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Abstract In the present work, we study the effect of odorant binding on the thermal stability of
honey bee (Apis mellifera L.) odorant binding protein 14. Thermal denaturation of the protein in
the absence and presence of different odorant molecules was monitored by Fourier transform
infrared spectroscopy (FT-IR) and circular dichroism (CD). FT-IR spectra show characteristic
bands for intermolecular aggregation through formation of intermolecular (-sheets during the
heating process. Transition temperatures in the FT-IR spectra were evaluated using moving-
window 2D correlation maps and confirmed by CD measurements. The obtained results reveal
an increase of the denaturation temperature of the protein when bound to an odorant molecule.
We could also discriminate between high and low affinity odorants by determining transition
temperatures, as demonstrated independently by the two applied methodologies. The increased
thermal stability in the presence of ligands is attributed to a stabilizing effect of non-covalent

interactions between odorant binding protein 14 and the odorant molecule.
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Introduction

Odorant binding proteins (OBPs) are the object of growing interest as biosensing elements for
the fabrication of odorant sensors based on the olfactory system (Park et al. 2012a; Persaud
2012; Glatz and Bailey-Hill 2011; Lee et al. 2012b). Applications are manifold and include
disease diagnostics (Sankaran et al. 2011), food safety (Di Pietrantonio et al. 2013), and
environmental monitoring (Misawa et al. 2010; Capone et al. 2011). Currently, so-called
“electronic noses” are based on metal oxides and conducting polymers, but biomimetic sensors
promise to show higher sensitivity and selectivity combined with lower detection limits and
faster response time (Sankaran et al. 2012; Park et al. 2012b; Lee et al. 2012a; Jin et al. 2012).
OBPs are small acidic proteins (~13-16 kDa) present in very high concentrations (10-20 mM) at
the interface between olfactory receptors and external environment (Pelosi 1994; Tegoni et al.
2000; Bohbot and Vogt 2005; Pelosi et al. 2006). Their physiological role has not yet been
clarified yet, but they have been associated with transfer of the odorant molecules to the receptor
proteins. Odorants predominantly are lipophilic molecules and need to be carried through the
aqueous olfactory mucus of vertebrates respectively the sensillar lymph of insects to the
membrane-bound olfactory receptors (Sankaran et al. 2011). The number of OBP subtypes is
different for each species suggesting a role in discriminating semiochemicals.

Despite a mutual name, OBPs of vertebrates and those of insects are completely different in
structure. Vertebrates OBPs are folded into 8 antiparallel B-strands and a short o-helical
segment, in the typical B-barrel structure of lipocalins (Bianchet et al. 1996; Tegoni et al. 1996).
OBPs of insects, instead, contain six o-helical domains arranged in a very compact and stable

structure. The stability of these proteins is further increased by the presence of three interlocked



disulphide bonds (Leal et al. 1999; Scaloni et al. 1999). In the honey bee (Apis mellifera L.), 21
genes encode proteins of the OBP family (Foret and Maleszka 2006). OBP14 which is the
subject of this study has been identified in different tissues of adult bees, as well as in larvae
(Iovinella et al. 2011). Using fluorescence displacement arrays, affinities of several odorants to
OBP14 have been determined and geraniol has been identified as a representative of low affinity
ligands and eugenol as high affinity ligand. A crystallographic study of the three-dimensional
structure of this protein and its complexes with some ligands, supports the ligand-binding
experiments (Iovinella et al. 2011; Spinelli et al. 2012).

Stabilizing effects of proteins upon ligand binding have been reported for a large variety of
systems (Celej et al. 2005; Moreau et al. 2010; Celej et al. 2003). Weak non-covalent forces such
as hydrogen bonds as well as hydrophobic and aromatic interactions have been identified to play
an important role in increasing the structural stability of the protein-ligand complexes (Williams
et al. 2004; Bissantz et al. 2010; Stepanenko et al. 2008; Kumar et al. 2000). Thermal
denaturation measurements employing differential scanning calorimetry or isothermal
denaturation are a commonly used way to study the stability of proteins (Moreau et al. 2010).
However, these methods lack the ability to provide structural information of the protein during
the heating process.

Fourier-transform infrared (FT-IR) spectroscopy is an established and powerful method for
investigating the structure and dynamics of proteins (Barth 2007). In FT-IR spectroscopy, the
amide I (1650 cm™) and amide II (1550 cm™) bands are most commonly used for secondary
structure determination of proteins. Since the OH-bending band of water overlaps with the amide
I band in the IR spectrum at 1640 cm™', measurements of proteins are often performed in D20

solution. The OD-bending band is located at ~1200 cm™!, thus creating a region of relatively low



absorbance between 1500 and 1800 cm™. Upon solvent exchange, the amide II band
(predominantly originating from N-H vibrations) is shifted from ~1550 to ~1450 cm’!, then
referred to as amide II’ band. Since the amide I band is mainly composed of CO vibrations, its
shift is relatively small (5-10 cm™) compared to the amide II band (Fabian and Mintele 2006). In
combination with thermal denaturation experiments, FT-IR was extensively used to reveal
structural changes of proteins induced by increasing temperatures (Pedone et al. 2003; Zhang et
al. 1998; Arrondo et al. 2005), including thermal transitions of the B-barrel structure of vertebrae
OBPs (Marabotti et al. 2008a; Marabotti et al. 2008b; Paolini et al. 1999; Scire et al. 2009).
Unlike previously applied evaluation methods, we employ moving-window two-dimensional
(MW2D) correlation maps to highlight the transition points in the FT-IR spectra. MW2D
correlation maps are an extension to generalized 2D correlation (2D-COS) spectroscopy but
here, the spectral information is sub-divided into slices along the perturbation range and the
autocorrelation intensity is plotted versus the perturbation variable. Interpretation of MW2D
correlations maps is more intuitive compared to the rather complex evaluation algorithms of 2D-
COS spectra and it has been proven to be an excellent tool for analyzing spectral changes caused
by external perturbation (Ashton and Blanch 2010; Thomas and Richardson 2000; Du et al.
2010). Further, circular dichroism (CD) is a convenient method for studying the structure of
proteins in solution (Kelly et al. 2005). To the best of our knowledge, this is the first report
applying FT-IR studies to insect OBPs. We investigated the changes of thermal stability upon
odorant binding of low- and high-affinity ligands to OBP14. To address this question, FT-IR and
CD have been adopted to study the structural changes of the protein induced by thermal

denaturation, both in the presence and in absence of odorants. The denaturation temperatures in



the FT-IR spectra were visualized by MW2D correlation maps and corroborated by CD

measurements.

Materials and methods

Materials

Deuterium oxide (D20, 99.9% D), geraniol (2,6-Dimethyl-trans-2,6-octadien-8-ol, 98%) and
eugenol (4-Hydroxy-3-methoxy-1-allyl-benzol, 99%) were provided by Sigma-Aldrich
(Steinheim, Germany). Dithiobis (nitriloacetic acid butylamidyl propionate) (DTNTA, >95.0%)

was obtained from Dojindo Laboratories (Kumamoto, Japan).

Expression and purification of OBP14

The nucleotide sequence encoding OBP14 and flanked by restriction sites Ndel and BamHI, was
ligated into the expression vector pET15b (Novagen, Darmstadt, Germany), which provides a
His-tag at the N-terminus of the protein. Bacterial expression was performed along with
established protocols (Dani et al. 2010; Iovinella et al. 2011) and purification was accomplished
using conventional chromatographic techniques (Ban et al. 2003; Calvello et al. 2003). The

purity of the protein was checked by SDS-PAGE.

Infrared Spectroscopy

Infrared absorption measurements were performed using a Bruker 70v FTIR spectrometer
(Karlsruhe, Baden-Wiirttemberg, Germany), equipped with a Harrick Horizon attenuated total

reflection (ATR) measuring unit with a temperature-controlled liquid sample cell (400 pL),



containing a ZnSe ATR crystal (angle of incidence © = 45° 12.5 active reflections).
Recombinant OBP14 from E. coli with a His-tag engineered on the N-terminus was expressed as
described by Iovinella et al. (Iovinella et al. 2011). ATR crystals were immersed in a solution of
5mM DTNTA and 5 mM 3,3’-dithiodipropionic acid (DTP) in dry DMSO for 20 h. After
rinsing with purified water, the crystals were immersed in 40 mM NiCl2 in acetate buffer
(50 mM, pH 5.5) for 30 minutes, followed by thorough rinsing with purified water to remove
excess NiClz. OBP14 dissolved in phosphate buffer (140 mM NaCl, 3 mM KCI, 10 mM
Na:HPOs4, 2 mM KH2POs4, pH 8) was adsorbed at 25 °C onto the NTA-functionalized surface at
a final concentration of 20 uM. After 4-h adsorption time, the cell was rinsed with phosphate
buffer. Hydrogen/deuterium (H/D) exchange was initiated by exchanging the buffer in the
measurement cell by D20-phosphate buffer (pD=8.0, corresponding to the pH meter reading +
0.4),(Glasoe and Long 1960) followed by pumping the deuterated buffer through the sample cell
for 20 h at 0.15 mL/min. For measurements in the presence of odorants, the protein was
incubated in 100 uM odorant solution in D20-buffer for 1h. In thermal-denaturation
experiments, the temperature was raised by 5 °C steps from 25-90 °C. Spectra were obtained
after a 5 min equilibration time for stabilizing the cell temperature.

During FT-IR measurements, the sample chamber was continuously purged with dry carbon
dioxide-free air, and the total reflected IR beam intensity was measured using a liquid nitrogen-
cooled photovoltaic mercury cadmium telluride (MCT) detector. Spectra were recorded with a
spectral resolution of 4 cm™ in double-sided acquisition mode, the mirror velocity was set to
80 kHz. At least 1000 scans were taken for each spectrum, which was calculated using a
Blackman-Harris 3-term apodization function and a zero filling factor of 2. Spectra were

analyzed using the software package OPUS 6.5 and OriginLab’s Origin software.



Moving-Window 2D correlation Spectroscopy

MW?2D correlation spectra were calculated using the difference spectra after baseline correction
with the freely available 2Dshige software (available at http://sci-tech.ksc.kwansei.ac.jp/~ozaki/

2D-shige.htm) with a window size of 2m+1=11.

Circular Dichroism

Far UV (260-195 nm) CD measurements were carried out using an Applied Photophysics
Chirascan plus spectrophotometer (Leatherhead, Surrey, United Kingdom) equipped with a
temperature control unit (Quantum TC125) in a 1 mm quartz cell at 1 nm resolution. Protein
solutions (0.5 mg/mL; 41.8 uM) were prepared in phosphate buffer, pH 8. For static
measurements, ten spectra with the acquisition time of 0.5 s were taken at room temperature and
the results were averaged. For measurement of OBP14 in the presence of odorants, the protein
was incubated in 200 uM odorant solution for 1 h. In temperature-controlled experiments,
spectra were taken in the range of 20-85 °C (AT=5 °C) with an acquisition time of 0.2 s after an
equilibration time of 30 s at each temperature step. Thermal stability measurements were

repeated four times.



Results and discussion

Infrared spectroscopy

OBP14 engineered with a His-tag at its N-terminus was immobilized on the NTA-linker
functionalized on the ZnSe crystal (see Fig. S1 in the Supporting Information). Because of the
increased noise level in the amide I region due to the high absorption of the OH-bending band of
water in this area, H/D-exchange was performed to permit secondary structure determination.
During exchange of the aqueous buffer with deuterated buffer solution (not shown), the amide II
(~1550 cm™) band, primarily consisting of N-H bending modes, decreased and shifted to the
amide II’ band (~1450 cm™), that partly overlaps with the HOD vibration (1450 cm™") (Walrafen
1972). Since the N-H bending vibration only marginally contributes to the amide I band, it only
exhibits a smaller shift to lower wavenumbers upon H/D exchange (Wu et al. 2001; Barth 2007;
Barth and Zscherp 2002). Fig. 1 shows a FT-IR spectrum in the amide I’ region of the
immobilized OBP14 after H/D exchange. A curve-fit with Gaussian line shapes was performed
to estimate components of the secondary structure. The measured spectrum (black line) is in
good agreement with the sum of fitted lines (dashed red line). The band at 1648 cm™ was
attributed to a-helix, whose band position is slightly shifted to lower wavenumbers in D20
buffer compared to aqueous buffer solution (Barth 2007; Arrondo et al. 1993; Pelton and
McLean 2000). Bands at 1628.9 cm™ and 1672.4 cm! were assigned to B-sheets and turns,
respectively (Barth and Zscherp 2002). Evaluation of the band areas shows that the protein

consists of 76.3 % a-helix, 18.9 % B-sheets and 4.8 % turns. This is in good agreement with X-

ray diffraction studies that showed a high abundance of a-helix (Spinelli et al. 2012), in
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Fig. 1 FT-IR spectrum of immobilized OBP14 after H/D exchange with Gaussian curve-fits. The

sum of fits (dashed red line) is in good agreement with the measured spectrum (black line)

particular when considering that curve-fitting tends to overestimate [-sheets of overly a-helical
proteins at the cost of a-helix (Oberg et al. 2004; Byler and Susi 1986). For measurements in
complex with geraniol and eugenol, the odorants were incubated with the protein. IR absorbance
spectra of OBP14 in the presence of ligands do not show significant differences in the amide I’
region compared to the bare protein spectra (see Fig. S2 in the Supporting Information). This
indicates that binding of the odorant does not considerably modify the secondary structure in the
protein, as reported previously for odorant binding proteins of other species (Scire et al. 2009;
Paolini et al. 1999; Vincent et al. 2000; Zhou et al. 2009).

The effect of odorant binding on the thermal stability of honey bee OBP14 were determined by
monitoring the amide I’ band, both in the absence and presence of geraniol and eugenol during
the heating process. Fig. 2a shows changes of the amide I’ band while rising the temperature
from 25 to 90 °C. With increasing temperature, the band shifts to higher frequencies. In
spectroscopic methods, a band shift usually is the cumulative effect of the decrease of intensity at
one vibration frequency combined with the increase of intensity at another vibration frequency.

To study the structural changes during thermal denaturation in greater detail,
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Fig. 2 (a) FT-IR spectra of OBP14 in the absence of an odorant at temperatures from 25-90 °C in
the amide I’ region. Spectra in blue are taken at low temperatures (30-40 °C), black spectra
denote intermediate temperatures (45-70 °C) and red spectra indicate high temperatures (75-
90 °C). The amide I’ band shifts to higher frequencies with increasing temperature. (b)

Difference spectra with the spectrum at 25 °C as a reference

difference spectra of OBP14 at various temperatures are shown in Fig. 2b. At lower temperatures
up to 40 °C (blue lines), there are only minor changes in the spectra. Significant changes occur at
temperatures between 40 and 70 °C (black spectra) with an increase in absorbance between 1670
and 1680 cm™! and a decreasing band intensity around 1625 cm™'. At high temperatures between
75 and 90 °C, only small changes take place and it seems that the structural changes upon
thermal denaturation are completed. Similar behavior has been found for other o-helix-rich
proteins, in particular serum albumin (Saguer et al. 2012). The negative band at ~1630 cm™' is
assigned to the loss of native -sheet structure. Increasing bands in the high-frequency region
can be attributed to evolving turns (~1670 cm™') and intermolecular B—sheets (~1680 cm™) due to
heat induced aggregation (Saguer et al. 2012). The shift of the amide I’ band to higher

wavenumbers at high temperatures may also indicate an increase of disordered structures, which
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have been linked to thermal denaturation (Panick et al. 1999; Ngarize et al. 2004). In several
reports, intermolecular b-sheets associated to thermal aggregation are also attributed to a band at
~1620 cm™ (Tatulian 2013). As depicted in Fig. 2a, this band is weakly pronounced in the
present spectra. This may be due to an overlap of the decreasing portion with the native B-sheet
structures, resulting in an overall negative band in the difference spectra. A further explanation
for the absent band at ~1620 cm™ may be a high number of turns and a lower extend of B-sheet
structures. Turns and intermolecular -sheets attributed to intermolecular aggregation are known
to occur at high-temperature treatment for proteins with various native secondary structures. (Bai
and Dong 2009; Pedone et al. 2003).

For visualization of the transition temperature in FT-IR spectra, MW2D correlation maps have
been employed. In these maps, the FT-IR spectrum is plotted versus the perturbation coordinate,
1.e. temperature. This method is particularly useful for the identification of spectral changes
along the perturbation axis (Noda 2010). The temperature ranges where the largest spectral
changes occur, are the regions where thermal denaturation takes place and are indicated by a
peak in the correlation maps (Thomas and Richardson 2000). Fig. 3 shows the MW2D
correlation maps for the thermal denaturation measurements of OBP14 in the absence or in the
presence of odorants, monitored by FT-IR spectroscopy. In Fig. 3a, a sharp peak appears at
55 °C indicating that denaturation has almost completed at this temperature. Due to the nature of
autocorrelation, all peaks have a positive amplitude in the MW2D correlation maps. The shape of
the contour line, however, makes it possible to recognize two distinct structural elements within
this peak. The high frequency peak is attributed to an increasing amount of disordered structures
due to unfolding (Panick et al. 1999) and the spectral region of ~1630 cm™! is attributed to a loss

of native 3-sheets, as discussed above. For OBP14 +
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Fig. 3 MW2D correlation maps for OBP14 alone (a), or incubated with geraniol (b) and with

eugenol (¢)

geraniol, the peak for this structural feature is located at 60 °C (Fig. 3b), and for OBP14 +
eugenol at a temperature of 65 °C (Fig. 3c). These results indicate, that the presence of odorants
increases the thermal stability of the protein, and that strong ligands, such as eugenol, are more
effective than weak ligands, as geraniol.

Similar thermal stabilization effects of ligands have been reported for other proteins such as
porcine (Paolini et al. 1999) and bovine (Marabotti et al. 2008a) OBPs, with increase of
denaturation temperature of up to 15 °C. The higher thermal stability is attributed to non-
covalent forces such as hydrophobic and aromatic interactions as well as hydrogen bonds
between OBP14 and the odorant molecule. Furthermore, correlation maps of OBP14 in the
presence of odorants (Fig. 3b,c) display an additional peak at ~1550 cm™!, that is not present in
the map of OBP14 alone (Fig. 3a). Bands in this spectral region are assigned to H/D exchange.
Their appearance at elevated temperatures indicates that H/D exchange has not been completed
at room temperature or that prior buried structural features were exposed upon odorant binding
(Paolini et al. 1999). This is in agreement with previous findings, which showed that the binding

site of OBP14 undergoes geometry changes with small displacements of helices upon ligand
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binding that are subject of further H/D exchange (Spinelli et al. 2012). Particularly for eugenol, it
was reported that strong hydrogen bonds are involved in protein-odorant interaction (Spinelli et

al. 2012), explaining the higher intensity of this peak.

Circular Dichroism

CD measurements of OBP14 were employed in the presence and absence of odorants (Fig. S3 in
the Supporting Information). The spectra display two negative peaks centered at 208 nm and
222 nm, which is a clear indication of high a-helical content (Yang et al. 2011; Briand et al.
2002; Kelly and Price 2000). Hence, assignment of secondary structure of OBP14 by CD is in
agreement with X-ray diffraction and IR spectroscopy, as discussed above. As in FT-IR
measurements, there is no significant change of secondary structure in CD measurements at
room temperature due to ligand binding.

Effects on thermal stability of OBP14 due to odorant binding were investigated by acquiring
CD spectra while increasing the temperature between 20 and 85 °C in 5 °C steps (see Fig. S4 in
the Supporting Information). Control measurements of the buffer and odorant solutions without
protein are shown in Fig. S5 in the Supporting Information and do not reveal any changes with
increasing temperatures. Thermal denaturation measurements were repeated four times and show
excellent reproducibility. Denaturation transition curves and denaturation temperatures of
repeated measurements are summarized in Fig. S6 and Table S1. Thermal denaturation of the
protein was followed by evaluation of the CD signal at 222 nm which is particularly sensitive to
changes of the secondary structure (Staiano et al. 2007; Kelly et al. 2005). Fig. 4 shows the
ellipticity at 222 nm plotted versus temperature for OBP14 with and without odorants present.

The data points were fitted with a Boltzmann function for sigmoidal lineshapes (dashed line).
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The points of inflection i.e. the temperature of maximum change for OBP14 alone, with geraniol
and with eugenol are 55, 60 and 65 °C, respectively. These results agree very well with the data
obtained by FT-IR spectroscopy, thus providing another tool to demonstrate that thermal stability
of OBP14, and likely other insect OBPs, is higher in the presence of ligands and depends on the

strength of binding (Spinelli et al. 2012).
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Fig. 4 Ellipticity at a wavelength of 222 nm of OBP14 in the absence and presence of odorants

(data points). Dashed lines indicate a Boltzmann fit for sigmoidal lineshapes.

Conclusions

In conclusion, we have shown that the interaction of honey bee OBP14 with its ligands leads to
an increase of thermal stability of the protein. This finding is corroborated by two independent
analytical methods, FT-IR spectroscopy and circular dichroism. The absence of significant
changes in secondary structure upon ligand binding suggests that weaker forces such as
hydrogen bonds and hydrophobic interactions are involved, as previously reported for OBP14

(Spinelli et al. 2012). Low-affinity and high-affinity odorants can be discriminated by their effect

15



on the denaturation temperature that represents the different binding strengths and affinities for
the tested odorants. Further, our measurements demonstrate the thermostability of OBP14 under
ambient temperature until up to 45°C. This is of great interest with regard to possible usage of

this protein in biosensor applications.
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