular addition of the purified catalyst. This hybrid system yielded equally high amounts of 2e in only 2 h,
importantly, at decreased amounts of the carboxylate byproduct (E 1.4).3%

The second pathway constructed in this thesis consisted of AlkJ and the model DHAP-dependent aldolase FucA
from E. coli (D 111.2). Although four stereocomplementary DHAP-dependent aldolases — FruA (3S,4R), FucA
(3R,4R), RhuA (3R,4S), and TagA (3S,4S) — are available from the biocatalytic toolbox that accept a broad range
of aldehyde acceptors, their use at larger production scales in vitro is strongly limited due to the labile and
expensive DHAP donor.[2%3 4131 To tackle this issue, the constructed pathway aimed at hijacking DHAP from the

intracellular metabolite pool of E. coli to feed the de novo cascade with the aldol donor solely from glucose.

Therefore, pathway design was extended to modules additionally expressing phosphatases (PhoN-Sf from
S. felxneri and YqgaB from E. coli) to irreversibly dephosphorylate aldol adducts to shift the reaction equilibrium
toward the nonphosphorylated target compounds. Furthermore, metabolomics showed that the DhaK from
C. freundii can phosphorylate the extracellularly added donor DHA to DHAP in vivo. The combined activities of
DhakK and YgaB were thought to act as a ‘push and pull’ module for pathway optimization (E 1.6.2). Although
(3R,4R)-1,3,4-trihydroxy-5-phenylpentan-2-one (2eruca) could not be produced under both various pathway
expression and different screening conditions, this work identified crucial bottlenecks to be considered for the
future application and optimization of de novo pathways employing DHAP-dependent aldolases (D 1l1l.2 and
E 1.6). Immediate optimization strategies will involve both the construction of pathway modules for the balanced
coproduction of FucA, YqaB, and DhaK and further refinement of fermentation conditions. As to cloning, a target
insert like FucA or DhaK can be easily inserted into the MCS-2 of pCDFDuet-1_yqgaB yielding pCDFDuet-
1 _yqaB::insert.

However, the efficient production of polyhydroxylated compounds (or other value-added chemicals) via
optimized synthetic cascades in engineered host cells is rendered insignificant if the target molecules cannot be
isolated. This essential point has long been neglected for polyhydroxylated molecules and in vitro systems
suffered from low yields as aldols and sugar derivatives are highly water-soluble and acyclic adducts temperature
sensitive. In course of this work, a refined SPE downstream purification protocol was successfully applied to

translate the high product titers of the optimized mini-pathway into isolated yields of up to 91% (E 1.5).[43]

In conclusion, the cooperative effects of multiple flux optimization strategies from genetics, metabolic
engineering, and synthetic biology maximized target aldol product titers and isolated yields (chapter E).

Optimization strategies were successfully applied on different molecular and process levels and included:

e The construction of vector-based modules coexpressing multiple pathway enzymes to reduce the
plasmid burden and to enable the combination of different cascade modules via compatible ORls.

e Enzyme balancing by different genetic pathway architectures featuring additional regulatory elements
(e.g., promoters and terminators), the optimization of the synthetic genetic contexts, and the
employment of an in vitro/in vivo hybrid system.

e Reversion of competing byproduct formation reactions in vivo simply by the introduction of a single,
nonnative enzymatic activity, simultaneously tackling the unmet challenge of aldehyde toxicity in living
cells.

e The utilization of KO strains and to streamline carbon flux through de novo pathways.

e The optimization of reaction parameters including recombinant expression of multiple pathway
elements, adaption of biotransformation conditions, and, importantly, the efficient purification of aldols
by SPE.

The synthesized polyhydroxylated compounds are precursors for sugar derivatives (e.g., D-fagomine) and have

potential applications in the pharmaceutical industry and medical research. Furthermore, the modular pathway
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design employed in this thesis provides the possibility to enter the de novo cascade from different substrates like
carboxylic esters (D 11.1), couple the AlkJ-mediated in situ preparation to another cascade-type reaction such as
transamination by w-TAs (G VI.9.1) or chiral carboligations by PDCa, (G VI.9.2), or implement cofactor recycling
modules such as GDH2zxss (E 1.2) to ease the usage of NAD(P)H from the cellular redox equivalent pool.

This work highlights the fact that with realization of more complex biocatalytic cascade reactions in vivo, single
optimization strategies may not suffice to move pathway design toward industrial applications. Consequently,
the application of cross-disciplinary strategies from biological engineering, biochemistry, genetics, metabolic
engineering, synthetic biology, and systems biology will be vital to push biocatalytic processes forward to take

today’s challenges and produce fine and bulk chemicals of the future.
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G Experimental part

G | Materials and methods:
Standard molecular biology techniques

Unless noted otherwise, all reagents were purchased from commercial suppliers and used without further
purification. All (plastic) consumables and standard glass equipment were either sterile upon purchase or
sterilized prior to use by autoclaving (121°C, 15 min, elevated pressure; Tuttnauer 2540EL autoclave). All reagent
and media solutions were sterilized prior to use by autoclaving (121°C, 20 min, elevated pressure; Tuttnauer
2540EL autoclave).

G 1.1 General stock solutions

Aqueous stock solutions were sterilized by filtration (0.2 um cellulose acetate syringe filter) and stored at -20°C.

Unless noted otherwise, working concentrations were used as in Table G-1.

Table G-1. Commonly used stock solutions

Standard working

Reagent Concentration in dH.0 concentration
Amp 50 mg-mL? 100 pg-mL*
Cam 34 mg-mL? (in abs. EtOH) 34 pg-mL?
Kan 50 mg:mL? 50 pg-mL*

Str 20 mg-mL*? 20 pg-mL?
Tet 10 mg-mL* 10 pg:mL?
IPTG 0.1M varying

PMSF 0.1 mM (in abs. iPrOH) 0.1uM

G 1.2 Standard media preparations

Unless noted otherwise, amounts of reagents refer to the preparation of 1 L medium. All media were stored in
the dark at RT after sterilization and, once opened, at 4°C. Visual control was done prior to use. Most media were

prepared according to Studier (2005).543!

Standard media included variations of lysogeny broth (LB) medium and terrific broth (TB) medium, which were
used for bacterial growth studies and expression protocols (Table G-2). LB-Luria medium was employed for
enzyme production and subsequent isolation of periplasmic proteins (Table G-2). The minimal medium M9-N*
was employed for the same purposes (Table G-4). AIM was conveniently used for IPTG-independent induction

of enzyme production (Table G-3).
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Table G-2. Constituents of bacterial complex media used in this thesis

LB-Miller medium LB-Luria medium TB medium LB-ECAM 2%
10.0g SZ:)tt?J_ne 10.0g zz;ttz_ne 120 ::Jri/cptgne >-0e Pacto-peptone
5.0g yeastextract 5.0g vyeastextract 24.0g  yeast extract 2.5.0g yeastextract
10.0g Nacl 0.5g NaCl 16.4g K;HPO4-3 H0 5.0g Nacl

23g KH:POs 2.14g  KCl

10.8g  NaH:POs- H0
17.3g NaHPO4-7 H.0
1.0mL 10 M (NHa);SO04
1.0mL 2.5 Mcitric acid
25mL 1M MgSO.

1.0mL 1M CaCl

0.6mL 0.1 MFeCls- 6 H,0
20mL 1 mM thiamine-HCI

100X trace elements

10.0 mL .
solution

10.0 mL  40% (w/v) glucose

For LB-ECAM, bacto-peptone, yeast extract, and salts were dissolved, filled up to 972 mL with dH.0, and autoclaved. The 10 M
(NH4)2S04, 2.5 M citric acid, 1 M MgSQs, 1 M CaCl,, and 40% (w/v) glucose were prepared and autoclaved separately and added
sequentially under sterile conditions. The 0.1 M FeCls - 6 H,0, 1 mM thiamine-HCI, and trace element solution (see Fehler! Kein glltiges
Resultat fur Tabelle.) were sterilized by filtration (sterile syringe filter, 0.2 um cellulose acetate) and added under sterile conditions.

Table G-3. Constituents of bacterial autoinduction medium (AlM)

LB-0.8G LB-5052 20X NPS 50X 5052
10.0g bacto-peptone 10.0g bacto-peptone 66.0g  (NH4)2S04 250g  glycerol
5.0g yeastextract 5.0g yeastextract 136 g  KH2POa4 25.0g glucose
10.0g NadCl 10.0g Nacl 142 g Na:HPOs4 100g a-lactose
1.0mL 1M MgSO4 1.0mL 1M MgSOq
20.0mL  40% (w/v) glucose 20.0mL 50X 5052
50.0mL 20X NPS 50.0mL 20X NPS

For LB-0.8G and LB-5052, bacto-peptone, yeast extract and NaCl were dissolved, filled up to 929 mL with dH,0, and
autoclaved. The 1 M MgSQ4, 20X NPS, 50X 5052, and 40% (w/v) glucose were prepared and autoclaved separately and
added sequentially under sterile conditions. LB-0.8G was used for preculture preparation and LB-5052 for bacterial
growth and enzyme production.
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Table G-4. Constituents of bacterial minimal medium used in this thesis

M9-N* medium 10X M9 salts 100X Trace element solution

100 mL 10X M9 salts 5.0g Nacl 0.18g ZnSO4-7 H.0

3.0mL 1M MgSOs 75.0g NaHPOs- 2 H,0 0.12g CuCl-2H0

1.0mL 1MCaCl 30.0g KH2PO4 0.12g MnSO4- 2 H,0

0.6mL 0.1 MFeClz-6H0 24.0g  (NH4)2S04 0.18g CoClz- 6 H,0

2.0mL 1 mM thiamine-HCl 0.03g Hs3BOs
10.0mL 100X trace element solution 0.025g Na:MoOs -2 H,0
100 mL  20% (w/v) glucose 0.084g Na:EDTA:2H0

All stock solutions were prepared and sterilized separately. Trace element solution, 1 mM thiamine-HCl, 0.1 M
FeCls and 20% (w/v) glucose were sterilized by filtration (sterile syringe filter, 0.2 um cellulose acetate). For
preparation of M9-N* medium, all solutions were mixed under sterile conditions and filled up to the final volume
with sterile dH20.

Table G-5. Constituents of resting cell medium (RCM)

RCM 10X M9 salts (N-free)
100 mL 10X M9 salts (N-free) 5.0g NadCl
3.0mL 1M MgS0Os 75.0g NaxHPO4-2 H.0
1.0mL 1M CaCl 30.0g KH2PO4

50.0mL  20% (w/v) glucose

All stock solutions were prepared and sterilized separately. For
resting cell medium preparation, components were mixed under
sterile conditions and filled up to the final volume with sterile dH,0.

G 1.3 Strain cultivation on agar plates

E. coli strains were grown in 4 mL LB-Miller medium supplemented with antibiotic(s) if applicable at 37°C with
shaking (200 rpm; InforsHT Multitron 2 Standard) for 12—-24 h. From this culture, cells were streaked on LB agar
plates (LB-Miller medium containing 1.5% (w/v) bacteriological agar in standard petri dishes [94x16 mm]
supplemented with antibiotic if applicable). Plates were incubated upside down at 37°C for 12-24 h (Heraeus
Function line incubator). Agar plates were stored in the dark at 4°C and E. coli strains propagated every 4—6 weeks

onto freshly prepared agar plates.

G 1.4 Permanent culture preparation

E. coli strains were incubated in 4 mL LB-Miller medium (supplemented with antibiotic if applicable) at 37°C with
shaking (200 rpm; InforsHT Multitron 2 Standard) for 12-24 h. Cell cultures were dispensed into 1.5 mL
Eppendorf tubes and an equal volume of 50% (v/v) glycerol was added. The resulting permanent cultures were

gently mixed, snap-frozen in liquid nitrogen, and stored at -80°C until further use.

G 1.5 Preparation of E. coli cell-free extracts (CFEs)

The optimized expression conditions of individual enzymes for CFE preparation are summarized in G IV.

For standard applications, E. coli strains were incubated in 4 mL LB-Miller medium supplemented with
antibiotic(s) if necessary at 37°C with shaking (200 rpm; InforsHT Multitron 2 Standard) for 12-24 h. The TB
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medium main culture, supplemented with antibiotic(s) if applicable, was inoculated with 1% (v/v) of the
overnight culture and grown at 37°C, 200 rpm until an ODsgo = 0.5 was reached (WPA colourwave, CO7500
Colorimeter). Protein production was performed in the presence of 0.5 mM IPTG at 20-30°C, 150 rpm for 20—
24 h.

Cells were harvested by centrifugation (6 000 x g, 4°C, 15 min; Sigma Laboratory Centrifuge 6k15 or 3k30). The
cell pellet was resuspended in 1/10 volume of the main culture in 50 mM Tris-HCl (pH 7.5; 6.057 g-L' Trizma®
base; T6066, Sigma) and centrifuged. The washed pellet was resuspended in 1/40 volume of the main culture in
50 mM Tris-HCl (pH 7.5). To the resulting cell suspension, 0.1 mM PMSF (17.42 mg-mL? phenylmethanesulfonyl
fluoride in iPrOH; 78830, Sigma) was added to the standard working concentration of 0.1 uM prior to cell lysis,
which was done on ice by sonication (5 s‘min! pulse for 9 min, 40% amplitude; KE76 probe, Bandelin Sonoplus
HD3500). Cell debris were removed by centrifugation (14 000 x g, 4°C, 25 min; Sigma Laboratory Centrifuge 6k15
or 3k30). Insolubles were resuspended in a sufficient volume of 50 mM Tris-HCI (pH 7.5). The total amount of
protein was determined by Bradford assay for both the insoluble fraction and the resulting CFE prior to analysis

by SDS-PAGE. CFEs were stored at 4°C for immediate use or kept at -20°C for long time storage if applicable.

G 1.6 Preparation of E. coli resting cells (RCs)

The optimized expression conditions of individual enzymes for RC preparation are summarized in G IV. The
optimized expression conditions of whole synthetic pathways are described in the corresponding subsection of

the results and discussion chapter.

Routinely, E. coli strains were incubated in 4 mL LB-Miller medium supplemented with antibiotic(s) if applicable
at 37°C with shaking (200 rpm; InforsHT Multitron 2 Standard) for 12—24 h. The main culture, supplemented with
antibiotic(s) if applicable, was inoculated with 1% (v/v) of the preculture culture and grown at 37°C, 200 rpm until
an ODsg = 0.5 was reached (WPA colourwave, CO7500 Colorimeter). Protein production was induced in the
presence of IPTG at 0.5 mM final concentration and performed at 20—30°C, 150 rpm for 20-24 h.

Cells were harvested by centrifugation (6 000 x g, 4°C, 15 min; Sigma Laboratory Centrifuge 6k15 or 3k30). Pellets
were resuspended in 1/10 volume of the main culture in RCM (1% (w/v) glucose, 8.6 mM NaCl, 42.1 mM
NazHPO4, 22 mM KH2P0s, 3 mM MgS0O4, 0.1 mM CaCl2) and centrifuged. The cell pellet was washed and
resuspended in a sufficient volume of RCM until an ODsso = 20.0 was reached. RCs were stored at 4°C up to two

days, changing the RCM once a day.

G .7 Total amount of protein determination by Bradford assay

For routine determination of the total amount of protein, a given protein containing solution was diluted 1:30
with deionized water (dH20). In 96-well plates (PS microplate, flat bottom, Greiner Bio-one), 200 uL of 1:5-diluted
Bradford reagent (Protein Assay Dye Reagent Concentrate; 500-0006, Bio-Rad) were mixed with 5 uL of the pre-
diluted protein solution for 5s (1350 rpm; Heidolph Titramax 1000), and incubated at RT for 15 min. The
absorbance was determined at 595 nm with a plate reader (Anthos Zenyth 3100) and the amount of protein was
determined by bovine serum albumin (BSA) calibration (0—1 mg-mL* albumin from bovine serum; A4503, Sigma).

An example BSA calibration is shown in Figure G-1.
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Figure G-1. Exemplary Bradford assay calibration. Calibration was performed with BSA (0—1 mg-mL™?) in 50 mM Tris-HCI
(pH 7.5). Calibration was done for fresh Bradford reagents and recalibrations performed quarterly.

G 1.8 Sodium dodecylsulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

Routinely, 12% (w/v) polyacrylamide gels with a thickness of 0.75 mm were used and SDS-PAGE was performed
under denaturing and reducing conditions in 1X SDS-PAGE running buffer (25 mM Tris, 192 mM glycine, 35 mM
SDS) at 15-25 mA per gel.

Resolving and stacking gels were prepared as in Table G-8. The resolving gel was covered with iPrOH, which was
removed again prior to pouring the stacking gel on top. Protein samples were denatured with ready-to-use SDS-
PAGE sample buffer (65 mM Tris, 4% (w/v) glycerol, 2% (w/v) SDS, 0.01% (w/v) bromphenol blue, 5% (v/v) B-
mercapto ethanol; Table G-7) at 95°C for 4 min before loaded onto the gel. Whole cell samples were denatured
at 95°C for 10 min. For comparison between different gels, sample loading was either normalized to 10 pg protein
per lane or samples from expressing cultures were collected with their volumes normalized to ODsg = 7.0. The
latter proved most convenient for monitoring protein expression over time. For protein size determination, 5 uL
of prestained protein marker were loaded onto each gel (PageRuler™ Prestained Protein Ladder; 26616, Thermo

Scientific). Gels were stained following the microwave staining procedure in G 1.8.2.

G 1.8.1 Buffer and reagent preparations

All buffer and reagent solutions were prepared following the Mini-Protean® 3 Cell instruction manual (Bio-Rad).

Table G-6. Reagent solutions for SDS-PAGE

30% (w/v) Acrylamide

0, 0, 0,
(30%T, 2.67% C) 10% (w/v) SDS 0.5% (w/v) Bromopehnol blue 10% (w/v) APS

29.2 g acrylamide 1.00g SDS 50.0mg  bromophenol blue 1.00g APS

N’,N’-bis-methylene

0808 acrylamide

The amounts for 30% (w/v) acrylamide account for the preparion of 100 mL final solution. All other reagent amounts
account for the preparation of 10 mL final solution. 10% (w/v) SDS and 0.5% (w/v) bromophenol blue were stored at RT;
the acrylamide solution in the dark at 4°C. 10% (w/v) APS was dispensed in 1 mL aliquots and stored at -20°C.
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Table G-7. Buffer solutions for SDS-PAGE

Resolving gel buffer Stacking gel buffer 10X SDS-PAGE SDS-PAGE
(1.5 M Tris-HCl, pH 8.8) (0.5 M Tris-HCl, pH 6.8) running buffer sample buffer
18.15g  Trizma® base 6.0g  Trizma® base 30.3g Trizma® base 7.1mL dH0
144 g glycine 2.5mL stacking gel buffer
10g SDS 5.0mL glycerol

40mL  10% (w/v) SDS

0.5% (w/v) bromophenol

0.4 mL blue

For resolving gel and the stacking gel buffer, the amounts of Trizma® base account for the preparation of 100 mL fnal solution.
Adjustment of pH was done with 5 M HCI. Both buffer solutions were sterilized prior to use. For 10X SDS-PAGE running buffer, reagents
were dissolved in dH20 and filled up to a final volume of 1 000 mL. For ready-to-use SDS-PAGE sample buffer preparation, 50 puL
B-mercapto ethanol had to be added to 950 uL SDS-PAGE sample buffer. The resulting sample buffer was stored at 4°C.

Table G-8. Polyacrylamide gel (12%) preparation

Resolving gel Stacking gel
2.0mL resolving gel buffer 1.0mL stacking gel buffer
3.2mL  30% (w/v) acrylamide 0.52mL  30% (w/v) acrylamide
2.7mL dH0 244 mL dH.0
80puL  10% (w/v) SDS 40uL  10% (w/v) SDS
40puL  10% (w/v) APS 20pL  10% (w/v) APS
4.0pL TEMED 40puL TEMED

The volumes account for the preparation of two gels. After TEMED and
10% (w/v) APS were added, gels were poured immediately.

G 1.8.2 Microwave staining

After performing electrophoresis, the stacking gel was carefully removed. The resolving gel was covered in a
sufficient volume of dH>0 and incubated at 750 W for 1 min in the microwave. The gel was slightly shaken at RT
for 2 min (PSU-10i, Grant-bio). The gel was submerged in fresh dH20, incubated at 500 W for 1 min, and shaken
at RT for 2 min. The water was discarded. The gel was covered in dying solution (SimplyBlue™ SafeStain; LC6065,
Novex®) and incubated at 350 W for 45 s. The gel was slightly shaken at RT for 5 min. The dying solution was
discarded and the gel was washed in dH20 with shaking for 10 min. Finally, the gel was preserved in 20% (w/v)

NaCl, usually overnight, and scanned for documentation.

G 1.9 Transformation of competent E. coli cells

Unless noted otherwise, all steps were carried out on ice under sterile conditions. Both freshly prepared
competent cells using CaClz (G 1.9.1) and RbCl competent cells from bulk preparation (G 1.9.2) were used for
routine transformations. Freshly prepared competent cells using RbCl (G 1.9.3) were used for more delicate

transformations such as vector constructions by SLIC methods (G 11.2).

G 1.9.1 Chemical transformation using CaCl,

A single colony of the E. coli strain to be transformed was incubated in 4 mL LB-Miller medium (supplemented
with antibiotic if necessary) at 37°C with shaking (200 rpm; InforsHT Multitron 2 Standard) for 12—24 h. A fresh

LB-Miller culture (supplemented with antibiotic if necessary) was inoculated with 1% (v/v) of the overnight
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culture and grown to an ODsg = 0.2—0.4. The cell culture was dispensed in 1.5 mL aliquots in Eppendorf tubes
and centrifuged (5 000 rpm = 2 292 x g, 4°C, 10 min; Sigma Laboratory Centrifuge 3k15). The supernatant was
discarded, cells were resuspended in 0.5 mL ice-cold 0.1 M CaCl> (11.1 g-L'}; C4901, Sigma) and incubated for
15 min. Cells were centrifuged, resuspended in 0.1 mL ice-cold 0.1 M CaCl2 and 1 pL of plasmid DNA (with a
concentration of 50-100 ng-pL?) was added. Cells were incubated for 1 h. The heat shock was performed at 42°C
for 1 min (Eppendorf Thermomixer Comfort). Cells were put on ice immediately for 2 min. For recovery, 0.5 mL
prewarmed LB-Miller medium were added and cells were incubated at 37°C with shaking (650 rom; Eppendorf
Thermomixer Comfort) for 1 h. From the resulting solution, 100 pL were plated on prewarmed LB agar plates
supplemented with the appropriate antibiotic. Plates were incubated upside down at 37°C for 12—-24 h (Heraeus

Function line incubator).

For each transformation experiment an empty vector control (positive control) was performed. Additionally,
competent cells incubated without plasmid DNA were plated on both a LB agar plate supplemented with the
appropriate antibiotic (negative control) and without antibiotic (growth control). Transformation efficiencies
were calculated in transformants per pg plasmid DNA using the online tool from

http://www.sciencegateway.org/tools/transform.htm.

G 1.9.2 Bulk preparation of RbCl competent E. coli cells

A single colony of the desired E. coli strain was incubated in 4 mL LB-Miller medium at 37°C with shaking
(200 rpm; InforsHT Multitron 2 Standard) for 12—24 h. A fresh LB-Miller culture (100 mL) was inoculated with 1%
(v/v) of the overnight culture (1 mL) and grown to an ODsgo = 0.35. Cells were harvested by centrifugation
(4 000 x g, 4°C, 10 min; Sigma Laboratory Centrifuge 6k15 or 3k30) and resuspended in 1/5 volume of the main
culture in RF1 buffer (20 mL; 100 mM RbCl, 50 mM MnClz, 30 mM KOAc, 10 mM CaClz, 15% (w/v) glycerol). Cells
were incubated for 15 min, centrifuged, and resuspended in RF2 buffer (10 mM RbCl, 10 mM MOPS, 75 mM
CaCl, 15% (w/v) glycerol) using 1/5 volume of the RF1 suspension (4 mL). Cells were dispensed in 100 uL aliquots

in 1.5 mL Eppendorf tubes, snap frozen in liquid nitrogen and stored at -80°C for further use.

G 1.9.3 Chemical transformation using RbCl

A single colony of the E. coli strain to be transformed was incubated in 4 mL LB-Miller medium (supplemented
with antibiotic if necessary) at 37°C with shaking (200 rpm; InforsHT Multitron 2 Standard) for 12—-24 h. A fresh
LB-Miller culture (supplemented with antibiotic if necessary) was inoculated with 1% (v/v) of the overnight
culture and grown to an ODsg = 0.3—0.4. The cell culture was dispensed in cold 1.5 mL aliquots in Eppendorf
tubes and centrifuged (5 000 rpm = 2 292 x g, 4°C, 10 min; Sigma Laboratory Centrifuge 3k15). The supernatant
was discarded, cells resuspended in 0.3 mL ice-cold RF1 buffer (Table G-9; 100 mM RbCl, 50 mM MnClz2, 30 mM
KOAc, 10 mM CaClz, 15% (w/v) glycerol) and incubated for 15 min. Cells were centrifuged, resuspended in 100 pL
ice-cold RF2 buffer (Table G-9; 10 mM RbCl, 10 mM MOPS, 75 mM CaCl,, 15% (w/v) glycerol), and 1 pL of plasmid
DNA (with a concentration of 50-100 ng-uL) was added. Cells were incubated for 1 h. The heat shock was
performed at 42°C for 1 min (Eppendorf Thermomixer Comfort). Cells were put on ice immediately for 2 min. For
recovery, 0.5 mL prewarmed LB-Miller medium were added and cells incubated at 37°C with shaking (650 rpm;
Eppendorf Thermomixer Comfort) for 1 h. From the resulting solution, 100 uL were plated on prewarmed LB agar
plates supplemented with the appropriate antibiotic. Plates were incubated upside down at 37°C for 12-24 h

(Heraeus Function line incubator). Transformation controls were performed asin G 1.9.1.
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Table G-9. Buffer solutions for RbCl compentent cell preparation

RF1 buffer (pH 5.8) RF2 buffer (pH 6.8)
1.21g RbCl 0.12g RbCl
0.99g MnCl2-2H0 0.21g MOPS
0.294g KOAc 0.11g CaCl2-2H.0
0.148g CaCl;- 2 H.0 7.5g glycerol
15g glycerol

Combine the reagents for the preparation of 100 mL of RF1 and RF2
buffer, respectively. The pH of RF1 was adjusted to 5.8 with 0.2 M
acetic acid; RF2 was adjusted to 6.8 with 1 M NaOH. Both buffers
were sterilized and stored at 4°C.

G 1.10 Plasmid DNA isolation and quantification

Plasmid DNA isoltation was performed according to the GenelET Plasmid Miniprep Kit (KO503) by Thermo

Scientific with the supplied solutions. All purification steps were carried out at RT.

Briefly, a single colony of the E. coli strain harboring the desired plasmid was incubated in 5 mL LB-Miller medium
supplemented with the appropriate antibiotic at 37°C and 200 rpm (InforsHT Multitron 2 Standard) for 12-24 h.
A cell pellet from 4 mL of the overnight culture was harvested in two consecutive centrifugation steps (8 000 x g,
10 min; Sigma Tabletop Centrifuge 1-14) in a 2.0 mL Eppendorf tube. The cell pellet was resuspended in 0.25 mL
cold resuspension solution containing RNase A. To the suspension, 0.25 mL lysis solution were added and the
suspension was thoroughly mixed by inverting. Neutralization solution (0.35 mL) was added and immediately
mixed by inverting. Cell debris and chromosomal DNA were pelleted by centrifugation (>16 000 x g, 5 min; Sigma
Tabletop Centrifuge 1-14). The supernatant was transferred to a supplied spin column by pipetting without
disturbing the precipitate. It was centrifuged at >16 000 x g for 1 min. Two consecutive washing steps with 0.5 mL
washing solution containing EtOH were performed. The flow-throughs were discarded and the column
centrifuged for 1 min to remove residual washing solution. The spin column was transferred to a fresh 1.5 mL
Eppendorf tube. DNase- and RNase-free water (50 uL) was added, incubated for 2 min and the plasmid DNA
eluted by centrifugation at >16 000 x g for 2 min.

The purified DNA was quantified by NanoDrop® (NanoDrop 1000 Spectrophotometer, Thermo Scientific) and

stored at -20°C until further use.

G .11 Restriction enzyme control digestion of plasmid DNA

Restriction enzyme digestions were performed according to the supplier. In the following, the frequently used

control digestion with Ncol (ER0571, Thermo Scientific) is outlined.

Table G-10. Example Ncol digestion mix

Ncol digestion mix Final concentration
1.0uL 10X Tango buffer 1X
0.5uL  DNA (0.5-1.0 pg-uL?) 25-50 ng-ulL?
1.0uL  Ncol (10 U-pL?) 1U-uL?

7.5puL nuclease-free water -

157



Thomas Bayer, Ph.D. Thesis
Experimental Part

The digestion mix was prepared under sterile conditions. The restriction enzyme was added last, gently mixed,
and spun down for a few seconds using a bench top centrifuge. The mixture was incubated at 37°C for 2-3 h
(Heraeus Function line incubator). Thermal inactivation of Ncol was performed at 65°C for 20 min (Grant BTA
thermoblock). The mixture was analyzed on a 1% (w/v) agarose gel. Therefore, a sufficient volume of agarose gel
depending on the gel size was prepared. For routine use, agarose (A9539, Sigma) was dissolved in 1X TAE (40 mM
Tris, 18 mM CH3COOH, 1 mM EDTA) in the microwave. Evaporated water was replaced, the agarose was cooled
to 45°C, 10 000X gel stain (SYBR® Safe DNA gel stain; S33102, Thermo Scientific) added to 1X final concentration,
and the gel was poured immediately. To 5 pL of the digestion mixture, 1 uL of 6X DNA gel loading dye (R0611,
Thermo Scientific) was added, spun down, and loaded onto the agarose gel. For determination of DNA fragment
sizes, 3-5 puL of DNA marker (GeneRuler™ 1kb DNA Ladder; SM01313, Thermo Scientific) were loaded.
Electrophoresis was performed in 1X TAE (40 mM Tris, 0.35% (v/v) acetic acid, 1 mM EDTA) at 90-120 V. DNA
fragments were visualized by exposure to UV light (GelDoc 2000, Bio-Rad).

Table G-11. Preparation of 50X TAE

50X TAE

242 g Trizma® base
57.1mL glacial acetic acid

100 mL 0.5 M EDTA (pH 8.0)

Reagents were combined for 1 L
buffer. No sterilization needed.

G 1.12 Ethanol (EtOH) precipitation of DNA

The total volume of the DNA containing solution was determined and 1/10 of this volume of 3 M NaOAc (pH 5.2;
246.1 g-L'%; S2889, Sigma) was added. Afterwards, 2.5 times of the combined volume of ice-cold, absolute EtOH
were added. DNA was precipitated at -20°C for at least 2 h, preferably overnight. It was centrifuged at 17 000 x g,
4°C for 10-15 min. The supernatant was carefully removed without disturbing the DNA pellet. It was washed
with 1 mL ice-cold 70% (v/v) EtOH, centrifuged, the EtOH carefully discarded and the pellet dried completely, for
example, by evaporation at 30°C, <30 mbar for 30 min (Christ Speedvac RVC 2-25 CD plus and Alpha 2-4 LD plus).

The DNA pellet was dissolved in 50 pL nuclease-free water. The quality of DNA gel electrophoresis as described
in G 1.11. Optionally, DNA concentration was determined by NanoDrop® and quality checked by the Azeo/A2s0

absorbance ratio also measured by NanoDrop® as described in G 1.10.

G 1.13 Gradient PCR

The gradient PCR procedure was used to determine the optimal annealing temperature for primer pairs for target
gene amplification. For the amplification of PCR products <2 kb and >2 kb, the Pfu* DNA polymerase (E1118,
Roboklon) and the OptiTag (E2600, Roboklon) were used, respectively. The PCR mix preparations are given in
Table G-12. The DNA polymerase was added last, spun down and the PCR mix dispensed in 6 plLaliquotsin 0.2 mL
PCR tubes (PP PCR tube, 0.2 mL, flat cap; 683201, Greiner Bio-one). The aliquots were spun down and the
gradient PCR performed for eight temperatures per run between 40—-69°C (MyCycler™ thermal cycler, Bio-Rad)
with heated lid (95°C). The thermal cycle conditions for Pfu* and OptiTaq are given in Table G-13.
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. . Final . . Final
Pfu’ PCR mix concentration OptiTag PCR mix concentration
5.0 uL 10X Pfu buffer 1X 5.0uL 10X Pol B buffer 1X
. 0.2 mM each . 0.2 mM each
2.0uL  dNTP mix (5 mM each) dNTP 2.0uL  dNTP mix (5 mM each) dNTP
2.5uL  fwd primer (5 uM) 0.25 uM 2.5uL  fwd primer (5 uM) 0.25 uM
2.5uL  rev primer (5 uM) 0.25 uM 2.5uL  revprimer (5 uM) 0.25 uM
template DNA (50— 4 template DNA (50— 4
1.0 pL 100 ng-ul) 1-2 ng-ulL 1.0 pL 100 ng-ul) 1-2 ng-pl
1.0uL  DMSO 2% (v/v) 1.0ulL  DMSO 2% (v/v)
Pfu* polymerase OptiTag polymerase
0.5 uL (5 U-ulY) 25U 0.5 uL (5 U-pl?) 25U
35.5uL  nuclease-free water - 35.5uL  nuclease-free water -
Table G-13. Thermal cycle conditions for Pfu* and OptiTag
PCR step Temperature . No. of PCR step Temperature . No. of
o Time . o Time
(Pfu*) [°C] cycles (OptiTaq) [°C] cycles
Initial -~ 95 5 min 1 Initial 95 5 min 1
denaturation denaturation
Denaturation 95 30s Denaturation 95 40s
Annealing 30-69 30s 30 Annealing 30-69 30s 30
Extension 72 1 min/1 kb Extension 72 1 min/1 kb
Terminal 72 5 min 1 Terminal 72 10 min 1
extension extension
Hold 4 oo 1 Hold 4 oo 1

To 6 pL PCR reaction, 1.2 uL of 6X DNA gel loading dye (R0611, Thermo Scientific) were added, spun down, and
loaded onto the agarose gel. Amplification products were analyzed on a 1% (w/v) agarose gel as described in

G 1.11. For following experiments, the PCR was repeated with the 50 pL PCR reaction mix at optimal annealing

temperature.

G 1.14 Colony PCR

For colony PCR, the GoTaq® polymerase (M3001) from Promega was used. Therefore, the following mixture was

prepared:

Table G-14. Colony PCR mix

GoTaq® DNA polymerase mix

Final concentration

10.0 uL
2.0 uL
2.5uL
2.5uL
1.0puL
0.5uL

32.5uL

5X GoTag® reaction buffer

dNTP mix (5 mM each)

fwd primer (5 uM)
rev primer (5 uM)
DMSO

GoTaq® DNA polymerase (5 U-uL?)

nuclease-free water

1X

0.2 mM each dNTP

0.25 uM

0.25 uM

2% (v/v)
25U
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The polymerase was added last, the PCR mix was spun down and dispensed in 6 pL aliquots in 0.2 mL PCR tubes
(PP PCR tube, 0.2 mL, flat cap; 683201, Greiner Bio-one). To verify the insertion of target DNA into the target
vector, routinely, 8 colonies potentially harboring the target plasmid were picked with a 10 pL pipette tip from
an agar plate supplemented with the appropriate antibiotic. Each clone was transferred onto a replica plate. The
pipette tips with a colony were dipped into a PCR mix aliquot and let stand for 1 min at RT. It was pipetted up
and down twice before removing the tip. The aliquots were spun down and the PCR performed under the

following thermal cycle conditions (MyCycler™ thermal cycler, Bio-Rad):

Table G-15. Thermal cycle conditions for GoTag®

PCR step Temperature Time No. of
(GoTaq®) [°C] cycles
Initial .
denaturation % 10 min !
Denaturation 95 30s
Annealing 40-69 30s 35
Extension 72 1 min/1 kb
Termln.al 72 variable 1
extension
Hold 4 oo 1

To 6 pL PCR reaction, 1.2 uL of 6X DNA gel loading dye (R0611, Thermo Scientific) were added, spun down, and
loaded onto the agarose gel. Amplification of the insert DNA was analyzed on a 1% (w/v) agarose gel as described
in G 1.11. The plasmid DNA of positive clones was isolated from the corresponding colonies on the replica plate

as described in G 1.10 and sent for sequencing.
G 1.15 Protein purification methods

G 1.15.1 Semi-purification of temperature stable proteins by heat shock (HS)

Cells were cultivated and enzyme production performed under optimized conditions as summarized in G V. Cells
were harvested by centrifugation at 6 000 x g, 4°C for 20 min (Sigma Laboratory Centrifuge 6k15 or 3k30),
resuspended in 50 mM glycylglcine (GlyGly) buffer (pH 8.0; 6.6 g-L™* GlyGly), frozen at -20°C, and thawed on ice.
For cell lysis, 72 pL lysozyme (10 mg-mL? dissolved in 10 mM GlyGly buffer), 4 uL 0.25 M EDTA (pH 8.0), 1 uL
benzonase (1 kU-mL?), and 1 uL PMSF per mL cell suspension were added. Lysis was performed at 37°C with
vigorous shaking (350 rpm) at for 1 h. Lysed cells were incubated at 70°C for 30 min and centrifuged (16 000 x g,
4°C for 25 min). The supernatant containing thermostable proteins was transferred into a round bottom flask,

snap frozen in liquid N2, and lyophilized under high vacuum (Christ Gamma 2-20 lyophilizer).

G 1.15.2 Purification of 6xHis-tagged enzymes by IMAC

For purification, HisTrap™ FF prepacked Ni Sepharose™ columns (1 mL) were used (17-5255-01, GE Healthcare)
and performed as follows: The prepacked (and precharged) column was washed with 5 mL dH>0 and 5 mL binding
buffer (50 mM Tris-HCI, 40 mM imidazole, 0.5 M NaCl; pH 7.5). CFEs were prepared according to G 1.5, 1:5-
diluted with binding buffer, PMSF added, and filtered through a 0.2 um celluloase acetate syringe filter. Diluted
CFEs were slowly loaded onto the column. The column was washed with 10 mL binding buffer. Elution was done
with elution buffer (50 mM Tris-HCI, 0.25 M imidazole, 0.5 M NaCl; pH 7.5). Fractions were collected in 2 mL

tubes. The flow-through during sample loading and washing was collected and analyzed as well. Fractions were
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analyzed by SDS-PAGE and eluates containing the target protein pooled and concentrated with a centrifugal
membrane concentrator (10 kDa MWCO; UFC901024, Millipore).

After five purifications, the column was stripped and recharged. Therefore, the column was purged with 5 mL
dH20 and 10 mL stripping buffer (50 mM Tris-HCI, 50 mM EDTA, 0.5 M NaCl; pH 7.5). The column was washed
with 5 mL binding buffer and 10 mL dH20. For recharching, 0.5 mL of 0.1 M Ni2SO4 solution (nickel sulfate
heptahydrate; 203890, Sigma) were loaded. The preparation of all reagent and buffer solutions is given in Table
G-16.

Table G-16. Reagent and buffer solutions for IMAC

Binding buffer Elution buffer Stripping buffer Recharging solution
(pH 7.5) (pH 7.5) (pH 7.5) ging
6.06g  Trizma® base 6.06 g  Trizma® base 6.06g Trizma® base 2.80g Ni2SO4-7H,0
. . 0.5 M EDTA
2.72g imidazole 17.02g imidazole 100 mL (pH 8.0)
29.2g Nadcl 29.2g NaCl 29.2g Nadl

For preparation of the recharching solution, Ni»SOs - 7 H20 was dissolved in 80 mL dH»0 and filled up to 100 mL. All
solutions and dH.O for washing were filtered (0.2 um cellulose acetate) before loading onto the column.

G I Materials and methods:

(Advanced) cloning techniques

All reagents were purchased from commercial suppliers and used without further purification. Standard
equipment and consumables were either sterile upon purchase or sterilized prior to use by autoclaving (121°C,
15 min, elevated pressure; Tuttnauer 2540EL autoclave). Unless otherwise noted, all reagent and media solutions
were sterilized prior to use by autoclaving (121°C, 20 min, elevated pressure; Tuttnauer 2540EL autoclave).

DNase- and RNase-free water was used throughout all protocols concerning DNA manipulations.

HPLC purified PCR primers were ordered from Sigma. Unless noted otherwise, primers were prepared as 100 uM

stocks in nuclease-free water from which 5 uM working dilutions were prepared.

Sequencing was performed by LGC Genomics using the T7prom fwd and T7term rev sequencing primers provided
by LGC for routine sequencing. Alternatively, Sanger sequencing was performed by Microsynth using the same

standard primers.

G 1.1 Optimized ‘Florida’ cloning

The Florida cloning procedure is an optimized, classical molecular cloning procedure employing restriction

enzymes to create matching DNA overhangs that can be ligated by ligases.

G I1.1.1 PCR amplification and purification of target insert DNA

PCR was used to amplify the gene of interest (MyCycler™ thermal cycler, Bio-Rad) by employing Pfu* DNA
polymerase (E1118, Roboklon). If necessary, the optimal annealing temperature of the gene-specific primer pair
containing the desired restriction enzyme sites for subsequent directional cloning was determined by gradient
PCR as described in G 1.13. The success of amplification was determined by DNA gel electrophoresis as described
in G 1.11 using 5 pL of the reaction mix after PCR.
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For purification, the Wizard® SV Gel and PCR Clean-Up System Kit (A9282, Promega) was used. Briefly, an equal
volume (usually 45 L) of membrane binding solution was added to the remaining PCR reaction. A minicolumn
was added into the collection tube and the prepared PCR product mixture incubated on the minicolumn at RT
for 1 min. It was centrifuged at >16 000 x g for 1 min (Sigma Tabletop Centrifuge 1-14). The flowthrough was
discarded and the minicolumn washed with 0.7 mL membrane washing solution containing EtOH. The washing
step was repeated with 0.5 mL membrane washing solution and it was centrifuged for 5 min. The flowthrough
was discarded again and it was centrifuged for 1 min to remove residual washing solution. The minicolumn was
transferred to a sterile 1.5 mL Eppendorf tube, 50 pL of DNase- and RNase-free water were added and incubated
at RT for 1 min. The DNA was eluted by centrifugation at >16 000 x g for 1 min and kept at 4°C and -20°C for
immediate use and long-time storage, respectively. Before subsequent cloning, 5 uL of purified DNA were
analyzed on a 1% (w/v) agarose gel as described in G 1.11. Optionally, DNA concentration was determined by

NanoDrop®.

G I1.1.2 Trimming of target insert DNA

Unless otherwise noted, trimming was achieved by using a restriction enzyme (double) digestion taking
advantage of the introduced restriction enzyme sites via PCR as described in G 11.1.1. (Double) digestions were
performed in accordance to the optimal conditions suggested by suppliers. Trimmed DNA was purified as
described in G 11.1.1.

G I1.1.3 Restriction enzyme (double) digestion of target vector and gel purification

The target vector DNA was (double) digested to create overhangs matching the trimmed target DNA insert. The
digested target vector was separated on 1% (w/v) agarose as described in G 1.11. The linearized vector DNA was
visualized by exposure to UV light in preperative mode (UV Transilluminator 2000, Bio-Rad) and the
corresponding band cut out with a sterile scalpel. The gel slice was transferred to a sterile 1.5 mL Eppendorf tube
and frozen either at -80°C for 30 min or -30°C for 1.5 h. The gel slice was thawed at 37°C and 550 rpm (Eppendorf
Thermomixer Comfort) for 15 min and centrifuged at 17 000 x g, 4°C for 10 min (Sigma Laboratory Centrifuge
3k15). The supernatant was transferred to a fresh tube. The remaining gel slice was mixed with 100 uL nuclease-
free water, the gel slice disturbed with a pipette tip, frozen and thawed again. It was centrifuged at 17 000 x g,
4°C for 10 min. The volume of the combined supernatants was determined and DNA precipitated by EtOH

precipitation as described in G 1.12.

G I1.1.4 Sticky end ligation of target insert and vector DNA

For sticky end ligation, the T4 DNA ligase (EL0014) from Thermo Scientific was used. Therefore, the following

reaction mixture was prepared:

Table G-17. Sticky end ligation mix

T4 DNA ligation mix Final concentration
2.0uL 10X T4 DNA ligase buffer 1X
1.0puL linearized vector DNA (20-100 ng-uL?) 1-5 ng-uL?
1.0/4.0uL trimmed insert DNA Varying
0.5uL T4 DNA ligase (5 Weiss U-uL?) 2.5 Weiss U

12.5/15.5uL nuclease-free water -
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Routinely, 1:1 and 1:4 volumetric mixtures of vector and insert were prepared. The ligase was added last, the
mixtures spun down and incubated at RT (22—-26°C) for 20 min. Up to 5 pL of each mixture were used for the

transformation of 50 pL chemically competent cells.

G 11.1.5 Chemical transformation

Transformation of chemically competent cells was performed as described in G 1.9.1.

G I1.1.6 Plasmid assembly verification by colony PCR

Routinely, 8 colonies were picked from agar plates supplemented with the appropriate antibiotic. Colony PCR
was performed as described inin G 1.14 and the plasmid DNA of positive clones was sent for sequencing. Plasmid

DNA isolation was performed according to the proceudre in G 1.10.
G 1.2 Sequence- and ligation-independent cloning (SLIC) methods

G I1.2.1 FastCloning (FC)

FCis an in vivo DNA assembly method and was used in this thesis to construct functional plasmids by joining two

DNA fragments via homologous DNA overhangs.[®”]
G 11.2.1.1 Primer design

The desired plasmid harboring the target gene was assembled in silico using the software Geneious® 6.1.8. Primer
pairs for both the plasmid backbone and the target insert were designed fulfilling the following criteria: Primers
had a total length of <45 of which 210 bp were matching the DNA sequence to be amplified and 215 bp contained
homologous overhangs for directed assembly of DNA fragments. Primers contained terminal GC pairs and had a
GC content of roughly 50%. The estimated Tm can be 265°C as calculated by the software since annealing is solely

directed by the oligonucleotide portion specific for the target DNA.
Designed primer sequences are given in the corresponding cloning procedures and summarized in Table H-1.
G 11.2.1.2 PCR amplification and processing of target DNA fragments

The optimal annealing temperatures for each primer pair and the corresponding DNA template were determined
by gradient PCR and the amplification products were analyzed on 1% (w/v) agarose as described in G 1.13. The
PCRs were repeated at optimal annealing temperatures. The amplified backbone and the target insert DNA were
mixed in volumetric backbone to insert-ratios of 1:0, 1:1, 1:4, and 1:10. To destroy methylated DNA templates
from previous PCRs, the mixtures were applied to Dpn/ (FD1703, Thermo Scientific) digestion. The 1:0-mixture

served as Dpnl digestion control for subsequent transformation.

Table G-18. Dpnl digestion mix for two unpurified PCR products

FastDigest® Dpnl mix Final concentration

2.0puL 10X FastDigest® buffer 0.67X*
5-8.0 uL  amplified target insert DNA -
2-5.0uL  amplified backbone DNA -

1.0pL  Dpnl -

17.0uL  nuclease-free water -

* Only 2 pL of 10X buffer required for unpurified PCR product in a
30 pL reaction volume according to the supplier.
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Dpnl digestion was performed at 37°C for 10 min and the enzyme was inactivated at 80°C for 5 min. Each DNA
mixture was purified using the Qlquick® PCR Purification Kit (28104, QIAGEN). Briefly, five volumes of binding
buffer (QlAquick PB buffer) were added to one volume of each DNA mixture. Optionally, 10 uL 3 M NaOAc (pH
5.0; 408.2 g-L'* NaOAc - 3 H20; $8625, Sigma) were added if the color of the mixture was orange or violet. The
minicolumn was placed in a 2.0 mL collection tube. It was centrifuged at 216 000 x g for 1 min (Sigma Tabletop
Centrifuge 1-14) and the flow-through discarded. For washing, 0.75 mL washing buffer (QlAquick PE buffer) were
added and centrifuged for 1 min. The flow-through was discarded and the minicolumn centrifuged again for
1 min to remove residual washing buffer. The minicolumn was transferred to a sterile 1.5 mL Eppendorf tube.
For DNA eluation, 30 pL nuclease-free water were added onto the minicolumn, incubated at RT for 2 min and
centrifuged. Optionally, 0.5 uL of 6X DNA loading dye (R0611, Thermo Scientific) were added to 2.5 pL of DNA

mixture and purity checked by DNA electrophoresis on 1% (w/v) agarose as described in G 1.11.
G 11.2.1.3 In vivo assembly of DNA fragments

Chemically competent E. coli TOP10 were prepared using RbCl. For transformation, 4 pL of DNA mixture per
100 pL competent cells were used. Preparation of chemically competent cells and transformation was performed
as described in G 1.9.3. After recovery, 0.1 mL and 0.4 mL of the resulting cell culture, respectively, were plated
on prewarmed LB agar plates supplemented with the appropriate antibiotic. Plates were incubated upside down
at 37°C for 16-24 h (Heraeus Function line incubator). Besides the negative control described above,

transformation controls were performed as in G 1.9.1.

Colony PCR was performed as described in G 1.14 to verify the presence of target insert DNA. Plasmid DNA was

then isolated from positive TOP10 clones according to G 1.10 and sent for sequencing.

E. coli BL21(DE3) cells were transformed as described in G 1.9.1 for subsequent expression studies.

G I1.2.2 Seamless and ligation-independent cloning extract (SLiCE) approach

SLIiCE is an ex vivo DNA assembly method and was used in this thesis to construct ready-to-transform plasmids

from up to three DNA fragments.®”!
G 11.2.2.1 SLIiCE preparation

A preculture of E. coli TOP10 was prepared in 20 mL 2X YT medium (pH 7.0; 16 g-L! tryptone, 10 g-L? yeast
extract, 5 g-L™* NaCl) in a 100 mL baffled flask at 37°C with shaking (200 rpm; InforsHT Multitron 2 Standard)
overnight. For the main culture, 100 mL 2X YT medium were inoculated with 2 mL preculture in a 500 mL baffled
flask. Cells were grown at 37°C with shaking (200 rpm) until an ODsgo = 3.0 was reached (WPA colourwave,
CO7500 Colorimeter). The remaining culture was harvested by centrifugation at 5 000 x g, 4°C for 20 min (Sigma
Laboratory Centrifuge 6k15 or 3k30). The supernatant was discarded, the pellet washed with 100 mL ice-cold
dH20 and centrifuged at 5 000 x g, 4°C for 20 min. The supernatant was discarded again and the wet weight of
the cell pellet determined. The cell pellet was resuspended in 0.3 mL CelLytic™ B Cell Lysis Reagent (B7435,
Sigma) per 0.25 g cell pellet. It was briefly vortexed (IKA® Vortex 4 basic), spun down and cells were transferred
into a sterile 1.5 mL Eppendorf tube. Lysis was performed at RT for 10 min. Lysates were centrifuged at
20 000 x g, RT for 3 min (Sigma Laboratory Centrifuge 3k15). The supernatant was carefully transferred into a
new 1.5 mL tube and mixed with an equal volume of glycerol (G9012, Sigma). The SLiCE was dispensed into 50 pL
aliquots in 0.5 mL tubes and stored at -80°C.

G 11.2.2.2 Primer design

The desired plasmid harboring the target gene(s) was assembled in silico using the software Geneious® 6.1.8.

Primer design followed the rules described in G 11.2.1.1.
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G 11.2.2.3 Preparation of DNA fragments for assembly by SLiCE

DNA fragments were PCR amplified with homologous overhangs for directed assembly as in the FC procedure
(G 11.2.1). After amplification of all DNA fragments at optimal annealing temperatures, the target insert(s) and
the backbone DNA were mixed in volumetric ratios of 1:(1):1 and 4:(4):1 [insert #1:(insert #2):backbone] and the
mixtures applied to Dpn/ (FD1703, Thermo Scientific) digestion to destroy methylated DNA templates from
previous PCR. The Dpnl digestion mix for two DNA fragments was prepared as decribed above (Table G-18) and
is given below for three DNA fragments. For later negative controls, additionally, the backbone DNA was digested
both without any insert DNA if assembling two fragments and with one DNA insert of choice if assembling three

fragments, respectively.

Table G-19. Dpnl digestion mix for three unpurified PCR products

FastDigest® Dpnl mix Final concentration

2.0puL 10X FastDigest® buffer 0.67X*
3-4.0puL amplified DNA insert #1 -
3-4.0puL  amplified DNA insert #2 -
1-3.0uL  amplified backbone DNA -

1.0puL  Dpnl -

8.0uL  nuclease-free water -

* Only 2 L of 10X buffer required for unpurified PCR product in a
30 pL reaction volume according to the supplier.

Dpnl digestion was performed at 37°C for 10 min and Dpnl inactivated by heating at 80°C for 5 min. Each DNA
mixture was purified using the Qlquick® PCR Purification Kit (28104, QIAGEN).

G 11.2.2.4 SLiCE reaction

The 10X SLiCE buffer (0.5 M Tris-HCIl, 0.1 M MgClz, 10 mM DTT; pH 7.5) wasthawed prior to use. The SLiCE

reaction mix was prepared as given in the table below:

Table G-20. SLiCE reaction mix

SLiCE assembly mix Final concentration 10X SLIiCE buffer (pH 7.5)
1.0uL 10X SLiCE buffer 1X 0.605g Trizma® base
4-7.0 uL  DNA fragment mix - 0.095g MgCl
1.0uL  ATP (10 mM) 1mM 0.015g DTT
1.0puL  SLICE (from TOP10) 10% (v/v)

0-3.0uL  nuclease-free water -

Amounts for the 10X SLiCE buffer are for the preparation of 10 mL. The buffer was filter-sterilized
(0.2 um cellulose acetate), dispensed into 1 mL aliquots, and stored at -20°C

The extract was added last, the assembly mix spun down, and incubated at 37°C for 1 h. For direct transformation
of E. coli BL21(DE3) cells, 1-2 pL of the SLiCE reaction mix were used per 50 uL of competent cells. Preparation
of competent cells and transformation were performed as described in G 1.9.3. For plasmid assembly verification,
colony PCR was performed as described in G 1.14. Plasmid DNA was isolated from positive E. coli BL21(DE3)

clones according to G 1.10 and sent for Sanger sequencing.
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G Il Materials and methods:

Biotransformations

G lll.1 Biotransformations employing CFEs

Enzyme production was performed under optimized expression conditions for single enzymes as summarized in
G IV. The preparation of CFEs was conducted as described in G 1.5 and the total amount of protein determined

asin G 1.7. Prior to biotransformations, protein production was checked by SDS-PAGE as in G 1.8.

Routinely, biotransformations were performed in 2.0 mL total volume containing 5 mg-mL? CFE and 4 mM
substrate. For biotransformations employing a redox enzyme, 4.25 mM of the appropriate cofactor were added
from 100 mM stock solutions. Biotransformations were performed in 50 mM Tris-HCI (pH 7.5). The

biotransformation mix was prepared as follows:

Table G-21. Biotransformation mix using CFEs

Biotransformation mix Final concentration
xuL  CFE (usually 7-35 mg-mL?) 5 mg-mL?
80 uL  substrate (100 mM) 4mM
85uL  cofactor (100 mM) 4.25 mM

yuL  Tris-HCI (50 mM; pH 7.5)

The substrate was added last. Immediately after adding the substrate, 100 pL of a to" sample were taken and
added to 200 pL of EtOAc containing 1 mM of methylbenzoate (115 pL-L'Y; 10785, Merck) as internal standard
(1S) in a 1.5 mL Eppendorf tube. The sample was extracted by vortexing at maximal speed for 35 s (IKA® Vortex 4
basic) and spun down for 35 s using a bench top centrifuge. The organic layer was transferred into a fresh 1.5 mL
tube. The sample was extracted a second time with 190 puL EtOAC containing 1 mM IS and 10 pL 2 M HCI. The
combined organic layers were desiccated over Na2SOs and transferred into a 1.5 mL GC vial (548-0003, VWR)
with a 0.1 mL micro-insert (548-0006, VWR). The GC vial was crimped with an aluminium cap with rubber septum
(548-0010, VWR) and the organic phase was analyzed by achiral GC. GC analysis was carried out on a Thermo
Focus GC/FID detector and the method ‘STD_Achiral_100-300_6 min’ used (initial temperature of 80°C, hold
0.5 min; ramp 1 at 40°C-min to 220°C; ramp 2 at 80°C-min* to 300°C, hold 1 min). The injected sample volume
was 1 L.

Samples were then taken immediately after mixing (to"), 2 h, and 24 h as described above.

G 1ll.2 Standard screening conditions: Biotransformations using RCs

Enzyme production was performed under optimized expression conditions for every individual enzyme or
coexpressed enzymes as summarized in G IV and the corresponding subsections of results and discussion
chapters. The preparation of RCs was done as described in G 1.6. Routinely, protein production was checked by
SDS-PAGE as described in G 1.8 for whole cell samples. Usually, 10 uL of RCs were incubated with 40 pL of SDS
sample buffer at 95°C for 10 min and 15 pl of the resulting solution loaded onto the gel.

Routinely, biotransformations with RCs were performed in a total volume of 2.0 mL at ODsg = 10.0 starting with

5 mM substrate. Substrates were added from 100 mM stocks in organic solvent, usually ACN. Consequently,
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biotransformations were performed in the presence of 5% (v/v) organic solvent. The biotransformation mix was

prepared as follows in 8 mL reaction vials:

Table G-22. Biotransformation mix employing RCs

Biotransformation mix Final concentration
1.0mL  RCs (ODsg = 20) ODsgo = 10
0.1 mL  substrate (100 mM) 5mM
0.9mL RCM -

The substrate was added last and screenings were performed at 25°C with shaking (250 rpm). Immediately after
adding the substrate, the vial was closed and inverted five times and a to” sample (100 uL) was taken. The 100 uL
were transferred into a 1.5 mL Eppendorf tube already containing 200 puL of EtOAc supplemented 1 mM of
methylbenzoate (115 uL-L'Y; 10785, Merck) as IS and 10 pL 2 M HCl. The sample was extracted by vortexing at
maximal speed for 35 s (IKA® Vortex 4 basic) and spun down for 1 min. The organic layer was transferred into a
fresh 1.5 mL tube. The sample was extracted a second time with 190 pL EtOAC containing 1 mM IS. The combined
organic layers were desiccated over Na2S0s and transferred into a 1.5 mL GC vial (548-0003, VWR) with a 0.1 mL
micro-insert (548-0006, VWR). The GC vial was crimped with an aluminium cap with rubber septum (548-0010,
VWR) and the organic phase analyzed by achiral GC/FID as before (G 1lI.1).

Samples were usually taken after mixing (to"), 1 h, 2 hor 3 h, 6 h, 15 h, and 24 h as described above. Samples for

HPLC analysis were collected at the same time points as follows:

An aliquot (200 uL) of the reaction mixture was transferred into 1.5 mL Eppendorf tubes and centrifuged
(6 000 x g, 4°C, 10 min; Sigma Laboratory Centrifuge 3k15). The supernatant was transferred into a new 1.5 mL
tube and if not analyzed immediately, stored at -80°C. The supernatant was filtered through a 0.2 um PTFE
membrane syringe filter (4552T, Pall Life Sciences) into a 1.5 mL glass vial equipped with a 0.1 mL micro-insert,
crimped, and analyzed by HPLC. LC/MS analysis was performed by HPLC (Nexera Shimadzu). The injected volume
of the samples was 10 uL. Supernatants were analyzed with the photodiode array detector (PDA) for
guantification of analytes at A = 190 nm; the refractive index (RI) detector and the electrospray ionization (ESI)
ion source with a quadrupole mass analyzer (LC/MS 2020 Shimadzu) for additional confirmation of the
substances and overflow metabolites. Separation was performed with an ROA-Organic Acid H* (8%) column
(150 x 7.8 mm, Phenomenex) with an isocratic flow of 0.5 mL-min™? of 0.1% (v/v) formic acid in water (HPLC

grade).

For HPLC measurement of samples containing extracellular enzymes, for example, protein precipitation was
performed as follows: Supernatants were quenched with two volumes of ice-cold acetonitrile (ACN), snap-frozen
in liquid N2, thawed, centrifuged (18 000 x g, 4°C, 10 min), and filtered through a PTFE (0.2 um) syringe

membrane before analysis.

G IV Strain and enzyme library

The following table summarizes the optimized expression conditions for single enzymes produced in different
hosts in this thesis. If not noted otherwise, precultures were grown in LB-Miller medium and cells cultivated in
TB medium (supplemented with antibiotics if applicable). The procedure for expression in AIM is described in G

V1.3.1.1. The optimized conditions for the coproduction of pathway enzymes in the same host cell are given in
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Table G-23. Growth and expression conditions for all enzymes used in this thesis in alphabetical order

Expression conditions

# Enzyme [ Strain Enlzyme Vector Ma{u:l](er Induce Con'::ﬂ'i:::ion

class r [ODsg0] [°C] [rpm] [h]
1 3FCR / BL21(DE3) w-TA pET22b(+) | amp® IPTG 0.1mM 0.7 20 200 20
2 3GJU / BL21(DE3) w-TA pET22b(+) ampF IPTG 0.1 mM 0.7 20 200 20
3 3HMU / BL21(DE3) w-TA pET22b(+) | amp® IPTG 0.1mM 0.7 20 200 20
4 3i5T / BL21(DE3) w-TA pET22b(+) ampF IPTG 0.1 mM 0.7 20 200 20
5 ADH-A / BL21(DE3) ADH pET22b(+) | amp® IPTG 2mM =12.0 20 120 24
6 ADH-A / DH5a ADH pET22b(+) ampR n.a. n.a. n.a. n.a. n.a. n.a.
7 ADH-ht / BL21(DE3) ADH pET26b(+) kan® IPTG 0.5mM 0.5 20 120 22
8 ADH-ht / DH5a ADH pMA-T ampR n.a. n.a. n.a. n.a. n.a. n.a.
9 ADHu / BL21(DE3) ADH pET21b(+) kan® IPTG 1mMm 0.5 30 120 20
10 ADHpg, / BL21(DE3) ADH pRR cam® IPTG 25 uM 0.3 25 120 22
11 AlkJ / BL21(DE3) ADH pKA1l cam® IPTG 0.5 mM 0.5 25 120 20-22
12 AlkJ / DH5a ADH pGEc47 tet® n.a. n.a. n.a. n.a. n.a. n.a.
13 AlkJ / DH5a ADH pKA1 cam® n.a. n.a. n.a. n.a. n.a. n.a.
14 AlkJ / RARE ADH pKA1 cam® IPTG 0.5mM 0.5 25 120 20-22

Coexpression from
15 AlkJimc / BL21(DE3) ADH pKA1 cam® a-Lac 0.2% (w/v) pKAL_alklimc::fsal-A129S (G
VI.2.4.3)

16 AlkL / BL21(DE3) OMP pCOM ampR DCPK 0.05% (w/v) 0.5-1.0 n.d. n.d. n.d.
17 AIkL / DH5a omP pCOM ampR n.a. n.a. n.a. n.a. n.a. n.a.
18 . AspFum/BL21(DE3) w-TA pET22b(+) | amp® IPTG 0.1 mM 0.7 20 200 20
19 AspTer / BL21(DE3) w-TA pGASTON ampR L-Rhm 0.2% (w/v) 0.7 20 200 20
20 B0014 / DH5a Tsyn pUC57 ampR n.a. n.a. n.a. n.a. n.a. n.a.
21 BS2 / BL21(DE3) Esterase pET28a kanF IPTG 0.5mM 0.2-0.4 25 200 20-24
22 CARw / :(:Izdl(DB - CAR pETDuet-1 | amp® a-Lac 0.2% (w/v) AlM 20 150 20
23 CARwi / RARE CAR pETDuet-1 ampR a-Lac 0.2% (w/v) AlM 20 150 20
24 CARwm /SI::fI(DB)— CAR pETDuet-1 ampR a-Lac 0.2% (w/v) AlM 20 150 20
25 CARwvm / RARE CAR pETDuet-1 ampR a-Lac 0.2% (w/v) AlM 20 150 20
26 DhaK / BL21(DE3) Kinase pRSETa ampR IPTG 0.5 mM 0.5-0.8 30 150 18-22
27 DhaK / DH5a Kinase pRSETa ampR n.a. n.a. n.a. n.a. n.a. n.a.
28 DhaK / RARE Kinase pRSETa ampR IPTG 0.5 mM 0.5-0.8 30 150 18-22
29 DhaKimc / BL21(DE3) Kinase pRSETa ampF IPTG 0.5mM 0.5-0.8 30 150 18-22
30 DhaKime / DH50 Kinase pET22b(+) ampR n.a. n.a. n.a n.a. n.a. n.a
31 FucA / BL21(DE3) Aldolase pKA1 cam® a-Lac 0.2% (w/v) AIM 25 150 20-22
32 FucA / RARE Aldolase pKA1 camf a-Lac 0.2% (w/v) AIM 25 150 20-22
33 FucA / BL21(DE3) Aldolase pKK ampF IPTG 0.1 mM 0.3 25 150 20-22
34 FruA / BL21(DE3) Aldolase pKK ampR IPTG 0.1 mM 0.3 25 150 20-22
35 Fsal /BL21(DE3) Aldolase pET16b ampF IPTG 0.5mM 0.5 30 200 14-18
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36 Fsal /JM109(DE3) Aldolase pET16b ampR IPTG 0.5mM 0.5 30 200 14-18
37 FS;Lé'f(éinj/ Aldolase | pET16b amp® | IPTG 0.5 mM 0.5 30 | 200 @ 14-18
38 F;\‘A’ioAgl(gié)/ Aldolase | pET16b amp® IPTG 0.5 mM 0.5 30 200 | 14-18
39 GDHgyss / BL21(DE3) GDH pET26b(+) kanF IPTG 0.1mM 0.3-0.5 37 150 16-20
40 GDH2zvss / DH50 GDH pET26b(+) kan® n.a. n.a. n.a n.a n.a n.a
41 GDHyyss / BL21(DE3) GDH pET26b(+) kanF IPTG 0.1mM 0.3-0.5 37 150 16-20
42 GDH7xss / DH5a GDH pET26b(+) kan® n.a. n.a. n.a n.a n.a n.a
43 | LK-ADHw.nt / BL21(DE3) ADH pTYB21 ampR IPTG 1mM 0.5 15 150 40
44 LK-ADHn.int / DH5 ADH pTYB21 ampR n.a. n.a. n.a n.a n.a n.a
45 LK-ADHn.int /| ER2566 ADH pTYB21 ampR IPTG 1mM 0.5 15 150 40
46 = MycVan / BL21(DE3) w-TA pGASTON amp® | L-Rhm 0.2% (w/v) 0.7 20 200 20
47 NeoFis / BL21(DE3) w-TA pET22b(+) ampR IPTG 0.1mM 0.7 20 200 20
48 OhyA2 [ BL21(DE3) Hydratase pET28a kan® IPTG 0.1 mM 0.6 16 150 16
49 OhyA2 / DH5a Hydratase pET28a kan® n.a. n.a. n.a n.a n.a n.a
50 PDCap / BL21(DE3) PDC pET22b(+) ampR a-Lac 0.2% (w/v) AIM 20 150 18-20
51 PDCpp / DH50 PDC pET22b(+) ampR n.a. n.a. n.a. n.a. n.a. n.a.
52 PEST / BL21(DE3) Esterase pET21a ampR IPTG 0.25 mM 0.2-0.4 25 200 20-24
53 Pfel / BL21(DE3) Esterase pGASTON ampR L-Rhm 0.2% (w/v) 0.2-0.4 37 200 3
54 Phg’t’z'if[)‘g;” PhoN | pET26b(+) | kan® IPTG 0.5 mM 0.5 37 200 | 56
55 PhoN-Se V78L / DH5a PhoN pMA-T ampR n.a. n.a. n.a n.a n.a n.a
56 P hoa';f(;g)“”/ PhoN | pET26b(+) @ kan® IPTG 0.5 mM 05 37 | 200 @ 56
57 P hONE;f; 1‘?3";23)*““/ PhoN | pET26b(+) | kan® IPTG 0.5 mM 0.5 37 200 | 56
58 PhoN-Sf / BL21(DE3) PhoN pET26b(+) kanF IPTG 0.5mM 3.0 37 200 5
59 PhoN-Sf / DH5a PhoN pET26b(+) kan® n.a. n.a. n.a. n.a. n.a. n.a.
60 PhoN-Sf / RARE PhoN pET26b(+) kanf IPTG 0.5mM 0.5 37 200 5-6
@ (Sg,efd o pewse | pEDwerl  ampt | x| Ozkwp) | COoPIeSionwithCAtsfrom
62 PPtasee: / RARE PPtase pETDuet-1 ampR a-Lac 0.2% (w/v) C%Tzﬁ_pljrﬁzi_cin((\;\;itryiﬁgil;?)m

63 RhuA / BL21(DE3) Aldolase pKK ampR IPTG 0.1mM 0.3 25 150 20-22
64 VfIH6 / BL21(DE3) w-TA pET24b kan® IPTG 0.1mM 0.7 20 200 20
65 YqaB / BL21(DE3) PhoN Dpuce[:_Fl str? IPTG 0.1mM 0.5 25 200 | 14-18
66 YqjM / BL21(DE3) ERED pET21b ampr IPTG 0.1mM (Gvig1l) | 20 120 16
67 YqiM / BL21(DE3) ERED pET22b(+) | amp® IPTG 0.1mM (Gv1.8.1) 20 120 16
69 YqjM / BL21(DE3) ERED pET28a kan® IPTG 0.1mM (Gv1.8.1) 20 120 16
70 YqiM / BL21(DE3) ERED pHT amp® IPTG 0.1mM (Gv1.8.1) 20 120 16
71 YqjM / BL21(DE3) ERED pSF1 ampR IPTG 0.1mM (Gv1.8.1) 20 120 16
72 BL21(DE3) - n.a. n.a. n.a. n.a. n.a 37 200 12-24
73 BL21(DE3) AnemA - n.a. n.a. n.a. n.a. n.a 37 200 12-24
74 BL21(DE3) AnemA - n.a. n.a. n.a. n.a. n.a 37 200 12-24

AfadH
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75 BL21(DE3)-Gold - n.a. n.a. n.a. n.a. n.a. 37 200 12-24
76 BL21(DE3)-Star - n.a. n.a. n.a. n.a. n.a. 37 200 12-24
77 DH5a - n.a. n.a. n.a. n.a. n.a. 37 200 12-24
78 ER2566 - n.a. n.a. n.a. n.a. n.a. 37 200 12-24
79 JM109 - n.a. n.a. n.a. n.a. n.a. 37 200 12-24
80 JM109(DE3) - n.a. n.a. n.a. n.a. n.a. 37 200 12-24
81 TOP10 - n.a. n.a. n.a. n.a. n.a. 37 200 12-24
82 RARE - n.a. n.a. n.a. n.a. n.a. 37 200 12-24

T Antibiotic concentrations (Amp: 100 pg-mL?; Cam: 37 pug-mL?; Cl-Tet: 15 pg-mL?; Kan: 50 pg-mL%; Str: 25 pg-mL?); n.a. = not applicable

G V  ‘Florida’ cloning trouble shooting:
The establishment of a reliable molecular

cloning procedure

Classical molecular cloning employs iterative rounds of restriction enzyme digestion of target DNA fragments and
their ligation by ligases. Both the amount and the purity of linear fragments are crucial for the ligtion efficiency.
Due to poor ligation efficiencies in our lab, a methodic investigation of all cloning steps was executed. For test

cloning, the adh-ht gene was sub-cloned into pET26b(+) utilizing the two restriction sites Ndel and Xhol.

All reagents were purchased from commercial suppliers and used without further purification and were either
sterile upon purchase or sterilized by autoclaving. DNase- and RNase-free water was used throughout all
protocols concerning DNA manipulations. HPLC purified PCR primers were ordered from Sigma. Sequencing was
performed by LGC Genomics using, if not noted otherwise, the T7prom fwd and T7term rev sequencing primers
provided by LGC.

G V.1 The purification of PCR amplified target inserts by commercial kits

The adh-ht gene was PCR amplified as described below (G VI.2.2.1). After PCR, the mixture was split into three
15 pl aliquots and the PCR product purified with the following commercially available kits:

1.  Wizard® SV Gel and PCR Clean-Up System kit from Promega (A9282)

2. innuPREP PCRpure kit from Analytik Jena (845-KS-5010010)

3. GenelET PCR Purification kit from Thermo Scientific (K0699)

The purified PCR products were analyzed on 1% (w/v) agarose as described in G 1.11. All kits performed equally

well according to DNA electrophoresis (Figure G-2).
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Figure G-2. PCR product purification by different commercial kits. The purification of the amplified adh-ht insert
(calculated size: 1.03 kb; experimental: 1.00 kb) performed with PCR purification kits from Promega (1),
Analytik Jena (2), and Thermo Scientific (3).

G V.2 Gel purification of target vector DNA as a crucial step in molecular

cloning

For exemplary subcloning of the adh-ht gene into pET26b(+), the target vector was isolated from E. coli DH5a
transformants by the PureYield™ Plasmid Midiprep System (A2492, Promega). Briefly, 50 mL LB-Miller medium
supplemented with Kan (50 pg-mL?) were inoculated with a single colony of E. coli DH5a/pET26b(+) and grown
at 37°C, 200 rpm overnight. Plasmid DNA was isolated as follows: Cells were pelleted at 5 000 x g, 4°C (Sigma
Laboratory Centrifuge 6k15) for 10 min. Cells were respuspended in resuspension solution (3 mL). Cells were
mixed with cell lysis buffer (3 mL) and lysis performed at RT for 3 min. Neutralization solution was added, the
resulting solution mixed by inversion, and the lysate centrifugated at 16 000 x g, 24°C for 20 min. DNA
purification from the lysate was performed by vacuum filtration according to the supplier. Plasmid DNA was
eluted with 600 pL nuclease-free water by centrifugation (2 000 x g, RT for 5 min; Sigma Laboratory Centrifuge
6k15 with a swinging bucket rotor). DNA concentration (202 ng-uL?) was determined by NanoDrop?®.

G V.2.1 Commercially available kits

For gel purification experiments using commercial kits, 1 ug pET26b(+) was linearized by the restriction enzymes
Ndel and Xhol as described below (G VI.2.2.1). After digestion, vector DNA was separated on 1% (w/v) agarose
by electrophoresis as described in G 1.11. The resulting agarose gel was kept in the gasket, the target DNA band
visualized by exposure to UV light in preperative mode (GelDoc 2000, Bio-Rad), and excised. For subsequent gel

purification, the following kits were used:

1.  Wizard® SV Gel and PCR Clean-Up System kit from Promega (A9282)
2. innuPREP Gel Extraction kit from Analytik Jena (845-KS-5010010)
3.  GenelET Gel Extraction kit from Thermo Scientific (K0699)

Gel purification was performed in triplicates following the corresponding instruction manual, DNA concentration
determined by NanoDrop® after elution, and the presence of linearized plasmid DNA checked on 1% (w/v)
agarose. In contradiction to experimental data provided by the suppliers, gel purification was not successful and

linearized vector DNA could not be recovered by the commercial kits testd (Figure G-3A).

G V.2.2 Agarose gel disruption and EtOH precipitation of vector DNA

For agarose gel purification, 3 ug pET26b(+) were linearized by Ndel and Xhol as described below (G VI.2.2.1).
After digestion, the linearized vector was separated on 1% (w/v) agarose by electrophoresis (G 1.11) and excised.
The gel slice was transferred into a sterile 1.5 mL tube and frozen at -80°C for 30 min. Subsequently, the gel slice
was thawed at 37°C for 10 min with shaking (550 rpm; Eppendorf Thermomixer Comfort), centrifuged
(16 000 x g, 4°C for 10 min), and the supernatant transferred into a fresh 1.5 mL tube. To the remaining gel
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debris, nuclease-free water (100 uL) was added, the gel disturbed with a pipette tip, and frozen/ thawed as
before. After centrifugation (16 000 x g, 4°C for 5-10 min), the volume of the combined supernatants was
determined. DNA precipitation was performed as outlined in G 1.12. The dried DNA pellet was dissolved in 30 pL
nuclease-free and purity checked on 1% (w/v) agarose (Figure G-3B).

A B

Figure G-3. DNA purification and recovery from agarose gels. (A) Commercial kits. (B) Agarose gel disruption and EtOH
precipitation. The vector pET26b(+) was digested (A: 1 ug; B: 3 ug). The presence of the linearized pET26b(+)
was checked before (1) and after purification (2). The undigested vector was loaded as a control (3); 1% (w/v)

agarose.

G V.3 Testing of ligases from different suppliers

For subcloning into pET26b(+), the adh-ht insert was amplified by PCR and digested with Ndel and Xhol as
outlined below (G VI.2.2.1). The ligation mixture was prepared according to Table G-34. Two T4 DNA ligases

were tested:

1. T4 DNA ligase from Promega (M180B)
2. T4 DNA ligase from Thermo Scientific (ELO011)

For sticky end ligation, mixtures were incubated at RT for 3 h and 10 min in the presence of the ligase
(2.5 Weiss U) from Promega and Thermo Scientific, respectively. As a control, linearized pET26b(+) was incubated
accordingly with either of the two ligases in the absence of insert DNA. Transformation of chemically competent
E. coli BL21(DE3) was performed in triplicates as described in G 1.9.1. As expected, transformations with the
control ligation mixture did not grow colonies. The number of colonies after transformation for both ligation

mixtures were comparably high:

In conclusion, the crucial step of Florida cloning was the purification of the linearized pET26b(+) vector DNA and
its recovery by agarose gel disruption and subsequent EtOH precipitation (Figure G-3B). The tested kits for insert
purification after PCR performed comparably well; the short ligation time at RT of only 10 min for the T4 DNA
ligase from Thermo Scientific and the slightly higher transformation efficiency made it superior to the ligase from

Promega under experimental conditions.
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G VI Single enzyme characterizations

G VI.1 Characterization of esterases to prepare primary alcohols in situ

G VI.1.1 Cloning and expression of BS2, Pfel, and PEST

BS2: Esterase from Bacillus subtilis (GenBank: AQZ92317.1)
Genesize: 1494 bp AA:497 SDS-PAGE: 55 kDa (experimental)

Pfel: Esterase from Pseudomonas fluorescens (GenBank: AAB60168.1)
Gene size: 825 bp AA:275 SDS-PAGE: 26 kDa (experimental)

PEST: Esterase from Pyrobaculum calidifontis (GenBank: AB078331.1)
Gene size: 942 bp AA:313 SDS-PAGE: 33 kDa (experimental)

G VI.1.1.1  Cloning and single enzyme expression

The three estereses from B. subtilis (BS2),“%3! P. fluorescens (Pfel),1*%**%% and Pyrobacculum calidifontis VA1
(PEST)“%¢ were cloned and kindly donated by the group of Bornscheuer. According to the plasmid maps provided,
the bs2 gene was subcloned into pET28a(+) by Ndel/Pstl restriction, pfel into pGASTON utilizing the same
restriction enzymes, and pest into pET28a(+) by Ndel/BamHI. BS2 and Pfel bear C-terminal 6xHis tags for
purification. All three esterases were successfully expressed in E. coli BL21(DE3) transformants harboring
pET28a_bs2, pGASTON_pfel, and pET21a_pest, respectively (Figure D-2A-B). Cultivation was performed in TB
medium supplemented with the appropriate antibiotics following the single enzyme expression conditions in

G IV. SDS-PAGA analysis was performed according to G 1.8.

G VI.1.1.2  Functional screening by pNPA assay and substrate acceptance screening

CFEs were prepared as described in G 1.5 and their activities toward pNPA tested (Figure D-2C). The assay was
performed in 50 mM Tris-HCl (pH 7.5) with 0.05 mg-mL CFE containing esterase, 10 mM pNPA in Viotal = 1.0 mL.
The increase in absorption was followed at A = 405 nm, 37°C for 30 min (Anthos Zenyth 3100 plate reader).

Substrate acceptance screenings were performed in RC duplicates s with the appropriate E. coli BL21(DE3)
transformants following the procedure in G 111.2. The esters 2—4a were tested starting at 5 mM substrate loading.

Results are summarized in Table G-24 and shown in detail in Table D-2.

(o] Esterase (o]
—— R7OH *+
PN oA

b

Table G-24. Substrate acceptance screening of BS2 and Pfel after 24 h

Product formation [%]

o)
Substrate  Product
o BS2 Pfel

2a 2b >99 92

©/\' 3a 3b 299 299
o
g 4a ab 299 91
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G VI.2 Characterization of ADHs for the oxidation of primary alcohols to

aldehydes

G VI.2.1 Old friends letting one down: ADH,«x and ADHg,

ADHi:  NADPH-dependent R-specific ADH from Lactobacillus kefir (GenBank: AAP94029.1)
Gene size: 759 bp  AA:252 SDS-PAGE: 27 kDa (experimental)

ADHg::  NADH-dependent S-specific ADH from Rhodococcus ruber (GenBank: CAD36475.1)
Genesize: 1041 bp AA:346 SDS-PAGE: 22 kDa (experimental)

G VI.2.1.1  Cloning and single enzyme expression

Both ADHs were cloned by our cooperation partners from the Bornscheuer group at the Ernst-Moritz-Arndt-

Universitat Greifswald, Germany.

The Ik-adh gene from L. kefir was cloned into pET21b(+) utilizing the Ndel and the BamHI restriction sites. Protein
production was performed according to the expression protocol from the Bornscheuer group without

modifications.

Briefly, 4 mL of LB-Miller medium supplemented with Amp were inoculated with a single colony of E. coli
BL21(DE3)/pET21b(+)_lk-adh and incubated at 37°C, 200 rpm overnight. TB medium supplemented with Amp
was inoculated with 1% (v/v) preculture. Cells were grown at 37°C, 120 rpm until an ODsg = 0.5 was reached.
Protein production was induced with 1 mM IPTG final concentration from a 0.1 M IPTG stock (1.19 g isopropyl B-
D-1-thiogalactopyranoside dissolved in 50 mL dH20) and expression performed at 30°C, 120 rpm for 20 h.

The rr-adh gene from R. ruber including a P77 and a T7 terminator (Tr7) and flanking sequeneces was cloned into
a pACYC-derived vector (in the following called pRR) utilizing unique Ndel and BamHI restriction sites. Protein

production was performed according to the expression protocol from Greifswald without modifications.

Briefly, 4 mL of LB-Miller medium supplemented with Cam were inoculated with a single colony of E. coli
BL21(DE3)/pRR_rr-adh and incubated at 37°C, 200 rpm overnight. TB medium supplemented with Cam was
inoculated with 1/100 culture volume of the preculture. Cells were grown at 37°C, 120 rpm until an ODsg = 0.3
was reached. ZnCl, was added from a 0.1 M stock (13.63 g-L'Y; 793523, Sigma) to 1 mM final concentration. Cells
were incubated with shaking at 25°C for 30 min. Protein production was induced in the presence of 25 uM IPTG

and expression performed at 25°C, 120 rpm for 22 h.

From both cultures, CFEs were prepared (G 1.5) to confirm enzyme production and to determine the distribution
of proteins in soluble and insoluble fractions. The total amount of protein of all samples was determined by
Bradford assay according to G 1.7. Gels were loaded with 10 pg of total protein per lane and SDS-PAGE performed
following G 1.8. Gels were stained with Coomasie Blue G250 (Bio-Rad) overnight and destained with a solution
of dH20, EtOH, and acetic acid in a ratio of 50:40:10 (Figure G-4).
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Figure G-4. Expression of ADHg- and ADHi«. ADHk: expressed as soluble (1) and insoluble (2) protein with the expected
size of 22 kDa. ADH .« expressed as soluble (3) and insoluble (4) protein with the expected size of 27 kDa.

Sample loading normalized to 10 pg total protein per lane.

G VI.2.1.2  Substrate acceptance screening
Biotransformations were carried out in duplicates with CFEs (5 mg-mL) containing ADHix or ADHr:. Substrates

were added to 4 mM final concentration and a slight excess (4.25 mM) of NADP* and NAD* cofactor, respectively.
The substrate acceptance screening was carried out according to G 1ll.1 with compounds 1b, 2b, 3b, 4b, and 5b

(B 1). The results are summarized in Table G-25 and discussed in D 11.2.1 (Figure D-4).

ADH o
R0H — Py
R™H
b c

Table G-25. Substrate acceptance screening of ADH.x and ADHg, after 24 h

Product formation [%]

AN
OH Substrate  Product LK- RR-
ADH ADH

1b 1c (a] 8

©/\ 2b 2c n.c. fal

©/\/ 3b 3c bl bl
©/\O . 4b 4c n.c. n.c.

5b 5c [b] lal

[l Traces of the product detected by GC/FID. [*! <10% of the carboxylic acid
overoxidation product (d); n.c. = no conversion

G VI.2.1.3  Cloning of the adhwx gene into pTYB21 and expression of N-terminally intein-tagged enzyme
The untagged adhw gene was amplified from the pET21b(+) template with the following primers:

LKSapl fwd: 5’-GGTGGTTGCTCTTCCAACATGACTGACCGTTTG-3’
LKNcol rev: 5’-GGTCCATGGCTATTGAGCAGTGTAG-3’

The preparation of the PCR mixture and the thermal cycle conditions are summarized in Table G-26 and Table

G-27, respectively.
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Table G-26. PCR mix for Ik-adh amplification

Pfu* PCR mix Final concentration
5.0 uL 10X Pfu* buffer 1X
2.0uL  dNTP mix (5 mM each) 0.2 mM each dNTP
2.5uL  LKSapl fwd (5 uM) 0.25 uM
2.5uL  LKNcol rev (5 uM) 0.25 uM
1.0uL  pET21b(+)_lk-adh (50 ng-uL?) 1ng-pL?
1.0yl DMSO 2.0% (v/v)
0.5uL  Pfu* polymerase (5 U-pL?) 25U

35.5uL  nuclease-free water -

Table G-27. Thermal cycle conditions for lk-adh amplification

PCR step Temperature Time No. of
(Pfu*) [°C] cycles

Initial .
denaturation % 2 min !
Denaturation 95 30s
Annealing 63.4 20s 30
Extension 72 47 s
Terminal 72 2 min 1
extension
Hold 12 oo 1

PCR yielded a single amplification product of expected size (calculated: 0.76 kb; experimental: 0.8 kb) analyzed
on 1% (w/v) agarose. The PCR product was purified with the Wizard® SV Gel and PCR Clean-Up Kit (Promega).
Subsequently, the /k-adh coding fragment was double digested in CutSmart® buffer with Sap/ (R0569, NEB) and
Ncol (R0193, NEB) at 37°C for 1 h. The target vector pTYB21 (IMPACT™ Kit, E6901S, NEB) was double digested
accordingly (Table G-28). The restriction enzymes were inactivated at 65°C for 20 min. Both the trimmed /k-adh
insert and the lineraized vector were purified with the Wizard® SV Gel and PCR Clean-Up Kit as before. Insert and
vector were ligated by T4 ligase (Fermentas) at 22°C for 1 h (Table G-29). The construct was transformed into
RbCl-competent E. coli BL21 (DE3) cells as described in G 1.9.3. The plasmid DNA from five putative positive
clones was isolated using the GenelET Plasmid Miniprep Kit (Thermo Scientific) and submitted to Pvull (ER0631,
Thermo Scientific) control digestion at 37°C for 2.5 h in accordance to G |.11. Pvull digestion produced the
expected DNA fragments from the putative pTYB21_intein-CBD:adh.k construct (4.05 kb, 3.37 kb, 0.75 kb, and
0.09 kb; Figure G-5). Finally, the sequence of plasmid DNA isolated from clone #3 (referred to as Int-LK3) was
confirmed by Sanger sequencing (Figure G-6; H 1.1.3.4).

Table G-28. Sapl/Ncol double digestion

Double digestion mix Final concentration
2.0uL  CutSmart® buffer 1X
2.0/11.0uL  pTYB21 (0.5 pg-uL?) /insert 50 ng-pLt/ -
1.0uL  Sap/ (10 U-pL?) 0.5U
1.0uL  Ncol (10 U-pL?) 05U

14.0/5.0 uL  nuclease-free water -
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Table G-29. Ligation of pTYB21_intein-CBD:adhuwx

T4 DNA ligation mixtures Final concentration
1.0uL 10X T4 DNA ligase buffer 1X
1.0uL linearized vector DNA (30 ng-uL?) 3.0 ng-uL?

1.0/4.0uL trimmed insert DNA -
0.5uL T4 DNA ligase (5 Weiss U-uL?) 2.5 Weiss U

6.5/3.5uL nuclease-free water -

[kb] 1 23 4 5 6

10.0

6.00 | . -
4.00 bd A
3.00 — - - .-

2.00 W
150 W=
1.00 -
075 W=
050 W=

0.25

Figure G-5. Pvull control digestion of pTYB21_intein-CBD:adh.« plasmids. Digestion of the empty pTYB21 vector (1) and
putative positive clones #1-5 (2-5). The empty vector produced the expected DNA fragments of 6.67 kb and
0.75 kb; the 0.09 kb fragment could not be detected due to the small size (1). Clones #1-3 (2—4) and #5 (6)
produced the desired DNA fragment pattern of 4.05, 3.37, and 0.75 kb. Again, the 0.09 kb fragment was not
detected.

Intein cleavage site
v

5 - GGA TCT CAG GTT GIT GTA CAG AAC ATG ACT GAC CGT -3

- A0 0E-  B-

+—— Intein LK-ADH —

Figure G-6. Sanger sequencing of the Int-LK3 plasmid. Sanger sequencing was performend with P77 and Tr standard primers, T7prom fwd
and T7term rev (LGC Genomics), respectively, and confirmed the in-frame fusion of the intein-CBD tag coding region to the N-
terminus of the /k-adh gene. Cleavage of the tag (black triangle) would release untagged LK-ADH. Start codon (ATG) in green
bold letters, amino acids indicated by single letter code abbreviation.

For preliminary expression studies, 4 mL LB-Miller supplemented with Amp were inoculated with a single colony
of E. coli BL21(DE3)/pTYB21_intein-CBD:lk-adh (clone: Int-LK3) and incubated at 37°C, 200 rpm overnight. LB-
Miller medium supplemented with Amp was inoculated with 1% (v/v) of the preculture. Cells were cultivated in
the presence of 1 mM MgClz at 37°C, 200 rpm until ODss0 = 0.5 was reached. Enzyme production was induced at
1 mM IPTG final concentration. Expression was performed at 20°C, 150 rpm and enzyme production followed
over time (0-20 h). Whole cell samples were analyzed by SDS-PAGE as described G 1.8 (Figure G-7).
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Figure G-7. Preliminary expression of LK-ADHn.iit. Production of N-terminally intein-tagged LK-ADH fusion protein in
E. coli BL21(DE3) was monitored before induction (0 h; 1) and followed over time (3—20 h; 2-3). Production of
the intein tag from pTYB21 in E. coli BL21(DE3) before (0 h; 4) and after induction (3-20 h; 5-6). The fusion
protein had a size of 80 kDa (3), whereas the intein tag occurred at 60 kDa (calculated: 60.8 kDa; 6). Sample
loading normalized to ODsgo = 7.0.

As alternative enzyme production host, E. coli ER2566 (IMPACT™ Kit, E6901S, NEB) was propagated on LB agar
plates from a 50% (v/v) glycerol stock (G 1.3). Chemically competent cells were transformed with the Int-LK3

plasmid (G 1.9.1) and preliminary expression was successfully performed (not shown) as described above.

The intein mediated purification with affinity chitin binding tag (IMPACT) kit enables the purification of LK-ADHn-
mt (and other fusion proteins) via the chitin binding domain (CBD) from Bacillus circularans on a chitin resin.!47*-
480,541 |n the pTYB21 vecotr, the adhw gene is N-terminally fused to the vacuolar membrane ATPase 1 (VMAI)
intein from S. cerevisae.*>>%! Both LK-ADHn.in: expression and purification of ADHwx by dithiothreitol (DTT)

induced cleavage of the intein-CBD tag!*’® were optimized and performed by S. Milker.[*¥

G VI.2.2 Being thermostable is not enough: ADH-ht

ADH-ht: Zn** and NADH-dependent ADH from Geobacillus stearothermophilus
(GenBank: KFL15473.1)
Gene size: 1020 bp AA:339 SDS-PAGE: 36 kDa (experimental)

G VI.2.2.1  Cloning, single enzyme expression, and heat shock purification

The adh-ht gene from G. stearothermophilus®’! was synthesized by GeneArt™ Gene Synthesis with flanking
Ndel, conveniently including the ATG start codon of the target gene, and Xhol restriction sites, which were utilized
for subcloning into pET26b(+). The gene was delivered in a pMA-T vector conferring Amp resistance. The
lyophilized plasmid DNA (5 ug) was reconstituted in 50 pL nuclease-free water and the resulting solution
(100 ng-uLt) stored at -20°C for further use.

For strain and enzyme library expansion, competent E. coli DH5a cells were transformed with 1 ng of pMA-T/adh-
ht as described in G 1.9.1. From the resulting agar plate supplemented with Kan, single colonies were picked to

prepare permanent cultures and to isolate plasmid DNA as described in G 1.4 and G .10, respectively.

Subcloning was done by Florida cloning as described in G Il.1 except that the insert was amplified by KOD
polymerase (71086, Merck Millipore; Table G-30). The PCR was performed at 65°C annealing temperature with
the pMA-T_adh-ht template and the following primer pair (Table G-31):

HTNdel fwd: 5’-CTCCATATGAAAGCAGCAGTTGTG-3’
HTXhol rev: 5’-CACCCTCGAGTTATTTATCTTCCAGGG-3’
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Table G-30. Thermal cycle conditions for KOD amplifying the adh-ht insert

PCR step Temperature Time No. of
(KOD) [°C] cycles

nitial 95 2 min 1
denaturation
Denaturation 95 20s
Annealing 65 10s 30
Extension 70 65s
Terminal 70 3 min 1
extension
Hold 12 oo 1

Table G-31. PCR mix for adh-ht amplification

KOD DNA polymerase mix

Final concentration

10.0 uL  5X KOD reaction buffer 1X
1.0uL  pMA-T_adh-ht (100 ng-uL?) 2 ng-uL?
2.0uL  dNTP mix (5 mM each) 0.2 mM each dNTP
2.0uL  HTNdel fwd (7.5 uM) 0.3 puM
2.0uL  HTXhol rev (7.5 uM) 0.3 uM
0.5uL  KOD DNA polymerase (5 U-pL?) 25U
32.5uL  nuclease-free water -

PCR yielded a single amplification product of the expected size (Figure G-8A). Insert trimming was performed by
restriction enzyme double digestion with Ndel (ER058, Thermo Scientific) and Xhol (ER0691, Thermo Scientific)
at 37°C for 2.5 h (Table G-32). Restriction enzymes were inactivated at 65°C for 20 min. To linearize the vector,
3 ug pET26b(+) were also digested with Ndel and Xhol (Table G-32). Vector purification was done by agarose gel
disruption and subsequent EtOH precipiration of DNA overnight. The dried DNA pellet was dissolved in 30 pL

nuclease-free water and the resulting solution (95 ng-uL* according to NanoDrop®) used for ligation (Table G-34).

Table G-32. Ndel/Xhol double digestion of pET26b(+)

Double digestion mix Final concentration

40uL O buffer 1X
21yl pET26b(+) [144 ng-uL?] 3ug
1.0pL  Ndel (10 U-uL?) 50U
2.0ul  Xho! (10 U-uL?) 100U
12 uL  nuclease-free water -

Table G-33. Ndel/Xhol double digestion of the PCR fragment containing the adh-ht gene

Double digestion mix Final concentration

2.0uL O buffer 1X
15uL insert DNA -
0.5uL  Ndel (10 U-uL) 50U
1.0uL  Xhol (10 U-pL?) 10.0U

1.5 uL

nuclease-free water -
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Table G-34. Ligation of pET26b(+)_adh-ht

T4 DNA ligation mixtures Final concentration

2.0 uL 10X T4 DNA ligase buffer 1X

1.0uL linearized vector DNA -
1.0/4.0uL  trimmed insert DNA -

0.5uL T4 DNA ligase (5 Weiss U-uL?) 2.5 Weiss U

15.5/12.5uL nuclease-free water -

Ligation was performed at RT for 30 min. For transformation of competent E. coli BL21(DE3), 5 pL of ligation
mixture were used for the transformation of 100 uL CaCl. competent cells. After recovery, cells were plated on
LB agar plates supplemented with Kan. The plasmid DNA was isolated from three positive clones and applied to
Pvull restriction enzyme control digest (Figure G-8B). The plasmid DNA from the HTB2 clone was successfully

sequenced and propgated for enzyme expression studies.
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Figure G-8. Subcloning of pET26b(+)_adh-ht. (A) PCR amplification of the adh-ht insert with a calculated size of 1.03 kb.
(B) Pvull control digest of the empty pET26b(+) vector (1) and putative target vectors from three clones HTB1
(2), HTB2 (3), and HTB3 (4) after transformation and plasmid re-isolation; 0.85% (w/v) agarose.

For preliminary expression studies, 4 mL LB-Miller supplemented with Kan were inoculated with a single colony
of E. coli BL21(DE3)/pET26b(+)_adh-ht (clone: HTB2) and incubated at 37°C, 200 rpm overnight. LB-Miller and TB
medium supplemented with Kan were inoculated with 1/100 culture volume of the preculture. Cells were
cultivated in the presence of 1 mM ZnCl; at 37°C, 200 rpm until ODsg0 = 0.5 was reached and enzyme production
induced by adding IPTG to 1 mM final concentration. Expression was performed at 20°C, 120 rpm and enzyme
production determined over time (0-22 h) by preparation of CFEs and SDS-PAGE analysis as described in G 1.5
and G 1.8, respectively (Figure G-9).
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Figure G-9. Preliminary expression of ADH-ht in E. coli BL21(DE3). Production of ADH-ht in cells cultivated in (A) LB-Miller
or (B) TB medium. Soluble and insoluble enzyme production (1-4 and 5-8, respectively) was monitored before

induction (0 h) and followed over time (3-22 h). Sample loading normalized to ODsg = 7.0.

Expression was optimized following the literature protocol by Guagliardi and coworkers.**”) Briefly, 10 mL of LB-
Miller supplemented with Kan were inoculated with a single colony of HTB2 and incubated at 30°C, 120 rpm for
16 h. LB-Miller and TB medium supplemented with Kan and 1 mM ZnCl, were inoculated with 1/335 culture
volume of the preculture and incubated at 37°C, 120 rpm for 2 h. Expression was performed in the presence of
1 mM IPTG at 20°C, 120 rpm for 22 h. CFEs were prepared as before and ADH-ht purified by heat shock (HS) as
described in G 1.15.1 with the following modifications: The CFEs were incubated at 60°C in a water bath (M3
Lauda with MT Lauda thermostat) for 20 min and rested on ice for 2 h. The heat shock was repeated and
insolubles separated by centrifugation at 14 000 x g, 4°C for 45 min (Figure G-10).

[kDa] 1 2 3 4 s 6 1 2 3 [kpa] 4 5 6
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Figure G-10. Optimized expression of ADH-ht in E. coli BL21(DE3) and HS purification. Production of ADH-ht in cells
cultivated in (A) LB-Miller or (B) TB medium. Soluble and insoluble fractions (1-3 and 4-6, respectively) before
HS (1 and 4), first HS (2 and 5), and second HS (3 and 6). Sample loading normalized to ODsgo = 7.0.

The purified ADH-ht was concentrated by a centrifugal membrane concentrator (10 kDa MWCO; UFC901024,
Millipore) according to the supplier instructions. The concentration was performed once with approximately
16 mL of pooled soluble fractions (B = 2 mg-mL™1). Bradford assay was performed in triplicates with 1:50 dilutions
of all fractions. Centrifugal concentration yielded 2.0 mL of purified ADH-ht which was analyzed by SDS-PAGE
(Figure G-11). According to Bradford assay, concentration of ADH-ht could be increased 27.5-fold to 55 mg-mL™.
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Figure G-11. HS purification and concentration of ADH-ht. Production of ADH-ht in cells cultivated in TB-Kan
medium and analysis of soluble fractions before HS (1), after the first and the second HS (2 and 3,
respectively), the insoluble fraction after HS purification (4), the concentrate containing proteins

>10 kDA (5), and the <10 kDa flow-through (6). Sample loading normalized to 10 pg protein per lane.

To monitor the denaturation of ADH-ht at higher temperatures, the enzyme was produced in TB medium
supplemented with Kan under optimized expression condtions. The resulting CFE was dispensed in 2.0 mL
aliquots, which were incubated at temperatures between 50 and 95°C for 20 min. Analysis of soluble and
insoluble fractions was performed by SDS-PAGE (Figure G-12).
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Figure G-12. Thermostability of ADH-ht. Determination of ADH-ht in (A) soluble and (B) insoluble
fractions after incubation without HS (1) and at temperatures between 50°C and 95°C (2-8).
Sample loading normalized to ODsgo = 20.0.

G VI.2.2.2 Substrate acceptance screening

Biotransformations were carried out in duplicates under standard screening conditions employing RCs (G 1l1.2).
Substrates 1-6b (Table G-35) were tested. The results are discussed in D 11.2.1 (Table D-3). However, under
standard screening conditions, only 6b was accepted and yielding 27% of 6c. The alcohols 1-5b were not

accepted and results are summarized in Table D-3.143%!
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ADH o
R o —
R™H
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Table G-35. Substrate acceptance screening of ADH-ht after 2 h

Product formation

OH Substrate  Product (%]

ADH-ht

O” 1b 1c n.c.
O/“ 2b 2c n.c.
©/\/ 3b 3c n.c.
©/\O ) 4b 4c n.c.
o

5b 5c n.c.

©/\o ﬁ"‘- 6b 6¢ 27

n.c. = no conversion

G VI.2.3 Arobust biocatalyst for the oxidation of secondary alcohols: ADH-A

ADH-A: Zn** and NADH-dependent ADH from Rhodococcus ruber DSM 44541
Gene size: 1047 bp  AA:345 SDS-PAGE: 36 kDa (experimental)

G VI.2.3.1  Cloning and optimization of ADH-A production

The adh-A gene from R. ruber’®® was synthesized by GeneArt™ Gene Synthesis with flanking Ndel, conveniently
including the ATG start codon of the target gene, and Not/ restriction sites, which were utilized for subcloning
into pET22b(+). The gene was delivered as lyophilized plasmid DNA (5 pg) and reconstituted in 50 uL nuclease-

free water. The resulting solution (100 ng-uL!) was stored at -20°C for further use.

Preliminary expression studies were performed in E. coli BL21(DE3) cultivated in LB-Miller and TB medium at
30°C (data not shown) and 20°C (Figure G-13). Cells were grown at 37°C, 200 rpm until and ODsg = 0.5 was
reached. Protein production was induced with 0.5 mM IPTG and performed for 20 h. Cell lysis was done by
sonication (2 s pulse/28 s break at 4°C for 5 min, 30% amplitude; KE76 probe). SDS-PAGE analysis was performed
as described in G 1.8.
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Figure G-13. Preliminary expression of ADH-A. Soluble and insoluble production of ADH-A in (A) TB medium and (B) LB-Miller medium over
time (0-21 h) at 20°C. Sample loading normalized to ODsgo = 7.0.
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The optimized expression protocol was adapted from Edegger et al. as follows: TB medium supplemented with
Amp and 1 mM ZnCl2 was inoculated with a single colony of E. coli BL21(DE3) harboring pET22b(+)_adh-A. Cells
were grown at 30°C, 120 rpm for 20 h. The ODsg = 12.0 was checked before Amp was added to a final
concentration of 50 pg-uLt. Protein production was induced upon addition of IPTG (2 mM) and performed at
20°C, 120 rpm for 24 h.>*8! Cells were harvested and lysed as before and analyzed by SDS-PAGE. Additionally,
cultivation and protein production was performed in M9-N* and LB-Miller medium with lower or similar ADH-A
yields (Figure G-14).

[kDa]

130

70
55

. @ ADHA
35

25

M9-N* LB-Miller TB medium

Figure G-14. Optimized expression of ADH-A. Soluble and insoluble production of ADH-A in M9-N*
medium (left), LB-Miller (center), and TB medium (right). Sample loading normalized to
ODsg0 = 7.0.

G VI.2.3.2  Preparation of whole cell lyophilisates

As shown above, ADH-A exclusively accumulated in insoluble fractions after cell lysis. To prepare whole cell
lyophilisates of E. coli BL21(DE3) expressing the target ADH, protein expression was performed as before. Cells
were harvested by centrifugation (8 000 x g, 4°C for 10 min). The cell pellet was resuspended in ice-cold dH20,
transferred to a cooled round bottom flask, snap-forzen in liquid N2, and lyophilized at high vaccum overnight
(Christ Gamma 2-20 lyophilizer). Lyophilisates were transferred into a 50 mL Greiner tube (GN227261, Sigma)
and stored at 4°C until further use. The addition of 20% (w/v) sucrose did not improve the activity of the whole
cell biocatalyst in subsequent biotransformations converting acetophenone to (R)-1-phenyl ethanol (data not

shown).l#!

G VI.2.3.3 Substrate acceptance screening
Biotransformations were carried out in duplicates under standard screening conditions employing RCs (G 1l1.2).
The same substrates as in G VI.2.2.2 (1-6b) were tested (see also Table G-35). Alcohols were not converted even

after 24 h reaction time.*3! The results are summarized in D 11.2.1 (Table D-3).

The reduction of substituted acetophenones was performed by P. Schaaf in triplicates with whole cell
lyophilisates (10 mg-mL?) reconstituted in 320 mM Tris-HCI (pH 8.0) in Viotai = 0.5 mL at 30°C, 150 rpm for 1 h.
Substrates were added to a final concentration of 100 mM and 2-propanol was added as cosubstrate for cofactor
recycling (Figure G-15). Biotransformations were performed at 30°C, 200 rpm for 24 h. The reaction was stopped
by adding 1 mL EtOAc containing 1 mM IS. It was extracted, the organic layer separated by centrifugation, dried
over Na;SOa, and analyzed by GC/FID.5%%!
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Figure G-15. (S)-selective reduction of acetophenones by ADH-A. Reaction scheme employing whole cell
lyophilisates and 2-propanol as cosubstrate; R1 = H, Br, CHs, CF3, Cl, F, OCHs, Rz = H, CHs. Screening
conditions and substrate scope according to P. Schaaf.5*%

G VI.2.4 The winner takes it (almost) all: AlkJ

AlkJ: FADH: dependent ADH from Pseudomonas putida (GenBank: CAB54054.1)
Gene size: 1 674 bp AA: 558 SDS-PAGE: 57 kDa (experimental)

G VIl.24.1 FC of the alk/ gene and single enzyme expression

The pGEc47 cosmid containing the alkBGHJKL cluster from P. putida'?®® was kindly donated by Dr. Bruno Biihler

from the TU Dortmund, Germany.

E. coli DH5a was transformed with pGEc47 (54 597 bp) according to G 1.9.1 except that 2 pL of pGEc47 (56 ng-uL
1) were used for transformation. After recovery, 400 pL of the cell mixture were added to 4 mL LB-Miller medium
supplemented with 7.5 pg-mL? chlortetracycline (Cl-Tet) added from a Cl-Tet stock (15 mg-mL? in 70% (w/v)
EtOH; 26430, Sigma). Cells were grown at 37°C, 200 rpm overnight, streaked on LB agar plates supplemented
with 15 ug-mL? Cl-Tet and incubated at 37°C for 24 h. Plasmid DNA isolation was performed with a single colony
from the resulting plate as described in G 1.10. For the elution of cosmid DNA, nuclease-free water had to be

heated to 70°C prior to adding to the spin column. Cosmid DNA was quantified by NanoDrop® (139 ng-pL?).B348!

For FC, primer pairs were designed as described in G 11.2.1.1 for the amplification of the alk/ insert and the pKA1
backbone:

ALKJ fwd: 5 -GAAGGAGATATACATATGTACGACTATATAATCGTTGG-3’
ALKIJ rev: 5-GTTAGCAGCCGGATCCTTACATGCAGACAGCTATCATG-3’

pKAl fwd: 5 -GATTATATAGTCGTACATATGTATATCTCCTTCTTAAAGTTAAAC-3’
pKA1 rev: 5-GATAGCTGTCTGCATGTAAGGATCCGGCTGCTAAC-3’

FC was performed following the procedure in G 11.2.1. The preparation of both PCR reactions and the thermal

cycle conditions are summarized in Table G-36 and Table G-37, respectively.
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. . Final . . Final
Pfur PCR mix concentration OptiTag PCR mix concentration
5.0 uL 10X Pfu buffer 1X 5.0uL 10X Pol B buffer 1X
. 0.2 mM each . 0.2 mM each
2.0uL  dNTP mix (5 mM each) dNTP 2.0uL  dNTP mix (5 mM each) dNTP
25uL ALK fwd (5 pM) 0.25 pM 25uL  pKAL fwd (5 uM) 0.25 uM
2.5uL ALK rev (5 uM) 0.25 uM 2.5uL  pKAlrev (5uM) 0.25 uM
0.5uL  pGEc47 (139 ng-uL?) 1.39 ng-uL? 1.0uL  pRR (35 ng-uL?) 0.7 ng-uL?
1.0uL  DMSO 2% (v/v) 1.0uL DMSO 2% (v/v)
Pfu* polymerase OptiTag polymerase
0.5 uL (5 U-ulY) 25U 0.5 uL (5 U-pl?) 25U
36.0 uL  nuclease-free water - 35.5uL  nuclease-free water -
Table G-37. Pfu* and OptiTaqg thermal cycle conditions for FC of pKA1_alkJ
PCR step Temperature . No. of PCR step Temperature . No. of
o Time . o Time
(Pfu*) [°C] cycles (OptiTaq) [°C] cycles
Initial . 95 5 min 1 Initial . 95 5 min 1
denaturation denaturation
Denaturation 95 45s Denaturation 95 40s
Annealing 48 30s 30 Annealing 52 30s 30
Extension 72 110s Extension 72 6 min
Terminal 72 5 min 1 Terminal 72 10 min 1
extension extension
Hold 4 oo 1 Hold 4 oo 1

After Dpnl digestion and purification (Figure G-16), the 1:1 and 4:1 mixtures were prepared and E. coli TOP10
cells transformed with the linear DNA fragment mixtures as outlined in G 11.2.1.3. Clones were picked and colony

PCR performed with Tag polymerase according to G 1.14 with the thermal cycle conditions for the alkJ gene from

Table G-37 to identify positives that were finally confirmed by Sanger sequencing. 348!
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Figure G-16. Linear DNA fragments for pKA1_alkJ assembly. Purified PCR products of (A) the alk/ fragment and (B) the
pKA1 backbone analyzed on 1.0% and 0.8% (w/v) agarose, respectively.
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Competent E. coli BL21(DE3) cells were transformed with the plasmid DNA from clone AJ3, which contained the
complete alkJ gene according to sequencing. The optimized production of AlkJ was performed as follows: A single
colony was cultivated in 10 mL LB-Miller medium supplemented with Cam (34 pg-mL?) with shaking (120 rpm)
at 30°C overnight. For enzyme production, TB medium supplemented with Cam (34 pug-mL?) was inoculated with
1% (v/v) of the pre-culture and shaken at 37°C, 120 rpm for 6 h. Enzyme production was performed in the
presence of 0.5 mM IPTG at 25°C, 120 rpm for 20-24 h. Since AlkJ is a membrane-associated enzyme, it was

exclusively found in insoluble fractions of protein preparations according to SDS-PAGE analysis (Figure D-5B).34%!

G VI.2.4.2  Substrate scope and substrate profile expansion toward nonnative compound classes

The ADH from P. putida was previously reported to oxidize primary aliphatic alcohols selectively to the
corresponding aldehydes.3®! In this work, AlkJ was identified to efficiently oxidize primary aromatic alcohols as
well. Substrate acceptance screenings were performed in RCs under standard condtions (G 11l.2). From the
substrate palette (Table G-38), especially the aromatic substrates 2b and 4-6b bearing aliphatic C2 and longer
side chains were fully converted. Contradictroy, 3b was poorly oxidized to 3c. Alcohols with short side chains like
1b or sterically demanding substrates such as 7b and 9b were only moderately converted to the corresponding
aldehydes. Furthermore, overoxidation of 2c and 4-6c to the corresponding carboxylic acids was observed in
E. coli BL21(DE3) RCs expressing AlkJ.*8] Results are shown in detail in Figure D-6.

o) o
ADH E. coli
R SoH —— RJLH —_— R)LOH
b C d

Table G-38. Substrate acceptance screening of AlkJ after 24 h

Product formation

R”OH Substrate i (%]
product

AlkJ

@’ 1b 1c 46

2b 2d >99

39

3b 3c

o ab ad 299
0/\_”’
o 5b 5d 299
[e]

oy 6b 6c 361
oy 7b 7c 43
A0 -

1 9b 9 15
HC'

2l Traces of the aldeyhde product. ! Recoveries <50% after 24 h.

G VI.2.4.3 Truncation of the alk/ gene by utilization of encoded Pst/ restriction sites

AlklJine:  Truncated variant of AlkJ from Pseudomonas putida
Gene size: 903 bp AA:300 SDS-PAGE: 32 kDa (experimental)

For the truncation of the alkJ gene, pKA1_alkJ was reisolated from E. coli DH5a transformatns accordingto G 1.10
and the vector (3 pg) adiminstered to digestion by Pst/ (R0140S, NEB) at 37°C for 2 h (Table G-39). Pst/ was heat-
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inactivated at 80°C for 20 min. The digestion mixture was separated on 1% (w/v) agarose and the major band
(6.43 kb) excised and further treated according to Florida cloning as described in G 11.1.3.

Table G-39. Pst/ digestion mix

Pstl digestion mix Final concentration
4.0uL  NEBuffer 3.1 1X
32.0uL  pKA1_alk/ (88 ng-uL?) =3ug
40uL  Pst/ (10 U-pL?) 1U-pL?

The linear fragment was ligated as in Table G-56 at 25°C for 20 min. After transformation of RbCl-competent
E. coli BL21(DE3) (G 1.9.3), cells were plated on LB agar plates supplemented with Cam. Reisolated plasmid DNA
of single colonies was sent for sequencing and the successful in-frame truncation confirmed (H 1.1.10.4).
Subsequent expression of AlkJinc was performed in AIM as described in G VI.3.1.1. SDS-PAGE analysis confirmed
the production of AlkJ and Fsa1-A129S (Figure E-21A).

RCs of E. coli BL21(DE3)/pKA1_alkJinc were prepared and the disruption of AlkJ activity confirmed with 2b and
4b under standard screening conditions (G 111.2; Figure E-3B).

G VI.3 Characterization of CARs for the reduction of carboxylic acids to
aldehydes

G VI.3.1 CARni and CARvim

CARni: ATP/NADPH dependent carboxylic acid reductase from Nocardia iowensis
(EMBL: AAR91681.1)
Genesize:3525bp AA:1174 SDS-PAGE: 120 kDa (experimental)

CARvm: ATP/NADPH dependent carboxylic acid reductase from Mycobacterium marinum
(EMBL: ACC40567.1)
Genesize: 3525bp AA:1174 SDS-PAGE: 120 kDa (experimental)

G VI.3.1.1  Cloning and enzyme expression by autoinduction
Both the pETDuet-1_PPtasecc::carni and the pETDuet-1_PPtasecc::carmm plasmid were constructed by Dr. Margit
Winkler from ACIB Graz, Austria. In the following, the cloning of pETDuet-1_PPtasec:::carni will be briefly

described. 348!

The fragment corresponding to the PPtase:. gene was amplified from plexpress401_PPtaserc with following

primers using Phusion polymerase (Finnzymes):

EcPPTase_Ncol fwd: 5’-AATCACCATGGTCGATATGAAAACTACGCATACCTC-3’
EcPPTase_Hindlll rev:  5’-AATCAAAGCTTAATCGTGTTGGCACAGCGTTATG-3’

The fragment corresponding to the carni gene was amplified from pEHISTTEV_carni (originating from

plexpress404_carni) with following primers:

pMS470d8_HIS-TEVADH2 fwd: 5'-ATACATATGTCGTACTACCATCACCATCACC-3’

CarNoc_Xhol rev: 5-AATCACTCGAGTTACAGCAGTTGCAGCAG-3’

The optimized thermal cycle conditions for both PCRs are summarized in Table G-40. The PPtasesc PCR product
as well as pETDuet-1 (Novagen) were digested with fast digest Ncol and Hindlll (Fermentas), gel-separated and
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the excised DNA fragments purified with the Wizard® SV Gel and PCR Clean-Up Kit (Promega). Subsequently,
PPtasecc was ligated with pETDuet-1, catalyzed by T4 ligase (Fermentas) at 22°C for 1 h. The construct was
transformed into electrocompetent E. coli TOP10 cells, colonies selected on LB-Amp plates and the sequence
confirmed by Sanger sequencing (Microsynth). Plasmid preparation with the correct PPtasecc insert as well as the
PCR product of the carni were subsequently digested with Ndel and Xhol fast digest restriction enzymes
(Fermentas) and ligated as described above. The construct was transformed into electrocompetent E. coli TOP10
cells, colonies selected on LB-Amp agar plates. Again, Sanger sequencing confirmed the sequence. Finally, the

plasmid preparation with both inserts was transformed into E. coli BL21-Gold(DE3).534®!

Table G-40. Optimized thermal cycle conditions for the cloning of pETDuet-1_PPtasecc::carni

PCR step Temperature Time No. of PCR step Temperature Time No. of
(PPtasex.) [°c] cycles (carni) [°c] cycles
Initial . 08 305 1 Initial . 08 305 1
denaturation denaturation
Denaturation 98 10s Denaturation 98 7s
Annealing 57 10s 25 Annealing 62 20s 30
Extension 72 115s Extension 72 70s
Terminal 72 7 min 1 Terminal 72 7 min 1
extension extension
Hold 4 oo 1 Hold 4 oo 1

The pETDuet-1_PPtasesc::carmm construct was cloned accordingly.>® Competent E. coli BL21-Star(DE3) cells

were transformed with the target plasmid containing both inserts.

Production of both CARs was performed according to the expression protocol provided by Dr. Margit Winkler
with minor modifications.>*3! Briefly, 12 mL LB-0.8G medium supplemented with Amp (100 ug-mL?) were
inoculated with a single colony of the desired transformant and shaken at 37°C, 275 rpm (InforsHT Multitron 2
Standard) overnight. AIM was used for protein production. Therefore, LB-5052 was inoculated with 0.2% (v/v)
preculture and incubated at 37°C, 150 rpm for 4 h. The temperature was switched to 20°C and enzyme expression

performed for 20 h. Cells were harvested by centrifugation (8 000 x g, 4°C for 10 min).

For subsequent enzyme characterization, CARni and CARvm were tested with the substrates 1-2d and 7d under
standard screening conditions employing RCs (Figure D-11). Whereas CARw; readily converted all three
carboxylates to the target aldehydes, CARvm only accepted 1d to produce 1c. Additionally, CARn; was purified by
IMAC as described below and the carboxylates 1-2d and 8d attempted to be reduced in vitro.

G VI.3.1.2  Purification of CARni by IMAC

After expression, cells were harvested by centrifugation (8 000 x g, 4°C for 10 min), cells resuspended in 25 mM
Tris-HCI (pH 8.0) containing 0.3 M NaCl, and lysed by sonication as described in G 1.5. The insoluble fraction was
removed by centrifugation (16 000 x g, 4°C for 25 min). Purification was performed at described in G VI.7.2 with
modifications according to Finnigan and coworkers.® The binding buffer constituted of 25 mM Tris-HCI (pH 8.0),
40 mM imidazole, and 0.5 M NaCl. The elution buffer contained 25 mM Tris-HCI (pH 7.5), 0.25 M imidazole, and
0.1 M NacCl.
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Figure G-17. Purification of CARwi. Concentrate of purified enzyme after IMAC. Other protein bands might correspond to
apo-CARi. Protein production as in G VI.3.1.1. Sample loading normalized to 10 pg total amount of protein

per lane.

G VI.3.1.3  Substrate acceptance screening of CARwi

RCs coexpressing CARni and PPtasecc were provided with the carboxylic acids 1d-7d and 9d. All tested
carboxylates were efficiently reduced to the corresponding aldehydes under standard screening conditions
outlined in G 111.2 (Table G-41). Aldehydes were subsequently reduced to the primary alcohols 1b—7b and 9b by

the enzymatic host background in response to the oxidative and electrophilic stress induced by the reactive

carbonyl group in aldehydes.[4% 280-281, 348, 400, 4041 Ragy|ts gre summarized in Figure D-12.

o CAR,;
N, —~
R OH
d

Table G-41. Substrate acceptance screening of CARw; after 24 h

Product formation

R OH Substrate _Main (%]
product
CARni
©' 1d 1b 71t
@f“ 2d 2b 92
S 3d 3b 95
@AO - ad ab 95
0/\_’,’
©/\ 5d 5b 89
[e]
O/\o N 6d n.a n.c
H
oy 7d 7b 88
~ -
©/\ 8d n.a n.c. bl
_o -
D 9d 9b 461
HO

1l In vitro reduction to the aldehyde by purified CARyi and GDHzss for
cofactor recycling (see D 11.3). ! Tested in vitro only. [ 41% 9c after 24 h;
n.a. = not applicable, n.c. = no conversion. In the reaction scheme PPtasee.
to produce holo-CARy; is omitted for clarity.
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In vitro reductions of the carboxylic acids 1-2d and 8d were performed in 100 mM Tris-HCI (pH 7.5) with purified
CARni (50 pg), 2.5 mM substrate loading, stoichiometric amounts of ATP, and 25 mM MgClz. For NADPH cofactor
regeneration, GDHzuss (0.05 mg-mL™?) and 100 mM D-glucose were used (Figure D-13).13321 GDH2.s; expression and
purification are described in G VI.7.2.2. The reduction was started by the addition of 0.1 mM NADP* and followed
by GC/FID as outlined in G 1lI.1. Screenings were performed at 30°C.

G VI.4 Characterization of different aldolases for C—C bond formation

G Vl4il DHAP-dependent aldolases: FruA, RhuA, and FucA

FruA: Fructose-1,6-bisphosphate aldolase from Staphylococcus carnosus (GenBank: X71729.1)
Genessize: 891 bp AA:296 SDS-PAGE: 37 kDa (experimental)

RhuA: Rhamnulose 1-phosphate aldolase from Escherichia coli
Gene size: 825 bp AA:274 SDS-PAGE: 35 kDa (experimental)

FucA: Fuculose 1-phosphate aldolase from Escherichia coli
Gene size: 648 bp AA:215 SDS-PAGE: 24 kDa (experimental)

G V411 Cloning and expression of FruA, RhuA, and FucA
The pKK223-3 (pKK) vectors containing the fruA, the rhuA, and the fucA gene were kindly donated by Prof. Wolf-

Dieter Fessner and Dr. Michael Kickstein from the TU Darmstadt, Germany.

According to Sanger sequencing, all genes were cloned by EcoRI/Pstl or BamHI restriction sites and cloned into
the target vector downstream of a Pwc. Subsequently, competent E. coli BL21(DE3) were transformed with the
desired vector. Expression was performed as suggested by M. Kickstein. Briefly, 4 mL LB-Miller supplemented
wth Amp were inoculated with a single colony of target strain and grown at 37°C, 200 rpm overnight. TB-Amp
was inoculated with 1% (v/v) preculture and cultivated at 37°C, 200 rpm until ODsg0 = 0.3 was reached. ZnCl; to
a final concentration of 1 mM was added and the temperature shifted to 25°C. Protein production was induced
in the presence of 0.1 mM IPTG and performed at 25°C, 150 rpm for 20-22 h. An example SDS-PAGE gel is shown
in Figure D-17.

G VI.4.1.2  Construction of pKA1_fucA by FC
The pKK_fucA was kindly donated by Prof. Wolf-Dieter Fessner and Dr. Michael Kickstein from the TU Darmstadt,
Germany. In course of her B.Sc. thesis, B. Walder performed FC of pKA1_fucA.%!

Briefly, a single colony of E. coli DH5a transformed with pKK_fucA according to G 1.9.1 was cultivated in 5 mL LB-
Miller medium supplemented with Amp at 37°C, 200 rpm overnight. Plasmid DNA isolation was performed as
described in G 1.10 and quantified by NanoDrop® (80 ng-uL™?).

For FC, primer pairs were designed as described in G 11.2.1.1 for the amplification of the fucA insert and the pKA1

backbone:
FucA fwd: 5’-GGAGATATACATATGATGGAACGAAATAAACTTGCTC-3’
FucA rev: 5’-GCAGCCGGATCCTTACTTACTCTTCAATTCGTAACCC-3’
pKA1FucA fwd: 5’-CAAGTTTATTTCGTTCCATCATATGTATATCTCCTTC-3’
pKAL1FucA rev: 5’-GTTACGAATTGAAGAGTAAGTAAGGATCCGGCTGCTAAC-3’

Gradient PCRs resulted in optimal annealing temperatures of 61.0°C and 48.5°C for the fucA coding fragment and

the pKA1 backbone, respectively (data not shown).*® FC was performed following the procedure in G 11.2.1.
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The preparation of both PCR reactions and the thermal cycle conditions are summarized in Table G-42 and Table

G-43, respectively.
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Table G-42. PCR reactions for FC of pKA1_fucA

Experimental Part

Pfu* PCR mix Final . OptiTag PCR mix Final .
concentration concentration
5.0 uL 10X Pfu buffer 1X 5.0uL 10X Pol B buffer 1X
. 0.2 mM each . 0.2 mM each
2.0uL  dNTP mix (5 mM each) dNTP 2.0uL  dNTP mix (5 mM each) dNTP
2.5uL  FucA fwd (5 uM) 0.25 uM 2.5uL  pKA1FucA fwd (5 uM) 0.25 uM
2.5uL  FucArev (5 uM) 0.25 uM 2.5uL  pKA1FucA rev (5 uM) 0.25 uM
1.0uL  pKK_fucA (80 ng-uL?) 0.8 ng-uL? 1.0uL  pKA1_alk/ (109 ng-uL?) 1.09 ng-uL?
1.0uL  DMSO 2% (v/v) 1.0uL DMSO 2% (v/v)
Pfu* polymerase OptiTag polymerase
0.5 pL (5 U-ulY) 25U 0.5 uL (5 U-pl?) 25U
35.5uL  nuclease-free water - 35.5uL  nuclease-free water -
Table G-43. Pfu* and OptiTaq thermal cycle conditions for FC of pKA1_fucA
PCR step Temperature Time No. of PCR step Temperature Time No. of
(Pfu*) [°C] cycles (OptiTaq) [°C] cycles
Initial . Initial .
denaturation % > min ! denaturation % > min 1
Denaturation 95 30s Denaturation 95 30s
Annealing 61 30s 30 Annealing 48.5 30s 30
Extension 72 40s Extension 72 6 min
Terminal 72 3 min 1 Terminal 72 10 min 1
extension extension
Hold 12 oo 1 Hold 12 oo 1

After Dpnl digestion and purification (Figure G-18A), the 1:1, 4:1, and an additional 8:1 mixture was prepared
and E. coli TOP10 cells transformed with the linear DNA fragment mixtures as outlined in G 11.2.1.3. Four clones
(BWA1-4) were picked, plasmid DNA isolated, and administered to Ncol control digestion according to G 1.11.
All four plasmids showed the expected DNA fragment pattern post restriction enzyme digestion (Figure G-18B).

The fucA sequence in BWA2 and BWA4 plasmids was finally confirmed by Sanger sequencing.
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Figure G-18. Linear DNA fragments for pKA1_fucA assembly. (A) Purified PCR products of the fucA fragment (1) the pKA1
backbone (2). (B) Ncol control digestion of newly assembled pKA1_fucA producing a single 6 kb fragment
(BWA1-4: 1-4) and the pKA1_alkJ parent plasmid producing a 3.82 kb and a 3.39 kb fragment as expected (5);
1.0% (w/v) agarose. The figure was adapted from B. Walder (2016).05%%

Competent E. coli BL21(DE3) cells were transformed with the plasmid DNA from clone BWA4. The production of
FucA was performed as before (G VI.4.1.1) except that pKA1_fucA transformants were cultivated in the presence

of Cam (Figure G-19). Protein production was performed as described above (G VI1.4.1.1).
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Figure G-19. Expression of FucA from pKA1_fucA. SDS-PAGE analysis of whole cell samples producing FucA before
(1) and after induction with IPTG (2). Sample loading normalized to ODsg = 7.0. The figure was
adapted from B. Walder (2016).150%

G VI.4.1.3  Assaying FucA activity in vitro
Initial studies in vitro were performed by T. Wiesinger to access (3R,4R)-1,3,4-trihydroxy-5-phenylpentan-2-one

(2eruca) and the relative configuration confirmed by *3C- and 3'P-NMR by T. Wiesinger as well (Figure D-16).1487]

Biotransformations were performed in duplicates either in a one pot fashion by simultaneously adding CFEs
containing FucA and the phosphatase from Shigella flexneri (PhoN-Sf) or by adding the aldolase and PhoN-Sf
sequentially (Figure D-18). Single enzyme expressions are described in this chapter and summarized in Table
G-23. The preparation of CFEs is outlined in G 1.5. In vitro reactions were carried out at 25°C, 250 rpm overnight
with CFEs containing FucA and PhoN-Sf (5 mg-mL?! each), 1.7 eq 2¢c, and 5% (v/v) ACN as cosolvent. The addition
of 1.0 eq DHAP started the reaction. The consumption of 2c was followed by calibrated GC/FID, whereas the
formation of the target aldol 2er.ca was monitored by calibrated HPLC (Figure D-18).1¢7! Proteins were

precipitated prior to HPLC measurement as described in G 111.2.
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G VI1.4.2 The dihydroxyacetone (DHA)-utilizing aldolases Fsal and Fsal-A129S

Fsal: Fructose-6-phosphate aldolase from Escherichia coli (GenBank: AMC98045.1)
Gene size: 663 bp AA:220 SDS-PAGE: 23 kDa (experimental)

G VI.4.2.1  Cloning and enzyme expression
The pET16b vectors containing the wild type fsal and the mutant fsa1-A129S gene!*3? were kindly donated by

Prof. Wolf-Dieter Fessner from the TU Darmstadt, Germany.

According to Sanger sequencing, the desired genes were subcloned into pET16b by Ncol/Xhol. For protein
production, competent E. coli BL21(DE3) cells were transformed with the aldolase-coding vectors as described in
G 1.9.1. Expression was performed as follows and monitored over time: TB medium supplemented with Amp
(100 pg-mL?) was inoculated with 1% (v/v) preculture prepared as described in G |.5 or G 1.6. Cells were grown
at 37°C, 200 rpm until ODsgo = 0.5. Protein production was induced upon the addition of 0.5 mM IPTG and
prerformed at 30°C, 200 rpm for 20-22 h.[3*% 435 Cells were harvested by centrifugation (8 000 x g, 4°C for
10 min) and lysis was performed either in 50 mM Tris-HCI (pH 7.5) by sonication as decribed in G 1.5 orin 50 mM
GlyGly buffer (pH 8.0) in the presene of lysozyme at 37°C (350 rpm) for 1 h. The detailed lysozyme protocol is
outlined in G 1.15.1 (Figure G-20). Since Fsal and Fsal-A129S are thermostable, HS purification could be applied
(G VI1.4.2.2). The commonly applied HS protocol is given in G 1.15.1. The protein amount of all samples was
determined by Bradford assay (G 1.7) before SDS-PAGE analysis (G 1.8).

Soluble [kDa] Soluble [kDa]
A 130 B 130
70 70
55 55
40 40
35 35
25 25
4 Fsal & Fsal-A129S
15 15
3 8 22 3 8 22 | 3 8 22 [h] 3 8 22 3 8 22 3 8 22  [h]
Sonicati Lysozy HS Sonication Lysozyme HS
Insoluble [kDa] Insoluble [kDa]
130 — 130
70 70
55 55
40 40
35 35
25 | 25
| 4 Fsal-A129S
15 | 15
3 8 22 3 8 22 3 8 22 [h] 3 8 22 3 8 22 | & 8 22 [h]
- ==
Sonication Lysozyme HS S L HS

Figure G-20. Expression of Fsal and Fsa1-A129S. SDS-PAGE analysis of (A) wild type Fsal and (B) engineered Fsa1-A129Sin E. coli BL21(DE3)
from pET16b. Protein production was monitored over time (0-22 h) and cell lysis performed by sonication or lysozyme as
indicated. The aldolases were semi-purified by HS after lysis by lysozyme. Soluble and insoluble fractions on top and bottom,

respectively. Sample loading normalized to 10 ug total amount of protein per lane.

Transformation of E. coli IM109(DE3), followed by enzyme expression as described above, did not yield higher
amounts of soluble target Fsal and Fsa1-A129S (data not shown).[48!

G VI.4.2.2  Purification of Fsa1-A129S by HS and preparation of lyophilisates
Semi-purification of Fsal and Fsal-A129S was performed after cell lysis in the presence of lysozyme by HS at

70°C for 0.5 h (Figure D-15B and Figure G-20). Lyophilsates were prepared according to G 1.15.1.



Thomas Bayer, Ph.D. Thesis | 195
Experimental Part

G VI.4.2.3  Assaying Fsal-A129S activity in vitro
Aldolase activity was tested in vitro by the aldol addition of the model aldehyde 2c and DHA (Figure G-21 and
Figure D-16).

AN . OH
0 Rl OH ©

2c

Figure G-21. In vitro functionality of Fsa1-A129S. Purified Fsa1-A129S (or Fsal) to produce target aldol
2e from 2c and DHA. Full conversion to the product after 24 h (see D 11.4.1).

Screening mixtures contained lyophilisates (10 mg-mL%), dissolved in 50 mM Tris-HCl (pH 7.5), 1 eq 2¢, and 20 eq
DHA. The DHA dimer was monomerized beforehand as described in G 111.2. The aldehyde substrate was added
last and samples taken immediately after mixing (to), 2 h, and 24 h, also described in G 1Il.2. The consumption
of 2c was followed by calibrated GC/FID, whereas the formation of the target aldol (3S,4R)-1,3,4-trihydroxy-5-
phenylpentan-2-one (2e) was monitored by calibrated HPLC (Figure D-16). Before HPLC analysis, proteins were

precipitated as described in G 11.2.[34343%

G VL.5 Characterization of acidic phosphatases and engineered variants

PhoN-Se: Acidic phosphatase from Salmonella enterica typhimurium (GenBank: X59036)
Gene size: 699 bp  AA:232 SDS-PAGE: 25 kDa (experimental)

PhoN-Sf: Acidic phosphatase from Shigella flexneri (GenBank: BAA11655.1)
Gene size: 744 bp AA:247 SDS-PAGE: 25 kDa (experimental)

YqaB: Acidic phosphatase from Escherichia coli (EcoGene: EG13530)
Gene size: 570 bp AA:189 SDS-PAGE: 20 kDa (experimental)

G VIL.5.1 The mutant acidic phosphatase PhoN-Se V78L

PhoN-Se V78L: Phosphatase mutant from S. typhimurium with SP and 3xFLAG tag
Gene size: 768 bp  AA: 255 SDS-PAGE: 26 kDa (experimental)

PhoN-Se V78Lsp: Engineered phosphatase from S. typhimurium with N-terminal SP
Gene size: 699 bp  AA: 232 SDS-PAGE: 25 kDa (experimental)

PhoN-Se V78Lsxriac: Phosphatase mutant from S. typhimurium with C-terminal 3xFLAG tag
Gene size: 723 bp  AA:240 SDS-PAGE: 20 kDa (experimental)

G VI.5.1.1  Cloning and expression of PhoN-Se V78L and variants

The gene coding for the engineered phosphatase gene from S. typhimurium'® including the N-terminal SP and
the C-terminal 3xFLAG tagl*®**%! was ordered from GeneArt™ in a pMA-T vector. The lyophilized plasmid DNA
(5 ug) was reconstituted in 50 pL nuclease-free dH20 and the resulting solution (100 ng-uL?) stored at -20°C for
further use. Subcloning into pET26b(+) utilized the Ndel/Xhol restriction sites, which were introduced by the
designed primers. Cloning was performed according to the improved Florida cloning procedure except that KOD

polymerase (71086, Merck Millipore) was used for target insert amplification (G 11.1).

PhoN-Se V78Ls was amplified with the following primer pair:
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PhoN-Se_fl_Ndel fwd: 5-CGGCATATGAAAAGTCGTTATTTAGTATTTTTTC-3’
PhoN-Se_fl_Xhol rev: 5’-GTTTCTCGAGTCACTTATCATCGTCATCCTTG-3’

PhoN-Se V78Lsp was amplified with the PhoN-Se_fl_Ndel fwd primer and the following rev primer:
PhoN-Se_w/o tag_Xhol rev:  5’-GGTTCTCGAGTCAGCTCCTCACGG-3’

PhoN-Se V78Lsxriac was amplified with the PhoN-Se_fl_Xhol rev primer and the following fwd primer:
PhoN-Se_w/o SP_Ndel fwd: 5’- CTGCATATGAAATATACATCAGCAGAAACAGTGC-3’

The following PCR mixture was preparaed for each insert amplification:

Table G-44. PCR mixtures for phoN-Se V78L insert vartiants

KOD DNA polymerase mix Final concentration
10.0 uL  5X KOD reaction buffer 1X
1.0uL  pMA-T_phoN-Sesq (100 ng-uL?) 2 ng-uL?
2.0uL  dNTP mix (5 mM each) 0.2 mM each dNTP
2.0uL  primer fwd (7.5 uM) 0.3uM
2.0uL  primerrev (7.5 uM) 0.3 uM
0.5uL  KOD DNA polymerase (5 U-uL?) 25U

32.5uL  nuclease-free water -

The thermal cycle condtions were according to the amplficifation of the adh-ht insert (Table G-30) except varing

extension times for the different insert variants:

e 47 sfor phoN-Se V78Ls
e 42 sfor phoN-Se V78Lsp
e 44 sfor phoN-Se V78Lsxriac

PCRs yielded single amplification products of the expected sizes for all inserts (Figure G-22). Insert trimming was
performed by restriction enzyme double digestion with Ndel (ERO58, Thermo Scientific) and Xhol/ (ER0691,
Thermo Scientific) at 37°C for 2.5 h according to the adh-ht gene (Table G-33). Restriction enzymes were
inactivated at 65°C for 20 min. The pET26b(+) vector was digested with the same enzymes as in Table G-32.
Vector purification was done by agarose gel disruption and subsequent EtOH precipiration of DNA (G 11.1.3 and
G 1.12, respectively). The dried DNA pellet was dissolved in 30 pL nuclease-free dH,0 and the resulting solution
used for ligation as in Table G-34. Ligation was performed at RT for 20 min. Transformation of competent E. coli
BL21(DE3) was performed with 5 uL of the corresponding ligation mixture (G 1.9.1). After recovery, cells were
plated on LB agar plates supplemented with Kan. Plasmid DNA was isolated from putative positive clones and

sent for sequencing (H 1.1.6).
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Figure G-22. Insert amplification of phoN-Se V78L insert variants. Purified PCR products containing phoN-
Se V78Ls(2), phoN-Se V78Lsxriac (3), and phoN-Se V78Lsp (4). The calculated sizes of each fragment are
768 bp, 723 bp, and 699 bp, respectively. The negative control (no DNA template) yielded no PCR
product (1); 1.0% (w/v) agarose.

The plasmids encoding PhoN-Se V78Ly (clone: SeFL1), PhoN-Se V78Lsp (cline: SeSP3), and PhoN-Se V78Lsxriac
(clone: SeTAG3), respectively, were successfully sequenced and propgated for enzyme expression studies and

cellular localization of phosphatase variants.

Enzyme production was adapted from Tanaka and coworkers.1*®”! Briefly, E.coli BL21(DE3) carrying the
recombinant plasmid was grown at 37°C, 200 rpm in LB-Luria medium until the absorbance of the culture
suspension reached an ODsgo of 0.4-0.6. The expression of recombinant PhoN-Se variants was induced by adding
0.5 mM IPTG. Growth was continued at 37°C for 4—6 h. Cells were harvested by centrifugation (6 000 x g, 4°C for

15 min) for further analysis.

G VI.5.1.2  Release of periplasmic PhoN-Se V78L variants by osmotic shock

For PhoN-Se variants bearing a SP for secretion into the perplasmic space, osmotic shock was performed.
Therefore, the cell pellet was resuspended in osmotic shock solution 1 (pH 8; 20 mM Tris.HCI, 2.5 mM EDTA, 20%
(w/v) sucrose) to ODsgo = 6.0, and incubated on ice for 10 min. After centrifugation at 10 000 x g, 4°C for 2 min,
the cell pellet was resuspended in osmotic shock solution 2 (pH 8; 20 mMTris-HCI, 2.5 mM EDTA) to ODsg = 6.0
and incubated on ice for 10 min. The secreted PhoN-Se variants were obtained in the supernatant after
centrifuging (8 000 x g, 4°C for 10 min). The supernatant was dialysed against 20 mM sodium acetate buffer (pH
6.0) at 4°C with slight shaking overnight. The solution was passed through a 0.45 uM filter (Millipore) and
concentrated by centrifugation with a centrifugal membrane concentrator (10 kDa MWCO; UFC901024,
Millipore).

For PhoN-Se vairants lacking the SP, cell lysis was performed by sonication as described in G 1.5.

Protein content of all fractions was determined by Bradford assay (G |.7) and SDS-PAGE analysis (G 1.8)

performed to determine the cellular localization of PhoN-Se variants. Results are shown in Figure D-20.

G VL.5.2 The wild type acidic phosphtase PhoN-Sf

G VI.5.2.1  Cloning and expression of PhoN-Sf

The phoN-Sf genel®”! was subcloned into pET26b(+) by GenScript™ utilizing Ndel/Hindlll restriction sites (H
1.1.6.5). The lyophilized plasmid DNA was reconstituted in nuclease-free water and competent E. coli BL21(DE3)
transformed with pET26b(+)_phoN-Sf.

Enzyme expression was in accordance to Tanaka et al. with minor modifications.**”! As for PhoN-Se variants,
preculture and main culture were grown in LB-Luria medium supplemented with Kan (50 pg-mL?). Protein
production was performed with 0.5 mM IPTG at 37°C, 200 rpm for 6—8 h. Soluble PhoN-Sf was released from the

197



Thomas Bayer, Ph.D. Thesis
Experimental Part

periplasmic space by osmotic shock as described above, except that it was dialysed against 30 mM Tris-HCI (pH
7.5) containing 30 mM NaCl and 10% (v/v) glycerol. In parallel, CFE were prepared as before (G 1.5).

SDS-PAGE analysis revealed that PhoN-Sf showed increased and stable expression levels even under atypical
phosphatase cultivation conditions such as decreased expression temperatures <30°C (Figure D-23A). This is in
contrast to PhoN-Se variants (e.g., PhoN-Se V78Lsp; Figure D-23B) and advantageous since the simultaneous
production of multiple pathway enzymes in the same host cell is routinely performed at lower temperatures.®
43,3481 Fyrthermore, PhoN-Sf yields could be greatly increased when inducing protein production at ODsso >3.0
(Table G-23, entry #61).

G VIL.5.3 The E. coli phosphtase YgaB

G VI.5.3.1  Cloning and expression of YgaB
The E. coli phosphatse YqaB®%! was already implemented in an aldolase-coupled cascade in vivo.**3 The gene
was ordered from GenScript™ in a pCDFDuet-1 vector utilizing Ncol/BamHI restriction sites. The sequence was

checked by Sanger sequencing after reisolation of plasmid DNA from E. coli DH5a transformants (H 1.1.6.6).

Preliminary expression was performed in LB-Miller medium supplemented with Str, protein production induced
at ODseo = 0.5 with 0.5 mM IPTG, and cultivation of E. coli BL21(DE3) transformants continued at 37°C, 200 rpm
for 3-21 h. Subsegeuntly, YgaB was successfully produced at different expression temperatures with the highest
soluble amounts produced at 20°C after 21 h (Figure D-24A).

Expression at low temperatures was also beneficial in terms of greatly reduced yields of target protein in
insoluble fractions. Contraty to the PhoN-Se variants and PhoN-Sf from S. enterica and S. flexneri, respectively,
YgaB is a cytosolic phosphatase.®°? Thereofre, the osmotic shock protocol was not performed. released by
osmotic shock. The hydrolysis of pNPP confirmed the activity of CFEs containing YgaB. Preparation of CFEs and

SDS-PAGE analysis were performed as before.

G VIL.5.4 Phosphatase activity assays

G VI.5.4.1 Photometric pNPP assay

CFEs (or concentrates) containing the target phosphatase were preparead according to the optimized conditions
in Table G-23. The assay is based on the hydrolysis of p-nitrophenyl phosphate (pNPP; Figure G-23) and
performed in 12-well plates (Greiner) in 50 mM Tris-HCI (pH 7.5) containing 0.05 mg-mL* CFE. The pNPP
substrate was added last to a final concentration of 20 MM (Viotal = 1.0 mL). The increase in absorbance at
A = 405 nm was followed at 37°C for 10 min (plate reader: Anthos Zenyth 3100).[7

OPO4% H0 o
O,N O,N

Pi
Figure G-23. Reaction scheme pNPP assay. In the presence of phosphatases, the phosphate group from
pNPP (left) is cleaved, yielding yellow p-nitrophenol (right) and inorganic phosphate Pi.

G VI.5.4.2  Colorimetric BCIP agar plate assay

The assay is based on the hydrolysis of 5-bromo-4-chloro-3-indolyl phosphate (BCIP; Figure G-24).*%°! Solid
Sperber medium (pH 7.2; 16 g-L'* agar, 10 g-L ! glucose, 2.5 g-L! sodium phytate, 0.5 g-L'! yeast extract, 0.1 g-L?
CaCly, 0.25 gL't MgS04) was autoclaved and prior to pouring 0.025 g-L™* BCIP and, if applicable, the appropriate

antibiotic to the standard working concentration (Table G-1) were added.
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Figure G-24. Reaction scheme BCIP assay. In the presence of phosphatases, the phosphate group from BCIP (left) is cleaved, yielding the
intermediate 5-bromo-4-chloro-indolyl (center) and inorganic phosphate Pi. Subsequent oxidatuion by air forms the blue dye
5,5’-dibromo-4,4’-chloro indigo (right).

The target strains to be tested for phosphatase activity were grown in liquid Sperper medium supplemented with
the appropriate antibiotic, if applicable, at 37°C, 200 rpm overnight and streaked out on solid Sperper medium.
Plates were incubated upside down at 37°C overnight. Blue colonies accumulated the dye 5,5’-dibromo-4,4’-
chloro indigo (Figure G-24), which indicates enhanced phosphatase activity. Example plates are shown in Figure
D-21.

G VI.6 Characterization of the DHA kinase (DhaK) from C. freundii

DhaK: Dihydroxyacetone kinase from Citrobacter freundii CECT 4626 (GenBank: DQ473522.1)
Gene size: 1659 bp AA: 552 SDS-PAGE: 58 kDa (experimental)

G VI.6.1 Cloning and enzyme expression

G VI.6.1.1  Insoluble enzyme production with pET22b(+)_dhaKk according to Gottschalk

The dhaK genel®*® was ordered from GenScript™ subcloned into pET22b(+) utilizing Ndel/Xhol restriction sites.
The lyophilized plasmid DNA was reconstituted in nuclease-free water and competent E. coli BL21(DE3)
transformed with pET22b(+)_dhaK according to G 1.9.1.

For preliminaty expression, the protocol was adapted from Daniel etal. as follows: 4 mL of LB-Miller
supplemented with Amp were inoculated with a single colony of the E. coli BL21(DE3) transformant and
incubated at 37°C with shaking (200 rpm) overnight. TB medium supplemented with Amp was inoculated with
1% (v/v) of the preculture and cultivated at 37°C, 200 rpm until an ODsgo = 0.5 was reached. Protein production
was induced with 0.5 mM IPTG and performed at 37°C, 150 rpm for 20 h. CFEs were prepared (G 1.5) and soluble
and insoluble fractions analyzed by SDS-PAGE (G 1.8). Since DhaK was exclusively found in insoluble fractions,

expression was performed at lower temperatures (Figure G-25), which did not yield soluble Dhak.
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Figure G-25. Preliminary expression of DhaK from pET22b(+). Expression with 0.5 mM IPTG at different
temperatures did not yield soluble DhaK.

Protein BLAST (basic local alignment search tool) from https://blast.ncbi.nlm.nih.gov/Blast.cgi of the DhaK gave

100% identity to the sequence P45510.3, which is identical to the sequence published by Daniel and
coworkers.’3?! However, the sequence is different from the protein sequence from Citrobacter freundii CECT
4626 (ID: ABF06666.1), which was successfully expressed and functionally tested by Iturrate et al., for example
(H 1.1.10.2; Figure H-22).133!

G VI.6.1.2  Soluble enzyme production with pRSETa_dhaK according to Garcia-Junceda

The pRSETa_dhaK vector was kindly provided by Prof. Eduardo Garcid-Junceda from the University of Madrid,
Spain. Competent E. coli DH5a was transformed with the target plasmid, reisolated, and sent for sequencing.
Sanger sequencing confirmed the presence and integrity of the dhaK gene from C. freundii CECT 4626 (ID:
ABF06666.1).

For expression, E. coli BL21(DE3) was transformed with pRSETa_dhaK (G 1.9.1), a single colony picked from LB-
Amp agar plates, 4 mL LB-Miller medium supplemented with Amp inoculated, and grown at 37°C, 200 rpm
overnight. Cultivation was performed in TB-Amp medium inoculated with 1% (v/v) of the preculture. Cells were
grown at 37°C, 200 rpm until ODsgo = 0.5-0.8, IPTG added to a final concentration of 0.5 mM, and protein
production performed at 30°C, 150 rpm for 20 h.[3%3! CFEs were prepared as before. SDS-PAGE analysis showed
the successful production of soluble DhaK from the pRSETa backbone (Figure E-22).

G VL.6.2 Functional testing by metabolomic analysis
The experiment was conducted in cooperation with S. Milker, who performed subsequent metabolomic analysis.

For metabolomics, untransformed E. coli BL21(DE3) and pRSETa_dhaK transformants were cultivated in M9-N*
medium without and in the presence of Amp, respectively. Expression was performed in shaking flasks suitable
for metabolimics filled with 1/25 of the flask volume and vigorous shaking (350 rpm), but otherwise followed the
conditions described above. Expression was successful according to SDS-PAGE analysis (see Figure E-22 for

comparison).[*>4

Sampling at different time points was performed according to the group of Sauer as follow: Immediately after
wetting the filter with M9-N* medium, 2 mL cell suspension were dispersed onto a nitrocellulose filter and
washed with 4 mL medium. As a sidenote, the filter must not run dry while sampling. The filter was removed
with tweezers, placed into a 15 mL Greiner tube, and snap-frozen in liquid N2. The samples were stored at -80°C
until extraction. For extraction, 2 mL of the extraction solution (60% (v/v) EtOH in dH.0; both HPLC grade) were
preheated to 78°C in a water bath. U-13C IS was added to the Greiner tube with the filtered sample and the

extraction solution (2 mL) were added. The Greiner tube was transferred to the water bath and extracted at 78°C
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for 3 min, vortexing once every minute. The samples were stored at -40°C in precooled ethanol until
centrifugation (12000 x g, -10°C for 10 min). The samples were dried at 30°C and 0.12 mbar (Christ Speedvac RVC
2-25 CD plus and Alpha 2-4 LD plus). Samples were stored at -80°C until LC-MS/MS measurement, 154 551

For LC-MS/MS measurement, dried extracts were resuspended in 100 pL water, centrifuged (12 000 x g, 4°C for
3 min), and the supernatant used for analysis. Separation was achieved with a Luna 3u NH2 100A column
(150 x 2.00 mm, Phenomenex) with a binary gradient method (Solvent A: acetonitrile / Solvent B: 10 mM
ammonium acetate; pH 9.9). Gradient parameters were as follows: 20-100% (v/v) B in 0—-24 min; 100% (v/v) B
from 25-34 min; 20% (v/v) B for 1 min; total time of gradient: 35 min. Detection was performed with a tandem
mass spectrometry detector with an ESl ion source (LCMS-8040, Shimadzu) in Multi Reaction Monitoring (MRM)
mode. Peak areas were normalized to fully 13C-labeled IS and absolute quantification of metabolites was achieved

with linear calibration curves of standards.!*>* Finally, concentrations were normalized to the amount of biomass.

Production of DHAP was induced by the addition of DHA. Therefore, 20 mM DHA were added after 5.8 h and
another 10 mM DHA after 24.5 h and sampling done as described above. Untransformed E. coli BL21(DE3) was

used to compare intracellular DHAP concentrations.*>*

G VI.7 Characterization of mutant GDHs from B. subtilis

GDH: NAD(P)H dependent GDH from Bacillus subtilis
Gene size: 786 bp  AA: 261 SDS-PAGE: 34 kDa (calculated)

G VI.7.1 Cloning and enzyme expression

Two GDH mutants were kindly donated by Prof. Andy Bommarius from the California Institute of Technology, CA,
USA: the double mutated GDHxss (E170K and Q252L) and the seven times mutant GDHzxss (P45A, N46E, F155Y,
E170K, V227A, W230F, and Q252L) from B. subtilis. Both engineered GDHs were cloned into pET28a and

contained N-terminal 6xHis tags.!33%

The GDH mutants were expressed in E. coli BL21(DE3) transformants according to Vazquez-Figueroa et al.
without modification of the enzyme production protocol. Briefly, LB-Miller medium supplemented with Kan
(50 pg-mL?) was inoculated with 1% (v/v) preculture grown at 37°C, 200 rpm overnight. Expression was induced
at ODsgo = 0.3-0.5 with 0.1 mM IPTG at 37°C, 150 rpm for 20 h (Figure E-4A).

G VI.7.2 Purification of GDH mutants

G VI.7.2.1  Purification by HS

The two engineered GDHs showed increased thermostability compared to the wild type GDH from B. subtilis.[332
Therefore, transformants were cultivated as before; cell lysis by lysozyme and subsequent HS purification
performed as outlined in G 1.15.1 but not lyophilized.

G VI.7.2.2 Purification by IMAC

E. coli BL21(DE3) containing the GDH-encoding plasmids were cultivated as before. Cells were centrifuged
(8 000 x g, 4°C for 10 min), the supernatant discarded, and the cell pellet resuspended in 50 mM Tris-HCI (pH 7.5)
containing of 20% (w/v) glycerol and 0.1 uM PMSF as protease inhibitor. Cells were lysed by sonication as
described in G 1.5. Purification by IMAC and subsequent elution was also performed in the presence of 20% (w/v)
glycerol, but otherwise followed the procedure outlined in G 1.15.2. Combined fractions were snap-frozen in

liquid N2 and samples lyophilized under high vacuum (Christ Gamma 2-20 lyophilizer).
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G VL.7.3 Photometric NADP* consumption assay

The activity of purified GDH mutants was assayed by the NADP* dependent oxidation of D-glucose. A

commercially available GDH from Pseudomonas sp. (Sigma) was employed as the positive control.

Glycerol concentrates (see G VI.7.2.2) were 1:5-diluted in 50 mM Tris-HCI (pH 7.5) and lyophilisates dissolved in
buffer prior to measurment. The protein content was detrmined by Bradford assay (G 1.7). The assay conditions
were as follows: 50 mM NaH:POs buffer (pH 8.0) containing D-glucose (100 mM) and GDH (0.05 mg-mL?) were
incubated in a quartz cuvette at 37°C for 1 min (CPS temperature controller, Shimadzu). NADP* was added with
a plastic spatula from a 100 mM stock to a final concentration of 1 mM. It was quickly mixed with the spatula
and the production of NADPH followed at A =340nm, 37°C for 30s (UV spectrophotometer UV-1800,

Shimadzu).[332

Activities of the commercial GDH and GDH mutants purified by either HS or IMAC are plotted in Figure E-5A.

G VL.7.4 Preliminary evaluation of storage conditions

P. Wolf performed the optimization of isolation, purification, and the preliminary evaluation of storage

conditions for GDHxgs.[>2%

Briefly, lyophilisates after HS (see G VI.7.2.1) were stored at 4°C. The glycerol concentrates produced after
lyophilization in G VI.7.2.2 were stored at either 4°C or -20°C. For comparison, freshly purified GDH mutants
were prepared. For subsequent activity measurements, lyophilisates were dissolved in 50 mM Tris-HCI (pH 7.5)
and glycerol stocks 1:5-diluted in buffer. The total amount of protein determined by Bradford assay (G 1.7).
Photometric assays were carried out in duplicates as described in G VI.7.3. Activities of freshly purified GDH2xBs
was compared to differently storeed preparations (see above). Results are plotted in Figure E-5B.

G VL.7.5 GDHayss as cofactor regenerating enzyme in vitro

For NAD(P)H regeneration, GDHzass (0.05mg-mL?) and 100 mM D-glucose were routinely used in
biotransformations. The addition of 0.1 mM NAD(P)* started the reactions.

The applicability of GDH2«ss as cofactor regenerator in enzymatic reduction reactions was tested with YgiM and

CARwi, for example, which were also purified by IMAC (G VI.8.2 and G VI.3.1.2, respectively).

G VLI.8 Characterization of EREDs

YqjM: NAD(P)H dependent ERED from Bacillus subtilis
Gene size: 1017 bp AA:338 SDS-PAGE: 37 kDa (experimental)
G VL.8.1 Expression of YgjM from different vectors
YqjM was produced from the following constructs:

pET28b(+) conveying resistance to Kan; N-terminal 6xHis tag (38 kDa)!>%

e  pHT conveying resistance to Amp; N-terminal 6xHis tag and TEV cleavage site (38 kDa)!%%

pET21b(+) conveying resistance to Amp; untagged (38 kDa)>>*

e  pSF1 conveying resistance to Amp; untagged (37 kDa)l>>%

All constructs were sent for Sanger sequencing (Microsynth) and the ygjM sequences and their genetic context
confirmed (H 1.1.10.5). The optimized expression protocols are summarized in Table G-23. Briefly, precultures
were prepared in LB-Miller medium supplemented with the appropriate antibiotic at 37°C, 200 rpm overnight.

TB medium containing the appropriate antibiotic was inoculated with 1% (v/v) preculture and cultivated at 20°C,
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120 rpm for 8 h. Protein production was induced with 0.1 mM IPTG and expression performed for additional
16 h. Cells were harvested (6 000 x g, 4°C for 15 min). The pellet was resuspended in 50 mM Tris-HCI (pH 7.5)
containing 0.1 mM FMN and 0.1 mM PMSF. Cell lysis was performed as in G I.5 and protein fractions analyzed
by SDS-PAGE (G 1.8; Figure G-26).
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Figure G-26. Expression of YgjM from different constructs. SDS-PAGE analysis of YgiM samples produced in E. coli
BL21(DE3) from pSF1 (1 and 4), pET28b(+) (2 and 5), and pHT (3 and 6). YgjM produced from pHT was purified
by IMAC: flow-through (7), eluate (8), and concentrate (9). Sample loading normalized to 10 pg total protein
per lane.

G VI.8.2 Purification of N-terminally 6xHis-tagged YgjM by IMAC

After cell lysis in the presence of 0.1 mM FMN and PMSF, cell debris were removed by centrifugation (16 000 x g,
4°C for 25 min). Purification of YgiM from the supernatant was done by IMAC and followed the procedure
outlined in G 1.15.2 except that the binding buffer contained 10 uM FMN. Pooled fractions were concentrated
(10 kDa MWCO; UFC901024, Millipore) and stored at 4°C (Figure G-27A). Purity was checked by SDS-PAGE
analysis (G 1.8; Figure G-26, Figure G-27A, and Figure E-6).
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Figure G-27. Purification of YgjM by IMAC. (A) YgjM concentrate. (B) SDS-PAGE analysis fractions produced by IMAC from
YgjM: Flow-throughs from loading (1-3), washing (4), and eluates (5-9). Sample loading normalized to 10 ug
total protein per lane except lanes 8 and 9 due to low protein content of <0.4 mg-mL* (sample preparation:
10 pL sample + 15 pL SDS sample buffer; loading: 20 uL).

G VL.8.3 (Assymetric) reductions in vitro

The YgjM concentrate (22.7 mg-mL* according to Bradford assay) was applied to the o, B-unsaturated C=C bonds
in the substrates 10 and 12. Screenings were carried out in 50 mM Tris-HCI (pH 7.5) containing substrate (10
mM), 2.5% (v/v) ACN as cosolvent, FMN (0.1 mM), and purified YgiM (0.5 mg-mL?) at 25°C (250 rpm) for 20 h.
Recycling of NADP* (0.1 mM) was achieved in the presence of D-glucose (100 mM) and purified GDH2zxss
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(0.05 mg-mL?) as described in G VI.7.5. NADP* was added last to the biotransformation mixture. Sampling for
GC/FID analysis was done after adding the NADP* (to’), 2 h, and 20 h. The reduction of 10 is shown in Figure
E-7.[522]

G VI.9 Preliminary expression of enzymes for future modular pathway

extension

Considering the expansion of the mini-pathway and utilize aldehyde intermediates to access alternative product
classes such as primary amines (G VI.9.1) or different carboligation products (G VI.9.2), enzymes of the two

classes were expressed in course of this thesis (see also chapter F).

G VIL.9.1 From aldehyde intermediates to terminal amines: w-transaminases

Plasmids harboring w-transaminases (w-TAs) provided by Prof. Uwe T. Bornscheuer from the University of

Greifswald, Germany. The optimized expression conditions for w-TAs are given in Table G-23.

Enzymes encoded on pET22b(+) palsmids were propagated on LB-Amp plates from permanent cultures stored at
-80°C (3FCR, 3GJU, 3HMU, 3i5T, and AspFum). VfIH6, which is encoded on pET24a, was propagated on LB-Kan
plates. Enzyme production was performed in TB medium supplemented with the appropriate antibiotic and
induced at ODsgo = 0.7 with 0.1 mM IPTG at 20°C, 200 rpm for 20 h.

Enzymes encoded on pGASTON were propagated on LB-Amp plates. Enzyme production was performed in TB
medium supplemented with Amp at ODsgo = 0.7 with 0.2% (w/v) L-Rhm at 20°C, 200 rpm for 20 h.

CFEs were prepared asin G 1.5 in the presence of 1 mM PLP during sonication. SDS-PAGE analysis confirmed the
soluble expression of w-TAs (G 1.8; Figure G-28). The substrate scope toward the aldehydes from B | was not

tested due to time constraints.
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A 130 B 130
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Figure G-28. Expression of w-TAs. Enzymes were overexpressed in E. coli BL21(DE3). (A) Soluble fractions containing 3HMU (1), 3i5T (2),
3FCR (3), 3GJU (4), and VfIH6 (5). Sample loading normalized to 10 ug total protein per lane. (B) Soluble fractions containing

AspFum (1 and 2), NeoFis (3 and 4), and CFE from untransformed host strain (5). Cultivation in LB-Miller (1 and 3) and TB medium
(2 and 4). Sample loading normalized to ODsg = 7.0.

P. Schaaf successfully tested structurally different acetophenone substrates with lyophilized whole cells3% 553

expressing w-TAs to produce chiral amines.[*

G VI1.9.2 Alternative carboligations by a pyruvate decarboxylase (PDC) from A. pasteurianus

The pET22b(+)_pdcap, plasmid was kindly donated by Prof. Dérte Rother from the Forschungszentrum Jilich
GmbH, Germany. The expression protocol for the PDC from Acetobacter pasteurianus (A. pasteurianus) was
adapted: A preculture of E. coli BL21(DE3) harboring pET22b(+)_pdcap was grown in 20 mL LB-0.8G supplemented
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with Amp in a 100 mL baffled shaking flask at 37°C, 275 rpm overnight. The protein was produced in LB-5052
supplemented with Amp in baffled 1 L shaking flasks with a filling volume of 200 mL. It was inoculated with 0.2%
(v/v) preculture, cultivated at 37°C, 150 rpm for 4 h, the temperature lowered to 20°C, and cultivated for another
20 h.

CFEs were prepared as in G 1.5 and SDS-PAGE analysis confirmed the soluble expression of PDCay (G L.8;
experimental: 60 kDa). The coupling of AlkJ and PDCap and the ligation of 1c and different donor molecules®®*® in

vivo was not tested due to time constraints.
G VI.10 Expression of miscellaneous proteins

G VI.10.1 Oleate hydratase OhyA2

The ohyA2 gene from Stenotrophomonas maltophilia was donated by Prof. Jin-Byung Park from the Ewha
Womans University of Seoul, South Korea. The pET28a(+)_ohyA2 was introduced into E. coli BL21(DE3) and
OhyA2 expressed according to Jeon et al. without modification.>”! According to SDS-PAGE analysis (G 1.5 and
G 1.8), the oleate hydratase was exclusively expressed in soluble fractions visible as a prominent band at 68 kDa

(data not shown).
Additionally, permanent cultures of E. coli DH5a harboring pET28a(+)_ohyA2 were prepared and stored at -80°C
for further use.
G VI.10.2 Outer-membrane protein AlkL
The alkL gene was amplified from the pGEc47 cosmid?®* (see G VI.2.4.1) with the following primer pairs:
AlkL_Ndel fwd: 5'-GCGCATGAGTTTTTCTAATTATAAAG-3’
AlkL_BamH] rev: 5’-GCGGGATCCTTAGAAAACATATG-3’

The PCR mixture was prepared as in Table G-45. Thermal cycle conditions were adapted from the alk/ insert

amplification and are given in Table G-46.

Table G-45. PCR mixture for alkL insert amplification

Pfu* polymerase mix Final concentration
5.0 uL 10X Pfu buffer 1X
2.0uL  dANTP mix (5 mM each) 0.2 mM each dNTP
2.5puL  AlkL_Ndel fwd (5 uM) 0.25 uM
2.5uL  AlkL_BamHl rev (5 uM) 0.25 uM
0.5uL  pGEc47 (139 ng-puL?) 1.39 ng-uL?
1.0uL DMSO 2% (v/v)
0.5uL  Pfu* polymerase (5 U-uL?) 25U

36.0 uL  nuclease-free water
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Table G-46. Thermal cycle conditions for Pfu* amplifying the alkL insert

PCR step Temperature Time No. of
(Pfu*) [°C] cycles

Initial . 95 5 min 1
denaturation
Denaturation 95 45s
Annealing 48 30s 30
Extension 72 42s
Terminal 72 5 min 1
extension
Hold 12 oo 1

PCR products were purified with the innuPREP PCRpure Kit from Analytik Jena and double-digested with Ndel
and BamHI (NEB) according to the supplier at 37°C for 2 h. The target vector pCOM?%8 was digested accordingly.
Restriction enzymes were inactivated at 80°C for 20 min. Both the trimmed insert and the linearized vector were
purified with the innuPREP PCRpure Kit from Analytik Jena as before. Ligation was performed as outlined in Table
G-17 at 25°C for 20 min. Competent E. coli DH5a and BL21(DE3) cells were transformed with 8 uL of ligation
mixture according to G 1.9.2. After recovery, 150 pL cell suspension were plated on LB-Amp agar plates and

incubated at 37°C overnight.

From the E. coli BL21(DE3) cell suspension, a LB-Miller preculture (4 mL) supplemented with Amp was inoculated
(200 pL) and grown at 37°C, 200 rpm overnight. Expression conditions were adapted from Smits et al. as follows:
The main culture was inoculated with 1% (v/v) preculture, cultivated at 37°C with shaking (200 rpm) until an
ODsg0 = 0.5-1.0 was reached. Protein production was induced by 0.05% (w/v) dicyclopropylketone (DCPK) and
expression continued at 30°C, 200 rpm for 6 h.5°8 SDS-PAGE analysis of the prelimary expression did not show a
protein band corresponding to the calculated size of AlkL (24.9 kDa; data not shown) and was not further studied

in this thesis.

G VIl Construction of vectors for the

coexpression of pathway enzymes

G VII.1 Plasmids harboring the alkJ and the fsa1-A129S gene in different

genetic configurations

In the following, the detailed cloning procedure for vectors for the coproduction of AlkJ and Fsal-A129S from

different genetic configurations will be described.

G VIL.1.1 Construction of pKA1_alkJ:fsa1-A129S in operon configuration (pOPE)

The DNA fragment containing fsa1-A129S was amplified by PCR using the DNA polymerase Pfu* and the pET16b
vector containing the fsal-A129S gene, which was kindly provided by Prof. Dr. Wolf-Dieter Fessner, TU

Darmstadt, Germany, with the following primer pair:
OPE1A129SRBS fwd: 5’-GGATCCGGCTGCTAACTCTAGAAATAATTTTGTTTAAC-3’

OPE1A129S rev: 5’-CAGCAGCCAACTCAGCTTTAAATCGACGTTCTGCCAAAC-3’
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The pKA1_alkJ backbone was amplified from the previously assembled pKA1_alk/ template (G VI.2.4.1) using
OptiTag with the following primers:

OPE1pAJ3A129S fwd: 5-CTAGAGTTAGCAGCCGGATCCTTACATGCAGACAGCTATC-3’
OPE1pAJ3A129Srev:  5-GGCAGAACGTCGATTTAAAGCTGAGTTGGCTGCTGCCAC-3’

The optimal annealing temperatures for both insert and backbone amplficiation were determined by gradient
PCR as outlined in G I.13. For the insert amplification, the first gradient PCR (45—65°C) showed an unspecific
amplification product at 3 kb besides the expected fragment with a size about 0.75 kb (Figure G-29A). The PCR
was optimized by lowering the temperature gradient (40-52°C), finally giving the optimized annealing
temperature of 44.4°C (Figure G-29B).143!
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Figure G-29. Annealing temperature optimization of the fsal-A129S insert for OPE plasmid assembly. Gradient PCR with annealing
temperatures from (A) 45—65°C and (B) 40-52° with the unspecific 3.00 kb PCR product disappearing at lower temperatures;
0.85% (w/v) agarose. (B) was adapted from T. Wiesinger et al. (2017).143%]

For the backbone amplification, gradient PCR (45-65°C) showed an optimized annealing temperature of 57.2°C.

A very weak, unspecific PCR product with a size >10 kb was detectable at lower temperatures (Figure G-30).
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Figure G-30. Annealing temperature optimization of the pKA1_alkJ backbone for OPE plasmid assembly. Gradient PCR
with annealing temperatures from 45-65°C; 0.85% (w/v) agarose. The figure was adapted from T. Wiesinger
etal. (2017).143%

The preparation of each PCR mixture and the optimized thermal cycle conditions are summarized in Table G-47

and Table G-48, respectively.
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Table G-47. PCR reaction mixtures for the construction of the OPE plasmid

. . Final . . Final
Pfu’ PCR mix concentration OptiTag PCR mix concentration
5.0 uL 10X Pfu buffer 1X 5.0puL 10X Pol B buffer 1X
. 0.2 mM each . 0.2 mM each
2.0uL  dNTP mix (5 mM each) dNTP 2.0uL  dNTP mix (5 mM each) dNTP
2.5uL  OPE1A129SRBS fwd (5 pM) 0.25 uM 25l OPE1pAI3A129S fwd (5 pM) 0.25 pM
2.5uL  OPE1A129Srev (5 uM) 0.25 uM 2.5uL  OPE1pAJ3A129S rev (5 uM) 0.25 uM
pET16b_fsal-A129S - - -
1.0puL (100 ng-pl) 2.0 ng-uL 1.0uL  pKA1_alk/ (128 ng-uL?) 2.5 ng-uL
1.0ul  DMSO 2% (v/v) 1.0uL  DMSO 2% (v/v)
0.5uL  Pfu* polymerase (5 U-uL?) 25U 0.5uL  OptiTag polymerase (5 U-pL?) 25U
35.5uL  nuclease-free water - 35.5uL  nuclease-free water -
Table G-48. Optimized thermal cycle conditions for the construction of the OPE plasmid
PCR step Temperature ., No. of PCR step Temperature . No. of
o Time . o Time
(Pfu*) [°C] cycles (OptiTaq) [°C] cycles
Initial . Initial .
denaturation % > min ! denaturation % > min !
Denaturation 95 30s Denaturation 95 30s
Annealing 44.4 30s 30 Annealing 57.2 30s 30
Extension 72 45s Extension 72 7.5 min
Terminal 72 3 min 1 Terminal 72 10 min 1
extension extension
Hold 4 oo 1 Hold 4 oo 1

After Dpnl digestion and purification, the 1:1 and 4:1 mixtures were prepared (Table G-18) for subsequent DNA

fragment assembly.

G VIlL.1.1.1 Successful pOPE assembly from two linear DNA fragments by SLiCE

Since FC (G 11.2.1.3) did not yield putative correct assemblies post transformation of RbCl-competent E. coli
TOP10, insert and backbone amplification were repeated as summarized in Table G-47 and Table G-48. The 1:1
and the 4:1 mixtures were prepared (7.5 pL + 7.5 puL and 12 uL + 3 L, respectively), incubated in the presence of
Dpnl at 37°C for 30 min and Dpnl heat-incactivated. The mixtures were purified with the QIAquick® PCR
Purification Kit (28104, QIAGEN) and the SLiCE reaction carried out according to Table G-49 with both mixtures
at 37°C for 1 h. The reactions were left at RT for 1 h and stored at 4°C overnight. Freshly prepared RbCl-
competent E. coli BL21(DE3) cells (50 uL) were transformed with 5 pL of SLIiCE reaction mixture as described in

G 1.9.3. Putative positive clones were picked from LB agar plates supplemented with Cam (37 ug-mL*).143%

Table G-49. SLiCE reaction mixture for pOPE assembly with two fragments

SLiCE assembly mix Final concentration

1.0uL 10X SLIiCE buffer 1X
7.0 uL  DNA fragment mix -
1.0yl ATP (10 mM) 1mM
1.0pL  SLIiCE (from TOP10) 10% (v/v)
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Colony PCR was performed for the insertion of the fsa1-A129S gene and plasmid DNA isolated from positive
clones (OPE1, OPE4-5, OPE7; Figure G-31). Isolated plasmid DNA was digested with the restriction enzyme Ncol
at 37°C for 2 h as given in Table G-50 to verify successful plasmid assembly (Figure G-32).143%!

Table G-50. Ncol control digestion of putative OPE plasmids

Ncol digestion mix Final concentration
1.0uL 10X Tango buffer 1X
1.5-3.0 uL  DNA (50-100 ng-pL?) =15 ng-ulL?
0.5uL  Ncol (10 U-uL?) 5U

5.5-7.0uL  nuclease-free water -
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Figure G-31. Colony PCR for the detection of the fsa1-A129S in clones containing the putative OPE plasmid after SLiCE
assembly. Control PCR of the fsal-A129S gene from the pET16b_fsa1-A192S template (1) and colony PCR of
seven putative positive clones OPE1-7 (2-8). The fsa1-A129S insert could be detected in the clones OPE1 (2),
OPE4-5 (5-6), and OPE7 (8).
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Figure G-32. Control digestion with Ncol of putative OPE plasmids assembled by SLIiCE. Digestion mixtures containing no
plasmid DNA (1), the parent pKA1_alkJ plasmid (2), and four putative pKA1_alkJ:fsa1-A129S target vectors
with the two genes in operon configuration (3-6). The plasmid DNA of the clones OPE1 and OPE4 gave the
expected DNA fragment pattern (3-4), whereas OPES could be considered false positive in the previous colony

PCR (5) and OPE7 gave an unexpected DNA fragment pattern after digestion with Ncol (6).
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Finally, the sequence of the plasmid from clone OPE1 was confirmed by Sanger sequencing. E. coli BL21(DE3)

transformants were used for subsequent expression studies.

G VII.1.2 Construction of pKA1_alkJ::fsa1-A129S in pseudo-operon configuration (pPOP)

For the construction of the POP plasmid harboring the alk/ and the fsal-A129S gene in pseudo-operon
configuration, the fsa1-A129S gene was amplified by PCR using the Pfu* DNA polymerase and the pET16b_fsal-
A129S template with the following primer pair:

PO1A129SPROM fwd: 5'-GTAAGGATCCGGCTGCTAACCGATCCCGCGAAATTAATAC-3’
OPE1A129S rev: 5’-CAGCAGCCAACTCAGCTTTAAATCGACGTTCTGCCAAAC-3’

The pKA1 backbone including the alkJ gene was amplified using OptiTag and the previously assembled pKA1_alkJ

plasmid. The following primer pairs were used:
PO1pAJ3A129S fwd: 5’-GTATTAATTTCGCGGGATCGGTTAGCAGCCGGATCCTTAC-3’
OPE1pAJ3A129Srev:  5-GGCAGAACGTCGATTTAAAGCTGAGTTGGCTGCTGCCAC-3’

The optimal annealing temperatures for both insert and backbone amplficiation were determined by gradient
PCR as outlined in G I.13. The gradient PCR was performed at 40-52°C, giving the optimized annealing
temperature of 40.0°C (Figure G-33).34%!
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Figure G-33. Optimized annealing temperature of the fsa1-A129S insert for POP plasmid construction. Gradient PCR with
annealing temperatures from 40-52°; 0.85% (w/v) agarose. The figure was adapted from T. Bayer et al.
(2017).1348

For the backbone amplification, gradient PCR (40-52°C) yielded an optimized annealing temperature of 51.0°C
(Figure G-34).
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Figure G-34. Optimized annealing temperature of the pKA1_alkJ backbone for POP plasmid construction. Gradient PCR

with annealing temperatures from 50-70°C; 0.85% (w/v) agarose. The figure was adapted from T. Bayer et al.

(2017).3%8

The preparation of each PCR mixture and the optimized thermal cycle conditions are summarized in Table G-51

and Table G-52, respectively.3*®!

Table G-51. PCR reaction mixtures for the assembly of the POP plasmid

Final

Final

Pfu* PCR mix . OptiTag PCR mix .
concentration concentration
5.0 uL 10X Pfu buffer 1X 5.0puL 10X Pol B buffer 1X
. 0.2 mM each . 0.2 mM each
2.0uL  dNTP mix (5 mM each) dNTP 2.0pL  dNTP mix (5 mM each) dNTP
2.5uL  PO1A129SPROM fwd (5 uM) 0.25 uM 2.5ul  PO1pAI3A129S fwd (5 uM) 0.25 uM
2.5uL  OPE1A129S rev (5 uM) 0.25 uM 2.5uL  OPE1pAJ3A129S rev (5 puM) 0.25 uMm
pET16b_fsal-A129S J— e mE!
1.0 uL (100 ng-ulY) 2.0 ng-uL 1.0uL  pKA1_alkJ (128 ng-pL?) 2.5 ng-pL
1.0yl DMSO 2% (v/v) 1.0uL  DMSO 2% (v/v)
0.5uL  Pfu* polymerase (5 U-uL?) 25U 0.5uL  OptiTag polymerase (5 U-pL?) 25U
35.5uL  nuclease-free water - 35.5uL  nuclease-free water -
Table G-52. Optimized thermal cycle conditions for the assembly of the POP plasmid
PCR step Temperature . No. of PCR step Temperature . No. of
o Time . o Time
(Pfu?) [°C] cycles (OptiTaq) [°C] cycles
Initial . Initial .
denaturation % 4 min ! denaturation % > min !
Denaturation 95 30s Denaturation 95 30s
Annealing 40.0 30s 30 Annealing 51.0 30s 30
Extension 72 45s Extension 72 7.5 min
Terminal 72 5 min 1 Terminal 72 10 min 1
extension extension
Hold 4 oo 1 Hold 4 oo 1
G VILL1.2.1  Successful pPOP assembly by FC

The two DNA fragments were further processed and assembled as outlined in the general FC procedure (G 11.2.1).

Transformation of E. coli TOP10 cells was successful and six clones were randomly picked and colony PCR
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performed according to G 1.14 in 8 pL PCR mixture. The presence of the fsa1-A129S insert with the expected size
could be detected with the PO1A129SPROM fwd and OPE1A129S rev primer pair in four of the tested putative
positive clones (Figure G-35, lane 3—6).1348
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Figure G-35. Colony PCR of putative positives containing the POP plasmid assembled by FC. Detection of the the
fsal-A129S insert after colony PCR in four out of six clones (3-6); 1% (w/v) agarose.
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Figure G-36. Control digestion with Ncol of putative POP plasmids assembled by FC. Digestion mixtures
containing the plasmid DNA of putative positive clones POP3—6 (1-4), the parent pKA1_alkJ plasmid
(5), and no plasmid DNA (6). All four putative pKA1_alkJ::fsal-A129S target vectors with the two
genes in pseudo-operon configuration (1-4) gave the expected DNA fragment pattern analyzed on

0.85% (w/v) agarose. The figure was adapted from T. Bayer et al. (2017).3%

The E. coli TOP10 clones positively tested for the insertion of the aldolase gene (Figure G-35, lane 3—6) were
cultivated in LB-Miller medium supplemented with Cam overnight (37°C, 200 rpm), the plasmid DNA isolated and
administered to control digestion by Ncol (Figure G-36, lane 1-4). The plasmid DNA of clone POP5 (Figure G-35,
lane 5 for colony PCR and Figure G-36, lane 3 for Ncol control digestion) was finally confirmed by Sanger

sequencing.4?]

E. coli BL21(DE3) cells were transformed with pPOP (clone: POP5) for subsequent expression studies (see G
VIl.1.4.1).

G VII.1.2.2  Successful POP plasmid assembly from two DNA fragments by SLiCE

The following SLiCE reaction served as a proof of concept study for the adaption of the SLiCE protocol published
by Zhang and coworkers.®” The linear DNA fragments containing the alk/ gene together with the pKA1 backbone
and the fsal-A129S gene, respectively, were amplified by PCR as described in G VII.1.2. Template DNA was
digested by Dpnl and purified as before. Plasmid assembly followed the SLiCE protocol as outlined in G 11.2.2.4.

The SLIiCE reaction mixtures were prepared as follows:
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Table G-53. SLIiCE reaction mixtures for POP plasmid assembly with two fragments

SLiCE assembly mix Final concentration

1.0uL 10X SLiCE buffer 1X
backbone DNA

0.5uL (100 ng-uLY) 50 ng
3.0/6.0uL insert DNA -

1.0uL  ATP (10 mM) 1mM

1.0 L  SLICE (from TOP10) 10% (v/v)

3.5/0.5uL nuclease-free water -

The mixtures were incubated consecutively at 37°C, RT (23-25°C) and 4°C. Each incubation step took 1 h.
Competent E. coli BL21(DE3) cells were transformed with 4 pL of SLIiCE reaction per 100 pL competent cells
according to G 1.9.3. Single colonoies from LB-Cam agar plates were picked; the plasmid DNA from putative

positive clones was isolated and administered to Ncol control digestion.
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Figure G-37. Ncol digestion after POP plasmid assembly from two fragments by SLiCE. Digestion of a successfully
assembled POP plasmid from a SLiCE reaction containing the backbone and the insert DNA fragments
and the SLICE from TOP10 cells (1). No assembly of the two fragments in the absence of SLIiCE (2).
Digestion of the parent pKA1_alkJ plasmid (3). No assembly in the presence of the SLIiCE with only the
linear backbone DNA fragment (4) or the linear insert DNA fragment (5), respectively. Analysis on
0.85% (w/v) agarose.

G VIL.1.3 Construction of pKA1_alkJ::B001x::fsa1-A129S in monocistronic configurations (pMONX)

G VIL.1.3.1 Design of bidirectional terminator sequences
Monocistronic arrangements of the alk/ and the fsa1-A129S gene were achieved by placing terminator sequences
between the two genes. Therefore, the bidirectional B0014 double terminator

(http://parts.igem.org/Part:BBa_B0014) was synthesized by GenScript and delivered in a pUC57 standard vector.

Since BO014 consists of two terminators, BO012 and B0011,5%¥ different primer pairs were used to amplify the
BO011 single terminator sequence and the entire B0014 sequence giving rise to pMON1 and pMONA4,
respectively, post ligation. Both primer pairs included flanking spacer sequences and BamHI restriction sites (see
also D 11.1.1).143%

213


http://parts.igem.org/Part:BBa_B0014

Thomas Bayer, Ph.D. Thesis
Experimental Part

G VIL1.3.2 Introduction of terminator sequences by Florida cloning utilizing a unique BamH] restriction site
The B0011 single terminator was amplified using the DNA polymerase Pfu* and the pUC57_B0014 template with
the following primer pair:

B0OO11 fwd: 5’-CCGGGATCCAGAGAATATAAAAAGCC-3’
BOO11 rev: 5-CGCGGATCCAAATAATAAAAAAGCCGG-3’

The B0014 double terminator was amplified with Pfu® from the pUC57_B0014 template with the following
primers:

B0014 fwd: 5’-CCGGGATCCGGCTGCTAACTC-3’
B0014 rev: 5-GGCGGATCCGGCTGCTAACAAATAATAAAAAAG-3’

The preparation of each PCR mixture and the thermal cycle conditions are summarized in Table G-54 and Table

G-55, respectively.

Table G-54. PCR reaction mixture for BO011 and B0014 amplification

B001x PCR mix Final concentration
5.0 uL 10X Pfu* buffer 1X
2.0uL  dNTP mix (5 mM each) 0.2 mM each dNTP
2.5uL  BOO01x fwd (5 uM) 0.25 M
2.5uL  BOO1xrev (5 uM) 0.25 uM
1.0yl pUC57_B0014 (100 ng-ulL) 2.0 ng-plLt
1.0uL  DMSO 2.0% (v/v)
0.5uL  Pfu* polymerase (5 U-uL?) 25U

35.5uL  nuclease-free water -

Table G-55. Optimized thermal cycle conditions for BO011 and B0O014 amplification

PCR step Temperature Time No. of PCR step Temperature Time No. of

(B0O011: Pfu*) [°C] cycles (B0014: Pfu*) [°C] cycles
Initial . Initial .
denaturation % > min ! denaturation % > min 1
Denaturation 95 30s Denaturation 95 30s
Annealing 57.5 20s 30 Annealing 57.5 20s 30
Extension 72 10s Extension 72 16s
Terminal 72 1 min 1 Terminal 72 1 min 1
extension extension
Hold 12 oo 1 Hold 12 oo 1

Construction of pMON1 and pMON4 containing the BO011 and the BO014 terminator, respectively, followed the
Florida cloning procedure as outlined in G 1l.1. Briefly, PCR was performed at optimal annealing temperature
(Ta=57.5°C) as determined by gradient PCR (Figure G-38) and PCR products purified with the innuPREP PCRpure
Kit from Analytik Jena.
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Figure G-38. Gradient PCR of B0011 and B0014. Determination of the optimal annealing temperature for the amplification of
(A) the B0011 and (B) the B0O014 terminator sequences analyzed on 4% and 3% (w/v) agarose, respectively.
Temperature gradient ranging 50—-70°C as indicated above. (A) was adapted from T. Wiesinger et al. (2017).143%

The POP plasmid was isolated from a single colony of an E. coli DH5a transformant using the GenelJET Plasmid
Miniprep Kit from Thermo Scienific. The vector (3 ug) was linearized with BamHI (Promega) in a total reaction
volume of 40 pL at 37°C for 2.5 h. The restriction enzyme was inactivated at 65°C for 20 min. The 5’ overhangs of
the linearized vector were dephosphorylated by calf intestinal alkaline phosphatase (CIAP; Promega). Therefore,
5 pL of 10X CIAP reaction buffer (50 mM Tris-HCI, 1 mM MgClz, 0.1 mM ZnClz, 1 mM spermidine; pH 9.3) and
nuclease-free water (4 uL) were added directly to the digestion mixture, before adding 1 pL CIAP (1 U-uL). The
resulting mixture was incubated at 37°C for 30 min. Again, 1 puL CIAP was added and the mixture incubated at
37°C for 20 min and heated up to 56°C for 10 min. CIAP stop buffer (300 puL; pH 7.5; 10 mM Tris-HCI, 1 mM EDTA,
200 mM NaCl, 0.5% (w/v) SDS) was added. Phenol-chloroform extraction was performed as suggest by Promega.
DNA precipitation was performed by adding 0.1 volume of 3 M NaOAc (pH 5.2) and 2.5 volumes of ice-cold
absolute ethanol (EtOH) and incubation at -20°C overnight. DNA pelleting was done by centrifugation (17 000 x g,
4°C for 10-15 min). The pellet was washed with 1 mL ice-cold 70% (v/v) EtOH and dried completely by
evaporation at 30°C, <30 mbar for 30 min (Christ Speedvac RVC 2-25 CD plus and Alpha 2-4 LD plus). The

linearized and dephosphorylated vector DNA was dissolved in 30 plL nuclease-free water for subsequent ligation.

Prior to ligation, the PCR products containing the BOO11 or the BO014 sequence were trimmed with BamH/ under
the same conditions as the target vector. The restriction enzyme was heat-inactivated, the DNA column-purified
and eluted with 30 plL nuclease-free water. For ligation, vector and insert DNA were mixed in volumetric ratios
of 1:1 and 1:4. The fast ligation mix was prepared as given in Table G-56, spun down and incubated at 25°C for
20 min. For the transformation of RbCl-competent E. coli BL21(DE3) cells, 5 pL of ligation mix were used.
Transformation was done as described in G 1.9.3. Cells were plated on LB agar plates supplemented with Cam
(37 pg'mL™?). The plasmid DNA of single colonies was isolated as before. To test for the insertion of terminator
sequences, plasmid DNA was digested with Ncol (Thermo Scienific) at 37°C for 2 h. Ncol was heat-inactivated at

65°C for 20 min and the DNA fragments analyzed by DNA gel electrophoresis on 1% (w/v) agarose (Figure G-39).

Table G-56. Ligation mixture for the construction of MON plasmids

T4 DNA ligase mix Final concentration
2.0pL 10X T4 DNA ligase buffer 1X
1.0puL linearized vector DNA (20-100 ng-uL?) 1-5 ng-uL?
1/4.0puL  trimmed insert DNA varying
0.5uL T4 DNA ligase (5 Weiss U-uL?) 2.5 Weiss U

15.5/125uL nuclease-free water -
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Figure G-39. Ncol digestion of MON1 and MON4 plasmids. Digestion of the parent POP plasmid (1), the
MONT1 (2), and the MON4 (3) plasmids containing the single terminator BO011 and the
double terminator B0014, respectively. The figure was adapted from T. Wiesinger et al.
(2017).143%)

G VIL.1.4 Validation of vector functionality by protein production analysis and biotransformations

For subsequent studies, E. coli BL21(DE3) transformants containing pOPE, pPOP, pMON1, or pMON4 were used
(Figure G-40C—F). For comparison, untransformed E. coli BL21(DE3) and cells harboring the two-plasmid system
(pKA1_alk) and pET16b_fsa1-A129S) were used (Figure G-40A and Figure G-40B, respectively).

G VII.1.4.1  Coexpression studies of AlkJ and Fsa1-A129S

Coproduction of the mini-pathway was initially performed in M9-N* medium supplemented with Cam.
Precultures were prepared in M9-N* medium as well and the main culture inoculated with 1% (v/v) preculture.
Cultivation was performed at 37°C, 200 rpm until an ODsgo of 0.5 was reached. Protein production was induced
by adding 0.5 mM IPTG, the temperature lowered to 25°C, and coexpression of AlkJ and Fsal-A129S performed
for 21 h. CFEs were prepared by sonication as in G 1.5. SDS-PAGE analysis confirmed the coproduction of both

enzymes in strains containing the single plasmids or the two-plasmid system (G 1.8; Figure G-40).

Mini-pathway expression was successfully adapted for autoinduction in LB-5052 (AIM) as described in G VI.3.1.1

(data not shown).
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Figure G-40. Mini-pathway expression from different constructs over time. SDS-PAGE analysis of soluble and insoluble fractions from (A)
untransformed E. coli BL21(DE3), (B) cells harboring the two-plasmid system (pKA1_alkJ + pET16b_fsa1-A129S), (C) pOPE, (D)
pPOP, (E) pMON1, and (F) pMON4. AlkJ and Fsal-A129S visible as protein bands at 57 kDa and 23 kDa, respectively. Sample

loading normalized to ODsgo = 7.0.

G VIL.1.4.2 Pathway validation with pPOP and DHA concentration screening

For pathway validation, E. coli BL21(DE3) harboring pPOP (clone: POP5) was used. Prior to screening, DHA dimer
(0.9 g, 5 mmol) was dissolved in 9 mL RCM and filled up to 10 mL. For monomerization, the resulting solution
was shaken (250 rpm; InforsHT Multitron 2 Standard) at 37°C for 3 h. The final concentration was 1 M of the DHA

monomer. 1348l

The mini-pathway was expressed as described above (Figure G-40D), RCs prepared, and the initial DHA screening
performed under standard conditions as described in G IIl.2 with the substrate 2b. Biotransformations were
carried out in the absence of DHA (0 eq) and in the presence of DHA monomer (5 eq, 10 eq, and 20 eq). Results

of the HPLC measurements are shown in Figure D-29 (see A | for pathway schemes).

G VIL.1.5 Changing context of pMON4: Increasing the spacer sequences in pMON5 and pMONG6

According to SDS-PAGE, AlkJ and Fsa1-A129S were readily produced in E. coli BL21(DE3) harboring pMON1 or the
pMON4 (Figure D-28 and Figure G-40E-F). However, functional testing of AlkJ under standard screening
conditions (G [l11.2) revealed that the substrates 2b and 4b were not or hardly oxidized to 2c and 4c, respectively
(Figure E-3B—C).

In pPMON1 and pMON4, the terminator sequences B0011 and B0014 were placed between the coding regions of
the ADH and the aldolase, respectively. Cloning of B0011 in the pMON1 (pKA1_alkJ::B0011::fsal-A129S)13"!
resulted in a 16 bp spacer sequence; cloning of B0014 in the pMON4 (pKA1_alkJ::B0014::fsa1-A129S) also
contained 16 bp flanking the terminator sequence (Figure D-25C). The detailed cloning procedure is described in
G VIL.1.3.2.
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To increase the spacing between the gene-coding regions and the synthetic BO014 terminator sequence, PCR
primer pairs were designed to insert Tsy» with flanking spacers of 50 bp and 100 bp, giving rise to pMONS5
(pKA1_alkJ::B0014s50::fsal-A129S) and pMONG6 (pKA1_alkJ::BO014100::fsal-A129S), respectively (Figure E-1).
Primers also encoded Bglll restriction sites, whereas the target pPOP vector was digested with BamH] to insert
the B0014 variants. By utilization of the BamHI/Bglll isocaudamer, ligation of target vector and B0014 insert
resulted in a scar sequence that could not be cleaved by either of the original restriction enzymes.! Subcloning

was performed by C. Wokurek as described below.[*!

G VIL1.5.1 Construction of pMON5 and pMONG6
For the construction of pMONS5, the B0014 double terminator was amplified with Pfu* from the pUC57_B0014

template with the following primers:
MONS5_Bglll fwd:  5-GCGAGATCTCAGTGAATTCGAGCTCGGTAC-3’
MONS5_Bglll rev: 5’-GCGAGATCTGATTACGCCAAGCTTGCATGCAG-3’

For the construction of pMONG6, the B0014 double terminator was amplified with Pfu* from the pUC57_B0014

template with the following primers:
MONG6_Bglll fwd:  5-GCGAGATCTGATTAAGTTGGGTAACGCCAG-3’
MONG6_Bglll rev: 5’-GCGAGATCTGAATTGTGAGCGGATAACAATTTC-3’

The preparation of each PCR mixture is summarized in Table G-57. The termal cycle conditions were identical to

the construction of pMON1 and pMON4 (Table G-55) except longer extension times for insert amplification:

e 195 for B0014so (pMONS)
e 22 sfor BO014100 (PMONG)

Table G-57. PCR reaction mixture for BO014so and B0014100 amplification

MONX PCR mix Final concentration
5.0 uL 10X Pfu* buffer 1X
2.0uL  dANTP mix (5 mM each) 0.2 mM each dNTP
25uL  MONx_Bglll fwd (5 uM) 0.25 pM
2.5uL  MONx_Bglll rev (5 uM) 0.25 uM
1.0uL  pUC57_B0014 (100 ng-uL?) 2.0 ng-ulL?
1.0puL DMSO 2.0% (v/v)
0.5uL  Pfu* polymerase (5 U-uL?) 25U

35.5uL  nuclease-free water

Assembly of pMONS5 and pMONG was in accordance to the construction of the other plasmids containing the alkJ
and fsal-a129S gene in monocistronic configurations (see G VII.1.3.2) and followed the Florida cloning procedure
as outlined in G II.1. PCRs at Ta=57.5°C yielded single amplification products, which were purified with the
innuPREP PCRpure Kit from Analytik Jena and analyzed on 1.5% (w/v) agarose (Figure G-41).

Ligation was performed as in Table G-56 at 25°C for 20 min. After transformation of RbCl-competent E. coli
BL21(DE3) (G 1.9.3), cells were plated on LB agar plates supplemented with Cam (37 pg-mL?). Reisolated plasmid
DNA of single colonies was digested with Ncol/ (Thermo Scienific) at 37°C for 2 h to confirm the insertion of the

terminator sequences (Figure G-42).
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Figure G-41. PCR products containing B0014so and B0014100. Purified amplicons containing the B0O014
terminator with flanking 50 bp spacers (1) and 100 bp spacers (2) and Bglll restriction sites;
1.5% (w/v) agarose. The figure was adapted from C. Wokurek et al. (2017).552%
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Figure G-42. Ncol digestion of MON5 and MONG plasmids. Digestion of the MON1 (1), and the MON4 (2)
plasmids containing the BO014 terminator with flanking 50 bp and 100 bp spacer sequences,
respectively. The figure was adapted from C. Wokurek (2017).55%

G VILL1.5.2 Testing for the restoration of Alk/J activity in biotransformations

Coproduction of AlkJ and Fsa1-A129S from the newly assembled constructs pMONS5 and pMONG6 was performed
in AIM as described in G VI.3.1.1 except that expression was done at 25°C. SDS-PAGE analysis confirmed the
production of AlkJ and Fsal-A129S (Figure E-2). RCs were prepared and the substrates 2b and 4b tested under
standard screening conditions (G I11.2). AlkJ activity could be restored and results are described in E 1.1 (Figure
E-3E and Figure E-3F).

G VII.2 Vector construction for the coexpression of AlkJ and the DHAP-

dependent aldolase FucA

In the following, the detailed cloning procedure for vectors for the coproduction of AlkJ and FucA in different
genetic configurations will be described.
G VII.2.1 Construction of pKA1_alkJ::fucA in pseudo-operon configuration

For the construction of the target plasmid harboring the alk/ and the fucA gene in pseudo-operon configuration,
the fucA insert was PCR amplified using the Pfu* DNA polymerase and the pKK_fucA template*®® with the

following primer pair:
POPFUC1A fwd: 5’-GGAGATATACCATGGAACATGGAACGAAATAAACTTG-3’
POPFUC1A rev: 5’-CAGCAGCCAACTCAGCTTTATTACTCTTCAATTCGTAAC-3’

The pKA1 backbone including the alk/ gene and the regulatory elements (P77 and RBS) for fucA expression were

amplified using OptiTag and the previously assembled pPOP plasmid. The following primer pairs were used:
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5-GTTTATTTCGTTCCATGTTCCATGGTATATCTCCTTC-3’

5’-CGAATTGAAGAGTAATAAAGCTGAGTTGGCTGCTGCCAC-3’

The optimal annealing temperatures for both insert and backbone amplficiation were determined by gradient

PCR as outlined in G 1.13. For the fucA insert amplification, the gradient PCR (45—65°C) resulted in a single

amplification product of expected size (0.65 kb) over the whole temperature gradient (Figure G-43A, result

shown for Ta = 56.4°C after PCR product purification). Backbone amplification yielded a single PCR product of

expected size (7.20 kb; Figure G-43B).
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Figure G-43. Optimized annealing temperatures for the construction of pKA1_alkJ::fucA. (A) Optimized annealing temperature (54.6°C) of
the fucA insert. (B) Gradient PCR (45-65°C) of the pKA1 backbone including the alk/ gene. (C) Optimized PCR cycle conditions
with annealing at 48.8°C for 25 s; 0.85% (w/v) agarose. The figure was adapted from J. Reiterlehner (2017).5!

The preparation of each PCR mixture and the optimized thermal cycle conditions are summarized in Table G-58

and Table G-59, respectively.

Table G-58. PCR reaction mixtures for the assembly of pKA1_alkJ::fucA

Pfu’ PCR mix concz:‘t?'iltion OptiTaq PCR mix conc:I:ta:'lation
5.0 uL 10X Pfu buffer 1X 5.0 uL 10X Pol B buffer 1X
2.0uL  dNTP mix (5 mM each) 02 r(;ms”mh 2.0uL  dNTP mix (5 mM each) 02 stad‘
2.5uL  POPFUC1A fwd (5 uM) 0.25 pM 25ulL  pPOPFUCIA fwd (5 pM) 0.25 pM
2.5uL  POPFUC1A rev (5 uM) 0.25 pM 2.5uL  pPOPFUC1A rev (5 pM) 0.25 uM
1.0uL  pKK_fucA (60 ng-uL?) 1.2 ng-ulL? 1.0uL  pPOP (100 ng-uL?) 2.0 ng-uL?
1.0uL  DMSO 2% (v/v) 1.0uL  DMSO 2% (v/v)
0.5uL  Pfu* polymerase (5 U-uL?) 25U 0.5uL  OptiTag polymerase (5 U-pL?) 25U
35.5uL  nuclease-free water - 35.5uL  nuclease-free water -
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Table G-59. Optimized thermal cycle conditions for the assembly of pKA1_alkJ::fucA

PCR step Temperature Time No. of PCR step Temperature Time No. of
(Pfu*) [°C] cycles (OptiTaq) [°C] cycles

Initial 95 5 min 1 Initial 95 5 min 1
denaturation denaturation
Denaturation 95 30s Denaturation 95 30s
Annealing 54.6 30s 30 Annealing 48.8 25s 30
Extension 72 40s Extension 72 7.5 min
Terminal 72 3 min 1 Terminal 72 10 min 1
extension extension
Hold 12 oo 1 Hold 12 oo 1

Assembly was performed by FC according to G 11.2.1.3. The plasmid DNA of five putative positive clones was
isolated asin G 1.10. Subsequently, plasmid DNA was subjected to Bgl/l (R0143S, NEB) control digestion according
to G 1.11. Plasmid DNA from all five clones yielded the expected restriction pattern (Figure D-30A). The insertion

of the fucA gene was confirmed by Sanger sequencing (clone #1).

Table G-60. Bgll digestion mix

Bgll digestion mix Final concentration

1.0uL 10X NEBuffer™ 3.1 1X
2.5uL  DNA (80-100 ng-uL?) 20-25 ng-uL?
1.0ul  Bgll (10 U-pL?) 1U-pLt
5.5uL nuclease-free water -

Expression studies were performed with E. coli BL21(DE3) transformants harboring pKA1_alkJ::fucA (clone #1).
Cultivation and induction of enzyme production was performed in AIM as described in G VI.3.1.1. Coproduction
of AlkJ and FucA was tested at 25°C with shaking (150 rpm) and analyzed by SDS-PAGE (G 1.8; Figure D-30B).

G VI.2.2 Construction of pKA1_fucA::alkJ in pseudo-operon configuration

For the construction of the target plasmid harboring the alk/ and the fucA gene, the alkJ insert was PCR amplified

using the Pfu* DNA polymerase and the previously assembled pKA1_alk/ templatel®*® with the following primer

pair:
POPFUCALK fwd: 5’-CAAAGCCCGAAAGGATAATACGACTCACTATAGG-3'
POPFUCALK rev: 5’-CAGCCAACTCAGCTTTACATGCAGACAGCTATCATG-3’

The pKA1 backbone including the fucA gene for fucA expression were amplified using OptiTaqg and the previously

assembled pKA1_fucA plasmid.®! The following primer pairs were used:

pPOPFUCALK fwd: 5’-CTGTCTGCATGTAAAGCTGAGTTGGCTGCTGCCAC-3’

pPOPFUCALK rev: 5 -GTGAGTCGTATTATCCTTTCGGGCTTTGTTAG-3’

The optimal annealing temperatures for both insert and backbone amplficiation were determined by gradient
PCR as outlined in G 1.13. For both the alkJ insert and the pKA1_fucA backbone amplification, gradient PCRs (45—
65°C) resulted in single PCR products of expected sizes (1.7 kb and 6.2 kb; Figure G-44A and Figure G-44B,
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respectively). The PCR mixtures and optimized thermal cycle conditions are given in Table G-61 and Table G-62,

respectively.
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Figure G-44. Annealing temperature optimization for the construction of pKA1_fucA::alkJ. (A) Gradient PCR (45-65°C) of the alkJ insert
resulting the optimal T, = 52.4°C. (B) Gradient PCR of the pKA1 backbone including the fucA gene giving a T. = 57.2°C. The figure

was adapted from J. Reiterlehner (2017).5!

The preparation of each PCR mixture and the (optimized) thermal cycle conditions are summarized in Table G-58

and Table G-59, respectively.

Table G-61. PCR reaction mixtures for the assembly of pKA1_fucA::alkJ

Pfu* PCR mix Final . OptiTag PCR mix Final .
concentration concentration
5.0 uL 10X Pfu buffer 1X 5.0puL 10X Pol B buffer 1X
. 0.2 mM each . 0.2 mM each
2.0puL  dNTP mix (5 mM each) dNTP 2.0pL  dNTP mix (5 mM each) dNTP
2.5uL  POPFUCALK fwd (5 uM) 0.25 uM 25l pPOPFUCALK fwd (5 pM) 0.25 pM
2.5uL  POPFUCALK rev (5 uM) 0.25 uM 2.5uL  pPOPFUCALK rev (5 uM) 0.25 uMm
1.0uL  pKA_alk/ (128 ng-uL?) 2.5 ng-uL? 1.0puL  pKAL_fucA (100 ng-plL?) 2.0 ng-uL?
1.0puL  DMSO 2% (v/v) 1.0puL  DMSO 2% (v/v)
0.5uL  Pfu* polymerase (5 U-uL?) 25U 0.5uL  OptiTag polymerase (5 U-pL?) 25U
35.5uL  nuclease-free water - 35.5uL  nuclease-free water -
Table G-62. Optimized thermal cycle conditions for the assembly of pKA1_fucA::alkJ
PCR step Temperature . No. of PCR step Temperature . No. of
o Time . o Time
(Pfu*) [°C] cycles (OptiTaq) [°C] cycles
Initial Initial
i 1 i 1
denaturation % > min denaturation % > min
Denaturation 95 30s Denaturation 95 30s
Annealing 54.6 30s 30 Annealing 48.8 30s 30
Extension 72 90s Extension 72 4.75 min
Terminal 72 5 min 1 Terminal 72 7 min 1
extension extension
Hold 12 oo 1 Hold 12 oo 1

Assembly was performed by FC according to G 11.2.1.3. The plasmid DNA of six putative positive clones was
isolated asin G 1.10. Subsequently, plasmid DNA was subjected to Ncoll (R0193, NEB) control digestion according
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to G I.11. Plasmid DNA from all six clones yielded the expected restriction pattern (Figure D-33A). The insertion

of the alkJ gene was confirmed by Sanger sequencing (clone: JRE2-1).

Expression studies were performed with E. coli BL21(DE3) transformants harboring pKA1_fucA::alkJ (clone: JRE2-
1). Cultivation and induction of enzyme production was performed in AIM as described in G VI.3.1.1.
Coproduction of AlkJ and FucA was tested at 25°C with shaking (150 rpm) and analyzed by SDS-PAGE (G 1.8;
Figure D-33B).

G VIIlI Expression of multiple pathway enzymes

in a single host cell

G VIII.1 Coproduction of AlkJ, Fsal-A129S, CARwi, and PPtaseg.

For coproduction of the target enzymes, competent E. coli BL21-Gold(DE3) cells harboring pETDuet-
1_pptasecec::carni were transformend with pKA1_alkJ::fsal-A129S (pPOP) as described in G 1.9.3. Optimized
coexpression of AlkJ, CARni, PPtasee, and Fsal-A129S could be achieved by autoinduction as described in G
VI.3.1.1 and confirmed by SDS-PAGE analysis (Figure E-15A). The engineered strain was referred to as CRAS
(containment of reactive aldehyde species) strain. All enzymes were produced at increased yields compared to
systems cultivated in TB medium supplemented with Amp + Cam and induced by IPTG (0.5 mM IPTG at
ODsgo = 0.5, subsequent expression at 20°C, 150 rpm for 20 h).

An example protein gel is shown in Figure E-15A.

The functionality of the CRAS strain was demonstrated employing RCs and standard conditions. The conversion
of the model substrates 2b and 2c was monitored over time (0—24 h) in the absence of DHA (Figure E-19A) and
the presence of DHA. The latter produced the target aldol 2e (Figure E-19B—C).

G VIII.2 Coproduction of AlkJ and DHAP-dependent aldolases

For coproduction of the target enzymes, competent E. coli BL21(DE3) cells were cotransformed with pKA1_alkJ
and either pKK_fruA, pKK_fucA, or pKK_rhuA as described in G 1.9.3. The preculture was prepared in 4 mL LB-
Miller supplemented with Cam + Amp and grown at 37°C, 200 rpm overnight. The main culture was inoculated
with 1% (v/v) preculture (37°C, 200 rpm) and grown until ODsg0 = 0.3 before 0.1 mM ZnCl, was added. Cells were
further grown to an ODsg = 0.5 at 30°C, 130 rpm. Protein coproduction was induced with 0.5 mM IPTG and
performed at 25°C, 130 rpm for 21 h.

E. coli BL21 (DE3) harboring the single enzyme expression vectors (pKA1_alkJ, pKK_fruA, pKK_fucA, or pKK_rhuA)
were cultivated accordingly as expression controls. Cells were harvested and lysed as in G 1.5. SDS-PAGE analysis

was performed as in G 1.8 (Figure G-45).
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Figure G-45. Coproduction of AlkJ and DHAP-dependent aldolases in one cell. AlkJ in E. coli BL21(DE3) coexpressing (A) FruA, (B) FucA, and
(C) RhuA. SDS-PAGE analysis of soluble and insoluble fractions collected over time (0-21 h) and single enzyme expression

controls of whole cells (WCs) after 21 h expression. Sample loading normalized to ODsgo = 7.0.

G VIII.3 Preparation of LEPs coexpressing FucA with other pathway enzymes

For coproduction of the target enzymes, competent E. coli BL21(DE3) cells were cotransformed with different

combinations of plasmids as described in G 1.9.3.

e pKA1_fucAP® and either pET26(+)_phoN-Sf or pCDFDuet-1_ygaB as described in G 1.9.3. The resulting
strains will be referred in this thesis as FucP (D 111.2.2) and FucY (E 1.6.2), respectively.
e pKA1_fucAP% and pRSETa_dhaK yielding the FucD strain, which could not be tested in this thesis since

DhaK would not express anymore at later stages of this project (see E 1.6.1).

The preculture was prepared in 4 mL LB-0.8G supplemented with Cam + Kan or Cam + Str and grown at 37°C,
275 rpm overnight. The main culture was inoculated with 1% (v/v) preculture and grown in the presence of
0.1 mM ZnClz at 30°C, 200 rpm for approximately 8 h until an ODss > 1.5 was reached. Protein production was

induced with 1 mM IPTG and expression performed for another 12 h and not longer.

Example protein gels are shown in Figure E-24.

G VIII.4 Coproduction of AlkJ, FucA, and PhoN-Sf

Since coproduction of target enzymes was unsatisfying by autoinduction (G VI.3.1.1), E. coli BL21(DE3)
transformants harboring pKA1_fucA::alk/® and pET26b(+)_phoN-Sf (referred to as AFucP strain) were cultivated
in accordance to G VIII.3. Unfortunately, LEPs did not exhibit AlkJ activity experiments aiming at the validation
of the DHAP-dependent aldolase pathway (see D 111.2.2 and Table D-6).
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G VIIL.5 Coproduction of FucA, YqaB, and DhakK

E. coli BL21(DE3) transformants harboring pKA1_fucA**!, pCDFDuet-1_yqaB, and pRSETa_dhak were prepared
according to G 1.9.3 and will be referred to as FYD strain in this thesis. Since the FYD strain harbors three plasmids
with different resistance markers, antibiotics were employed at half of the standard working concentrations —
Cam (18.5 pg-mL?), Str (12.5 pg-mL?), and Amp (50 pg-mL?) — in subsequent fermentations. The expression
medium from Wu et al. was adapted and is given in (Table G-63).1*3 Similar asin G VIII.3 and G VIII.4, expression

conditions were adapted from the Wang group.?*3

Briefly, a single colony of the recombinant FYD strain was inoculated in 12 mL FYD medium (Table G-63)
supplemented with antibiotics and incubated in baffled shaking flasks (see G VI.6.2) at 37°C with vigorous
shaking (350 rpm) for 8—10 h. Then, 1 mL of the preculture was transferred into 29 mL FYD medium in a 500 mL
baffled shaking flask. The cells were grown at 37°C, 350 rpm for about 4 h to reach an ODsg0 > 1.5, followed by
the addition of IPTG to 1 mM to induce the enzyme expression. The cells were grown for 12—15 h at 30°C to reach
late exponential phase and used immediately. An example protein gel showing increased expression levels can

be seen in Figure G-46, lane 2).

Table G-63. Constituents of FYD medium

FYD medium 10X M9 salts 100X Trace element solution

100 mL 10X M9 salts 5.0g NaCl 0.18g ZnSO4-7 H0

10.0g vyeast extract 75.0g Na:HPOs- 2 H,0 0.12g CuClz-2H,0

3.0mL 1M MgSOs 30.0g KH2PO4 0.12g MnSOq4-2 H.0

1.0mL 1M cCaCl, 24.0g  (NH4)2SOs 0.18g CoCl,- 6 H,0

0.6mL 0.1 M FeCls- 6 H,0 0.03g H3BOs

2.0mL 1 mM thiamine-HCI 0.025g Na:MoOs -2 H,0
10.0 mL 100X trace element solution 0.084g NaEDTA-2H,0

100 mL  20% (w/v) glucose

All stock solutions were prepared and sterilized separately. Trace element solution, 1 mM thiamine-HCl, 0.1 M
FeCl; and 20% (w/v) glucose were sterilized by filtration (sterile syringe filter, 0.2 um cellulose acetate). For
preparation of FYD medium, 10.0 g yeast extract were weighed in, 100 mL 10X M9 salts added, filled up to
784 mL with dH,0, and autoclaved. Subsequently, all other components were added under sterile conditions.

[kDa] 1 2 3 4 5
130

70

55

35

25
4 FucA
—— & YqaB

15

Figure G-46. Increased expression levels in the FYD medium. SDS-PAGE analysis of whole cell samples of untransformed
E. coli BL21(DE3) (1) and the FYD strain cultivated in FYD medium containing 6.0 g-L* (2) or 10.0 g-L* yeast
extract (3), cultivated in LB-Miller medium as in G VIII.3 (4), and in AIM as in G VI.3.1.1. E. coli BL21(DE3)
treated as sample (2). Sample loading normalized to ODse = 3.5. DhaK not expressing due to unkown reason
(see E 1.6.1).
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G IX Downstream processing by SPE

To isolate polyhydroxylated compounds from biotransformation mixtures, RCs were centrifuguted (8 000 x g, 4°C
for 15 min), and the supernatant directly transferred by an external pump (BESTA) onto a flash cartridge (BUCHI
Sepacore, 25 g, C18) with continuous flow of 10 mL:min! of 5% (v/v) MeOH (MeOH and water, HPLC grade). For
eluation of target aldol adducts, the mixture was pumped through a Grace REVELERIS X flash chromatography

system with integrated ELS/UV-Vis detection. Pure products were manually collected with 95% (v/v) MeOH
(Figure G-47).

M soivents M ELsD vy By

RCM components / DHA 2e
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400 l _‘,.'..,..,-_r.;' . | 013
— N i an
e e B 1024
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Figure G-47. SPE chromoatogram from the purification of aldol 2e. Recorded chromatogram of SPE of the target compound 2e; ELSD
(green), UV-Vis (blue: 200 nm; pink: 205 nm). The figure was adapted from T. Wiesinger et al. (2017).143!
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H Appendix

H | Gene sequences and plasmid maps

In the following, gene sequences used in this work will be given with indications of start (light green) and stop
codons (dark red) for ORFs. Miscellaneous features such as protein tags (dark yellow) or protease cleavage sites

(orange) are indicated separately. Restriction sites used for cloning are underlined.

Vector maps were created with Geneious version 6.1 (Biomatters) available from http://www.geneious.com.
Maps include the plasmid backbone (black), ORIs (light blue) and antibiotic markers (turquois). For IPTG-induced

gene expression, maps feature regulatory sequences (grey) such as lac operator (lacO) sequences and the lac/

gene, which encodes the lac repressor protein. Promoters (e.g., T7 prom) and RBS (e.g., T7_transl_en_RBS) given
in shades of green; transcriptional terminators (e.g., T7 term) in red. The restricition sites for enzymes commonly
encountered in this thesis are included: BamHI, Bglll, Hindlll, Ncol, Ndel, Notl, Pstl, Xbal, and Xhol. Restriction

sites given as base number in bracktes.

H 1.1.1 Maps of empty vectors routinely used in this thesis

H 1.L1.1.1 pCDFDuet-1
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Figure H-1. pCDFDuet-1. The vector features a CloDF13 ORI (compatible with pBR322 and p15A ORlIs), two MCS (1: Ncol; 2: Ndel), and

conveys resistance to Str.


http://www.geneious.com/

H 1.L1.1.2 pET16b

Figure H-2. pET16b. The vector features a pBR322 ORI (compatible with p15A and CloDF13 ORIs), one MCS (untagged: Ncol; N-terminal

Pstl (4 962) \F@?

o L
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2
T B
|
I—|35F—'322 origin

6xHis tag: Ndel), and conveys resistance to Amp.

H 1.1.1.3 pET21b(+)

Figure H-3. pET21b(+). The vector features a pBR322 ORI (compatible with p15A and CloDF13 ORlIs), one MCS (Ndel), and conveys resistance

to Amp.
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H 1.1.1.4 pET22b(+)
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Figure H-4. pET22b(+). The vector features a pBR322 ORI (compatible with p15A and CloDF13 ORIs), one MCS (Ndel), and conveys resistance
to Amp.

H 1.1.1.5 pET26b(+)
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Figure H-5. pET26b(+). The vector features a pBR322 ORI (compatible with p15A and CloDF13 ORIs), one MCS (Ndel), and conveys resistance
to Kan.
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H1.1.1.6 pET28a(+)
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Figure H-6. pET28a(+). The vector features a pBR322 ORI (compatible with p15A and CloDF13 ORIs), one MCS (untagged: Ncol; N-terminal
6xHis tag: Ndel), and conveys resistance to Kan.
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Figure H-7. pETDuet-1. The vector features a pBR322 ORI (compatible with p15A and CloDF13 ORls), two MCS (1: Ncol; 2: Ndel), and conveys
resistance to Amp.
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H 1.1.1.8 pKAl
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Figure H-8. pKAL. The vector is a fusion vector of pET11a and pACYC. It features a p15A ORI (compatible with pBR322 and CloDF13 ORls),
one MCS (Ndel), and conveys resistance to Cam.
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Figure H-9. pKKK22-3. The vector features a pBR322 ORI (compatible with p15A and CloDF13 ORIs), one MCS (Smal, Xmal), and conveys
resistance to Amp.

H 1.1.2 Esterases

H 1.1.2.1 B2S: pET28a(+)_bs2

The plasmid map of the backbone is shown in Figure H-6 (H 1.1.1.6). The bs2 gene was subcloned into pET28(+)
by Ndel/BamHI. The translated enzyme bears a C-terminal 6xHis tag.

Ndel BS2 -
CATATGACTCATCAAATAGTAACGACTCAATACGGCAAAGTAAAAGGCACAACGGAAAACGGCGTACATAAGTGGAAAGGCATCCCCTATGCCAAGCCGC
CTGTCGGACAATGGCGTTTTAAAGCACCTGAGCCGCCTGAAGTGTGGGAAGATGTGCTTGATGCCACAGCGTACGGCTCTATTTGCCCGCAGCCGTCTGAT
TTGCTGTCACTTTCGTATACTGAGCTGCCCCGCCAGTCCGAGGATTGCTTGTATGTCAATGTATTTGCGCCTGACACCCCAAGTAAAAATCTTCCTGTCATGG
TGTGGATTCACGGAGGCGCTTTTTATCTAGGAGCGGGCAGTGAGCCATTGTATGACGGATCAAAACTTGCGGCACAGGGAGAAGTCATTGTCGTTACATT
GAACTATCGGCTGGGGCCGTTTGGCTTTTTGCACTTGTCTTCATTTAATGAGGCGTATTCTGATAACCTTGGGCTTTTAGACCAAGCCGCCGCGCTGAAATG
GGTGCGAGAGAATATTTCAGCGTTTGGCGGTGATCCCGATAACGTAACAGTATTTGGAGAATCCGCCGGCGGGATGAGCATTGCCGCGCTGCTTGCTATG
CCTGCGGCAAAAGGCCTGTTCCAGAAAGCAATCATGGAAAGCGGCGCTTCTCGAACGATGACGAAAGAACAAGCGGCGAGCACCTCGGCAGCCTTTTTAC
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AGGTCCTTGGGATTAACGAGGGCCAACTGGATAAATTGCATACGGTTTCTGCGGAAGATTTGCTAAAAGCGGCTGATCAGCTTCGGATTGCAGAAAAAGA
AAATATCTTTCAGCTGTTCTTCCAGCCCGCCCTTGATCCGAAAACGCTGCCTGAAGAACCAGAAAAAGCGATCGCAGAAGGGGCTGCTTCCGGTATTCCGC
TATTAATTGGAACAACCCGTGATGAAGGATATTTATTTTTCACCCCGGATTCAGACGTTCATTCTCAGGAAACGCTTGATGCAGCGCTCGAGTATTTACTAG
GGAAGCCGCTGGCAGAGAAAGTTGCCGATTTGTATCCGCGTTCTCTGGAAAGCCAAATTCACATGATGACTGATTTATTATTTTGGAGCCCTGCCGTCGCCT
ATGCATCCGCACAGTCTCATTACGCCCCTGTCTGGATGTACAGGTTCGATTGGCACCCGAAGAAGCCGCCGTACAATAAAGCGTTTCACGCATTAGAGCTTC
CTTTTGTCTTTGGAAATCTGGACGGATTGGAACGAATGGCAAAAGCGGAGATTACGGATGAGGTGAAACAGCTTTCTCACACGATACAATCAGCGTGGAT
CACGTTCGCCAAAACAGGAAACCCAAGCACCGAAGCTGTGAATTGGCCTGCGTATCATGAAGAAACGAGAGAGACGCTGATTTTAGACTCAGAGATTACG

ATCGAAAACGATCCCGAATCTGAAAAAAGGCAGAAGCTATTCCCTTCAAAAGGAGAAGGATCCCATCATCATCATCATCATTGA
<+ BS2 BamHI 6xHis

H 1.1.2.2 PEST: pET28a(+)_pest
The plasmid map of the backbone is shown in Figure H-6 (H 1.1.1.6). The pest gene was subcloned into pET28(+)
by Ndel/BamHI. The translated enzyme bears a C-terminal 6xHis tag.

Ndel PEST -
CATATGCCTCTTAGCCCTATACTAAGGCAAATTCTCCAACAGTTGGCCGCGCAGTTGCAGTTTAGACCCGACATGGACGTCAAGACGGTGAGAGAGCAGTT
TGAGAAGTCCTCCCTCATCCTCGTCAAAATGGCCAATGAGCCTATTCACCGTGTGGAGGACATCACGATTCCGGGCAGGGGCGGGCCAATTAGGGCTAGG
GTTTATAGGCCGCGGGATGGGGAGAGGTTGCCCGCGGTGGTGTACTACCACGGCGGGGGCTTCGTCTTGGGGAGCGTGGAGACTCACGACCACGTGTGT
AGGCGGTTGGCCAACCTCTCCGGGGCAGTCGTCGTCTCTGTGGACTACCGCCTAGCCCCCGAGCACAAATTCCCCGCCGCCGTGGAAGACGCATACGACG
CCGCCAAGTGGGTCGCCGACAACTACGACAAGCTCGGCGTCGACAATGGGAAAATCGCCGTGGCTGGGGACTCGGCGGGGGGCAACTTAGCCGCGGTG
ACGGCCATCATGGCCAGGGACAGGGGGGAGAGCTTTGTGAAATACCAAGTGTTAATCTACCCCGCGGTCAACCTCACTGGGTCTCCCACAGTGTCTAGAG
TGGAGTACAGCGGGCCCGAATACGTCATCCTCACCGCCGACTTAATGGCGTGGTTTGGGAGACAGTATTTCTCAAAGCCGCAAGACGCCCTCAGTCCCTAT
GCCTCTCCCATATTTGCAGATTTGTCAAACCTCCCGCCCGCCCTGGTGATAACCGCCGAGTACGACCCGCTACGCGACGAGGGAGAGCTCTACGCCCACTT
GTTGAAGACTAGGGGAGTTAGGGCCGTGGCGGTGAGGTACAACGGCGTCATCCACGGCTTCGTCAACTTCTACCCCATATTAGAAGAGGGGAGAGAGGC

AGTTTCGCAAATTGCGGCCTCAATAAAGTCGATGGCTGTGGCGGGATCCCATCATCATCATCATCATTGA
<+ PEST BamHI 6xHis

H 1.1.2.3 Pfel: pGASTON_pfel
The pfel gene was subcloned into pGASTON by Ndel/BamHI. The translated enzyme bears a C-terminal 6xHis tag
(Figure H-10).

Bl (30)—yi 27
Melel (57) R . Pstl (90&), Hindll (510}
L %
Fha prom
T7_transl_en_RES
M rom
.
e
i —amp marker pfel = _
F]GF‘.STO N_prl *—-—BEI'I'IHl (B875)
2. 3,305 bp _é
e rrnB term — =
Gy AITI 2o
st pER322 origin
‘g
:J‘:'t:;a — I';::_:Iv

Figure H-10. pGASTON_pfel. The vector contains the pfel gene, a pBR322 ORI (compatible with p15A and CloDF13 ORIs), and conveys

resistance to Amp.

Ndel Pfel >
CATATGAGCACATTTGTTGCAAAAGACGGTACCCAGATCTATTTCAAGGACTGGGGCAGCGGTAAACCGGTGTTGTTCAGCCACGGTTGGCTACTGGATGC
CGACATGTGGGAATACCAGATGGAGTACCTCAGCAGCCGCGGCTATCGCACCATCGCCTTTGACCGCCGCGGCTTTGGCCGCTCGGACCAACCCTGGACC
GGCAACGACTACGACACCTTCGCCGACGACATCGCCCAGTTGATCGAACACCTGGACCTCAAGGAGGTGACCCTGGTGGGCTTCTCCATGGGCGGCGGCG
ATGTGGCCCGCTACATCGCCCGCCACGGCAGCGCACGGGTGGCCGGCCTGGTGCTGCTGGGCGCCGTCACCCCGCTGTTCGGCCAGAAGCCCGACTATCC
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GCAGGGTGTCCCGCTCGATGTGTTCGCAAGGTTCAAGACTGAGCTGCTGAAGGATCGCGCGCAGTTCATCAGCGATTTCAACGCACCGTTCTATGGCATCA
ACAAGGGCCAGGTCGTCTCCCAAGGCGTGCAGACCCAGACCCTGCAAATCGCCCTGCTGGCCTCGCTCAAGGCCACGGTGGATTGCGTCACCGCGTTCGC
CGAAACCGACTTCCGCCCGGACATGGCCAAGATCGACGTACCCACCCTGGTGATCCATGGCGATGGCGACCAGATCGTGCCGTTCGAGACCACCGGCAAA
GTGGCGGCGGAGTTGATCAAGGGCGCCGAACTGAAGGTGTACAAGGACGCGCCCCACGGGTTCGCGGTGACCCACGCCCAGCAGTTGAACGAAGACCTG

TTGGCGTTCTTGAAACGCGGATCCCATCATCATCATCATCATTGA
+ Pfel BamHI 6xHis

H 1.1.3 ADHs

H 1.1.3.1 ADH-A: pET22b(+)_adh-a
The plasmid map of the backbone is shown in Figure H-4 (H 1.1.1.4). The adh-a gene was subcloned into
pET22b(+) by Ndel/BamHiI.

Ndel ADH-A -
CATATGAAAGCAGTCCAGTACACCGAAATTGGTAGCGAACCGGTTGTTGTTGACATTCCGACGCCGACGCCGGGTCCGGGTGAAATCCTGCTGAAAGTCA
CCGCGGCCGGTCTGTGTCATAGCGACATTTTTGTTATGGATATGCCGGCAGCTCAGTATGCATACGGTCTGCCGCTGACGCTGGGTCACGAGGGTGTGGG
TACCGTTGCCGAACTGGGCGAAGGTGTGACCGGCTTCGGTGTTGGCGATGCTGTTGCAGTCTATGGTCCGTGGGGTTGCGGTGCATGTCATGCATGCGCA
CGTGGTCGCGAAAACTACTGCACGCGTGCAGCAGATCTGGGTATCACCCCGCCGGGTCTGGGCAGCCCGGGCTCTATGGCTGAATATATGATTGTGGACT
CCGCGCGCCATCTGGTTCCGATCGGTGACCTGGACCCGGTGGCAGCTGCACCGCTGACGGATGCAGGTCTGACCCCGTACCACGCAATTAGTCGTGTTCTG
CCGCTGCTGGGTCCGGGCTCCACCGCAGTGGTTATCGGTGTCGGCGGTCTGGGTCACGTGGGCATTCAAATCCTGCGTGCCGTGAGTGCCGCACGCGTCA
TTGCAGTGGATCTGGATGACGATCGTCTGGCTCTGGCGCGCGAAGTTGGCGCAGATGCTGCGGTCAAATCAGGTGCCGGCGCCGCAGACGCAATTCGTGA
ACTGACGGGCGGTCAGGGTGCCACCGCAGTTTTTGACTTCGTCGGCGCGCAAAGCACGATCGATACCGCTCAGCAAGTCGTGGCGGTGGACGGTCATATT
TCTGTTGTCGGTATCCATGCTGGCGCGCACGCCAAGGTTGGCTTTTTCATGATTCCGTTTGGCGCCTCAGTGGTTACGCCGTATTGGGGCACCCGCTCGGAA
CTGATGGAAGTCGTGGCACTGGCTCGTGCAGGTCGTCTGGATATCCACACCGAAACGTTCACCCTGGACGAAGGCCCGGCGGCGTATCGTCGTCTGCGTG

AAGGCTCAATCCGTGGTCGTGGCGTCGTCGTCCCGTAAGGATCC
«~ ADH-A BamH|

H 1.1.3.2 ADH-ht: pET26b(+)_adh-ht
The plasmid map of the backbone is shown in Figure H-5 (H 1.1.1.5). The adh-ht gene was subcloned into
pET26b(+) by Ndel/Xhol.

Ndel ADH-ht -
CATATGAAAGCAGCAGTTGTGGAACAGTTTAAAGAACCGCTGAAAATTAAAGAAGTGGAAAAACCGACCATTAGCTATGGTGAAGTTCTGGTTCGTATTA
AAGCCTGTGGTGTTTGTCATACCGATCTGCATGCAGCACATGGTGATTGGCCTGTTAAACCGAAACTGCCGCTGATTCCGGGTCATGAAGGTGTTGGTATT
GTTGAAGAAGTTGGTCCTGGCGTTACCCATCTGAAAGTTGGTGATCGTGTTGGTATTCCGTGGCTGTATAGCGCATGTGGTCATTGTGATTATTGTCTGAGC
GGTCAAGAAACCCTGTGCGAACATCAGAAAAATGCAGGTTATAGCGTGGATGGTGGTTATGCAGAATATTGTCGTGCAGCAGCAGATTATGTTGTGAAAA
TTCCGGATAATCTGAGCTTTGAAGAAGCAGCACCGATTTTTTGTGCCGGTGTTACCACCTATAAAGCACTGAAAGTTACCGGTGCAAAACCGGGTGAATGG
GTTGCAATTTATGGTATTGGTGGTCTGGGCCATGTTGCAGTTCAGTATGCAAAAGCAATGGGTCTGAATGTTGTTGCAGTGGATATTGGTGATGAAAAACT
GGAACTGGCAAAAGAACTGGGTGCAGATCTGGTTGTTAATCCGCTGAAAGAAGATGCAGCCAAATTTATGAAAGAAAAAGTGGGTGGTGTTCATGCAGC
AGTTGTTACCGCAGTTAGCAAACCGGCATTTCAGAGCGCATATAATAGCATTCGTCGTGGTGGTGCATGTGTTCTGGTTGGTCTGCCTCCGGAAGAAATGC
CGATTCCGATTTTTGATACCGTGCTGAATGGCATTAAAATTATTGGTAGCATTGTGGGCACCCGTAAAGATCTGCAAGAAGCACTGCAGTTTGCAGCAGAA
GGTAAAGTTAAAACCATTATTGAAGTGCAGCCGCTGGAAAAAATTAATGAAGTGTTTGATCGCATGCTGAAAGGTCAGATTAATGGTCGTGTTGTTCTGAC

CCTGGAAGATAAATAACTCGAG
< ADH-ht  Xhol

H 1.1.3.3 ADHuk: pET21b(+)_adhik
The plasmid map of the backbone is shown in Figure H-3 (H 1.1.1.3). The adhw gene was subcloned into pET21b(+)
by Ndel/Xhol.

Ndel ADHy—
CATATGACTGACCGTTTGAAAGGTAAGGTAGCAATTGTAACTGGCGGTACCTTGGGAATTGGCTTGGCAATCGCTGATAAGTTTGTTGAAGAAGGCGCAA

AGGTTGTTATTACCGGCCGTCACGCTGATGTAGGTGAAAAAGCTGCCAAATCAATCGGCGGCACAGACGTTATCCGTTTTGTCCAACACGATGCTTCTGAT
GAAGCCGGCTGGACTAAGTTGTTTGATACGACTGAAGAAGCATTTGGCCCAGTTACCACGGTTGTCAACAATGCCGGAATTGCGGTCAGCAAGAGTGTTG
AAGATACCACAACTGAAGAATGGCGCAAGCTGCTCTCAGTTAACTTGGATGGTGTCTTCTTCGGTACCCGTCTTGGAATCCAACGTATGAAGAATAAAGGA
CTCGGAGCATCAATCATCAATATGTCATCTATCGAAGGTTTTGTTGGTGATCCAACTCTGGGTGCATACAACGCTTCAAAAGGTGCTGTCAGAATTATGTCT
AAATCAGCTGCCTTGGATTGCGCTTTGAAGGACTACGATGTTCGGGTTAACACTGTTCATCCAGGTTATATCAAGACACCATTGGTTGACGATCTTGAAGG
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GGCAGAAGAAATGATGTCACAGCGGACCAAGACACCAATGGGTCATATCGGTGAACCTAACGATATCGCTTGGATCTGTGTTTACCTGGCATCTGACGAAT

CTAAATTTGCCACTGGTGCAGAATTCGTTGTCGACGGTGGCTACACTGCTCAATAGGGATCC
<+ ADHi«  BamHI

H 1.1.3.4 LK-ADHn-in:: pTYB21_intein-CBD:adhik
The adhuk gene was subcloned into pTYB21 by Sapl/Ncol (G VI.2.1.3). The resulting construct contained the ADH
with an N-terminal intein-CBD tag for purification and subsequent self-cleavage of the tag (Figure H-3). The intein

cleavage site is indicated by ( + ) in the sequence below.

F’J)F'

|?-EF’?ZE arigin

F 1 origin
=3
zf

pTYE21_int-CBD:LK-ADH
2,257 bp
L_—amp marker T7 prom
TFterm  T7_transl_en_RES
N inteir-CED:LK- ADH- g
E;Lt. h LK-ADH insert

Y.

Ncol (8,060 '

Figure H-11. pTYB21_intein-CBD:adh.w. The vector contains the adhu gene with an intein-CBD tag fused to its N-terminus. The plasmid
features a pBR322 ORI and conveys resistance to Amp.

Intein-CBD —
ATGAAAATCGAAGAAGGTAAACTGGTAATCGGTTCCCTGGAGGGTTGCTTTGCCAAGGGTACCAATGTTTTAATGGCGGATGGGTCTATTGAATGTATTGA

AAACATTGAGGTTGGTAATAAGGTCATGGGTAAAGATGGCAGACCTCGTGAGGTAATTAAATTGCCCAGAGGAAGAGAAACTATGTACAGCGTCGTGCA
GAAAAGTCAGCACAGAGCCCACAAAAGTGACTCAAGTCGTGAAGTGCCAGAATTACTCAAGTTTACGTGTAATGCGACCCATGAGTTGGTTGTTAGAACA
CCTCGTAGTGTCCGCCGTTTGTCTCGTACCATTAAGGGTGTCGAATATTTTGAAGTTATTACTTTTGAGATGGGCCAAAAGAAAGCCCCCGACGGTAGAATT
GTTGAGCTTGTCAAGGAAGTTTCAAAGAGCTACCCAATATCTGAGGGGCCTGAGAGAGCCAACGAATTAGTAGAATCCTATAGAAAGGCTTCAAATAAAG
CTTATTTTGAGTGGACTATTGAGGCCAGAGATCTTTCTCTGTTGGGTTCCCATGTTCGTAAAGCTACCTACCAGACTTACGCTCCAATTCTTTATGAGAATGA
CCACTTTTTCGACTACATGCAAAAAAGTAAGTTTCATCTCACCATTGAAGGTCCAAAAGTACTTGCTTATTTACTTGGTTTATGGATTGGTGATGGATTGTCT
GACAGGGCAACTTTTTCGGTTGATTCCAGAGATACTTCTTTGATGGAACGTGTTACTGAATATGCTGAAAAGTTGAATTTGTGCGCCGAGTATAAGGACAG
AAAAGAACCACAAGTTGCCAAAACTGTTAATTTGTACTCTAAAGTTGTCAGAGGTGCTAGCACAAATCCTGGTGTATCCGCTTGGCAGGTCAACACAGCTT
ATACTGCGGGACAATTGGTCACATATAACGGCAAGACGTATAAATGTTTGCAGCCCCACACCTCCTTGGCAGGATGGGAACCATCCAACGTTCCTGCCTTG
TGGCAGCTTCAAGGTGGCCACGGTGGTATTCGCAATAATCTTAATACTGAGAATCCATTATGGGACGCTATTGTTGGCTTAGGATTCTTGAAGGACGGTGT
CAAAAATATTCCTTCTTTCTTGTCTACGGACAATATCGGTACTCGTGAAACATTTCTTGCTGGTCTAATTGATTCTGATGGCTATGTTACTGATGAGCATGGT
ATTAAAGCAACAATAAAGACAATTCATACTTCTGTCAGAGATGGTTTGGTTTCCCTTGCTCGTTCTTTAGGCTTAGTAGTCTCGGTTAACGCAGAACCTGCTA
AGGTTGACATGAATGTCACCAAACATAAAATTAGTTATGCTATTTATATGTCTGGTGGAGATGTTTTGCTTAACGTTCTTTCGAAGTGTGCCGGCTCTAAAA
AATTCAGGCCTGCTCCCGCCGCTGCTTTTGCACGTGAGTGCCGCGGATTTTATTTCGAGTTACAAGAATTGAAGGAAGACGATTATTATGGGATTACTTTAT
<+ Intein-CBD v ADH. =

CTGATGATTCTGATCATCAGTTTTTGCTTGGATCTCAGGTTGTTGTACAGAACATGACTGACCGTTTGAAAGGTAAGGTAGCAATTGTAACTGGCGGTACCT
TGGGAATTGGCTTGGCAATCGCTGATAAGTTTGTTGAAGAAGGCGCAAAGGTTGTTATTACCGGCCGTCACGCTGATGTAGGTGAAAAAGCTGCCAAATC
AATCGGCGGCACAGACGTTATCCGTTTTGTCCAACACGATGCTTCTGATGAAGCCGGCTGGACTAAGTTGTTTGATACGACTGAAGAAGCATTTGGCCCAG
TTACCACGGTTGTCAACAATGCCGGAATTGCGGTCAGCAAGAGTGTTGAAGATACCACAACTGAAGAATGGCGCAAGCTGCTCTCAGTTAACTTGGATGGT
GTCTTCTTCGGTACCCGTCTTGGAATCCAACGTATGAAGAATAAAGGACTCGGAGCATCAATCATCAATATGTCATCTATCGAAGGTTTTGTTGGTGATCCA
ACTCTGGGTGCATACAACGCTTCAAAAGGTGCTGTCAGAATTATGTCTAAATCAGCTGCCTTGGATTGCGCTTTGAAGGACTACGATGTTCGGGTTAACACT
GTTCATCCAGGTTATATCAAGACACCATTGGTTGACGATCTTGAAGGGGCAGAAGAAATGATGTCACAGCGGACCAAGACACCAATGGGTCATATCGGTG
AACCTAACGATATCGCTTGGATCTGTGTTTACCTGGCATCTGACGAATCTAAATTTGCCACTGGTGCAGAATTCGTTGTCGACGGTGGCTACACTGCTCAAT
AGCCATGG + ADHuk

Ncol
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H 1.1.3.5 ADHkzr: pRR_adhgr
The pRR resembles the pKA1 backbone, which is shown in Figure H-8 (H 1.1.1.8). The adhz- gene was subcloned
into pRR by Ndel/BamHI.

Ndel ADHg —
CATATGAAAGCGCTGCAGTATACCGAAATTGGCAGCGAACCGGTGGTGGTGGATGTGCCGACCCCGGCGCCGGGCCCGGGCGAAATTCTGCTGAAAGTG
ACCGCGGCGGGCCTGTGCCATAGCGATATTTTTGTGATGGATATGCCGGCGGAACAGTATATTTATGGCCTGCCGCTGACCCTGGGCCATGAAGGCGTGG
GCACCGTGGCGGAACTGGGCGCGGGCGTGACCGGCTTTGAAACCGGCGATGCGGTGGCGGTGTATGGCCCGTGGGGCTGCGGCGCGTGCCATGCGTGC
GCGCGTGGCCGTGAAAACTATTGCACCCGTGCGGCGGAACTGGGCATTACCCCGCCGGGCCTGGGCAGCCCGGGCAGCATGGCGGAATATATGATTGTG
GATAGCGCGCGTCATCTGGTGCCGATTGGCGATCTGGATCCGGTGGCGGCGGTGCCGCTGACCGATGCGGGCCTGACCCCGTATCATGCGATTAGCCGTG
TGCTGCCGCTGCTGGGCCCGGGCAGCACCGCGGTGGTGATTGGCGTGGGCGGCCTGGGCCATGTGGGCATTCAGATTCTGCGTGCGGTGAGCGCGGCGC
GTGTGATTGCGGTGGATCTGGATGATGATCGTCTGGCGCTGGCGCGTGAAGTGGGCGCGGATGCGGCGGTGAAAAGCGGCGCGGGCGCGGCGGATGCG
ATTCGTGAACTGACCGGCGGCGAAGGCGCGACCGCGGTGTTTGATTTTGTGGGCGCGCAGAGCACCATTGATACCGCGCAGCAGGTGGTGGCGATTGAT
GGCCATATTAGCGTGGTGGGCATTCATGCGGGCGCGCATGCGAAAGTGGGCTTTTTTATGATTCCGTTTGGCGCGAGCGTGGTGACCCCGTATTGGGGCA
CCCGTAGCGAACTGATGGATGTGGTGGATCTGGCGCGTGCGGGCCGTCTGGATATTCATACCGAAACCTTTACCCTGGATGAAGGCCCGACCGCGTATCG

TCGTCTGCGTGAAGGCAGCATTCGTGGCCGTGGCGTGGTGGTGCCGGGCTAAGGATCC
4= ADHgr BamHI

H 1.1.3.6 AlkJ: pKA1_alk/
The alkJ gene was inserted into pKA1 by FC (G VI.2.4.1) because the alk/ gene contains various commonly used

restriction enzyme sites utilized in molecular cloning (Figure H-12).

Bgll (3600) 4o 450g

Xbal (3,534
Pstl (3,465), Ndel (3,496
Nel (3,36?{\ wel

TT pram
\
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Meol (3,088) =,

Xbal (2,869) 7

Pstl (2,691)— .
Nelel (2,520) 5= pKA1_alkJ =

" 7,200 bp

TT term
BamH (1,815~ 4
cat marke, ™
PP A Mol (6,901)
Hindllll {1,525) %47 p15A origin il
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‘""——-—-—--"""" ol (2)
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Figure H-12. pKA1_alkJ. The vector contains the alkJ gene, a p15A ORI (compatible with pBR322 and CloDF13 ORIs), and conveys resistance
to Cam.

AlkJ =
ATGTACGACTATATAATCGTTGGTGCTGGATCTGCAGGATGTGTGCTTGCTAATCGTCTTTCGGCCGACCCCTCTAAAAGAGTTTGTTTACTTGAAGCTGGG
CCGCGAGATACGAATCCGCTAATTCATATGCCGTTAGGTATTGCTTTGCTTTCAAATAGTAAAAAGTTGAATTGGGCTTTTCAAACTGCGCCACAGCAAAAT
CTCAACGGCCGGAGCCTTTTCTGGCCACGAGGAAAAACGTTAGGTGGTTCAAGCTCAATCAACGCAATGGTCTATATCCGAGGGCATGAAGACGATTACC
ACGCATGGGAGCAGGCGGCCGGCCGCTACTGGGGTTGGTACCGGGCTCTTGAGTTGTTCAAAAGGCTTGAATGCAACCAGCGATTCGATAAGTCCGAGC
ACCATGGGGTTGACGGAGAATTAGCTGTTAGTGATTTAAAATATATCAATCCGCTTAGCAAAGCATTCGTGCAAGCCGGCATGGAGGCCAATATTAATTTC
AACGGAGATTTCAACGGCGAGTACCAGGACGGCGTAGGGTTCTATCAAGTAACCCAAAAAAATGGACAACGCTGGAGCTCGGCGCGTGCATTCTTGCACG
GTGTACTTTCCAGACCAAATCTAGACATCATTACTGATGCGCATGCATCAAAAATTCTTTTTGAAGACCGTAAGGCGGTTGGTGTTTCTTATATAAAGAAAA
ATATGCACCATCAAGTCAAGACAACGAGTGGTGGTGAAGTACTTCTTAGTCTTGGCGCAGTCGGCACGCCTCACCTTCTAATGCTTTCTGGTGTTGGGGCT
GCAGCCGAGCTTAAGGAACATGGTGTTTCTCTAGTCCATGATCTTCCTGAGGTGGGGAAAAATCTTCAAGATCATTTGGACATCACATTGATGTGCGCAGC
AAATTCGAGAGAGCCGATAGGTGTTGCTCTTTCTTTCATCCCTCGTGGTGTCTCGGGTTTGTTTTCATATGTGTTTAAGCGCGAGGGGTTTCTCACTAGTAAC
GTGGCAGAGTCGGGTGGTTTTGTAAAAAGTTCTCCTGATCGTGATCGGCCCAATTTGCAGTTTCATTTCCTTCCAACTTATCTTAAAGATCACGGTCGAAAA
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ATAGCGGGTGGTTATGGTTATACGCTACATATATGTGATCTTTTGCCTAAGAGCCGAGGCAGAATTGGCCTAAAAAGCGCCAATCCATTACAGCCGCCTTT
AATTGACCCGAACTATCTTAGCGATCATGAAGATATTAAAACCATGATTGCGGGTATTAAGATAGGGCGCGCTATTTTGCAGGCCCCATCGATGGCGAAGC
ATTTTAAGCATGAAGTAGTACCGGGCCAGGCTGTTAAAACTGATGATGAAATAATCGAAGATATTCGTAGGCGAGCTGAGACTATATACCATCCGGTAGGT
ACTTGTAGGATGGGTAAAGATCCAGCGTCAGTTGTTGATCCGTGCCTGAAGATCCGTGGGTTGGCAAATATTAGAGTCGTTGATGCGTCAATTATGCCGCA
CTTGGTCGCGGGTAACACAAACGCTCCAACTATTATGATTGCAGAAAATGCGGCAGAAATAATTATGCGGAATCTTGATGTGGAAGCATTAGAGGCTAGC

GCTGAGTTTGCTCGCGAGGGTGCAGAGCTAGAGTTGGCCATGATAGCTGTCTGCATGTAA
<+~ AlkJ

H 1.1.4 CARs and PPtaseg.

H 1.1.4.1 CARni: pETDuet-1_pptasecc::carni

The plasmid map of the backbone is shown in Figure H-7 (H 1.1.1.7). The pptasee. gene was cloned into MCS-1
(Ncol/Hindlll) and the carni gene into MCS-2 (Ndel/Xhol) of the pETDuet-1 vector (G VI.3.1.1). The translated
CARni bears an N-terminal 6xHis tag.

Ndel PPtaseg. =
CCATGGTCGATATGAAAACTACGCATACCTCCCTCCCCTTTGCCGGACATACGCTGCATTTTGTTGAGTTCGATCCGGCGAATTTTTGTGAGCAGGATTTACT
CTGGCTGCCGCACTACGCACAACTGCAACACGCTGGACGTAAACGTAAAACAGAGCATTTAGCCGGACGGATCGCTGCTGTTTATGCTTTGCGGGAATATG
GCTATAAATGTGTGCCCGCAATCGGCGAGCTACGCCAACCTGTCTGGCCTGCGGAGGTATACGGCAGTATTAGCCACTGTGGGACTACGGCATTAGCCGT
GGTATCTCGTCAACCGATTGGCATTGATATAGAAGAAATTTTTTCTGTACAAACCGCAAGAGAATTGACAGACAACATTATTACACCAGCGGAACACGAGC
GACTCGCAGACTGCGGTTTAGCCTTTTCTCTGGCGCTGACACTGGCATTTTCCGCCAAAGAGAGCGCATTTAAGGCAAGTGAGATCCAAACTGATGCAGGT
TTTCTGGACTATCAGATAATTAGCTGGAATAAACAGCAGGTCATCATTCATCGTGAGAATGAGATGTTTGCTGTGCACTGGCAGATAAAAGAAAAGATAGT

CATAACGCTGTGCCAACACGATTAATAAGCTT
<+ PPtasee.  Hindlll

Ndel CARn;—

CATATGTCGTACTAC GCAGTGGATTCACCGGATGAGCGGCTACAGCGCCGCATTGCACAGTTGTTTGCAGAAGATGAGCAGGT
CAAGGCCGCACGTCCGCTCGAAGCGGTGAGCGCGGCGGTGAGCGCGCCCGGTATGCGGCTGGCGCAGATCGCCGCCACTGTTATGGCGGGTTACGCCGA
CCGCCCGGCCGCCGGGCAGCGTGCGTTCGAACTGAACACCGACGACGCGACGGGCCGCACCTCGCTGCGGTTACTTCCCCGATTCGAGACCATCACCTATC
GCGAACTGTGGCAGCGAGTCGGCGAGGTTGCCGCGGCCTGGCATCATGATCCCGAGAACCCCTTGCGCGCAGGTGATTTCGTCGCCCTGCTCGGCTTCAC
CAGCATCGACTACGCCACCCTCGACCTGGCCGATATCCACCTCGGCGCGGTTACCGTGCCGTTGCAGGCCAGCGCGGCGGTGTCCCAGCTGATCGCTATCC
TCACCGAGACTTCGCCGCGGCTGCTCGCCTCGACCCCGGAGCACCTCGATGCGGCGGTCGAGTGCCTACTCGCGGGCACCACACCGGAACGACTGGTGGT
CTTCGACTACCACCCCGAGGACGACGACCAGCGTGCGGCCTTCGAATCCGCCCGCCGCCGCCTTGCCGACGCGGGCAGCTTGGTGATCGTCGAAACGCTC
GATGCCGTGCGTGCCCGGGGCCGCGACTTACCGGCCGCGCCACTGTTCGTTCCCGACACCGACGACGACCCGCTGGCCCTGCTGATCTACACCTCCGGCAG
CACCGGAACGCCGAAGGGCGCGATGTACACCAATCGGTTGGCCGCCACGATGTGGCAGGGGAACTCGATGCTGCAGGGGAACTCGCAACGGGTCGGGA
TCAATCTCAACTACATGCCGATGAGCCACATCGCCGGTCGCATATCGCTGTTCGGCGTGCTCGCTCGCGGTGGCACCGCATACTTCGCGGCCAAGAGCGAC
ATGTCGACACTGTTCGAAGACATCGGCTTGGTACGTCCCACCGAGATCTTCTTCGTCCCGCGCGTGTGCGACATGGTCTTCCAGCGCTATCAGAGCGAGCT
GGACCGGCGCTCGGTGGCGGGCGCCGACCTGGACACGCTCGATCGGGAAGTGAAAGCCGACCTCCGGCAGAACTACCTCGGTGGGCGCTTCCTGGTGGC
GGTCGTCGGCAGCGCGCCGCTGGCCGCGGAGATGAAGACGTTCATGGAGTCCGTCCTCGATCTGCCACTGCACGACGGGTACGGGTCGACCGAGGCGGG
CGCAAGCGTGCTGCTCGACAACCAGATCCAGCGGCCGCCGGTGCTCGATTACAAGCTCGTCGACGTGCCCGAACTGGGTTACTTCCGCACCGACCGGCCG
CATCCGCGCGGTGAGCTGTTGTTGAAGGCGGAGACCACGATTCCGGGCTACTACAAGCGGCCCGAGGTCACCGCGGAGATCTTCGACGAGGACGGCTTCT
ACAAGACCGGCGATATCGTGGCCGAGCTCGAGCACGATCGGCTGGTCTATGTCGACCGTCGCAACAATGTGCTCAAACTGTCGCAGGGCGAGTTCGTGAC
CGTCGCCCATCTCGAGGCCGTGTTCGCCAGCAGCCCGCTGATCCGGCAGATCTTCATCTACGGCAGCAGCGAACGTTCCTATCTGCTCGCGGTGATCGTCCC
CACCGACGACGCGCTGCGCGGCCGCGACACCGCCACCTTGAAATCGGCACTGGCCGAATCGATTCAGCGCATCGCCAAGGACGCGAACCTGCAGCCCTAC
GAGATTCCGCGCGATTTCCTGATCGAGACCGAGCCGTTCACCATCGCCAACGGACTGCTCTCCGGCATCGCGAAGCTGCTGCGCCCCAATCTGAAGGAACG
CTACGGCGCTCAGCTGGAGCAGATGTACACCGATCTCGCGACAGGCCAGGCCGATGAGCTGCTCGCCCTGCGCCGCGAAGCCGCCGACCTGCCGGTGCTC
GAAACCGTCAGCCGGGCAGCGAAAGCGATGCTCGGCGTCGCCTCCGCCGATATGCGTCCCGACGCGCACTTCACCGACCTGGGCGGCGATTCCCTTTCCG
CGCTGTCGTTCTCGAACCTGCTGCACGAGATCTTCGGGGTCGAGGTGCCGGTGGGTGTCGTCGTCAGCCCGGCGAACGAGCTGCGCGATCTGGCGAATTA
CATTGAGGCGGAACGCAACTCGGGCGCGAAGCGTCCCACCTTCACCTCGGTGCACGGCGGCGGTTCCGAGATCCGCGCCGCCGATCTGACCCTCGACAAG
TTCATCGATGCCCGCACCCTGGCCGCCGCCGACAGCATTCCGCACGCGCCGGTGCCAGCGCAGACGGTGCTGCTGACCGGCGCGAACGGCTACCTCGGCC
GGTTCCTGTGCCTGGAATGGCTGGAGCGGCTGGACAAGACGGGTGGCACGCTGATCTGCGTCGTGCGCGGTAGTGACGCGGCCGCGGCCCGTAAACGGC
TGGACTCGGCGTTCGACAGCGGCGATCCCGGCCTGCTCGAGCACTACCAGCAACTGGCCGCACGGACCCTGGAAGTCCTCGCCGGTGATATCGGCGACCC
GAATCTCGGTCTGGACGACGCGACTTGGCAGCGGTTGGCCGAAACCGTCGACCTGATCGTCCATCCCGCCGCGTTGGTCAACCACGTCCTTCCCTACACCC
AGCTGTTCGGCCCCAATGTCGTCGGCACCGCCGAAATCGTCCGGTTGGCGATCACGGCGCGGCGCAAGCCGGTCACCTACCTGTCGACCGTCGGAGTGGC
CGACCAGGTCGACCCGGCGGAGTATCAGGAGGACAGCGACGTCCGCGAGATGAGCGCGGTGCGCGTCGTGCGCGAGAGTTACGCCAACGGCTACGGCA
ACAGCAAGTGGGCGGGGGAGGTCCTGCTGCGCGAAGCACACGATCTGTGTGGCTTGCCGGTCGCGGTGTTCCGTTCGGACATGATCCTGGCGCACAGCC
GGTACGCGGGTCAGCTCAACGTCCAGGACGTGTTCACCCGGCTGATCCTCAGCCTGGTCGCCACCGGCATCGCGCCGTACTCGTTCTACCGAACCGACGCG
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GACGGCAACCGGCAGCGGGCCCACTATGACGGCTTGCCGGCGGACTTCACGGCGGCGGCGATCACCGCGCTCGGCATCCAAGCCACCGAAGGCTTCCGG
ACCTACGACGTGCTCAATCCGTACGACGATGGCATCTCCCTCGATGAATTCGTCGACTGGCTCGTCGAATCCGGCCACCCGATCCAGCGCATCACCGACTAC
AGCGACTGGTTCCACCGTTTCGAGACGGCGATCCGCGCGCTGCCGGAAAAGCAACGCCAGGCCTCGGTGCTGCCGTTGCTGGACGCCTACCGCAACCCCT
GCCCGGCGGTCCGCGGCGCGATACTCCCGGCCAAGGAGTTCCAAGCGGCGGTGCAAACAGCCAAAATCGGTCCGGAACAGGACATCCCGCATTTGTCCGC

GCCACTGATCGATAAGTACGTCAGCGATCTGGAACTGCTTCAGCTGCTCTAACTCGAG
+ CARni  Xhol

H 1.1.4.2 CARwmm: pETDuet-1_pptaseec::carmm

The plasmid map of the backbone is shown in Figure H-7 (H 1.1.1.7). The pptasee. gene was cloned into MC-1
(Ncol/Hindlll) and the carmm gene into MC-2 (Ndel/Xhol) of the pETDuet-1 vector (G VI.3.1.1). The sequence of
pptaseccis given in H 1.1.4.1. The translated CARvm bears an N-terminal 6xHis tag.

Ndel CARwm—

CATATGTCGCCAATC ACGCGTGAAGAGCGGCTCGAGCGCCGCATCCAGGACCTCTACGCCAACGACCCGCAGTTCGLCCGCCGC
CAAACCCGCCACGGCGATCACCGCAGCAATCGAGCGGCCGGGTCTACCGCTACCCCAGATCATCGAGACCGTCATGACCGGATACGCCGATCGGCCGGCT
CTCGCTCAGCGCTCGGTCGAATTCGTGACCGACGCCGGCACCGGCCACACCACGCTGCGACTGCTCCCCCACTTCGAAACCATCAGCTACGGCGAGCTTTG
GGACCGCATCAGCGCACTGGCCGACGTGCTCAGCACCGAACAGACGGTGAAACCGGGCGACCGGGTCTGCTTGTTGGGCTTCAACAGCGTCGACTACGCC
ACGATCGACATGACTTTGGCGCGGCTGGGCGCGGTGGCCGTACCACTGCAGACCAGCGCGGCGATAACCCAGCTGCAGCCGATCGTCGCCGAGACCCAG
CCCACCATGATCGCGGCCAGCGTCGACGCACTCGCTGACGCCACCGAATTGGCTCTGTCCGGTCAGACCGCTACCCGAGTCCTGGTGTTCGACCACCACCG
GCAGGTTGACGCACACCGCGCAGCGGTCGAATCCGCCCGGGAGCGCCTGGCCGGCTCGGCGGTCGTCGAAACCCTGGCCGAGGCCATCGCGCGCGGCGA
CGTGCCCCGCGGTGCGTCCGCCGGCTCGGCGCCCGGCACCGATGTGTCCGACGACTCGCTCGCGCTACTGATCTACACCTCGGGCAGCACGGGTGLGCCC
AAGGGCGCGATGTACCCCCGACGCAACGTTGCGACCTTCTGGCGCAAGCGCACCTGGTTCGAAGGCGGCTACGAGCCGTCGATCACGCTGAACTTCATGC
CAATGAGCCACGTCATGGGCCGCCAAATCCTGTACGGCACGCTGTGCAATGGCGGCACCGCCTACTTCGTGGCGAAAAGCGATCTCTCCACCTTGTTCGAA
GACCTGGCGCTGGTGCGGCCCACCGAGCTGACCTTCGTGCCGCGCGTGTGGGACATGGTGTTCGACGAGTTTCAGAGTGAGGTCGACCGCCGCCTGGTCG
ACGGCGCCGACCGGGTCGCGCTCGAAGCCCAGGTCAAGGCCGAGATACGCAACGACGTGCTCGGTGGACGGTATACCAGCGCACTGACCGGCTCCGLCC
CTATCTCCGACGAGATGAAGGCGTGGGTCGAGGAGCTGCTCGACATGCATCTGGTCGAGGGCTACGGCTCCACCGAGGCCGGGATGATCCTGATCGACG
GAGCCATTCGGCGCCCGGCGGTACTCGACTACAAGCTGGTCGATGTTCCCGACCTGGGTTACTTCCTGACCGACCGGCCACATCCGCGGGGCGAGTTGCT
GGTCAAGACCGATAGTTTGTTCCCGGGCTACTACCAGCGAGCCGAAGTCACCGCCGACGTGTTCGATGCTGACGGCTTCTACCGGACCGGCGACATCATG
GCCGAGGTCGGCCCCGAACAGTTCGTGTACCTCGACCGCCGCAACAACGTGTTGAAGCTGTCGCAGGGCGAGTTCGTCACCGTCTCCAAACTCGAAGCGG
TGTTTGGCGACAGCCCACTGGTACGGCAGATCTACATCTACGGCAACAGCGCCCGTGCCTACCTGTTGGCGGTGATCGTCCCCACCCAGGAGGCGCTGGA
CGCCGTGCCTGTCGAGGAGCTCAAGGCGCGGCTGGGCGACTCGCTGCAAGAGGTCGCAAAGGCCGCCGGCCTGCAGTCCTACGAGATCCCGCGCGACTT
CATCATCGAAACAACACCATGGACGCTGGAGAACGGCCTGCTCACCGGCATCCGCAAGTTGGCCAGGCCGCAGCTGAAAAAGCATTACGGCGAGCTTCTC
GAGCAGATCTACACGGACCTGGCACACGGCCAGGCCGACGAACTGCGCTCGCTGCGCCAAAGCGGTGCCGATGCGCCGGTGCTGGTGACGGTGTGCCGT
GCGGCGGCCGCGCTGTTGGGCGGCAGCGCCTCTGACGTCCAGCCCGATGCGCACTTCACCGATTTGGGCGGCGACTCGCTGTCGGCGCTGTCGTTCACCA
ACCTGCTGCACGAGATCTTCGACATCGAAGTGCCGGTGGGCGTCATCGTCAGCCCCGCCAACGACTTGCAGGCCCTGGCCGACTACGTCGAGGCGGCTCG
CAAACCCGGCTCGTCACGGCCGACCTTCGCCTCGGTCCACGGCGCCTCGAATGGGCAGGTCACCGAGGTGCATGCCGGTGACCTGTCCCTGGACAAATTC
ATCGATGCCGCAACCCTGGCCGAAGCTCCCCGGCTGCCCGCCGCAAACACCCAAGTGCGCACCGTGCTGCTGACCGGCGCCACCGGCTTCCTCGGGLGCT
ACCTGGCCCTGGAATGGCTGGAGCGGATGGACCTGGTCGACGGCAAACTGATCTGCCTGGTCCGGGCCAAGTCCGACACCGAAGCACGGGCGCGGCTGG
ACAAGACGTTCGACAGCGGCGACCCCGAACTGCTGGCCCACTACCGCGCACTGGCCGGCGACCACCTCGAGGTGCTCGCCGGTGACAAGGGCGAAGCCG
ACCTCGGACTGGACCGGCAGACCTGGCAACGCCTGGCCGACACGGTCGACCTGATCGTCGACCCCGCGGCCCTGGTCAACCACGTACTGCCATACAGCCA
GCTGTTCGGGCCCAACGCGCTGGGCACCGCCGAGCTGCTGCGGCTGGCGCTCACCTCCAAGATCAAGCCCTACAGCTACACCTCGACAATCGGTGTCGCC
GACCAGATCCCGCCGTCGGCGTTCACCGAGGACGCCGACATCCGGGTCATCAGCGCCACCCGCGCGGTCGACGACAGCTACGCCAATGGCTACTCGAACA
GCAAGTGGGCCGGCGAGGTGCTGTTGCGCGAGGCGCATGACCTGTGTGGCCTGCCGGTTGCGGTGTTCCGCTGCGACATGATCCTGGCCGACACCACATG
GGCGGGACAGCTCAATGTGCCGGACATGTTCACCCGGATGATCCTGAGCCTGGCGGCCACCGGTATCGCGCCGGGTTCGTTCTATGAGCTTGCGGCCGAC
GGCGCCCGGCAACGCGCCCACTATGACGGTCTGCCCGTCGAGTTCATCGCCGAGGCGATTTCGACTTTGGGTGCGCAGAGCCAGGATGGTTTCCACACGT
ATCACGTGATGAACCCCTACGACGACGGCATCGGACTCGACGAGTTCGTCGACTGGCTCAACGAGTCCGGTTGCCCCATCCAGCGCATCGCTGACTATGGC
GACTGGCTGCAGCGCTTCGAAACCGCACTGCGCGCACTGCCCGATCGGCAGCGGCACAGCTCACTGCTGCCGCTGTTGCACAACTATCGGCAGCCGGAGC
GGCCCGTCCGCGGGTCGATCGCCCCTACCGATCGCTTCCGGGCAGCGGTGCAAGAGGCCAAGATCGGCCCCGACAAAGACATTCCGCACGTCGGCGCGCC

GATCATCGTGAAGTACGTCAGCGACCTGCGCCTACTCGGCCTGCTCTGACTCGAG
«~ CARwm  Xhol

H 1.1.5 Aldolases

H 1.1.5.1 Fsal:pET16b_fsal
The plasmid map of the backbone is shown in Figure H-2 (H 1.1.1.2). The fsal gene was subcloned into pET16b
by Ncol/Xhol.
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Ndel Fsal—
CCATGGAACTGTATCTGGATACTTCAGACGTTGTTGCGGTGAAGGCGCTGTCACGTA TCCGCTGGCGGGTGTGACCACTAACCCAAGCATTATCGCC

GCGGGTAAAAAACCGCTGGATGTTGTGCTTCCGCAACTTCATGAAGCGATGGGCGGTCAGGGGCGTCTGTTTGCCCAGGTAATGGCTACCACTGCCGAAG
GGATGGTTAATGACGCGCTTAAGCTGCGTTCTATTATTGCGGATATCGTGGTGAAAGTTCCGGTGACCGCCGAGGGGCTGGCAGCTATTAAGATGTTAAA

AGCGGAAGGGATTCCGACGCTGGGAACCGCGGTATATGGCGCAGCACAAGGGCTGCTGTCGGCGCTGGCAGGTGCGGAATATGTTGCGCCTTACGTTAA
TCGTATTGATGCTCAGGGCGGTAGCGGCATTCAGACTGTGACCGACTTACACCAGTTATTGAAAATGCATGCGCCGCAGGCGAAAGTGCTGGCAGCGAGT
TTCAAAACCCCGCGTCAGGCGCTGGACTGCTTACTGGCAGGATGTGAATCAATTACTCTGCCACTGGATGTGGCACAACAGATGATTAGCTATCCGGCGGT

TGATGCCGCTGTGGCGAAGTTTGAGCAGGACTGGCAGGGAGCGTTTGGCAGAACGTCGATTTAACTCGAG
+ Fsal Xhol

H 1.1.5.2 Fsal-A129S: pET16b_fsal-A129S
The plasmid map of the backbone is shown in Figure H-2 (H 1.1.1.2). The fsa1-A129S gene was subcloned into
pET16b by Ncol/Xhol. The mutated gene contains a single bp exchange (G » T), which is highlighted in red in the

sequence below.

Ncol Fsal-A1295 -
CCATGGAACTGTATCTGGATACTTCAGACGTTGTTGCGGTGAAGGCGCTGTCACGTA TCCGCTGGCGGGTGTGACCACTAACCCAAGCATTATCGCC

GCGGGTAAAAAACCGCTGGATGTTGTGCTTCCGCAACTTCATGAAGCGATGGGCGGTCAGGGGCGTCTGTTTGCCCAGGTAATGGCTACCACTGCCGAAG
GGATGGTTAATGACGCGCTTAAGCTGCGTTCTATTATTGCGGATATCGTGGTGAAAGTTCCGGTGACCGCCGAGGGGCTGGCAGCTATTAAGATGTTAAA

AGCGGAAGGGATTCCGACGCTGGGAACCGCGGTATATGGCGCAGCACAAGGGCTGCTGTCGGCGCTGGCAGGTGCGGAATATGTTTCGCCTTACGTTAA
TCGTATTGATGCTCAGGGCGGTAGCGGCATTCAGACTGTGACCGACTTACACCAGTTATTGAAAATGCATGCGCCGCAGGCGAAAGTGCTGGCAGCGAGT
TTCAAAACCCCGCGTCAGGCGCTGGACTGCTTACTGGCAGGATGTGAATCAATTACTCTGCCACTGGATGTGGCACAACAGATGATTAGCTATCCGGCGGT

TGATGCCGCTGTGGCGAAGTTTGAGCAGGACTGGCAGGGAGCGTTTGGCAGAACGTCGATTTAACTCGAG
<« Fsa1-A129S  Xhol

H 1.1.5.3 FucA: pKA1_fucA
The fucA gene was inserted into pKA1 by FC (G VI.4.1.2) by replacing the alk/ gene in the parent pKA1_alkJ. The

resulting vector is shown below.

Bagll (2,586 3,400 2,
Ndel (2 482) '
Wiy
T7 prom
=4 7_transl_en_RBS
sy 5
BamHI (1,815)—,f~Fuca .
T Al fuch
Hinclll (1 ,525)%-*[, 6,186 bp
- I
L~ 154 arigin 5
"e’é:/ cat marker
g

.
Yt Ncal (5,887)

Figure H-13. pKA1_fucA. The vector contains the fucA gene, a p15A ORI (compatible with pBR322 and CloDF13 ORIs), and conveys resistance

to Cam.

238



Thomas Bayer, Ph.D. Thesis
Appendix

FucA —~

ATGGAACGAAATAAACTTGCTCGTCAGATTATTGACACTTGCCTGGAAATGACCCGCCTGGGACTGAACCAGGGGACAGCGGGGAACGTCAGTGTACGTT
ATCAGGATGGGATGCTGATTACGCCTACAGGCATTCCATATGAAAAACTGACGGAGTCGCATATTGTCTTTATTGATGGCAACGGTAAACATGAGGAAGG
AAAGCTCCCCTCAAGCGAATGGCGTTTCCATATGGCAGCCTATCAAAGCAGACCGGATGCCAACGCGGTTGTTCACAATCATGCCGTTCATTGCACGGCAG
TTTCCATTCTTAACCGATCGATCCCCGCTATTCACTACATGATTGCGGCGGCTGGCGGTAATTCTATTCCTTGCGCGCCTTATGCGACCTTTGGAACACGCGA
ACTTTCTGAACATGTTGCGCTGGCTCTCAAAAATCGTAAGGCAACTTTGTTACAACATCATGGGCTTATCGCTTGTGAGGTGAATCTGGAAAAAGCGTTATG
GCTGGCGCATGAAGTTGAAGTGCTGGCGCAACTTTACCTGACGACCCTGGCGATTACGGACCCGGTGCCAGTGCTGAGCGATGAAGAGATTGCCGTAGTG
CTGGAGAAATTCAAAACCTATGGGTTACGAATTGAAGAGTAA

+ FucA

H 1.1.5.4 FucA: pKK223-3_fucA
The plasmid map of the backbone is shown in Figure H-9 (H 1.1.1.9). The vector containing the fucA gene was
provided by M. Kickstein from the TU Dortmund, Germany. The fucA sequence is given in H 1.1.5.3.

H 1.L1.5.5 FruA: pKK223-3_fruA
The plasmid map of the backbone is shown in Figure H-9 (H 1.1.1.9). The vector containing the fruA gene was
provided by M. Kickstein from the TU Dortmund, Germany.

FruA —
ATGAACCAAGAACAATTTGACAAAATTAAAAATGGTAAAGGATTTATCGCAGCATTGGACCAAAGCGGTGGTAGTACTCCGAAAGCGCTAAAAGATTATG

GCGTTGAAGAAAATGAATACTCTAACGATGAAGAAATGTTCAACCTTGTACACGATATGCGTACTCGTATCATTACTTCACCTGCATTTAACGGAGAAAAAA
TCTTAGGTGCGATTCTATTCGAACAAACTATGGACCGTGAAGTTGAGGGCAAATACACAGGTTCATATTTAGCAGATAAAGGTATCGTTCCATTCTTGAAA
GTCGACAAAGGTTTGGCTGAAGAAGCTGACGGCGTTCAATTAATGAAACCTATTCCAGACTTAGATAAATTATTAGATCGTGCGAACGAACGTGGTATCTT
CGGTACTAAAATGCGTTCTAACATCTTAGAAAATAATAAAGAAGCAATTGAAAAAGTTGTTAAACAACAATTTGAAGTTGCAAAAGAAATCATTGCAGCTG
GTCTAGTACCAATTATCGAACCTGAAGTTAACATCAATGCTAAAGACAAAGAAGCTATCGAAGCTAACTTAGCTGAAGCAATCAAAGCTGAATTAGATAAC
TTGAAAAAAGATCAATATGTAATGTTGAAATTAACTATTCCAACTAAAGTGAATGCTTACAGCGAATTAATTGAACATCCACAAGTAATCCGCGTGGTTGCA
TTATCTGGTGGTTACAGCCGCGACGAAGCAAACAAAATCTTGAAACAAAATGATGGTTTAATCGCAAGCTTCTCACGTGCATTAGTATCTGACTTAAACGCA

CAACAATCAGATGCAGAATTCAATGAAAAATTACAAGAAGCTATCGATACAATCTTCGATGCTTCAGTAAACAAAGCTTAA
+ FruA

H 1.1.5.6 RhuA: pKK223-3_rhuA
The plasmid map of the backbone is shown in Figure H-9 (H 1.1.1.9). The vector containing the rhuA gene was

provided by M. Kickstein from the TU Dortmund, Germany.

RhuA =
ATGCAAAACATTACTCAGTCCTGGTTTGTCCAGGGAATGATCAAAGCCACCACCGACGCCTGGCTGAAAGGCTGGGATGAGCGCAACGGCGGCAACCTGA

CGCTACGCCTGGATGACGCCGATATCGCACCATATCACGACAATTTCCACCAACAACCGCGCTATATCCCGCTCAGCCAGCCCATGCCTTTACTGGCAAATA
CACCGTTTATTGTCACCGGCTCGGGCAAATTCTTCCGTAACGTCCAGCTTGATCCTGCGGCTAACTTAGGCATCGTAAAAGTCGACAGCGACGGCGCGGGC
TACCACATTCTTTGGGGGTTAACCAACGAAGCCGTCCCCACTTCCGAACTTCCGGCTCACTTCCTTTCCCACTGCGAGCGCATTAAAGCCACCAACGGCAAA
GATCGGGTGATCATGCACTGCCACGCCACCAACCTGATCGCCCTCACCTATGTACTTGAAAACGACACCGCGGTCTTCACTCGCCAACTGTGGGAAGGCAG
CACCGAGTGTCTGGTGGTATTCCCGGATGGCGTTGGCATTTTGCCGTGGATGGTGCCCGGCACGGACGAAATCGGCCAGGCGACCGCACAAGAGATGCA
AAAACATTCGCTGGTGTTGTGGCCCTTCCACGGCGTCTTCGGCAGCGGACCGACGCTGGATGAAACCTTCGGTTTAATCGACACCGCAGAAAAATCAGCAC
AAGTATTAGTGAAGGTTTATTCGATGGGCGGCATGAAACAGACCATCAGCCGTGAAGAGTTGATAGCGCTCGGCAAGCGTTTCGGCGTTACGCCACTCGC

CAGTGCGCTGGCGCTGTAA
+ RhuA

H 1.1.6 Phosphatases

H 1.1.6.1 PhoN-Se V78Ls: pCVD_phoN-V78Ls
The gene encoding PhoN-Se V78Ls was delivered in a broad host range vector (Figure H-14). The sequence
including the N-terminal signal peptide (SP) and the C-terminal 3xFLAG tag is given below.
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1378
o 75, BamHI (393)
< | "\~.| | / Bgll (748)
M Jrom L)
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& lacZ_a reporter _
- amp marker H'n =
pCDY_phoN-y78LA |
3,379 bp ,
PI1-:-I~J-S-3--._,"§
}.‘-EF-*BZE origin .
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Natl (1,353), Xhol (1,359)

Figure H-14. pCDV_phoN-V78L;s. The vector contains the gene encoding PhoN-Se V78Ls, a pBR322 ORI, and conveys resistance to Amp. The

vector is not suitable for target gene expression.

Ndel PhoN-Se V78Lz— sp
CATATGAAAAGTCGTTATTTAGTATTTTTTCTACCACTGATCGTAGCTAAATATACATCAGCAGAAACAGTGCAACCCTTTCATTCTCCTGAAGAATCAGTGA

ACAGTCAGTTCTACTTACCACCACCGCCAGGTAATGATGATCCGGCTTACCGCTATGATAAGGAGGCTTATTTTAAGGGCTATGCGATAAAGGGTTCCCCG

CGATGGAAACAAGCTGCTGAGGATGCAGATCTGAGCGTGGAAAATATAGCCAGAATATTCTCGCCAGTAGTGGGTGCTAAAATTAACCCCAAAGATACGC
CAGAAACCTGGAATATGTTAAAGAATCTTCTGACAATGGGCGGCTACTACGCTACTGCTTCGGCAAAAAAATATTATATGCGTACCCGCCCCTTTGTCTTAT
TTAATCATTCCACCTGCCGTCCTGAAGATGAGAATACTTTGCGAAAAAATGGCTCTTACCCTTCCGGGCATACTGCTTATGGTACACTTCTGGCATTAGTATT
ATCCGAGGCCAGACCGGAACGCGCGCAGGAGCTCGCCAGACGCGGATGGGAGTTCGGGCAAAGCAGAGTGATATGCGGTGCTCACTGGCAAAGCGATG
TTGATGCTGGCCGTTATGTGGGAGCAGTAGAGTTTGCAAGACTGCAAACAATCCCGGCTTTTCAGAAGTCACTGGCAAAATCCGTGAGGAGCGACTACAA

AGACCATGACGGTGATTATAAAGATCATGATATCGATTACAAGGATGACGATGATAAGTGACTCGAG
3xFLAG « PhoN-Se V78Ly  Xhol

H 1.1.6.2 PhoN-Se V78La: pET26b(+)_phoN-V78Ls

The plasmid in Figure H-14 was used as PCR template for subcloning of the gene encoding PhoN-Se V78Ly for
subcloning into pET26b(+) by Ndel/Xhol. The phosphatase-coding sequence is given in H 1.1.6.1. The target vector
backbone is shown in Figure H-5 (H 1.1.1.5).

H 1.1.6.3 PhoN-Se V/78Lsp: pET26b(+)_phoN-V78Lsp

The plasmid map of the backbone is shown in Figure H-5 (H 1.1.1.5). The gene including the SP was amplified
from the pCDV vector (Figure H-14) with appropriate primers (G VI.5.1.1) and subcloned into pET26b(+) by
Ndel/Xhol.

Ndel PhoN-Se V78Lsp—> sp
CATATGAAAAGTCGTTATTTAGTATTTTTTCTACCACTGATCGTAGCTAAATATACATCAGCAGAAACAGTGCAACCCTTTCATTCTCCTGAAGAATCAGTGA

ACAGTCAGTTCTACTTACCACCACCGCCAGGTAATGATGATCCGGCTTACCGCTATGATAAGGAGGCTTATTTTAAGGGCTATGCGATAAAGGGTTCCCCG

CGATGGAAACAAGCTGCTGAGGATGCAGATCTGAGCGTGGAAAATATAGCCAGAATATTCTCGCCAGTAGTGGGTGCTAAAATTAACCCCAAAGATACGC
CAGAAACCTGGAATATGTTAAAGAATCTTCTGACAATGGGCGGCTACTACGCTACTGCTTCGGCAAAAAAATATTATATGCGTACCCGCCCCTTTGTCTTAT
TTAATCATTCCACCTGCCGTCCTGAAGATGAGAATACTTTGCGAAAAAATGGCTCTTACCCTTCCGGGCATACTGCTTATGGTACACTTCTGGCATTAGTATT
ATCCGAGGCCAGACCGGAACGCGCGCAGGAGCTCGCCAGACGCGGATGGGAGTTCGGGCAAAGCAGAGTGATATGCGGTGCTCACTGGCAAAGCGATG
TTGATGCTGGCCGTTATGTGGGAGCAGTAGAGTTTGCAAGACTGCAAACAATCCCGGCTTTTCAGAAGTCACTGGCAAAATCCGTGAGGAGCTGACTCGA
G <+ PhoN-Se V78Ls»  Xhol

H 1.1.6.4 PhoN-Se V78Lsxriac: pET26b(+) _phoN-V78L3xriac

The plasmid map of the backbone is shown in Figure H-5 (H 1.1.1.5). The gene including the 3xFLAG tag was
amplified from the pCDV vector (Figure H-14) with appropriate primers (G VI.5.1.1) and subcloned into
pET26b(+) by Ndel/Xhol.

240



Thomas Bayer, Ph.D. Thesis
Appendix

Ndel PhoN-Se V78Lxiac =
CATATGAAATATACATCAGCAGAAACAGTGCAACCCTTTCATTCTCCTGAAGAATCAGTGAACAGTCAGTTCTACTTACCACCACCGCCAGGTAATGATGAT

CCGGCTTACCGCTATGATAAGGAGGCTTATTTTAAGGGCTATGCGATAAAGGGTTCCCCGCGATGGAAACAAGCTGCTGAGGATGCAGATCTGAGCGTGG
AAAATATAGCCAGAATATTCTCGCCAGTAGTGGGTGCTAAAATTAACCCCAAAGATACGCCAGAAACCTGGAATATGTTAAAGAATCTTCTGACAATGGGC
GGCTACTACGCTACTGCTTCGGCAAAAAAATATTATATGCGTACCCGCCCCTTTGTCTTATTTAATCATTCCACCTGCCGTCCTGAAGATGAGAATACTTTGC

GAAAAAATGGCTCTTACCCTTCCGGGCATACTGCTTATGGTACACTTCTGGCATTAGTATTATCCGAGGCCAGACCGGAACGCGCGCAGGAGCTCGCCAGA
CGCGGATGGGAGTTCGGGCAAAGCAGAGTGATATGCGGTGCTCACTGGCAAAGCGATGTTGATGCTGGCCGTTATGTGGGAGCAGTAGAGTTTGCAAGA
CTGCAAACAATCCCGGCTTTTCAGAAGTCACTGGCAAAATCCGTGAGGAGCGACTACAAAGACCATGACGGTGATTATAAAGATCATGATATCGATTACAA

GGATGACGATGATAAGTGACTCGAG 3xFLAG
<+ PhoN-Se V78Lsxriac  Xhol

H 1.1.6.5 PhoN-Sf: pET26b(+)_phoN-Sf
The plasmid map of the backbone is shown in Figure H-5 (H 1.1.1.5). The phoN-Sf gene was subcloned into
pET26b(+) by Ndel/Xhol.

Ndel PhoN-Sf— Ssp
CATATGAAAAGACAGCTTTTTACTCTTAGTATTGTCGGGGTATTTTCTTTAAATACCTTTGCATCAATTCCTCCGGGAAATGATGTGACAACAAAACCTGACC

TTTACTACCTGACAAACGATAATGCTATTGACAGTCTGGCATTATTACCGCCTCCACCACAAATCGGAAGTATTGCCTTCCTGAATGACCAGGCCATGTATG
AAAAGGGGCGTTTATTGCGAAATACTGAAAGAGGGAAGCTGGCAGCTGAGGATGCCAATCTCAGTAGTGGTGGCGTGGCAAATGTATTTTCTGCTGCTTT
TGGTTCTCCGATAACGGCTAAAGATTCACCAGAATTGCATAAGTTACTGACAAATATGATTGAGGATGCCGGAGACCTGGCAACGCGTTCAGCAAAAGAAT
ATTATATGCGTATTCGACCTTTTGCTTTTTATGGTGTTTCTACGTGTAATACAAAAGAACAGGATACATTATCCAGAAATGGCTCTTATCCATCAGGTCATAC
ATCGATTGGTTGGGCAACAGCACTTGTATTGTCCGAAATAAATCCGGCACGCCAGGATACCATTCTGAAACGGGGTTATGAACTGGGGGACAGCAGGGTT
ATTTGCGGTTATCACTGGCAAAGTGATGTTGACGCAGCACGTATTGTTGGCTCTGCTATTGTAGCAACACTGCACTCAAATCCTGTGTTCCAGGCACAATTA

CAAAAAGCGAAAGATGAATTCGCTAACAATCAGAAAAAATAACTCGAG
<« PhoN-Sf  Xhol

H 1.1.6.6 YqaB: pCDFDuet-1_yqaB
The plasmid map of the backbone is shown in Figure H-1 (H 1.1.1.1). The yqgaB gene was subcloned into the MCS-
1 in pCDFDuet-1 by Ncol/BamHI.

Ncol YqaB =
CCATGGGATACGAGCGTTATGCAGGTTTAATTTTTGATATGGATGGCACAATCCTGGATACGGAGCCTACGCACCGTAAAGCGTGGCGCGAAGTATTAGG
GCACTACGGTCTTCAGTACGATATTCAGGCGATGATTGCGCTTAATGGATCGCCCACCTGGCGTATTGCTCAGGCAATTATTGAGCTGAATCAGGCCGATCT
CGACCCGCATGCGTTAGCGCGTGAAAAAACAGAAGCAGTAAGAAGTATGCTGCTGGATAGCGTCGAACCGCTTCCTCTTGTTGATGTGGTGAAAAGTTGG
CATGGTCGTCGCCCAATGGCTGTAGGAACGGGGAGTGAAAGCGCCATCGCTGAGGCATTGCTGGCGCACCTGGGATTACGCCATTATTTTGACGCCGTCG
TCGCTGCCGATCACGTCAAACACCATAAACCCGCGCCAGACACATTTTTGTTGTGCGCGCAGCGTATGGGCGTGCAACCGACGCAGTGTGTGGTCTTTGAA

GATGCCGATTTCGGTATTCAGGCGGCCCGTGCAGCAGGCATGGACGCCGTGGATGTTCGCTTGCTGTGAGGATCC
<+ YqaB BamHI

H 1.1.7 Mutant GDHs

H 1.1.7.1 GDH2xss: pET28a(+)_gdhaxss
The plasmid map of the backbone is shown in Figure H-6 (H 1.1.1.6). The 2x mutant gene was subcloned into the

pET28a(+) by Ncol/Hindlll. The translated enzyme bears an N-terminal 6xHis tag.

Ncol GDHzxes = 6xHis
CCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGTATCCGGATTTAAAAGGAAAAGTCGTCGCTATTACA

GGAGCTGCTTCAGGGCTCGGAAAGGCGATGGCCATTCGCTTCGGCAAGGAGCAGGCAAAAGTGGTTATCAACTATTATAGTAATAAACAAGATCCGAACG
AGGTAAAAGAAGAGGTCATCAAGGCGGGCGGTGAAGCTGTTGTCGTCCAAGGAGATGTCACGAAAGAGGAAGATGTAAAAAATATCGTGCAAACGGCA

ATTAAGGAGTTCGGCACACTCGATATTATGATTAATAATGCCGGTCTTGAAAATCCTGTGCCATCTCACGAAATGCCGCTCAAGGATTGGGATAAAGTCATC
GGCACGAACTTAACGGGTGCCTTTTTAGGAAGCCGTGAAGCGATTAAATATTTCGTAGAAAACGATATCAAGGGAAATGTCATTAACATGTCCAGTGTGCA
CGAAGTGATTCCTTGGCCGTTATTTGTCCACTATGCGGCAAGTAAAGGCGGGATAAAGCTGATGACAAAAACATTAGCGTTGGAATACGCGCCGAAGGGC
ATTCGCGTCAATAATATTGGGCCAGGTGCGATCAACACGCCAATCAATGCTGAAAAATTCGCTGACCCTAAACAGAAGGCTGATGTAGAAAGCATGATTCC
AATGGGATATATCGGCGAACCGGAGGAGATCGCCGCAGTAGCAGCCTGGCTTGCTTCGAAGGAAGCCAGCTACGTCACAGGCATCACGTTATTCGCGGAC

GGCGGTATGACACTGTATCCTTCATTCCAGGCAGGCCGCGGTTAAAAGCTT
= GDHzss  Hindlll
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H 1.1.7.2 GDHas: pET28a(+)_gdh7st
The plasmid map of the backbone is shown in Figure H-6 (H 1.1.1.6). The 7x mutant gene was subcloned into the

pET28a(+) by Ncol/Hindlll. The translated enzyme bears an N-terminal 6xHis tag.

Ncol GDHzas >
CCATGGGCAGCAGC AGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGTATCCGGATTTAAAAGGAAAAGTCGTCGCTATTACA

GGAGCTGCTTCAGGGCTCGGAAAGGCGATGGCCATTCGCTTCGGCAAGGAGCAGGCAAAAGTGGTTATCAACTATTATAGTAATAAACAAGATGCGGAA

GAGGTAAAAGAAGAGGTCATCAAGGCGGGCGGTGAAGCTGTTGTCGTCCAAGGAGATGTCACGAAAGAGGAAGATGTAAAAAATATCGTGCAAACGGC

AATTAAGGAGTTCGGCACACTCGATATTATGATTAATAATGCCGGTCTTGAAAATCCTGTGCCATCTCACGAAATGCCGCTCAAGGATTGGGATAAAGTCAT
CGGCACGAACTTAACGGGTGCCTTTTTAGGAAGCCGTGAAGCGATTAAATATTTCGTAGAAAACGATATCAAGGGAAATGTCATTAACATGTCCAGTGTGC
ACGAAGTGATTCCTTGGCCGTTATATGTCCACTATGCGGCAAGTAAAGGCGGGATAAAGCTGATGACAAAAACATTAGCGTTGGAATACGCGCCGAAGGG
CATTCGCGTCAATAATATTGGGCCAGGTGCGATCAACACGCCAATCAATGCTGAAAAATTCGCTGACCCTAAACAGAAGGCTGATGTAGAAAGCATGATTC
CAATGGGATATATCGGCGAACCGGAGGAGATCGCCGCAGCGGCAGCCTTCCTTGCTTCGAAGGAAGCCAGCTACGTCACAGGCATCACGTTATTCGCGGA

CGGCGGTATGACACTGTATCCTTCATTCCAGGCAGGCCGCGGTTAAAAGCTT
= GDHyss  Hindlll

H 1.1.8 Transaminases

H 1.1.8.1 3FCR: pET22b(+)_3fcr
The plasmid map of the backbone is shown in Figure H-4 (H 1.1.1.4). The 3fcr gene was subcloned into pET22b(+)
by Ndel/BamHI and provided by Uwe T. Bornscheuer from the Ernst-Moritz-Arndt University Greifswald,

Germany. The enzyme bears a C-terminal 6xHis tag.

Ndel 3FCR—
CATATGCTGAAAAACGACCAACTGGACCAATGGGACCGTGATAACTTCTTCCACCCGTCAACGCACCTGGCGCAACATGCCCGTGGCGAATCAGCTAACCG

TGTGATCAAAACCGCGTCGGGCGTTTTTATTGAAGATCGCGACGGTACGAAACTGCTGGATGCTTTCGCGGGCCTGTATTGCGTTAATGTCGGCTACGGTC
GTCAGGAAATTGCCGAAGCAATCGCTGATCAAGCGCGCGAACTGGCCTATTACCATAGCTATGTGGGCCACGGTACCGAAGCTTCTATCACGCTGGCGAA
AATGATTCTGGATCGTGCCCCGAAAAACATGAGTAAAGTTTACTTTGGTCTGGGCGGTTCCGACGCAAACGAAACCAATGTCAAACTGATCTGGTATTACA
ACAATATTCTGGGCCGCCCGGAGAAAAAGAAAATTATCAGTCGTTGGCGCGGTTATCATGGCAGTGGTCTGGTTACCGGCTCCCTGACGGGTCTGGAACT
GTTTCATAAAAAATTCGATCTGCCGGTGGAACAGGTTATTCACACCGAAGCCCCGTATTACTTTCGTCGCGAAGACCTGAACCAGACGGAAGAACAATTCG
TCGCACACTGTGTGGCTGAACTGGAAGCGCTGATCGAACGTGAAGGCGCGGATACCATTGCGGCCTTCATCGGCGAACCGATTCTGGGTACGGGCGGTAT
TGTGCCGCCGCCGGCCGGTTATTGGGAAGCAATCCAGACCGTCCTGAATAAACATGATATTCTGCTGGTTGCGGACGAAGTGGTTACCGGCTTTGGTCGCC
TGGGCACGATGTTCGGTTCTGATCACTATGGCCTGGAACCGGACATTATCACCATCGCGAAAGGTCTGACGTCAGCGTACGCCCCGCTGAGCGGTTCTATT
GTGTCGGATAAAGTCTGGAAAGTGCTGGAACAGGGCACCGACGAAAACGGTCCGATCGGCCATGGTTGGACGTATAGCGCACACCCGATTGGTGCAGCT
GCAGGTGTTGCAAATCTGAAACTGCTGGATGAACTGAACCTGGTTAGCAATGCCGGCGAAGTCGGTGCCTACCTGAACGCAACCATGGCAGAAGCTCTGT
CCCAACATGCTAATGTTGGCGATGTCCGTGGCGAAGGTCTGCTGTGCGCGGTGGAATTTGTTAAAGATCGTGACAGCCGCACGTTTTTCGATGCCGCAGAC
AAAATCGGTCCGCAGATTTCTGCGAAACTGCTGGAACAAGATAAAATTATCGCGCGTGCCATGCCGCAGGGCGACATTCTGGGTTTTGCCCCGCCGTTCTG

TCTGACCCGCGCAGAAGCTGATCAAGTCGTGGAAGGTACGCTGCGCGCTGTCAAAGCCGTTCTGGGTTCA TAAGGATCC
+ 3FCR BamHI

H 1.1.8.2 3GJU: pET22b(+)_3gju
The plasmid map of the backbone is shown in Figure H-4 (H 1.1.1.4). The 3gju gene was subcloned into pET22b(+)
by Ndel/BamHI and provided by Uwe T. Bornscheuer from the Ernst-Moritz-Arndt University Greifswald,

Germany. The enzyme bears a C-terminal 6xHis tag.

Ndel 3GIU—
CATATGCTGAACCAATCGAACGAACTGAACGCCTGGGATCGCGACCACT CCACCCGTCAACGCACATGGGCACGCACGCACGCGGCGAAAGTCCGA

CCCGTATCATGGCCGGCGGTGAAGGCGTTACGGTCTGGGATAACAATGGTCGCAAATCCATTGACGCGTTTGCCGGCCTGTATTGCGTGAACGTTGGCTAC
GGTCGCCAGAAAATTGCAGATGCTATCGCGACCCAAGCTAAAAATCTGGCGTATTACCATGCCTATGTGGGCCACGGTACCGAAGCGAGCATTACGCTGG
CCAAAATGATTATCGATCGTGCGCCGAAAGGCATGTCTCGCGTTTACTTCGGCCTGAGCGGTTCTGATGCCAACGAAACCAACATCAAACTGATCTGGTAC
TACAACAACGTCCTGGGCCGTCCGGAGAAAAAGAAAATTATCTCCCGTTGGCGCGGTTATCATGGCAGCGGTGTTATGACCGGCTCTCTGACGGGTCTGG
ACCTGTTTCATAACGCATTCGACCTGCCGCGTGCTCCGGTGCTGCACACCGAAGCCCCGTATTACTTTCGTCGCACGGATCGCAGTATGTCCGAAGAACAGT
TCAGCCAACACTGTGCAGACAAACTGGAAGAAATGATTCTGGCTGAAGGCCCGGAAACCATTGCGGCCTTTATCGGCGAACCGATTCTGGGTACGGGCGG
TATCGTTCCGCCGCCGGCGGGTTATTGGGAAAAAATTCAGGCCGTCCTGAAAAAATACGATGTGCTGCTGGTTGCGGACGAAGTGGTTACCGGCTTTGGT
CGCCTGGGCACGATGTTCGGTTCAGATCATTATGGCATCAAACCGGACCTGATTACCATCGCAAAAGGCCTGACGAGTGCCTACGCACCGCTGTCCGGTGT
CATTGTGGCGGATCGTGTGTGGCAGGTTCTGGTCCAAGGCTCAGACAAACTGGGTTCGCTGGGCCATGGTTGGACCTATTCGGCACACCCGATCTGCGTG
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GCAGCTGGTGTTGCCAACCTGGAACTGATTGATGAAATGGACCTGGTGACCAATGCGGGCGAAACGGGTGCATATTTTCGTGCTGAACTGGCTAAAGCGG
TTGGCGGTCACAAAAATGTCGGCGAAGTGCGCGGCGATGGTATGCTGGCGGCCGTTGAATTCGTCGCAGATAAAGATGACCGTGTGTTTTTCGACGCTTC
ACAGAAAATCGGTCCGCAAGTCGCAACCGCACTGGCAGCTTCGGGTGTGATCGGTCGTGCAATGCCGCAGGGCGATATTCTGGGTTTTGCCCCGCCGCTG
TGTCTGACCCGTGAACAGGCAGATATTGTCGTGAGCAAAACGGCCGACGCTGTCAAATCAGTCTTCGCAAACCTGTCA TAAGG

ATCC « 3GIU BamHI

H 1.1.8.3 3HMU: pET22b(+)_3hmu
The plasmid map of the backbone is shown in Figure H-4 (H 1.1.1.4). The 3hmu gene was subcloned into
pET22b(+) by Ndel/BamHI and provided by Uwe T. Bornscheuer from the Ernst-Moritz-Arndt University

Greifswald, Germany. The enzyme bears a C-terminal 6xHis tag.

Ndel 3GIU~
CATATGAGCCTGGCGACCATTACGAACCACATGCCGACGGCGGAACTGCAAGCCCTGGATGCTGCCCACCACCTGCACCCGTTTAGCGCAAACAATGCACT
GGGTGAAGAAGGCACCCGTGTTATTACGCGTGCTCGCGGTGTCTGGCTGAACGATAGCGAAGGCGAAGAAATTCTGGACGCCATGGCAGGTCTGTGGTG
CGTCAATATCGGTTATGGTCGTGATGAACTGGCAGAAGTGGCAGCACGTCAGATGCGTGAACTGCCGTATTACAACACCTTTTTCAAAACCACGCATGTTC
CGGCTATTGCGCTGGCCCAAAAACTGGCAGAACTGGCTCCGGGCGATCTGAATCACGTGTTTTTCGCCGGCGGTGGCAGCGAAGCAAACGACACCAATAT
CCGTATGGTGCGCACGTATTGGCAGAACAAAGGTCAACCGGAAAAAACCGTTATTATCAGCCGTAAAAATGCGTACCATGGCTCTACGGTCGCAAGCTCTG
CACTGGGTGGCATGGCTGGTATGCACGCGCAGTCTGGCCTGATTCCGGATGTGCATCACATCAACCAACCGAATTGGTGGGCCGAAGGTGGCGATATGGA
CCCGGAAGAATTTGGTCTGGCACGTGCTCGCGAACTGGAAGAAGCAATTCTGGAACTGGGTGAAAACCGTGTGGCAGCTTTCATTGCTGAACCGGTTCAG
GGTGCGGGTGGCGTGATCGTTGCACCGGATTCATATTGGCCGGAAATTCAACGCATCTGCGATAAATACGACATTCTGCTGATCGCGGACGAAGTTATTTG
TGGTTTTGGCCGTACCGGTAATTGGTTCGGCACCCAGACGATGGGTATCCGCCCGCATATTATGACGATCGCAAAAGGTCTGAGTTCCGGCTATGCTCCGA
TTGGTGGCTCAATCGTGTGTGATGAAGTCGCACACGTGATTGGCAAAGACGAATTTAACCATGGTTATACCTACTCGGGTCACCCGGTGGCAGCAGCAGTT
GCACTGGAAAATCTGCGTATTCTGGAAGAAGAAAACATCCTGGATCATGTTCGCAATGTCGCTGCGCCGTATCTGAAAGAAAAATGGGAAGCACTGACCG
ACCACCCGCTGGTCGGTGAAGCCAAAATTGTGGGCATGATGGCATCCATCGCTCTGACCCCGAACAAAGCGTCACGCGCCAAATTTGCATCGGAACCGGG
TACGATTGGCTACATCTGCCGTGAACGCTGTTTCGCGAACAATCTGATTATGCGTCATGTCGGCGATCGCATGATTATCAGTCCGCCGCTGGTGATTACCCC
GGCCGAAATCGATGAAATGTTCGTTCGTATCCGCAAATCCCTGGACGAAGCGCAGGCCGAAATTGAAAAACAGGGTCTGATGAAATCTGAAGGTAGT

TAAGGATCC -~ 3GIU
BamHI

H 1.1.8.4 3i5T: pET22b(+)_3i5T
The plasmid map of the backbone is shown in Figure H-4 (H 1.1.1.4). The 3i5T gene was subcloned into pET22b(+)
by Ndel/BamHI and provided by Uwe T. Bornscheuer from the Ernst-Moritz-Arndt University Greifswald,

Germany. The enzyme bears a C-terminal 6xHis tag.

Ndel 3i5T—
CATATGAGCCTGCGTAATGATGCAACGAATGCCGCGGGTGCTGTCGGTGCTGCGATGCGTGACCATATCCTGCTGCCGGCCCAAGAAATGGCGAAACTGG
GCAAATCTGCCCAGCCGGTTCTGACCCATGCGGAAGGCATTTATGTCCACACGGAAGACGGTCGTCGCCTGATCGATGGTCCGGCAGGCATGTGGTGCGC
TCAAGTGGGTTACGGTCGTCGCGAAATTGTTGATGCAATGGCTCATCAAGCAATGGTTCTGCCGTATGCTTCTCCGTGGTACATGGCAACCAGTCCGGCAG
CACGTCTGGCAGAAAAAATTGCTACCCTGACGCCGGGTGACCTGAACCGTATCTTTTTCACCACGGGCGGTAGTACCGCAGTGGATTCCGCACTGCGTTTTT
CAGAATTCTATAACAATGTCCTGGGTCGCCCGCAGAAAAAACGTATTATCGTGCGCTATGATGGCTACCATGGTAGCACCGCACTGACGGCAGCTTGTACC
GGTCGTACGGGTAACTGGCCGAATTTTGATATTGCCCAAGACCGCATCTCCTTCCTGAGCTCTCCGAACCCGCGTCACGCTGGCAATCGCTCACAGGAAGC
ATTTCTGGATGACCTGGTTCAAGAATTCGAAGACCGTATTGAATCTCTGGGTCCGGATACCATCGCGGCCTTTCTGGCGGAACCGATTCTGGCCAGTGGCG
GTGTGATTATCCCGCCGGCAGGTTATCATGCTCGTTTTAAAGCGATTTGCGAAAAACACGACATTCTGTACATCTCGGATGAAGTGGTTACCGGCTTCGGTC
GCTGTGGCGAATGGTTTGCGAGCGAAAAAGTTTTCGGTGTCGTGCCGGATATTATCACCTTTGCAAAAGGCGTTACGTCGGGTTATGTCCCGCTGGGCGGT
CTGGCAATCAGCGAAGCGGTGCTGGCCCGTATTTCCGGCGAAAACGCCAAAGGTTCATGGTTCACCAACGGCTATACGTACTCCAATCAGCCGGTTGCATG
CGCAGCTGCACTGGCAAATATCGAACTGATGGAACGTGAAGGTATTGTCGACCAAGCCCGCGAAATGGCAGATTACTTTGCCGCAGCTCTGGCATCTCTGC
GTGATCTGCCGGGTGTGGCAGAAACCCGCAGTGTTGGCCTGGTCGGTTGCGTGCAGTGTCTGCTGGACCCGACCCGTGCTGACGGTACGGCGGAAGATA
AAGCCTTTACGCTGAAAATCGACGAACGTTGCTTCGAACTGGGCCTGATTGTCCGTCCGCTGGGTGATCTGTGTGTGATCTCGCCGCCGCTGATTATCAGCC
GTGCCCAGATTGATGAAATGGTGGCAATTATGCGCCAAGCTATCACCGAAGTTAGCGCGGCCCACGGCCTGACGGCGAAAGAACCGGCTGCTGTCGAAG

GTAGT TGATAAGGATCC
« 3i5T BamHI
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H 1.1.8.5 AspFum: pET22b(+)_aspfum

The plasmid map of the backbone is shown in Figure H-4 (H 1.1.1.4). The aspfum gene was subcloned into
pET22b(+) by Ndel/BamHI and provided by Uwe T. Bornscheuer from the Ernst-Moritz-Arndt University
Greifswald, Germany. The enzyme bears a C-terminal 6xHis tag.

Ndel AspFum =
CATATGGCATCTATGGATAAAGTTTTTAGTGGTTACTACGCGCGCCAGAAACTGCTGGAACGTAGTGATAATCCGTTCAGCAAAGGTATTGCCTATGTTGA

AGGCAAACTGGTGCTGCCGAGTGATGCACGCATCCCGCTGCTGGATGAAGGTTTTATGCATAGTGATCTGACCTACGATGTTATTAGCGTGTGGGATGGCC
GTTTCTTTCGCCTGGATGATCACCTGCAGCGCATCCTGGAAAGCTGCGATAAAATGCGTCTGAAATTTCCGCTGGCACTGAGCTCTGTTAAAAACATTCTGG
CAGAAATGGTGGCGAAAAGCGGCATTCGTGATGCGTTCGTGGAAGTTATTGTTACCCGTGGTCTGACCGGTGTTCGTGGTTCTAAACCGGAAGATCTGTAT
AACAATAACATTTACCTGCTGGTTCTGCCGTATATCTGGGTGATGGCGCCGGAAAATCAGCTGCATGGCGGTGAAGCCATTATTACCCGTACCGTTCGTCG
CACCCCGCCGGGTGCATTTGATCCGACCATTAAAAACCTGCAGTGGGGTGATCTGACCAAAGGCCTGTTTGAAGCCATGGATCGTGGTGCAACCTATCCGT
TCCTGACGGATGGCGATACCAATCTGACGGAAGGCTCTGGTTTCAATATCGTTCTGGTGAAAAACGGCATTATCTACACCCCGGATCGTGGTGTTCTGCGC
GGCATTACGCGTAAATCTGTTATCGATGTGGCGCGCGCCAACAGTATTGATATCCGTCTGGAAGTGGTTCCGGTGGAACAGGCGTATCATAGCGATGAAA
TTTTTATGTGTACCACGGCCGGCGGTATTATGCCGATCACCCTGCTGGATGGTCAGCCGGTTAATGATGGTCAAGTGGGCCCGATTACCAAGAAAATTTGG
GATGGCTATTGGGAAATGCACTATAACCCGGCGTACAGCTTCCCGGTGGATTACGGCTCTGGTTCAGGATCCCATCATCATCATCATCATTGAGGATCC

<+ AspFum 6xHis BamHI

H 1.1.8.6 AspTer: pGASTON_aspter
The aspter gene was subcloned into pGASTON by Ndel/BamH! and provided by Uwe T. Bornscheuer from the
Ernst-Moritz-Arndt University Greifswald, Germany. The plasmid map (Figure H-15) and the sequence are given

below. The enzyme bears a C-terminal 6xHis tag.

a0 500 . L_T_?/EiamHI {1,034)
. Hindlll {1,069
— ircllll (1,069

Melel (57 & rrnB term

—AspTer

PGASTOM_AspTer
3464 bp

= \ _~amp marker
2

Sy 7 plr

Figure H-15. pGASTON_aspter. The vector contains the gene encoding AspTer, a pBR322 ORI (compatible with p15A and CloDF13 ORIs), and

conveys resistance to Amp.

Ndel AspTer =
CATATGGCAAGCATGGATAAAGTTTTTGCCGGTTATGCAGCACGTCAGGCAATTCTGGAAAGCACCGAAACCACCAATCCGTTTGCAAAAGGTATTGCATG

GGTTGAAGGTGAACTGGTTCCGCTGGCAGAAGCACGTATTCCGCTGCTGGATCAGGGTTTTATGCATAGCGATCTGACCTATGATGTTCCGAGCGTTTGGG
ATGGTCGTTTTTTTCGTCTGGATGATCATATTACCCGTCTGGAAGCCAGCTGTACCAAACTGCGTCTGCGTCTGCCGCTGCCTCGTGATCAGGTTAAACAAA
TTCTGGTTGAAATGGTTGCCAAAAGCGGTATTCGTGATGCATTTGTGGAACTGATTGTTACCCGTGGTCTGAAAGGTGTTCGTGGCACCCGTCCGGAAGAT
ATCGTGAATAATCTGTATATGTTTGTGCAGCCGTATGTTTGGGTTATGGAACCGGATATGCAGCGTGTTGGTGGTAGCGCAGTTGTTGCACGTACCGTTCG
TCGTGTTCCGCCTGGTGCAATTGATCCGACCGTTAAAAATCTGCAGTGGGGTGATCTGGTTCGTGGTATGTTTGAAGCAGCAGATCGTGGTGCAACCTATC
CGTTTCTGACCGATGGTGATGCACATCTGACCGAAGGTAGCGGTTTTAACATTGTGCTGGTGAAAGATGGTGTTCTGTATACACCGGATCGTGGTGTTCTG
CAGGGTGTTACACGTAAAAGCGTGATTAATGCAGCAGAAGCCTTTGGTATTGAAGTGCGTGTTGAATTTGTTCCGGTTGAACTGGCATATCGCTGTGATGA
AATTTTTATGTGTACCACCGCAGGCGGTATTATGCCGATTACCACCCTGGATGGTATGCCGGTTAATGGTGGTCAGATTGGTCCGATTACCAAAAAAATTTG

GGATGGCTATTGGGCAATGCATTATGATGCAGCCTATAGCTTTGAAATTGATTATAATGAACGCAATGGATCCCATCATCATCATCATCATTGAGGATCC
+ AspTer 6xHis BamHI
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H 1.1.8.7 NeoFis: pET22b(+)_neofis
The plasmid map of the backbone is shown in Figure H-4 (H 1.1.1.4). The neofis gene was subcloned into
pET22b(+) by Ndel/BamHI and provided by Uwe T. Bornscheuer from the Ernst-Moritz-Arndt University

Greifswald, Germany. The enzyme bears a C-terminal 6xHis tag.

Ndel NeoFis —~
CATATGGCAAGTATGGATAAAGTTTTTAGCGGTTATCATGCGCGCCAGAAACTGCTGGAACGTAGCGATAATCCGTTCTCTAAAGGTATTGCCTACGTTGA
AGGCAAACTGGTGCTGCCGTCTGATGCACGCATCCCGCTGCTGGATGAAGGTTTTATGCATGGCGATCTGACCTATGATGTTACCACGGTGTGGGATGGTC
GTTTCTTTCGCCTGGATGATCACATGCAGCGCATTCTGGAAAGCTGCGATAAAATGCGTCTGAAATTTCCGCTGGCGCCGTCTACCGTTAAAAACATCCTGG
CAGAAATGGTGGCGAAAAGTGGCATTCGTGATGCCTTCGTGGAAGTTATTGTTACCCGTGGTCTGACCGGTGTTCGTGGTAGTAAACCGGAAGATCTGTAT
AACAATAACATTTACCTGCTGGTGCTGCCGTACGTTTGGGTGATGGCGCCGGAAAATCAGCTGCTGGGCGGTAGCGCCATTATTACCCGTACCGTTCGTCG
CACCCCGCCGGGTGCCTTTGATCCGACCATCAAAAACCTGCAGTGGGGTGATCTGACCAAAGGCCTGTTTGAAGCCATGGATCGTGGTGCAACCTATCCGT
TCCTGACGGATGGCGATACCAATCTGACGGAAGGCAGCGGTTTCAATATTGTTCTGGTGAAAAACGGCATTATCTACACCCCGGATCGTGGTGTGCTGCGC
GGCATTACGCGTAAAAGCGTTATCGATGTGGCGCGCGCCAATAACATTGATATCCGTCTGGAAGTGGTTCCGGTTGAACAGGTGTACCATTCTGATGAAAT
CTTCATGTGTACCACGGCAGGCGGTATTATGCCGATCACCCTGCTGGATGGTCAGCCGGTTAATGATGGTCAAGTGGGCCCGATTACCAAGAAAATTTGGG
ATGGCTATTGGGAAATGCACTATAACCCGGCCTACTCTTTCCCGGTGGATTACGGCAGTGGTTCAGGATCCCATCATCATCATCATCATTGAGGATCC

+ NeoFis 6xHis BamHI

H 1.1.8.8 VfIH6: pET24a_vflH6
The vflH6 gene was subcloned into pET24a by Ndel/Xho! and provided by Uwe T. Bornscheuer from the Ernst-

Moritz-Arndt University Greifswald, Germany. The plasmid map (Figure H-16) and the sequence are given below.

‘-"-l'ihr_:——x-ul-:ﬁ‘g: sentl { 167, Himdill { 174)
— B ;B 199)
s - T
A
I ' ' T7 o d -
=l pET24a_viHE = i 1 52
i | 6,635 bp T Bl Be

Figure H-16. pET24a_vflH6. The vector contains the gene encoding VfIH6, a pBR322 ORI (compatible with p15A and CloDF13 ORlIs), and

conveys resistance to Kan.

Ndel VfIH6 =~
CATATGAACAAACCGCAAAGCTGGGAAGCCCGGGCCGAGACCTATTCGCTCTATGGTTTCACCGACATGCCTTCGCTGCATCAGCGCGGCACGGTCGTCGT

GACCCATGGCGAGGGACCCTATATCGTCGATGTGAATGGCCGGCGTTATCTGGACGCCAACTCGGGCCTGTGGAACATGGTCGCGGGCTTTGACCACAAG
GGGCTGATCGACGCCGCCAAGGCCCAATACGAGCGTTTTCCCGGTTATCACGCCTTTTTCGGCCGCATGTCCGATCAGACGGTAATGCTGTCGGAAAAGCT
GGTCGAGGTGTCGCCCTTTGATTCGGGCCGGGTGTTCTATACAAACTCGGGGTCCGAGGCGAATGACACCATGGTCAAGATGCTATGGTTCCTGCATGCA
GCCGAGGGCAAACCGCAAAAGCGCAAGATCCTGACCCGCTGGAACGCCTATCACGGCGTGACCGCCGTTTCGGCCAGCATGACCGGCAAGCCCTATAATT
CGGTCTTTGGCCTGCCGCTGCCGGGCTTTGTGCATCTGACCTGCCCGCATTACTGGCGCTATGGCGAAGAGGGCGAAACCGAAGAGCAGTTCGTCGCCCG
CCTCGCCCGCGAGCTGGAGGAAACGATCCAGCGCGAGGGCGCCGACACCATCGCCGGTTTCTTTGCCGAACCGGTGATGGGCGCGGGCGGCGTGATTCC
CCCGGCCAAGGGGTATTTCCAGGCGATCCTGCCAATCCTGCGCAAATATGACATCCCGGTCATCTCGGACGAGGTGATCTGCGGTTTCGGACGCACCGGTA
ACACCTGGGGCTGCGTGACCTATGACTTTACACCCGATGCAATCATCTCGTCCAAGAATCTTACAGCGGGCTTTTTCCCCATGGGGGCGGTGATCCTTGGCC
CGGAACTTTCCAAACGGCTGGAAACCGCAATCGAGGCGATCGAGGAATTCCCCCATGGCTTTACCGCCTCGGGCCATCCGGTCGGCTGTGCTATTGCGCTG
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AAAGCAATCGACGTGGTGATGAATGAAGGGCTGGCTGAGAACGTCCGCCGCCTTGCCCCCCGTTTCGAGGAAAGGCTGAAACATATCGCCGAGCGCCCG
AACATCGGTGAATATCGCGGCATCGGCTTCATGTGGGCGCTGGAGGCTGTCAAGGACAAGGCAAGCAAGACGCCGTTCGACGGCAACCTGTCGGTCAGC
GAGCGTATCGCCAATACCTGCACCGATCTGGGGCTGATTTGCCGGCCGCTTGGTCAGTCCGTCGTCCTTTGTCCGCCCTTTATCCTGACCGAGGCGCAGATG

GATGAGATGTTCGATAAACTCGAAAAAGCCCTTGATAAGGTCTTTGCCGAGGTTGCCTGACTCGAG
<« VflH6 BamHI

H 1.1.9 ‘Core modules’ constructed for the coexpression of pathway enzymes

H 1.1.9.1 pOPE: pKA1_alkl:fsal-A129S
pOPE was constructed by employing SLICE (G VII.1.1.1) to assemble the linear fragments coding for the pKA1_alkJ
backbone and the fsa1-A129S insert in operon configuration (Figure D-25A). The plasmid map (Figure H-17) and

the pathway coding region are given below.

BamHI (2,505)——._._,_‘2_520 200

o

T
b

Alkd
T7_transl_en_RBS —%
3 _—Baoll {4,290)

T7 prom

asy

a— 154 origin pOFE
7,890 bp

B

_~cat marker =]

05

Figure H-17. pOPE. The vector assembled in this thesis contains the operon encoding alk/ and the fsa1-A129S. The plasmid features a p15A
ORI (compatible with pBR322 and CloDF13 ORIs) and conveys resistance to Cam.

Balll Py RBS
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAG TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
Alks ~ +— Alk)  BamHI RBS Fsa1-A1295 —

ATATACATATGTAC://--ATGTAAGGATCCGGCTGCTAACTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGAACTGTATCTGGATACT
TCAGACGTTGTTGCGGTGAAGGCGCTGTCACGTATTTTTCCGCTGGCGGGTGTGACCACTAACCCAAGCATTATCGCCGCGGGTAAAAAACCGCTGGATGT
TGTGCTTCCGCAACTTCATGAAGCGATGGGCGGTCAGGGGCGTCTGTTTGCCCAGGTAATGGCTACCACTGCCGAAGGGATGGTTAATGACGCGCTTAAG

CTGCGTTCTATTATTGCGGATATCGTGGTGAAAGTTCCGGTGACCGCCGAGGGGCTGGCAGCTATTAAGATGTTAAAAGCGGAAGGGATTCCGACGCTGG
GAACCGCGGTATATGGCGCAGCACAAGGGCTGCTGTCGGCGCTGGCAGGTGCGGAATATGTTTCGCCTTACGTTAATCGTATTGATGCTCAGGGCGGTAG
CGGCATTCAGACTGTGACCGACTTACACCAGTTATTGAAAATGCATGCGCCGCAGGCGAAAGTGCTGGCAGCGAGTTTCAAAACCCCGCGTCAGGCGCTG

GACTGCTTACTGGCAGGATGTGAATCAATTACTCTGCCACTGGATGTGGCACAACAGATGATTAGCTATCCGGCGGTTGATGCCGCTGTGGCGAAGTTTGA

GCAGGACTGGCAGGGAGCGTTTGGCAGAACGTCGATTTAAAGCTGAGTTGGCTGCTGC
« Fsa1-A129S

H 1.L1.9.2 pPOP: pKAI alki::fsal-A129S

pPOP was constructed by employing FC (G VII.1.2.1) to assemble the linear fragments coding for the pKA1_alkJ
backbone and the fsa1-A129S insert including an individual P77 in pseudo-operon configuration (Figure D-25B).
The plasmid map (Figure H-18) and the pathway coding region are given below.
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Fsal-41295  ~ T7_fransl_en_RBS —

- = Baolll {4,350}
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Figure H-18. pPOP. The vector assembled in this thesis contains the alk/ and the fsa1-A129S gene in pseudo-operon configuration. The
plasmid features a p15A ORI (compatible with pBR322 and CloDF13 ORIs) and conveys resistance to Cam.

Balll Pry RBS
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAG TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
AlkJ —~ <« AlkJ BamHI P17
ATATACATATGTAC:+//--ATGTAAGGATCCGGCTGCTAACCGATCCCGCGAAATTAATACGACTCACTATAG T
RBS Fsal-A129S5 = + Fsa1l-A129s

CTAGAAATAA GTTTAACTTTAAGAAGGAGATATACCATGGAACTG:+//-~ TCGATTTAAAGCTGAGTTGGCTGCTGC

H 1.1.9.3 pMON1: pkA1_alk)::B0011::fsal-A129S
PMON1 was constructed by utilizing a unique BamH] restriction site to insert the synthetic terminator BO011
between the alk/ and the fsa1-A129S gene (G VII.1.3). The target vector contains the two genes in monocistronic

configuration (Figure D-25C). The plasmid map (Figure H-19) and the pathway coding region are given below.

24500_____——BamH (2,563)

2a = g BamHl (2,637)
N 2,
Hindlll (1 525 T7 jprom
1] T7 _transl_en_RBS
3 7 term BOD11

Fsaf-A1295

154 origin
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T7_transl_en_RBS
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8,022 bp TV prom = 4

= — cat marker

Ry

s

fosa

Figure H-19. pMONL1. The vector assembled in this thesis contains the alk/ and the fsal-A129S gene in monocistronic configuration by
insertion of the BO011 terminator between the two coding regions. The plasmid features a p15A ORI (compatible with pBR322

and CloDF13 ORIs) and conveys resistance to Cam.
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Balll Pry RBS
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAG TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
AlkJ —~ <« AlkJ BamHI 10 bp B0011 10 bp BamHI
ATATACATATGTAC-+//--ATGTAAGGATCCGGCTGCTAACAAATAATAAAAAAGCCGGATTAATAATCTGGCTTTTTATATTCTCTGTTAGCAGCCGGATC
Pry
CGGCTGCTAACCGATCCCGCGAAATGGCTGCTAACCGATCCCGCGAAATTAATACGACTCACTATAG TCTAGA

RBS Fsa1-A1295 « Fsal-A129S
AATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGAACTG-+//- TCGATTTAAAGCTGAGTTGGCTGCTGC

H 1.L1.9.4 pMON4: pKA1 alkJ::BO014:.fsa1-A129S

pMON4 was constructed by utilizing a unique BamH]/ restriction site to insert the synthetic terminator B0014
between the alk/ and the fsa1-A129S gene (G VII.1.3). The target vector contains the two genes in monocistronic
configuration (Figure D-25C). In pMON4, the BO011 sequence is replaced by BO014 but otherwise resembles the
plasmid map shown in Figure H-19. The pathway coding region in pMON4 is given below.

Balll Pry RBS
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAG TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
AlkJ - «~ AlkJ  BamHI 10 bp B0014
ATATACATATGTAC:++//--ATGTAAGGATCCGGCTGCTAACTCACACTGGCTCACCTTCGGGTGGGCCTTTCTGCGTTTATATACTAGAGAGAGAATATAAA
10bp  BamHI
AAGCCAGATTATTAATCCGGCTTTTTTATTATTTGTTAGCAGCCGGATCCGGCTGCTAACCGATCCCGCGAAATGGCTGCTAACCGATCCCGCGAAATTAA
Pry RBS Fsa1-A1295 —~
TACGACTCACTATAG TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGAACTGTATCTG:+/

+ Fsal-A129s
/- AGAACGTCGATTTAAAGCTGAGTTGGCTGCTGC

H 1.1.9.5 pMONS: pkA1_alkJ::BOO14so::fsal-A129S

pPMONS was constructed by utilizing the unique BamH]/ restriction site to insert the synthetic terminator BO014
with flanking 44 bp spacer sequences between the alk/ and the fsa1-A129S gene (G VII.1.3). The target vector
contains the two genes in monocistronic configuration and ligation of the Tsy» leaves a ‘scar’ sequence (Figure
E-1B). pMONS5 contains the BO014 terminator with long flanking spacer sequences but otherwise resembles the

plasmid map shown in Figure H-19. The pathway coding region in pMONS5 is given below.

Balll Pry RBS
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAG TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
AlkJ = - AlkJ  Scar 44 bp B0014
ATATACATATGTAC://--ATGTAAGGATCTAATTCGAGCTCGGTACCTCGCGAATGCATCTAGATATCGGATCCTCACACTGGCTCACCTTCGGGTGGGCCT
44 bp
TTCTGCGTTTATATACTAGAGAGAGAATATAAAAAGCCAGATTATTAATCCGGCTTTTTTATTATTTGGATCCCGGGCCCGTCGACTGCAGAGGCCTGCAT
Scar Py
GCAAGCTTGGGGATCTGGCTGCTAACCGATCCCGCGAAATGGCTGCTAACCGATCCCGCGAAATTAATACGACTCACTATAG
RBS Fsa1l-A1295 =~ + Fsal-A129S
TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGAACTG:+//- TCGATTTAAAGCTGAGTTGGCTGCTGC

H 1.L1.9.6  pMONG6: pKA1 alkJ::BO014100::fsa1-A129S

pMONG6 was constructed by utilizing the unique BamH/ restriction site to insert the synthetic terminator B0014
with flanking 94 bp spacer sequences between the alk/ and the fsa1-A129S gene (G VII.1.3). The target vector
contains the two genes in monocistronic configuration and ligation of the Tsy leaves a ‘scar’ sequence (Figure
E-1B). pMONG6 contains the B0014 terminator with long flanking spacer sequences but otherwise resembles the

plasmid map shown in Figure H-19. The pathway coding region in pMONG6 is given below.
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Balll Py RBS
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAG TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG

AlkJ = <+~ AlkJ  Scar 94 bp
ATATACATATGTAC://--ATGTAAGGATCTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTCGAGCTCGGTACCTC
B0014
GCGAATGCATCTAGATATCGGATCCTCACACTGGCTCACCTTCGGGTGGGCCTTTCTGCGTTTATATACTAGAGAGAGAATATAAAAAGCCAGATTATTA
94 bp
ATCCGGCTTTTTTATTATTTGGATCCCGGGCCCGTCGACTGCAGAGGCCTGCATGCAAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGT
Scar P17
TATCCGCTCACAATGGATCTGGCTGCTAACCGATCCCGCGAAATGGCTGCTAACCGATCCCGCGAAATTAATACGACTCACTATAG
RBS Fsal-A129s = + Fsal-A129S
TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGGAACTG:+//- TCGATTTAAAGCTGAGTTGGCTGCTGC

H 1.1.9.7  pJRE: pKAL fucA::alk

The plasmid was constructed by FC (G VII.2.2) and assemble the linear fragments coding for the pKA1_fucA
backbone and the alkJ insert in pseudo-operon configuration (Figure D-31D). The plasmid map (Figure H-20) and
the pathway coding region are given below.

BamHI (3,580) ——sam0_ 4005 Bolll (4,336)
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Figure H-20. pKA1_fucA::alkJ. The vector assembled in this thesis contains the fucA and the alkJ gene in pseudo-operon configuration. The
plasmid features a p15A ORI (compatible with pBR322 and CloDF13 ORIs) and conveys resistance to Cam.

Balll [ 2 RBS
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAG TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
FucA —~
ATATACATATGGAACGAAATAAACTTGCTCGTCAGATTATTGACACTTGCCTGGAAATGACCCGCCTGGGACTGAACCAGGGGACAGCGGGGAACGTCAG
TGTACGTTATCAGGATGGGATGCTGATTACGCCTACAGGCATTCCATATGAAAAACTGACGGAGTCGCATATTGTCTTTATTGATGGCAACGGTAAACATG
AGGAAGGAAAGCTCCCCTCAAGCGAATGGCGTTTCCATATGGCAGCCTATCAAAGCAGACCGGATGCCAACGCGGTTGTTCACAATCATGCCGTTCATTGC
ACGGCAGTTTCCATTCTTAACCGATCGATCCCCGCTATTCACTACATGATTGCGGCGGCTGGCGGTAATTCTATTCCTTGCGCGCCTTATGCGACCTTTGGAA
CACGCGAACTTTCTGAACATGTTGCGCTGGCTCTCAAAAATCGTAAGGCAACTTTGTTACAACATCATGGGCTTATCGCTTGTGAGGTGAATCTGGAAAAA
GCGTTATGGCTGGCGCATGAAGTTGAAGTGCTGGCGCAACTTTACCTGACGACCCTGGCGATTACGGACCCGGTGCCAGTGCTGAGCGATGAAGAGATTG

<+~ FucA BamHI Pr7
CCGTAGTGCTGGAGAAATTCAAAACCTATGGGTTACGAATTGAAGAGTAAGGATCCGGCTGCTAACAAAGCCCGAAAGGATAATACGACTCACTATAG
RBS AlkJ —~ <+~ AlkJ

TCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGTAC://--ATGTAAAGCTGAGTTGGCTGCT
Trr
GCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGA
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H 1.1.10 Other enzyme-coding genes and gene modifications

H 1.1.10.1 Dhak: pRSETa_dhak
The dhaK gene was subcloned into pRSETa by Ndel/BamH!I and provided by E. Garcia-Junceda from the University
of Madrid, Spain. The plasmid map (Figure H-21) and the sequence are given below.

¥bal (59)
Mdel (99
4,454 \/ e
s
T7 pr am d:e;
T7_transl_en_RBS
P~ pBR322 origin
o =]
pRSETa_dhak =
Dhak —
4 454 bp
L amp marker
%
a T7 term
imp prom -~
n 1 origin ".J_(
@, et
4 S8 Hindil (1,501)

BamHI {1,760, Xhol (1,783), Pstl (1,7513, ng {1,773), Mcal (1,759)

Figure H-21. pRSETa_dhaK. The vector contains the dhaK gene, a pBR322 ORI (compatible with p15A and CloDF13 ORlIs), and conveys

resistance to Amp.

Ndel DhaK —
CATATGTCTCAATTCTTTTTTAATCAACGCACCCATCTCGTGAGCGACGTCATCGACGGTACGATTATCGCCAGCCCGTGGAATAACCTGGCGCGTCTGGAA
AGCGATCCGGCCATTCGCATCGTGGTCCGTCGTGACCTCAACAAAAATAACGTGGCGGTAATTTCCGGCGGTGGTTCAGGGCACGAACCCGCGCACGTTG
GGTTTATCGGTAAAGGCATGCTAACCGCTGCGGTTTGCGGCGACGTTTTCGCTTCCCCGAGCGTGGATGCGGTACTGACCGCCATCCAGGCGGTAACCGGT
GAGGCGGGCTGTTTATTGATCGTGAAAAATTACACCGGTGACCGTCTTAATTTCGGTCTCGCCGCCGAGAAAGCCCGTCGCCTTGGTTACAACGTTGAAAT
GCTGATTGTTGGCGACGACATCTCCCTGCCTGATAACAAACACCCACGCGGCATTGCGGGAACCATCCTGGTGCATAAAATCGCAGGCTATTTTGCCGAAC
GCGGCTACAACCTCGCCACCGTCCTGCGTGAAGCGCAGTACGCGGCCAATAACACCTTCAGCCTGGGCGTTGCGCTTTCCAGCTGTCATCTGCCGCAAGAA
GCCGACGCCGCCCCGCGTCATCATCCGGGCCACGCGGAACTGGGCATGGGCATTCACGGCGAACCAGGCGCATCGGTTATCGACACCCAGAACAGTGCGC
AGGTGGTGAACCTGATGGTGGATAAGCTGATGGCAGCCCTGCCTGAAACCGGCCGTCTGGCGGTGATGATTAACAATCTTGGCGGCGTTTCTGTTGCCGA
AATGGCCATCATTACCCGCGAACTGGCCAGCAGCCCGCTGCACCCACGTATCGACTGGCTGATTGGCCCGGCCTCACTGGTCACCGCTCTGGATATGAAAA
GCTTTTCACTGACGGCCATCGTGCTGGAAGAAAGCATCGAAAAAGCGTTACTCACCGAGGTGGAAACCAGCAACTGGCCGACGCCGGTCCCGCCGCGTGA
AATCAGTTGTGTACCATCATCTCAGCGTAGCGCACGCGTGGAATTCCAGCCTTCGGCGAACGCCATGGTGGCCGGGATTGTGGAACTTGTCACCACAACCC
TTTCCGATCTGGAGACTCATCTTAATGCGCTGGACGCCAAAGTCGGCGATGGCGATACCGGTTCGACCTTTGCCGCTGGCGCGCGTGAAATTGCCAGTCTG
TTGCATCGCCAGCAGTTGCCGCTGGATAACCTTGCCACGCTGTTCGCGCTGATTGGCGAACGTCTGACCGTAGTGATGGGTGGTTCCAGCGGTGTGCTGAT
GTCTATTTTCTTTACCGCTGCGGGGCAGAAACTGGAACAGGGAGCTAGCGTTGCCGAATCCCTGAATACGGGACTGGCGCAGATGAAGTTCTACGGCGGC
GCAGACGAAGGCGATCGCACCATGATTGATGCGCTGCAACCAGCCCTGACTTCGCTGCTCACGCAGCCGCAAAATCTGCAGGCCGCATTCGACGCCGCGC
AAGCGGGAGCCGAACGAACCTGTTTGTCGAGCAAAGCCAATGCCGGTCGCGCATCGTATCTCAGCAGCGAAAGCCTGCTCGGAAATATGGACCCCGGCGC

GCACGCCGTAGCGATGGTGTTTAAAGCGCTAGCGGAGAGTGAGCTGGGCTAATGACTCGAG
<+ DhaK BamHI

H 1.1.10.2 BLAST analysis and reannotation of pET22b(+)_dhak

The putative dhaK gene subcloned into pET22b(+) according to the publication by Daniel et al.>** was submitted
to BLAST analysis. Sequence identity to the dhak sequence utilized by Itturate et al.?%¥ was only 93%. BLAST
analysis results in the annotation of a cyclopropane fatty acid synthase from C. freundii and other related genes
(Figure H-22).
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es producing significant alig:
Select: All Mone Selected:0
11 Alignments o
Description s'\ig:; ;;;1 ?::Sg va\Eue Ident = Accession
[ cCitrobacter freundii cyclopropane fatty acid synthase (cfa) gene, partial cds: dihvdroxyacetone kinase (dhaK). glycerol dehvdrogenase (dhaD), transcriptional activator (d 3064 3064 100% 0.0 100% WU09771.1
[0 Citrobacter braakii strain FDAARGOS 290, complete genome 2931 2931 100% 0.0 99% CP0220491
[ citrobacter freundii strain SL151. complete genome 2433 2433 100% 0.0 93% CPO169521
[ citrobacter freundii strain CAV1741 genome 2433 2433 100% 00 93% CPO11657.1
[ Citrobacter freundii strain CAV1321 genome 2433 2433 100% 00 93% CPO11612.1
[0 cCitrobacter freundii strain CECT 4626 dihydroxvacetone kinase (dhak) gene, complete cds 2433 2433 100% 0.0 93% DQ4735221
[ Citrabacter freundii strain 838, complete genome 2422 2422 100% 0.0 93% CP0167621
[ citrobacter freundii strain 18-1, complete genome 2416 2416 100% 00 93% CP0222731
[ Citrobacter freundii strain 7055K3. complete genome 2410 2410 100% 00 93% CP022151.1
[0 cCitrobacter sp. 30 2 genome 2405 2405 100% 0.0 93% CP0223111
[ Citrabacter freundii strain P10159, complete genome 2388 2388 100% 0.0 93% CP0125541
[ citrobacter freundii strain BD genome 2344 2344 100% 00 92% CP0188101
[ Citrobacter braakii strain FDAARGOS 253, complete genome 2338 2338 100% 00 92% CP0204431
[0 cCitrobacter werkmanii strain BF-6. complete genome 2106 2106 100% 0.0 90% CPO19986.1
[ Klebsiella oxytaca KONIH1, complete genome 2100 3217 100% 0.0 90% CP008788.1

Figure H-22. BLAST analysis of wrongly annotated DhaK-coding sequence. BLAST search performed and figure created from
https://blast.ncbi.nlm.nih.gov/Blast.cgi.

The sequence inserted into pET22b(+) probably encodes the cfaS gene from C. freundii:

Ndel putative CfaS —
CATATGTCTCAATTCTTTTTTAACCAACGCACCCATCTTGTGAGCGACGTCATCGACGGGGCGATTATCGCCAGCCCATGGAATAACCTGGCGCGTCTGGAA
AGCGATCCGGCCATTCGCATCGTGGTCCGTCGTGACCTTAATAAAAATAACGTAGCGGTCATTTCCGGCGGCGGTTCGGGACACGAACCCGCGCACGTTG
GGTTTATCGGTAAAGGCATGCTAACCGCTGCGGTCTGCGGCGACGTTTTCGCCTCCCCGAGCGTGGATGCTGTACTGACCGCGATTCAGGCGGTGACCGG
TGAGGCTGGCTGTTTGTTGATTGTGAAAAACTACACCGGTGACCGTCTTAATTTCGGTCTCGCCGCCGAGAAGGCGCGTCGCCTTGGCTATAACGTTGAAA
TGCTGATTGTCGGCGACGACATCTCCCTGCCGGATAACAAACACCCACGTGGCATTGCGGGAACTATCCTGGTGCATAAAATCGCAGGCTATTTTGCCGAA
CGCGGCTATAACCTCGCCACCGTCCTGCGTGAAGCGCAGTACGCAGCCAGCAACACCTTTAGCCTGGGCGTAGCGCTTTCCAGCTGTCATCTGCCGCAAGA
AACCGACGCAGCCCCTCGTCATCATCCGGGTCATGCGGAGCTGGGTATGGGAATTCACGGCGAACCAGGCGCATCGGTTATCGACACCCAAAACAGTGCG
CAAGTGGTAAACCTGATGGTGGATAAACTGCTGGCCGCCCTGCCTGAAACCGGTCGTCTGGCGGTGATGATTAATAATCTTGGCGGCGTTTCCGTGGCCG
AAATGGCCATCATCACCCGCGAACTCGCCAGCAGCCCGCTGCACTCGCGTATCGACTGGCTAATTGGCCCGGCCTCGCTGGTCACCGCGCTGGATATGAAA
GGCTTCTCACTGACGGCCATCGTGCTGGAAGAGAGCATCGAAAAAGCACTGCTCACCGAAGTGGAAACCAGCAACTGGCCGACGCCGGTCCCACCGCGTG
AAATCACCTGCGTAGTGTCATCTCACGCTAGCGCCCGCGTGGAATTCCAGCCTTCGGCAAACGCCCTGGTGGCCGGGATTGTGGAGCTGGTCACCGCAACC
CTTTCCGATCTGGAGACTCATCTGAATGCGCTGGACGCCAAAGTCGGCGATGGCGATACCGGTTCGACCTTTGCCGCCGCGGCGCGTGAAATTGCCAGCCT
GCTGCATCGCCAGCAGCTGCCGCTGAATAACCTTGCCACGCTGTTCGCGCTGATTGGCGAACGTCTGACCGTGGTGATGGGCGGTTCCAGCGGTGTGCTG
ATGTCAATCTTCTTTACCGCCGCCGGGCAGAAACTGGAACAGGGCGCTAACGTTGTCGAAGCGCTAAATACGGGGCTGGCGCAGATGAAGTTCTACGGCG
GCGCAGACGAAGGCGATCGCACGATGATTGATGCGCTGCAACCGGCCCTGACCTCGCTGCTCGCACAGCCGAAAAATCTGCAGGCCGCATTCGACGCCGC
GCAAGCGGGAGCCGAACGAACCTGTTTGTCGAGCAAAGCCAATGCGGGTCGCGCATCGTATCTGAGCAGCGAAAGCCTGCTCGGAAATATGGACCCCGG

CGCGCAGCGCCTAGCGATGGTGTTTAAAGCGCTAGCGGAGAGTGAGCTGGGCTAACTCGAG
< putative CfaS  Xhol

H 1.1.10.3 PDCap: pET22b(+)_pdcap
The plasmid map of the backbone is shown in Figure H-4 (H 1.1.1.4). The pdcap, gene was subcloned into pET22b(+)
by Ndel/Xhol.

Ndel PDCap—
CATATGACCTATACTGTTGGCATGTATCTTGCAGAACGCCTTGTACAGATCGGGCTGAAGCATCACTTCGCCGTGGGCGGCGACTACAATCTCGTTCTTCTG
GATCAGTTGCTCCTCAACAAGGACATGAAACAGATCTATTGCTGCAATGAGTTGAACTGTGGCTTCAGCGCGGAAGGCTACGCCCGTTCTAACGGGGCTGC
GGCAGCGGTTGTCACCTTCAGCGTTGGCGCCATTTCCGCCATGAACGCCCTCGGCGGCGCCTATGCCGAAAACCTGCCGGTTATCCTGATTTCCGGCGCGC
CCAACAGCAATGATCAGGGCACAGGTCATATCCTGCATCACACAATCGGCAAGACGGATTACAGCTACCAGCTTGAAATGGCCCGTCAGGTCACCTGTGCC
GCCGAAAGCATTACCGACGCTCACTCCGCCCCGGCCAAGATTGACCACGTCATTCGCACGGCGCTGCGCGAGCGTAAGCCGGCCTATCTGGACATCGCGT
GCAACATTGCCTCCGAGCCCTGCGTGCGGCCTGGCCCTGTCAGCAGCCTGCTGTCCGAGCCTGAAATCGACCACACGAGCCTGAAGGCCGCAGTGGACGC
CACGGTTGCCTTGCTGAAAAATCGGCCAGCCCCCGTCATGCTGCTGGGCAGCAAGCTGCGGGCCGCCAACGCACTGGCCGCAACCGAAACGCTGGCAGAC
AAGCTGCAATGCGCGGTGACCATCATGGCGGCCGCGAAAGGCTTTTTCCCCGAAGACCACGCGGGTTTCCGCGGCCTGTACTGGGGCGAAGTCTCGAACC
CCGGCGTGCAGGAACTGGTGGAGACCTCCGACGCACTGCTGTGCATCGCCCCCGTATTCAACGACTATTCAACAGTCGGCTGGTCGGGCATGCCCAAGGG
CCCCAATGTGATTCTGGCTGAGCCCGACCGCGTAACGGTCGATGGCCGCGCCTATGACGGCTTTACCCTGCGCGCCTTCCTGCAGGCTCTGGCGGAAAAAG
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CCCCCGCGCGCCCGGCCTCCGCACAGAAAAGCAGCGTCCCGACGTGCTCGCTCACCGCGACATCCGATGAAGCCGGTCTGACGAATGACGAAATCGTCCG
TCATATCAACGCCCTGCTGACATCAAACACGACGCTGGTGGCAGAAACCGGCGATTCATGGTTCAATGCCATGCGCATGACCCTGGCCGGTGCGCGCGTG
GAACTGGAAATGCAGTGGGGCCATATCGGCTGGTCCGTGCCCTCCGCGTTCGGCAATGCCATGGGCTCGCAGGACCGCCAGCATGTGGTGATGGTAGGC
GATGGCTCCTTCCAGCTTACCGCGCAGGAAGTGGCTCAGATGGTGCGCTACGAACTGCCCGTCATTATCTTTCTGATCAACAACCGTGGCTATGTCATTGAA
ATCGCCATTCATGACGGCCCGTACAACTATATCAAGAACTGGGATTACGCCGGCCTGATGGAAGTCTTCAACGCCGGAGAAGGCCATGGACTTGGCCTGA
AAGCCACCACCCCGAAGGAACTGACAGAAGCCATCGCCAGGGCAAAAGCCAATACCCGCGGCCCGACGCTGATCGAATGCCAGATCGACCGCACGGACT

GCACGGATATGCTGGTTCAATGGGGCCGCAAGGTTGCCTCAACCAACGCGCGCAAGACCACTCTGGCCCATCATCATCATCATCACTGAGGATCC
<« PDCpp 6xHis Xhol

H 1.1.10.4 AlkJtrnc: pKAl_le]tmc
The plasmid map of the parent plasmid pKA1_alkJis shown in Figure H-12 (H 1.1.3.6). The alk/ gene was truncated
by utilization of two gene encoded Pst/ restriction sites. The truncated sequence is given below.

AlkJernc = Pstl
ATGTACGACTATATAATCGTTGGTGCTGGATCTGCAGTGCAGCCGAGCTTAAGGAACATGGTGTTTCTCTAGTCCATGATCTTCCTGAGGTGGGGAAAAAT
CTTCAAGATCATTTGGACATCACATTGATGTGCGCAGCAAATTCGAGAGAGCCGATAGGTGTTGCTCTTTCTTTCATCCCTCGTGGTGTCTCGGGTTTGTTTT
CATATGTGTTTAAGCGCGAGGGGTTTCTCACTAGTAACGTGGCAGAGTCGGGTGGTTTTGTAAAAAGTTCTCCTGATCGTGATCGGCCCAATTTGCAGTTTC
ATTTCCTTCCAACTTATCTTAAAGATCACGGTCGAAAAATAGCGGGTGGTTATGGTTATACGCTACATATATGTGATCTTTTGCCTAAGAGCCGAGGCAGAA
TTGGCCTAAAAAGCGCCAATCCATTACAGCCGCCTTTAATTGACCCGAACTATCTTAGCGATCATGAAGATATTAAAACCATGATTGCGGGTATTAAGATAG
GGCGCGCTATTTTGCAGGCCCCATCGATGGCGAAGCATTTTAAGCATGAAGTAGTACCGGGCCAGGCTGTTAAAACTGATGATGAAATAATCGAAGATATT
CGTAGGCGAGCTGAGACTATATACCATCCGGTAGGTACTTGTAGGATGGGTAAAGATCCAGCGTCAGTTGTTGATCCGTGCCTGAAGATCCGTGGGTTGG
CAAATATTAGAGTCGTTGATGCGTCAATTATGCCGCACTTGGTCGCGGGTAACACAAACGCTCCAACTATTATGATTGCAGAAAATGCGGCAGAAATAATT
ATGCGGAATCTTGATGTGGAAGCATTAGAGGCTAGCGCTGAGTTTGCTCGCGAGGGTGCAGAGCTAGAGTTGGCCATGATAGCTGTCTGCATGTAA

<+ AlkJemc

H 1.1.10.5 YgjM: pHT yqiM
The pHT vector contains the ygiM gene including an N-terminal 6xHis tag, followed by a tabacco etch virus (TEV)

cleavage site. The gene was subcloned by Ndel/Xhol.[>%%)

a6 ____—-Bgll (5,098)

= whal (5,164)
/;wel (5.204)
i ; Neol (5 258)
T7_transl_en_RBS TEV
T7 prom

b
e

BamHI (&,195)
®hol (6,277)
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300

s
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Figure H-23. pHT_ygjM. The vector contains the ygiM gene, a pBR322 ORI (compatible with p15A and CloDF13 ORlIs), and conveys
resistance to Amp.

6xHis TEV Ygjm —
ATGCACCACCATCATCACCATGCCATGACTGAAAATCTGTATTTTCAGGGCGCCATGGCCAGAAAATTATTTACACCTATTACAATTAAAGATATGACGTTA
AAAAACCGCATTGTCATGTCGCCAATGTGCATGTATTCTTCTCATGAAAAGGACGGAAAATTAACACCGTTCCACATGGCACATTACATATCGCGCGCAATC
GGCCAGGTCGGACTGATTATTGTAGAGGCGTCAGCGGTTAACCCTCAAGGACGAATCACTGACCAAGACTTAGGCATTTGGAGCGACGAGCATATTGAAG
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GCTTTGCAAAACTGACTGAGCAGGTCAAAGAACAAGGTTCAAAAATCGGCATTCAGCTTGCCCATGCCGGACGTAAAGCTGAGCTTGAAGGAGATATCTT

CGCTCCATCGGCGATTGCGTTTGACGAACAATCAGCAACACCTGTAGAAATGTCAGCAGAAAAAGTAAAAGAAACGGTCCAGGAGTTCAAGCAAGCGGCT
GCCCGCGCAAAAGAAGCCGGCTTTGATGTGATTGAAATTCATGCGGCGCACGGATATTTAATTCATGAATTTTTGTCTCCGCTTTCCAACCATCGAACAGAT
GAATATGGCGGCTCACCTGAAAACCGCTATCGTTTCTTGAGAGAGATCATTGATGAAGTCAAACAAGTATGGGACGGTCCTTTATTTGTCCGTGTATCTGCT
TCTGACTACACTGATAAAGGCTTAGACATTGCCGATCACATCGGTTTTGCAAAATGGATGAAGGAGCAGGGTGTTGACTTAATTGACTGCAGCTCAGGCGC
CCTTGTTCACGCAGACATTAACGTATTCCCTGGCTATCAGGTCAGCTTCGCTGAGAAAATCCGTGAACAGGCGGACATGGCTACTGGTGCCGTCGGCATGA
TTACAGACGGTTCAATGGCTGAAGAAATTCTGCAAAACGGACGTGCCGACCTCATCTTTATCGGCAGAGAGCTTTTGCGGGATCCATTTTTTGCAAGAACT

GCTGCGAAACAGCTCAATACAGAGATTCCGGCCCCTGTTCAATACGAAAGAGGCTGGTAA
< YgiMm

H 1.1.10.6 YgjM: pET22b(+)_ygiM
The plasmid map of the backbone is shown in Figure H-4 (H 1.1.1.4). The ygjM gene was subcloned into pET22b(+)
by Ndel/BamHI.

Ndel YqjM —~
CATATGGCCAGAAAATTATTTACACCTATTACAATTAAAGATATGACGTTAAAAAACCGCATTGTCATGTCGCCAATGTGCATGTATTCTTCTCATGAAAAG

GACGGAAAATTAACACCGTTCCACATGGCACATTACATATCGCGCGCAATCGGCCAGGTCGGACTGATTATTGTAGAGGCGTCAGCGGTTAACCCTCAAGG
ACGAATCACTGACCAAGACTTAGGCATTTGGAGCGACGAGCATATTGAAGGCTTTGCAAAACTGACTGAGCAGGTCAAAGAACAAGGTTCAAAAATCGGC
ATTCAGCTTGCCCATGCCGGACGTAAAGCTGAGCTTGAAGGAGATATCTTCGCTCCATCGGCGATTGCGTTTGACGAACAATCAGCAACACCTGTAGAAAT
GTCAGCAGAAAAAGTAAAAGAAACGGTCCAGGAGTTCAAGCAAGCGGCTGCCCGCGCAAAAGAAGCCGGCTTTGATGTGATTGAAATTCATGCGGCGCA
CGGATATTTAATTCATGAATTTTTGTCTCCGCTTTCCAACCATCGAACAGATGAATATGGCGGCTCACCTGAAAACCGCTATCGTTTCTTGAGAGAGATCATT
GATGAAGTCAAACAAGTATGGGACGGTCCTTTATTTGTCCGTGTATCTGCTTCTGACTACACTGATAAAGGCTTAGACATTGCCGATCACATCGGTTTTGCA
AAATGGATGAAGGAGCAGGGTGTTGACTTAATTGACTGCAGCTCAGGCGCCCTTGTTCACGCAGACATTAACGTATTCCCTGGCTATCAGGTCAGCTTCGC
TGAGAAAATCCGTGAACAGGCGGACATGGCTACTGGTGCCGTCGGCATGATTACAGACGGTTCAATGGCTGAAGAAATTCTGCAAAACGGACGTGCCGAC
CTCATCTTTATCGGCAGAGAGCTTTTGCGGGATCCATTTTTTGCAAGAACTGCTGCGAAACAGCTCAATACAGAGATTCCGGCCCCTGTTCAATACGAAAGA

GGCTGGTAAGGATCC
<+ YqgjM BamHI

H 1.1.11 Cosmids

H 1.L1.11.1 pGEc47
The pGEc47 cosmid was donated by B. Bihler from the TU Dortmund, Germany and contained the alk/ gene
amongst others. It was utilized as PCR template for target insert amplification (Figure H-24). The sequence coding

the alkBGHJKL operon is given below. The backbone sequence can be retrieved from Julsing et al. (2012).[28%

o

pGEc47
54,597 bp

a0z

tet marker

ey - e

Figure H-24. pGEc47. The cosmid contains the alkBGHJKL operon and conveys resistance to Tet.128°]
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AlkB —~
ATGCTTGAGAAACACAGAGTTCTGGATTCCGCTCCAGAGTACGTAGATAAAAAGAAATATCTCTGGATACTATCAACTTTGTGGCCGGCTACTCCGATGATC
GGAATCTGGCTTGCAAATGAAACTGGTTGGGGGATTTTTTATGGGCTGGTATTGCTCGTATGGTACGGCGCACTTCCATTGCTTGATGCGATGTTTGGTGA
GGACTTTAATAATCCGCCTGAAGAAGTGGTGCCGAAACTAGAGAAGGAGCGGTACTATCGAGTTTTGACATATCTAACAGTTCCTATGCATTACGCTGCAT
TAATTGTGTCAGCATGGTGGGTCGGAACTCAGCCAATGTCTTGGCTTGAAATTGGTGCGCTTGCCTTGTCACTGGGTATCGTGAACGGACTAGCGCTCAAT
ACAGGACACGAACTCGGTCACAAGAAGGAGACTTTTGATCGTTGGATGGCCAAAATTGTGTTGGCTGTCGTAGGGTACGGTCACTTCTTTATTGAGCATAA
TAAGGGTCATCACCGTGATGTCGCTACACCGATGGATCCTGCAACATCCCGGATGGGAGAAAGCATTTATAAGTTTTCAATCCGTGAGATCCCAGGAGCAT
TTATTCGTGCTTGGGGGCTTGAGGAACAACGCCTTTCGCGCCGTGGCCAAAGCGTTTGGAGTTTCGATAATGAAATCCTCCAACCAATGATCATCACAGTTA
TTCTTTACGCCGTTCTCCTTGCCTTGTTTGGACCTAAGATGCTGGTGTTCCTGCCGATTCAAATGGCTTTCGGTTGGTGGCAGCTGACCAGTGCGAACTATAT
TGAACATTACGGCTTGCTCCGTCAAAAAATGGAGGACGGTCGATATGAGCATCAAAAGCCGCACCATTCTTGGAATAGTAATCACATCGTCTCTAATCTAGT
GCTGTTCCACCTTCAGCGGCACTCGGATCACCACGCGCATCCAACACGTTCTTATCAGTCACTTCGGGATTTTCCCGGCCTGCCGGCTCTTCCGACGGGTTAC
CCTGGTGCATTTTTGATGGCGATGATTCCTCAGTGGTTTAGATCAGTTATGGATCCCAAGGTAGTAGATTGGGCTGGTGGTGACCTTAATAAGATCCAAATT
GATGATTCGATGCGAGAAACCTATTTGAAAAAATTTGGCACTAGTAGTGCTGGTCATAGTTCGAGTACCTCTGCGGTAGCATCGTAGTTATGTGAGCACGC
<+~ AlkB
AGAGCCCGGCGGTCGATATTTACAATAAGTGCTTCAATTTTATGTGCGGCGTTGAAAGCTCTCACAAAGAGTGCACTTCGCTAAAGTGCTGAGGGTTGATT
GCCTCTCTGTAATTGCTTTGAAGGCGACCTGCTCCGATAGTTACACTCTGATGAAGTTGTCGGAGCAGCGACTAACGCTGAGTTAATAGGAGAGTGGGAG
AATGTCAAGGTACCAGTGTCCAGATTGTCAGTATATCTATGATGAAAATAAGGGGGAGCCGCACGAAGGTTTCCACCCGAACACCAGCTGGAATGATATC
CCCAAAGATTGGGCATGCCCGGACTGCGCAGTTCGAGACAAGGTGGACTTTATCTTTCTCGCGGATTCTCCCTCGAAAGAAACACAGCTAGGGGTGAATA
GTCAGCTTGCCAACTCGGAAAGTGGTATTTCAGATGCTACTCCAACTGGAATGGCAGTTTTGGCCGCAGAATTAGTGATCCCACTTAATCAAGAAAATAAA
AATGAGGGCTGTGCGGCTAAGACTGAAGTTCTTGATCAGGCGAGCACCCCACAGGTTGTAAGAAAATCTTCCACAAGGAAGAAGATGAGAAATAAATAAC
AlkG =
GCAAATTTGCCGCAACGCAAAATAACAATTTGACATGGTGATGAGTATGGCTAGCTATAAATGCCCGGATTGTAATTATGTTTATGATGAGAGTGCGGGTA
ATGTGCATGAGGGGTTTTCTCCAGGTACGCCTTGGCACCTTATTCCTGAGGATTGGTGCTGCCCCGATTGCGCCGTTCGAGACAAGCTTGACTTCATGTTAA
TTGAGAGCGGCGTAGGTGAAAAGGGCGTCACCTCAACCCATACTTCGCCAAATTTATCCGAGGTTAGTGGCACAAGTTTAACTGCTGAAGCAGTGGTTGC
GCCGACAAGCTTAGAGAAATTGCCTAGTGCCGACGTTAAAGGCCAAGATCTATATAAAACTCAACCTCCAAGGTCTGATGCCCAAGGCGGGAAAGCATAC
TTGAAGTGGATATGTATTACTTGTGGCCATATATATGATGAGGCGTTGGGCGATGAGGCCGAGGGTTTTACTCCAGGTACTCGCTTTGAGGATATTCCTGA

TGACTGGTGCTGTCCGGATTGCGGGGCTACGAAAGAAGACTATGTGCTCTACGAGGAAAAGTGAAGATTAAAACTTCAAGTCATTCTAGGTAATTCAGGA
+ AlkG
AlkH —~

CAAAATAAAAATGACCATACCAATTAGCCTAGCCAAGTTAAACTCTAGTGCCGATACCCATTCAGCGCTTGAAGTATTTAATTTGCAGAAAGTTGCAAGTAG
TGCGCGTCGTGGTAAATTTGGCATAGCAGAGCGCATCGCTGCTCTTAATTTACTTAAGGAAACTATTCAGCGTCGTGAGCCTGAAATTATTGCTGCACTTGC
AGCGGACTTTCGCAAGCCGGCAAGCGAGGTGAAGCTAACAGAAATCTTTCCGGTATTGCAAGAAATTAATCATGCCAAACGGAACCTTAAAGATTGGATG
AAGCCACGGCGAGTGAGGGCGGCACTTAGTGTAGCGGGCACGCGGGCAGGACTTCGTTACGAGCCTAAGGGTGTCTGTTTGATAATTGCGCCGTGGAAC
TATCCATTCAACCTTAGTTTCGGTCCTCTTGTATCTGCGTTAGCGGCAGGAAATAGCGTTGTTATAAAGCCGTCTGAATTGACACCACACACTGCAACACTG
ATCGGATCTATAGTCAGGGAGGCATTCTCTGTCGACCTAGTCGCTGTGGTGGAGGGTGATGCCGCAGTTTCCCAGGAGCTGTTGGCTCTGCCATTTGACCA
TATTTTTTTTACTGGTAGTCCTAGGGTCGGCAAGTTAGTGATGGAAGCGGCGTCAAAAACACTCGCTTCGGTTACTTTGGAGTTAGGCGGAAAATCTCCAA
CCATTATTGGACCAACAGCAAATTTGCCGAAAGCTGCGCGCAACATAGTGTGGGGAAAGTTTTCAAACAACGGCCAGACGTGCATAGCGCCTGATCACGT
ATTTGTTCATCGGTGTATAGCCCAGAAATTCAATGAAATTCTTGTGAAAGAGATTGTGCGAGTTTATGGGAAGGATTTTGCTGCGCAGCGTAGATCGGCAG
ACTATTGCAGGATCGTCAATGATCAACATTTCAATCGAATTAATAAACTCCTGACTGACGCGAAAGCTAAAGGTGCAAAAATTCTGCAAGGGGGTCAAGTT
GACGCGACTGAGAGGCTTGTGGTGCCAACGGTTTTATCTAACGTCACTGCTGCTATGGATATTAACCATGAGGAAATATTCGGGCCGCTACTTCCTATAATT
GAATACGATGATATAGATTCTGTAATTAAGCGTGTGAATGACGGTGACAAGCCCCTGGCGCTGTATGTCTTTTCTGAAGATAAACAATTTGTAAATAACATC
GTGGCTCGTACAAGCTCTGGTTCGGTCGGAGTTAATCTGAGTGTCGTGCACTTTTTGCACCCTAATCTCCCATTTGGCGGTGTCAATAATAGTGGTATCGGC
AGTGCTCATGGAGTTTACGGGTTCAGGGCGTTTTCTCACGAAAAACCAGTTCTTATAGATAAGTTCTCAATCACGCATTGGTTGTTTCCGCCTTATACCAAG
AAGGTGAAGCAGTTGATTGGTATCACAGTTAAGTATTTGAGCTGAGTAATTTTTTCGATAAATCATTACCTCGAGAAGATAAAATGTACGACTATATAATCG
+~ AlkH Alk) —~
TTGGTGCTGGATCTGCAGGATGTGTGCTTGCTAATCGTCTTTCGGCCGACCCCTCTAAAAGAGTTTGTTTACTTGAAGCTGGGCCGCGAGATACGAATCCGC
TAATTCATATGCCGTTAGGTATTGCTTTGCTTTCAAATAGTAAAAAGTTGAATTGGGCTTTTCAAACTGCGCCACAGCAAAATCTCAACGGCCGGAGCCTTTT
CTGGCCACGAGGAAAAACGTTAGGTGGTTCAAGCTCAATCAACGCAATGGTCTATATCCGAGGGCATGAAGACGATTACCACGCATGGGAGCAGGCGGC
CGGCCGCTACTGGGGTTGGTACCGGGCTCTTGAGTTGTTCAAAAGGCTTGAATGCAACCAGCGATTCGATAAGTCCGAGCACCATGGGGTTGACGGAGAA
TTAGCTGTTAGTGATTTAAAATATATCAATCCGCTTAGCAAAGCATTCGTGCAAGCCGGCATGGAGGCCAATATTAATTTCAACGGAGATTTCAACGGCGA
GTACCAGGACGGCGTAGGGTTCTATCAAGTAACCCAAAAAAATGGACAACGCTGGAGCTCGGCGCGTGCATTCTTGCACGGTGTACTTTCCAGACCAAATC
TAGACATCATTACTGATGCGCATGCATCAAAAATTCTTTTTGAAGACCGTAAGGCGGTTGGTGTTTCTTATATAAAGAAAAATATGCACCATCAAGTCAAGA
CAACGAGTGGTGGTGAAGTACTTCTTAGTCTTGGCGCAGTCGGCACGCCTCACCTTCTAATGCTTTCTGGTGTTGGGGCTGCAGCCGAGCTTAAGGAACAT
GGTGTTTCTCTAGTCCATGATCTTCCTGAGGTGGGGAAAAATCTTCAAGATCATTTGGACATCACATTGATGTGCGCAGCAAATTCGAGAGAGCCGATAGG
TGTTGCTCTTTCTTTCATCCCTCGTGGTGTCTCGGGTTTGTTTTCATATGTGTTTAAGCGCGAGGGGTTTCTCACTAGTAACGTGGCAGAGTCGGGTGGTTTT
GTAAAAAGTTCTCCTGATCGTGATCGGCCCAATTTGCAGTTTCATTTCCTTCCAACTTATCTTAAAGATCACGGTCGAAAAATAGCGGGTGGTTATGGTTATA
CGCTACATATATGTGATCTTTTGCCTAAGAGCCGAGGCAGAATTGGCCTAAAAAGCGCCAATCCATTACAGCCGCCTTTAATTGACCCGAACTATCTTAGCG
ATCATGAAGATATTAAAACCATGATTGCGGGTATTAAGATAGGGCGCGCTATTTTGCAGGCCCCATCGATGGCGAAGCATTTTAAGCATGAAGTAGTACCG
GGCCAGGCTGTTAAAACTGATGATGAAATAATCGAAGATATTCGTAGGCGAGCTGAGACTATATACCATCCGGTAGGTACTTGTAGGATGGGTAAAGATC
CAGCGTCAGTTGTTGATCCGTGCCTGAAGATCCGTGGGTTGGCAAATATTAGAGTCGTTGATGCGTCAATTATGCCGCACTTGGTCGCGGGTAACACAAAC
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GCTCCAACTATTATGATTGCAGAAAATGCGGCAGAAATAATTATGCGGAATCTTGATGTGGAAGCATTAGAGGCTAGCGCTGAGTTTGCTCGCGAGGGTG
CAGAGCTAGAGTTGGCCATGATAGCTGTCTGCATGTAAAAAACATGGTCAATAGATGGTTTTTTAATGAACATAAATCATCAATGTGAGGCGACGTGATGT
<« AlkJ AlkK —~
TAGGTCAGATGATGCGTAATCAGTTGGTCATTGGTTCGCTTGTTGAGCATGCTGCACGATATCATGGTGCGAGAGAGGTGGTTTCAGTCGAAACCTCTGGA
GAAGTAACAAGAAGTTGTTGGAAAGAAGTGGAGCTTCGTGCTCGTAAGCTCGCTTCTGCATTGGGCAAGATGGGTCTTACGCCTAGTGATCGTTGTGCAA
CGATTGCATGGAACAATATTCGTCATCTTGAGGTTTACTACGCTGTCTCTGGCGCAGGAATGGTATGCCATACAATCAATCCGAGGCTTTTCATTGAGCAGA
TCACATATGTGATAAACCATGCGGAGGATAAGGTAGTACTTCTTGATGATACGTTCTTGCCAATCATTGCTGAGATTCACGGTTCGTTACCAAAAGTCAAGG
CGTTTGTCTTGATGGCTCATAATAATTCAAATGCATCTGCTCAAATGCCAGGATTGATTGCATACGAGGATCTAATTGGTCAGGGTGATGATAACTATATAT
GGCCTGATGTAGATGAAAATGAGGCGTCTAGTCTATGTTACACATCAGGTACTACGGGCAACCCGAAGGGTGTACTTTATTCACACCGCTCGACAGTTTTG
CATTCAATGACCACCGCAATGCCAGACACACTAAATTTGTCTGCGCGAGATACCATTTTGCCCGTAGTTCCAATGTTTCATGTAAATGCATGGGGGACTCCA
TATTCCGCTGCAATGGTTGGTGCGAAGCTAGTTCTTCCTGGTCCGGCTCTTGATGGCGCTAGTTTATCGAAGTTGATTGCTAGCGAAGGAGTTAGCATTGCT
CTTGGGGTGCCGGTTGTTTGGCAGGGGTTGTTAGCGGCACAAGCCGGTAATGGTTCTAAAAGCCAAAGCCTCACGCGGGTTGTTGTAGGAGGTTCGGCCT
GTCCTGCGTCTATGATTAGAGAATTTAACGATATATATGGTGTTGAAGTTATTCATGCTTGGGGTATGACTGAGCTTTCGCCATTTGGCACGGCAAACACTC
CACTCGCGCACCACGTAGATTTATCTCCAGATGAAAAGCTTTCACTGCGCAAAAGCCAAGGGCGCCCGCCTTACGGTGTCGAGTTAAAAATCGTTAATGAT
GAGGGGATTAGACTACCTGAAGATGGTCGAAGTAAAGGCAACCTAATGGCGCGTGGGCACTGGGTTATTAAAGATTACTTTCATAGCGATCCTGGTTCGA
CACTCTCAGATGGTTGGTTTTCAACTGGAGACGTGGCTACCATAGATTCGGACGGTTTCATGACAATCTGTGATCGTGCAAAGGACATTATAAAGTCTGGC
GGTGAGTGGATCAGTACGGTAGAGCTGGAGAGTATTGCGATTGCGCACCCTCATATTGTTGATGCTGCTGTTATAGCTGCAAGGCACGAAAAATGGGACG
AGCGACCTCTCCTCATCGCAGTTAAATCCCCTAATTCGGAATTAACAAGTGGTGAGGTATGTAATTATTTCGCAGATAAGGTGGCTAGATGGCAAATTCCA
GATGCCGCTATCTTTGTTGAAGAACTGCCACGCAATGGTACTGGCAAGATTTTGAAGAATCGTTTGCGCGAGAAATATGGTGATATTTTATTGCGCAGTAG

TTCTTCTGTCTGTGAATAAGCTTTCTGTATGGGCTTTGACTGATTTTTTAGATATCAGTCTCTGTGACATGTTAGCAGTTCTATTTAAGAATATGTCGACAACA
+~ AlkK
AlkL —~

AAACGAGGGTAGCACAATGAGTTTTTCTAATTATAAAGTAATCGCGATGCCGGTGTTGGTTGCTAATTTTGTTTTGGGGGCGGCCACTGCATGGGCGAATG
AAAATTATCCGGCGAAATCTGCTGGCTATAATCAGGGTGACTGGGTCGCTAGCTTCAATTTTTCTAAGGTCTATGTGGGTGAGGAGCTTGGCGATCTAAAT
GTTGGAGGGGGGGCTTTGCCAAATGCTGATGTAAGTATTGGTAATGATACAACACTTACGTTTGATATCGCCTATTTTGTTAGCTCAAATATAGCGGTGGA
TTTTTTTGTTGGGGTGCCAGCTAGGGCTAAATTTCAAGGTGAGAAATCAATCTCCTCGCTGGGAAGAGTCAGTGAAGTTGATTACGGCCCTGCAATTCTTTC
GCTTCAATATCATTACGATAGCTTTGAGCGACTTTATCCATATGTTGGGGTTGGTGTTGGTCGGGTGCTATTTTTTGATAAAACCGACGGTGCTTTGAGTTC
GTTTGATATTAAGGATAAATGGGCGCCTGCTTTTCAGGTTGGCCTTAGATATGACCTTGGTAACTCATGGATGCTAAATTCAGATGTGCGTTATATTCCTTTC

AAAACGGACGTCACAGGTACTCTTGGCCCGGTTCCTGTTTCTACTAAAATTGAGGTTGATCCTTTCATTCTCAGTCTTGGTGCGTCATATGTTTTCTAA
<+ AlkL

H Il List of primer pairs

The following table summarizes the primer pairs used in this thesis to amplify target inserts for subcloning into

target vectors by Florida cloning or assembly target constructs from linear fragments by SLIC methods.

Table H-1. Primer pairs successfully used in this thesis

Cloning Primer pairs Ta Clonding

# T t truct
arget construc strategy (5" - 3) [°C) procedure

pTYB21_intein- Florida | KSapl fwd: GGTGGTTGCTCTTCCAACATGACTGACCGTTTG

BD:adhu LKSapl rev: GGTCCATGGCTATTGAGCAGTGTAG 634 | GVI213

HTNdel fwd: CTCCATATGAAAGCAGCAGTTGTG

2 pET26b(+)_adh-ht Florida |\ i1xhol rev: CACCCTCGAGTTATTTATCTTCCAGGG

65.0 G V0221

Insert

ALKJ fwd: GAAGGAGATATACATATGTACGACTATATAATCGTTGG 48.0
Ll :

3 pKA1_alk/ rC ALKIJ rev: GTTAGCAGCCGGATCCTTACATGCAGACAGCTATCATG G V241

Backbone

pKA1 fwd: GATTATATAGTCGTACATATGTATATCTCCTTCTTAAAGTTAAAC 52.0

pKAL rev: GATAGCTGTCTGCATGTAAGGATCCGGCTGCTAAC

MCS 1
EcPPTase_Ncol fwd: AATCACCATGGTCGATATGAAAACTACGCATACCTC 57.0
pETDuet-1_ . EcPPTase_Hindlll rev: AATCAAAGCTTAATCGTGTTGGCACAGCGTTATG
Florida
pptaseec::carni MCS 2
pMS470d8_HIS-TEVADH2 fwd: ATACATATGTCGTACTACCATCACCATCACC 62.0
CarNoc_Xhol rev: AATCACTCGAGTTACAGCAGTTGCAGCAG

G VI3.1.1

255



Thomas Bayer, Ph.D. Thesis

Appendix

pKA1_fucA

FC

Insert

FucA fwd: GGAGATATACATATGATGGAACGAAATAAACTTGCTC

FucA rev: GCAGCCGGATCCTTACTTACTCTTCAATTCGTAACCC
Backbone

pKA1FucA fwd: CAAGTTTATTTCGTTCCATCATATGTATATCTCCTTC
pKA1FucA rev: GTTACGAATTGAAGAGTAAGTAAGGATCCGGCTGCTAAC

61.0

48.5

G V412

pET26b(+)_
phoN-Sf V78Ls

Florida

PhoN-Se_fl_Ndel fwd: CGGCATATGAAAAGTCGTTATTTAGTAT TC
PhoN-Se_fl_Xhol rev: GTTTCTCGAGTCACTTATCATCGTCATCCTTG

65.0

PET26b(+)_
phoN-Sf V78Lsp

Florida

PhoN-Se_fl_Ndel fwd: CGGCATATGAAAAGTCGTTATTTAGTAT TC
PhoN-Se_w/o tag_Xhol rev: GGTTCTCGAGTCAGCTCCTCACGG

65.0

G VIL5.1.1

PET26b(+)_
phoN-Sf V78Lsxriac

Florida

PhoN-Se_w/o SP_Ndel fwd: CTGCATATGAAATATACATCAGCAGAAACAGTGC
PhoN-Se_fl_Xhol rev: GTTTCTCGAGTCACTTATCATCGTCATCCTTG

65.0

pCOM_alkL

Florida

AIKL_Ndel fwd: GCGCATGAGTTTTTCTAATTATAAAG
AlkL_BamHI rev: GCGGGATCCTTAGAAAACATATG

48.0

G VI.10.2

10

pOPE

SLiCE

Insert

OPE1A129SRBS fwd: GGATCCGGCTGCTAACTCTAGAAATAATTTTGTTTAAC
OPE1A129S rev: CAGCAGCCAACTCAGCTTTAAATCGACGTTCTGCCAAAC
Backbone

OPE1pAJ3A129S fwd: CTAGAGTTAGCAGCCGGATCCTTACATGCAGACAGCTATC
OPE1pAJ3A129S rev: GGCAGAACGTCGATTTAAAGCTGAGTTGGCTGCTGCCAC

44.4

57.2

G ViL.1.1

11

pPOP

FC

Insert

PO1A129SPRM fwd: GTAAGGATCCGGCTGCTAACCGATCCCGCGAAATTAATAC
OPE1A129S rev: CAGCAGCCAACTCAGCTTTAAATCGACGTTCTGCCAAAC
Backbone

PO1pAJ3A129S fwd: GTATTAATTTCGCGGGATCGGTTAGCAGCCGGATCCTTAC
OPE1pAJ3A129S rev: GGCAGAACGTCGATTTAAAGCTGAGTTGGCTGCTGCCAC

40.0

G VIL1.2

12

pMON1

Florida

B0011 fwd: CCGGGATCCAGAGAATATAAAAAGCC
B0011 rev: CGCGGATCCAAATAATAAAAAAGCCGG

57.5

13

pMON4

Florida

B0014 fwd: CCGGGATCCGGCTGCTAACTC
B0014 rev: GGCGGATCCGGCTGCTAACAAATAATAAAAAAG

57.5

G VIL.1.3

14

pMONS5

Florida

MONS5_Bglll fwd: GCGAGATCTCAGTGAATTCGAGCTCGGTAC
MONS5_Bglll rev: GCGAGATCTGATTACGCCAAGCTTGCATGCAG

57.5

15

pMON6

Florida

MONG6_Bglll fwd: GCGAGATCTGATTAAGTTGGGTAACGCCAG
MONG6_Bglll rev: GCGAGATCTGAATTGTGAGCGGATAACAATTTC

57.5

G VIL.1.5.1

16

pKA1_alkJ::fucA

FC

Insert

POPFUCI1A fwd: GGAGATATACCATGGAACATGGAACGAAATAAACTTG
POPFUCI1A rev: CAGCAGCCAACTCAGCTTTATTACTCTTCAATTCGTAAC
Backbone

pPOPFUC1A fwd: GTTTATTTCGTTCCATGTTCCATGGTATATCTCCTTC
pPOPFUCI1A rev: CGAATTGAAGAGTAATAAAGCTGAGTTGGCTGCTGCCAC

54.6

48.8

G Vil.2.1

17

pKA1_ fucA::alkJ

FC

Insert

POPFUCALK fwd: CAAAGCCCGAAAGGATAATACGACTCACTATAGG
POPFUCALK rev: CAGCCAACTCAGCTTTACATGCAGACAGCTATCATG
Backbone

pPOPFUCALK fwd: CTGTCTGCATGTAAAGCTGAGTTGGCTGCTGCCAC
pPOPFUCALK rev: GTGAGTCGTATTATCCTTTCGGGCTTTGTTAG

54.6

48.8

G VI.2.2
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swimming, cycling, and yoga

Voluntary volleyball trainer in the LGBTQ+ sports club Aufschlag Wien from 2011 to 2016

Since 2015, member of the Nesterval. Ein Abenteuer in der Stadt main cast with appearances in (selection):

Sep 2017
Jul 2017

Jun 2017

May 2017
Dec 2016
Nov 2016
Jun 2016

May 2016
Mar 2016
May 2015

Der Fall der Fanny Nesterval (Infoscreen, Vienna, Austria)

Die Leiden der Gebriider Grimm (25" Spectrum Theater Festival, Villach, Austria)
Zirkus der Schatten (in cooperation with Circus Pikard, Lower Austria)

Die wundersame Entfiihrung des Herrn Bruno (Infoscreen, Innsbruck, Austria)
Die dunkle Weihnacht im Hause Grimm (immersive theater, Vienna, Austria)
Vienna Secrets (WienTourismus, European tour)

Die Leiden der Gebriider Grimm (immersive theater, Bruckneudorf, Austria)

Die 7 Siinden (Vienna, Austria)

Nesterval. Der letzte Ball. (Imagetanz 2016, Vienna, Austria)

Das Haus der Hildegard (Vienna, Austria)



HYV

A
ACN
ADAME

ADH
ADH-A
ADH-ht

ADH i«
ADHRr
ADHre

ADK
ADP
AdS
AFucP
AlM
Ala
AIDH
AlkJ
AlkJirne
AMP
Amp
AOX
Ara
ARE
AtoB
ATP
AWA

A. pasteurianus

BCIP

BVMO
BWA

B. subtilis
Cam

CAR
CARvm
CARNi
CASTing

Cas9
CAT

Cbz
CFE
CFP
CIChE

CHMO
CHMOacineto

CH2Cl2

List of abbreviations

absorbance/absorption
acetonitrile

12-amino dodecanoic acid methyl
ester

alcohol dehydrogenase
secondary ADH from R. ruber
ADH from Geobacillus
stearothermophilus

secondary ADH from L. kefir
secondary ADH from R. ruber
ADH from Thermoanaerobacter
ethanolicus

adenosine kinase

adenosine diphosphate
amorpha-4,11-diene synthetase
AlkJ/FucA/PhoN-Sf strain
autoinduction medium
L-alanine

aldehyde dehydrogenase

ADH from P. putida

truncated AlkJ

adenosine monophosphate
ampicillin

alcohol oxidase

arabinose

banana

acetoacetyl-CoA thiolase
adenosine triphosphate

Alex, intern Il

Acetobacter pasteurianus
5-bromo-4-chloro-3-indoyl
phosphate

Baeyer-Villiger monooxygenase
Birgit Walder, BSc

Bacillus subtilis
chloramphenicol

carboxylic acid reductase

CAR from M. marinum

CAR from N. iowensis
combinatorial active-site
saturation testing
CRISPR-associated protein 9
chloramphenicol
acetyltransferase
carbobenzoxy

cell-free extract

cyan fluorescent protein
chemically inducible
chromosomal evolution
cyclohexanone monooxygenase
cyclohexanone monooxygenase
from Acinetobacter sp.
dichloromethane

Cl-Tet
CoA
CO:
CPE
CRAS

Cre
CRISPR

cwo
C18 material

C. necator
C. freundii
dH0
DAME
DCPK

DCR
DDAME
ds

DSB

DH

DHA

DhaK
DHAP
DMSO
DMSO-ds

DNA
dr
ECHN

ECOB
EDTA
ee

ELISA

ERED
EtOAC
EtOH

E. coli
FACS
FAD(H2)

FAQ
FBA
FC
FDH
FID
Flp
FMN
FRK
FRT
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chlorotetracyclin

coenzyme A

carbon dioxide

Thank you for your help.
containment of reactive aldehyde
species (strain)

Cre recombinase

clustered regularly interspaced
short palindromic repeats
Carina Wokurek, BSc

octadecyl carbon chain (C18)-
bonded silica

Cupriavidus necator

Citrobacter freundii
deionized/distilled water
dodecanoic acid methyl ester
dicyclopropylketone
2,4-dienoyl-CoA reductase
dodecanedioic acid methyl ester
double-stranded

double strand break
dehydrogenase
dihydroxyacetone
dihydroxyacetone kinase
dihydroxyacetone phosphate
dimethyl sulfoxide

dimethyl sulfoxide, fully
deuterated

deoxyribonucleic acid
diastereomeric ratio
ethyl-(R)-4-chloro-3-
hydroxybutanoate
ethyl-4-chlorooxobutanoate
ethylene-diamineteraacetic acid
enantiomeric excess
enzyme-linked

immunosorbent assay

enoate reductase

ethyl acetate

ethanol

Escherichia coli
fluorescens-activated cell sorting
flavin adenine dinucleotide
(reduced)

frequently asked question

flux balance analysis
FastCloning

formate dehydrogenase

flame ionization detector
flippase

flavin mononucleotide
Franziska, intern Il

Flp recognition target



FruA

Fsal
Fsal-A129S
FucA
FucP
FucY
fwd
F-1,6-bisP
GAP

GBD

GC

GDH

GDH x8s

GDH 7xss

GFP

Glu
GlyGly
GK

gRNA
G6P
G6P-DH
G6Pase
G-1,5-L6P

H
HA
HDAME

HE
HHDH
HL-ADH
HMG
Hmg$S
HPLC

HS
H202

ldK

IEP
iGl
IMAC

IPTG

I<3C
JRE
KAE
Kan
KFI
KI
KKL
KLD

fructose 1,6-bisphosphate
aldolase
D-fructose-6-phosphate aldolase
Fsal A129S mutant
L-fuculose 1-phosphate aldolase
FucA/PhoN-Sf srain
FucA/YqaB strain

forward (primer)

fructose 1,6-bisphosphate
glycerinaldehyde 3-phosphate
GTPase binding domain

gas chromatography
glucose dehydrogenase
GDH double mutant from

B. subtilis

GDH seven-times mutant from
B. subtilis

green fluorescent protein
glucose

glycylglycine

glycerol kinase

guide RNA
D-glucose-6-phosphate

G6P dehydrogenase
glucose-6-phosphatase
D-glucono-1,5-lactone-6-
phosphate

homology

hydroxyacetone
12-hydroxy dodecanoic acid
methyl ester

homology extension
halohydrin dehalogenase
horse liver ADH
3-hydroxy-3-methylglutaryl
HMG synthetase

high performance liquid
chromatography

heat shock

hydrogen peroxide

iso-

isopentenyl pyrophosphate
isomerase

intron-encoded protein
immobilized glucose isomerase
ion metal affinity
chromatography

isopropyl! B-D-1-
thiogalactopyranoside
internal standard

| love cake.

Jakob Reiterlehner, MSc
Katja, intern |

kanamycin

Katharina, intern VI
knock-in

Kathi, intern IV
kinase-ligase-Dpnl

KO
Lac
LB-0.8G

LB medium
LEP

Leti

L-PAC

L. kefir

M

MAE
MAGE

MAT
MCS
MeOH
MeOH-ds
Met
MevK
MFA
MMO
MON
mRNA
MS
MT
M9
M9-N*

M. marinum
NAD* (NADH)

NADP* (NADPH)

NaOAc
NAPRTase

NemR
N-free

Niko
NMR
NOMAD

NOX

NTPs

n.a.

n.c.

n.d.

N. iowensis
ODAME

OMG
OMP
OPE
ORF
ORI
PAGE
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knock-out

lactose

LB medium containing

0.8% (w/v) glucose

lysogeny broth medium

late exponential phase

smart and fabulous
L-phenylacetyl carbinol
Lactobacillus kefir

(enzyme) module

Marcello loves cake too.
multiplex automated genome
engineering

Met adenosyl transferase
multiple cloning site
methanol

methanol, fully deuterated
L-methionine

mevalonate kinase

metabolic flux analysis
Madlen Mollik, BSc
monocistronic

messenger RNA

mass spectrometry
methyltransferase

minimal medium

nitrogen enriched minimal
medium

Mycobacterium marinum
nicotinamide adenine
dinucleotide (reduced)
nicotinamide adenine
dinucleotide phosphate (reduced)
sodium acetate

nicotinic acid
phosphoribosyltransferase
N-ethylmaleimde reductase
nitrogen-free (without nitrogen
source)

truly missed in the lab
nuclear magnetic resonance
nucleic acid ordered assembly
with directionality

NADH oxidase

nucleoside triphosphates

not applicable/not available
no conversion

not detected/not determined
Nocardia iowensis
12-oxododecanoic acid methyl
ester

Oh my god!

outer membrane protein
operon

open reading frame

origin of replication
polyacrylamide gel
electrophoresis
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PAM
PAMO
PCR
PDC
PDCAp
PDCzm
PDZ
PEP
PEST

PhoN
PhoN-Se
PhoN-Sf
pPi

PPi

PPK

PLP
PmD

PmK
pMON

pNPA
pNPP
pOPE

POP
pPOP

PPP
(p)PPGpp

PPtase
PPtaseec
PrNH>
PrOH
proSAR

PSC
PTDH
Pr7
Ptac
PWO

PYC

Pyr

P3HB

P. fluorescens
P. putida
RAMA

RARE

protospacer adjacent motif
phenylacetone monooxygenase
polymerase chain reaction
pyruvate decarboxylase complex
PDC from A. pasteurianus

PDC from Zymomonas mobilis
PSD-95/DlgA/Z0O-1 domain
phosphoenolpyruvate

esterase from Pyrobacculum
calidifontis

nonspecific acidic phosphatase
phosphatase from
phosphatase from S. flexneri
polyphosphate

pyrophosphate

polyphosphate kinase
pyridoxal phosphate
mevalonate pyrophosphate
decarboxylase
phosphomevalonate kinase
plasmid containing the alk/ and
the fsa1-A129S genes in MON
configuration
(pKA1_alkJ::BOO1x::fsa1-A129S)
p-nitrophenyl acetate
p-nitrophenyl phosphate
plasmid containing the alkJ and
the fsa1-A129S genes in OPE
configuration
(pKA1_alkJ:fsa1-A129S)
pseudo-operon

plasmid containing the alkJ and
the fsa1-A129S genes in POP
configuration
(pKA1_alkJ::fsa1-A129S)
penotse phosphate pathway
guanosine tetraphosphate /
(pentaphosphate)
phosphopantetheinyl transferase
PPtase from E. coli

propyl amine

propyl alcohol

statistical analysis of protein
sequence activity relationships
<3

phosphite dehydrogenase

T7 promoter

tac promoter

Patricia Wolf, intern V, made the
best Schnitzel for lunch.
pyruvic acid carboxylase
pyruvate

poly-3-hydroxy butyrate
Pseudomonas fluorescens
Pseudomonas putida

rabbit muscle aldolase

reduced aromatic aldehyde
reduction

RBS
RC
RCM
A Red
rev
Rhm
RhuA
RNA
RNP
ROFL
rRNA
RT
RuBisCO

R. ruber
SAM
SAH
SAHH
SCK

SD

SD sequence
SDS
siRNA
SH3
SLIC

SLIiCE

SMI

SP

SPE

sp.

sRNA

ss

Str

S. carnosus
S. cerevisae
S. enterica
S. flexneri
to"

TagA

TAR

TBA
TB medium
TCA
TEV
TIGR
Tm
TMI
tRNA
T
Tr7
Tsyn
TWI
uTB
UTR
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ribosome binding site
resting cell

resting cell medium

A Red recombinase

reverse (primer)

rhamnose

rhamnulose 1-phosphate aldolase
ribonucleic acid
ribonucleoprotein

rolling on the floor laughing
ribosomal RNA

room temperature
ribulose-1,5-bisphosphate
carboxylase/oxygenase
Rhodococcus ruber
S-adenosylmethionine
S-adenosylhomocysteine
SAH hydrolase

Sophie Charlotte Knoll, BSc
standard deviation
Shine-Dalgarno sequence
sodium dodecyl sulfate
small interfering RNA

Src homology 3 (domain)
sequence- and ligation-
independent cloning
seamless and ligation-
independent cloning extract
Sofia: Katze.

signal peptide

solid phase extraction
species

small regulatory RNA
single-stranded
streptomycin
Staphylococcus carnosus
Saccharomyces cerevisae
Salmonella enterica
Shigella flexneri

sample taken after mixing (t = 0 h)
tagatose-1,6-bisphosphate
aldolase
Ttansformation-associated
recombination

the author of this thesis
teriffic broth medium
tricarbonic acid

tabacco etch virus
tuneable intergenic region
melting temperature
triosepohsophate isomerase
transfer RNA

T1 terminator

T7 terminator

synthetic terminator

Wiesi: Babysteps.

Thank you for your support.
untranslated region
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VfIH6

YFP

YT

3xFLAG tag
3-TFAP
6xHis tag

w-TA from Vibrio fluvialis
yellow fluorescent protein
yeast extract/tryptone

3x FLAG epitope tag
3-trifluoroacetamido propanal
6x histidine tag
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