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Introduction

To design molecules that perform a predefined function is
one of the central goals of modern chemistry, ranging from
materials science to nanotechnology, and from biochemistry
to synthetic biology. A perfect example is the design of pro-
teins that catalyze a given chemical reaction.[1,2] A prerequi-
site for such a design is, of course, the understanding of the
relationship between protein structure and catalytic func-
tion. To study this relation, one needs experimental tech-
niques that unambiguously identify structural elements in
proteins while they are performing their catalytic task in

their natural environment. Even though X-ray crystallogra-
phy can be employed to obtain accurate protein structures
with atomic resolution, it usually only provides static snap-
shots and cannot be applied in solution. Nuclear magnetic
resonance (NMR) spectroscopy, on the other hand, can be
used to obtain atomic-resolution protein structures in solu-
tion, but its time resolution is limited by the applied radio-
frequency pulses to microseconds.[3] For this reason, NMR
spectroscopy is not suited for studying fast structural
changes (i.e., protein folding) or for investigating very flexi-
ble or disordered protein conformations. Therefore, comple-
mentary spectroscopic techniques are needed. One such al-
ternative is provided by vibrational spectroscopy, which can
be directly applied to proteins in solution and which poten-
tially allows for femtosecond time resolution.[4,5]

However, conventional infrared (IR) and Raman spectra
of polypeptides and proteins suffer from congested line
shapes (i.e. , they contain a large number of close-lying
peaks that cannot be resolved experimentally).[6–8] Hence, vi-
brational spectroscopic techniques that either enhance the
resolution by spreading out the spectroscopic information
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over two frequency axes such as two-dimensional IR spec-
troscopy,[5,9–12] or that filter specific spectroscopic informa-
tion such as resonance Raman spectroscopy[13–17] often pro-
vide more detailed information on the secondary structure
of polypeptides and proteins. Similarly, chiral vibrational
spectroscopy filters out information related to the chirality
of the investigated molecule. Both the chiral variant of IR
spectroscopy, vibrational circular dichroism (VCD),[18] and
the chiral variant of Raman spectroscopy, Raman optical ac-
tivity (ROA),[19–21] have been shown to be sensitive to pep-
tide-backbone structure.

Due to this sensitivity, chiral vibrational spectroscopy is
ideally suited for investigating the secondary structure of
proteins in solution. Both VCD and ROA spectroscopy
have been applied in many studies to gain information on
the secondary structure of polypeptides and proteins.[22–27]

As for nonchiral IR and Raman spectroscopy, these two
techniques often provide complementary information. Here,
we will focus on ROA spectroscopy, which has proven to
provide information on the solution structure of polypep-
tides and proteins that in many cases is not accessible other-
wise. For instance, it has been shown that ROA spectrosco-
py can be used to study the hydration state of a helices,[28]

to discriminate different b-sheet structures,[29] and to study
polypeptides and proteins adopting poly(l-proline) II (PPII)
helical structures in solution.[30,31] Furthermore, it has been
demonstrated that ROA spectroscopy can also be used to
determine the absolute conformation of tryptophan side
chains in proteins.[32,33]

However, even though a large number of ROA spectra of
polypeptides and proteins have been recorded in the past
decades, the understanding of the underlying mechanisms
that determine these spectra remains rather incomplete.
Therefore, the interpretation of measured ROA spectra of
proteins and the assignment of certain spectral signatures to
specific secondary-structure elements have mainly been
based on the solution ROA spectra of certain proteins or
model polypeptides for which the structure has been deter-
mined by X-ray crystallography (see, for example, ref. [24]
and references therein) or on a careful comparison of differ-
ent measured spectra, possibly using statistical techniques
such as multivariate analysis methods.[34,35]

On the other hand, ab initio calculations of ROA spec-
tra[36,37] allow us to predict the ROA spectrum for a given
molecular structure from the first principles of quantum me-
chanics. By comparing the spectra calculated for several pos-
sible structures to the one observed experimentally, it is pos-
sible to determine which of the considered structures is pres-
ent in the experiment. Such a procedure has been successful
for small molecules, in particular for the assignment of abso-
lute configurations.[38–40] For the interpretation of the ROA
spectra of proteins and to identify signatures of secondary
structure, one has to construct models of secondary-struc-
ture elements. However, realistic models require rather
large polypeptides, and accurate ab initio calculations of
ROA spectra for such systems are hampered by the large
computational demands. For this reason, ROA calculations

on realistic model systems have only become possible in
recent years.[41] Alternatively, one can resort to more ap-
proximate methods,[42] in which results of calculations per-
formed on smaller fragments are used to extrapolate to
larger systems. A number of recent ROA studies of poly-
peptides and proteins have applied this approach to com-
pare the measured spectra to the calculated spectra of
models of different possible structures and thus to decide
which secondary-structure elements are present in the ex-
periment.[31, 43]

However, ROA calculations for polypeptide model sys-
tems have so far only been used as a “fingerprint technique”
(i.e., calculated spectra of different structural models have
been compared to experimental data or to each other).
Therefore, these studies have so far not led to detailed in-
sight into the generation of the ROA signals in proteins.
Such an understanding of the origin of ROA bands in pro-
teins would make it possible to rationalize how structural
changes affect the observed spectra and how spectral signa-
tures of secondary-structure elements arise. This is also a
prerequisite for developing reliable “rules of thumb” for the
prediction of ROA spectra of proteins and would make it
possible to develop simplified empirical models on the basis
of parameters extracted from ab initio calculations on realis-
tic model systems. In particular, one would like to know
1) which vibrations are responsible for the observed ROA
bands; 2) what determines the signs and the intensities of
these bands, and which groups of atoms are responsible for
the observed ROA signals; and 3) what determines the ob-
served band shapes, in particular whether a single peak, a
couplet, or a more complicated band shape is found.

Besides the predicted ROA spectra, ab initio calculations
also provide a wealth of additional information that is not
available from experimental studies, such as the precise
atomic displacements for each of the normal modes and the
ROA intensities of each of them, which can further be di-
vided into contributions of individual atoms or groups of
atoms.[44] For small molecules, this information can be used
to gain insight into the generation of ROA signals.[45–49] Al-
though all this information is in principle directly available
from the calculation for larger molecules as well as its inter-
pretation is more difficult. The vibrational spectra of poly-
peptides and proteins consist of many bands with a large
number of close-lying normal modes contributing to each
band. However, these individual modes are usually not re-
solved in experiments. In ROA spectroscopy, the situation is
further complicated by the fact that in many cases the indi-
vidual modes contributing to one band show a rather irregu-
lar intensity pattern with positive and negative intensities
for close-lying modes that may cancel each other out.[41] In
addition, the normal modes are mostly delocalized over the
whole system, which additionally hampers the analysis.

To overcome the latter problem, we recently developed a
methodology for the analysis of calculated vibrational spec-
tra in terms of rigorously defined localized vibrations.[50, 51]

By performing a unitary transformation of the normal
modes contributing to one band, a set of localized modes is
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obtained. Localized modes—in contrast to the delocalized
normal modes—are in general dominated by a vibration on
a single residue, and localized modes on different but ho-
mologous residues are found to be very similar. Therefore,
these localized modes significantly simplify the interpreta-
tion of calculated vibrational spectra of large molecules and
make it possible to analyze them in terms of vibrational fre-
quencies and intensities of localized modes and the cou-
plings between them.

In this paper, we analyze the calculated ROA spectra of
polypeptides in terms of localized vibrations to understand
the generation of the ROA signals in polypeptides and pro-
teins. Our focus in this work is on helical elements of pro-
tein secondary structure. Although such helices, in particular
a helices and 310-helices, are important secondary-structure
elements in proteins in their native state, helical motifs are
also very common in intermediate states during protein fold-
ing and in disordered polypeptides and proteins. Here, we
select regular secondary-structure elements as a first target,
and therefore consider model polypeptides in a-helical and
310-helical conformations. By comparing these conforma-
tions, it is possible to study two well-defined secondary-
structure elements and to investigate how the ROA spectra
are affected by switching between them.

This work is organized as follows. In the Results and Dis-
cussion, the theoretical background is briefly summarized,
the construction of a-helical and 310-helical structural
models is discussed, the general features of the calculated
ROA spectra of the helical polypeptides are discussed, and
the total intensities of the bands in these spectra and their
band shapes are analyzed. Next, the calculated spectrum of
the a helix is compared to the available experimental spec-
tra of a-helical (all-S)-polyalanine, and then characteristic
ROA signatures of 310-helices are discussed. Finally, a sum-
mary and concluding remarks are given in the Conclusion.

Results and Discussion

Theoretical background : For the ab initio calculation of vi-
brational spectra, one commonly employs the harmonic ap-
proximation.[37,52] Within this approximation, the normal
modes Qp are obtained as eigenvectors of the mass-weighted
molecular Hessian matrix H(m), which contains the second
derivatives of the total electronic energy of the considered
molecule with respect to Cartesian nuclear coordinates. The
corresponding eigenvalues equal the squared angular fre-
quencies of the vibrations, w2

p =4p2n2
p, in which np is the vi-

brational frequency corresponding to the normal mode Qp.
Within the semiclassical framework usually adopted to

treat Raman and ROA spectroscopy,[19,53] and under the as-
sumption that the molecular electronic ground state is non-
degenerate and that the photon energy of the incident laser
light is far away from any electronic excitation energy of the
molecule, one obtains Equation (1) for the ROA backscat-
tering intensity difference associated with the normal mode
Qp :[19]

Ip ¼ ðIR�ILÞp /
32
c
½3bðG0Þ2pþ bðAÞ2p� ð1Þ

in which c is the speed of light and the anisotropic ROA in-
variants b(G’)2 and b(A)2 are given by Equation (2):
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in which a is the electric-dipole–electric-dipole polarizability
tensor, G’ is the electric-dipole–magnetic-dipole polarizabili-
ty tensor, A is the electric-dipole–electric-quadrupole polar-
izability tensor. Greek indices a,b,g,d label Cartesian com-
ponents (x,y,z), wL is the angular frequency of the incident
laser beam, and eagd is an element of the antisymmetric
Levi–Civita tensor. The subscript “0” indicates that the de-
rivative is evaluated at the equilibrium structure R0 of the
molecule. Note that, as is common in theoretical studies, in
Equation (1) proportionality constants that depend on the
precise experimental conditions have been neglected.

To analyze the vibrational spectra of polypeptides and
proteins in terms of localized modes,[50,51] one considers a
subset of k normal modes, which are usually those modes
that contribute to one band in the vibrational spectrum.
These normal modes are collected in the matrix Qsub. By
means of a unitary transformation U they can then be trans-
formed to a set of localized modes Q̃sub [Eq. (3)],

~Qsub ¼ QsubU ð3Þ

in which the unitary transformation is chosen in such a way
that it yields the “most localized” transformed modes. Here
and in the following, the tilde is used to denote the localized
modes, or other quantities that are defined with respect to
these localized modes. The localization is achieved by maxi-
mizing x ACHTUNGTRENNUNG(Q̃sub)= x ACHTUNGTRENNUNG(QsubU), in which x ACHTUNGTRENNUNG(Q̃sub) is a suitably de-
fined criterion that measures how localized a set of trans-
formed modes Q̃sub is.[50] Here, we applied the atomic-contri-
bution criterion introduced in ref. [50].

Even though these localized modes are not eigenvectors
of the mass-weighted Hessian H(m), they are useful for the
interpretation and analysis of calculated vibrational spec-
tra.[51] For polypeptides and proteins, in which the normal
modes are in general delocalized combinations of nuclear
distortions on different amino acid residues, the localized
modes will each be dominated by a vibration of one single
residue. Furthermore, the localized modes on different resi-
dues will involve similar atomic displacements (i.e. , the set
of localized modes obtained for one vibrational band will
consist of modes that are very similar, but are located on
different residues).
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Construction of secondary-structure elements : To investi-
gate the ROA signatures of a-helical and 310-helical secon-
dary-structure elements in proteins, we constructed model
polypeptides that exhibit those specific structural features.
Here, we chose alanine polypeptides, since alanine repre-
sents the smallest chiral amino acid, and since it is common-
ly believed that in the ROA spectra the signals that are due
to the side chain average out due to conformational flexibili-
ty. To support an a helix and a 310-helix, rather large poly-
peptides containing twenty amino acid residues are re-
quired, since for smaller helices distorted helices are ob-
tained.[41] Therefore, we employed a polypeptide consisting
of twenty (S)-alanine residues, denoted Ala20, as a model
system. For this polypeptide, both an a-helical and a 310-hel-
ical structure have been considered.

The largest molecules for which accurate ab initio calcula-
tions of ROA spectra have been performed so far are two dia-
stereomers of helical decaalanine.[41] Therefore, the polypep-
tides considered here represent the largest systems for which
accurate ROA calculations have been performed to date.

All spectra have been calculated for isolated molecules
and solvation effects have not been considered in our calcu-
lations, even though the ROA spectra of polypeptides are
known to be sensitive to solvent effects.[28] However, as was
discussed in ref. [51], continuum solvation models, which are
the simplest and most efficient way of incorporating solvent
effects in quantum chemical calculations, hardly affect the
vibrational spectra of the Ala20 polypeptides considered
here. Therefore, more sophisticated solvent models that ex-
plicitly include the molecular structure of the solvent will be
required for an adequate description of the solvent effects
on the ROA spectra of polypeptides (see, for example,
ref. [54] for the description of solvent effects on vibrational
spectra, and refs. [55–57] and references therein for other
molecular properties). Although work in this direction is
currently in progress in our laboratory, for our purposes
here (i.e. , for understanding of the generation of ROA
bands in helical substructures) we may safely neglect solvent
effects.

Calculation of ROA spectra for helical polypeptides : The
calculated ROA spectra for both the a-helical and the 310-
helical Ala20 in the region between 1100 and 1800 cm�1,
which comprises the bands that are commonly used to inves-
tigate polypeptides and proteins, are shown in Figure 1a. For
the analysis of these spectra in terms of localized modes, it
is first necessary to assign the individual normal modes to
characteristic bands. This assignment can be performed by
considering the wavenumbers of the transitions, which in
most cases are clearly separated for the different bands, and
by collecting modes for which the contributions of certain
groups of atoms show a similar pattern. Here, we apply the
same assignment as in our previous study.[51] The eight con-
sidered bands, the corresponding wavenumber ranges, and
the maxima and minima of these bands are listed in Table 1.

Since ROA spectra contain both positive and negative
peaks, one band does not always correspond to a single

peak as is the case for the IR and Raman spectra;[51] more
complicated band shapes such as couplets can arise. This
also makes it more difficult to identify the individual bands
in the plotted spectra. Therefore, Figure 1b shows the calcu-
lated ROA spectra, in which the assignment of modes to
characteristic bands is indicated by boxes. The band shapes
found for each of the bands are included in Table 1. Before
analyzing how these band shapes arise, we will first consider
the total band intensities (i.e., the sum of the intensities of
all modes in one band). Positive and negative peaks can
cancel each other out, so that the band shapes found in the
calculated spectra sensitively depend not only on the posi-
tions of the individual vibrational transitions but also on the
line broadening that is applied to visualize the spectra.
Therefore, these total band intensities can be expected to be
less sensitive to inaccuracies in the computational methodol-
ogy. Since it was not clear whether these errors, in particular
the use of the harmonic approximation, are homogeneous
for close-lying peaks, it was suggested earlier to interpret
calculated ROA spectra of large molecules in terms of the
total intensities of characteristic bands.[41] To visualize these
total band intensities, Figure 1c shows the calculated ROA
spectra of Ala20 using rectangular peaks that indicate the
total intensities of the bands. In the following, we analyze
how these total band intensities and the individual band
shapes arise. For this analysis, we focus on the bands that
are most sensitive to secondary structure (i.e., the amide I
and amide II bands as well as the bands in the extended
amide III region). For the sake of completeness, we provide
the analysis of the total band intensities and of the band
shapes for the symmetric and antisymmetric CH3 bending
bands and for the skeletal Ca�N stretching band in the Sup-
porting Information.

Analysis of total band intensities : First, we analyze the total
intensities of the characteristic ROA bands. Whereas the in-
tensities of the individual normal modes contributing to one
of these bands differ significantly and can show rather com-
plicated patterns that are reflected in the observed band
shapes, the corresponding localized modes are much simpler
to interpret. Since the localized modes are in general similar
vibrations on different residues, they also have very similar
ROA intensities, with deviations only occurring at the termi-
nal residues. Therefore, to analyze the total band intensities,
it is generally sufficient to investigate only one representa-
tive localized mode on one of the central residues. Differen-
ces in the total band intensities between the two conformers
are then largely reflected in differences in the ROA intensi-
ty of these representative localized modes. The ROA inten-
sities of all considered normal modes as well as those of the
corresponding localized modes are listed in the Supporting
Information.

In the following, we employ one of the localized modes
with the main contribution on residue 9 or 10 for the analy-
sis of the total band intensities. First, to understand the
atomic displacements that are important for the bands in
the ROA spectra, these can be visualized for these represen-
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tative localized modes. Since only a small number of atoms
contribute to the localized modes, it is sufficient to show
only a small part of the polypeptides, which simplifies the
visualization considerably.[50]

Second, the ROA intensities of the localized modes are
decomposed into local contributions of groups of atoms
using the scheme proposed by Hug[44] to understand which
atomic displacements and which groups of atoms are re-
sponsible for the ROA signals. In this scheme, the ROA in-
tensity Ĩp of the p-th mode is decomposed as [Eq. (4)]:

~Ip ¼
X

AB

½~Ip�AB ð4Þ

with the indices A and B running over suitably chosen
groups of atoms (see below for examples). Since different
groups of atoms are important for each of the characteristic
bands, the groups of atoms that are used for this decomposi-
tion are chosen differently for different bands in the follow-
ing so as to capture the important contributions while keep-
ing the number of groups as small as possible. Whereas the

diagonal terms [Ĩp]AA represent contributions that are solely
due to the atoms in the group A, the off-diagonal terms
[Ĩp]AB arise from the coupling between atoms in groups A
and B. These local contributions can be visualized as group
coupling matrices by representing the local contributions as
circles with an area proportional to the size of the local con-
tributions (filled circles are used for positive terms, whereas
empty circles are used for negative ones; see Figures 2–4).

Amide I band : The amide I band appears for the considered
molecules approximately in the region between 1630 and
1670 cm�1. The representative localized modes, which are
shown in Figure 2b, mainly involve a stretching vibration of
C=O group of residue 9, with contributions of a bending vi-
bration of the adjacent N�H group of residue 10. As the
figure shows, these atomic displacements are almost identi-
cal for the localized modes of a-helical and 310-helical Ala20.

For the a helix, the total amide I band intensity is weakly
negative, whereas for the 310-helix a weakly positive total
band intensity is found (see Table 1 and Figure 1). This sign
change is reflected in the ROA intensities of the considered

Figure 1. a) Calculated backscattering ROA spectra of a-helical (left) and 310-helical (right) Ala20. The spectra have been plotted using a Lorentzian line
width of 15 cm�1. Individual peaks have been included as a line spectrum scaled by 0.04. b) Assignment of the individual modes to characteristic bands.
c) Band-averaged ROA spectra. The heights of the rectangular peaks indicate the total intensities of the bands.
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localized modes, which are �5.93 �4 amu�1 for the a helix
and +1.47 �4 amu�1 for the 310-helix. The decompositions of
these ROA intensities are shown in Figure 2b as group cou-
pling matrices. The largest contributions are the positive di-
agonal term associated with the C=O group of residue 9
(i.e., the group which also shows largest atomic displace-
ments in the considered localized modes) as well as the neg-
ative off-diagonal terms associated with the coupling be-
tween this C=O group on residue 9 and the N�H groups on
residues 10 and 11. The differences between the a helix and
the 310-helix can be mainly attributed to the increase of the
positive diagonal contribution of the C=O group of residue
9. Note that, as this C=O group is not chiral, this increase
must be due to changes of the derivative of the required po-
larizability tensors with respect to the C=O stretching vibra-
tion (i.e., it is due to changes in the electronic structure of
the chiral molecule, which are probed by the C=O stretching
vibration).[33]

Amide II band : The amide II band is found between approx-
imately 1470 and 1520 cm�1. As for the amide I band, we
have considered the localized mode, which has its main con-
tribution on the amide group connecting residues 9 and 10.
The localized amide II modes, which are shown in Figure 2c,
are an out-of-phase combination of an N�H bending vibra-
tion and of an amide C�N stretching vibration. As for the
amide I modes, the localized modes obtained for the two
considered conformers are almost identical.

For both the a-helical and the 310-helical Ala20, the total
intensities of the amide II band are negative and of medium
magnitude. However, in the spectra shown in Figure 1, the
amide II mode appears only weakly negative for the a helix.
On the one hand, this is the case because the amide II band
is rather broad; on the other hand, it is because the normal

modes at low wavenumbers are
close to the asymmetric CH3

bending modes, so that the low-
wavenumber part of the ami-
de II band is canceled by close-
lying modes of the asymmetric
CH3 bending band. Even
though the total band intensi-
ties are of the same order of
magnitude, the ROA intensities
of the localized modes differ
significantly (see the Support-
ing Information). For the a

helix, the localized modes on
the central residues only show a
small negative ROA intensity
(around 2 �4 amu�1), whereas
the localized modes on the ter-
minal residues show strongly
negative ROA intensities.
These localized modes at the
terminal residues appear at
wavenumbers below 1495 cm�1

and mainly contribute to those localized modes that appear
in the low-wavenumber part of the amide II band. For the
310-helix, the localized modes show a more regular intensity
distribution, so that the localized modes on central residues
show stronger negative ROA intensities (around
10 �4 amu�1), whereas the intensities of those on the termi-
nal residues have a somewhat weaker negative ROA intensi-
ty. Therefore, the representative localized mode considered
for the a helix has a weakly negative ROA intensity of
�1.90 �4 amu�1, whereas the one considered for the 310-helix
has a stronger negative ROA intensity of �9.93 �4 amu�1.

The group coupling matrices showing the decomposition
of the ROA intensities of the considered amide II localized
modes are given in Figure 2c. The largest contributions to
the ROA intensities are those of the amide group connect-
ing residues 9 and 10 (i.e., the diagonal terms associated
with the C=O group of residue 9 and with the N�H group
of residue 10 as well as the off-diagonal term describing the
coupling between these two groups). This amide group,
which is also where the considered localized modes have the
largest atomic displacements, gives rise to a negative contri-
bution to the ROA intensity. The off-diagonal terms describ-
ing the coupling of the C=O and N�H groups of residues 9
and 10, respectively, with the C=O group on residue 8 lead
to positive contributions. The difference between the ROA
intensities of the localized amide II modes of the two con-
formers is mainly due to the increased negative intensity of
diagonal terms associated with the amide group connecting
residues 9 and 10. Again, because this group and its vibra-
tion are achiral and because the localized modes are almost
identical in the two conformers, the change in the ROA in-
tensity must be caused by changes in the local electronic
structure.

Table 1. Wavenumber ranges, band maxima or minima, total ROA intensity, and ROA band shapes for the
characteristic bands in the ROA spectra of a-helical and 310-helical Ala20. For the band shapes, “couplet + /�”
indicates a couplet that is positive at low wavenumbers and negative at high wavenumbers, whereas “couplet
�/+” indicates a couplet that is negative at low wavenumbers and positive at high wavenumbers.

RangeACHTUNGTRENNUNG[cm�1]
Max/minACHTUNGTRENNUNG[cm�1]

Total ROA intensity
[10�3 �4 amu�1]

Band shape

a helix
amide I 1633–1681 1644, 1664 �48.1 couplet �/+

amide II 1468–1515 1513 �118.6 negative peak
CbH3 asymm. bend 1446–1466 1449, 1461 �52.2 couplet �/+

CbH3 symm. bend 1356–1373 1370 61.2 positive peak
Ca�H bending (I) 1304–1334 1311, 1326 �81.5 couplet �/+

Ca�H bending (II) 1257–1290 1273, 1289 402.8 two positive peaks
amide III 1184–1260 1253 �110.9 two negative peaks
skeletal Ca�N stretch 1103–1156 1138, 1151 �153.6 couplet + /�
310-helix
amide I 1631–1674 1636, 1648 38.6 couplet + /�
amide II 1474–1515 1484, 1516 �171.4 two negative peaks
CbH3 asymm. bend 1447–1457 1448 �69.2 negative peak
CbH3 symm. bend 1357–1369 1367 100.9 positive peak
Ca�H bending (I) 1304–1334 1314, 1324 �116.6 couplet �/+

Ca�H bending (II) 1268–1282 1271 90.0 positive peak
amide III 1183–1259 1254 96.4 couplet �/+

skeletal Ca�N stretch 1124–1159 1149 �125.5 negative peak
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Bands in the extended amide III region : The bands appearing
in the region between approximately 1200 and 1350 cm�1

are usually jointly referred to as the “extended amide III”
region. For the polypeptides investigated here, three bands
appear in this region that are all due to the mixing of the
classical amide III vibration, which is an in-phase combina-
tion of the N�H bending and the C�N stretching vibrations
of the amide group, and of the Ca�H bending modes. The
representative localized modes obtained for each of these
bands, which are denoted as Ca�H bending (I), Ca�H bend-
ing (II), and amide III, are shown in Figure 3b–d.

The localized modes shown for the Ca�H bending (I)
band are mainly due to a bending vibration of the Ca�H
group of residue 10, where the direction of the bending vi-
bration is along the N�Ca bond, whereas those shown for
the Ca�H bending (II) band are dominated by a Ca�H
bending vibration that is perpendicular to the N�Ca bond.
For both the Ca�H bending (I) and for the Ca�H bending

(II) localized modes, there are additional contributions of
the classical amide III vibrations of the adjacent amide
groups (i.e., of the amide group connecting residues 9 and
10 and of the one connecting residues 10 and 11, as well as
smaller contributions of asymmetric CH3 bending vibra-
tions). The representative localized modes shown for the
amide III band are dominated by the classical amide III vi-
bration of the amide group connecting residues 9 and 10.
However, this classical amide III vibration strongly couples
with Ca�H bending vibrations of residues 9 and 10 that are
approximately perpendicular to the N�Ca bond. Further-
more, there are smaller contributions of asymmetric CH3

bending vibrations of the side chains.
For the Ca�H bending (I) band, the localized modes ob-

tained for the a helix and for the 310-helix are similar vibra-
tions. However, for the Ca�H bending (II) and for amide III
band, the localized modes differ for the two conformers. In
particular, the degree of mixing between the classical ami-
de III and the C�H bending vibrations changes if the secon-

Figure 2. Analysis of the ROA intensities of representative amide I and amide II localized modes. a) Groups of atoms that are used for the decomposi-
tion into local contributions. All atoms not shown are collected in the group “R” (A= residue 8, B = residue 9, C= residue 10, D= residue 11). Consid-
ered b) amide I and c) amide II localized modes and group coupling matrices showing the decomposition of the ROA intensity of these modes into local
contributions. The total ROA intensities of the localized modes [�4 amu�1] are also given.
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Figure 3. Analysis of the ROA intensities of representative localized modes for the bands in the extended amide III region. a) Groups of atoms that are
used for the decomposition into local contributions. All atoms not shown are collected in the group “R” (A= residue 8, B = residue 9, C= residue 10,
D= residue 11). Considered b) C�H bending (I), c) C�H bending (II), and d) amide III localized modes and group coupling matrices showing the decom-
position of the ROA intensity of these modes into local contributions. The total ROA intensities of the localized modes [�4 amu�1] are also given.
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dary structure changes. A more detailed discussion of the
modes in the extended amide III region, and an analysis of
this coupling between the Ca�H bending and the classical
amide III vibrations by means of region-localized modes,
which are obtained for the whole extended amide III region,
were already given in ref. [51].

For the Ca�H bending (I) band, a negative total intensity
is found for both the a helix and the 310-helix. The total in-
tensities found for the two conformers are rather similar
and of medium size. In accordance with this, the ROA in-
tensities of the considered localized modes are also in both
cases negative and of medium size (approximately
�8 �4 amu�1). The decomposition of these localized-mode
intensities is shown in Figure 3b. All of the diagonal contri-
butions are rather small, and the largest contributions are
due to the off-diagonal terms associated with the coupling
of the Ca�H group of residue 10 with the adjacent amide
groups and with the off-diagonal term associated with the
coupling between these two amide groups. Even though
both the total ROA intensity and the composition of the
considered localized modes are quite similar for the two
conformers, the magnitude of the local contributions differs.
On the one hand, these differences can be caused by
changes in the local electronic structure that lead to changes
in the polarizability derivatives, but in contrast to the diago-
nal contributions, which are the most important for the
amide I, amide II, and CH3 bending bands considered
above, the off-diagonal contributions are, on the other hand,
also directly affected by the structural changes. The changes
in the backbone dihedral angles result in a different orienta-
tion of the Ca�H group and the amide groups with respect
to each other, and even if the polarizability derivatives
along the displacements are unchanged for the individual
groups, these changes in the relative orientation affect the
resulting contributions to the ROA intensities.[19]

For the Ca�H bending (II) band, the total intensities
differ significantly for the a helix and the 310-helix. Whereas
a very strongly positive total intensity is found for the a

helix, the 310-helix shows only a positive total intensity of
medium size. This decrease in the total band intensity is also
reflected in the ROA intensities of the localized modes con-
sidered. As the group coupling matrices in Figure 3c show,
the main contributions to these ROA intensities originate
from the off-diagonal coupling terms. For both helices, a
large positive contribution is found for the term associated
with the coupling of the Ca�H group of residue 10 with the
amide group connecting residues 9 and 10. For the 310-helix,
this positive contribution is partly canceled by negative con-
tributions that are due to the diagonal term associated with
the Ca�H group of residue 10 and the off-diagonal terms de-
scribing its couplings with other groups, including the parts
of the helix that are not shown in the figure. This results in
a significantly smaller positive ROA intensity in the 310-
helix. For the Ca�H bending (II) band, the considered local-
ized modes of the two helices differ, and in particular the
degree of mixing between the Ca�H bending and the classi-
cal amide III vibration changes. This can be expected to sig-

nificantly affect the corresponding local contributions and
thus the total ROA intensities (i.e. , the differences between
the two structures are mainly caused by changes in the com-
position of the localized modes).

For the amide III band, a medium-sized negative total in-
tensity is found for the a helix, whereas a total intensity of
similar magnitude, but of positive sign, characterizes the 310-
helix. This sign change is also found for the representative
localized modes considered. However, the magnitude of the
negative intensity found for the localized amide III mode of
the a helix is larger than the magnitude of the positive
ROA intensity of the localized mode obtained for the 310-
helix. This is due to the fact that some of the localized
modes at the C terminus for both helices have a large posi-
tive ROA intensity (see the Supporting Information). The
group coupling matrices in Figure 3d show that in both
cases, the largest contribution is, as for the Ca�H bending
(II) band, the off-diagonal term associated with the coupling
of the amide group connecting residues 9 and 10 with the
Ca�H group of residue 10. However, in contrast to the Ca�
H bending (II) band, this term now has a negative sign. In
addition, there are contributions of the diagonal term of the
amide group as well as of the off-diagonal term describing
its coupling with the Ca�H groups. For the 310-helix, the off-
diagonal terms for the coupling of the amide group connect-
ing residues 9 and 10 with other groups, including those not
shown in the figure, give more positive contributions, which
cancel the dominant negative contribution.

For all three bands in the extended amide III region, the
total intensities arise through a different mechanism than
that described for the other bands so far. Whereas for the
amide I, amide II (see above), and CH3 bending bands (see
Supporting Information) the ROA intensities of the repre-
sentative localized modes are each due to the diagonal con-
tribution of one single group of atoms—an amide group for
the amide I and II bands and the side-chain methyl group
for the Ca�H bending bands—off-diagonal terms that arise
from the coupling of two different groups of atoms are the
most important for the extended amide III region. In partic-
ular, the coupling of the classical amide III vibration and of
a Ca�H bending vibration is decisive for the total band in-
tensities. This also explains the large sensitivity of the modes
in the extended amide III region, in particular of the Ca�H
bending (II) and of the amide III band, to structural
changes. On the one hand, the size of the coupling terms de-
pends on the composition of the localized modes, and on
the other hand, the size of the off-diagonal terms is directly
related to the orientation of the vibrating groups with re-
spect to each other. These changes in the coupling between
Ca�H bending vibrations and the classical amide III mode
that are induced by changes in the secondary structure
result in a redistribution of the ROA intensity between the
bands in the amide III region. Note that while the total in-
tensities of the Ca�H bending (II) and of the amide III band
differ significantly for the a helix and the 310-helix, the sum
of the total band intensities is rather similar for both con-
formers.
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Analysis of the band shapes : To analyze the band shapes, it
is necessary to consider how the localized modes couple to
normal modes, and how the ROA intensity is distributed
among these normal modes. The coupling of the localized
modes to normal modes is determined by the vibrational
coupling matrix W̃, which is related to the Hessian matrix in
the basis of the localized modes.[50] For the polypeptides
considered here, this vibrational coupling matrix has for all
considered bands a rather simple structure. Its elements
(i.e., the vibrational coupling constants) only depend on the
distance between the residues on which the localized modes
are located.[50, 51] Deviations only occur for the terminal resi-
dues. Furthermore, the coupling constants between localized
modes on residues that are separated by more than three
residues are usually negligible. Therefore, it is sufficient to
consider only the couplings between one representative lo-
calized mode with those localized modes on neighboring
residues. Table 2 lists the coupling constants between the lo-
calized mode on residue 8 and those on residues 9, 10, 11,
and 12.

By diagonalizing the vibrational coupling matrix W̃, one
obtains the vibrational frequencies of the normal modes as
eigenvalues and the coefficients Upr of the normal modes in
the basis of the localized modes as eigenvectors.[50,51] The p-
th normal mode Qp is then obtained as Qp =�rUprQ̃r, in
which Q̃r denotes the r-th localized mode (i.e., the coeffi-
cient Upr gives the contribution of the r-th localized mode to
the p-th normal mode).

Depending on the structure of the coupling matrix, differ-
ent coupling patterns will arise. In the simplest case, the
nearest-neighbor coupling constant is large, whereas the
other coupling constants are negligible. For degenerate lo-
calized modes, this leads to a (nodeless) normal mode,
which is an in-phase combination of localized modes, at one
end of the band, and a normal mode with a maximum
number of nodes, which is an out-of-phase combination of

localized modes with alternating phases, on the other end of
the band. Between these two extremes combinations of lo-
calized modes with a steadily increasing number of nodes
appear. For a positive sign of the nearest-neighbor coupling
constant, the nodeless in-phase combination appears at
higher wavenumbers and the out-of-phase combination ap-
pears at lower wavenumbers, while for a negative sign the
opposite order is obtained. The separation between the re-
sulting normal modes depends on the magnitude of the cou-
pling constant. In general, the second- and third-nearest-
neighbor coupling constants will not be negligible, which
will modify the coupling pattern described above. Further-
more, if the nearest-neighbor coupling constant is not the
largest, a different coupling pattern will be found. Neverthe-
less, in most cases the simple coupling pattern described
here provides a useful starting point for the discussion of
the coupled normal modes.

Once it is known how the localized modes couple to
normal modes, the ROA intensity of the p-th normal mode
can be obtained as [Eq. (5)]:[51]

Ip ¼
X

qr

UpqUpr½~I�qr ð5Þ

in which Upq and Upr are the coefficients giving the contribu-
tions of the q-th and r-th localized mode to the considered
normal mode, respectively, and [Ĩ]qr is an element of the in-
tensity coupling matrix corresponding to these localized
modes. The elements of the intensity coupling matrix
depend on products of polarizability tensor derivatives with
respect to the localized modes (see the Supporting Informa-
tion for details).[51] For each of the considered bands, graphi-
cal representations of the sub-block of the intensity coupling
matrices corresponding to the localized modes on residues 7
to 12 are shown in Figure 4. Note that in these plots the ele-
ments [Ĩ]qr and [Ĩ]rq have been added, so that only an upper
triangular matrix is retained. As for the vibrational coupling
matrix, the intensity coupling matrices have a rather simple
structure for the regular polypeptides considered here. The
elements corresponding to the same distance between the
localized modes (i.e., those on the secondary diagonals) are
very similar. However, in contrast to the vibrational cou-
pling constants, the elements of the intensity coupling matri-
ces depend only on the orientation of the localized modes
with respect to each other, but not on their distance, and
therefore they do not decrease with increasing separation
between the localized modes.

For a given normal mode, the ROA intensity is then ob-
tained as a sum of elements of the intensity coupling matrix,
each multiplied by a coefficient UpqUpr depending on the
composition of the normal mode in terms of localized
modes. For each pair of localized modes, this coefficient is
given by the product of the contributions of these two local-
ized modes to the considered normal mode. If these two lo-
calized modes appear with the same phase, this product will
be positive, whereas it will be negative if they have opposite
phase. Therefore, for the nodeless in-phase combination of

Table 2. Coupling constants for the interaction of the localized modes on
residue 8 with those on residues 9, 10, 11, and 12. All values are in cm�1.
The phase of the localized modes is chosen such that localized modes on
neighboring residues have the same phase.

8$9 8$10 8$11 8$12

a helix
amide I + 7.9 �2.3 �4.2 �0.4
amide II �2.8 �3.5 �0.6 +0.8
CbH3 symm. bend �0.2 +0.1 �0.2 0.0
CaH bend (I) �1.1 +0.3 + 0.1 �0.3
CaH bend (II) + 2.7 �0.8 + 1.3 �0.1
amide III �7.5 +1.0 + 0.6 +0.8
310-helix
amide I + 2.7 �3.7 �0.8 �0.6
amide II �6.2 �3.5 + 1.1 �0.3
CbH3 symm. bend �0.3 +0.1 �0.2 0.0
CaH bend (I) + 0.1 +0.5 �0.4 0.0
CaH bend (II) + 1.8 �1.2 + 0.2 �0.1
amide III �7.2 +2.3 + 0.3 �0.1
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the localized modes, all intensity coupling matrix elements
appear with a positive sign. On the other hand, for the out-
of-phase combination with a maximum number of nodes,
this product will be negative for localized modes on neigh-
boring residues and those separated by an even number of
residues, and it will be positive for those separated by an
odd number of residues. Therefore, the intensity coupling
matrix elements on the first, third, fifth, and so on secondary
diagonal will enter with a negative sign, whereas those on
the second, fourth, and so on secondary diagonal will
appear with a positive sign. In general, for normal modes
that have only few nodes with respect to the localized
modes, most intensity coupling matrix elements will enter
with a positive sign, whereas a larger number of them enter
with a negative sign if the number of nodes increases.

Now the band shapes will be analyzed by first investigat-
ing which combinations of localized modes arise due to the
vibrational coupling constants, and by then analyzing how
the ROA intensity is distributed among these modes due to
the intensity coupling terms. To illustrate the normal modes
that arise due to the vibrational coupling, the Supporting In-
formation contains plots that for each of the considered
bands schematically show the coupled modes obtained from
diagonalizing the sub-block of the vibrational coupling
matrix that corresponds to residues 7 to 12. Even though

the coupling patterns are in general more complicated than
in the simple case discussed above, in which only the near-
est-neighbor coupling is considered, it turns out that this
simplest case is usually sufficient for a qualitative under-
standing. For analyzing the distribution of the ROA intensi-
ty among the normal modes, we also only consider the sub-
block of the intensity coupling matrix corresponding to the
central residues 7 to 12. Note that even though the intensity
coupling matrix elements corresponding to larger distances
between the localized modes do not decrease in size, they
nevertheless become less important for the intensities of the
coupled modes and thus for the band shapes since the
number of such intensity coupling matrix elements decreas-
es. Furthermore, these matrix elements usually give contri-
butions of the opposite sign for close-lying normal modes
and thus average out so that they do not significantly affect
the overall band shapes.

Amide I band : For the a-helical Ala20, a couplet, which is
negative at low wavenumbers and positive at higher wave-
numbers, is found for the amide I band. In contrast, the op-
posite band shape (i.e. , a couplet that is positive at low
wavenumbers and negative at high wavenumbers) is found
for the 310-helical Ala20. This different band shape can be
understood by considering the vibrational coupling con-

Figure 4. Sub-block of the intensity coupling matrices corresponding to the localized modes on residues 7 to 12 for all considered bands in the ROA
spectra of a-helical and 310-helical Ala20. The phase of the localized modes is chosen such that localized modes on neighboring residues have the same
phase. a) Amide II, b) amide II, c) C�H bending (I), d) C�H bending (II), and e) amide III.
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stants in Table 2 as well as the intensity coupling matrices
shown in Figure 4a.

For the a helix, the vibrational coupling is mainly deter-
mined by the nearest-neighbor coupling constant, which is
significantly larger than the couplings between localized
modes on residues that are further apart. Therefore, one ob-
tains the simple coupling pattern that was described above.
Since the nearest-neighbor coupling constant is positive, the
in-phase combination of the localized modes and combina-
tions with only few nodes appear at higher wavenumbers,
whereas the out-of-phase combination and those with a
larger number of nodes appear at lower wavenumbers. As
the intensity coupling matrix is dominated by positive terms,
the normal modes at higher wavenumbers, which have fewer
nodes and for which most of the products UpqUpr in Equa-
tion (5) are positive, have a positive ROA intensity, whereas
those at lower wavenumbers, which have more nodes and
for which a large number of the products UpqUpr are nega-
tive, show a negative ROA intensity.

For the 310-helix, the intensity coupling matrix elements
are somewhat smaller in magnitude, but for the a helix, the
intensity coupling matrix is dominated by positive elements.
However, the structure of the vibrational coupling matrix is
different. Whereas for the a helix the nearest-neighbor cou-
pling constant is larger than the other coupling constants,
for the 310-helix the second-nearest-neighbor coupling,
which corresponds to one complete turn of the helix, is the
largest in magnitude.[51] This, and the fact that this second-
nearest-neighbor coupling constant has a negative sign,
leads to a different coupling pattern. The normal modes
with few nodes, which have a positive ROA intensity, now
appear at lower wavenumbers, whereas those with many
nodes and thus a negative ROA intensity are found at
higher wavenumbers. Therefore, the different structure of
the vibrational coupling matrix leads to a couplet which is
opposite to the one found for the a helix.

Note that for both the a helix and the 310-helix the off-di-
agonal elements of the intensity coupling matrix are very
large compared to the ROA intensities of the localized
modes (i.e., the diagonal elements of the intensity coupling
matrix). This leads to large (positive and negative) ROA in-
tensities of the individual normal modes, whereas those of
the localized modes are comparably small—as are the total
amide I band intensities discussed previously. Furthermore,
the vibrational coupling constants are rather large, which
leads to a large splitting between the normal modes with
positive and negative ROA intensities so that their ROA in-
tensities do not cancel out and a strong couplet is observed
in the calculated ROA spectra.

Amide II band : For the a helix, the amide II band is a
rather broad peak with only a weak intensity, and it is there-
fore hardly visible in our calculated ROA spectrum. This is
due to the rather large first- and second-nearest-neighbor vi-
brational coupling constants of �2.8 and �3.5 cm�1, respec-
tively, which lead to a significant splitting between the
normal modes, so that these are spread out over a large

wavenumber range. As discussed above, the amide II
normal modes at lower wavenumbers are close to the asym-
metric CH3 bending band, so that the intensity of these
modes is canceled out. Moreover, the off-diagonal elements
of the amide II intensity coupling matrix (see Figure 4b) are
small, so that the coupling terms only slightly affect the dis-
tribution of ROA intensity among the normal modes and
similar intensities are obtained for the normal modes and
for the localized modes.

For the 310-helix, the amide II band is split into two nega-
tive peaks with minima at 1484 and 1516 cm�1. The vibra-
tional coupling is in this case mainly determined by the
large nearest-neighbor coupling constant of �6.2 cm�1,
which leads to a coupling pattern as described earlier, in
which the nodeless in-phase combination appears at lower
wavenumbers, whereas the out-of-phase combination is
found at higher wavenumbers. However, the intensity cou-
pling matrix now has a different structure than in the case
of the amide I band. The elements of the intensity coupling
matrix corresponding to nearest-neighbor residues are negli-
gible, whereas those for second- and third-nearest-neighbor
residues are negative. This leads to the observed splitting.
Both for the nodeless in-phase combination and for the out-
of-phase combination with alternating phases (in which lo-
calized modes on second-nearest-neighbor residues have the
same phase) these second-nearest-neighbor intensity cou-
pling terms enter with a positive coefficient. Therefore, the
negative ROA intensity of these normal modes at the low
and at the high wavenumber ends of the amide II band is
amplified. It should be noted that compared to the amide I
band the magnitude of the intensity matrix elements is
small, so that the negative intensity is only redistributed
within the band, whereas a strong couplet arises for the
amide I band.

Bands in the extended amide III region : The extended ami-
de III region is known to be very sensitive to secondary
structure,[27,28, 58,59] and consequently not only the total band
intensities in the calculated ROA spectra of a-helical and
310-helical Ala20 show significant differences, but also the
band shapes. These will be discussed separately for each of
the three characteristic bands in this region.

In the case of the Ca�H bending (I) band, for both helices
a couplet, negative at low wavenumbers and positive at high
wavenumbers, is found. Since in both cases the total band
intensity is weakly negative, the negative part of this couplet
is somewhat more pronounced. However, even though the
band shapes are similar, these couplets are generated in dif-
ferent ways. For the a helix, the nearest-neighbor vibration-
al coupling constant of �1.1 cm�1 is small, but significantly
larger than the other couplings, so that the vibrational cou-
pling follows the simple coupling pattern discussed above.
As the dominant coupling constant is negative, the in-phase
combination occurs at lower wavenumbers and the out-of-
phase combination at higher wavenumbers. The intensity
coupling matrix shown in Figure 4c has an alternating struc-
ture with negative elements for the first-, third-, and fifth-
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nearest-neighbor couplings and positive ones for the second-
and fourth-nearest-neighbor couplings. For the out-of-phase
combination at higher wavenumbers, the negative elements
are multiplied by a negative coefficient and the positive ele-
ments by a positive coefficient so that a large positive inten-
sity is obtained. For the in-phase combination, the negative
nearest-neighbor and third-nearest-neighbor contributions
dominate over the remaining positive ones. Altogether, this
results in the observed couplet.

For the 310-helix, the vibrational coupling constants are
different, and the second-nearest-neighbor coupling constant
is the largest and has a positive sign. As for the amide I
band, this results in the opposite order for the coupled
normal modes. However, also the intensity coupling matrix
is different. The nearest-neighbor intensity coupling matrix
elements change their sign and are positive for the 310-helix,
and the magnitude of the positive second-nearest-neighbor
terms increases, whereas the magnitude of the negative
third-nearest-neighbor terms decreases. This results in an in-
version of the intensity coupling contributions of the in-
phase and out-of-phase combinations, so that in the end the
same couplet as for the a helix is obtained.

The Ca�H bending (II) band has for the a helix a strongly
positive total intensity and is split into two peaks, a larger
one with its maximum at 1273 and a smaller one at
1289 cm�1. Again, the vibrational coupling is determined by
the nearest neighbor coupling of +2.7 cm�1, thus leading to
the coupling pattern discussed earlier. The intensity coupling
matrix given in Figure 4d has very small elements for the
nearest-neighbor coupling, whereas those for the second-
nearest-neighbor coupling are large and positive. As dis-
cussed for the amide II band in the 310-helix, this results in
an increased intensity for both the in-phase and the out-of-
phase combinations at high and at low wavenumbers, re-
spectively, and thus explains the two maxima found for the
a helix. For the 310-helix, only a single positive peak is ob-
tained. Compared to the a helix, both the vibrational cou-
pling constants and the intensity coupling terms are signifi-
cantly smaller. Therefore, the normal modes are very close
and the intensity coupling terms largely cancel out.

For the amide III band, a negative total intensity is ob-
tained for the a helix, and a positive one for the 310-helix.
For the former, the amide III band is split into two negative
peaks with minima at 1230 and 1253 cm�1, whereas for the
latter, a couplet with a weak negative peak at 1245 and a
strong positive peak at 1254 cm�1 is obtained. In both cases,
the vibrational coupling is clearly determined by the large
nearest-neighbor coupling constants of �7.5 and �7.2 cm�1,
respectively. Again, one finds the regular coupling pattern
discussed earlier, with the in-phase combination at lower
wavenumbers and the out-of-phase combination at lower
wavenumbers. For the a helix, the nearest-neighbor intensity
coupling terms (see Figure 4e) are rather small, whereas the
second- and third-nearest-neighbor coupling terms are
larger and negative. As discussed for the amide II and the
Ca�H bending (II) bands, this leads to an increased negative
intensity for both the in-phase and the out-of-phase combi-

nations and, therefore, to splitting into two negative peaks.
In contrast, for the 310-helix, the nearest-neighbor coupling
is negative and larger in magnitude than the second-nearest-
neighbor one, which explains the observed couplet. Howev-
er, the intensity coupling terms are for both helices compa-
rably small, so that both the splitting and the couplet are
not very pronounced.

Comparison with experimental spectra : To identify which
features of experimental ROA spectra are reproduced cor-
rectly by our calculations and for which features an im-
proved theoretical description that also takes microsolvation
effects into account might be necessary, we compare the cal-
culated ROA spectrum of a-helical Ala20 to available exper-
imental spectra in the following. Since in solution such short
alanine polypeptides do not adopt the idealized a-helical
structure investigated here, but are instead frayed at the ter-
mini,[22] we compare to spectra measured for (all-S)-polyala-
nine. This procedure is in accord with our general philoso-
phy that the helical polypeptides represent fragments of pro-
tein secondary structure and should therefore closely resem-
ble the ideal helical motifs. Alanine polypeptides usually do
not adopt a 310-helical conformation in solution, and only
one experimental spectrum of a 310-helical heptapetide in
aqueous solution is available in the literature.[60] However,
this heptapetide consists of Ca-tetrasubsituted residues with
rather complex side chains, which significantly alter the
ROA spectrum with respect to the one that could be expect-
ed for peptides containing standard amino acids. Neverthe-
less, this is not a drawback, since a validation for the a-heli-
cal model should assure us of the ROA results for the 310-
helical model, and make the latter a true prediction to be
challenged by experiment.

In ref. [51], the positions of the bands in the calculated
parent IR and Raman spectra of a-helical Ala20 were com-
pared to those in the experimental spectra of solid (all-S)-
polyalanine,[61,62] and a good agreement was found for all
bands, with the largest deviations occurring for the amide II
band and for the extended amide III region, in which the
positions of the bands are underestimated by up to 30 cm�1.
For the other bands in the investigated wavenumber range,
the differences were found to be smaller than 10 cm�1. How-
ever, the structures of the polypeptides investigated in
ref. [51] were closer to a 310-helix than to an a helix because
it only contained 10 alanine residues and, therefore, some of
the assignments were uncertain.

In Figure 5, the calculated ROA spectrum of a-helical
Ala20 is shown together with the experimental solution spec-
tra of (all-S)-polyalanine in dichloracetic acid (DCA) and in
a mixture of 30 % DCA and 70 % chloroform. The spectra
measured in the two different solvents are very similar; the
only notable exceptions are the different relative intensities
of the peaks at 1304 and 1338 cm�1. Note that the weak neg-
ative peak at 1215 cm�1 in the spectrum in 30 % DCA/70 %
CH3Cl is related to the solvent.[28]

The couplet, negative at low wavenumbers and positive at
high wavenumbers, found for the amide I band between
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1640 and 1670 cm�1 in our calculations is also observed in
the experimental spectra, even though the negative part is
very weak in the experimental (all-S)-polyalanine spectra.
However, a more pronounced amide I couplet is observed in
the experimental ROA spectra of other a-helical polypep-
tides and proteins, and has been identified earlier as a signa-
ture of a helices.[24] As in the calculated spectrum, the ami-
de II band (between 1470 and 1520 cm�1) is absent in the ex-
perimental ROA spectrum. Furthermore, the couplet cen-
tered at approximately 1455 cm�1 obtained for the asymmet-
ric CH3 bending band in the calculated ROA spectrum
agrees very well with the couplet found in the experimental
spectra at the same position. Similarly, the weak positive
symmetric CH3 bending found at 1370 cm�1 in the calcula-

tions agrees with the weak positive band found experimen-
tally at 1385 cm�1. Finally, also the negative peak observed
experimentally at 1165–1170 cm�1 for the skeletal Ca�N
stretching band is reproduced correctly by the calculations.

However, the agreement is not that good for the bands in
the extended amide III region. According to our assignment,
the positive peak at 1338 cm�1 in the experimental spectra
corresponds to the Ca�H bending (I) band, for which a cou-
plet, centered at approximately 1320 cm�1 is found in the
calculated spectrum. The positive peak at 1304 cm�1 in the
experimental spectra corresponds to the Ca�H bending (II)
band, for which a strong positive peak at 1273 cm�1, togeth-
er with a somewhat weaker one at 1289 cm�1 is found in the
calculated spectrum. The negative peak at 1278 cm�1 in the
experimental spectra can be identified with the amide III
band, for which a weak negative peak at 1253 cm�1 is ob-
tained in the calculated spectrum. Although for the Ca�H
bending (I) band, neither the band shape nor the total inten-
sity obtained from the calculations agree with the experi-
mental spectra, the calculated Ca�H bending (II) and ami-
de III bands qualitatively agree with experimental results.
However, the relative ROA intensities of the different
peaks are also not described well in the calculations, since
the amide III band at 1278 cm�1 is much stronger in the ex-
perimental spectra than in the calculated spectra.

The discrepancies between our calculations and experi-
mental results for the bands in the extended amide III
region can be understood in view of the analysis presented
above. Both the localized modes and their ROA intensities
as well the intensity coupling terms for the bands in the ex-
tended amide III region are very sensitive to the coupling
between the classical amide III vibration and the Ca�H
bending vibrations, which depends on the backbone struc-
ture and on the precise positions of these bands.[51] The posi-
tion of the classical amide III vibration as well as its ROA
intensity (and the associated coupling terms) is in turn very
sensitive to solvent effects, as polar solvents form hydrogen
bonds to the amide groups. Therefore, the coupling between
the classical amide III and the Ca�H bending vibrations and
thus also the resulting ROA spectra in the extended ami-
de III region can be expected to be very sensitive to both
the chosen structural model and the description of solvent
effects.

An important experimental finding can be understood on
the basis of our analysis. Even though the positions of the
two Ca�H bending bands do not change significantly (less
than 10 cm�1) upon deuteration of the amide N�H groups[62]

(since the contribution of the classical amide III vibration is
small), the Ca�H bending (I) peak at around 1340 cm�1 in
the ROA spectrum disappears.[28] The Ca�H bending (II) is
also affected, but to a smaller extent. Upon deuteration, the
classical amide III vibration shifts to lower wavenumbers so
that it does not couple with the Ca�H bending vibrations
any longer, (i.e., in the deuterated polypeptide, there is no
contribution of the classical amide III vibration to the Ca�H
bending bands). However, as shown above, the ROA inten-
sity of the localized modes corresponding to the Ca�H bend-

Figure 5. Comparison of a) the calculated ROA spectrum of a-helical
Ala20 (no solvent effects) with experimental spectra measured for a-heli-
cal (all-S)-polyalanine in b) dichloracetic acid (DCA) and c) in 30%
DCA/70 % CH3Cl. Experimental spectra have been taken from ref. [28].
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ing bands is mainly due to this coupling with classical ami-
de III vibration. Therefore, the ROA intensity of these
bands significantly decreases upon deuteration.

Identifying signatures of the a helix and 310-helix : Although
a-helical structures have been studied in detail using ROA
spectroscopy and several signatures of a-helical structures
have been identified,[28] only little is known about spectral
signatures of 310-helices. An early assignment of a peak at
around 1340 cm�1 to a 310-helix[63] had to be revised later.[24]

By comparing the ROA spectra calculated for a-helical and
for 310-helical Ala20, it is possible to extract signatures that
might be used to discriminate between a helix and 310-helix
by means of ROA spectroscopy. Notable differences occur
for the amide I and II bands, as well as for the bands in the
extended amide III region. Although differences are also
found for the asymmetric CH3 bending band, this band is re-
lated to the alanine side chains and is not present in other
amino acids, so that it is not generally useful.

In the amide I region, a couplet, which is negative at low
and positive at high wavenumbers, is found for the a-helical
Ala20. Such a couplet has been identified earlier as a signa-
ture of a helices by comparing experimental spectra of poly-
peptides and proteins containing a-helical secondary-struc-
ture elements.[25, 28] In contrast, the opposite couplet, positive
at low and negative at high wavenumbers is found for the
310-helical Ala20. Through the analysis presented above,
these different couplets can be explained by the different vi-
brational coupling constants for the two conformers. These
differences in the vibrational coupling are directly related to
the backbone structure. Even though we have extracted
these vibrational coupling constants from the calculations
on the full systems, for the amide I band the different pat-
tern can be qualitatively explained by a transition dipole
coupling model.[50,64] For the a helix, amide C=O groups of
nearest-neighboring residues are oriented in parallel, so that
a large, positive nearest-neighbor coupling constant is ob-
tained. For the 310-helix, the nearest-neighbor coupling con-
stant is smaller, and the coupling with the vibration of the
C=O group of the second-nearest-neighboring residue,
which has a negative sign, is dominant. This can be under-
stood, since for the 310-helix, this second-nearest-neighbor
coupling corresponds to one complete turn of the helix, and
the fact that the opposite couplet is obtained for the 310-
helix is thus directly related to the different number of resi-
dues within one turn of the helix. Therefore, this amide I
ROA couplet might be used to discriminate between a-heli-
cal and 310-helical structures. However, in proteins contain-
ing both a-helical and 310-helical secondary-structure ele-
ments, the different couplets might overlap and thus partly
cancel, so that they could be difficult to distinguish.

A second signature can be identified for the amide II
band. In the a helix calculation, the amide II band is not
visible in the plotted spectra. This agrees with the experi-
mental observation that the amide II band is absent in the
ROA spectra of a-helical polypeptides and proteins.[25,28] In
contrast, the amide II band appears in the calculated spectra

of 310-helical Ala20. We note that this agrees with the calcu-
lation of the Raman spectrum,[50] which also shows an in-
creased intensity for the 310-helical structure. In both cases,
the increased intensity can be traced back to increased in-
tensities of the amide II localized modes that are due to
changes in the electronic structure. Our calculations predict
that the amide II band in 310-helices is split into two peaks.
This splitting is due to the structure of the amide II intensity
coupling matrix, in which the nearest-neighbor coupling
terms are negligible, whereas the second-nearest-neighbor
coupling terms are significantly larger in magnitude. These
intensity coupling terms depend on the orientation of the
different amide groups with respect to each other, so that
this band shape can be directly related to the secondary
structure.

Several differences between the calculated spectra of the
two conformers are also found in the extended amide III
region. In particular, the amide III band is negative in a-hel-
ical Ala20 and positive in 310-helical Ala20. However, as our
analysis shows, the total intensities of this band sensitively
depend upon the degree of mixing between the classical
amide III and the Ca�H bending vibrations.[51] This not only
depends upon the secondary structure, but its accurate de-
scription might also require an adequate treatment of sol-
vent effects.

Conclusion

To understand the generation of ROA signals in proteins
and to gain insight into the relation between secondary
structure and measured ROA spectra, we have analyzed the
calculated ROA spectra of two large a-helical and 310-helical
Ala20 polypeptides by transforming the normal modes con-
tributing to each ROA band to rigorously defined localized
modes. These localized modes are—in contrast to the delo-
calized normal modes—in general rather simple and each of
them involves only vibrations of one residue, with localized
modes on different residues being similar. It is then possible
to explain the total band intensities in terms of the intensi-
ties of representative localized modes. Furthermore, the
band shapes can be rationalized in terms of the vibrational
coupling of the localized modes to normal modes and of the
intensity coupling terms, which describe the contributions to
the ROA intensities that are due to the coupling between
localized modes. A number of conclusions can be extracted
from this analysis, which will apply not only to the model
systems studied here, but to the ROA spectra of polypep-
tides and proteins in general.

For the generation of the ROA intensities of the localized
modes, which in turn determine the total band intensities,
two different basic mechanisms can be distinguished. For
the first class of bands, the ROA intensity of the localized
modes is due to a single, achiral group of atoms. This is the
case for the amide I band, the amide II band, and for the
asymmetric and symmetric CH3 bending bands. For these
bands, the total band intensities are solely caused by the
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“electronic chirality” (i.e. , the chirality of the electronic
structure is probed by a vibration of an achiral group).[33, 65]

For the second class of bands, the ROA intensity of the lo-
calized modes is due to the coupling between vibrations of
two different groups. This is observed for the bands in the
extended amide III region, in which the ROA intensity can
be mainly attributed to the coupling between the Ca�H
bending and the classical amide III vibration, and for the
skeletal Ca�N stretching band. For these bands, the total in-
tensities are mainly due to “vibrational chirality” (i.e., the
arrangement of the vibrating atoms is chiral by itself).[19]

The localized-mode ROA intensities and thus also the
total band intensities can be affected by secondary-structure
changes in different ways. First, changes in the composition
of the relevant localized modes induced by structural
changes will affect the ROA intensities of these modes. This
is particularly important for the bands in the extended ami-
de III region, in which the degree of mixing between the
Ca�H bending and the classical amide III vibrations sensi-
tively depends upon the backbone dihedral angles.[51] For
the two model systems studied here, these changes in the
composition of the localized modes lead to a redistribution
of ROA intensity between the Ca�H bending (II) and the
amide III band. Second, in the cases in which the localized-
mode ROA intensities are due to vibrational chirality (i.e. ,
due to the coupling between vibrations of two different
groups of atoms), the ROA intensity directly depends on
the orientation of these two groups with respect to each
other[19] and is, therefore, directly affected by structural
changes. Third, structural changes imply changes in the elec-
tronic structure, which in turn affect the polarizability deriv-
atives that determine the ROA intensity. This is the only
mechanism that is relevant for the bands in which the ROA
intensity of the localized modes is determined solely by the
electronic chirality, since generally in these cases the local-
ized modes themselves are not affected by structural
changes.

The ROA band shapes are determined by the coupling
between localized modes on different residues. Both the vi-
brational coupling constants, which describe the coupling of
localized modes to normal modes, and the intensity coupling
matrices, which determine the ROA intensities of these cou-
pled modes, are directly related to the orientation of the dif-
ferent amino acid residues with respect to each other.
Therefore, the ROA band shapes are a sensitive probe of
the backbone structure. For the generation of the ROA
band shapes, three important patterns can be distinguished.
First, if either the vibrational coupling constants or the in-
tensity coupling terms are small, a single peak is observed,
and the intensity of this peak is determined by the intensi-
ties of the localized modes. This is, for instance, found for
the symmetric CH3 bending band. Second, if the nearest-
neighbor intensity coupling terms are large, and if, in addi-
tion, the vibrational coupling is sufficiently large, a couplet
is observed. Whether this couplet is positive at low and neg-
ative at high wavenumbers or the other way around depends
on the sign of the nearest-neighbor intensity coupling terms

and on the order of the coupled normal modes, which is in
most cases determined by the sign of the largest vibrational
coupling constant. A prototypical example of this is the
amide I band, for which we showed that the inversion of the
couplet for the a helix and for the 310-helix can be traced
back to the different vibrational coupling constants. Third, if
the nearest-neighbor intensity coupling terms are small and
the second nearest-neighbor intensity coupling terms are
large, the band splits into two peaks, as is, for instance,
found for the amide II band in 310-helical Ala20.

The analysis of the calculated ROA spectra presented
here not only provides an understanding of the generation
of ROA bands for the model systems considered, but it also
enables us to predict which qualitative features of the spec-
tra will be sensitive to insufficiencies of the computational
methodology. In particular, the use of the harmonic approxi-
mation, the approximate exchange-correlation functional
used in the DFT calculations, the neglect of solvent effects,
and the particular choice of the structural models will all
affect the calculated ROA spectra. Our decomposition of
the calculated ROA spectra allows us to trace specific fea-
tures of the calculated spectra back to localized modes and
the coupling between them and thus makes it possible to es-
timate how these spectral features are affected by changes
of the structural model, of the force field, or of the polariza-
bility tensor derivatives.

Therefore, we are able to draw general conclusions from
our calculations and deduce signatures of specific secon-
dary-structure elements. We can confirm the amide I cou-
plet, negative at low and positive at high wavenumbers, as a
signature of a helices and we can further predict that the
opposite amide I couplet could serve as a signature of 310-
helices. Since we can directly relate the amide I couplet to
the vibrational coupling constants, which change due to the
different number of residues within one turn of the helix,
we can be confident that these different couplets are not
due to the particular choice of the model systems or of the
chosen structural models, or are an artifact caused by the
approximations applied in the calculations of the ROA spec-
tra.

On the other hand, the calculations provide a basic under-
standing of the generation of the ROA bands in the extend-
ed amide III region, and, for instance, explain how these
bands are affected by deuteration of the amide N�H groups.
However, since the bands in the extended amide III region
are very sensitive to the degree of mixing between the Ca�
H bending and the classical amide III vibrations, it is diffi-
cult to extract general relations from our calculations. In
particular, to understand what precisely determines the rela-
tive intensities of the positive ROA bands at approximately
1300 and 1340 cm�1 and the absence of one of these bands
in some cases,[28] and to explain how these bands are affect-
ed by solvent effects, more detailed studies that consider a
larger number of different backbone structures and include
an explicit description of the solvent will be necessary.

Nevertheless, the analytical methods established here
open up the possibility to obtain a more detailed picture of
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the generation of ROA bands in proteins. By systematically
investigating a larger number of model systems, it will be
possible to deduce how the localized modes, their ROA in-
tensities, and the couplings between them depend upon the
secondary structure. This might allow for a parametrization
of simple but accurate models for the prediction of protein
ROA spectra. Finally, we emphasize that the methodology
employed here is not limited to ROA spectroscopy, but that
VCD spectra can be analyzed and rationalized in a similar
way.

Computational Methods

The molecular structures of the a-helical and 310-helical alanine polypep-
tides considered here have been taken from ref. [51]. The optimizations
of these structures were performed with the TURBOMOLE program
package[66, 67] employing density functional theory as described in
refs. [50, 51] using the BP86 exchange-correlation functional[68, 69] and Ahl-
richs� valence triple-zeta basis with one set of polarization functions
(TZVP).[70, 71]

The SNF program[72, 73] was used to calculate the normal modes and vibra-
tional frequencies, as well as the polarizability tensor derivatives required
for the calculation of the ROA backscattering intensities by numerical
differentiation. The analytic energy gradients, which are needed for the
seminumerical calculation of the harmonic force field, were calculated
with TURBOMOLE for distorted structures.[72, 73] As has been shown
previously, the unscaled harmonic BP86 frequencies generally agree sat-
isfactorily with the fundamental frequencies experimentally observed in
solution experiments due to a systematic error cancelation.[74–76]

The polarizability tensors required for the ROA intensities were calculat-
ed with time-dependent DFT by an extended version[77] of the ESCF pro-
gram[78–81] in TURBOMOLE using the same exchange-correlation func-
tional and basis set as for the structure optimization. Although the opti-
mized structures (as well as the IR and Raman spectra) have been re-
ported before,[51] we should emphasize that our extensive ROA calcula-
tions reported here were carried out in such a way that the force field
was recomputed rather than taken from ref. [51].

It has been shown previously that the ROA intensity differences of or-
ganic molecules are not sensitive to the choice of the exchange-correla-
tion functional.[47, 82] To ensure gauge invariance, the velocity representa-
tion of the electric-dipole operator was employed for the b(G’)2 invari-
ant.[77] The ROA intensities were calculated for an excitation wavelength
of 799 nm, and it was verified that this chosen wavelength is well away
from any electronic absorption frequency of the considered molecules.

For each of the characteristic bands in the ROA spectra, the localized
modes are obtained by determining the unitary transformation of the
normal modes contributing to this band that leads to optimally localized
modes.[50] This has been done according to the atomic-contribution crite-
rion and using the Jacobi sweep method as described in ref. [50]. Both
the localization of normal modes and the related analysis routines are im-
plemented in an add-on package to SNF. Details on the theoretical meth-
odology employed for the calculation of the ROA intensities, on the de-
termination of the localized modes, and on the analysis of the total band
intensities and of the band shapes in terms of localized modes can be
found in the Supporting Information.

Pictures of molecular structures and normal modes were prepared with
JMOL.

[83] Plots of vibrational spectra and of group- and intensity-cou-
pling matrices were produced using the MATPLOTLIB package.[84] In
the graphical representations of these coupling matrices, the area of the
circles is proportional to the size of the corresponding matrix element,
and filled circles represent positive, whereas empty circles represent neg-
ative contributions. Note that for these symmetric matrices only the
upper triangular part is shown, and the off-diagonal matrix elements
have, therefore, been multiplied by two.
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