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The unfolded- and folded-state infrared (IR) spectra of peptides studied to date show a common pattern,
i.e., the amide I peak of the unfolded state is typically shifted toward higher frequencies with respect to
the folded peak. Here, we study by means of a theoretical–computational method, the Perturbed Matrix
Method (PMM), the IR spectra in the amide I region of two b-hairpin peptides. The computed spectra are
in good agreement with the experimental ones, thus providing an explanation of the physical origin
underlying the differences of the unfolded- and folded-state spectra.
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1. Introduction

Infrared (IR) absorption spectra of amide modes (particularly of
the amide I mode, mostly corresponding to the peptide-group C@O
stretching) have long provided a tool for determining the second-
ary structure of peptides and proteins [1–3]. Theoretical and com-
putational analyses have aided in providing the rather well-
established structure-frequency correlations [4–19]. A number of
these studies [2,8,9,11–14,18,19] has suggested that the amide I
absorption patterns of folded structural elements, such as the b-
sheet, can be explained by the symmetry of the given structure
and points to a crucial role played by excitonic coupling of the
amide I oscillators. On the contrary, the physical origin of the spec-
troscopic behaviours of unfolded states is much less understood,
despite differences in the amide I bands of folded and unfolded
states having become a crucial spectral feature to follow protein
and peptide folding kinetics and kinetics in time-resolved and tem-
perature dependent IR spectroscopies [20–24].

Interestingly, the unfolded- and folded-state spectra of the pep-
tides studied to date by IR spectroscopy, both a-helical [20,21] and
b-hairpins [22–24], the basic secondary structural elements of pro-
teins, show a common pattern regardless of the specific secondary
structure, i.e., the amide I peak of the unfolded state is typically
shifted toward higher frequencies with respect to the folded peak
(which is commonly centered at around 1630—1640 cm�1). What
is the origin of such a shift? Are there perturbing effects other than
the usually mentioned excitonic coupling, playing an important
role? These are crucial, still open, questions that we address in
the present work.
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In this Letter, the amide I band of two b-hairpin peptides, a 15-
residue designed peptide termed peptide 1 and a 10-mer cyclic
analog of Gramicidin S, GS10, are evaluated using a theoretical–
computational approach based on the Perturbed Matrix Method
(PMM), a mixed quantum mechanics/molecular dynamics (QM/
MD) method [25–28] whose main aim is to keep the configura-
tional complexity of the system (peptide + solvent molecules) with
a proper treatment of the quantum degrees of freedom of a portion
of the system to be explicitly treated at electronic level (the back-
bone peptide group). Such a method has been already successfully
applied to reproduce the IR spectrum of aqueous carbon monoxide
[25], of carbon monoxide within Myoglobin [26] and of liquid
water [28]. The good agreement observed, here, between the the-
oretical and experimental spectra of the two peptides shows the
basic correctness of the calculations. Therefore, the conclusions
on the contribution of individual, or subsets of, peptide groups to
the spectra are considered to be meaningful, allowing the struc-
ture–spectrum correlations in unfolded–folded amide I difference
spectra to be understood at atomic detail.
2. Theory and methods

In PMM calculations [25–28], similarly to other QM/MM proce-
dures [29], it is essential to pre-define a portion of the system to be
treated at electronic level, hereafter termed as quantum center
(QC), with the rest of the system described at a classical atomistic
level exerting an electrostatic perturbation on the QC electronic
states. An orthonormal set of unperturbed electronic Hamiltonian
(eH0) eigenfunctions (U0

k) are initially evaluated on the QC structure
of interest which is typically the ground state equilibrium geome-
try (note that such an energy minimised structure is virtually iden-
tical for the perturbed and unperturbed ground states). Indicating
oi:10.1016/j.cplett.2010.02.020
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with V and E the perturbing electric potential and field, respec-
tively, exerted by the environment on the QC (typically obtained
by the environment atomic charge distribution and evaluated in
the QC center of mass) we may, then, construct for each QC-envi-
ronment configuration (as generated by explicit solvent MD simu-
lation) the perturbed electronic Hamiltonian matrix (eH) as follows:

eH ffi eH0 þeIqTVþ eZ1 þ DVeI ð1Þ
eZ1

h i
k;k0
¼ �E � U0

k jl̂jU
0
k0

D E
ð2Þ

where qT and l̂ are the QC total charge and dipole operator, respec-
tively, DV approximates all the higher order terms as a simple short
range potential, eI is the identity matrix and the angled brackets
indicate integration over the electronic coordinates. The diagonali-
sation of eH provides a set of eigenvectors and eigenvalues repre-
senting the QC perturbed electronic eigenstates and energies.

For the more specific task of determining perturbed vibrational
states, the following procedure is used. Firstly, the unperturbed QC
mass-weighted Hessian eigenvectors are defined by standard QM
calculations on the isolated quantum center. Then, once the mode
of interest is selected, a number of QC configurations along the
mode coordinate, q, are generated. For each of these QC configura-
tions an orthonormal set of unperturbed electronic eigenfunctions
can be obtained by standard QM procedures and, using Eqs. (1) and
(2), a number of perturbed electronic Hamiltonian eigenstates and
eigenvalues may be evaluated at each MD frame. Subsequently, the
perturbed electronic ground state energy, �0 (i.e., the ground state
eigenvalue of the matrix eH), along the mode coordinate q can be
expressed at each time frame as follows:

�0ðq; tÞ ffi �00ðq; tÞ þ qTVðtÞ þ DVðq; tÞ ð3Þ

with �00 the ground state eigenvalue of the matrix eH0 þ eZ1 (Eqs. (1)
and (2)). Finally, the perturbed harmonic frequency, x=2p, is eval-
uated at each time frame via a polynomial fit of such an energy
curve, providing the second order energy derivative at the mini-
mum position (note that DV along the mode coordinate can be dis-
regarded as this higher order term provides weak effects on the
energy derivatives which are averaged out when the frequency
spectrum is calculated).

The basic approximation of the method is that for typical quan-
tum vibrational degrees of freedom the environment perturbation
does not significantly alter the vibrational modes (i.e., the mass-
weighted QC Hessian eigenvectors) but only the related eigen-
values (x2). Such an assumption provides a good approximation
when we consider a vibrational mode which, under the perturba-
tion, remains largely uncoupled from the other QC modes as well
as from the vibrational modes of the QC atomic-molecular environ-
ment. This approximation implies that the possible amide I modes
excitonic effect is disregarded. Although many studies [31,30] sug-
gest an important role for exciton coupling in polypeptides and
inclusion of such a coupling within the PMM framework is possi-
ble, as described in details in a recent paper [27], in this work we
neglect such interactions. In fact, the model systems analysed in
the present work are two small b-hairpin peptides (i.e., with a lim-
ited sheet structure) for which the typical excitonic spectroscopic
signature, i.e., the weaker band at about 1680—1690 cm�1, is not
evident in the experimental spectra. Therefore, in this Letter we fo-
cus on the less investigated effect of the environment ground-state
perturbation on the quantum states of each peptide group, i.e., the
coupling between each localised vibrational mode and the environ-
ment atomic motions. Nevertheless, in a further paper we will spe-
cifically address the effect of excitonic coupling, investigating its
role in peptide folding-unfolding IR signal variations.

As a model of the peptide group, i.e., the quantum center to be
explicitly treated at electronic level, trans-N-methylacetamide
Please cite this article in press as: I. Daidone et al., Chem. Phys. Lett. (2010), d
(trans-NMA) was chosen. As a benchmark, the PMM/MD procedure
described above has been initially applied to reconstruct the amide
I mode of trans-NMA in D2O solution (see belove). Subsequently,
the same protocol has been adopted also for evaluating perturbed
amide I frequencies for the peptide groups (residues) belonging to
the N-residues b-hairpin peptides in D2O solution. Trans-NMA fit-
ted to the peptide group of each residue was used as the corre-
sponding QC and hence its (unperturbed) mass-weighted Hessian
eigenvectors provide the vibrational modes of each peptide group.
The sidechain of the considered peptide group, the N � 1 residues
and the solvent define the perturbing environment at each config-
uration generated by MD simulation and the distribution of the
oscillators perturbed-frequencies make up the total amide I band.

2.1. Unperturbed quantum chemical calculations

Quantum chemical calculations were carried out on the isolated
trans-NMA molecule at the Time Dependent Density Functional
Theory (TD-DFT) level with the 6-31+G (d) basis set. This level of
theory was selected because it represents a good compromise be-
tween computational costs and accuracy. The mass-weighted Hes-
sian matrix was calculated on the optimised geometry at the
B3LYP/6-31+G (d) level of theory and subsequently diagonalised
for obtaining the unperturbed eigenvectors and related eigen-
values. The eigenvector corresponding in vacuo to the amide I
mode was, then, used to generate a grid of points (i.e., configura-
tions) as follows: a step of 0.05 a.u. was adopted and the number
of points was set to span an energy range of 20 kJ/mol (in the pres-
ent case 31 points). For each point, six unperturbed electronic
states were then evaluated at the same level of theory providing
the basis set for the PMM calculations, i.e., the U0

k eigenfunctions
in Eqs. (1) and (2).

2.2. Molecular dynamics simulations

A series of 50 ns-long atomistic MD simulations of peptide 1
and GS10 were performed in explicit solvent. For each peptide,
six independent simulations were performed to generate the
ensemble of structures to be used to compute the total amide I
peak. Three of these simulations, representing the unfolded state
and used to compute the unfolded-state amide I peak, were started
from unfolded structures and the other three, representing the
folded state and used to compute the folded-state amide I peak,
from folded structures. The three starting structures for the
unfolded-state simulations were extracted randomly from a simu-
lation of 10 ns that was started from a fully extended configura-
tion, for peptide 1, and from a high-temperature-generated
structure for the cyclic GS10 peptide; the three starting structures
for the folded-state simulations were taken from a simulation of
10 ns that was started from the NMR structure. The MD simula-
tions were performed with the program GROMACS [32] and the GRO-

MOS96 force field [33] was used for the peptide. The solvent used
was D2O, to reproduce the experimental conditions, and was mod-
elled using the deuterated spc water model [34]. Each of the start-
ing configurations was placed in a dodecahedral water box large
enough to contain the peptide and at least 1.0 nm of solvent on
all sides at a water density of 55.32 mol/l. Periodic boundary con-
ditions were used and the long range electrostatic interactions
were treated with the Particle Mesh Ewald method [35]. Coordi-
nates were saved at every 1 ps. Simulations were performed in
the NVT ensemble with the isokinetic temperature coupling [36]
to keeping the temperature constant at 300 K. Three positive
(Na+) and two negative (Cl�) counter ions for peptide 1 and
GS10, respectively, were added by replacing the corresponding
number of water molecules so as to achieve a neutral simulation
box. A 20 ns-long atomistic MD simulation of trans-NMA in aque-
oi:10.1016/j.cplett.2010.02.020
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Fig. 2. NMR-derived b-hairpin structures of peptide 1 [22] (SESYINPDGTWTVTE)
(A) and GS10 [23] (VKLYPVKLYP) (B). The peculiar feature of these two peptides is
that they show an opposite pattern of the aminoacids of the b-sheet with the
hydrogen-bonded C@O groups pointing inwards (in) or with the C@O groups
pointing towards the solvent (out), i.e., for GS10 the ‘in’ residues are hydrophobic
and the ‘out’ residues are hydrophilic, while for peptide 1 the ‘in’ residues are
hydrophilic and the ‘out’ residues are mainly hydrophobic.
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ous solution was performed in explicit solvent (deuterated spc
water model [34]) using the same conditions and simulation pro-
tocol described above. For the trans-NMA equilibrium structure,
that was kept fixed during the simulation, the DFT-based optimisa-
tion as described above was used. Atomic charges were calculated
using standard fitting procedures [37] on the optimised geometry
at the B3LYP/6-31+G (d) level of theory.

2.3. Infrared spectra of trans-NMA

The amide I experimental vibrational frequency of the isolated
trans-NMA ranges from 1707 cm�1 (in an argon matrix at 20 K
[38]) to 1714—1731 cm�1 (in the gas phase at �100 K [39])
depending on the experimental conditions. The computed unper-
turbed amide I frequency, evaluated here using standard geometry
optimisations and frequency calculations at the harmonic approx-
imation, is 1754 cm�1, 47 cm�1 higher than the experimental one
(we take as the reference experimental value the one recorded in
the argon matrix at 20 K [38]). This shift is rather common for this
kind of calculations [38,40] and is usually attributed to various
slight inaccuracies of the quantum calculations including the har-
monic approximation, as indicated by a recent work providing
for the amide I mode of trans-NMA a � 30 cm�1 anharmonic cor-
rection [41].

The experimental IR spectrum of trans-NMA in the amide I re-
gion in D2O solvent at room temperature is presented in Fig. 1
(the data are taken from Ref. [42]). The maximum of the amide I
peak in solution is at about 1622—1623 cm�1, i.e., downshifted
by � 80—85 cm�1 with respect to the frequency of the isolated
trans-NMA [4,39] (unperturbed frequency), with a full width at
half maximum (fwhm) of � 30 cm�1. The amide I band of trans-
NMA in D2O solution, computed using the PMM/MD procedure,
provides a spectrum with the maximum at 1698 cm�1 correspond-
ing to a downshift of 56 cm�1 with respect to the unperturbed fre-
quency and hence reproducing most of the large negative
frequency shift experimentally observed. Further, the spectrum
shape and width is very well reproduced by PMM/MD calculations
(fwhm ¼ 30 cm�1) as clearly shown in Fig. 1. It is worth noting that
the missing 25—30 cm�1 of the PMM/MD-derived shift with re-
spect to the experimental one are due to a combination of higher
order effects possibly including the slight inaccuracies of the calcu-
lated dipoles involved in the definition of the eZ1 matrix (Eqs. (1)
and (2)) and the fact that we disregard any excitonic coupling
and/or anharmonic behaviour.
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Fig. 1. Comparison of the computed and experimental [42] infrared spectra in the
amide I region of trans-NMA in D2O solution. For the sake of comparison, the
computed frequencies have been uniformly shifted to lower frequencies by 76 cm�1

in order to align the computed to the experimental peak centered at 1622 cm�1.
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3. Results and discussion

Here, the amide I band of two b-hairpin peptides, a 15-residue
designed peptide termed peptide 1 and a 10-mer cyclic analog of
Gramicidin S, GS10 (see Fig. 2), are evaluated using the PMM/MD
procedure described in the Section 2 section. The experimentally-
derived [22,23] and computed amide I band of peptide 1 in D2O
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Fig. 3. Experimental [22] (A) and computed (B) infrared spectra in the amide I
region of peptide 1 in D2O solution. The experimental difference spectrum (C) was
generated by subtracting the spectrum collected at 3.0 �C from the one collected at
61.0 �C. The computed difference spectrum (D) was generated by subtracting the
spectrum of the folded state from the spectrum of the unfolded state. For the sake of
comparison, the computed frequencies (panels B and D) have been uniformly
shifted to lower frequencies by 73 cm�1 in order to align the computed amide I peak
to the experimental maximum at 1644 cm�1. The absorbances are given in arbitrary
units. The error bars correspond to a standard error of the corresponding property
estimated over three independent sets of trajectories.
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at room temperature are shown in Fig. 3A and B, respectively (the
data for GS10, being very similar, are not shown). The computed
peak-maximum frequency is upshifted by 73 cm�1 with respect
to the experimental one, which is at 1644 cm�1. This shift is largely
determined by the slight inaccuracies of the QM-based calcula-
tions, as discussed in the Theory and Methods section. However,
PMM/MD calculations accurately reproduce the frequency shift of
peptide 1 and trans-NMA maxima (19 cm�1 versus the experimen-
tal 22 cm�1) and provide most of the experimentally observed
width of peptide 1 principal absorption peak.

In the experiments, spectra at different temperatures are col-
lected to monitor folded and unfolded populations (within the
usual assumption that the higher the temperature, the higher the
unfolded population). As the temperature decreases (i.e., folded
state population increases), the amide I band shifts to lower fre-
quency and therefore the unfolded–folded absorption difference
spectrum (corresponding to the difference of the spectra at the ex-
treme temperatures) shows a negative signal at �1630 cm�1 and a
positive signal at �1665 cm�1, crossing zero at �1645 cm�1 (see
Fig. 3C).

To shed light into the structure/spectrum correlations, the spec-
tra of the folded and unfolded states are here calculated by apply-
ing the PMM/MD procedure to the folded and unfolded state
ensembles, respectively, as generated by the MD simulations of
the peptides (see Section 2 section). The calculated difference spec-
trum (unfolded–folded) of peptide 1 is presented in Fig. 3D and is
in very good agreement with the experimental one, showing the
characteristic negative–positive signature (the data for GS10, being
very similar, are not shown). The good quantitative reproduction of
the peptides IR signals justifies the use of the model employed to
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investigate further the origin of the folding-unfolding spectral
features.

One useful characteristic of our approach is that the amide I sig-
nal arising from any desired peptide group of the polypeptide
chain may be isolated. In Fig. 4A the contributions from each pep-
tide group (aminoacid) to the difference spectrum are shown to-
gether, along with the total signal. Interestingly, it can be seen
that part of the residues shows the negative–positive signal, while
others show the opposite trend. The questions arise to which is the
origin of the two different trends for different aminoacids and to
why the total IR difference spectrum of the peptides appeared to
date [20–24], which are both a-helices and b-hairpins, shows the
negative-positive signature. In what follows we investigate the role
played by two factors: the position of the residue in the folded b-
sheet, i.e., with the hydrogen-bonded C@O groups pointing in-
wards (in) or with the C@O groups pointing towards the solvent
(out), and the nature of the side chain, i.e., hydrophobic (phobic)
or hydrophilic (philic).

The contributions to the difference spectrum arising from these
different factors were evaluated by summing up the signals of the
individual residues belonging to the given category. These are
shown in Fig. 4B and C. It can be observed that the role played
by the position in the folded structure is not unique in the two pep-
Fig. 5. Effect of the hydrophobic sidechains on the amide I band. (A) Component of
the electric field along the C@O dipole of the peptide group, EC@O , for a
representative hydrophobic residue in the unfolded and folded states. (B) Scheme
summarising the effect of the hydrophobic sidechain on the amide I mode
vibrational frequency of the peptide group, to which the sidechain is attached, in
the folded and unfolded states.

oi:10.1016/j.cplett.2010.02.020

http://dx.doi.org/10.1016/j.cplett.2010.02.020


0.3 0.35 0.4 0.45
0

5

10

15

20

25

D
is

tri
bu

tio
n

0.1 0.15 0.2 0.25
Distance (nm)

0

0.2

0.4

R
ad

ia
l d

is
tri

bu
tio

n 
fu

nc
tio

n

unfolded

folded

folded

unfolded

A

B

Fig. 6. Distributions of the sidechain-carbonyl distance (distance between the
corresponding centers of mass) (A) and radial distribution functions of the polar
atoms around the peptide carbonyl group (B) for the unfolded (solid line) and
folded (dashed line) states of a representative hydrophobic residue. It can be noted
that in the unfolded state the population at shorter distances is increased, thus
implying that the sidechain is closer to its peptide group in the unfolded state than
in the folded one This provides a decreased density of the polar atoms close to the
carbonyl group in the unfolded state.

I. Daidone et al. / Chemical Physics Letters xxx (2010) xxx–xxx 5

ARTICLE IN PRESS
tides, i.e., for peptide 1 the ‘in’ residues show a positive–negative
signal and the ‘out’ residues a negative–positive signal, while the
opposite is true in the GS10 peptide. Instead, the nature of the side
chain, regardless of its position in the folded structure, shows the
same trend in both peptides, i.e., all residues with a hydrophobic
sidechain show a negative–positive signal giving rise to a pro-
nounced negative–positive contribution to the total signal, while
residues with a hydrophilic sidechain show both trends (e.g., the
red curves in Fig. 4A) giving rise to a weak positive–negative over-
all contribution (Fig. 4C). Hence, the global negative–positive spec-
troscopic feature arises from the overcompensating contribution of
the hydrophobic sidechains.

Why do the hydrophobic sidechains provide a negative–positive
signal in the unfolded–folded difference spectrum, i.e., why is the
unfolded amide I peak shifted to higher frequencies with respect
to the folded band? To answer this question, we studied the effect
of the electric field, E, exerted by the environment on the different
vibrating C@O dipoles. The component of the electric field along
the vibrating C@O dipole, EC@O, for a representative hydrophobic
aminoacid in the unfolded and folded states is reported in
Fig. 5A. It can be seen that for the hydrophobic sidechains EC@O is
lower in the unfolded state, giving rise to the observed shift to
higher frequencies of the amide I band with respect to the folded
state (negative–positive signal in the unfolded–folded difference
spectrum) (see scheme in Fig. 5B).

Such electric field variations mainly arise from the fact that the
sidechain of the hydrophobic aminoacids of the studied peptides is
on average closer to its own and/or neighbouring peptide group in
the unfolded state with respect to the folded configurations (see
Fig. 6A). In the unfolded configurations, the hydrophobic side-
chains provide a less polar environment to the vibrating amide I
mode (mainly C@O stretching) – Fig. 5B, as a consequence of the
more compact backbone-sidechain conformation resulting in a de-
creased density of the environment polar atoms surrounding the
peptide group carbonyl (see Fig. 6B).

Therefore, such decreased local electrostatic interactions lead to
a shift of the unfolded peak toward higher frequencies, i.e., towards
the amide I band of the isolated peptide group (which is at around
1700—1750 cm�1 – see Section 2). The global negative–positive
Please cite this article in press as: I. Daidone et al., Chem. Phys. Lett. (2010), d
signal in the unfolded–folded amide I difference spectrum, being
made up of all the peptide groups, is hence dominated by the effect
of the hydrophobic sidechains (Fig. 5B).

4. Conclusions

The good quantitative reproduction of the experimental IR
spectral behaviour of the studied peptides, as obtained by the
PMM/MD procedure used in this Letter disregarding any excitonic
coupling, indicates that the main features of the unfolded–folded
difference spectrum (at least for the studied hairpins) may be
reproduced by the amide I mode–environment interactions, thus
pointing to an essential role played by the environment perturba-
tion on each localised vibrational mode. These results show that a
physically coherent procedure, not involving the use of empirical,
adjustable parameters, may provide an efficient tool to character-
ise and interpret IR spectral differences upon folding of peptides
and, possibly, proteins in solution in terms of their atomistic
behaviour. One possible outlook is a further development of the
method to other effects, such as anharmonic correction and exci-
tonic coupling, in order to study and interpret in more details poly-
peptide IR signals and to approach to 2D IR spectra which are
recent tools used to probe structures and dynamics in complex sys-
tems [3,19,24,30].
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