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1. Introduction

A detailed understanding of the function of any compound
(e.g. a catalyst or a protein) goes hand in hand with an elucida-
tion of its structure, conformation, and dynamics. Therefore,
the determination of the three-dimensional structure of a
given molecule is one of the central tasks in chemistry and
biology. Today, there are several different techniques available
which allow one to gain considerable insight into the structure
of biochemical substances. Well-established among these are
X-ray crystallography and nuclear magnetic resonance (NMR)
spectroscopy. Additionally, chiroptical techniques (i.e. optical
methods able to differentiate between two enantiomers of a
chiral substance) such as circular dichroism (CD) or optical ro-
tatory dispersion (ORD) have been used in a wide range of ap-
plications such as the determination of the absolute configura-
tion of known or newly synthesized compounds.[1] Most nota-
bly, CD spectra of proteins are used to determine the individu-
al amounts of different secondary structure elements such as
a-helices or b-sheet structures (e.g. parallel or antiparallel b-
sheets) because the signals arising from these structural fea-
tures can be well distinguished from each other using tech-
niques such as spectral deconvolution.[2]

A promising technique in the vivid field of chiroptical spec-
troscopy takes advantage of the vibrational Raman optical ac-
tivity (ROA), which has been predicted by Barron and Bucking-
ham in 1971[3] (based on results obtained by Atkins and Barron
in 1969[4]). They showed theoretically that chiral molecules
should feature a small difference in the Raman scattering in-
tensities for left and right circularly polarized light. Since then,
this effect has first been observed in 1973 by Barron et al.[5] (an
observation independently confirmed by Hug et al. in 1975[6]).
ROA spectroscopy has matured during the past decades to a
routinely applicable technique.[7] It features the general advan-
tages of Raman vibrational spectroscopy, in particular the abili-
ty to study biomolecules in their natural environment (i.e. in
aqueous solution). Furthermore, vibrational spectroscopy po-
tentially allows for femtosecond time resolution, which is not
directly accessible using NMR spectroscopy (a technique fea-

turing typical time scales between 1 s and 1 ps[8]). Since ROA is
sensitive to the chirality of a molecule, it adds to these advan-
tages an extra susceptibility to the three-dimensional structure
of a molecule. In fact, in ROA only specific information con-
tained in the vibrational spectra is filtered out; thus, the result-
ing spectra have well-resolved bands in contrast to conven-
tional Raman or infrared (IR) spectra of proteins, which usually
suffer from congested line shapes. Very intense ROA signals
are often associated with normal modes concerning the most
rigid and chiral part of a molecular structure.[7] For proteins,
these are usually located within the polypeptide backbone.
Thus, it should in principle be possible to obtain information
about the conformation of this polypeptide backbone based
on characteristic ROA signals.[7] Indeed, efforts have been un-
dertaken to determine the individual amounts of different sec-
ondary structure elements in a given protein from its ROA
spectrum by means of pattern recognition methods.[9, 10]

The identification of signals characteristic for a certain secon-
dary structure element is usually based on the comparison of
ROA spectra of proteins and/or model peptides of which the
three-dimensional structure was previously elucidated using X-
ray crystallography or NMR spectroscopy. Then the secondary
structure elements occurring in a certain protein are assumed
to be known and by comparison with spectra of proteins fea-
turing similar as well as different secondary structure elements
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it is possible to identify band patterns characteristic for a cer-
tain secondary structure element. Such investigations have
been undertaken since the early 1990s (for a review see, e.g. ,
ref. [7]). However, in such experimental studies one is always
restricted in the choice of the compound under investigation.
Small oligopeptides are usually very flexible in solution, which
leads to a vibrational spectrum averaged over many different
conformations, while bigger molecules such as proteins incor-
porate usually several secondary structure elements, which in
turn makes the assignment of a given band to a single secon-
dary structure element difficult. Moreover, since in experimen-
tal studies the normal modes are not directly accessible, it is
often very challenging, if not impossible, to unequivocally
assign a given signal to a distinct vibration. Furthermore, on
the basis of experimental investigations it is usually difficult to
separate the many different effects influencing the spectra
(e.g. the molecular structure, the protein and/or solvent effects,
conformational averaging, etc.).

On the other hand, it is possible to calculate ROA spectra of
model systems[11–14] that incorporate exactly the desired secon-
dary structure element(s). Such calculations can nowadays be
performed on fairly large systems[13, 14] and even for small pro-
teins.[15] In such calculations, one has direct access not only to
the vibrational wavenumbers and intensities, but also to the
corresponding normal modes, that is, the precise motion of
the nuclei in each vibration is known. These normal modes can
then be further analyzed, for example with the help of local-
ized modes,[16] to obtain additional insights, for example on
the dependence of certain vibrations on the molecular confor-
mation. Herein, we choose such a theoretical approach to in-
vestigate the ROA spectra of b-turns.

The first study on ROA signatures of b-turns was carried out
in 1994 by Wen et al. who investigated the ROA spectra of pro-
teins containing large amounts of antiparallel b-sheets such as
a-chymotrypsin (note that the individual b-strands are usually
connected by b-turns).[17] They proposed that a negative signal
in the range of approximately 1340–1380 cm�1 as well as a
negative signal at ~1224 cm�1 are signatures of b-turns.[17] On
the basis of further experimental investigations, the former
signal is quite firmly established now.[7, 9, 18] Furthermore, in
2000 Barron et al. proposed another b-turn signature, namely a
positive band in the range of ~1260–1295 cm�1.[7] However,
the negative signal at ~1220 cm�1 was reassigned to a distinct
sort of b-strand or sheet.[7] This was based on the claim that in
the ROA spectrum of the capsid of the virus MS2 (an icosahe-
dral bacteriophage), which contains mainly up-and-down b-
sheets, such a band would not appear. However, this ROA
spectrum was published by the same research group in
2003.[19] A strong negative peak at 1247 cm�1 with a shoulder
at 1220 cm�1 is clearly visible. As a similar negative band at
~1220 cm�1 was found in all experimental spectra of proteins
containing b-turns,[7, 9, 15, 17–19] there appears to be no reason for
this reassignment. However, based on these spectra only it is
not possible to determine whether the band at about
1220 cm�1 originates from b-sheets or b-turns, as both secon-
dary structure elements occur in these proteins.

A recent theoretical study on the b-domain of rat metallo-
thionein[15] yielded additional insight as this protein contains
turns (mostly b-turns) as the only secondary structure element.
Thus, any of the ROA signals had to be related either to these
turns or to the residual disordered structure. In fact, in the the-
oretical ROA spectrum of the b-domain of rat metallothio-
nein[15] as well as in the experimental spectrum of rabbit metal-
lothionein[20] a strong negative peak dominating the spectra is
visible at 1183 cm�1 (together with a smaller peak approxi-
mately at 1220 cm�1) and ~1200 cm�1, respectively. Further-
more, both spectra show a strong positive peak at
~1300 cm�1, which could originate in similar normal modes re-
sponsible for the positive peak in the range of ~1260–
1295 cm�1 mentioned above. Finally, a weakly negative peak at
1358 cm�1 is visible in the theoretical spectrum of the b-
domain of rat metallothionein, but not in the experimental
spectrum of rabbit metallothionein where one finds a negative
peak only above 1400 cm�1.

In summary, there are three ROA bands which could be as-
sumed to be indicative of b-turns (see Table 1). First, a negative
band in the range of ~1200 cm�1 and 1220 cm�1 (in the follow-

ing, this signal is referred to as “signature 1” for the sake of
brevity), second, a positive signal in the spectral region of
~1260–1300 cm�1 (hereafter shortly called “signature 2“), and
finally a negative band between ~1340–1380 cm�1 (which is
denoted as “signature 3”). Herein, we evaluate the validity of
these signals on the basis of density functional theory (DFT)
calculations on model structures of b-turns. Moreover, we in-
vestigate the ROA spectra of these model compounds in order
to identify additional signatures for b-turns.

This work is organized as follows. In Section 2, the model
structure setup is rationalized. To this end, the taxonomy of b-
turns is briefly reviewed and the previously published calculat-
ed ROA spectrum of the b-domain of rat metallothionein is re-
visited. Next, in Section 3 we explain the methodology used
herein to identify b-turn signatures. Then, the calculated spec-
tra are presented and carefully analyzed in Section 4. Finally
conclusions together with an outlook are given in Section 5.

2. Model Structure Setup

2.1. Taxonomy of b-Turns

A tight turn is defined as a protein site where the polypeptide
chain folds back on itself and the number of amino acid resi-
dues directly participating in forming the turn does not exceed
six. Additionally, the distance between the Ca

i and the Ca
iþ3

Table 1. Summary of ROA signals which have been proposed to be char-
acteristic for b-turns in the literature.

Signature Wavenumber Range [cm�1] ROA Intensity

1 ~1200–1220 negative
2 ~1260–1300 positive
3 ~1340–1380 negative

1166 www.chemphyschem.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2011, 12, 1165 – 1175

C. R. Jacob, M. Reiher, and T. Weymuth

www.chemphyschem.org


atoms (here and in the following, the index i counts the amino
acid residues) has to be smaller than 7 �.[21] Such turns play an
important role as a protein could not reach a compact, globu-
lar form without them. Consequently, tight turns have long
been recognized as one of the three most important secon-
dary structure elements, the other two being the well-known
a-helix and b-sheet structures.

Tight turns are usually classified by the number of residues
directly involved in forming the turn. The most important class
of tight turns, the b-turns, is constituted of four residues. A
schematic representation of a b-turn is shown in Figure 1.

These b-turns can be further classified according to their
backbone dihedral angles �iþ1, yiþ1, �iþ2, and yiþ2 (see
Figure 1). Nowadays, the classification scheme of Hutchinson
and Thornton[22] is most widely used for this purpose. Within
this scheme, one distinguishes nine different types of b-turns,
the idealized backbone dihedral angles of which are given in
Table 2 together with their relative occurence. The assignment
of any turn to a class is based on its backbone dihedral angles
�iþ1, yiþ1, �iþ2, and yiþ2 where the angles are allowed to devi-
ate by 308 (one angle is allowed to deviate up to 458).

As can be seen in Table 2, type I is the most important one.
Type IV is a miscellaneous category which contains all turns
not fitting into any other class, that is, turns in which at least
two torsional angles deviate more than 308 from their corre-

sponding idealized angles and turns in which one backbone
dihedral angle deviates more than 458 from its idealized stan-
dard value. Therefore, type IV does not correspond to a distinct
type of b-turn. It is worth noting that the backbone dihedral
angles of types I and I’ as well as types II and II’ b-turns, respec-
tively, feature the same absolute values but opposite signs.
Thus, idealized b-turns of types I and I’ or types II and II’ are
exact mirror images of each other, provided there is no other
source of chirality. In addition to type I, II, I’, and II’, type VIII
can also in general be realized for any amino acid sequence.
However, in turn types VIa1, VIa2, and VIb, the third residue
has to be a proline. Additionally, the second peptide unit fea-
tures a cis- rather than the usual trans-geometry. If these two
additional criteria are not fulfilled, the distance between the Ca

i

and the Ca
iþ3 atoms is bigger than 7 �.[21]

Even though improved classification schemes have been de-
veloped recently,[23] we will adopt the well-known classification
scheme by Hutchinson and Thornton as presented in Table 2.
Note that this scheme agrees with the one proposed in
ref. [23] for all turn types considered herein. Furthermore, we
will only concern ourselves with turns belonging to types I, I’,
II, II’, or VIII as type IV is a miscellaneous category and types
VIa1, VIa2, and VIb occur only seldom and have to fulfill special
requirements.

2.2. Turn Signatures in the b-Domain of Rat Metallothionein

One can raise the question whether small model systems in-
clude all necessary features of b-turns embedded in larger sys-
tems such as proteins. In particular, it is not clear a priori
whether the proposed b-turn signatures discussed in the Intro-
duction stem from a collective motion of many turns in the
protein or are composed of normal modes involving rather lo-
calized vibrations of single turns. To this end, we revisit the cal-
culated ROA spectrum of the b-domain of rat metallothio-
nein,[15] which can be analyzed by inspection of the normal
modes in the wavenumber range between 1150 and
1400 cm�1. As has already been stated, this protein contains b-
turns as the only secondary structure element. To be more pre-
cise, we find two type I b-turns (sequences Asp2–Pro3–Asn4–
Cys5 and Cys26–Thr27–Ser28–Cys29, respectively), as well as a
type I’ b-turn in the sequence Cys15–Ala16–Gly17–Ser18. In ad-
dition, there is a type IV b-turn consisting of residues Cys21–
Lys22–Gln23–Cys24.

We find that in almost all cases the normal modes in the
region of interest are well localized, that is, only a relatively
small and distinct part of the protein is involved in significant
vibrations; mostly, not more than about 5–25 atoms are in
motion (compared to the total number of 411 atoms). There-
fore, we can conclude that the ROA signals characteristic for b-
turns originate from vibrations of rather localized parts of a
protein; the collective motion of all protein atoms plays only a
negligible role. Thus, small model structures do not appear to
be too small to explore b-turn signatures. Furthermore, as
model systems can be chosen to represent one single b-turn
only, we can expect to get pure b-turn signatures from them.
Enlarging such models would only increase the amount of

Figure 1. General structure of a b-turn. Rj denotes the amino acid side
chains. Important torsional angles are indicated by arrows together with
their common designations. Neither of the two intramolecular hydrogen
bonds indicated by the dashed lines and labelled d1 and d2, respectively, is
necessarily expressed in a real turn. The dotted lines indicate the continua-
tion of the polypeptide backbone.

Table 2. Idealized backbone dihedral angles and occurrence frequencies
[%] of b-turns according to the classification Scheme by Hutchinson and
Thornton. The occurrence frequencies are based on the original data set
of Hutchinson and Thornton.[22]

Turn Type Relative Occurrence �iþ1 yiþ1 �iþ2 yiþ2

I 31.75 �60 �30 �90 0
II 10.39 �60 120 80 0
VIII 8.34 �60 �30 �120 120
I’ 3.26 60 30 90 0
II’ 2.31 60 �120 �80 0
VIa1 0.38 �60 120 �90 0
VIa2 0.13 �120 120 �60 0
VIb 0.90 �135 135 �75 160
IV 42.73
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other secondary structure elements or disordered structure,
thereby possibly covering or even changing true turn signa-
tures.

Furthermore there are indeed normal modes localized on
the b-turns featuring wavenumbers which agree with those of
the proposed signatures. For example, normal modes at
1203 cm�1, 1300 cm�1, and 1340 cm�1, respectively, are associ-
ated with the first type I b-turn (Asp2–Pro3–Asn4–Cys5), while
normal modes with the wavenumbers 1202 cm�1, 1306 cm�1,
and 1363 cm�1, respectively, are localized on the second b-turn
of type I (Cys26–Thr27–Ser28–Cys29). Finally, normal modes at
1221 cm�1, 1300 cm-1, and 1384 cm�1, respectively, represent
vibrations of the type I’ b-turn (Cys15–Ala16–Gly17–Ser18).

Additionally, we find that by far most of the normal modes
in the wavenumber range between 1150 and 1400 cm�1 of the
b-domain of rat metallothionein consist of a combination of
CH2 deformation (stemming from cysteine side chains for ex-
ample), Ca�H bending and NH in-plane bending vibrations.
While the latter two are expected in this wavenumber region,
it is interesting to note that the CH2 deformation appears to
play an important role here. Already in 1994, Barron and co-
workers proposed,[17] based on a normal mode analysis of the
crystal structure of melanostatin by Naik and Krimm,[24] that
the ROA signatures of b-turns they proposed at that time[17]

originate mainly from CH2 deformations coupled with NH in-
plane deformations. To shed further light on this issue, we cal-
culated ROA spectra of b-turns featuring different amino acid
side chains.

2.3. Selection of Model Compounds

In order to identify specific ROA signatures of b-turns, we con-
struct fifteen different model systems of true b-turns where we
use an oligopeptide consisting of four amino acid residues
(either (S)-alanine, glycine or (S)-cysteine) fitting into types I, I’,
II, II’, or VIII. These structures are fully optimized, starting from
the idealized angles (see Table 3 for the resulting backbone

angles). In the following, we denote each of these model sys-
tems by the amino acid it is built from together with the turn
type it forms (for example, the model structure Ala-I forms a
type I b-turn and is constituted of four (S)-alanine residues).
Structures of the five (all-S)-alanine b-turn models are shown in
Figure 2 a. The corresponding b-turn models constituted from
other amino acid residues have similar peptide backbones. As
examples, the different type I b-turn models are shown in Fig-
ure 2 b.

All model systems investigated in this work represent non-
solvated b-turns. While such a setup is of course not represen-
tative of the native solvated state of these polypeptides it can
nevertheless be used to study the generic signals of such b-
turns and will allow us to separate the effect of solvation in
later studies. For the computational methodology we may
refer the reader to a detailed description provided in the Com-
putational Details.

3. Identifying Signatures in Calculated ROA
Spectra

The goal of this work is to check the validity of the b-turn sig-
natures suggested so far (summarized in Table 1) as well as to
possibly identify additional signatures. Concerning the first
point, we check each calculated spectrum individually for the
existence of the suggested signatures. A direct approach in
order to confirm (or disprove) these b-turn signatures pro-
posed in the literature would be to check whether a suitable
band occurs in the given intervals. However, smaller errors

Table 3. Backbone dihedral angles �iþ1, yiþ1, �iþ2 and yiþ2 and COi-NHi + 3

distance d1 as well as NHi–COi + 3 distance d2 (see Figure 1 for the designa-
tion of these distances) of all b-turn models investigated in this work. The
values of all angles are given in degrees.

Structure �iþ1 yiþ1 �iþ2 yiþ2 d1 [�] d2 [�]

Gly-I �69.74 �17.07 �107.02 21.28 1.95 2.21
Gly-II �66.62 114.13 89.85 �1.62 1.96 2.26
Gly-VIII �71.02 �24.08 �129.78 144.08 5.11 5.41
Gly-I’ 69.74 17.06 107.04 �21.27 1.96 2.21
Gly-II’ 66.63 �114.14 �89.85 1.63 1.96 2.26
Ala-I �67.18 �19.88 �112.60 14.01 2.00 2.37
Ala-II �64.51 113.39 64.97 18.60 2.02 2.24
Ala-VIII �84.96 �18.28 �128.73 125.71 5.36 4.83
Ala-I’ 57.15 36.95 77.84 �0.22 1.94 2.41
Ala-II’ 66.65 �107.37 �100.16 0.82 2.03 2.17
Cys-I �65.50 �23.13 �110.26 17.10 1.94 2.44
Cys-II �56.69 129.36 92.95 �14.86 1.93 2.46
Cys-VIII �88.59 �10.25 �135.41 127.87 5.60 4.21
Cys-I’ 40.90 52.54 86.27 �3.80 1.85 2.21
Cys-II’ 60.02 �118.06 �97.30 11.43 2.03 2.17

Figure 2. a) Structures of the five (all-S)-alanine b-turn models investigated
herein; b) Structures of the three type I b-turn models featuring glycine, (S)-
alanine, and (S)-cysteine amino acid residues.
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(e.g. wavenumber shifts of individual normal modes) stemming
from the simplifications made in order to facilitate the compu-
tations (e.g. the neglect of solvent effects) can have rather dra-
matic influences on the spectra. For example, close-lying nega-
tive and positive normal modes can cancel each other, such
that no visible band results although a couplet should appear.
Herrmann et al. addressed this problem and proposed that the
analysis of an ROA spectrum in terms of total intensities of
given intervals is much more advantageous,[25] as in this case
these errors do not matter. Usually these errors are partially
eliminated by convoluting the original stick spectrum with a
line-broadening function. Here, we use such an approach and
compare total intensities integrated over a range of wavenum-
bers in order to test for the occurence of the proposed signa-
tures. In a next step, we check whether the proposed signa-
tures occur consistently, that is, for different types of b-turns
and amino acid residues. It needs also to be stated here that
the errors resulting from simplifications (e.g. neglect of solvent
effects or of conformational averaging) can be expected to
have a similar influence in all spectra. Thus, when comparing
the diffferent calculated spectra to each other, characteristic
peaks should still appear at similar positions.

In order to identify additional signatures, we can also use
the methodology proposed by Herrmann et al.[25] to compare
individual spectra to each other in order to find similarities,
namely regions where the intensity has the same sign in all
spectra. We can then identify these regions as being character-
istic for the whole set of model structures which have been
studied. To this end, we divide the spectra into intervals of
10 cm�1 using a step size of 1 cm�1 (e.g. one interval ranging
from 1000 to 1010 cm�1 while the second interval goes from
1001 to 1011 cm�1) and calculate the total intensity of these in-
tervals by numerically integrating the Lorentz-broadened line
function. Doing so, we can identify regions which feature the
same sign of the total intensity in all spectra. We chose to cal-
culate the total intensities of these intervals by integrating the
Lorentz-broadened line functions instead of simply summing
up the intensities of the individual normal modes. In this way
the resulting total intensities depend much less on the actual
interval width and on the step size.

Once we find regions with the same sign of the total intensi-
ty, we check these regions in order to decide whether these
could actually represent useful signatures. If this is not the
case (for instance, because the intensity is weak, such that the
corresponding band could easily be covered, we do not con-
sider it any further.

When spectral features characteristic for (certain kinds of) b-
turns have been established, a last question to be answered is
whether one can use these as signatures to distinguish b-turns
from other secondary structure elements, e.g. , a-helices. For
this one obviously needs spectral data of such secondary struc-
ture elements which can be obtained using experimental as
well as theoretical methods. Such data is available in the litera-
ture (see, e.g. , refs. [7, 14, 26]).

4. Results and Discussion

4.1. Glycine Models

As a starting point, we consider the simplest possible model
structure of a b-turn, that is, four glycine residues connected
to each other. The ROA spectra of these five glycine b-turn
models are shown in Figure 3.

As can be seen by inspection of these spectra, there are no
features common to all five glycine b-turns. This can be easily
understood because glycine is an achiral amino acid, and,
therefore, the chirality of the glycine b-turns stems only from
the turn structure itself. However, types I and I’ as well as
types II and II’ b-turns are mirror images of each other, that is,
they have the same absolute values but opposite signs for
their dihedral angles (see Table 3; the slight deviations from
exact mirror symmetry are due to the numerical accuracy of
the structure optimization). Thus, the resulting ROA spectra of
these turns are also mirror images of each other and in any
region where we encounter positive intensity for the

Figure 3. Calculated ROA spectra of the model systems consisting of glycine
only (line spectra are scaled by 0.04).
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type I or II glycine b-turn, we find negative intensity in the
case of the type I’ or II’ glycine b-turn, and vice versa.

Therefore, we can already conclude that the signatures pro-
posed in the literature do not occur in all b-turn models inves-
tigated herein and, moreover, that it is not possible to find sig-
natures common to all possible b-turns. However, for practical
applications this is only of minor importance, as several turn
types such as I’ or II’ occur only very seldom. On the other
hand, turn type I is by far the most important one in the sense
that it occurs most often (in the original data set used by
Hutchinson and Thornton,[22] about one third of all turns be-
longed to type I, while in a larger data set used by Koch and
Klebe,[23] over 80 % of all turns belonged to this class). Thus,
identifying spectral features common to type I b-turns would
already be very helpful.

4.2. Type I b-Turns

The ROA spectra of all type I b-turns investigated herein are
compared to each other in Figure 4. For each of the three sig-
natures proposed in the literature (see Table 1), we find a
region where all type I turn spectra have the same sign of the
total intensity matching these signatures (these regions are la-
belled 1, 2, and 3 in Figure 4). First, all three spectra show a
negative peak at approximately 1190 cm�1. This is reasonably
close to the proposed interval between 1200 and 1220 cm�1

for signature 1.
Second, we find a positive intensity roughly between 1220

and 1260 cm�1 in all three spectra. For Gly-I and Cys-I there is
a positive peak in this region, while for Ala-I there is no normal
mode inside this region, but there is a strong positive band at

slightly lower wavenumbers. Although the positive intensity
region between 1220 and 1260 cm�1 common to all three
spectra lies outside the interval proposed in the literature for
signature 2, ranging from approximately 1260 to 1300 cm�1,
we should emphasize that these interval boundaries are to be
understood as guiding values rather than sharply defined bor-
ders. It is important to state here that it is not possible to un-
equivocally decide whether a given band in the calculated
spectra corresponds to a certain signature proposed in the lit-
erature. We can only base our decisions on the wavenumbers
and intensities, which, however, has to be done with caution
since the simplications made in the calculations (e.g. neglect
of solvent effects) can lead to wavenumber shifts of certain
bands.

Finally, negative signals between 1340 and 1380 cm�1 (i.e.
signature 3) are absent in the spectra of Ala-I and Cys-I, but we
find a negative peak at approximately 1400 cm�1 common to
all three spectra. This is still close to the suggested wavenum-
ber range. Note again that this range has to be understood as
a guiding value only. Indeed, in many experimental spectra of
polypeptides incorporating b-turns, we observe a negative
signal extending above 1380 cm�1.[15, 19] Thus, we may conclude
that the three signatures for b-turns proposed in the literature
can be confirmed in our calculations on type I b-turn models.

Besides these three signatures mentioned in the preceding
paragraph one finds additional similarities between the theo-
retical spectra of the type I b-turn models. There are positive
signals both between ~1060 and 1100 cm�1 (marked as “a” in
Figure 4) and between ~1130 and 1160 cm�1 (marked as “b” in
Figure 4) in all three spectra. Furthermore, all normal modes in
the amide I region between ~1600 and 1800 cm�1 are associat-
ed with positive ROA intensity in the spectra of the type I b-
turns.

We can now investigate whether such peaks are also found
in experimental ROA spectra of model b-turns or of proteins
containing this secondary structure element. Indeed, we ob-
serve positive peaks between ~1060 and 1100 cm�1 and be-
tween ~1130 and 1160 cm�1 in the experimental spectra of a-
chymotrypsin, b-lactoglobulin, melanostatin,[17] jack bean con-
canavalin A, human immunoglobulin G,[7] MS2 capsid,[19] and
rabbit metallothionein.[15] However, in most of these spectra,
we find a strong couplet, negative at lower wavenumbers and
positive at higher wavenumbers, in the amide I region above
1600 cm�1 rather than only positive ROA intensity. Neverthe-
less, it is important to state that in most of these proteins,
there are other secondary structure elements present beside b-
turns, such as a-helices which are known to yield a couplet in
the amide I region.[14] Therefore, all these secondary structure
elements contribute to this region.

Thus, our calculations indicate that the signatures shown in
Figure 4 might in fact be helpful for a fast yet reliable test for
the presence of type I b-turns directly from an ROA spectrum.
However, one must keep in mind that such a test can only
confirm the absence of b-turns from the investigated sample,
which is the case when the signatures mentioned above do
not occur in the spectrum. If they do occur, this does not nec-
essarily indicate the presence of b-turns, as other secondary

Figure 4. Calculated ROA spectra of the type I b-turn models (line spectra
are scaled by 0.04). Wavenumber regions where the total intensity has the
same sign in all spectra are highlighted in grey. The signatures labelled 1, 2,
and 3 correspond to the three proposed experimental band patterns
(Table 1). Additional similarities between all spectra are designated as a and
b, respectively.
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structure elements may show similar features. Furthermore,
the presence of additional secondary structure elements could
lead to a cancellation of b-turn signatures such that one would
erroneously conclude their absence. We return to this question
in Section 4.6.

4.3. Other b-Turn Types

One can of course investigate the spectra of the other b-turn
types in a similar way. For each turn type we can identify sev-
eral signatures, which are, however, in general not valid for all
other turn types. A complete comparison of the spectra for the
other types of b-turns can be found in the Supporting Informa-
tion. In the present context it is worth noting that for all turn
types except type II’ one finds a negative total intensity rough-
ly at ~1200 cm�1, that is, for all except the most rare turn type.
Note, however, that this negative band is not found exactly at
the same position in all spectra. For example, while a negative
band is identified between ~1180 and 1200 cm�1 for type I
turns, a negative signal is found at somewhat higher wave-
numbers between ~1210 and 1230 cm�1 in the case of type II
b-turns. Nevertheless, the normal modes associated with these
bands are similar to each other. Thus, we attribute these collec-
tively to signature 1.

Similarly, for all considered types of b-turns we find at least
one common negative signal in the region between 1360 cm�1

and 1440 cm�1. Even though this negative band appears at dif-
ferent positions in each type of turn, this could be considered
as matching signature 3.

However, signature 2 cannot be identified in the other types
of b-turns. Only in types I and II’ turns is a matching positive
signal between approximately 1260 and 1300 cm�1 consistent-
ly found for all different side chains. Similarly, the additional
signatures a and b identified for type I turns do not show up
in most of the other turn types.

4.4. (All-S)-Alanine and (All-S)-Cysteine Models

Besides investigating signatures for individual turn types, it is
interesting to investigate the influence of the amino acid side
chains on the ROA spectra. For this, the calculated ROA spectra
on sets of b-turn models consisting of (S)-alanine and (S)-cys-
teine are shown in Figures 5 and 6, respectively.

First of all, because the configuration of the individual
amino acid is the same in all turn models (we choose the natu-
rally occuring (S)-form), types I and I’ as well as II and II’, re-
spectively, are no longer enantiomers. Therefore, it is now pos-
sible to find spectral features common to all (all-S)-alanine b-
turns as well as to all (all-S)-cysteine b-turns. These are high-
lighted in Figures 5 and 6, respectively.

For the (all-S)-alanine turns, we find a region of negative
total intensity common to the spectra of all five turn types be-
tween 1390 and 1430 cm�1. This agrees well with the peak
identified as signature 3 when comparing the spectra of the
type I b-turns. Also for the (all-S)-cysteine b-turns, a region
with common negative intensity is found at the same position
(in this case extending from 1380 to 1430 cm�1). This again

confirms that such a negative peak occurs consistently in all
the calculated spectra.

In the spectra of (all-S)-alanine turns, the peaks identified as
signatures 1 and 2 do not show up as a region with the same
sign of the total intensity in all five turn types considered. As
discussed in the previous section, peaks that might match the
signatures proposed in the literature appear for all turn types,
but at different positions in each case. In contrast, in the spec-
tra of the (all-S)-cysteine b-turns, a common region of negative
intensity matching signature 1 is found between 1210 and
1230 cm�1, and a common region of positive intensity match-
ing signature 2 is found between 1300 and 1320 cm�1.

Both for the (all-S)-alanine and for the (all-S)-cysteine b-turns
additional similarities among the different turn types are
found. These are marked in Figures 5 and 6. Particularly note-
worthy is the region of negative intensity between 1260 and
1290 cm�1 in the (all-S)-alanine spectra, which might at first
sight contradict the above finding that the (positive) signa-
ture 2, occurring between 1220 and 1260 cm�1, is valid for all
type I b-turns. However, when inspecting the spectrum of Ala-I

Figure 5. Calculated ROA spectra of the (all-S)-alanine b-turn models (line
spectra are scaled by 0.04). Wavenumber regions where the total intensity
has the same sign in all spectra are highlighted in grey.
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we find a rather strong positive band at 1220 cm�1, which
agrees nicely with signature 2, while in fact the wavenumber
range between 1260 and 1290 cm�1 features a weakly nega-
tive total ROA intensity.

When comparing Figures 5 and 6 it is interesting to note
that there are more similarities between the spectra of the (all-
S)-cysteine turn models than for the (all-S)-alanine turns. In
fact, more and more similarities between the different b-turn
types arise when changing the amino acid first from glycine to
(S)-alanine and then further to (S)-cysteine. As a given spec-
trum is of course always related to the corresponding struc-
ture, the five (all-S)-cysteine b-turns must be more similar to
each other than the five (all-S)-alanine b-turns, which in turn
are more similar among themselves than the glycine b-turns.
Of course, it is not a priori clear whether this increased similari-
ty is associated with the turn-determining secondary structure
or whether the common signals are solely due to the side
chains.

4.5. Normal Modes Associated with b-Turn Signatures

To verify whether the spectral features we have identified so
far are indeed related to the turn structure, we examine the
normal modes associated with these signatures. For this, we
focus on the normal modes corresponding to the signatures of
type I b-turns (see Section 4.2 and Figure 4). In the cases where
similar peaks are also found for other types of b-turns, the re-
sponsible normal modes are very similar to those found in the
type I turns.

Characteristic normal modes together with their correspond-
ing wavenumbers for the most important signatures for type I
turns are shown in Figure 7.

The first two signatures, positive ROA intensity between
~1060 and 1100 cm�1 (signature a, see Figure 4) and between
~1130 and 1160 cm�1 (signature b), respectively, have similar
normal modes. Therefore, only characteristic normal modes
from signature a are shown in Figure 7 a for the Gly-I, Ala-I, and
Cys-I model structures. They are highly delocalized over the
whole polypeptide backbone of the turn and feature NH in-
plane bending for all three b-turns. Additionally, the (all-S)-ala-
nine and (all-S)-cysteine turns include bending vibrations of
the hydrogen atom bonded to the a-carbon atom. This vibra-
tion is replaced by a wagging vibration of the methylene (CH2)
group in the case of the glycine b-turn. For this turn, we see a
rather strong Ca�N stretching vibration which does, however,
not occur in the other two b-turns. Finally, we identify defor-
mation vibrations of the methyl side chains in the case of the
(all-S)-alanine b-turn, while there is a bending vibration of the
terminal hydrogen atom bonded to the sulfur atom in the case
of the (all-S)-cysteine turn.

Signature 1, a negative peak between ~1180 and 1200 cm�1,
is caused by the well-known amide III vibrations[27] (which are
shown in Figure 7 b). These include a strong in-plane bending
motion of the hydrogen atom of the amide groups, together
with a C�N stretching vibration. For Ala-I and Cys-I, these
couple with a Ca�H bending vibration, and for Gly-I with a CH2

twisting vibration.
For signature 2, a positive band between ~1220 and

1260 cm�1, there is no normal mode in the relevant wavenum-
ber range in the case of Ala-I. Here, the positive ROA intensity
is rather caused by a strong signal having its maximum ap-
proximately at 1205 cm�1. The normal modes underlying this
signal represent mostly Ca�H bending vibrations coupled to
N�H in-plane bending motions.[27] Similar vibrations are found
in the normal modes of the glycine and (all-S)-cysteine b-turns.
However, for Cys-I the CH2 groups of the cysteine side chains
participate with wagging vibrations in these normal modes.

Then, negative ROA intensity in the region of ~1400 and
1420 cm�1 (signature 3) is also a common feature of all three
type I b-turns in the case of the glycine and (all-S)-cysteine b-
turns; the associated normal modes represent CH2 scissoring
vibrations and an umbrella vibration of the methyl unit of the
terminal methoxy group (see Figure 7 c). As such scissoring vi-
brations cannot be present in the (all-S)-alanine turns (as this
amino acid does not incorporate any CH2 groups), there is only
the methyl umbrella vibration contributing to this signature in

Figure 6. Calculated ROA spectra of the (all-S)-cysteine b-turn models (line
spectra are scaled by 0.04). Wavenumber regions where the total intensity
has the same sign in all spectra are highlighted in grey.
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the case of the (all-S)-alanine b-turn. However, the terminal
methoxy group is not an intrinsic feature of a b-turn, but
rather has been used here to terminate the polypeptide back-
bone. We can thus conclude that this feature is caused by the
side chains and not by the b-turn structure itself, as the pres-
ence of CH2 groups depends solely on the actual amino acid
side chains.

Finally, the positive intensity between ~1630 and 1800 cm�1

is also common to all type I b-turn models. This region is asso-
ciated with the amide I vibrations, that is, a stretching vibration
of the carbonyl group (in addition, there is some admixture of
Ca�H bending). Note also that these normal modes represent
rather localized vibrations, in contrast to the other normal
modes shown in Figure 7.

4.6. Comparing b-Turns to Other Secondary Structure
Elements

Finally it is of crucial importance to compare the signatures
identified for b-turns to those of other important secondary
structure elements. Only if the proposed signatures do not
appear for other secondary structure elements, it will be possi-
ble to identify b-turns. An exhaustive comparison of the signa-
tures proposed for the many different secondary structures
with the b-turn signatures reported herein is beyond the

scope of this work. Therefore,
we only compare the ROA spec-
trum of Ala-I to the calculated
spectra of an a- as well as a 310-
helix consisting of 20 (S)-alanine
residues[14] and check whether or
not the turn type I signatures
occur in these spectra. The three
spectra are shown in Figure 8.

From this comparison, a dis-
crimination between Ala-I and
the two helices is possible by
means of the type I b-turn signa-
tures. In the a- and 310-helix
spectra, no or only very weak
peaks appear between ~1180
and 1230 cm�1. Therefore, the
negative peak appearing be-
tween ~1180 and 1200 cm�1

(signature 1) can be used to
clearly distinguish type I b-turns
from helices. In contrast to this,
positive intensity between ap-
proximately 1220 and
1260 cm�1, where signature 2
appears, is also present in the
spectrum of the a-helix, where
we find positive intensity only
above 1250 cm�1 as well as in
the spectrum of the 310-helix,
where there is a positive peak at
about 1250 cm�1. Therefore, sig-

Figure 7. Typical normal modes (and their corresponding wavenumbers) associated with type I b-turn signatures
occuring in the wavenumber ranges a) ~1060–1100 cm�1; b) ~1180–1200 cm�1; c) ~1270–1330 cm�1; d) ~1400–
1430 cm�1. All wavenumbers are given in cm�1.

Figure 8. Calculated ROA spectra of an a-helix consisting of 20 (S)-alanine
residues, Ala-I, and a 310-helix built from 20 (S)-alanine residues (line spectra
of the helices are scaled by 0.03, while the line spectrum of Ala-I is scaled by
0.04).
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nature 2 is not suited to distinguish the Ala-I b-turn from the
two helices.

Another clear signature for distinguishing the Ala-I model
structure from the two helices is found in the amide I region
between 1600 and 1800 cm�1. Here, we find only positive
peaks in the spectrum of Ala-I, while we identify a couplet in
the spectra of the two helices. Note that this couplet is nega-
tive at lower wavenumbers and positive at higher wavenum-
bers in the case of the a-helix, while it is positive at lower wav-
numbers and negative at higher wavenumbers for the 310-
helix.[14] Thus, by means of this spectral feature we are able to
differentiate between a-helices, 310-helices, and b-turns. How-
ever, the presence of multiple secondary structure elements in
one protein can be expected to lead to a rather complicated
amide I region such that the amide I region might not be very
useful in this case.

5. Conclusions and Outlook

In the present work, ROA signatures of b-turns have been in-
vestigated by means of quantum chemical calculations on
model compounds. First, the signatures proposed in the litera-
ture to be characteristic of b-turns have been analyzed in more
detail. These are a negative band between ~1200 and
1220 cm�1 (signature 1), a positive signal in the range of
~1260 to 1300 cm�1 (signature 2), and negative intensity be-
tween ~1340 and 1380 cm�1 (signature 3).

For type I b-turns (which are the most important type of b-
turns since they occur most often), it was found that these sig-
natures are indeed valid for all models studied herein. Further-
more, peaks matching these three signatures can be found in
all spectra of the (all-S)-cysteine turns. Two of these signatures,
namely a negative signal at about 1200 cm�1 (signature 1) and
a negative signal roughly at ~1400 cm�1 (signature 3), occur
also in most of the other types of b-turns and thus appear suit-
able for a test for the presence of b-turns. Signature 1 is associ-
ated with amide III vibrations (i.e. an NH in-plane bending vi-
bration coupled with a CN stretching vibration) delocalized
over the whole polypeptide backbone of the turn. Signature 3,
negative ROA intensity between ~1390 and 1430 cm�1, is
found in all spectra of the (all-S)-alanine and (all-S)-cysteine b-
turns. However, these normal modes represent mostly CH2 scis-
soring vibrations and an umbrella vibration of the methyl unit
of the terminal methoxy group, which is not an intrinsic fea-
ture of the b-turn. Thus, it can be expected that these are
highly dependent on the actual side chains of the amino acid
residues forming the turn.

Moreover, further similarities between the spectra of the
same type of b-turn, but with different side chains, have been
identified. For example, positive ROA intensity in the amide I
region (i.e. the wavenumber range between ~1600 and
1800 cm�1) appear to be a good indication of type I b-turns. In
addition, positive peaks between ~1060 and 1100 cm�1 and
between ~1130 and 1160 cm�1 are found for all type I b-turn
models considered here.

The analysis employed herein is phenomenological in nature
and thus very related to common experimental approaches. Of

course, the theoretical methods used in this study permit in-
vestigations on isolated, that is, pure, b-turns, the structure of
which is exactly known. Nevertheless, the analysis presented
here does not allow for a deeper understanding of the origin
of the identified signatures. Such insight, however, can be ob-
tained by additional theoretical work. For example, one could
analyze the normal modes associated with the b-turn signa-
tures in terms of localized modes.[16, 26] On the basis of such an
analysis, simplified models describing these characteristic
normal modes could be developed.[27] However, for the present
case of b-turn structures, such a model is already quite compli-
cated and thus considered for future work.

None of the model systems investigated herein takes solva-
tion effects into account. However, the generic ROA signals
arising from such b-turns can, of course, be well analyzed with
such an approach and the isolated-molecule approach is a
mandatory first step towards a complete understanding of the
ROA signals from a molecule in solution. But the inclusion of
the solvent in the detailed description of polypeptide ROA
spectra remains an important issue and work along this direc-
tion is currently in progress in our laboratory.

Computational Details

All structures investigated herein were first fully optimized with
the TURBOMOLE 5.10 program package[28] employing density func-
tional theory[29] using the BP86 exchange–correlation function-
al[30, 31] and Ahlrichs’ valence triple-zeta basis with two sets of polar-
ization functions (def-TZVPP)[32] on all atoms. In all calculations ad-
vantage was taken of the resolution-of-the-identity technique (RI)
with the corresponding auxiliary basis sets.[33–35]

Normal modes, harmonic vibrational wavenumbers, and the deriva-
tives of the polarizability tensors required for the ROA backscatter-
ing intensities were calculated using the program SNF.[13, 36] The an-
alytic energy gradients needed for the seminumerical calculation
of the harmonic force field were calculated with TURBOMOLE for
distorted structures. The harmonic wavenumbers obtained were
not scaled since it is known that BP86 yields harmonic wavenum-
bers which are in good agreement with the corresponding funda-
mental wavenumbers observed in the experiment,[37, 38] which is
due to a systematic error cancellation effect.[39]

The polarizability tensors required for the ROA backscattering in-
tensity were obtained using our local[13] version of TURBOMOLE’s
ESCF module[40–45] employing the same density functional and
basis set as described above. To ensure gauge invariance, the ve-
locity representation of the electric dipole operator was applied for
the calculation of the b(G’)2 invariant. The ROA intensities were ob-
tained using a wavelength of 799 nm. In all cases, it was verified
computationally that this wavelength lies well below any electronic
excitations (the lowest excitation energy was for all structures in
the range of 280–370 nm).

Several studies on the basis-set and density-functional dependence
of the ROA wavenumbers and intensities exist,[13, 46] which allows
for an easy yet reliable calculation of these spectra without the
need for cumbersome and time consuming evaluations of many
different combinations of basis sets and density functionals. Luber
and Reiher showed that a def-TZVPP basis set is necessary in gen-
eral,[13] especially when the b(G’)2 invariant is calculated in the ve-
locity representation as the convergence is much slower in this

1174 www.chemphyschem.org � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2011, 12, 1165 – 1175

C. R. Jacob, M. Reiher, and T. Weymuth

www.chemphyschem.org


case. In this work, we therefore use the def-TZVPP basis set for all
ROA calculations. However, for bigger systems than the ones inves-
tigated herein the smaller def-TZVP basis set is often preferred for
feasibility reasons.[14, 15]

The line spectra obtained following this procedure were convolut-
ed with a Lorentzian band featuring a full width at half maximum
(FWHM) of 15 cm�1 to simulate line broadening due to a not fur-
ther specified environment. The line broadening as well as the
analysis and graphical representation of all vibrational spectra
were done with the computer algebra system MATHEMATI-
CA 7.0.[47] Pictures of molecular structures were prepared with
CHEMDRAW[48] and JMOL.[49]
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