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ABSTRACT: The amide I′ infrared spectrum of a α-helical photoswitchable
peptide is calculated here by means of a mixed quantum mechanics/
molecular dynamics theoretical−computational methodology based on the
perturbed matrix method (PMM). The contribution of specific residues to
the total spectrum is also analyzed and the results compared to previous
experimental spectroscopic data, obtained by means of site-specific isotope
labeling at different residues, resulting in good agreement. One of the
residues (Ala7) shows atypical spectroscopic behavior in both the
experimental and calculated spectra, i.e., the folded-state amide I′ band is
shifted to higher frequencies than the unfolded-state one, while the other
residues show the opposite behavior. The calculations reveal the origin of this
uncommon spectroscopic trend and point to a crucial role of the molecular
switch, the presence of which perturbs the conformational sampling of the
peptide. Indeed, infrared spectra of the same peptide calculated in the absence of the molecular switch show that the single-
residue spectrum of Ala7 does not have any distinguishing feature, resembling the spectra of the other analyzed residues.

■ INTRODUCTION

Infrared (IR) spectroscopy can be used to investigate peptide
and protein structural properties and folding kinetics.1,2 Indeed,
the amide I band (1700−1600 cm−1), which is due almost
entirely to the CO stretch vibrations of the peptide linkages,
is sensitive to the protein secondary structural components.
The frequencies of the amide I band are closely correlated to
the molecular geometry and hydrogen bonding pattern. Hence,
each secondary structure gives rise to a different CO
stretching frequency.3−7 However, the link of particular
frequencies with secondary structures has been made on the
basis of semiempirical rules and is often controversial.
Moreover, the observed amide I bands are often featureless,
due to the extensive overlap of the broad underlying
component bands.8,9 Mathematical data analysis methods can
be used to “enhance” the resolution of the protein
spectrum,10−13 but the overlap of secondary structural
components remains still significant.
Conventional IR spectroscopy does not probe conformation

at the residue level, but, when combined with site-specific
isotope labeling, it can be used to obtain local information on
the conformation in peptides and proteins. With this approach,
individual amide I modes of different residues within a
secondary structure can be identified using isotopic sub-
stitution. In fact, when a backbone carbonyl is labeled with 13C,
the amide I band for that residue is shifted to a lower frequency
by 20−40 cm−1 and can be resolved from the 12C band,
reporting specifically on the conformation of the labeled

residues.14 Even larger shifts (60−70 cm−1) of the amide I band
of the labeled residues can be obtained using 13C18O double
labeling, allowing a better separation of the signal of the labeled
residues from the main band.15 This widely used techni-
que14,16−21 provided a large amount of interesting data on
different secondary structures. Nevertheless, the structural
information obtained often does not have an unequivocal
interpretation.
In several recent works,15,22−31 the inclusion of molecular

switches in at-purpose designed peptides has been used to
predetermine the conformation of the peptide backbone, thus
obtaining IR spectra of easier interpretation, in order to
investigate the folding and unfolding kinetics. Indeed, in
photoswitchable peptides a cross-linked photoisomerizable
moiety drives the transition between the folded and unfolded
state. This allows reversible control of the structure and study
of both folding and unfolding for one molecule. Azobenzene is
widely used as a photoswitch as it determines the helix
propensity of the peptide it is linked to: if the azobenzene is in
the trans state its end-to-end distance roughly matches three
helix loops stabilizing the helicity of the peptide. In the cis state,
on the contrary, the end-to-end distance is too short and the
helix is destabilized. In addition, ultrafast kinetics (few ps) of
azobenzene are well suited for the design of small, defined
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model systems that allow detailed folding studies to be carried
out both experimentally and theoretically.32−36 Such model
peptides can indeed bridge the time gap between experimental
folding studies and theoretical folding simulations.
Theoretical and computational methods that model protein

and peptide IR spectroscopic behavior are thus very useful,
when coupled to experimental techniques, to study both folding
kinetics and structural properties of these small model systems.
Many approaches have been proposed to reproduce the
frequency position and line shape of the amide I absorption
band.1,37−50 Among others, a mixed quantum mechanics/
molecular dynamics (QM/MD) theoretical-computational
methodology based on the Perturbed Matrix Method
(PMM)51−55 was used to calculate the amide I IR spectra of
a number of peptides, giving results in good agreement with the
experimental ones and aiding in the interpretation of the
experimental spectra.56−59

In PMM calculations, as in other QM/MM procedures,60 a
portion of the system (the quantum center) is treated at the
electronic level, while the rest of the system is described at a
classical atomistic level and exerts an electrostatic perturbation
on the quantum-center electronic states. Such a perturbative
approach allows one to obtain a statistically relevant sampling
of the peptide and solvent configurations, which is necessary for
a proper calculation of the spectra of complex systems.
Moreover, the amide I signal of any residue of the peptide
chain may be isolated allowing the comparison with
experimental isotope-labeled spectra.58

In a recent paper15 Ihalainen and co-workers studied a
photoswitchable α-helical peptide (sequence Ace-AACA-
KAAAAKAAACKA-NH2) at the single amino acid level by
employing amide I infrared spectroscopy and 13C18O double
labeling. The two cysteines of the peptide are linked to an
azobenzene moiety that acts as a structural constraint: when the
azobenzene is in its trans conformation the helix is stabilized
while unfolding is induced by the cis conformation of the
azobenzene (see Figure 1). By means of the single residue

analysis they observed an atypical behavior of one residue
(Ala7) upon unfolding. The signal of the labeled chromophore
shifts indeed to higher frequencies upon folding of the α-helix
while the other residues experimentally analyzed show an
opposite behavior. The authors of the experimental work
hypothesized that the peculiar behavior of Ala7 could depend

on the hydrogen bond strengthening upon unfolding at that
specific site.
Here the PMM/MD approach is used to calculate the amide

I′ (i.e., the amide I in D2O) spectra of the same peptide studied
experimentally.15 Amide I′ spectra are calculated with the
molecular switch both in the trans and in the cis state, focusing
also on the contribution of specific residues to the total
spectrum in order to compare the results with the experimental
ones.15 The agreement between the experimental and the
calculated spectra is very good and the uncommon behavior of
the Ala7 residue is well reproduced and clarified. MD
simulations of the same peptide in the absence of the azo-
moiety are also performed in order to investigate the role of the
molecular switch on the peptide accessible conformational
space and on its spectroscopic behavior.

■ THEORY
The methodology used here to reconstruct amide I′ infrared
spectra has been explained in detail in previous articles.56,61,62

Hereafter, the theoretical basis of PMM calculations and the
computational procedure used to obtain vibrational spectra of
solvated peptides are briefly outlined.
The PMM/MD approach is based on the combined use of

quantum mechanical first principles and an extended phase
space sampling as provided by MD simulations. The underlying
philosophy of the methodology is to reconstruct the
electronic−vibrational quantum states of interest for any
given suitable atomistic force field that provides the semi-
classical behavior of the system. Hence, the use of empirical
parameters is avoided and an extended sampling of the atomic−
molecular phase space is maintained.
In PMM calculations,51−55 similarly to other mixed quantum-

classical procedures,60,63,64 it is essential to predefine 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 the perturbation on the
QC electronic states.
The QC used here to model each peptide group along the

peptide backbone is trans-N-methylamide (NMA). An
orthonormal set of unperturbed electronic Hamiltonian (H̃0)
eigenfunctions (ϕj

0) are initially evaluated on the QC structure
of interest (see Methods). Then, after having fitted trans-NMA
on the given peptide group, the perturbed electronic ground
state energy is calculated for each peptide group with the
following procedure. Indicating with ν and E the perturbing
electric potential and field, respectively, exerted by the
environment on the QC (typically obtained by the environ-
ment atomic charge distribution and evaluated in the QC
center of mass), the perturbed electronic Hamiltonian (H̃) for
each QC-environment configuration (as generated by the MD
simulation) can be constructed

̃ ≃ ̃ + ̃ + ̃ + Δ ̃H H Iq Z VIT
0

1 (1)

ϕ μ ϕ̃
′ = − ·⟨ | |̂ ⟩′EZ[ ]j j j j1 ,

0 0
(2)

where qT, μ̂, and ϕj
0 are the QC total charge, dipole operator,

and unperturbed electronic eigenfunctions, respectively, ΔV
approximates all the higher order terms as a simple short-range
potential, I ̃ is the identity matrix, and the angled brackets
indicate integration over the electronic coordinates. The
diagonalization of H̃ provides a set of eigenvectors and
eigenvalues representing the QC perturbed electronic eigen-

Figure 1. Schematic drawing of the photoswitchable peptide in its
trans (panel A) and cis (panel B) conformations. Note that the trans
conformation stabilizes the helical structure while the cis conformation
induces the unfolding of the peptide.
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states and energies. Note that the side chain of the considered
peptide group, the N-1 residues, and the solvent define the
perturbing environment at each configuration generated by the
MD simulation. Hence, via a polynomial fit of the perturbed
electronic ground state energy along the mode coordinate, the
perturbed frequencies for each oscillator along the peptide at
each MD frame can be obtained.
The basic approximation of the methodology presented so

far is that, for typical quantum 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 eigenvalues. Such an
assumption provides a good approximation when, under the
perturbation, a vibrational mode remains largely uncoupled
from the other QC modes as well as from the vibrational modes
of the solvent molecules. When mode coupling effects due to
interacting vibrational centers ought to be considered, excitonic
effects must be included in the calculations. The perturbed
frequencies for each oscillator, k, are thus used to include the
excitonic effect by the construction and diagonalization of the
excitonic vibrational Hamiltonian matrix (i.e., the Hamiltonian
matrix for the interacting chromophores built by using only the
excited vibronic states of interest) given by62

̃ = ̃ + Δ ̃H I Hvb,0 (3)

with Uvb,0 the (vibronic) ground state energy of the interacting
chromophores and ΔH̃ the excitation matrix providing the
excitonic coupling (within the dipolar approximation) among
the vibrational excitations for the considered modes of all the
chromophores.62 In the present case we consider only the
amide I mode of each residue. By diagonalizing the excitation
matrix and using the transition dipole for the 0 → i excitonic
transition (μ0,i) as obtained via the excitonic eigenvectors, we
may reconstruct the spectral signal of the excitonic system by
summing the absorbance due to each 0 → i transition,
providing

∑
μ

ν
ρ ν ν

∈ =
| |

∈ ℏ

h

c
( )

( )

6i

i i0,
2

0
2

(4)

with ρi the probability density in ν frequency space for the ith
excitation and ∈0 is the vacuum dielectric constant.

■ METHODS
Unperturbed Quantum Chemical Calculations. The

details of the unperturbed quantum chemical calculations are
described in previous works56−59 and are briefly summarized
hereafter. As a model of the peptide group, i.e., the quantum
center to be explicitly treated at electronic level, trans-NMA
was chosen. Quantum chemical calculations were carried out
on the isolated trans-NMA molecule at the Time Dependent
Density Functional Theory (TDDFT) with the 6-31+G(d)
basis set. This level of theory was selected because it represents
a good compromise between computational costs and accuracy.
The mass-weighted Hessian matrix was calculated on the
optimized geometry at the B3LYP/6-31+G(d) level of theory
and subsequently diagonalized to obtain the unperturbed
eigenvectors and related eigenvalues. The eigenvector corre-
sponding in vacuo to the amide I′ mode was, then, used to
generate a grid of points (i.e., configurations) 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 present 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.

Molecular Dynamics Simulations. A series of 100 ns long
MD simulations of the peptide (sequence Ace-AACAKAAAA-
KAAACKA-NH2) in explicit solvent was performed: three MD
simulation with the peptide bound to the azobenzene and three
MD simulations of the free peptide. In the presence of the
molecular switch, one simulation was performed with the
azobenzene in the trans conformation starting from a helical
structure of the peptide and two simulations starting from two
unstructured configurations of the peptide with the azobenzene
in the cis conformation. In the absence of the molecular switch,
one MD simulation was started from the same helical
configuration mentioned above and two simulations from the
two unstructured configurations used in the case of the peptide
linked to the azo-moiety. In order to generate the two
unstructured configurations, a short simulation of 10 ns was
performed starting from an extended configuration and the
structures sampled at 9 and 10 ns of the trajectory were
selected. The helical and extended starting structures of the
peptide were modeled with the program Molden 3.8.65

The MD simulations were performed with the GROMACS
software package66 and the OPLS-AA all-atom force field67 was
used for the peptide. The charges of the azobenzene were
calculated using RESP68 with B3LYP/6-31+G* calculations
with the package GAMESS (US).69 Torsion angles were
calculated at the same level of theory. The water was modeled
using the SPC representation.70 Each of the starting
conformations was placed in a dodecahedral water box large
enough to contain the peptide and at least 1.0 nm of solvent on
all sides. Periodic boundary conditions were used and the long-
range electrostatic interactions were treated with the particle
mesh Ewald method.71 The bond lengths were fixed,72 and a
time step of 2 fs for numerical integration of the equations of
motion was used. Simulations were performed in the NVT
ensemble with isokinetic temperature coupling73 keeping the
temperature constant at 300 K.

■ RESULTS AND DISCUSSION

Three MD simulations of the peptide cross-linked by the azo-
moiety were performed, one with the azo-moiety in the trans
conformation and two with the azo-moiety in the cis
conformation. Analysis of the simulations shows that changing
the azobenzene from the trans to the cis conformation reduces
the mean helicity of the peptide from ∼80% to ∼13%. These
data are in good agreement with the experimental work15 that
reports a mean helicity of ∼60% in the trans state and of ∼15%
in the cis state.
Amide I′ infrared spectra of the peptide with the azo-moiety

in the two different conformations were calculated using the
three simulations, with results shown in Figure 2. The
calculated spectra reproduce the experimental high-frequency
shift upon unfolding, resulting in a positive−negative trend of
the folded−unfolded difference spectrum. The frequency shift
between the positive and negative peak of the difference spectra
is ∼45 cm−1 and ∼30−35 cm−1 in the calculated and
experimental15 spectra, respectively. The slight discrepancy
between the calculated and experimental frequency shift could
depend, among other things, on the higher helical content of
the peptide observed in the simulation with the azo-moiety in
the trans conformation with respect to the experimental value
(∼80% vs ∼60%).
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Single-residue spectra were then calculated. The trans−cis
difference spectra of residues Ala7 and Ala9 are reported in
Figure 3 together with the corresponding experimental signals

obtained by isotope labeling at the corresponding sites.15 It can
be seen from the figure that the trans−cis difference spectrum of
Ala9 shows the positive−negative feature common in folded−
unfolded difference spectra, that corresponds to a shift to
higher frequencies when the peptide is in its unfolded state. On
the contrary, the difference spectrum of Ala7 shows an
uncommon behavior, resulting in a trans−cis difference
spectrum with a negative−positive−negative trend. Although
the computed and experimental spectra differ (for example, the
peaks of the experimental spectra are narrower than the
computed ones), the trends of the difference spectra are in
qualitative agreement.
The uncommon feature of the trans−cis difference spectrum

of Ala7 has been suggested to arise from a “stronger” hydrogen
bonding of the CO group in the ensemble with the

azobenzene in the cis conformation than in the ensemble with
the azobenzene in the trans conformation.15 In order to test this
hypothesis, the hydrogen bonding network of the CO groups
of Ala9 and Ala7 in the MD simulation were thus studied. From
the analysis, the mean number of hydrogen bonds (HB) is very
similar for the two residues both in the trans and in the cis state.
In fact, the mean number of HB is 0.91 for Ala9 and 0.92 for
Ala7 in the trans state and 0.91 for Ala9 and 0.94 for Ala7 in the
cis state. Hence, the uncommon feature of the difference
spectrum of Ala7 does not seem to be related, at least in the
present case, to a peculiar hydrogen bonding pattern in the
trans or in the cis state.
In one of our previous works56 the relative frequency

positions of the folded and unfolded state single-residue spectra
were related, rather than to the local formation of hydrogen
bonds, more in general to the exposure of the considered
residue to polar atoms. In particular it was found that a decrease
in the exposure to polar atoms (of both the protein and the
solvent) leads to a shift of the amide I′ band toward higher
frequencies. The exposure to polar atoms of the CO groups
of Ala7 and Ala9 was, thus, examined both in the trans and in
the cis states. The radial distribution function of polar atoms
around the CO group of Ala7 at close distances (<0.5 nm) is
higher in the cis than in the trans state (panel A of Figure 4).

On the contrary, the radial distribution function of polar atoms
around the CO group of Ala9 is lower in the cis state than in
the trans state (panel B of Figure 4). In agreement with our
previous work,56 we find here that a lower exposure to polar
atoms leads to a blueshift of the amide I′ frequency. In fact, the
peak of the cis-state spectrum of Ala9 is at a higher frequency
than the peak of the trans-state spectrum (panel C of Figure 4),
while the opposite is true for the residue Ala7 (panel D of
Figure 4), resulting in trans−cis difference spectra with different
trends (see Figure 3A). It is also worth noting that the main
difference in the radial distribution functions of the polar atoms
around the carbonyl groups of Ala7 and Ala9 arises at distances
over 0.25 nm (see panels A and B of Figure 4). Interestingly,

Figure 2. Computed IR spectra in the amide I′ region of the
photoswitchable peptide at 300 K. Continuous line: spectrum of the
peptide with the azobenzene in the trans conformation (folded);
dashed line: spectrum of the peptide with the azobenzene in the cis
conformation (unfolded); dotted line: trans state spectrum minus cis
state spectrum (folded−unfolded). Note that the calculated spectra
were shifted to lower frequencies by 65 cm−1 in order to align the
positive peak of the difference spectrum with the experimental one.15

Figure 3. Panel A: Computed single-residue IR difference spectra
between the trans and cis states (trans−cis) of the photoswitchable
peptide at 300 K. Two residues are reported: continuous line, Ala7;
dashed line, Ala9. Panel B: Experimental signals of the isotope-labeled
Ala7 (continuous line) and Ala9 (dashed line). Note that the
calculated spectra were downshifted by 130 cm−1 in order to align the
positive peak of Ala 9 with the corresponding experimental peak.

Figure 4. Panels A and B: Radial distribution functions of the polar
atoms (of the solvent and of the peptide) around the carbonyl groups
of Ala7 (panel A) and Ala9 (panel B) in the trans (solid line) and cis
(dashed line) state. Panels C and D: Single-residue computed IR
spectra of Ala7 (panel C) and Ala9 (panel D) in the trans (solid line)
and cis (dashed line) state.
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this distance threshold matches the characteristic HB distance:
the peaks below this distance (around 0.2 nm) are thus likely to
represent the polar atoms hydrogen bonded to the CO
groups of Ala7 and Ala9. As can be observed in Figure 4 these
peaks are very similar for the two residues, in agreement with
the previous observation that the mean number of HB is almost
the same for Ala7 and Ala9.
In order to analyze a possible effect of the molecular switch

on the atypical spectroscopic behavior of Ala7, simulations of
the peptide in the absence of the azobenzene were performed.
During the MD simulations of the free peptide both helical and
unfolded conformations are sampled, with a mean helicity of
∼40% (the corresponding experimental estimate is ∼35%74).
The analysis of the trajectories shows that, not surprisingly, the
unfolded structures of the free peptide have a considerably
higher structural flexibility than the unfolded structures induced
by the cis conformation of the azobenzene. Indeed, the trace of
the covariance matrix of the Cα carbons, related to the chain
flexibility, is 1.81 nm2 in the presence of the azobenzene in the
cis state and is 4.11 nm2 in the absence of the molecular switch
and when the peptide samples unfolded configurations. This
means that the flexibility of the peptide chain in the unfolded
state is reduced by 56% in the presence of the azo-moiety.
Instead, the two helical ensemble in the presence and absence
of the trans conformation of the azobenzene show similar
structural flexibility. A marked effect of the molecular switch on
the chain flexibility was already pointed out by means of MD
simulations.15,36

Amide I′ spectra of the folded and unfolded state (i.e., the
ensemble of structures with some and none helical content,
respectively) were calculated (see Figure 5). The unfolded-state

spectrum of the free peptide is shifted to higher frequencies by
∼80 cm−1 with respect to the corresponding one in the
presence of the molecular switch, while the peaks of the folded-
state spectra are almost at the same frequency (see Figure 2 and
Figure 5). The huge shift of the unfolded-state peaks is possibly
related to the marked differences in structural flexibility
described above. No other remarkable differences can be
observed between the spectra in the absence and in the
presence of the azobenzene.

Single-residue spectra were, then, calculated. In Figure 6 the
difference spectra obtained by subtracting the spectrum of the

unfolded state from the spectrum of the folded state are
reported for Ala7 and Ala9. The data clearly show that in the
absence of the azobenzene the two residues share the usual
positive−negative trend of the difference spectrum. Coherently,
the CO group exposure to polar atoms is similar for Ala7 and
Ala9, i.e., the cis state is less exposed than the trans state (see
Figure 7). Hence, the single-residue spectrum of Ala7 in the
free peptide is different from the one obtained in the presence
of the azo-moiety (see Figure 3A).

In order to explain at a molecular level the origin of the
differences in the exposure of the CO groups of Ala7 and
Ala9 in the presence of the azo-moiety, two representative
snapshots of the peptide with the azobenzene in the trans and
cis states are reported in Figure 8. Note that the single unfolded
structure of the peptide with the azobenzene in the cis state
reported in the figure is representative of the whole unfolded
ensemble because, as mentioned above, the presence of the
azobenzene gives rise to a notable rigidity of the peptide. It can
be seen that the CO group of Ala7 is more exposed to the
solvent in the cis state, while in the trans state it is partially
screened from the solvent and the peptide polar atoms by the
presence of the azo-moiety, which is mainly hydrophobic. On

Figure 5. Computed IR spectra in the amide I′ region of the free
peptide at 300 K. Continuous line: helical folded state; dashed line:
unfolded state; dotted line: folded state spectrum minus unfolded state
spectrum. Note that the spectra of the free peptide are shifted to lower
frequencies by 65 cm−1, as done for the spectra in the presence of the
azo-moiety.

Figure 6. Computed single-residue IR difference spectra between the
folded and unfolded state (folded−unfolded) of the free peptide at 300
K. Two residues of the free peptide are reported: continuous line,
Ala7; dashed line, Ala9. Note that the spectra are shifted lo lower
frequencies by 130 cm−1, as done for the single-residue spectra in the
presence of the azo-moiety.

Figure 7. Radial distribution functions of the polar atoms around the
carbonyl groups of Ala7 (panel A) and Ala9 (panel B) in the folded
(solid line) and unfolded (dashed line) states of the free peptide.
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the contrary, the CO group of Ala9 is almost fully exposed to
the solvent in the trans state, while in the cis conformation it is
partially screened by the aliphatic portion of the side chain of
the nearby lysine residue. This last result is in agreement with
what was found in our previous work mentioned above,56 in
which a lower exposure to polar atoms in the unfolded state
was explained with a screening effect on the CO group of an
hydrophobic side chain (either of the considered residue or of
the neighbor residues).
The atypical spectral behavior of Ala7, observed both in the

experimental spectra and in the spectra calculated here, has
been demonstrated to depend on the presence of the molecular
switch experimentally used to induce the folded and unfolded
conformations of the peptide. The presence of the azobenzene
causes indeed a different exposure to polar atoms of the CO
group of Ala7 with respect to other residues with a common
spectral behavior. The exposure to polar atoms results in high
correlation to the frequency position of the amide I′ peak and,
in this particular case, it seems to be the main interaction
driving the spectral behavior, rather than just the presence or
absence of hydrogen bonding.

■ CONCLUSIONS
Infrared spectroscopy is widely used to understand the
conformation of peptides and proteins in solution (e.g., folded
or unfolded state) and to obtain information about their
secondary structure. Nevertheless, the interpretation of IR
spectra is often non equivocal and theoretical methodologies
able to model peptide and protein spectroscopic behavior are
very useful to clarify the structural origin of some spectral
features.
Here, the infrared spectra of a photoswitchable peptide were

calculated both in the trans and in the cis state of the
azobenzene moiety used as molecular switch (corresponding
respectively to a higher and lower helicity of the peptide) and
compared to the experimental ones obtaining a good
agreement. Moreover, single-residue spectra were calculated
and compared to the experimental spectra obtained by the
isotope-labeling at the corresponding sites showing a good
agreement. In particular, the peculiar, experimentally observed,
trend of the trans−cis difference spectrum of Ala7 was observed
also in the calculated spectrum, confirming the reliability of the
PMM approach in modeling the IR spectra.

The uncommon behavior of Ala7 was explained by analyzing
the exposure to polar atoms of the CO group of the different
residues in the trans and in the cis state. Indeed, unlike the other
residues, the exposure of the CO of Ala7 to polar atoms is
higher in the cis than in the trans state, leading to the
uncommon spectral behavior experimentally observed. This
feature has been demonstrated to depend on the presence of
the azobenzene: the calculated single-residue difference
spectrum of Ala7 in the absence of the azo-moiety does not
show the uncommon behavior mentioned above. The different
exposure to polar atoms can be thus ascribed to the presence of
the azobenzene both in the trans and in the cis state. In the trans
state the azo-moiety exerts a direct effect on the exposure to
polar atoms of the CO group of Ala7, screening it from the
surrounding environment. In the cis state the azobenzene has
an indirect effect: the CO group of Ala7 is blocked in a
position highly exposed to polar atoms as a consequence of the
low flexibility of the peptide chain which is due to the presence
of the molecular switch. Indeed, the effect of the azobenzene on
the overall conformation of the peptide was analyzed, showing
that it considerably limits the number of the peptides unfolded
conformations.
Molecular switches are widely used in folding and unfolding

studies of at-purpose designed peptides. However, as already
suggested,15,36 the present work confirms that such peptides
can not always be used as model systems for real secondary
structures, as the molecular switch can considerably influence
important structural and dynamical properties. The analysis of
the present calculated spectra elucidates the influence of the
azo-moiety in the resulting spectral signal. Moreover, by
clarifying the origin of the peculiar features of the spectra of the
peptide analyzed here, it emerges that analyzing only the
hydrogen bonding network gives an incomplete picture. In fact,
the more general exposure to polar atoms in the folded and
unfolded state seems to have a determining effect on the
frequency position of the corresponding spectra.
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Ala9.
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