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1. Introduction

The determination of the structure of biomolecules and the
elucidation of biomolecular structure formation are at the core
of a detailed understanding of biological functionality[1, 2] and a
prerequisite for the theoretical design of functional biomole-
cules (see, e.g. refs. [3] , [4]). While X-ray diffraction is able to
provide accurate structures for protein crystals, NMR spectros-
copy can be employed to determine protein structures in solu-
tion. However, these well-established techniques are, in gener-
al, not suitable for studying the fast processes occurring in dis-
ordered and unfolded proteins, during protein folding, or
while proteins perform their catalytic function. X-ray crystallog-
raphy can only provide a static picture, whereas the time reso-
lution of NMR spectroscopy is limited to microseconds because
of the applied radio frequency pulses.[5, 6]

Therefore, complementary spectroscopic techniques are nec-
essary to investigate very flexible biomolecular structures and
to elucidate fast structural changes during protein folding. One
important tool is vibrational spectroscopy, which can be direct-
ly applied to proteins in their natural environment (i.e. in aque-
ous solution) and potentially provides femtosecond time reso-
lution.[7, 8] However, extracting structural information from vi-
brational spectra is a difficult task. First, conventional IR and
Raman spectra of polypeptides and proteins are usually con-
gested and contain a large number of transitions.[9–11] To over-
come this problem, specialized spectroscopic techniques have
been developed. In 2D IR spectroscopy,[12–15] the spectral infor-
mation is spread out over two dimensions, which provides
access to anharmonic couplings between different vibrations.
Other techniques such as resonance Raman spectroscopy[16–20]

or the chiral variants of IR and Raman spectroscopy,[21] vibra-
tional circular dichroism (VCD),[22] and Raman optical activity
(ROA),[23–25] filter specific information. Second, the relationship
between vibrational spectra and molecular structure is only in-

direct and quantum chemical calculations are often indispensa-
ble for extracting structural information.[26]

To elucidate the structures of unfolded or disordered protein
structures in solution, one important task is to distinguish be-
tween different helical conformations. Chiral vibrational spec-
troscopy is a valuable tool for this task. For instance, VCD spec-
troscopy is able to distinguish a- and 310-helical polypeptide
conformations[27, 28] and ROA spectroscopy has been employed
to elucidate the solution structure of polypeptides adopting
the poly(l-proline) II conformation.[29, 30] Herein, ROA spectros-
copy, which is particularly sensitive to structural differences in
unfolded and disordered proteins is focused upon.[31–34] How-
ever, a detailed understanding of the relationship between hel-
ical structure and ROA spectra, as well as simple rules of
thumb for the rationalization of polypeptide ROA spectra, are
still not available. Therefore, dedicated computational studies
are necessary to be able to reliably assign signatures of differ-
ent helical conformations (see, e.g. refs. [35]–[39]).

To this end, a theoretical study of the ROA spectra of helical
polypeptides containing twenty alanine (Scheme 1) residues
was recently performed.[37] By combining DFT calculations with
an analysis in terms of localized modes,[40, 41] it was possible to
obtain a detailed understanding of the different bands ob-
served in the ROA spectra. In particular, it was possible to
assign vibrations responsible for each of the bands and to
identify the mechanisms by which the ROA intensities and
band shapes arise. This made it possible to extract relation-
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ships between the a- and 310-helical backbone structure—in
particular, the different hydrogen-bonding pattern—and the
ROA spectra and allowed signatures that are specific to these
helical conformations to be proposed.

However, while, for a-helical alanine polypeptides, a compar-
ison of the computational results with measured spectra of
polyalanine, as well as other a-helical polypeptides,[42] is possi-
ble and confirms the proposed signatures,[37] a comparison to
experimental data for the 310-helical conformation is more diffi-
cult. Even though signatures of 310-helices, for instance, a posi-
tive ROA signal at 1340 cm�1, were previously proposed based
on a comparison of the measured ROA spectra of different pro-
teins containing 310-helices, among other secondary structure
elements,[43, 44] such assignments are often ambiguous. In many
cases, it is not clear which structural features are responsible
for the experimentally observed ROA bands, and consequently,
the proposed signatures of 310-helices were revised in subse-
quent work.[31]

Thus, experimental ROA studies on model polypeptides
known to adopt a single, well-defined conformation are re-
quired for a meaningful comparison of experimental and theo-
retical work. However, polypeptides made from alanine or
other standard a-amino acids do not adopt a 310-helical con-
formation. To obtain a 310-helix, Ca-tetrasubstituted amino
acids need to be introduced and it is also necessary to employ
larger aliphatic side chains to achieve a preference for right-
handed helices. In addition, more complex side chains, for in-
stance, containing a triazacyclononane (TAN) ring, are required
to obtain water-soluble polypeptides.[45–48] The ROA spectrum
of such a specifically designed 310-helical heptapeptide was re-
ported by Toniolo et al.[49] To be able to compare calculated
ROA spectra with this experimental spectrum, it has to be in-
vestigated how both Ca-tetrasubstitution and the variation of
the amino acid side chains affect the ROA spectra.

Herein, a systematic computational study of the ROA spectra
of 310-helical polypeptides is presented. In particular, it is inves-
tigated how the chain length, the Ca-substitution pattern, and
variations of the side chains affect the calculated ROA spectra
of 310-helical polypeptides. This is not only important for iden-
tifying ROA signatures of helical structures, but also provides
further insight into mechanisms determining the ROA spectra
of polypeptides in general and provides valuable insight for
the assignment and interpretation of polypeptide ROA spectra.

This work is organized as follows: The theoretical back-
ground of the calculation of ROA spectra and their analysis in
terms of localized modes is summarized and the mechanisms
determining the intensities and band shapes in polypeptide
ROA spectra are briefly reviewed. This is followed by a discus-
sion of the ROA spectra of 310-helical Ala20 polypeptides and
the previously proposed signatures of 310-helices. Next, the
model structure setup is discussed. This is followed by the
computational results and the effect of the chain lengths, the
Ca-substitution pattern, and the variation of the identity and
the conformation of the amino acid side chains are analyzed.
Finally, a comparison to experimental spectra is drawn.

2. Theoretical Background

Within the harmonic approximation, the normal modes Q and
the corresponding vibrational frequencies are obtained by di-
agonalizing the mass-weighted Hessian matrix H(m).[26, 50] For the
pth normal mode, Qp with vibrational frequency np, the ROA in-
tensities are—within the commonly employed semiclassical
framework and assuming a nondegenerate ground state and
that the incident laser light is not in resonance with an elec-
tronic excitation of the molecule[23, 51]—determined by the ROA
invariants b(G’)2

p and b(A)2
p, which in turn depend on the deriv-

atives of the electric dipole–electric dipole polarizability tensor,
a, the electric dipole–magnetic dipole polarizability tensor, G’,
and the electric dipole–electric quadrupole polarizability tensor
A with respect to the normal mode, Qp. These polarizability
tensors can be calculated by using response theory, most com-
monly time-dependent DFT,[52, 53] and their derivatives are ac-
cessible either with numerical[54–56] or analytical[57–60] derivative
techniques. Details on the computational methodology em-
ployed herein are summarized in the Computational Methodol-
ogy Section.

For large molecules, such as the polypeptides considered in
this work, the calculated vibrational spectra feature a large
number of close-lying normal modes. These individual vibra-
tional transitions are not resolved in experiment and only
bands to which several normal modes contribute are observed.
These bands can be characterized by their position (i.e. the fre-
quency or wavenumber at which they appear in the spectrum),
their total intensity (i.e. the intensity integrated over the whole
band, which is equal to the sum of the intensities of the indi-
vidual transitions), and their band shape (i.e. whether a single
peak, a couplet, or a more complicated band shape is ob-
served). Thus, to relate calculated spectra to experimental
data, it is not useful to consider the individual normal modes,
but rather one needs to understand how these bands arise
and how their positions, intensities, and shapes are deter-
mined.

This can be achieved by performing an analysis in terms of
localized modes.[40] For such an analysis, one considers the
subset of normal modes, Qsub, contributing to one band. For
this subset, one performs a unitary transformation, U, which is
determined such that the resulting transformed modes, ~Qsub =

QsubU, are as localized as possible when measured by a suitable
localization criterion.[40] Here and in the following, a tilde is

Scheme 1. Lewis structures of the amino acid building blocks considered.
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used to denote all quantities that refer to localized modes. In
contrast to the normal modes, which are delocalized over the
whole polypeptide, these localized modes are, in general, do-
minated by a vibration of one single amino acid residue. In ad-
dition, the localized modes obtained for one vibrational band
are similar to each other and feature similar atomic displace-
ments on the different residues.

Even though the Hessian matrix with respect to the localized
modes, ~Hsub, is not diagonal, its diagonal elements can be used
to assign frequencies, ~vp, to the localized modes. To first order,
these local mode frequencies are related to the band positions.
Furthermore, vibrational intensities of the localized modes can
be defined by considering the derivatives of the required po-
larizability tensors with respect to the localized modes. It can
be shown that the total intensity of one band is invariant
under a unitary transformation of the contributing modes[40]

and, therefore, the intensities of the localized modes directly
determine the total band intensities. Since the localized modes
obtained for one band are, in general, similar, they usually
show similar frequencies and intensities, so that the band posi-
tions and their total intensities can be understood by consider-
ing only one representative localized mode.[40, 41]

In the case of ROA spectra, two different mechanisms can
be identified that give rise to local mode intensities, and thus,
the total intensities of ROA bands.[37] First, in a chiral molecule,
a vibration of a single, achiral group can have a nonvanishing
ROA intensity. In this case, the ROA intensity is caused only by
the electronic chirality, that is, the chirality of the electronic
structure is probed by an achiral vibration.[61] This is, for in-
stance, the case for the amide I band (which is due to the
stretching vibrations of the amide C=O group)[37] in polypep-
tides or for the W3 vibration of tryptophan side chains.[62]

Second, the arrangement of the vibrating atoms can be chiral
by itself, so that the ROA intensity arises due to vibrational
chirality. Usually such vibrations can be described as coupled
vibrations of two (or more) achiral groups and their ROA inten-
sity depends on the orientation of these groups with respect
to each other. This makes the total intensities of the corre-
sponding ROA bands very sensitive to structural changes. The
vibrations in the extended amide III region in polypeptides are
an important example of this second type.[37, 63] Further exam-
ples of these two different mechanisms are discussed in more
detail in the following section.

To understand the shapes of ROA bands, considering only
the frequencies and intensities of the contributing localized
modes is not sufficient; in addition, the coupling between the
localized modes also has to be taken into account. The vibra-
tional coupling matrix, ~W, which is related to the Hessian
matrix with respect to the localized modes, ~Hsub,[40] determines
how the localized modes couple to normal modes. Because
the localized modes are similar to each other, this coupling
matrix usually has a simple structure and its elements only
depend on the distance between the corresponding localized
modes. The distribution of the intensity among the resulting
normal modes is then determined by the elements of the in-
tensity coupling matrix, ~I

h i
, which are given by products of

the polarizability tensor derivatives with respect to localized

modes. For definitions and a more detailed discussion, see ref-
erences [37] , [41] .

For ROA band shapes, two important cases can be distin-
guished.[37] If either the vibrational coupling constants or the
intensity coupling constants (or both) are small, a single peak
is obtained. If, on the other hand, the nearest-neighbor intensi-
ty coupling constants are large and if in addition the vibration-
al coupling constants do not vanish, a couplet arises. The ori-
entation of this couplet (i.e. whether it is positive at low wave-
numbers and negative at high wavenumbers or the other way
around) then depends on the signs of the nearest-neighbor in-
tensity coupling constants and the largest vibrational coupling
constants. Additionally, more complicated coupling patterns
are also possible.[37,64]

3. ROA Spectra of 310-Helical Alanine
Polypeptides

To provide a starting point for the analysis and discussion of
the calculated ROA spectra of more complicated 310-helical
polypeptides, the results obtained previously for 310-helical
Ala20 are briefly reviewed.[37] The calculated ROA spectrum is
shown in Figure 1 a, in which the assignment of the individual
normal modes to bands is also indicated.

To identify the vibrations responsible for each of these
bands, one can consider a representative localized mode (i.e. a
localized mode on a residue in the center of the helix). Except
for possible deviations occurring at the ends of the helix, in all
cases very similar atomic displacements are found for all local-
ized modes. Because only atoms of one residue contribute sig-
nificantly, these representative localized modes can be visual-
ized by only showing the atoms of one residue, as in Fig-
ure 1 b.

The amide bands are those that are related to vibrations of
the peptide bonds between the amino acid residues. The
amide I band between 1630 and 1660 cm�1 is mainly caused
by a stretching vibration of the C=O group, with smaller contri-
butions of a bending vibration of the adjacent N�H group. The
amide II band between 1470 and 1520 cm�1 is due to an out-
of-phase combination of the C�N stretching vibration and the
N�H bending vibration. The amide III band at 1180–1250 cm�1

is the corresponding in-phase combination (which can be re-
ferred to as the “classical” amide III vibration) that mixes with
Ca�H bending vibrations. It is usually discussed together with
the two bands at 1300–1330 and at 1260–1290 cm�1, which
are due to the two Ca�H bending vibrations (in the direction
of the N�Ca band and perpendicular to it, respectively), which
in turn mix with the classical amide III vibration. The amide III
and the two Ca�H bending bands together form the extended
amide III region.

In addition, there are bands between 1340 and 1460 cm�1

that are related to vibrations of the methyl groups in the ala-
nine side chains. The band at 1367 cm�1 is due to the symmet-
ric CH3 bending vibration, whereas the one at around
1460 cm�1 is caused by the two asymmetric CH3 bending vi-
brations. Finally, the region between 1000 and 1200 cm�1 fea-
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tures Ca�N and C�C stretching vibrations. However, a detailed
discussion of this spectral region is omitted herein.

By analyzing the localized modes, it is possible to identify
the mechanisms that determine the total ROA intensities and
the shapes of the bands in the calculated ROA spectrum.[37]

The localized modes obtained for the amide I and amide III
bands, as well as the CH3 bending bands, are vibrations of
achiral groups, and hence, the total ROA intensities of these
bands are due to electronic chirality only. On the other hand,
in the extended amide III region, the total ROA intensities of
the two Ca�H bending bands and of the amide III band are
due to vibrational chirality. The corresponding localized modes
are chiral by themselves because of mixing between the classi-
cal amide III vibration and the Ca�H bending vibrations.

Through comparison with the calculated ROA spectrum of
a-helical Ala20, possible signatures of 310-helical structures were
identified in reference [37]. First, the couplet found for the
amide I band is positive at low wavenumbers and negative at
high wavenumbers, which is opposite to the amide I couplet
found in a-helical polypeptides. This can be directly related to

the different hydrogen-bonding
patterns. While in an a helix the
positive nearest neighbor cou-
pling constant of about + 8 cm�1

is the largest in magnitude, and
thus, determines the vibrational
coupling, for the 310-helix the
negative second-nearest cou-
pling constant has the largest
magnitude (ca. �3.7 cm�1 vs. ca.
+ 2.7 cm�1 for the nearest-neigh-
bor coupling). This decrease of
the nearest-neighbor coupling is
related to the different relative
orientations of the C=O groups,
whereas the increase of the
second-nearest-neighbor cou-
pling is due to the hydrogen
bond between the correspond-
ing peptide units. Since the sign
of the dominating vibrational
coupling constants changes
while the intensity coupling
matrix remains similar, one ob-
tains a reverse amide I couplet.
These different vibrational cou-
pling patterns for a- and 310-heli-
cal polypeptides have recently
also been confirmed experimen-
tally by careful isotopic substitu-
tion studies.[65]

Second, the total ROA intensi-
ty of the amide II band increases
for the 310-helical polypeptide
compared to the a helix, for
which the amide II band is not
visible. Due to a significant near-

est-neighbor vibrational coupling constant of around
�6.2 cm�1 (compared to ca. �2.8 cm�1 for the a helix), in com-
bination with an intensity coupling matrix in which the near-
est-neighbor contributions almost vanish, this amide II band
splits into two peaks at 1484 and 1516 cm�1.

In addition, several differences are also found in the extend-
ed amide III region. Because of coupling between the classical
amide III vibration and the Ca�H bending vibrations, these
bands are very sensitive to structural changes. This coupling is
also strongly affected by solvent effects and, therefore, more
detailed studies, including explicit solvation, are required to
make reliable predictions for these bands. Finally, for the CH3

bending localized modes, similar wavenumbers and ROA inten-
sities are obtained for the a- and 310-helical conformations, but
the two peaks of the asymmetric CH3 bending bands move
closer together in the latter, resulting in a single negative peak
instead of a couplet. For each of the CH3 bending vibrations,
the vibrational couplings are small, so that only a single peak
is observed.

Figure 1. a) Calculated ROA spectrum of 310-helical (Ala)20,[37] including the assignments of the different bands. The
spectra have been plotted by using a Lorentzian line width of 15 cm�1 and the individual transitions have been in-
cluded as a line spectrum scaled by 0.04. b) Representative localized modes for each of the bands in the calculat-
ed ROA spectrum of 310-helical (Ala)20. Only those atoms that contribute significantly are shown.
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4. Model Structure Setup

The only experimental ROA spectrum of a polypeptide that
adopts a 310-helical conformation in solution has been report-
ed in reference [49] for a specifically designed heptapeptide,
labeled 7 B in the following discussion. Starting from the com-
putational results obtained for 310-helical Ala20, the ROA spectra
of a series of polypeptides that provide a step-by-step model
of the structural differences between Ala20 and 7 B was system-
atically investigated.

First, a shorter alanine polypeptide, Ala10, with only ten
amino acid residues is studied. Such a polypeptide is not long
enough to support an a-helical conformation if the molecular
structure is fully optimized and solvent effects are not explicitly
included.[35, 41] However, a regular 310-helix is the preferred con-
formation in such calculations because of the higher number
of hydrogen bonds, so that ten amino acids are sufficient here.
The backbone dihedral angles of the optimized Ala10 310-helix
are approximately f=�628 and y=�198 ; larger deviations
occur only for the three residues at the O-terminal end. This
backbone structure is identical to the one obtained for Ala20.
Therefore, all differences between the calculated ROA spectra
of Ala20 and Ala10 can be attributed to the different chain
lengths.

As a next step, the effect of a fourth substituent at the Ca

atoms was investigated. For this purpose, a polypeptide com-
posed of ten a-aminoisobutyric acid (Aib, see Scheme 1) resi-
dues, Aib10, was investigated. In
Aib, the Ca-hydrogen atom has
been replaced by a methyl
group, resulting in an achiral Ca-
tetrasubstituted amino acid. For
Aib10, a right-handed, 310-helical
conformation is considered, and
backbone dihedral angles of ap-
proximately f=�548 and y=

�288 were obtained for the opti-
mized structure. Note, however,
that because Aib is achiral, the
right- and left-handed helical
conformations are enantiomers.
To achieve a preference for the
right-handed 310-helical confor-
mation, chiral amino acids have to be reintroduced. Thus, poly-
peptides built from isovaline (Iva) and a-methylnorvaline (a-
Me-Nva) were investigated as the next step (see Scheme 1).
Again, polypeptides with ten residues in a right-handed 310-
helical conformation, which is now preferred over the left-
handed form, were studied.

For Iva and a-Me-Nva, different side-chain conformations are
possible. First, c1 (i.e. the N�Ca�Cb�Cg dihedral angle) can
adopt three different values. These conformations are illustrat-
ed in Scheme 2 a and are referred to as anti-N (c1�1808), anti-
CH3 (c1� + 608), and anti-CO (c1��608). Second, for a-Me-Nva
c2, 1 (i.e. the Ca�Cb�Cg�Cd dihedral angle, see Scheme 2 b) could
also be varied such that the n-propyl side chain was in either
an anti (c2, 1�1808) or a gauche conformation (c2, 1�

�608). When calculating the ROA spectra of the Iva10 and (a-
Me-Nva)10 polypeptides, it is, however, not feasible to investi-
gate all possible side-chain conformations. Therefore, only
three different conformers were studied for each polypeptide,
in which all residues adopt the anti-N, anti-CH3, and anti-CO
conformations, respectively, and for a-Me-Nva only the anti
conformation of the n-propyl side chain was considered. The
relative energies and structural parameters of the fully opti-
mized structures are given in Table 1. For Iva10 and (a-Me-

Nva)10, the all-anti-N conformers are energetically preferred by
15.6 and 13.3 kJ mol�1, respectively, compared with the all-anti-
CH3 structures. It can, therefore, be estimated that the energies
of conformers in which only one side chain adopts a different
conformation are about 2 kJ mol�1 above the most stable con-
formation and such conformers are populated at room tem-
perature and contribute to the observed ROA spectra. For all
optimized structures of Iva10 and (a-Me-Nva)10, the backbone
dihedral angles differ from those obtained for Aib10 by no
more than 58. The fully optimized molecular structures of all in-
vestigated polypeptides are shown in the Supporting Informa-
tion.

Finally, the polypeptide 7 B is considered, which is an a-Me-
Nva heptapeptide, in which two residues have been replaced

Scheme 2. Different possible side-chain conformations for Iva and a-Me-Nva.

Table 1. Approximate backbone and side chain dihedral angles in the optimized structures of the investigated
polypeptides. For Iva10 and (a-Me-Nva)10, the relative energies, Erel, of the considered conformers are also given.

f [8] y [8] c1 [8] c2, 1 [8] Erel [kJ mol�1]

Ala20 �63 �19
Ala10 �62 �19
Aib10 �54 �28
Iva10 anti-N �52 �30 180 0.0

anti-CH3 �58 �23 + 60 15.6
anti-CO �55 �28 �60 22.5

(a-Me-Nva)10 anti-N �51 �31 180 180 0.0
anti-CH3 �57 �23 + 60 180 13.3
anti-CO �55 �29 �60 180 19.8

7 B �50/�63 �32/�16 180 180
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by 2-amino-3-[1-(1,4,7-triazacyclononane)]-l-propanoic acid (l-
ATANP, see Scheme 1) units and which has been terminated
with methoxy and acetyl groups. Here, only the most stable
conformation for the side chains is considered (i.e. the anti-N
conformation for c1 in a-Me-Nva as well as ATANP and the
anti-conformation for the n-propyl side chains of a-Me-Nva). In
addition, several conformations are possible for the TAN rings,
which were not systematically investigated. Since 7 B contains
both Ca-trisubstituted and Ca-tetrasubstituted amino acids, the
backbone dihedral angles in the optimized structure (shown in
Figure 2) vary between those of Ala10 and of Aib10.

5. Analysis of the ROA Spectra of 310-Helical
Polypeptides

5.1. Chain Length: (Ala)20 versus (Ala)10

A comparison of the calculated ROA spectra of Ala20 (shown in
Figure 1 a) and of Ala10 (shown in Figure 3 a) makes it possible
to assess the effect of the shorter peptide chain on the ROA
spectra. Overall, there is good
agreement between the spectra.
For the CH3 bending vibrations,
as well as for the Ca�N and C�C
stretching region, the positions
of the ROA bands are un-
changed. Their intensities and
band shapes also remain qualita-
tively similar, but there are slight
changes in their relative intensi-
ties. Except for some differences
in the amide III band, the spectra
also agree for the extended ami-
de III region. For the amide II
band, the shape with two nega-
tive peaks is not affected, but

both amide II peaks shift by about 8 cm�1 to lower wavenum-
bers. For all bands in Ala10, the localized modes obtained for
residues in the center of the helix, which are shown in the Sup-
porting Information, are identical to those of Ala20 (see Fig-
ure 1 b).

The only major difference between the ROA spectra of Ala20

and Ala10 occurs for the amide I band. The couplet (positive at
lower wavenumbers and negative at higher wavenumbers) for
Ala20 disappears and is replaced by a positive peak, which is
also shifted to higher wavenumbers. This change in the
amide I band can be investigated by considering the corre-
sponding localized modes. The wavenumbers and the ROA in-
tensities of one localized mode from the center of the helices
are compared in Table 2. The wavenumber of this mode shifts
to higher wavenumbers, which corresponds to the shift of the

Figure 2. Optimized molecular structure of the 310-helical model heptapep-
tide 7 B.

Figure 3. Calculated ROA spectra of a) 310-helical (Ala)10 and b) 310-helical
(Aib)10 in the right-handed conformation. The spectra have been plotted by
using a Lorentzian line width of 15 cm�1 and the individual transitions have
been included as a line spectrum scaled by 0.04.

Table 2. Wavenumbers, ñ (in cm�1) and ROA intensities (int. ; in 10�3 �4/a.m.u.) for representative localized
modes obtained for the amide I, II, and III bands in 310-helical polypeptides. For Ala20, the localized modes on
the peptide link between residues 9 and 10 are considered, for all other polypeptides those on the peptide
link between residues 5 and 6.

Amide I Amide II Amide III
ñ int. ñ int. ñ int.

Ala20 1640 1.5 1502 �9.4 1242 10.5
Ala10 1652 6.0 1494 �9.7 1235 �1.6
Aib10 1650 �6.5 1496 �3.3 1249 6.8
Iva10 anti-N 1643 �4.3 1499 3.9 1237 �4.9

anti-CH3 1642 �10.6 1494 10.4 1227 6.0
anti-CO 1645 �4.0 1490 �2.8 1239 13.6

(a-Me-Nva)10 anti-N 1643 �1.6 1499 2.5 1227 0.9
anti-CH3 1643 �8.3 1493 15.6 1221 8.8
anti-CO 1643 �1.9 1489 7.5 1237 15.2
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amide I band. However, while for Ala20 the wavenumbers and
ROA intensities of the localized modes in the center of the
helix agree with each other and deviations occur only for the
modes on the terminal residues, these deviations are much
more significant for the shorter Ala10 helix. A list of all amide I
localized modes for Ala20 and Ala10 is given in the Supporting
Information. For Ala10, the wavenumbers of the localized
modes on the two residues at each end of the helix are about
10 cm�1 higher than those of the modes from the center of
the helix. In addition, the ROA intensities of these terminal
modes are significantly higher. For the shorter helix, these end-
group effects alter the amide I band in the final ROA spectra
more significantly.

The amide I couplet in 310-helical Ala20, which is opposite to
the one in the corresponding a helix, could be traced back to
the vibrational coupling constants and the observation that
the negative second-nearest-neighbor coupling is the largest
in magnitude (see Table 3). This pattern is preserved for Ala10.
The magnitude of the first- and second-nearest-neighbor cou-
pling constants decreases, but the second-nearest-neighbor

coupling of �3.3 cm�1 still dominates, compared to a nearest-
neighbor coupling of + 2.4 cm�1. The intensity coupling matri-
ces for Ala10 and Ala20 remain qualitatively unchanged, even
though the nearest-neighbor intensity coupling decreases (see
Supporting Information). Hence, one should still observe an
amide I couplet that is positive at lower wavenumbers and
negative at higher wavenumbers in Ala10. However, because of
the shorter chain length, the splitting between the positive
and the negative parts is significantly reduced. Moreover, the
localized modes on the terminal residues interfere with this
couplet, so that in the final ROA spectrum, the amide I band is
dominated by a single positive peak. Finally, note that the vi-
brational couplings constants (see Table 3 and Supporting In-
formation, respectively) and the intensity coupling constants
(see Supporting Information) do not change significantly for
the amide II and III bands.

5.2. Ca-Substitution Pattern: (Ala)10 versus (Aib)10

Next, the effect of Ca-tetrasubstitution on the ROA spectra can
be investigated by comparing the calculated spectra of Ala10

and Aib10, in which the hydrogen atoms at the Ca atom are re-
placed by methyl groups. Both spectra are shown in Figure 3.
It is important to note that Aib is an achiral amino acid. There-
fore, the ROA spectrum of Aib10 is solely due to the global chir-
ality of the helical structure,[35] and there is no contribution of
the local chirality of the amino acids.

The ROA spectrum of Aib10 differs significantly from that of
Ala10. For the amide I band, one now finds a negative peak.
This sign change is reflected by the ROA intensities of the lo-
calized modes on the central residues (see Table 2). Neverthe-
less, the pattern found for the vibrational coupling constants
(see Table 3) is still the same as for the 310-helical alanine poly-
peptides, with a positive nearest-neighbor coupling and a neg-
ative second-nearest coupling constant, which is larger in mag-
nitude. However, the nearest-neighbor coupling increases and
as a result the difference in magnitude between the first and

second nearest-neighbor cou-
pling becomes very small. For
the amide II band, the sign of
the localized mode ROA intensi-
ties (see Table 2) changes from
negative to positive. Moreover,
instead of two negative peaks,
one now finds a couplet that is
negative at lower wavenumbers
and positive at higher wavenum-
bers. While the amide II vibra-
tional coupling constants are
similar for Ala10 and Aib10, this
different band shape can be re-
lated to the increase of the near-
est-neighbor intensity coupling
terms (see the Supporting Infor-
mation).

In the extended amide III region, large qualitative changes
appear. Whereas there are three bands in this region for the
alanine polypeptides (the amide III band as well as two Ca�H
bending bands), there is only one band for Aib10. The represen-
tative localized modes for the bands in this region are shown
in Figure 4. Because there are no Ca-hydrogen atoms in Aib10,
the corresponding Ca�H bending bands disappear and only
the amide III band remains. The amide III localized mode also
differs. For the alanine polypeptides, the classical amide III vi-
bration couples with the Ca�H bending vibrations, and the re-
sulting amide III localized modes are combinations of these vi-
brations. Because of this coupling, its ROA intensity is due to
the vibrational chirality resulting from the chiral arrangement
of the peptide group and the Ca�H group. In contrast, for
Aib10, the amide III band is only due to the classical amide III vi-
bration. Since the peptide group is not chiral by itself, its ROA
intensity is, in this case, only determined by the electronic chir-
ality of the helical structure. Hence, the extended amide III
region can be expected to be much less sensitive to structural

Table 3. Vibrational coupling constants (in cm�1) obtained for the amide I and II bands in 310-helical polypep-
tides. For Ala20, the coupling constants refer to the coupling between the localized modes on the peptide link
between residues 7 and 8 and those on subsequent ones. For all other polypeptides the coupling between the
localized modes on the peptide link between residues 4 and 5 and its neighbors is given.

Amide I Amide II
1st 2nd 3rd 4th 1st 2nd 3rd 4th

Ala20 + 2.7 �3.7 �0.8 �0.6 �6.2 �3.5 + 1.1 �0.3
Ala10 + 2.4 �3.3 �0.3 �0.7 �5.8 �3.4 + 1.1 �0.2
Aib10 + 2.9 �3.0 �0.5 �0.5 �4.2 �2.7 + 1.2 �0.1
Iva10 anti-N + 2.9 �3.4 �0.6 �0.4 �4.1 �2.3 + 1.0 �0.1

anti-CH3 + 2.8 �2.7 �0.4 �0.5 �3.7 �2.1 + 1.0 0.0
anti-CO + 2.8 �3.0 �0.4 �0.4 �4.8 �2.3 + 0.8 �0.1

(a-Me-Nva)10 anti-N + 3.0 �3.3 �0.6 �0.5 �4.1 �2.3 + 1.0 �0.1
anti-CH3 + 2.6 �2.6 �0.1 �0.5 �3.7 �2.6 + 0.9 �0.1
anti-CO + 2.8 �2.9 �0.4 �0.3 �5.3 �2.5 + 1.0 �0.2
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changes in Aib polypeptides because coupling between classi-
cal amide III vibration and Ca�H vibrations is not present. Final-
ly, the absence of this coupling also leads to a shift of the ami-
de III band to higher wavenumbers (see Table 2).

Differences between Ala10 and Aib10 are also observed for
the asymmetric CH3 bending band, for which a strong couplet
is found instead of a negative peak, and for the symmetric CH3

bending band, which changes its sign. These bands are dis-
cussed in the following section. Finally, note that large changes
are also observed in the Ca�N and C�C stretching region
below 1200 cm�1. This is due to the additional Ca�Cb stretch-
ing vibration in Aib10, which mixes with the other vibrations in
this region.

5.3. Variation of Side Chains and Side-Chain Conformation:
Iva10 and (a-Me-Nva)10

As a further step, the polypeptides Iva10 and (a-Me-Nva)10,
which are composed of chiral Ca-tetrasubstituted amino acids
with larger aliphatic side chains, are investigated. Thus, in addi-
tion to the global chirality of the right-handed helical structure,
the local chirality of the amino acid building blocks is reintro-
duced. The calculated ROA spectra for the three conformers
considered for Iva10 and (a-Me-Nva)10 are shown in Figure 5,
with the spectra of the most stable anti-N conformers given
on top.

For both Iva10 and (a-Me-Nva)10, the three amide bands are
rather small for all conformers. The corresponding localized
modes, which are shown in the Supporting Information, are
similar to those obtained for Aib10 in all cases. The amide I
band features a negative peak or a weak couplet at approxi-

mately the same position as that in Aib10. In line with the neg-
ative total intensity of the amide I band, the ROA intensity of
the localized modes on the central residues is also negative for
all conformers (see Table 2). However, relative to Aib10, these
localized modes are shifted to lower wavenumbers by about
7 cm�1. But as discussed earlier for Ala10, large deviations are
observed for the localized modes on the terminal residues,
which are shifted to higher wavenumbers and exhibit a posi-
tive ROA intensity. These end-group effects significantly alter
the position and shape of the amide I ROA band. For the vibra-
tional coupling constants, which are compared in Table 3, the
pattern found for the alanine polypeptides and for Aib10 is pre-
served. The nearest-neighbor coupling is positive, whereas the
second-nearest-neighbor coupling is negative. In addition, for
most of the conformers the second-nearest-neighbor coupling
is larger in magnitude. However, the magnitudes of the first
and the second-nearest-neighbor couplings approach each
other. Consequently, the resulting splitting between the
normal modes is small and instead of a couplet only a single
negative peak is found for most conformers.

For the amide II band, the localized modes show the same
wavenumbers as those of Aib10 and the ROA intensity is still
rather small, even though its sign changes. In addition, the vi-
brational coupling constants (see Table 3) are similar, resulting
in a couplet. At lower wavenumbers this couplet partly over-
laps with the adjacent CH3 bending bands. The representative
localized modes obtained for the amide III band (see Table 2)
are shifted to lower wavenumbers than those of Aib10 and
have a small and, for most conformers, positive ROA intensity.
In contrast to the alanine polypeptides and also to Aib10, the
vibrational coupling constants of the amide III band (see the
Supporting Information) become very small. As a result, only a
single peak is observed in the calculated ROA spectra.

The strongest signals in the ROA spectra of Iva10 and (a-Me-
Nva)10 appear in the region between about 1250 and
1470 cm�1. This region includes vibrations of the side chain
CH3 and CH2 groups and, therefore, also shows the biggest
changes upon introduction of larger aliphatic side chains and
variation of the side-chain conformation. To start, the region
between about 1420 and 1470 cm�1, which is labeled as the
asymmetric CH3 bending region in Figure 5, is considered. Rep-
resentative localized modes obtained for the bands in this
region for the different 310-helical polypeptides are shown in
Figure 6, and the wavenumbers and ROA intensities of these
localized modes are summarized in Table 4.

For the alanine polypeptides, this region contains the two
almost degenerate asymmetric CH3 bending vibrations at
about 1450 cm�1. While one of these modes has a positive and
the other one has a negative ROA intensity, they are not sepa-
rated in the ROA spectrum and a single negative ROA band
shows up in the calculated spectra. For Aib10, an additional
methyl group is introduced and consequently there are four
almost degenerate asymmetric CH3 bending vibrations at
around 1450 cm�1. The localized modes all have positive ROA
intensities. However, the vibrations on the two methyl groups
couple with each other and form one negative ROA band at
1427 cm�1 and a stronger positive band at 1446 cm�1.

Figure 4. Representative localized modes corresponding to the extended
amide III region in Ala10 (left) and in Aib10 (right). The localized modes on the
peptide link between residues 5 and 6 have been chosen here. Only those
atoms that contribute significantly are shown.
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For Iva10, the two methyl groups (CbH3 and CgH3) become in-
equivalent and, in addition, a CbH2 group is introduced. For the
band at 1450–1470 cm�1, three localized modes are obtained
on each residue. These correspond to one of the asymmetric
CbH3 bending vibrations and the two asymmetric CgH3 bending
vibrations. The second asymmetric CbH3 bending vibration
combines with the scissoring vibration of the CbH2 group, re-
sulting in two localized modes at about 1437 and 1430 cm�1.
For the anti-N conformation, the three asymmetric CH3 bend-
ing localized modes have in total a negative ROA intensity,
which results in a negative peak at 1472 cm�1. The localized
modes for the higher wavenumber combination of asymmetric
CbH3 bending and CbH2 scissoring have a large positive ROA in-
tensity, leading to a very strong positive peak at 1439 cm�1.
For the lower wavenumber combination, the localized modes
have a large negative ROA intensity, which gives rise to a neg-
ative peak at 1427 cm�1. For the anti-CH3 conformation, the
relative intensities of the different localized modes and the
peaks in the final ROA spectrum differ, but the overall pattern
is still similar. On the other hand, for the anti-CO conformer,
the ROA intensity of the three asymmetric CH3 bending local-

ized modes becomes positive, whereas the intensity of both
CH2 scissoring localized modes becomes negative, resulting in
a shift of the strong positive peak in the ROA spectrum to
higher wavenumbers. Nevertheless, for all three conformers
the region between about 1420 and 1470 cm�1 is dominated
by a strong positive peak (either at 1440 cm�1 for the anti-N
and anti-CH3 conformations or shifted to 1454 cm�1 for the
anti-CO conformation), with an adjacent negative feature at
the lower wavenumber end at about 1430 cm�1. This negative
peak is strongest for the anti-CO conformation and almost dis-
appears for the anti-CH3 conformer.

For (a-Me-Nva)10, a second CH2 group is introduced. The
scissoring vibration of this additional CgH2 unit combines with
one of the asymmetric CdH3 vibrations. Hence, there are four
localized modes with wavenumbers between 1445 and
1470 cm�1: one asymmetric CbH3 bending vibration, one asym-
metric CgH3 bending vibration, and two combinations of the
other asymmetric CgH3 bending vibration with the CgH2 scissor-
ing vibration. The two combinations of the other asymmetric
CbH3 bending vibration with the CbH2 scissoring vibration
appear at about 1435 and 1425–1430 cm�1, that is, at slightly

Figure 5. Calculated ROA spectra the three considered conformers of Iva10 (left) and (a-Me-Nva)10 (right). The spectra have been plotted by using a Lorentzian
line width of 15 cm�1 and the individual transitions have been included as a line spectrum scaled by 0.04.
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lower wavenumbers than those in Iva10. The ROA intensities of
the localized modes qualitatively agree with those of Iva10. For
the anti-N and anti-CH3 conformers, the four localized modes
between 1445 and 1470 cm�1 have a negative ROA intensity in
total, which gives rise to negative features at 1467 and
1447 cm�1, respectively, whereas the CbH2 scissoring vibrations
yield a very strong positive peak at about 1435 cm�1 and for
the anti-N conformer a negative peak at 1425 cm�1, which dis-
appears for the anti-CH3 conformation. As for Iva10, in the anti-

CO conformer the ROA intensity
of the localized modes at higher
wavenumbers increases, result-
ing in a shift of the strong posi-
tive ROA peak. Altogether, in the
1420–1470 cm�1 region the re-
sulting ROA spectra of Iva10 and
(a-Me-Nva)10 are in good agree-
ment with each other for each
of the three considered con-
formers.

Finally, ROA signals due to the
aliphatic amino acid side chains
also appear in the region be-
tween about 1260 and
1380 cm�1. This region is labeled
as the symmetric CH3 bending
region in Figure 5. For the con-
sidered 310-helical polypeptides,
the corresponding localized
modes for each band in this
region are shown in Figure 7,
and the wavenumbers and ROA
intensities of these localized
modes are compared in Table 5.

For the alanine polypeptides,
there is only the symmetric CbH3

bending vibration at around
1366 cm�1 in this region, with a
small positive ROA intensity. For
Aib10, the additional methyl
group introduces a second sym-
metric CbH3 bending vibration at
1351 cm�1. Both symmetric CbH3

bending vibrations still have a
rather small ROA intensity that
changes its sign and becomes
negative when going from Ala10

to Aib10. In Iva10, the two methyl
groups become inequivalent and
the symmetric CgH3 bending vi-
bration shifts up to 1370–
1376 cm�1, whereas the symmet-
ric CbH3 bending vibration stays
at about 1350 cm�1. In addition,
two vibrations of the CbH2 group
appear in the considered region:
the wagging vibration at about

1325 cm�1 and the twisting vibration at about 1295 cm�1. Fi-
nally, for (a-Me-Nva)10, the position of the symmetric CdH3

bending vibration moves slightly to 1365–1370 cm�1. In addi-
tion, because of the second CH2 group, there are now two CH2

wagging and two CH2 twisting vibrations. These two wagging
and twisting vibrations each couple and form an in-phase and
an out-of-phase combination. For the wagging vibrations, the
out-of-phase combination again couples with the symmetric
CbH3 bending vibration, resulting in two localized modes at

Figure 6. Representative localized modes for the bands in the asymmetric CH3 region in Ala10, Aib10, Iva10, and (a-
Me-Nva)10. For Iva10 and (a-Me-Nva)10, the anti-N conformer is considered, but similar localized modes are also ob-
tained for the other conformers. The localized modes on residue 6 have been chosen here. Only those atoms that
contribute significantly are shown.
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1345 and at 1355 cm�1, whereas the in-phase wagging local-
ized mode appears at 1285–1290 cm�1. For the twisting vibra-
tions, the in-phase combination shows up at 1310 cm�1,
whereas the out-of-phase combination appears at 1260 cm�1.

For all bands in the symmetric CH3 bending region between
about 1260 and 1380 cm�1, the ROA intensities of the corre-

sponding localized modes (see
Table 5), and thus, the total in-
tensities of the resulting bands
in the ROA spectrum are also
rather small. The only exception
is the CH2 twisting vibration in
the anti-N conformation of Iva10

and the in-phase CH2 twisting vi-
bration in all three conformers
of (a-Me-Nva)10. In the spectra of
the anti-N conformers of Iva10

and (a-Me-Nva)10, this vibration
shows up as positive ROA sig-
nals at 1299 and 1313 cm�1, re-
spectively.

The vibrational coupling con-
stants and the intensity coupling
matrices for the bands in the
symmetric CH3 bending region
are included in the Supporting
Information. For all bands, the
vibrational coupling constants
are rather small ; the largest are
found for the CH2 twisting
bands, where the nearest-neigh-
bor coupling is between �0.7
and 3.0 cm�1. For most bands,
the intensity coupling terms are
also small and as a result the
ROA spectra show very weak sig-
nals. The only exception is the
CH2 twisting vibration in Iva10

and the in-phase CH2 twisting vi-
bration in (a-Me-Nva)10, for
which very large intensity cou-
pling terms are obtained. For
the anti-N conformers, the near-
est-neighbor intensity couplings
are negative; therefore, a strong
couplet that is negative at low
wavenumbers and positive at
high wavenumbers should
result. However, the positive and
negative parts of this couplet
are very close, so that they over-
lap and the resulting ROA spec-
tra only show a single positive
peak. For the anti-CH3 and anti-
CO conformers, the nearest-
neighbor intensity coupling is
positive. Therefore, the corre-

sponding CH2 twisting and in-phase CH2 twisting bands show
a very strong couplet that is positive at low wavenumbers and
negative at higher wavenumbers. Note that the intensity cou-
pling terms are determined by the orientation of the localized
modes with respect to each other. Therefore, the very large in-
tensity couplings found for the CH2 twisting and in-phase CH2

Table 4. Wavenumbers, ñ (in cm�1), and ROA intensities (in 10�3 �4/a.m.u.) for representative localized modes
obtained for the bands in the asymmetric CH3 bending region in 310-helical polypeptides. For Ala20, the local-
ized modes on residue 10 are considered; for all other polypeptides those on residues 6.

Asymm. CbH3 Asymm. CgdH3 CgH2 scissor. CbH2 scissor.
ñ int. ñ int. ñ int. ñ int.

Ala20 1452 �10.3
1452 12.8

Ala10 1454 �13.5
1452 6.2

Aib10 1450 2.8
1446 19.7
1450 6.5
1445 8.4

Iva10 anti-N 1465 �11.7 1463 9.8 1437 134.0
–[a] 1455 �7.8 1431 �81.5

anti-CH3 1464 0.2 1456 -0.1 1438 49.3
–[a] 1455 �19.5 1427 �3.2

anti-CO 1463 1.5 1459 17.5 1437 �26.4
–[a] 1457 21.7 1433 �70.9

(a-Me-Nva)10 anti-N 1463 �13.9 1456 �3.0 1466 5.5 1438 113.9
–[a] –[b] 1451 0.4 1430 �54.5

anti-CH3 1463 �4.8 1457 8.2 1462 15.6 1433 85.2
–[a] –[b] 1445 �59.7 1424 �10.0

anti-CO 1463 �1.8 1456 2.8 1462 �17.1 1437 �6.9
–[a] –[b] 1448 16.4 1429 5.7

[a] The second asymmetric CbH3 bending vibration combines with the CbH2 scissoring vibration. [b] The second
asymmetric CdH3 bending vibration combines with the CgH2 scissoring vibration.

Table 5. Wavenumbers, ñ (in cm�1), and ROA intensities (in 10�3 �4/a.m.u.) for representative localized modes
obtained for the bands in the symmetric CH3 bending region in 310-helical polypeptides. For Ala20, the localized
modes on residue 10 are considered; for all other polypeptides those on residues 6. For the CH2 wagging and
twisting vibrations in (a-Me-Nva)10, the out-of-phase combinations are labeled “(o)”, whereas “(i)” is used to
label the in-phase combinations.

Symm. CgdH3 Symm. CbH3 CH2 wagging CH2 twisting
ñ int. ñ int. ñ int. ñ int.

Ala20 1368 4.2
Ala10 1366 4.9
Aib10 1363 �2.6

1351 �3.9
Iva10 anti-N 1375 �0.3 1353 �2.0 1327 5.1 1293 14.2

anti-CH3 1376 �1.3 1350 �6.5 1324 4.8 1294 3.7
anti-CO 1370 1.6 1352 �4.8 1325 �5.0 1296 0.8

(a-Me-Nva)10 anti-N 1368 + 0.2 –[a] (o) 1356 2.4 (i) 1309 18.5
(o) 1348 �0.7 (o) 1259 �2.0
(i) 1286 4.1

anti-CH3 1366 �3.3 –[a] (o) 1357 2.1 (i) 1308 18.7
(o) 1342 �6.7 (o) 1259 �5.9
(i) 1288 �9.3

anti-CO 1365 1.7 –[a] (o) 1353 �5.9 (i) 1312 �10.4
(o) 1347 �6.9 (o) 1257 7.5
(i) 1286 7.9

[a] For (a-Me-Nva)10, the symmetric CbH3 bending vibration combines with the out-of-phase CH2 wagging vibra-
tion.
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twisting bands are directly related to the specific helical struc-
ture.

6. Comparison with Experimental Spectra

A comparison with the experimental ROA spectrum of 310-heli-
cal 7 B is now possible. The calculated ROA spectrum of this
heptapeptide of a-Me-Nva, which contains two l-ATANP units,
is shown on the left-hand side of Figure 8 a. For 7 B, only the
most stable anti-N conformation of the a-Me-Nva side chains
and only one conformation of the TAN rings in the l-ATANP
side chains were considered. Because of the structural similari-
ty, the calculated ROA spectrum largely agrees with that of the
anti-N conformer of (a-Me-Nva)10. The three amide bands are

rather small, the asymmetric CH3

bending region is dominated by
a large couplet that is positive at
1435 cm�1 and negative at
1426 cm�1, and there is a strong
positive signal at 1300–
1310 cm�1 in the symmetric CH3

bending region.
However, there are also sever-

al significant differences be-
tween the calculated ROA spec-
tra of the anti-N conformer of
(a-Me-Nva)10 and the considered
conformer of 7 B. First, the cou-
plet in the asymmetric CH3

bending region at 1435/
1426 cm�1 is smaller, which can
be attributed to the shorter
chain lengths of 7 B. Second,
there is an additional strong
negative peak at 1354 cm�1 and,
third, the peak in the symmetric
CH3 bending region at 1300–
1310 cm�1 is broader and shows
two distinct maxima.

These differences can mainly
be attributed to vibrations of the
TAN rings. Therefore, these fea-
tures can be expected to be sen-
sitive to the ring conformations
and a reliable prediction would
require careful sampling of the
different ring conformations in
combination with suitable aver-
aging of the corresponding ROA
spectra. While this can be ach-
ieved for small molecules, such
as single amino acids[66, 67] or car-
bohydrates,[68] this is currently
not feasible for the polypeptides
considered herein. To estimate
how these ring vibrations alter
the ROA spectrum of 7 B, contri-

butions of the TAN rings to the ROA intensities can be re-
moved by setting the property tensor derivatives for the
atoms in these rings to zero. This is motivated by the previous
observation by Bouř and co-workers that averaging over the
low-frequency vibrations of flexible rings can lead to a cancel-
lation of the corresponding ROA signals.[67] The ROA spectrum
without the contributions of the TAN rings is shown in Fig-
ure 8 b (left). It turns out that the positive peak at 1484 cm�1

and the negative peak at 1354 cm�1 disappear, that is, these
features are indeed due to contributions of the TAN rings. In
addition, the positive ROA signal at 1297 cm�1 also disappears,
so that the peak in the symmetric CH3 bending region be-
comes sharper and shifts to 1311 cm�1. Overall, if the contribu-
tions of the TAN rings are removed, the calculated spectrum of

Figure 7. Representative localized modes for the bands in the symmetric CH3 region in Ala10, Aib10, Iva10, and (a-
Me-Nva)10. For Iva10 and (a-Me-Nva)10, the anti-N conformer is considered, but similar localized modes are also ob-
tained for the other conformers. The localized modes on residue 6 have been chosen here. Only those atoms that
contribute significantly are shown.
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7 B largely resembles that of the anti-N conformer of (a-Me-
Nva)10.

The experimental ROA spectrum of 7 B reported in refer-
ence [49] can be compared with the calculated spectra in Fig-
ure 8 c (left). Before proceeding with a detailed comparison, it
is important to emphasize that the calculations include several
simplifications. Most importantly, solvent effects (which are im-
portant when making a comparison with a spectrum measured
in aqueous solution) are not included. Moreover, the calcula-
tion only considers a single structure, even though an average
of many conformers would be required. The accurate inclusion
of these contributions is, however, currently still not feasible.
Nevertheless, the calculations are largely consistent with the
experimental spectrum. The amide I band shows a small, posi-
tive peak in both the calculation and in experiment, whereas
the other amide bands are not visible. In the asymmetric CH3

bending region, the experimental spectrum shows a broad
positive peak at 1465 cm�1, which can be related to the broad
positive peak between 1440 and 1470 cm�1 in the calculated
spectra. This feature can thus be assigned to the asymmetric

CH3 bending and CgH2 scissoring vibrations, whereas the adja-
cent negative peak at 1439 cm�1 in the experimental spectrum
can be assigned to the CbH2 scissoring vibrations. Moreover,
the couplet in the experimental spectrum that is negative at
1312 cm�1 and positive at 1333 cm�1 has to be assigned to the
in-phase combination of the CH2 twisting vibrations because
this is the only band in this region for which the calculations
predict significant ROA intensity. In addition, the local-mode
analysis indicated that the vibrational and intensity coupling
constants obtained for this band in the most stable anti-N con-
former were consistent with a couplet that was negative at
low wavenumbers and positive at higher wavenumbers, even
though the splitting between the positive and the negative
peak was too small in the calculation.

In reference [49] , a ROA spectrum recorded in D2O was also
reported; this is shown in the right-hand side of Figure 8 c. In
this case, the N�H hydrogen atoms of the peptide groups are
exchanged for deuterium. The corresponding calculations for
this N-deuterated variant of 7 B are included in the right-hand
side of Figure 8 a and b. Upon deuteration, the amide I and

Figure 8. a) Calculated ROA spectra of the 310-helical polypeptide 7 B in the anti-N conformation. b) Calculated ROA spectra of 7 B, in which the contributions
of the TAN rings to the ROA intensities have been removed. All calculated spectra have been plotted by using a Lorentzian line width of 15 cm�1 and the indi-
vidual transitions have been included as a line spectrum scaled by 0.04. On the left, the spectra of the non-deuterated polypeptides are shown; on the right
the spectra of the N-deuterated analogues. c) Experimental ROA spectra of 7 B in H2O (left) and in D2O (right). These experimental spectra have been taken
from reference [49]
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asymmetric CH3 bending bands between 1440 and 1470 cm�1

do not change significantly in the calculation, which agrees
with the experimental observations. The in-phase CH2 twisting
band shifts slightly by 5 cm�1 in the calculation, whereas the
corresponding couplet in the experimental spectrum shifts by
10 cm�1 in the same direction. This change in the position of
the in-phase CH2 twisting band results because the small con-
tribution of the classical amide III vibration to these modes is
removed. Finally, in the calculation the amide II’ band now ap-
pears at 1379 cm�1 and gains positive ROA intensity because it
now mixes with the asymmetric CH3 bending and the CH2 scis-
soring vibrations in this region. In the experimental spectrum,
this amide II’ band shows up at higher wavenumbers and over-
laps with the broad positive peak at 1365 cm�1. The discrepan-
cy between experiment and the calculations for the amide II’
band can possibly be explained by solvent effects, which can
be expected to have a large effect because coupling of the
amide II’ vibration with side-chain vibrations depends on small
changes in its position.

Finally, assignment of the negative peak at 1557 cm�1 in the
experimental ROA spectra (in H2O and in D2O) is not possible.
Neither vibration of the polypeptide backbone nor of the side
chains (including the TAN rings) appears in this region. There-
fore, neglecting solvent effects or conformational averaging
from the calculations cannot account for the absence of this
peak. Moreover, as concluded in reference [49] , contributions
from amide II or N�H vibrations of the TAN rings can be ruled
out, since the position of this peak is not affected by deutera-
tion. Thus, two possible explanations for this band remain:
either it is due to an overtone or a Fermi resonance, which
would require a treatment that goes beyond the harmonic ap-
proximation,[69] or it is an experimental artifact.

7. Conclusions

The reliable prediction of the ROA spectra of polypeptides is
still a very challenging task. Moreover, in many cases, a mere
comparison of calculated and experimental spectra is not suffi-
cient. Instead, one should aim to identify signatures that are
similar in polypeptides with a specific secondary structure by
extracting general rules that determine the positions, intensi-
ties, and shapes of the bands in ROA spectra. To this end, care-
ful analysis in terms of localized modes can be a valuable tool.
Herein, the ROA spectra of a series of 310-helical polypeptides
were investigated to identify how the chain length, Ca-substi-
tution pattern, as well as variations of the side chains and their
conformations affect the ROA spectra and possible signatures
of 310-helical structures.

First, based on calculations for a 310-helical Ala20 polypeptide,
it was previously proposed[37] that an amide I couplet that is
positive at low wavenumbers and negative at high wavenum-
bers (opposite to the one found in a-helical polypeptides)
could be used to distinguish 310-helices from a helices. Herein,
it was found that, for shorter helices, this couplet disappears
because the splitting between its positive and negative parts
decreases. Moreover, in these shorter helices, the deviations
observed at the ends of the helices altered the amide I band

shape. This is in line with the experimental observation that
there is no amide I couplet in the ROA spectrum of the 310-heli-
cal heptapeptide 7 B. Nevertheless, the analysis performed
herein showed that the vibrational and intensity couplings re-
sponsible for the reverse amide I couplet in longer 310-helices
are preserved in shorter polypeptides, even in Ca-tetrasubsti-
tuted polypeptides and if larger aliphatic side chains are intro-
duced. Thus, such a reverse amide I couplet can be predicted
in 310-helical polypeptides, provided their chain length is suffi-
cient. However, in proteins there are usually only short 310-heli-
cal segments, so it might not be possible to observe such a re-
verse amide I couplet in protein ROA spectra.

Second, while the amide I coupling patterns are preserved
in Ca-tetrasubstituted polypeptides, there are several large dif-
ferences from Ca-trisubstituted polypeptides. The sign of the
amide II band changes and its intensity decreases. Further-
more, in the extended amide III region the ROA spectra are al-
tered significantly because of the absence of Ca-hydrogen
atoms. Most importantly, the Ca�H bending bands disappear
and the amide III band shifts to lower wavenumbers. Since
there is no mixing between the classical amide III vibration and
the Ca�H bending vibrations, the amide III band loses most of
its intensity and is not visible in the ROA spectra.

Third, the effect of introducing larger aliphatic side chains
on the ROA spectra, specifically in the region between about
1260 and 1470 cm�1, was investigated. In particular, the scissor-
ing vibrations of the additional CH2 groups appear close to the
asymmetric CH3 bending vibrations and partly mix with these
vibrations, whereas the CH2 wagging and twisting vibrations
are best discussed together with the symmetric CH3 bending
vibrations. One prominent feature of the considered 310-helical
polypeptides is that of the symmetric CH3 bending, CH2 wag-
ging, and CH2 twisting bands in the region between 1260 and
1380 cm�1 only one band, the in-phase CH2 twisting vibration,
shows a significant ROA signal. Because very large intensity
coupling terms are observed for this band, one obtains a
strong couplet that was also identified in the experimental
ROA spectrum of 7 B. Even though Ca-tetrasubstituted poly-
peptides were investigated herein, it should be emphasized
that the assignments of the bands due to side-chain vibrations
can be expected to be still valid for standard Ca-trisubstituted
polypeptides and should be useful for the interpretation of
their ROA spectra.

It is important to note that some of the ROA features found
for the bands related to side-chain vibrations appear to be in-
dependent of the side-chain conformation. For instance, a
strong ROA signal for the in-phase CH2 twisting bands and a
strong positive signal in the asymmetric CH3 bending region
were common to all of the conformers considered and can
thus be related to the helical structure. However, an accurate
prediction of the ROA bands due to side-chain vibrations re-
quires a more thorough averaging over different possible con-
formations. By combining molecular dynamics simulations with
calculation of ROA spectra, such studies are possible for small
molecules.[67, 70–72] However, for large molecules, such as poly-
peptides, more efficient methods are necessary. Analyses in
terms of localized modes might allow the extraction of trans-
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ferable parameters for side-chain vibrations and their ROA in-
tensities as well as coupling terms. These could then be used
to sample the ROA spectra of a larger numbers of conformers,
thus going beyond simpler fragment-based approxima-
tions.[73, 74]

Computational Methodology

The molecular structures of all 310-helical polypeptides considered
herein were optimized by using DFT with the Turbomole program
package.[75, 76] The BP86 exchange-correlation functional[77, 78] and
Ahlrichs’ valence triple-zeta basis with one set of polarization func-
tions (TZVP)[79, 80] were used throughout. All calculations were per-
formed for the full molecular structures. Solvent effects were not
included at this stage because their implicit inclusion is not suffi-
cient and an explicit treatment renders the calculations infeasible.

Vibrational frequencies and normal modes, as well as the polariza-
bility tensor derivatives required for the calculation of the ROA
backscattering intensities were calculated by numerical differentia-
tion with the SNF program.[55, 81] The analytic energy gradients
needed for the seminumerical calculation of the harmonic force
field were calculated with Turbomole for distorted structures.[55, 81]

Vibrational frequencies were not scaled because it was shown pre-
viously that unscaled harmonic BP86 frequencies are in satisfactory
agreement with experimentally observed fundamental frequen-
cies.[82–84] This is further supported by the reasonable agreement
between the ROA spectra calculated for (Ala)20 and the experimen-
tal spectra of polyalanine.[37] The polarizability tensors required for
the ROA intensities were calculated with time-dependent DFT by
an extended version[85] of Turbomole’s ESCF program.[86–89] To
ensure gauge-invariance, the velocity representation of the electric
dipole operator was employed for the b(G’)2 invariant.[85] The ROA
intensities were calculated for an excitation wavelength of 799 nm,
which was well away from any electronic absorption frequency of
the considered polypeptides in all cases.

For the analysis of the calculated ROA spectra, the localized modes
were obtained by determining the unitary transformation of the
normal modes that contributed to this band and led to optimally
localized modes, according to the atomic contribution criterion.[40]

The LocVib add-on package to SNF was used for the local-mode
analysis. Details on the assignment of the individual normal modes
to bands, which is a prerequisite for such an analysis, are given in
the Supporting Information.

Pictures of molecular structures and normal modes were prepared
with Jmol;[90] plots of vibrational spectra and the graphical repre-
sentations of the intensity coupling matrices in the Supporting In-
formation were produced by using the Matplotlib package.[91]
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