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’ INTRODUCTION

Conformational behavior of the proline residue attracts atten-
tion because of its unique properties. Unlike for the other
genetically coded amino acids, prolines in a peptide chain are
linked through imine residues. They cannot form intermolecular
hydrogen bonds. However, the molecular structure is strongly
stabilized by interaction with the solvent environment, mostly by
the hydration sphere attached to the carbonyl groups. The
hydrophobic interactions can also be very strong and were
recently suggested to stabilize anion complexes.1 Proline con-
formation is obviously strongly restricted by the five-membered
ring. Unique properties of the proline residue are reflected also in
peptides; for example, lone-standing proline residues in the
peptide chains usually induce β-turns.2�5

Nowadays, a renewed interest for polyprolines is apparent in
macromolecular chemistry, as these polymers appeared suitable
for well-defined components of self-assembling aggregates.6,7 The
conformational properties can be finely tuned by chemicalmodifica-
tionof the proline units.8�11 For example,β-prolineswere suggested
as inhibitors of protein�protein recognition events.12

Polyproline systems have also been intensively studied for
their unique folding properties and as canonical models of the

“unordered” protein structure. In water, but also in organic acids
or benzyl alcohol, the OR, CD, NMR, and vibrational circular
dichroism (VCD) spectroscopies revealed that from certain
chain length oligoproline adopts the typical “polyproline II”
(PPII) left-handed helix.13�15 This form is very close to the
random coil secondary structure exhibited also by peptides,
which do not contain the proline residue.16�19 PPII helix was
suggested to be involved in many processes, for example, in the
denaturation mechanism of prion proteins.20 The other regular
conformation of polyproline, “polyproline I” (PPI), is a right-
handed helix with cis-peptide bonds.21 For longer oligoprolines,
it may be obtained in more hydrophobic solvents, such as aliphatic
alcohols or pyridine.16

The dependence of the oligoproline conformation on the
peptide chain length investigated in the present study is another
interesting aspect, intensively studied in the past.22 However,
interpretations of experiment were often inconclusive or pro-
vided conflicting messages. The transition between the PPI and
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ABSTRACT: Polyprolines offer many opportunities to study
factors influencing peptide and protein folding and structure.
Longer chains can adopt two well-defined forms (PPI and
PPII), but shorter peptides are quite flexible. To understand in
detail the dependence of the secondary structure on the length
and the interplay between the side chain and main chain
conformation, zwitterionic (Pro)N models (with N = 2, 3, 4,
6, 9, 12 and longer inhomogeneous chains) were studied by a
combination of the Raman and Raman optical activity (ROA)
spectroscopy with the density functional theory (DFT). Poten-
tial surfaces were systematically explored for the shorter oligo-
prolines, and Boltzmann conformational ratios were obtained both for the main chain and the proline ring puckering. The
predictions were verified by comparison of the experimental and simulated ROA spectra. The conformer ratios extracted from a
decomposition of the experimental ROA into scaled computed spectra well reproduced Boltzmann populations calculated from
relative energies. For example, an “A” puckering of the proline ring was found prevalent, relatively independent of the length,
whereas the cis-amide backbone form adopted by shorter peptides rapidly disappeared for N > 4. The results are consistent with
previous NMR and vibrational circular dichroism (VCD) data. Delocalized exciton vibrations along the peptide chain often enhance
the ROA signal, and can thus be used to indicate a longer regular peptide structure. The ROA technique appeared to be very sensitive
to the ring puckering; less distinct spectral features were produced by changes in the main chain geometry.
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PPII forms was soon recognized to be a complex cooperative
process, dependent also on the solvent polarity.22,23 The tetra-
mer (Pro)4 was suggested as a structure with minimal PPI
content in methanol, but for other solvents and in other studies,
a monotonic dependence was reported.24 For shorter polymers,
the conformation is strongly influenced by eventual protection of
the terminal groups.13,23,24 Proline dimer and the shortest
polymers seem to exhibit the richest conformational freedom,
quite difficult to study experimentally.23,24

Computational chemistry provided alternate insight into the
correlations between oligoproline secondary structure, ring
puckering, chain length, and solvent environment.9,25 For ex-
ample, a slight propensity to a “down” ring puckering was
predicted, and a mixture of cis�trans (PPI�PPII) conformers
was suggested based on vacuum computations, with a domina-
tion of the trans-form.8,26,27 Several experimental and theoretical
studies analyzed the interplay between side chain and main chain
conformations.28�32

Understanding of the folding process is also important for
proline optical rotatory dispersion (ORD) studies, where im-
proper conformer averaging can even lead to wrong absolute
configuration.33 The Raman optical activity (ROA) appeared
particularly sensitive to the side chain conformation, that is, to
the five-member ring puckering.34,35 Latest theoretical study on
Ac-(Pro)n-Me suggested that a rich conformer equilibrium exists
even for considerably long peptides.8,36,37 However, ab initio test
on smaller systems sometimes provided significantly different
conformer energies than empirical MD force fields.38 Neither
were some MD force fields accurate enough to reproduce NMR
experiments on proline dipeptides.28

Taking advantage of the ROA spectroscopy and accurate DFT
methods in this study allowed us to obtain a deeper insight into
the folding process. For example, in previous NMR studies an
average puckering is observable only, whereas the ROA spec-
troscopy, at least in principle, can detect individual conformers
by an algebraic decomposition of measured spectrum.34,39 We
performed a systematic conformational search of shorter oligo-
prolines at the DFT level. At about these lengths (N = 2, ..., 12),
the transition between the conventionally unordered and regular
PPII structure takes place.16,25 By comparison of calculated and
experimental spectra, we could identify spectroscopic marker
patterns associated with particular backbone or side chain
features.

The calculated potential energy surfaces (PES) were not only
able to consistently explain the oligoproline behavior observed in
the previous experiments, but also provided observed progres-
sion of spectral intensities and revealed detailed conformer
distributions of the backbone and the puckering. The analysis
of computed parameters confirmed the previously proposed
coupling of the side chain and the backbone. The polyproline
I conformation of the backbone is stable only for the shortest
(N < 3) structures, whereas for the longer one, polyproline II
prevails. However, according to our results, regular polyproline
segments are rather short and cis-residues occasionally occur
even for long proline chains. The peptide folding with the in-
creasing chain length appears as a gradual dynamic process.

Based on the conditions optimized in a previous study,40

Raman and ROA spectra of NH3
+-(Pro)N-COO

� (N = 2, 3, 4, 6,
9, and 12), short (N ∼ 50), medium (N ∼ 200), and long (N >
300) polyprolines were recorded in aqueous solutions. The
experimental spectra were compared to the simulated vibrational
frequencies and intensities. The Boltzmann averaging of many

conformers provided a faithful description of the experimental
spectra and enabled to assign specific bands to the proline
puckering and secondary structure. For the first time, excitone-
like enhancement of the ROA/Raman circular intensity differ-
ence (CID) ratio of a regular peptide structure was observed,
similarly as for DNA VCD.41 The results thus confirm that the
ROA spectroscopy can be used to monitor both local and longer-
range structural features.

The ROA spectra comprise difference in scattering of the right
and left circularly polarized light and are more sensitive to the
conformation than normal Raman scattering. Both spectral kinds
can easily be obtained within the physiological aqueous environ-
ment. The ROA technique was already applied to systems
ranging from gas phase isolated molecules,42 oversimple organic
compounds,43,44 peptides,45�47 proteins,48,49 nucleic acids,50 to
viruses.48,51 Although it senses vibrational properties of whole
molecules, it also provides a reasonably local probe of molecular
sites.46,52

Previously, the vibrational optical activity techniques already
gave important information about the geometry of proline
residue34,53 and longer proline polymers.54,55 Vibrational fre-
quencies were assigned to polyproline normal modes.11 PPII
chain length dependence was studied by the vibrational circular
dichroism (VCD).16,17,56 However, the VCD data focused
primarily on the backbone conformation and could be inter-
preted on an empirical basis so far.

Today, interpretation of ROA is unthinkable without quan-
tum computations. We conveniently employ the latest analytical
derivative techniques that replaced previous tedious numerical
differentiation of ROA tensors.57�59 Coupled-perturbed DFT
computations using the gauge independent atomic orbitals
(GIAO)60 enabled us to faithfully model spectroscopic proper-
ties of considerably long oligoproline chains at a high approx-
imation level. For example, the spectra up to the nonamer could
be calculated quantummechanically. By the Cartesian coordinate
tensor transfer technique (CCT),61 the computation could be
further extended to virtually unlimited chain lengths, under an
acceptable loss of accuracy.62,63 Simulated spectral features are in
a very good agreement with the observations, and the computa-
tions also well reproduce the observed length dependence. The
spectra also clearly show that a one-conformer model is adequate
neither for shorter sequences, nor for longer polyprolines.

’EXPERIMENTAL METHODS AND CALCULATIONS

Spectroscopic Experiments. The used Raman and ROA
experimental procedures are described elsewhere in detail;64

see also Table S1 in Supporting Information (SI). Commer-
cial (Pro)N peptides were used for N = 2, 3, 4, and for the
longest heterogeneous polyproline polymers with a medium
molecular weight of 1000�10000 g/mol (short, “S”, N ∼
50), 10000�30000 g/mol (medium, “M”, N ∼ 200) and,
>30000 g/mol (long, “L”, N > 300). Sequences with N = 6, 9,
and 12 were obtained by standard methods of peptide resin
synthesis using the FMOC (9-fluorenylmethyloxycarbonyl)
strategy. We used the unblocked peptides because of the good
solubility required for the ROA spectroscopy. The zwitter-
ionic molecules, not so much investigated in previous studies,
are also perhaps more related to the biological importance
than more usual protected peptides.
With our spectrometer,65 backscattered Raman and ROA

spectra were obtained for aqueous solutions at 293 K. Typical
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laser power at the sample was 500 mW, concentration 0.4 M, and
collection time of one spectrum 20 h. The experimental Raman
spectra were normalized to the average intensities of peaks at 1100
and 1271 cm�1. The corresponding ROA spectra were multiplied
by the same normalization factor as the Raman signal. An alternate
normalization based on integral intensities led to similar results; by
default, we use the peak normalization procedure, as it is not
influenced by traces of trifluoracetic acid (TFA) impurities that
needed to be subtracted in limited wavenumber regions for the
synthetic oligoprolines (N = 6, 9, and 12). The TFA signal is also
subtracted in the presented Raman spectra.
Potential Energy Scans. The two A and B puckering types

(see ref 34) and the backbone torsion angles j, ψ, and ω are
defined in Figure 1. The A and B types correspond to the “down”
and “up” conformers also used in literature.66 The proline ring
conformation was also characterized by the usual pseudorotation
phase P, tan (P) = (θ3 + θ5� θ2� θ4)/{2θi[sin(π/5) + sin(2π/
5)}, and amplitude θm = θ1/cos(P).

67 For the A conformer, P∼
110� and θm∼ 37�; for B, P∼ 280� and θm∼ 38�.34 Note that all
these puckering definitions do not determine the ring geometry
unambiguously and are used for a quick orientation only.
The j angle is determined by the puckering, and theψ angle

can only adopt a value close to 160�. This was verified for the
dimer, where four puckering types (AA, AB, BA, and BB)� 2ω
angle values (ω = 0 and 180�, corresponding to the cis- and
trans-conformation of the amide bond) � 3 ψ angles (�80, 40,
and 160�) generated 24 conformers. Conformers with ψ differ-
ing much from 160� were energetically strongly disfavored. For
the trimer, we selected the A puckering to prescan the complete
backbone potential energy surface, generating 2(ω) � 3(ψ) �
2(ω)� 3(ψ) = 36 conformers. As for the dimer, structures with
ψ deviating from 160� appeared as quite unrealistic, with relative
energies higher than 5 kcal/mol.
Putting the starting ψ angle at 160�, we generated trimer and

tetramer conformer geometries differing in the puckering and the
peptide bond ω angle, which provided 32 and 128 structures,
respectively. For the hexamer, about 2048 conformers are
possible. Their systematic investigation is currently beyond our
computational capabilities (currently over 100 years of computer
time would be needed for consistent optimization and spectral

simulation, for Intel 3 GHz CPU). Fortunately, a limited number
of 64 conformers could be preselected, as described below, based
on the conformer patterns obtained for the shorter sequences.
The Gaussian68 program suite was used for the DFT compu-

tations. By default, the B3LYP69 functional with the 6-311++G**
basis set and the CPCM(H2O)

70 solvent correction were used.
The standard Gaussian UFF model71 was used for the solvent
radii. For eight lowest-energy conformers of the dimer, a wider
range of the functionals (B3LYP, BPW91, and dispersion-
corrected72 B3LYP (D-B3LYP)) and basis sets (6-311++G**,
6-31G**, aug-cc-pVDZ, and aug-cc-pVTZ) was applied to esti-
mate the reliability of the results. For the chains with N = 2, 3, 4,
and 6, the 6-31++G** basis set was also applied, providing only
minor changes if compared to the 6-311++G** results. Some
conformers of oligoprolines withN = 9 and 12 were optimized at
the B3LYP/CPCM(H2O)/6-31G** level to verify the puckering
preference, for the PPII main chain conformation only.
Raman and ROA Spectra Simulations. The Raman and

ROA spectra were also computed by Gaussian at the same
B3LYP/CPCM(H2O)/6-311++G** level as for the equilibrium
structures. Backscattered (180�) Raman and ROA spectral
profiles were obtained from the intensities (I180) calculated
for the excitation laser light of 514.5 nm by a convolution with
Lorentzian function and the Boltzmann correcting factor as

SðωÞ ¼ I180 1� exp � ωi

kT

� �� ��1 1
ωi

4
ω�ωi

Δ

� �2

þ 1

" #�1

(where T = 273 K, k is the Boltzmann constant, ωi is the
vibrational frequency, and the bandwidth Δ = 10 cm�1.
For longer peptides (N > 6), the Cartesian coordinate tensor

transfer (CCT) technique61 was used to generate the force field
and optical activity tensors from smaller tetrameric fragments.
The method is schematically depicted in Figure S1 in SI. The
accuracy of this approach may be limited according to the chosen
transfer scheme.52,62,63,73 However, in our case, it produced
reasonable approximation for the ROA signal at least in the
higher-frequency range (>600 cm�1, cf., Figure S2).

’RESULTS AND DISCUSSION

Relative Conformer Energies. For the dimer, relative con-
former energies for the eight lowest-energy conformers obtained
at several approximation levels are listed in Table 1. Relevant
geometric parameters calculated at the default B3LYP/CPCM-
(H2O)/6-311++G** level can be found in Table S2.

Figure 1. Definition of the two puckered proline ring conformers (A, B,
according to ref 34), and the backbone torsion anglesj = —(C,C,N,C),
ω = —(C,N,C,C), ψ = —(N,C,C,N). The puckering is defined by the
phase P, tan(P) = (θ3 + θ5 � θ2 � θ4)/{2θi[sin(π/5) + sin(2π/5)},
and amplitude θm = θ1/cos(P).

67

Table 1. Calculated Relative Conformer Electronic Energies
(kcal/mol) of the (Pro)2 Dimera

conformer B3LYPb B3LYP B3LYPc B3LYPd B3LYP-D BPW91

AcA 0.0 0.0 0.0 0.0 0.0 0.0

AcB 1.1 0.5 0.4 0.5 0.8 0.5

BcA 0.4 0.1 0.1 0.1 0.5 0.3

BcB 1.5 0.5 0.5 0.5 0.9 0.7

AtA 2.4 0.9 0.9 0.9 1.4 1.0

AtB 3.4 1.0 1.0 1.0 1.8 1.1

BtA 3.4 1.1 1.1 1.0 2.1 1.3

BtB 3.8 1.1 1.1 1.0 2.3 1.3
aBy default, the 6-311++G** basis set was used with the CPCM(H2O)
solvent correction. b 6-31G**. c aug-cc-pVDZ. d aug-cc-pVTZ.
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The AcA (abbreviated for AA puckering and cis-peptide bond
between the two proline residues; similarly, we use “t” for the
trans-peptide bond) conformer is predicted to have the lowest
energy by all the methods (Table 1). For B3LYP, the 6-31G**
basis set provides significantly different relative energies than the
larger 6-311++G**, aug-cc-pVDZ and aug-cc-pVTZ basis sets.
Because there are virtually no differences between 6-311++G**
and supposedly more accurate aug-cc-pVTZ, we can consider
the 6-311++G** basis to be a sufficient compromise with
respect to the speed and accuracy also for the longer
oligoprolines.
The Grimme empirical van der Waals correction72 in the

B3LYP-D method (6th column in Table 1) causes a significant
change in the relative energy of the third conformer (0.1 f 0.5
kcal/mol); otherwise, it mostly conserves the trends predicted by
plain B3LYP. Thus, the correction needed for van der Waals
complexes74 may not be so important for the prolines stabilized
by electrostatic interactions. Neither the B3LYP-D model com-
prises the solvent�solute dispersion. Therefore, we use the
uncorrected B3LYP functional as default. For trial computations,
dispersion-corrected Boltzmann averages provided spectra very
similar to the uncorrected ones. The dispersion influence on the
dimer conformation was lately studied in detail in ref 75. The
GGA BPW91 functional (last column) provides similar (within
0.2 kcal/mol) conformer energies as B3LYP. B3LYP, however,
provides better overall spectral profiles than BPW91.46,73,76,77

In Table 2, computed electronic energies, zero point energies
(ZPE), enthalpies, and Gibbs energies are listed for three lowest
energy conformers of the dimer, trimer, tetramer, and hexamer
oligoprolines. The ZPE correction has a relativelyminor effect on
the energies. Similarly, the enthalpies (ΔH) mostly follow the
electronic energies, except for the tetramer, where the ordering of
the two lowest-energy conformers is switched. The free (Gibbs,ΔG)
energies deviate even more fromΔE. We consider theΔE + ZPE

sum or ΔH to yield the most realistic conformer distributions.
The free energy obtained from Gaussian can be hampered by the
simplifications used, in particular, by the harmonic approxima-
tion, rotational, and translational partition function for a solitary
molecule, and neglect of the solvent.78 Although the enthalpies
and free energies sometimes provide different conformer order-
ing, after the Boltzmann averaging very similar spectra are
obtained by both approximations. In general, the trends and
magnitudes of the relative conformer energies (Table 2) are
consistent with previous computations performed in vacuum or
for blocked peptides.8,26 However, for the zwitterionic mol-
ecules, we predict larger ratios of the cis-forms, probably because
of the effect of the charged residues, whereas for longer peptides,
the role of the termini is presumably minor; for shorter oligopep-
tides, they significantly influence the peptide conformation.79,80

Geometry and Peptide Folding. From the relative confor-
mer energies (partially listed in Table 2), we deduce that the
percentage of the trans-peptide bonds typical for the PPII
conformation increases with the peptide chain length. Never-
theless, in tetramer the cis-conformation still dominates; for
hexamer, all the three lowest-energy conformers are trans. In
an adiabatic approximation the cis/trans-isomerization can be
thought of as independent of the puckering. This can be
documented on the dimer (Table 1), where the c T t change
is associated with a larger energy (∼2 kcal/mol) than the AT B
inversion (<1 kcal/mol).
For the longer proline oligomers, however, the amide bond�

proline ring interaction plays a significant role and leads to
relatively complicated conformer ordering. The puckering B is
generally preferred at the N-terminus, whereas A is accumulating
at the C-end. For example, the predicted population of AAAAAB
is 2.06%, and BBBBBA has 0.88% in the hexamer. The alternating
AB arrangement adopts 20% in the trimer, 10% in tetramer, and
2.5% (1.1% of ABABAB + 1.4% of BABABA, whereas statistical
probabilities are 1.5% = 1/26) in the hexamer. The A puckering is
in general preferred over B; in the hexamer, the AAAAAA form
adopts 4.4% and pure BBBBBB 0.4%. For long all-trans-poly-
prolines ((Pro)N in PPII secondary structure), the computations
suggest that the most probable puckering pattern is close to the
“BN/2AN/2” formula, that is, the A puckering accumulates at the
C-terminus.
As shown in Figure 2 (overview of the θm(P) dependence of

the puckering coordinates) or Table S3 (selected coordinates for
hexamer conformers), the detailed puckering geometry some-
what depends on the position in the oligoproline chain. The
terminal residues differ from the inner ones. In particular, the
N-terminus is more puckered (θm ∼ 40�) than the inner and
C-terminal rings, where θm ∼ 37� (Table S3).
The computed main chain (ω, j, and ψ) angles (e.g., Table

S3) correspond well with the standard polyproline I (0�, �83�,
158�, 3.1 Å translation per residue) and II (180�,�78�, 149�, 1.9 Å
translation per residue) parameters obtained by X-ray.81 The
angleω occasionally deviates from the planar arrangement, by up
to 5�, due to the flexibility of the amide bond.82 For the trans-
conformers, the j and ψ angles are notably different for the B
(j∼�62�,ψ∼ 146�) and A (j∼�75�,ψ∼ 159�) puckering.
To investigate more the relation between the ring puckering

andmain chain PPII angles, we analyzed B3LYP/CPCM/6-311+
+G** equilibrium geometries of the proline hexamer, with all
puckering patterns (64 different conformers). As can be seen in
Figure 3, correlations between the secondary structure and the
puckering coordinates exist, which in general also explains the

Table 2. Calculated (B3LYP/6-311++G**/CPCM/H2O)
Relative Conformer Electronic (ΔE), Zero Point (ZPE),
Enthalpies (ΔH), and Free (ΔG) Energies (kcal/mol) of
the (Pro)N Oligomers (N = 2, 3, 4, and 6); Boltzmann
Populations η Are Based on ΔE + ZPE

conformer ΔE ΔE + ZPE ΔH ΔG η (%)

Dimer

AcA 0.0 0.0 0.0 0.0 28

BcA 0.1 0.1 0.2 0.0 23

AcB 0.5 0.4 0.4 0.3 15

Trimer

BcBcA 0.1 0.0 0.0 0.0 23

AcAcA 0.0 0.1 0.0 0.6 20

BcAcB 0.6 0.7 0.7 1.2 7

Tetramer

BcAcAcA 0.0 0.0 0.3 0.2 7

AcAcAcA 0.6 0.1 0.0 2.3 6

AtAcAcA 0.6 0.2 0.7 0.0 5

Hexamer

BtBtAtAtAtA 0.1 0.0 0.0 0.4 16

AtBtAtAtAtA 0.0 0.1 0.0 1.4 13

AtAtAtAtAtA 0.1 0.3 0.7 0.2 10
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complicated conformational ordering (nonadditivity of the back-
bone and side chain conformer energies) discussed above. Thej
angle is part of the ring and is well correlated with the phase θm
and amplitude P within the two puckering groups. Rather
surprisingly, there is also some correlation between the pucker-
ing coordinates and theψ andω angles not directly involving the
ring. The A puckering type (with the phase P∼ 100�, right-hand
side of Figure 3) clearly enforces smaller j-angles (∼ �75�)
than the B-type, where j∼�63�. For ψ, the values around 159
and 146� are most typical for the A and B puckering, respectively.
The angle ω weakly correlates both with the phase and the

amplitude. For the B puckering, theω-distribution is significantly
wider (172�180�) than for A (177�180�). The distribution is
primarily caused by the position of the residue in the hexamer; for
example, the peptide bond is more planar (ω∼ 180�) around the
N-terminus than close to the C-terminus (ω ∼ 175�). We find
the dependence of the secondary structure on the side chain
conformation interesting, as it may be important in protein
folding and structural applications. For an A-puckered ring in

trans-polyproline, for example, the translation distance per
residue is significantly larger than for the B-puckering. The
results are in agreement with previous experimental
observations,29 where the j main chain angle was slightly more
correlated with the puckering than with the ψ angle.
Similar analysis was done for the correlation between the ω

angle (cis, trans) and the main chain ψ and j angles, for all
A-puckered conformers. cis-Peptides exhibited distinct values of
ψ ∼ 162� and j ∼ �80�, while for trans ψ ∼ 158� and j ∼
�75�. However, terminal residues differed. Additionally, weaker
correlations were predicted at the N-end.
Raman and ROA Spectral Length Dependence. As docu-

mented in Figure 4 with the experimental spectra, the many
Raman and ROA bands exhibit a consistent progression with the
peptide chain length if normalized to the dominant peaks. The
good baseline stability and the low noise level allow us to
compare the spectral changes (details summarized in Table
S4) to the simulations. The vibrational assignment (Table S4)
agrees with the discussion of the ROA features in ref 35 and other
works.11 In Figure 4 we can see that, for example, the CdO
stretching ROA and Raman intensities (around 1620 cm�1)
increase quickly withN, untilN∼ 12. ForN = 2 Raman signals of
the terminal COO� carbonyl stretching (1570 cm�1) and
terminal NH2

+ bending (1401 cm�1) are clearly apparent; these,
however, gradually disappear for longer chains. Very clear are
also build-ups of the ROA intensity at 325, 405, 535, 946, 978,
999, 1195, and 1208 cm�1; typically the Raman signal is rather
constant, so that the CID (ROA/Raman circular intensity ratio)
increases with N. On the other hand, the Raman signal around
510 cm�1 becomes relatively very strong for a longer chain, but it
is not accompanied by a corresponding ROA signal.
Conformational Sensitivity of ROA. In principle, both the

Raman and ROA spectra carry information about the conforma-
tion. However, due to the limited precision of experiment and
simulations, only ROA exhibits recognizable differences. For
example, as documented in Figure 5, the all-A-puckering pro-
vides quite different spectra than the all-B-puckering. In parti-
cular, within 1100�1300 cm�1, many ROA bands are opposite
in A and B, which corresponds to the approximately opposite
chirality of the five-membered ring in these two forms.
The averaged (over A/B) spectra of conformations differing in

the cis- and trans-amide bonds (cc, tt, Figure 5) are very similar
within 200�1100 cm�1. The Boltzmann averaging over all

Figure 3. Correlation between the puckering amplitudeθm and phase P, andmain chain torsion angles (cf. Figure 1), as obtained for 64 PPII conformers
of (Pro)6 at the B3LYP/CPCM/6-311++G** level.

Figure 2. Dispersion of the two puckering coordinates, amplitude
θm, and phase P (cf. Figure 1 for definition) in the equilibrium
conformers of (Pro)N.
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conformers is best representing the experiment; if we allow for
minor scaling (frequency shift which can be accounted for by the
solvent, anharmonic effects, and DFT inaccuracy), we see that
most of the ROA bands are reproduced with correct signs.
The large positively biased ROA couplet (∼1650 cm�1) of the

strongly hydrated NH2
+ and CdO groups is not seen in

experiment, where only a positive plateau remains, which can
be explained by the hydrogen bonding and water configuration
averaging, only partially involved in the implicit dielectric solvent
model.78,83�85 Larger deviations between the theoretical and

experimental frequencies appear also within 1210�1400 cm�1.
This region can be affected by anharmonic interactions, pre-
sumably present in the C�H bending modes,77 higher density of
vibrational states, and general error of the DFT force field and
potential energy surface. Overall, however, the Boltzmann-aver-
aged spectrum clearly reproduces the most prominent experi-
mental ROA features, including the inhomogeneous broadening
of spectral bands86 caused by the multiconformer equilibrium.
The corresponding Raman spectra can be found in Figure S3.
ROA Length Dependence. The Boltzmann-averaged spectra

faithfully reproduce the observed length dependence. This is
documented for the 250�500 cm�1 and 825�1050 cm�1

wavenumber regions, where the ROA spectra are expanded in
Figure 6. Note that the simulation for the longer peptides (N > 6)
is not possible at the same level, due to the unfeasible computa-
tional time and a large number of conformers. Thus, the
simulated results for N = 9 and 12 in the right upper panel of
Figure 6 were obtained by the transfer for the A puckering, and
their intensity is somewhat overestimated due to the lack of the
averaging.
Nevertheless, we can see that the simulation reproduces not

only the spectral pattern, but also the main trends in the ROA
spectral dependence on the chain length. For example, the band
at∼402 cm�1 (experimental frequency is given) is absent for the
shortest oligoprolines, but it is well-developed for N g 6. An
intermediate intensity of (Pro)4 is present both in experiment
and in simulation. Similarly, the negative intensity around
325 cm�1 grows in magnitude with N; however, unlike for the
402 cm�1 band, a weak negative signal is present already for the
dimer. Within 825�1050 cm�1, the pattern simulated for N = 6
resembles more the experiment forN = 9 than the hexamer, most
probably due to the peptide flexibility only partially accounted for
in the modeling. For N = 9 and 12, the simulated (transferred)

Figure 4. Experimental Raman (top) and ROA (bottom) spectra of the proline oligomers.

Figure 5. Dependence of the ROA trimer spectra on the conformation.
From top to bottom: calculated spectra for the AAA and BBB puckering
(cis- and trans-amide averaged), cc and tt amide structures (puckering
averaged), Boltzmann average of all conformations, and the experiment.



15085 dx.doi.org/10.1021/jp207706p |J. Phys. Chem. B 2011, 115, 15079–15089

The Journal of Physical Chemistry B ARTICLE

results also well reproduce the trends in the spectral shapes,
except for the large intensity caused by the limited averaging.
On the basis of the simulations, the Raman and ROA signal

and its length-dependence can clearly be related to the structure.
For example, the terminal groups with symmetric (1305 cm�1)
and asymmetric (1570 cm�1) CdO stretching of the carboxyl
group, andNH2

+waggingmotion at∼1400 cm�1 provide relatively
large Raman and ROA signals in the dimer, which, however,
quickly recede with the increasing length of the proline chain.
Quite often, ROA signal increase is associated with deloca-

lized, exciton-like vibrations. This can be related to the regularity
of the structure as discussed previously for a circular dichroism
enhancement.41 According to our knowledge, this phenomenon
was not observed for the Raman and ROA spectra so far. For
example, the CdO stretching Raman band (∼1625 cm�1) is
significantly enhanced, as the main chain predominantly adopts
the trans PPII form. Also some of the ring deformationmodes are
enhanced in Raman, and some other exhibit higher CID (ROA/
Raman) ratio. When the dependence of selected ROA bands on
the chain length was simulated by the CCT method for N = 2, ...,
100 (Figure 7) we could see that the saturation of the normalized
signal is achieved at N ∼ 40, although the signal continues to
grow less steeply also beyond this limit.
The simulation predicts the most favorable intensity enhance-

ment for the regular all-A puckering arrangement in the regular
PPII chain (Figure 7). The all-B conformer provides a smaller
enhancement, which can be explained by a different coupling
leading to different exciton modes.41 The alternate AB form
where the regularity is perturbed most also provides very weak

enhancements, again in agreement with the exciton model, as
individual oscillators in proline rings may have different frequen-
cies and do not couple strongly in this case.
The simulated development of the Raman and ROA signals

with the proline chain length is in good agreement with the
observations. We suppose that the proline chain is not so regular
as in the simulation, for example, straight segments with N∼ 50
are very rare. Because of thermal fluctuations and structural
irregularities, we can expect a saturation in experiment for shorter
lengths (N∼ 12�50), which is in fact observable in Figures 4 and
6. An example of the experimental ROA band progression is
given in Figure 8. Here, the relative intensity of the perhaps most
distinct 946 cm�1 ROA band is plotted in dependence on the
chain length. For small N the intensity rises almost linearly, and
saturates for the shorter oligomer, with N ∼ 50. The CID ratio
(ROA/Raman) is progressing in the similar way, as the Raman
signal is almost constant (cf., Figure 4). As expected, the mode
giving the highest intensity predicted by the simulations for the
hexamer is delocalized along the peptide chain (top of Figure 8).
This is in a perfect agreement with the predicted dependence
(Figure 7), but only for the homoconformers (all-A or all-B). We
can therefore suppose an occurrence of longer homopuckered
sequences in the proline chain.
Theoretical and Experimental Conformer Ratios.We find it

remarkable that computed Boltzmann ratios of the conformers
can be directly verified by a decomposition of the experimental ROA
spectra to the limited number of scaled simulated subspectra
representing individual conformer classes. Obviously, decomposi-
tion into too many conformers would not be mathematically

Figure 6. Two spectral regions (up and down): the experimental (left) and simulated (right) ROA spectra for (Pro)N documenting the length
dependence.
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well-defined; however, decompositions into the two or three
subspectra provide very encouraging results.
This is documented in Figure 9, where the total cis/trans and

A/B content determined by the root-mean-square spectral
decomposition39,52,73 is compared to the Boltzmann weights.
The decomposition cannot be done for N > 4 due to the huge
number of conformers required for the calculations. The puck-
ering A/B ratio of about 60/40 (lower part of Figure 9) is

relatively stable over the entire range of the peptide chain lengths,
which is consistent with previous computational and X-ray studies,

Figure 7. Frequency (top) and ROA intensity (bottom) dependence on the length of the (Pro)N chain, simulated for three bands and regular PPII all-A
(“AA”), all-B (“BB”), and alternate AB puckering patterns.

Figure 8. Experimental dependence of the normalized ROA band at
946 cm�1 on the (Pro)N chain length. The most intense vibrational
mode of this band as simulated at the B3LYP/6311++G**/CPCM level
is displayed above.

Figure 9. Secondary structure (cis = PPI and trans = PPII) and
puckering (A and B) ratios in (Pro)N, computed Boltzmann popula-
tions (B3LYP/CPCM/6-311++G**), and percentages obtained from
the decomposition of experimental ROA spectra into calculated
spectra.
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where in general a 1:1 population is presumed in proteins and
peptides.25,28,29,31,34,35,87�89

The increasing folding into the trans-amide (polyproline II)
structure corresponds well to the previous polyproline chain
dependence studied by the VCD spectra, which selectively probe
the main chain secondary structure.16,17,56 However, our results
also indicate that the PPII folding is gradual, and ratios of pure all-
PPII or all-A, and so on, forms are fairly low. The cis/trans ratio
(upper part of Figure 9) determined by the energy weighting
follows the experimental dependence, although it is consistently
larger. We explain this primarily by the error of the PCM solvent
correction, which may not well represent the hydrogen bonds
stabilizing the secondary structure.83 Also, as documented in
Figure 5, the ROA spectra may not be so sensitive to the cis/trans
change as to the A/B puckering difference.
A more detailed summary of the spectral decomposition and

calculated Boltzmann weights is given in Table 3, pure conformer
species are compared in Figure S4. We can see (Table 3) that the
experimental weights somewhat vary according to the decom-
position details (the last two columns correspond to decomposi-
tions without (algebraic sum) and with Boltzmann weighting
within the conformer classes). With the presumably more
accurate Boltzmann weighting, the A/B puckering ratios are well
reproduced (within a few %), whereas larger deviations occur for
the cis/trans-amide bond ratios.

’CONCLUSIONS

We performed a joint computational and Raman/ROA spec-
troscopic characterization of zwitterionic oligoproline molecules.
The quality of the experimental spectra allowed us to follow the
dependence of the signal on the number of proline residues in the

molecule. The experiment could be well-explained on the basis of
calculated relative conformer energies and simulated spectral
intensities.

The computation provided insight into the polyproline fold-
ing mechanism, interplay between the side chain conformation
and polyproline secondary structure, and the most probable
puckering patterns. The investigated sequences (N ∼ 2, ..., 6)
fall into the transition state between cis andmixed c/t forms and
longer peptides probably dominated by the regular polyproline
II structure. The predicted correlations between the main and
side chain geometry parameters were in agreement with pre-
vious X-ray data.

The ROA spectroscopy proved to be extremely sensitive to
the A/B puckering, and slightly less to the cis/trans-proline amide
group conformation. The simulated spectra well explained the
observed intensity patterns and the proline chain length depen-
dence. The normal-mode analysis and vibrational assignment
revealed that a delocalization in phonon-like vibrations can lead
to a significant enhancement of the ROA/Raman intensity ratios,
which, in turn, can be used to verify the predicted conformation
and regularity of the peptide chain. The study also suggests that
the protein folding is a dynamic and gradual process.
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