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A model peptide, cyclo-(Phe-D-Pro-Gly-Arg-Gly-Asp), with a distinct folded structure containing short �-hairpin
and �-sheet patterns was studied by Raman and Raman optical activity (ROA) spectroscopies. Unlike for
previously analyzed vibrational circular dichroism of the same compound (Chirality 2008, 20, 1104), the
Raman spectrum is dominated by side chain contributions and is more sensitive to their geometry fluctuations.
The spectra and molecular motion were analyzed with the aid of the density functional theory simulations
combined with molecular dynamics (MD). The side chain geometry fluctuations were found to significantly
contribute to the broadening of the spectral bands, while dynamics of the backbone is rather restricted.
According to our MD results, the side chains do not move freely but largely oscillate around preferred
conformations. Averaging of computed spectra for many structures derived from the MD trajectories provided
better spectral profiles than did a fixed geometry. The Raman and ROA scattering is dominated by the more
polarizable phenylalanine and proline groups, as could be verified both by the computations and by comparison
to experiments with a model Phe-D-Pro dipeptide. Computational analyses suggest that the ROA spectrum
mostly senses local side chain conformation, whereas a vibrational coupling between different side chains
contributes less. The coupling is mostly mediated by the peptide backbone and is restricted to specific vibrational
region. The ROA spectroscopic technique thus provides important local structural information that needs,
however, to be extracted by multiscale (QM/MM) simulation techniques.

Introduction

Chiral spectroscopy has become a standard means of con-
formational analyses of peptide structures. For example, R-he-
lices yield a characteristic electronic circular dichroism (ECD)
signal that can be used to determine the helical contents in
peptides and proteins1-3 or to study chiral interactions of
aromatic amino acid residues.4 Vibrational circular dichroism
(VCD) is particularly sensitive to the main chain conformation,
and studies of amide-centered vibrational modes that are coupled
in the chain provide even more reliable discrimination between
repeating secondary structures, such as R-helices, 310-helices,
and �-sheet and coil conformations.5-8 Finally, Raman optical
activity (ROA) spectra bear similar information as VCD, but
the signal comes from many different modes sampling all
aspects of the peptide molecules, especially the aromatic side
chains.9-11

Monitoring of more local and chain conformation is prob-
lematic. Sites such as peptide �-hairpins contribute relatively
weakly to the overall spectral response. In some cases, they
can be discriminated by labeling with stable isotopes and
identified in the IR and VCD spectra.12-16 Structural fluctuations
lead to complex perturbations of the spectra and difficulties in

interpretation. Some peptides can be induced to have relatively
stable structures, such as the Ala-rich R-helical models,17 Aib-
containing 310 helices,18 high Pro content 31-helices,19 and
hydrophobically or turn-stabilized �-hairpins.20-23 As another
option, modeling small structural elements with cyclic peptides
enables one to study specific peptide segments on a conforma-
tionally restricted system that is accessible to relatively precise
computations.23-25 In the past we used the cyclo-(Phe-D-Pro-
Gly-Arg-Gly-Asp) molecule to investigate the structure, flex-
ibility, and the IR and VCD spectral components related to the
�-turn induced by the D-Pro-Gly moiety.26 The type I′ turn was
determined as the most reasonable conformation of this se-
quence, although the peptide exhibited unexpected flexibility
that caused a broadening of the spectral bands. However, no
information about the side chain conformation was obtained
from its IR and VCD spectra.

In this study, we analyze the Raman and ROA spectra of
this peptide, and use quantum chemical spectral simulations to
determine the link between the spectral shape and the structure.
Unlike for VCD, Raman and ROA spectra are dominated by
the scattering from the bulky polarizable residues, here in
particular the phenylalanine and proline. Although for small
peptides exact conformer ratios can be obtained from the ROA
spectrum,27 for larger ones an inhomogeneous line broadening
and multiconformational equilibrium complicate the analysis.28,29

As shown below, relatively robust computational techniques had
to be used for the cyclopeptide. Nevertheless, we were able to
assign most of the observable Raman bands and to determine
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the mechanisms from which the inelastic scattering optical
activity of the cyclopeptide originates.

Density functional theory (DFT) computations provide a
practical way for interpretation of peptide vibrational spectra.
Estimation of the ROA tensors would be sufficient on the HF
level; however, force fields that are sufficiently accurate for
vibrational optical activity computations require inclusion of
the correlation energy.30 The first DFT computations of ROA
were based on a rather lengthy numerical differentiation of the
intensity tensors.31 Lately more analytical algorithms allowed
one to determine ROA on a similar time scale as for the Raman
intensities.32,33 This enabled us to directly simulate the spectra
for several structures obtained as MD snapshots. However, for
large molecular systems or in order to average spectra of many
(thousand) conformers, it is more practical to transfer vibrational
properties (the intensity and force field tensors) from a small
library of precalculated fragments or structures.34,35 In this study,
the latter approximate computation proved useful for qualitative
modeling of peptide dynamics and its effect on the Raman line
broadening.

Methods

Experimental Section. The cyclo-(Phe-D-Pro-Gly-Arg-Gly-
Asp) hexapeptide was synthesized on an ABI Pioneer peptide
synthesizer and was described in detail elsewhere.26 The cyclic
protocols took advantage of three-dimensional orthogonal
protection schemes36 based on base-labile Fmoc, acid-labile
(TFA) side-chain group, and allyl (Al) groups, which are
piperidine and TFA-stable and removed with Pd(0) catalysts.
This scheme for on-resin synthesis of backbone amide and side-
chain amide cyclized peptides was first systematically described
by Barany, Kates, and Albericio.37 Additionally, a shorter
peptide sequence was also studied experimentally, as the Phe-
D-Pro dipeptide (HCl salt), purchased from Bachem (G-3355)
and refined by HPLC.

The hexapeptide was dissolved in deionized water (4.4 mg
in 80 µL, ∼0.09 mol/L) and filtered through a 0.22 mm
Millipore filter into a quartz cell, which provided a positively
charged peptide form. The dipeptide compound was measured
at pH ) 1 (no pH adjustment, at a concentration of 1 mol/L)
and pH ) 13 (using NaOH to adjust pH, so that the peptide
concentration dropped to ∼0.8 mol/L). Measurement at pH )
7 was lost due a calibration error and not repeated due to a
shortage of purified sample; nevertheless preliminary Raman
spectra did not indicate significant differences from the other
dipeptide charged forms, which is important for the comparison
with the hexapeptide.

Raman optical activity and Raman scattering spectra of all
samples were recorded on ROA spectrometer built at the
Institute of Physics of the Charles University,38 which uses a
backscattering geometry with incident circular polarization (ICP)
modulation. Experimental conditions were as follows: excitation
wavelength 514.5 nm, laser power at the sample 434 mW (for
hexapeptide) or 535 mW (for Phe-D-Pro), spectral resolution
∼6.5 cm-1, acquisition time 35.5 (hexapeptide) and 15 hours
(Phe-D-Pro). The solvent signal was subtracted from the sample
Raman spectra, and minor baseline corrections were made. Raw
measured ROA spectra were Fourier filtered to suppress a quasi-
periodic high-frequency CCD signal in the low wavenumber
region, corrected for spurious artifact signal from solvent and
cell walls, and slightly baseline corrected. The ROA signal close
to 1003 cm-1 is probably not reliable because of a highly
polarized Raman band situated in this region.

Molecular Dynamics (MD) Conformational Studies. The
simulations for the protonated hexapeptide (which is relevant
to the acidic experimental conditions) were performed using
the Tinker program package.39 The Amber9540,41 force field was
used with periodic boundary conditions (box 30 Å), NpT
ensemble, 1 fs integration time step, and a pressure of 1 atm.
Simulated annealing (from 1000 to 300 K, 1 ns) was followed
for 5 ns in a production run at 300 K. Significant backbone
conformational changes were not observed, even at the elevated
temperatures; however, for the side chains a reasonable equi-
librium conformer distribution could be obtained as they could
rotate many times during the simulation. Snapshots used for
the approximate spectral simulations were saved every 1 ps.
For the ab initio computations, 26 conformers were selected
by sampling every 200 ps from the same trajectories.

Quantum-Chemical Computations. The Gaussian software,
versions 0342 and 09,43 was used for energy minimization and
the spectral parameter generation. Geometries of the 26 selected
conformers were optimized using the constrained normal mode
method.44,45 Modes with energies within i300(imaginary)-300
cm-1 were fixed, which had approximately the same effect on
geometry as more common torsion angle restraints. With normal
modes, the higher-frequency vibrational coordinates, those most
important for the observed spectra, could be relaxed with a
minimal impact on the conformation obtained in the MD
determined structure. For optimized geometries the force fields
(FF), polarizability (r), and optical activity tensors46 (G′, A)
were calculated. The BPW9147 and B3LYP48 functionals,
standard 6-31G** basis set, and COSMO49 solvent correction
(its Gaussian version is denoted as CPCM) were used by default.
The spectral intensities were convoluted with Lorentzian bands
8 cm-1 wide and multiplied by a Boltzmann factor for 300 K
to account for scattering from excited vibrational levels.50,51

Approximate Conformational Averaging of Spectra. To
estimate the effect of the dynamics for a larger set of conformers,
the Cartesian coordinate transfer (CCT)34 of force field and
intensity tensors onto the 1 ps snapshot geometries was used to
generate the spectra. By the algorithm described elsewhere35

the tensors were transferred from the 26 conformations men-
tioned above on the MD snapshots, using a local similarity in
structures of the source and target geometries as a criterion for
the transfer.

Results and Discussion

Hexapeptide Structure and Dynamics. Our 5 ns trajectory
was too short to provide equilibrium backbone conformer
distribution. Nevertheless, previous MD runs with longer times
and different force fields provided the same backbone con-
former, which was also found to be consistent with analysis of
the VCD spectra.26 That the high-temperature phase does not
affect the conformation suggests a high stability of the folded
cyclic peptide backbone as well, at least within the Amber force
field model. Thus, in this study, we take the backbone structure
from our previous MD study and concentrate here on the side
chain motion. The D-Pro-Gly2 sequence in the hexapeptide
maintained the starting a type I′ �-turn (�2 ∼ 60°, ψ2 ∼ 30°,
�3 ∼ 90°, and ψ3 ∼ 0, see Figure 1 for the torsion angle
definition) in the simulations. Transitions to a type II′ (�2 )
60°, ψ2 ) -120°, �3 ) -90°, and Ψ3 ) 0°) turn are not
probable at room temperature.26

The side chain angles fluctuate more than the backbone
parameters. Their temporal changes (1000 f 300 K during 1
ns annealing followed by a 5 ns run at 300 K) and MD
distributions (300 K only) are represented in the angular
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distribution plot in Figure 2. The �1-1 angle of Phe mostly adopts
values around 60°, -60°, and 180° are less probable, although
the MD propagation time may not be sufficient to obtain a
converged equilibrium distribution. The �1-2 angle oscillates
exclusively around -90° and 90°, which corresponds to the
same geometry due to the phenyl symmetry. The Arg �4-1, �4-2,
�4-3, �4-4 angles oscillate around -60°, 180°, and 60°, the
canonical rotamer values, with a strong preference for 180°
except for �4-4, which is relatively evenly distributed in the
-180 to -60° and 60 to 180° intervals. The angle �6-1 of Asp

has a strong preference for -170 and -60°, while �6-2 is largely
dispersed, mostly around 90°, and �6-3 fluctuates near 0°.

Ab Initio Models for Spectral Intensities. Previous studies
reported that ROA calculations had various degrees of sensitivity
to the electronic model used, according to the investigated
systems.31,52-54 For an arbitrarily selected MD conformer of the
hexapeptide, we have estimated the Raman and ROA spectra
using the 6-31G, 6-31G**, and 6-31++G** basis sets with the
B3LYP functional, and again from the BPW91 and B3LYP
functionals with the 6-31G** basis set as compared in Figure
3. The 6-31G basis provides similar Raman, but rather different
ROA intensities, if compared to the 6-31G** and 6-31++G**
results. Adding diffuse functions (++) to the basis does not
change the basic relative intensity and ROA sign patterns,
although notable differences are apparent throughout the entire
spectral region. Allowing for basis set dependent frequency
shifts, there is much more similarity than dissimilarity in those
three basis set varying spectra, both Raman and ROA. For the
most part signs and relative intensities are in agreement.

As expected, the ROA intensities are more sensitive to the
basis set variation. In particular, within 400-600 cm-1 the
simulated sign pattern does not seem to converge. This does
not affect comparison with experiment, where only the region
within ∼800 to 1800 cm-1 could be measured reliably; the signal
below 800 contains contribution from water that cannot be fully
interpreted with the continuum solvent model. Larger basis sets

Figure 2. The time dependence (left) and distribution (right) of the side chain torsion angles in the hexapeptide obtained by MD. Amber 95 force
field was used; the distributions do not include the 1000 K equilibration and 1000 f 300 K annealing phases.

Figure 1. The cyclic hexapeptide and definition of main torsion angles.
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than 6-31++G** are not feasible for ROA calculations of the
cyclopeptide; but in previous tests they did not bring a significant
improvement for predicted spectra of smaller systems.54

Inclusion of the solvent explicitly for the ROA calculations
is currently not possible as the hydrated peptide size and the
CPU time would grow beyond our computational possibilities.
Additionally, previous results suggest that a large number of
geometries (water configurations) is needed to average the water
contribution to ROA.55,56 However, the influence of individual
water molecules is partially accounted for in the molecular
dynamics, where they stabilize the cyclopeptide conformation.
We thus suppose that the main ROA pattern stems from the
molecular structure of the peptide and is not significantly
modified by hydrogen bonds to water molecules, only partially
represented by the implicit solvent model.

The BPW91 GGA functional has been previously used for
peptide VCD computations,57,58 since it provides realistic amide
I (CdO stretching, ∼1650 cm-1) frequencies for lower com-
putational cost. However, the B3LYP hybrid method (containing
the HF exchange) has been previously shown to be more suitable
for Raman studies that comprise a larger wavenumber region.55

Typically, BPW91 frequencies are too low below 1200 cm-1,
if compared with experiment. On the other hand, the B3LYP
frequencies are much too high for higher wavenumber modes,
particularly those associated with the amide linkage. This can
be observed also for the hexapeptide (Figure 3, bottom).
Additionally, the Raman relative intensity pattern seems to be
better predicted by B3LYP. Note, however, that the one-
conformer simulation is not directly comparable to the experi-
ment; for ROA, for example, the experimental intensities
(multiplied by 5 in Figure 3) are much smaller than the
calculated ones, due to the averaging described below. Because
of this comparison and our previous experience, we chose to

use B3LYP; for the hexapeptide its computational cost is only
slightly higher (by ∼50%) than that of BPW91. On the other
hand, the diffuse basis 6-31++G** makes the computations
much longer than those obtained with 6-31G**; therefore the
smaller 6-31G** basis was used for the conformer averaging
calculations.

Part of the ROA intensities stems from magnetic dipole and
electric quadrupolar parts, which can contain some contributions
from the electric dipolar polarizability, dependent on the choice
of the coordinate origin.46 In the past a polarization model,
neglecting the magnetic and electric quadrupolar contributions
irreducible by a coordinate transformation, was proposed as a
versatile tool for approximate spectral computations.55,59-61 For
the hexapeptide, we can see (Figure 4) that the polarization
model correctly reproduces almost all the full quantum computed
ROA signs and relative intensity patterns. Approximate intensi-
ties can thus be obtained with a lower computational cost,
although the latest fast analytical ROA simulation methods32,33

made this advantage less significant. This demonstration that
the intrinsic magnetic contribution is of quite small impact also
enables us to interpret the vibrational optical activity primarily
as a result of vibrational coupling between polarizable molecular
moieties,46 although these may not be associated with usual
chromophore groups.

Conformational Averaging. The one-conformer Raman and
ROA spectra (for example, see Figure 3) only approximately
matched the experiment. Many features could be made more
realistic if the spectra of many conformers are averaged. This
can be seen in Figure 5, where the average of 5000 conformers
obtained by the CCT transfer and that of 26 conformers whose
spectra were computed ab initio are compared to the experi-
mental Raman and ROA intensities. For easier assignment and
comparison, scaled simulated spectra were also created and

Figure 3. (Top, for B3LYP/CPCM) Basis and (bottom, for 6-31G**) functional dependence of (left) Raman and (right) ROA hexapeptide spectra.
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displayed in Figure 5. For the scaling we used our own
software;62 simulated bands were aligned with the experimental
ones (cf. the assignment in Table 1), common scale factors were
used for all 26 conformers, but computed order of the vibrational
frequencies was not changed. The averaging, in particular that
based on the ab initio structures, dramatically improves shape
and intensity distribution of the Raman spectrum. Typically,
signals arising from the polar groups (CdO stretch, at ∼1670
cm-1, arginine N-H bending, and aspartate CdO stretching
vibrations) are dispersed, but also bending vibrations of the
hydrophobic CH groups (∼1200-1450 cm-1) coalesce into a
broader but not monotonic profile. Only peaks associated with
the phenyl ring vibrations (e.g., at 621, 1003, 1033, 1207, and
1605 cm-1) remain relatively sharp.

By contrast, the CCT averaging of spectra for 5000 snapshot
structures (see top Raman spectrum, Figure 5) leads to bands
that are too broad, in particular those at 1003 and 1033 cm-1,
which can be attributed to the approximations associated with
the transfer, as well as to inaccuracy and neglecting of the
quantum effects in the Amber force field averaging. However,
the other bands are in reasonable agreement with the unscaled
ab initio shapes (frequencies were not shifted).

Unlike for Raman, the averaging does not provide band-to-
band correspondence between the calculated and experimental
ROA spectra (Figure 5, bottom), although especially within
1000-1800 cm-1 a majority of bands can be identified on the
basis of the right sign and relative intensity agreement. The
disagreement between the theoretical and experimental 1437

Figure 4. Comparison of the polarization and exact ROA computational models, on the hexapeptide BPW91/6-31G** spectra.

Figure 5. Conformational averaging of the Raman (IR + IL) and ROA (IR - IL) hexapeptide spectra. As indicated, 5000 MD structures were
averaged with the CCT method and the DFT (B3LYP/CPCM/6-31G**) results of 26 conformers were averaged directly, scaled, and compared to
experiment. The asterisk (*) marks the experimental ROA part that might be affected by a strongly polarized 1003 cm-1 Raman band. The band
numbers correspond to the assignments in Table 1.
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cm-1 ROA band is rather an exception in this region. Below
1000 cm-1, the relatively intense ROA simulated signal for the
26 conformers suggests that more structures need to be taken
to obtain a converged signal. Indeed, the CCT 5000 structure
averaging provided less intensity in the low-frequency region.
Within 700-1800 cm-1 the 5000 conformer CCT and the 26
conformer DFT average ROA spectra are reasonably close,
which suggests a more constrained effect of peptide motion on
these higher-energy vibrations. Although we may expect some

inaccuracies introduced by the transfer method, these do not
seem to be a limiting factor at the current level of accuracy.

The averaging also leads to much lower (∼5×) ROA/Raman
intensity ratios, yielding values more comparable to experiment.
Such strong ROA intensity decrease was not observed before
in similar calculations for regular polyproline chain.61 It
nevertheless qualitatively corresponds to effects expected from
the large side chain flexibility predicted by MD (Figure 2). The
time-averaged local chirality of these side chains is thus smaller
than that of well-defined conformers, much as seen previously
for a flexible sugar compound.63 A detailed comparison of the
scaled ROA spectra and experiment nevertheless reveals many
shape similarities, namely, in the higher-frequency (∼1000-1800
cm-1) region. Apart of the limited accuracy of the experiment
and simulation, the differences in the calculated and experi-
mental intensities reflect the high sensitivity of ROA to details
of molecular geometry.

Single Residue Signals and the Phe-D-Pro Dipeptide
Example. To develop some concept for the contribution of
individual amino acids to the computed spectral intensities, we
simulated the hexapeptide spectra at the B3LYP/CPCM/6-
31G** level for an arbitrary conformer, but with the intensity
tensors46 set to zero, except for a selected residue, as shown in
Figure 6. Clearly, the phenylalanine dominates the spectrum,
but the difference is less dramatic for ROA, where the D-Pro,
Arg, and Asp residues all contribute significantly. Nevertheless,
we suppose that the arginine and aspartate contribution to
the experimental spectra will be less significant than that in the
simulated spectrum, because of its strong interaction with the
solvent and consequent band broadening. Yet, for ROA, we see
that a significant part of the signal simulated for the full pep-
tide cannot be reconstructed as a sum of the amino acid
components. Some bands (e.g., the 1207 cm-1 on of Phe CH
bending) can be almost up to 100% modeled by the sum,
whereas for some, in particular below 1000 cm-1, the local
contribution to ROA intensity is quite minor. The short-distance

Figure 6. Simulated (B3LYP/CPCM/6-31G**, one conformer) hexapeptide Raman and ROA spectra (bottom, red) and approximate contributions
of individual amino acid residues.

TABLE 1: Calculated and Experimental Frequencies (cm-1)
of Most Intense Raman/ROA Hexapeptide Bands and the
Vibrational Mode Assignment

ωcal, CPCM/6-31G**

band B3LYP BPW91 ωexp vibrationa

1 1773 1726 1727 ν(CO), Asp
2 1731 1690 1690 AI, Pro, Gly
3 1683 1636 1669 AI, Pro
4 1646 1607 1605 Phe, ν(CdC)
5 1629 1589 1586 Phe, ν(CdC)
6 1534 1473 1453 Phe, ν(CdC)
7 1496 1451 1437 AII, CsH sciss., Pro δ(RCsH)
8 1406 1364 1388 AII, Pro, δ(RC-H)
9, 10 1344, 1371 1297, 1327 1319, 1340 Phe + Pro, δ(CH)
11, 12 1283, 1301 1233, 1259 1270, 1298 AII, Gly; CH2 twist
13 1280 1230 1249 Pro, Phe, δ(CH)
14 1196 1186 1207 Phe, δ(CH)
15 1168 1155 1160 Asp, ν(CsCO); Phe δ(CH)
16 1090 1057, 1087 1080 ν(CsN), ν(CsC)
17 1054 1029 1033 Phe breathing, ν(CdC),

Pro ν(CsC)
18 1012 985 1003 Phe breathing ν(CdC),

deloc. ν(CRsC)
19-25 820-995 815-974 827-966 Phe δ(C-H) oop, ν(C-C)
26 704 679 726 (CdO) oop
27 634 614 621 Phe def.
28 604 608 599 Phe def., deloc.
29 510 510 538 Phe NH oop
30 464 488 485 deloc, Arg NH oop
31 402 395 408 Pro def.

a Key: oop, out of plane; AI, amide I; AII, amide II.
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coupling is thus at least as important for peptide ROA as the
local chirality.

With such a dominating Phe contribution, it is therefore not
surprising that the experimental Raman spectra of the Phe-D-
Pro model compound resembles that of the hexapeptide (Figure
7). In particular the positions of the strongest Phe and Pro bands,
which are weakly influenced by the solvent, are almost identical.
The origin of the majority of the Raman signal in the more
polarizable side chains is also indicated by the similarity of the
protonated (pH ) 1) and anionic (pH ) 13) dipeptide spectra.

The correspondence between the dipeptide and hexapeptide
ROA (Figure 7, top) is less clear. Below 900 cm-1, the signal
is strongly influenced by water,55 and no features are directly
comparable. However, within ∼1000-1650 cm-1, many spectral
features are common which suggest that the ROA signal at those
parts originates locally from the Pro and Phe residues, in both
di- and hexapeptide.

To investigate the dependence of the ROA pattern on the
local conformation, we performed a conformer scan in a
simplified Phe-D-Pro fragment (Figure 8), scanning the angles
�1-1 and ω for both the north (N) and south (S) proline ring
puckering.55,64 In Table 2 the 18 lowest-energy conformers of
the total of 36 are listed. The starting angles ψ were chosen,
-60, 60, and 180°, and then allowed to relax freely from these
starting geometries. As apparent from Table 2, the conformer
changes are associated with rather small energies. In Figure 9,
the effects of the proline puckering and ω and �1-1 rotations
on the ROA are simulated from averaged spectra over the other
coordinates. The S and N proline forms, which are thought to
be about equally populated in peptides and proteins,55,61,65-68

lead to rather modest changes in the spectra and most probably
cannot be detected in the hexapeptide due to the limited
sensitivity. The C-H bending vibrations (∼1350 cm-1) most

influenced by the puckering are significantly broadened by other
motions in the hexapeptide (cf. Figure 5).

The cis-trans ω-isomerization (Figure 9) causes solitary sign
changes mostly within 200-1000 cm-1, but surprisingly the

TABLE 2: Dihedral Angles and Relative Conformer
Energies (BPW91/CPCM/6-31G**) of the Model Phe-D-Pro
Fragment

N-Pro conformers S-Pro conformers

�1-1 (deg) ω (deg) Ψ (deg) E (kcal/mol) Ψ (deg) E (kcal/mol)

180 180 -96 0.3 -97 0.0
180 0 -113 0.7 -116 0.6
180 180 -171 1.3 -157 0.5
60 180 -114 1.1 -116 0.7
180 0 -129 1.6 -147 0.8
60 0 -134 2.3 -135 1.4
-60 180 -90 2.1 -87 1.7
60 180 -159 3.8 -117 0.8
-60 0 -104 3.1 -103 3.1

Figure 7. Experimental ROA (top) and Raman (bottom) spectra of the model Phe-D-Pro dipeptide (for pH ) 1 and pH ) 13), and those of the
hexapeptide. The asterisk (*) marks experimental ROA part that might be affected by strongly polarized 1003 cm-1 Raman band.

Figure 8. The Phe-D-Pro model fragment and the main the torsion
angles.
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main ROA features within 1000-1500 cm-1 are unaffected,
which again implies a local character for the ROA signal origin.
Such observations have been made in the past and have shown
aspects of the complementarity of IR and Raman, as well as
VCD and ROA spectroscopies.69 The largest changes are caused
by the Phe residue �1-1 rotation at the entire spectral region.
This suggests a strong vibrational coupling between the achiral
phenyl residue and the aliphatic CH2 linkage. The ROA band
at ∼1030 cm-1, particularly sensitive to the �1_1 rotation, is
primarily caused by a breathing Phe vibration, with a minor
contribution from Pro ring, and may well correspond to the
negative experimental ROA band at 1152 cm-1. This would
correspond to �1_1 values of (60°, enabling a close interaction

of the Pro and Phe hydrophobic residues that is quite probable
in the aqueous environment. Indeed, the angular distribution
obtained by the MD simulation (Figure 2) suggests that the angle
of 180° is less probable than �1-1 ) 60°.

To relate the local spectral signal of the Phe and Pro groups
to the total in an alternate way, in the last computational
experiment, we calculated Raman and ROA spectra of a Phe-
D-Pro fragment and compared them to those obtained from two
arbitrary subfragments (Figure 10). We can see that the influence
of the inter-residue Phe-Pro coupling on ROA signal is rather
small. Some bands (around 1200 cm-1) are affected by the
molecular division, but these originate in the covalent linkage
(CH2 bending, C-C stretching coupled with the amide modes).

Figure 9. ROA spectra of the model Phe-D-Pro fragment simulated (BPW91/CPCM(H2O)/6-31G**) for the different proline puckering and ω and
�1-1 angle values. The remaining coordinates were averaged with the conformers from Table 2.

Figure 10. Calculated Raman (left) and ROA (right) Spectra of the Phe-D-Pro Fragment (top, red), and Its Two Phe and Pro Subfragments.
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The amide group contained in fragment F1 (Figure 10) does
not have an obvious influence on ROA spectra. We can thus
conclude that the ROA signal stems primarily from the intrinsic
chirality of the peptide side chain residues rather than from
interchain coupling interactions. The interactions, however, can
change the conformation and thus modify the spectrum. Also,
if the full peptide backbone is considered, the total contribution
of the intergroup coupling to the resultant ROA signal is much
larger (cf. Figure 6).

Conclusions

The Raman and ROA spectra of the hexapeptide provided
useful complementary information about the structure and
flexibility to that obtained from IR and VCD spectroscopy. The
side chain residues were found to dominate the signal, in
particular the Phe phenyl ring. Molecular dynamics simulations
indicated that most side chain residues almost freely rotate
between several preferred positions, which led to a specific
broadening of Raman spectral lines and a significant (∼80%)
decrease of the averaged ROA intensities. The averaging
provided a dramatic improvement in simulated spectral line
shapes, in comparison with a one conformer model. The
polarization model suggested that the ROA intensity is primarily
given by electric polarizability contributions and that the
irreducible magnetic and quadrupolar parts are minor, although
their inclusion in the analytical schemes does not complicate
the computations, unlike for the previous numerical protocols.
The majority of the ROA signal comes from locally chiral side
chains, whereas the interchain coupling contribution was found
to be limited. Many spectral features of the hexapeptide could
be related to simpler theoretical and experimental dipeptide (Phe-
D-Pro) models. The combination of the Raman and ROA
spectroscopy with the multiscale computational technique thus
brings extended information about biologically relevant mol-
ecules. Future instrumental and computational improvements
are nevertheless desirable to investigate further details in
molecular structure and dynamics.
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(57) Bouř, P.; Keiderling, T. A. J. Phys. Chem. B 2005, 109, 5348.
(58) Kubelka, J.; Huang, R.; Keiderling, T. A. J. Phys. Chem. B 2005,

109, 8231.
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