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Abstract

Temperature-induced conformational transitions of poly-L-lysine were monitored with
Fourier-transform infrared (FT-IR) spectroscopy between 10 °C and 70 °C. Chemometric
analysis of dynamic IR spectra was performed by multivariate curve analysis—alternating least
squares (MCR-ALS) of the amide I’ and amide II’ spectral region. With this approach, the
pure spectral and concentration profiles of the conformational transition were obtained.
Beside the initial a-helical, the intermediate random coil/extended helices and the final -
sheet structure, an additional intermediate PLL conformation was identified and attributed to a
transient 3-sheet structure.
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1. Introduction

Infrared (IR) spectroscopy is a well-established experimental technique for analysis of a wide
range of analytes, and provides great sensitivity to small structural changes. However,
particularly in condensed phase, this potential often cannot be fully utilized due to the overlap
of spectral bands. This is especially the case in protein investigations, because almost all
functional groups feature IR active vibrational modes [1,2]. Consequently, different
techniques and methods have been devised to decompose or reduce the number of
overlapping bands. Experimental techniques to reduce the number of overlapping bands in the
IR spectra are difference spectroscopy, where only the bands appear in the spectrum that
reflect the difference between two different external conditions, and modulated excitation
(ME) spectroscopy [3]. In ME spectroscopy, the evaluation of phase lags of experiments
performed at varying excitation frequencies (phase-sensitive detection) allows to identify and
verify vibrational components of the underlying dynamic process [4,5]. However, the related
experimental effort is complex and tedious. Further, most common methods to decompose
broad and overlapping band rely on data processing in order to extract the chemical
information from the spectra. Frequently used methods for band separation are second
derivative, Fourier self-deconvolution, and curve fitting [6,7]. Particularly for dynamic, time-
resolved spectra, two-dimensional correlation spectroscopy (2DCOS) and multivariate curve
resolution-alternating least squares (MCR-ALS) have been successfully employed in the last
years [8]. 2DCOS is capable of providing resolution enhancement and potentially identifies
correlations in the dataset that help with band assignments [2]. However, 2D correlation maps
are often unclear and difficult to interpret, thus some art is required to extract significant
conclusions from the 2DCOS results [9]. In contrast, MCR-ALS is an iterative soft-modelling
method that permits modelling of the dataset [10]. With MCR-ALS, information about
multicomponent systems can be obtained by discriminating individual contributions of
underlying constituents [11]. An important characteristic of MCR-ALS is that it delivers
objective criteria and figures of merit that indicate the success of the modelling [12]. MCR-
ALS further provides sound and meaningful models with chemically interpretable output in
the form of spectral profiles of the compounds and the related concentration profiles along the
dynamic process, rendering the results easily accessible to the non-chemometric scientific
community. During the past years, MCR-ALS has demonstrated to be a powerful
chemometric tool for solving problems in data interpretation and analysis. It has been
successfully used in combination with various analytical techniques, such as chromatography
[13], electrophoresis [14] and flow analysis [15], among others. Particularly in combination
with spectroscopic techniques such as IR spectroscopy, MCR-ALS has become a highly
valuable technique for the study of dynamic processes due to the possibility to extract pure
spectral profiles of the involved components, as well as their varying abundance throughout
the process [16-18].

Fourier transform infrared (FT-IR) spectroscopy is a powerful technique for analysis of the
structure and dynamics of polypeptides and proteins [19]. The most prominent absorption
features of proteins in the IR spectrum are the amide bands, which are caused by vibrations of
the peptide group. Among the nine amide bands, the amide I (1600-1700 cm™') and amide 11
(1500-1600 cm™) bands are the most commonly used for secondary structure analysis of
proteins and peptides [20]. The differing pattern of hydrogen bonding, dipole—dipole



interactions and geometric orientations in the o-helices, B-sheets, turns and random coil
structures induce different frequencies of the C=0 and N-H vibrations that can be correlated
with the respective secondary structural folding [21]. In aqueous solution, the HOH-bending
band of water near 1645 cm™ overlaps with the amide I band in the IR spectrum, consequently
measurements of proteins are often performed in D20 solution as an alternative. The DOD-
bending band is located near 1200 cm™, thus creating a region of relatively low solvent
absorbance between 1500 and 1800 cm™. In deuterated solution, the amide II band
(predominantly originating from N—-H vibrations) is shifted from approximately 1550 to
1450 cm™!, then referred to as the amide II’ band. Since the amide I band is mainly composed
of C=0 vibrations, the shift is relatively small (5-10 cm™) compared to the amide II band
[22]. In combination with temperature studies, FT-IR has been extensively used to reveal
structural changes of proteins and polypeptides induced by increasing temperatures [23-25].
Poly-L-lysine is a widely used model substance for the investigation of secondary structure. It
can adopt different conformations depending on a wide range of chemical and physical
conditions. Its structural changes induced by external perturbation, e.g., pH value [26],
pressure [27] and temperature [28-30], have been investigated by FT-IR spectroscopy.
Further, it has been shown that its conformational state depends on the chain length [29],
concentration [30,31] and hydration [3,32] when present in form of a polypeptide film. In
aqueous solution at pH values higher than its pKa (10.5), the lysine side chain is deprotonated
and PLL adopts an a-helical conformation at atmospheric pressure. Under these conditions,
i.e., pH values higher than its pKa, upon heating to 50°C, the structure of PLL transforms into
B-sheets [28,29]. This thermally-induced transition of PLL from o-helical to [-sheet
conformation at high pH values involves an intermediate conformation that has been
attributed to extended helices [28,29] or random coil conformation [33]. A further transient 3-
sheet component has been previously proposed by ultraviolet resonance Raman (UVRR)
spectroscopy [34] as well as by IR spectroscopy after applying a laborious ME-spectroscopy
approach, where the conformational transition was stimulated by periodical changes of the
water content of an hydrated PLL film followed by phase sensitive detection and 2DCOS [3].
In this work, the temperature-induced conformational change by heating from 10 °C to 70 °C
of PLL was monitored by using FT-IR spectroscopy. MCR-ALS was employed to distinguish
and characterize the involved components in the conformational transition between a-helices
and B-sheets. The rigorous application of this chemometric method to IR spectra in the amide
I’ and amide II’ region enabled elucidating an intermediary [B-sheet conformation as a
precursor to the final B-sheet structure. This could be achieved from readily feasible
temperature-resolved FT-IR spectra in combination with chemometric analysis by MCR-ALS.

2. Materials and methods

2.1.Reagents and samples

Poly-L-lysine hydrobromide (PLL, Mw 15000-30000 Da), deuterium oxide (D20, 99.9 atom
% D), deuterium chloride solution (DCI, 35 wt. % in D20 99 atom % D) and sodium
deuteroxide (NaOD, 30 wt. % in D20, 99 atom % D) were purchased from Sigma-Aldrich
(Steinheim, Germany). Sodium phosphate tribasic anhydrous (Na3POs4, tech.) was obtained
from Alfa-Aesar (Lancashire, UK).

Deuterated phosphate buffer preparation was performed by dissolving an appropriate amount
of Na3POs in D20, in order to obtain a concentration of 50 mmol L', and adjusting the pH

3



with DCI or NaOD to 12.0. PLL solutions were prepared by dissolving 18.0 mg of lyophilized
powder directly in 1.0 mL of 50 mmol L' deuterated phosphate buffer pH 12.0 (pD=pH+0.4)
[35]. If necessary, the pH of PLL solution was adjusted to 12.0. All solutions were prepared in
a glovebox, under constant N2 stream.

pH measurements were carried out by using a pH330i (Wissenschaftlich-Technische
Werkstdtten GmbH, Weilheim, Germany) potentiometer equipped with a Sentix® Mic-D
(Wissenschaftlich-Technische Werkstitten GmbH, Weilheim, Germany) combined glass
electrode and temperature probe.

2.2.Instrumentation and procedure

The FT-IR measurements were conducted by using a Vertex 80v FT-IR spectrometer (Bruker,
Ettllinge, Germany) equipped with a liquid nitrogen cooled MCT-detector, and a 53 um
custom-made flow-cell with temperature control. During the measurements, the sample
compartment of the spectrometer was flushed with dry air. The recording of spectra was done
with a spectral resolution of 2 cm™ in double-sided, forward-backward, acquisition mode
using a Blackman-Harris 3-term apodization function and a zero filling factor of 4 as
acquisition parameters. The temperature-controlled experiments were carried out with a
custom-made temperature cell consisting of nine thermoelectric cooling elements, stabilized
by liquid water. IR single channel spectra of the reference (buffer) and sample (PLL) with a
spectral range of 4000 cm™' and 800 cm™" were an average of 450 scans acquired in a
temperature range of 10-70 °C (AT =2 °C), after an equilibration time of 240 s at each
temperature step. If necessary, water vapour subtraction and baseline correction were
performed. For data analysis the software package OPUS 7.2 (Bruker, Ettlingen, Germany)
was used.

2.3.MCR-ALS

MCR-ALS is a soft-modelling technique that accomplishes the decomposition of
multicomponent information of a data matrix by providing a chemically meaningful bilinear
model of pure contributions of each component involved in the system [36]. In spectroscopy,
the basic assumption of MCR-ALS is the validity of the multicomponent Beer-Lambert law
for the studied system [11]. The MCR-ALS analysis can be expressed as a bilinear additive
model formed by cisi' dyads, where s;' is the instrumental response of an individual
component weighted by the related abundance, ¢i. Decomposition is achieved by iterative
optimization of the spectroscopic multicomponent data set, expressed as the bilinear model

D=CS"™+E

where C and S comprise the concentration and spectral profile, respectively, of all
components involved in the system, and E represents the error or variance left unexplained by
the bilinear model [37]. One of the most compelling characteristics of MCR-ALS resolution is
its general applicability without prior information about the system under study. However, to
achieve chemically meaningful component profiles additional knowledge can be allocated.
Decomposition of D is obtained by iterative optimization of the initial estimates of either C or
S by using the provided knowledge about the system [38]. This information is introduced
through the implementation of chemical or mathematical constraints, such as non-negativity,
unimodality, normalization and closure, among others [39].



Here, temperature-induced conformational change was monitored by varying the temperature
from 10 °C to 70 °C, every 2 °C. To build the temperature-spectral matrix, IR spectra were
restricted to the amide I’ and amide I’ region (1720-1360 cm™). In this way, the
corresponding matrix for one measurement consisted of 31 x 750 data points for the
temperature and spectral dimension, respectively. Prior to MCR-ALS modelling, the number
of spectrally active components was obtained by applying singular value decomposition
(SVD) to the data matrix. Subsequently, to build the initial estimates, an analysis of the purest
spectra based on SIMPLISMA methodology was performed [40]. Eventually, to achieve a
chemically interpretable solution and contribute to the unique resolution of the components,
constraints linked to natural properties of the measurements were applied, i.e., non-negativity
in spectral and concentration modes and closure in the concentration mode to account for the
mass balance condition.

Data processing and MCR-ALS analysis were performed in MATLAB R2014
(MathWorks,Inc., Natick, MA, 2014). MCR-ALS algorithms were implemented by using
MCR-ALS GUI 2.0 graphical interface available at http://www.mcrals.info.

3. Results and Discussion

3.1.IR spectra of temperature-induced conformational change of PLL

IR spectra of the temperature-induced structural change of PLL were recorded between 10° C
and 70 °C. In Fig. 1, the IR absorbance spectra in the amide I’ and amide II’ region are
shown. The IR spectrum at 10 °C shows a band maximum in the amide I’ region at
16349 cm™!, and band maxima in the amide II’ region at 1464 cm™' and 1442 cm™,
characteristic for the a-helical conformation adopted by PLL at these conditions in D20-based
solution [3,26,30,41]. The position of the absorption band for the a-helical structure of PLL in
the amide I’ region is slightly shifted to lower wavenumbers compared to globular proteins
(approx. 1652 cm™! in deuterated solution) [19]. This shift occurs because of the undisrupted
intra- and inter-chain coupling due to the high degree of regularity in the helix structure of a
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Fig.1. FT-IR spectra of 18 mg ml™' PLL in deuterated phosphate buffer pD 12.4 recorded as
function of the temperature between 10 °C (blue) and 70 °C (red). Spectra acquired at 10, 18,



26, 28, 30, 32, 34, 36, 40, 46, 54, 62, 70 °C are depicted. The inset illustrates the shift of the
low-frequency B-sheet band to higher wavenumbers in the amide I’ region of the IR spectra.

homo-polypeptide [42]. Upon increasing the temperature, the amide I’ band shifts to higher
wavenumbers which can be correlated with the structural transition from a-helix to random
coil secondary structure [33,41] or extended helices [28,29].

At higher temperatures, a spectral pattern comprising of a high- and low- frequency band in
the amide I’ band arises at the expense of the band shapes attributed to the a-helical and
random coil/extended helix configurations. This feature with band maxima at 1611.5 cm™!
and 1680.8 cm™ in the amide I’ band, accompanied by a band at 1448 cm™ in the amide II’
region, has commonly been attributed to intermolecular antiparallel 3-sheets in PLL [26,27].
The intensity of these bands rises until a solution temperature of 46 °C. At the final
temperature range, the band maximum of the low-frequency B-sheet band shifts to higher
wavenumbers (up to 1613.3 cm™') without any further increase of the band height, as
illustrated in the inset of Fig. 1. A similar band shift was previously obtained in IR spectra of
thermally-induced conformational change of PLL, however it was not further discussed or
evaluated [26,29]. For in-depth analysis of the present temperature-resolved IR spectra and
further evaluation of the accompanying conformational changes, MCR-ALS analysis was
performed.

3.2.Chemometric analysis by MCR-ALS

Detailed chemometric analysis of the IR spectra was performed by applying MCR-ALS. This
technique has been successfully used for elucidation of intermediate protein folding
conformations in dynamic spectroscopic data [43-46]. For the present study, in comparison
with other chemometric techniques, MCR-ALS proved to be the most insightful method. This
approach offers the possibility to reveal the pure spectral profiles for the compounds involved
in the conformational transitions as well as the progression of their relative concentration
along the temperature change. Using other chemometric techniques, generally employed for
multivariate calibration analysis, such as parallel factor analysis (PARAFAC), loadings with
physical interpretation about the system in terms of pure spectral profiles may be obtained for
the involved components. However, for the current dataset, this algorithm would not be the
best option. A powerful feature of PARAFAC lies in its three-way structure array which is
particularly useful in multivariate calibration, but it does not provide any benefit for the
analysis of individual matrices. Furthermore, when employing PARAFAC, the constraint
referring to the mass balance cannot be applied and the results may not reflect the real
situation of the chemical process [47]. On the other hand, algorithms based on partial least
square (PLS) are generally suitable for multivariate calibration, and the results as loadings and
scores do not carry physically significant information. Then an approximation to the pure
constituent spectral or concentration profiles is not feasible [46]. Thus, these algorithms are
not applicable when spectral information is desired.

Prior to chemometric analysis, four spectrally active components were identified by SVD.
The resulting spectral and concentration profiles obtained by MCR-ALS are presented in Fig.
2. After ALS optimization, the figures of merit obtained (0.286 and 99.992 % for lack of fit
and percentage of explained variance, respectively) proved the excellent quality of the MCR-
ALS analysis.



It should be noted that in a former study comprising the MCR-ALS analysis of FT-IR spectra
of the temperature-dependent changes of PLL [28], only three components have been
identified, most probably because only the amide I region has been considered and spectra
acquisition ended at a high temperature of 52 °C. In the present study, both the amide I’ and
amide II’ were included for MCR-ALS analysis, since it was demonstrated that chemometric
analysis involving both spectral region provide superior results [48,49].

The amide I’ region of the obtained spectral profiles for the four identified components are
consistent with a-helical (1634.8 cm™), random coil/extended helices (1636.8 cm™), transient
antiparallel B-sheet (1611.3 and 1680.7 cm™) and antiparallel B-sheet secondary structure
(1613.2 and 1681.0 cm™), respectively. Evaluation of the concentration profiles revealed that
the conversion from a-helical to random coil/extended helices secondary structure begins
immediately after initial heating of the sample. In the same temperature regime, there is a first
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Fig. 2. (A) Spectral and (B) concentration profiles retrieved by MCR-ALS for 18.0 mg mL™!
PLL in deuterated phosphate buffer pD 12.4. Blue, red, yellow and green lines show
individual contributions of a-helical, random/extended helices, transient antiparallel B-sheet
and antiparallel B-sheet conformation, respectively.

indication of a further conformational change to B-sheet secondary structure in form of the
appearance of shoulders at 1611.5 and 1680.8 cm™ in the amide I’ band. When reaching
~32 °C, the entire a-helical content is transformed to random/extended helical secondary
structure, while the share in B-sheets continues to increase. This progression coincides with
and effectively illustrates the conception that the random/extended helical structure acts as an
intermediate in the thermally induced conversion between the initial o-helices and the
emerging [-sheets [26,28,29,34]. This structural change is also represented in the amide II’
region of the spectral profiles. Upon reaching the temperature of 40 °C, the entire protein
content is present in form of a transient -sheet secondary structure. Finally, between 40°C
and 70 °C, the transition between this transient [-sheet component and the final
intermolecular 3-sheets takes place. In the FTIR spectra, this conversion is reflected by a band
shift without change of absorbance (see inset in Fig. 1). For ensuring that the described band
shift originates from the steadily increasing temperature levels in contrast to prolonged
exposure to a certain temperature, IR spectra have been recorded at 50 °C after waiting times
of 50 and 100 minutes. Under these conditions, the band shift was not observed (data not
shown).

Generally, band shifts of B-sheet secondary structure have been ascribed to rearrangement of
their internal organisation, e.g., from less dense to a more compact [-sheet structures [50-52].
For PLL, a transient B-sheet component has previously been identified, when performing ME-
IR-spectroscopy of an hydrated PLL film upon inducing the conformational change by
periodically changing the water content [3]. Further, the present observations concur with
temperature-jump/UVRR studies of PLL, where it has been proposed that the temperature-
induced transition of PLL from a-helix to B-sheets not only involves the well-established
random/extended helical structure but also a transient 3-strand conformation. With increasing
temperature, the water hydrogen bonds of the [-strands are replaced with interstrand
hydrogen bonds, leading to the formation of the final -sheet structure [28,34].

4. Conclusion

It was proved that MCR-ALS in combination with FT-IR spectroscopy is a powerful
technique for monitoring and interpreting protein folding processes. With this chemometric
technique, spectral and concentration profiles are obtained by analysis of dynamic IR spectra
that can be obtained by a straightforward experimental approach. The potential for
deconvolution of overlapping spectral features in IR spectra was demonstrated. A striking
benefit is the capability to detect and model intermediate conformations that can otherwise
only be isolated by more elaborate experimental approaches or different analytical methods.

Here, the temperature-induced conformational transition of poly-L-lysine was monitored by
FT-IR spectroscopy. Spectral and concentration profiles obtained by MCR-ALS identify
reasonable IR absorption bands and provide significant insights into the sequence of the



individual structures upon heating. The obtained results are in accordance with more recent
studies addressing the conformational transitions of PLL induced by temperature.
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