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ABSTRACT: Raman optical activity (ROA) reveals surprising details of the secondary Hydrated vs Unhydrated
structure of polypeptides and proteins in solution phase. Yet specific spectral features, such
as in the extended amide III region of hydrated a-helix, did not seem explicable by the
generally accepted sensitivity of ROA to the local conformation. This is reconciled in the
present study by simulations of ROA spectra for model a-helical structures. Two positive
ROA peaks often observed at around 1340 and 1300 cm™" for polypeptides and proteins
have been assigned to two types of solvated a-helices; one is stable in hydrophilic
environment where amide groups make hydrogen bonds to solvent molecules or polar side
chains (~1340 cm™), and the other is supported by a hydrophobic environment without
the possibility of external hydrogen bonds (~1300 cm™). For poly-L-alanine (PLA),
regarded as a good model of a-helical structure, the experimentally observed relative &' er—mrmmrmrs —ommers
intensity ratio of the two ROA bands has been explained by a conformational equilibrium Raman Shift / cm * Raman Shift / cm”
depending on the solvent polarity. The intensities of the bands reflect solvated and

unsolvated a-helical geometries, with peptide backbone torsional angles (¢, ¥) of (—66° —41°) and (—59°, —44°),
respectively. Quantum-mechanical simulations of the ROA spectra utilizing the normal mode optimization and Cartesian tensor
transfer methods indicate, however, that the change in dielectric constant of the solvent is the main factor for the spectral
intensity change, whereas the influence of the conformational change is minor.
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Solvation of peptides and proteins has been attracting attention a. (Figure 1). ) ) o )
for a long time,!* but the influence of solvent molecules on A more detailed analysis of hydrated a-helices in 35 high-

peptide structure remains rather unexplored. For example, the resolution X-ray crystal structures'' revealed three types of
proton NMR spectroscopy frequently used to study protein hydrogen bonding between peptide backbone and water
hydration® has serious limitations for solutions due to its
relatively slow time response. Fast exchange of the solvated
molecules in the hydration sphere with the bulk solvent
molecules can hamper specific NMR signal. FTIR bands of
polypeptides and proteins in deuterated water would be

sensitive to the solvation of a-helices, but the assignments
69

and explication are still in debates.

The interplay between protein secondary structure and the
environment has been analyzed by high-resolution X-ray
crystallography.'®™'* Water-induced distortion of a-helices in

three refined X-ray structures of proteins was detected by Hydrated Unhydrated
Blundell et al.'® The conformational difference between

residues in hydrophilic and hydrophobic environments can be Figure 1. Hydrated (left) and unhydrated (right) (Ala), fragments,
best recognized in a probability plot of peptide backbone with the peptide torsional angles (¢, y;) of (—66°, —41°) and

torsional angles of neighboring residues, ¢;,; and y; which (—59°, —44°), respectively.

reflect the tilting of hydrogen-bonded C=O from the line

connecting C; and N,,,. For the residues bonded to a water Received: January 23, 2014
molecule or peptide side chain, average values of (¢, ;) are Revised:  March 24, 2014
(—66°, —41°) and referred to as a,, for residues without such Published: April 23, 2014
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molecules: external hydration, three-centered hydration, and
water-inserted hydration. The external type is the most
common,'>'® where a water molecule is externally bonded
only to the (C=0), group which is already hydrogen-bonded
to the (NH),,, group (Figure 1). Because the difference in the
torsional angles between a, and ¢, is very small, it is difficult to
distinguish it by conventional techniques. Therefore, the chiral
spectroscopy of vibrational Raman og)tical activity (ROA)'¢™"?
has been suggested for this purpose.'®

ROA is measured as a small differences in Raman scattering
intensities corresponding to right- and left-circularly polarized
light.lé_21 It is particularly useful for studying solution
structures of biomolecules.””>* Extensive studies have been
done on proteins, often relying on comparisons of the spectra
in solution with protein crystal structures.”>**?” ROA bands in
the extended amide III region®* including deformations of CH
and NH groups observed between 1400 and 1300 cm™' are
particularly sensitive to the secondary structure of pro-
teins.”” > In the case of a-helical peptides and proteins, two
positive ROA bands in this region have been assigned to two
types of solvated a-helices. A band at ~1340 cm™ is typical for
a hydrophilic environment, whereas the other at ~1300 cmlis
for a hydrophobic one.">**** Amide I and other ROA bands
are also sensitive to the secondary structure; however, they are
less susceptible to the differences associated with the two types
of a-helices.

Because of the high sensitivity to the structure, these
hydrated and unhydrated ROA bands of the extended amide III
regions were suggested to correspond to the more open @, and
the canonical a. conformations, which was supported by
experimental ROA analyses of peptides and proteins."”> For
example, for peptides containing highly hydrated a-helices,
such as human serum albumin and a@-helical poly-L-lysine, the
hydrated ROA band at ~1340 cm™" is dominant and the band
at ~1300 cm™" is weak. On the other hand, more amphiphilic
proteins such as insulin shows only weak hydrated ROA band
or sometimes just as a shoulder.”> Moreover, the conforma-
tional change of the hydrated a-helix was observed as a
vanishing of the ROA peak at ~1340 cm™' during denaturation
of some a-helical proteins. A similar effect can be observed
during the a-helix-to-f-sheet conversion of poly-L-lysine in
aqueous solution by increasing temperature.”’ The a-helical
structure in human lysozyme changes to the polyproline II (PP-
II) helical structure in an amyloidogenic prefibrillar inter-
mediate state.”® When the amyloidogenic intermediate of
bovine insulin converts to the native state, the hydrated o-
helical peak is recovered.”* The conversion was also observed
for the molten globule (A-state) of native bovine a-
lactalbumin.”® These observations suggest that the conversion
via the hydrated a-helices is a standard process in protein
folding. However, factors underlying the changes in a-helical
ROA bands have not been elucidated completely so far.

Poly-L-alanine (PLA) is the simplest chiral peptide model,
secondary structure of which has been studied extensively by
spectroscopic methods.*>® The peptide is known to adopt the
a-helical conformation in strongly polar organic solvents,®” ~*°
such as dichloroacetic acid (DCA),* which is a suitable model
system for a-helices in proteins. A ROA spectrum of PLA in
DCA contains the hydrated and unhydrated positive peaks at
1338 and 1304 cm™'; the hydrated band is slightly stronger."
In a more hydrophobic mixed solvent of CHCIl;/DCA = 7/3
(v/v), the relative intensity of the hydrated ROA band
diminishes. The intensity ratio of the positive 1338 and 1304
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cm™ ROA bands was su§gested as a marker for the ratio of a.
and @, conformations."> However, this suggestion ignores
possible influence of the differences in the dielectric constant of
the surrounding solvent. As shown below, this is consistently
reconciled by the present simulations. In fact, the dielectric
constant (&,) of the surrounding solvent is a dominant factor
for the whole phenomenon.

Owing to recent developments of theory, computational
techniques, and hardware, quantum mechanical calculations of
ROA spectra became a routine tool for interpretations of
experimental results.*' The simulations succeeded in repro-
duction of ROA spectra for small molecules,"”™* pepti-
39752 even proteins.>>>* In spite of previous effort, however,
the experimental ROA spectral pattern of PLA in the extended
amide III region could not be reproduced so far.>>~>” The two
positive peaks at ~1340 and ~1300 cm™’, and also a negative
peak at ~1280 cm™, have not been satisfactorily reproduced
even in simulations considering the solvent explicitly.””
Typically, the positive peak at ~1340 cm™" has been calculated
as too weak or even as a negative peak.>> >’ Available
experiments suggest that difficulties in modeling are caused
by the exceptional sensitivity of the extended amide III ROA
bands to the solvation states.

Some inconsistencies in the simulations may have been
caused by inadequate model geometries. As mentioned in ref
5SS, standard optimization of (Ala);, changes the peptide
backbone structure from a-helix to 3;5-helix at the peptide
termini. This is not dependent on the length,>” and would
cause small changes in the ¢ and y angles. Therefore, in our
study, a partial optimization is carried out in the normal mode
coordinates®®® to achieve a more controlled backbone
structure. Note that normal modes of lower frequencies
(typically below 300 cm™) can be fixed in the normal mode
optimization (NMO), while the higher frequency modes of
spectroscopic interest are fully relaxed. The NMO enables us to
test the two sets of torsional angles, for the hydrated and
unhydrated a-helices, together with the effect of the solvent.

In this paper the solvent was modeled by using the
conductor-like continuum solvent model (CPCM).5%¢!
Although the model does not completely describe hydrogen
bonds in polar solvents,****¢* it can provide the main trends
caused by the solvation.**~>* Also an explicit solvent model was
tested in order to estimate the error caused by the CPCM
approximation.

Main factors affecting the extended amide IIII ROA bands
are explored in this paper. We thus hope to contribute to
elucidation of protein folding processes, particular to those
including conversions of hydrated a-helices.

B METHODS

Initial structures of Ac-(Ala),;-NHMe were created by the
Avogadro software® with peptide torsional angles (¢, y) set to
(—66°, —41°) for the hydrated a-helix and to (—59°, —44°) for
the unhydrated one. The peptides were terminally capped by
methyl groups to avoid possible interactions with the solvent
via the terminal amide groups. All models in this study are
terminally capped. ROA and Raman spectra were calculated
using the Cartesian coordinate tensors transfer (CCT)5*5s
method, i.e. force field and derivatives of the ROA and Raman
tensors were calculated quantum-mechanically (QM) for
smaller model fragments with the hydrated or the unhydrated
structure, and then transferred to the original (Ala)s peptide.
The Gaussian program is used for the QM computations.

dx.doi.org/10.1021/jp500794s | J. Phys. Chem. A 2014, 118, 3655—3662
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Figure 2. Comparison of ROA (left) and Raman (right) spectra of PLA calculated in vacuum for the hydrated (blue line, frequencies indicated) and
the unhydrated (red line) a-helical structure at the B3LYP/6-311++G** level.

Typically, the B3LYP®"/6-311++G** level was used, but other
functionals, basis sets, and various solvent models (CPCM)
were also tested as specified below.

An (Ala)g fragment (i.e., Ac-(Ala)s-NHMe) created from the
original (Ala);s molecule by using the MCM program68 was
also terminated by methyl groups. For control computations, a
smaller (Ala), fragment was adopted as well. Fragment
geometries were optimized by NMO with fixed normal
modes below 300 cm™!, and the property tensors were
calculated. The tensors were transferred to (Ala),s, atom by
atom, considering the origin-dependence of the tensors. As
seen in Figure S1 (Supporting Information), all monomer units
of each fragment were overlapped with the other fragments in
the appropriate parts of the target molecule. The tensors from
different fragments were averaged for each atom pair with
weights dependent on the distance between the fragment and
the center of atom pair.** Finally, the backscattering Raman and
ROA spectra were generated using Lorentzian functions of full-
width at half-maximum of 10 cm™" and Boltzmann temperature
correction of the intensities at 300 K.

The CCT method enabled us to test multiple solvent models
and to use a large basis set (6-311++G**) which is required for
proper modeling of the spectra. It is known that this
approximation sometimes exhibits a limited precision for a-
helices.”*®® The CCT result for (Ala),; performed with 6-
31G** basis set was compared to a full DFT calculation
(Figure S2, Supporting Information). We can see the CCT
method does provide frequencies shifted if compared to the
reference, nevertheless the principal spectral pattern is
conserved as also discussed in ref 65.

For the alternative model of the solvent, one DCA molecule
was attached to the (Ala)s fragment in the hydrated a-helical
structure, then the geometry was optimized using the
CPCM(dichloroethene) solvent with the fixed ¢b and y angles.
The optimized bonding pattern of the DCA was copied to the
(Ala),q with 18 DCA molecules. The NMO and the tensors
calculations were done with the attached DCA molecule in
vacuo, then transferred to the (Ala);s peptide with 18 DCA
molecules.

B RESULTS AND DISCUSSION

Figure 2 shows the calculated ROA and Raman spectra of the
(Ala),; based on the hydrated and unhydrated a-helical
structures at the B3LYP/6-311++G** level of theory. The
Raman spectra are very similar to the reported experimental
spectra of a-helical PLA,” and also to our measured spectrum
displayed in Figure S3 (Supporting Information). For both
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forms, the main features of ROA spectra also well agree with
the experimental results obtained by McColl et al. shown in
Figure 3."* The experimental positive/negative ROA couplet of
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Figure 3. Experimental ROA spectra of PLA reproduced from ref 15
measured for PLA solutions (75 mg/mL) in DCA and a mixed solvent
of CHCl;/DCA = 7/3 (v/v). The weak negative peak at around 1220
cm™! in the mixed solvent is an artifact from the instrument.

the amide I band at 1650 cm™" and the methyl deformation
bands at 1450 cm™ are calculated at 1740 and 1500 cm™ for
both structures, with stronger relative intensities than in the
experiment. The +/+/— experimental ROA peaks at 1338,
1304, and 1278 cm™! are simulated at 1366, 1324, and 1290
cm™!, where a noticeable difference between the hydrated and
unhydrated structures is apparent in calculated intensities.

In accord with previous assignments,>> >’ the positive peaks
calculated at 1366 and 1324 cm™' come from C*H bending
vibrations, where the hydrogen atoms bend approximately
along the C*~N and C*—C(=0) bonds, respectively (Figure
S4). Following previous literature, we refer to them as types I
and II, respectively. The calculated negative ROA peak at 1290
cm™ originates from the amide III band, a combination of §
(NH) in the amide plane and § (C*H) with hydrogens bent
along the C*~C’ bonds. In the calculation for the hydrated
structure, the intensity of the type I band is weaker than the
type II band. However, for the unhydrated structure, the band I
is stronger than IL. The exceptional sensitivity of these bands to
the conformation is evident in Figure 2.

Note that in the experiment,'® the intensity ratio of the bands
(I/Iy) is 1.26 in DCA and 1.05 in a mixed solvent of CHCl,/
DCA = 7/3 (v/v). The calculated ratios are 0.72 and 1.43 for
the hydrated and unhydrated structures, respectively. In other

dx.doi.org/10.1021/jp500794s | J. Phys. Chem. A 2014, 118, 3655—3662
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Figure 4. Effect of the dielectric constant used in the CPCM solvent model with B3LYP/6-311++G** method on calculated ROA spectra of PLA in
the hydrated (left) and unhydrated (right) a-helical conformations. Solvent model and relative dielectric constants are indicated.

words, the calculated trend is opposite to the conventional
explanation of the experiment, ie., equilibrium between the
hydrated and unhydrated structures depending on solvent
polarity. This and further calculations suggest that the structural
difference is not the main factor determining the intensity ratio,
but dielectric constant of the surrounding solvent is important
as well.

Variations of the calculated ROA intensities in the extended
amide III region for various dielectric constant (g,) are
displayed in Figure 4. (Ala), fragment adopted as a source of
the tensors in this CCT calculation results in a quite similar
spectra as for the longer (Ala)s. For the hydrated a-helical
structure of PLA, the calculated band I at 1360 cm™! increases
its intensity and shifts to lower frequency with increasing &, but
the band II at 1320 cm™ is nearly constant under the CPCM
models. I;/I; is about 1.5 times larger for formamide as a
solvent (¢, = 108.9), if compared to vacuum. The calculated
amide III peak becomes stronger and shifted to higher
frequencies. The ROA spectral pattern of the extended amide
III region is sensitive to the dielectric constant of the
surrounding medium. For the unhydrated structure, I;/Iy
becomes about S. The intensity ratios for the two structures
are plotted against &, in Figure S, together with the
experimental ratios based on ref 15. While the calculated ratios
for the unhydrated structure are always over 4 times larger than
in experiment, the ratios for the hydrated structure are very
close to the experimental values. The calculations with (Ala)g
provide similar ratio, and the agreement with the experiment is
clearly better for the hydrated structure. The ratio for the
unhydrated ones becomes nearly 2 with the CPCM model of
dichloroethene, ie. is far from the experiment. Similar
tendencies are observed in the calculations with the smaller
6-31+G** basis set, while the ratios were larger in all cases as
found in Figure SS (Supporting Information). These results
indicate that the unhydrated a-helical structure is a minor
conformation under given experimental conditions.

Therefore, the experimentally observed ratios can be
explained by a variation of the dielectric constant around the
hydrated o-helical structure, not by the geometry change.
According to the B3LYP/6-311++G** calculations with the
(Ala)4 fragments with the different geometries, the ratio should
decrease from 1.77 to 1.22 for given increase of €, not increase
from 1.05 to 1.26 as in the experiment. Therefore, the changes
in the dielectric constant govern the experimental ROA. This
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Figure S. Dependence of the intensity ratio (I;/I;;) of the two ROA
bands of PLA (at ~1360 cm™, I, and at ~1330 cm™, I;;) on the
dielectric constant for the hydrated (filled symbols) and unhydrated
(empty symbols) structures calculated at the B3LYP/6-311++G**
level based on the (Ala)4 (circle) and (Ala), (square) fragments in the
CCT scheme. The experimental ratios (X) are based on ref 15. The ¢,
of the mixed solvent (CHCl;/DCA=7/3, v/v) in the experiment was
estimated as 5.7 by a weighted-average (CHCL,, ¢, = 4.7, and DCA, ¢,
=8.1).

suggests that PLA adopts the hydrated geometry in both
solvents. In fact, PLA can be solvated by DCA even in the
mixed CHCI;/DCA solvent. This is consistent with a low-
solubility of PLA in pure CHCl; (less than 0.1 mg/mL at room
temperature). The DCA concentration in the mixed solvent is
3.6 M, which corresponds to three DCA molecules per alanine
residue for the experimental concentration of PLA of 75 mg/
mL. However, PLA in the mixed solvent will still feel the
dielectric constant of the bulk CHCl,.

The ROA spectra of PLA calculated under these assumptions
for the hydrated structure (Figure 6) compare well to the
experimental results in Figure 3. CPCM models of dichlor-
oethene (&, = 9.2) and CHCI, (4.7) are selected to best mimic
the experimental solvents of DCA (8.1) and CHCIL,/DCA = 7/
3 (5.7, a weighted average). The small experimental changes in
the extended amide III region are well-reproduced by the
calculations. A good agreement exhibits also the relative
intensity of the § (CH;) ROA couplet at 1490 cm™’, close to
the experimental wavenumber of 1460 cm™'. Most probably,
PLA thus adopts the hydrated conformation only.

dx.doi.org/10.1021/jp500794s | J. Phys. Chem. A 2014, 118, 3655—3662
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Figure 6. Simulated ROA spectra of PLA in the hydrated a-helical
structure. Calculation level: B3LYP/6-311++G**/CPCM.

While the fwhm of 10 cm™ used in the Lorentzian fit for the
calculations is the same as the spectral resolution in the
experiment, the band I and II are somewhat broader in the
experiment. This inhomogeneous broadening may reflect the
flexibility of PLA as seen for small molecules previously, where
more flexible dipeptides provide ROA spectra with broader and
fewer characteristic features.”' It is true that explicit solvent
molecules can also participate on the spectral shape, however,
extensive averaging is required for such modeling which is not
possible for PLA.***® Fortunately, participation of explicit
solvent molecules is most pronounced in the lowest-frequency
region below about 400 cm™,*”> far from the amide III region.

The origin of the solvent dependence of the type I and II
amide III ROA bands are examined by separately considering
the effect of the force field and the polarization on the ROA
intensities in the cases of CPCM models of dichloroethene and
CHCI;. The combination of the force field calculated with the
CHCIl; model and the polarizabilities (the usual a, G’ and A
tensors) with the dichloroethene model results in I/I;; of 1.05.
This is similar to that of the original CHCI; result of 1.03.
However, the combination of the force field calculated with the
dichloroethene and the polarizability obtained with the CHCI,
gives the ratio of 1.25, which is close to the original
dichloroethene result of 1.22. These results mean that the
influence of €, on the force field is the main reason for the ratio
change and that on the polarizability is minor. For all
vibrational modes in the type I band, frequency differences
between the CHCI; and the dichloroethene solvent models are
smaller than 0.2 cm™'. By considering typical experimental
ROA spectral resolution of ~10 cm™, it is somewhat surprising
that the ROA intensity ratio is influenced by such very small
frequency difference. In some sense, ROA is amplifying the
force field difference as resultant intensity change in the
extended amide III region. Interestingly, only the band I ROA
intensity changes with increasing &, (CHCl; — dichloroe-
thene); the band II intensity remains nearly identical.

Possible computational error can be estimated in part from
the functional dependence, and it does not seem to radically
affect the main trends (Figure 7). The spectral patterns
obtained with five different functionals are similar, perhaps
except for the simplest B97D’* GGA method. The I/I; ratios
obtained by the B3LYP, B3PW91,”> CAM-B3LYP,”® and
wB97xd”’” functionals are quite similar. The frequencies are
shifted to lower values for BALYP and B3PWO1 if compared to
the newer CAM-B3LYP and the wB97xd methods. For all the
functionals, the I;/I}; ratio increases with ¢,.
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Figure 7. Calculated ROA spectra of PLA in the hydrated a-helical
structure as obtained with the 6-31+G**/CPCM(dichloroethene)
model and the B3LYP, B3PW91, CAM-B3LYP, wB97xd, and B97D
functionals.

Finally, the role of the explicit solvation is documented in
Figure 8. In the optimized geometry, the C=0 of amide group
is bonded to both the DCA molecule and the amide NH group.
The +/+/— extended amide III ROA peaks are calculated to be
1370, 1330, and 1298 cm™, quite similar to the CPCM results
of 1357, 1324, and 1289 cm™'. The I;/I;; ratio obtained for the
explicit model is 1.2, closer to the experimental value of 1.26 in
DCA than that of 0.9 calculated without the DCA molecules
(by erasing the intensity tensors of the DCA). Nevertheless, the
precision of the implicit calculation seems to be sufficient to
understand the phenomenon. The CPCM approach can
additionally account for the solvent averaging, which is not
easy in an explicit model.

ROA bands of proteins in the extended amide III region can
be more influenced by the changes in the dielectric constant
than by the structural changes of a-helices, as explored for PLA
in this study. For the highly hydrated proteins, the a-helices will
be more exposed to bulk water and feel a high dielectric
constant, compared to more amphiphilic proteins where a-
helices are less solvent-exposed and feel lower dielectric
constant of neighboring peptide chains. For example, the
hydrated ROA bands are stronger in bovine a-lactalbumin and
equine lysozyme than in hen and human lysozymes."® This can
be related to the differences in solvent-exposure as measured by
NMR,”® and not to the structural difference proposed
previously.'® The vanishing of the hydrated a-helical ROA
band at ~1340 cm™' in the denaturation processes of
proteins®**** can be interpreted in terms of the solvent-
exposure.

B CONCLUSIONS

We simulated ROA spectra of a number of hydrated and
unhydrated o-helical PLA structures to explain previously
observed experimental features in peptides and proteins. The
simulations were based on the density functional theory,
significantly facilitated by the normal mode optimization and
the tensor transfer techniques. Specific peptide conformations
and dielectric constants of the solvent could be controlled in
the simulations. For the first time, we could consistently
reproduce the experimental ROA pattern in the extended
amide III region of PLA. Unlike proposed previously, the

dx.doi.org/10.1021/jp500794s | J. Phys. Chem. A 2014, 118, 3655—3662
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Figure 8. ROA spectra of (Ala) g as calculated with (blue line, model structure shown) and without (black line) 18 DCA molecules, at the B3LYP/6-

31+G** level. The asterisks () indicate peaks of DCA molecules.

conformational equilibrium between the hydrated and unhy-
drated a-helices of PLA is not the main reason for the changes
in intensity ratio of the two extended amide III marker bands.
Instead, our results suggest that changes in the dielectric
constant of the solvent are the predominant factor determining
the ROA intensities. The ability of the ROA bands to
distinguish solvent polarity in the vicinity of a-helix will be a
useful tool for studies of protein folding often comprising
conversion of hydrated a-helices.
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