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ABSTRACT: Infrared temperature-dependent spectroscopy is
a well-known tool to characterize folding/unfolding transitions
in peptides and proteins, assuming that the higher the temperature, the higher the unfolded population. The infrared spectra at
diﬀerent temperatures of two β-hairpin peptides (gramicidin S
analogues GS6 and GS10) are here reconstructed by means of
molecular dynamics (MD) simulations and a theoretical
computational method based on the perturbed matrix method.
The calculated temperature-dependent spectra result in good
agreement with the experimental available spectra. The same methodology has been then used to reconstruct the spectra
corresponding to the pure unfolded and folded states, as deﬁned from the MD simulations, in order to better understand the
temperature-dependent spectra and to help the interpretation of the experimental spectra. For example, our results show that in the
case of the GS6 peptide the analysis of the temperature-dependent spectra cannot be used to investigate the folding/unfolding
kinetics within the usual assumption that the higher the temperature, the higher the probability of the unfolded state.

’ INTRODUCTION
One of the most interesting problems of protein biophysics
concerns the pathways of conformational transitions in protein
folding. Small size and structural simplicity make short peptides
that fold into well-deﬁned structures ideal model systems for
examining the factors that govern protein folding.1 Of particular
interest are β-hairpins because, despite their small size (typically
less than 20 residues), they exhibit various properties that are
typical in globular proteins, e.g., they may contain a hydrophobic
core and/or exhibit a cooperative thermal folding/unfolding
transition.2,3
Although experimental measurements of the folding kinetics
of β-hairpins are scarce,2,48 in the past decade a remarkable
number of theoretical and computational studies have been
conducted to investigate hairpin structure, stability, and folding
transitions.3,917 Molecular dynamics (MD) simulations have
proven to be a powerful tool for the investigation of the atomistic
behavior of solvated β-hairpin peptides, including structural/
conformational transitions1820 and, more recently, even folding/
unfolding kinetics and thermodynamics.2123
Various experimental techniques have been used to characterize the folding/unfolding process, for example, ﬂuorescence
resonance energy transfer (FRET), small-angle X-ray scattering
(SAXS), circular dichroism, and real-time NMR.24,25 Among the
others, Fourier transform infrared (FTIR) spectroscopy has been
widely used to study peptides and proteins secondary structures
under equilibrium conditions.26,27 This spectroscopic technique
has been further developed to study unfolding or refolding
r 2011 American Chemical Society

transitions in peptides initiated by temperature jump (T-jump)
using time-resolved infrared (TRIR) spectroscopy.27,28 Amide
group vibrational modes of the backbone are typically used in
peptide infrared spectroscopy because of their sensitivity to
secondary structure and solvation changes. In particular the
amide I mode, essentially corresponding to the CdO stretch
(16001700 cm1), is by far the most studied. Despite the fact
that IR spectroscopy has been used extensively to obtain
structural information of numerous peptides and proteins
in solution, this method has the limitation that the band
shapes for diﬀerent secondary structures may be similar to
one another and highly congested,29 thus leading to spectra
which are diﬃcult to understand in terms of structures and
conformational changes.
In the last years many diﬀerent theoreticalcomputational
methods have been proposed to model protein and peptide IR
spectroscopic behavior, the development and parametrization of
which is at present an active area of research.2940 These methods
provided a proper reproduction of some spectroscopic features of
the folded state, taking into account the symmetry of the folded
structure, e.g., β-sheet. On the contrary, much less information
about the spectroscopic features of the unfolded state are available,
although unfolded state spectroscopy is experimentally widely
used to monitor folding/unfolding transitions.
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(GS6) and a 10-meric (GS10) analogue of gramicidin S, with
structures presented in Figure 1. The results obtained are ﬁnally
compared to the available experimental data obtained by means
of temperature-dependent FTIR spectroscopy.4

Figure 1. Snapshots of the β-hairpin structure of GS6 (panel A) and
GS10 (panel B) extracted from MD runs. Hydrogen bonds are represented
with dotted lines.

In this paper the IR spectra of two β-hairpin peptides, for
which experimental spectra are available, are computationally
reconstructed by means of a theoreticalcomputational approach based on the perturbed matrix method (PMM),4144 in
order to clarify the relationship between conformational and
spectroscopic features and to shed light on folding/unfolding
transitions.
The PMM method is a mixed quantum mechanics/molecular
dynamics (QM/MD) method that keeps the conﬁgurational
complexity of the system with a proper treatment of the quantum
degrees of freedom of its portion to be explicitly described at the
electronic level (the quantum center). The main aim of the
application of the PMM method to the calculation of infrared
spectra is the reproduction of the essential physics underlying IR
excitations without involving any phenomenological parameter.
One of the advantages of this methodology is that, as the method
relies on classical MD for the phase space sampling, a statistically
relevant sampling of the quantum-center/environment conﬁgurations can be achieved, which is necessary for the calculation of
the spectra of complex systems, such as amyloids and peptides or
proteins unfolded states.4547 Moreover, the amide I signal
arising from any peptide residue may be isolated and the eﬀect
of the excitonic coupling on the spectrum features quantiﬁed.
However, as the methodology does not make use of empirical/
adjustable parameters, it might be less accurate in reproducing
some of the details of the spectroscopic signals compared to
other methodologies.4850 The main diﬀerences between the
PMM approach and other methodologies available for the
calculation of IR spectra have been previously discussed more
in detail.46,51
Starting from all-atoms MD simulations, PMM calculations
provide here the IR temperature-dependent spectrum of two
cyclic β-hairpin peptides belonging to the same family: a 6-meric

’ THEORY
The methodology used here to reconstruct the amide I0
(amide I in D2O) infrared spectra of the two β-hairpin peptides
has been explained in detail in previous articles.45,46 Hereafter,
the theoretical basis of PMM calculations and the computational
procedure used to obtain vibrational spectra of solvated peptides
are brieﬂy outlined.
In PMM calculations,4144,52 similarly to other mixed quantumclassical procedures,5355 it is essential to predeﬁne a portion of
the system to be treated at the electronic level, hereafter termed
as the 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 ortho~ 0) eigennormal set of unperturbed electronic Hamiltonian (H
0
functions (ϕj ) are initially evaluated on the QC structure of
interest (see Methods). Then, after trans-NMA has been ﬁtted
on the given peptide group, the perturbed electronic ground state
energy is calculated for each peptide group with the following
procedure. Indicating with V and E the perturbing electric
potential and ﬁeld, respectively, exerted by the environment on
the QC (typically obtained by the environment atomic charge
distribution and evaluated in the QC center of mass) the
~ for each QC-environment
perturbed electronic Hamiltonian (H)
conﬁguration (as generated by the MD simulation) can be
constructed
~ 1 þ ΔV ~I
~ =H
~ 0 þ ~I qT V þ Z
H
~ 1 j, j0 ¼  E 3 Æϕ0j jμ
½Z
^jϕ0j0 æ
where qT, μ^, and ϕ0j 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
~ provides a set of eigenvectors and eigenvalues representing
of H
the QC perturbed electronic eigenstates 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; every
structural change (i.e., hydrogen bonding) will thus be taken
into account by means of the perturbing local electric ﬁeld acting
on the QC. Then, 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.
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When modes coupling eﬀects due to interacting vibrational
centers cannot be neglected, excitonic eﬀects must be included
in the calculations. The perturbed frequencies for each oscillator
are thus used to include the excitonic eﬀect by the construction
and diagonalization of the excitonic Hamiltonian matrix (i.e., the
Hamiltonian matrix for the interacting chromophores) given
by44
~ ¼ ~I Uvb, 0 þ ΔH
~
H
with Uvb,0 the (vibronic) ground state energy of the interacting
~ the excitation matrix46 whose diagonal
chromophores and ΔH
elements are
~ kl, kl ¼ hνkl
½ΔH
and whose nonzero oﬀ-diagonal elements are given by the
chromophores interaction operator (within the dipolar approximation)
V^ k, k0 ðk6¼ k0 Þ ¼

μ
^k 3 μ
ðμ
^k 3 R k, k0 Þðμ
^k0 3 R k, k0 Þ
^k0
3
3
5
Rk, k0
Rk, k0

with νkl the kth chromophore lth excitation frequency, μ^k the kth
chromophore dipole operator, and Rk,k0 the k0 to k chromophore
displacement vector deﬁned by the corresponding chromophores origins. In the previous equation for each chromophore
only the ﬁrst vibrational excitation of the electronic ground state
must be involved, as higher vibrational excitations are forbidden
and the coupling with excited electronic states may be neglected.
By diagonalizing the excitation matrix and using the transition
dipole for the 0 f 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 f i transition, providing
εðνÞ ¼

∑i

jμ0, i j2 Fi ðνÞhν
6ε0 cp2

with Fi the probability density in ν frequency space for the ith
excitation and ε0 the vacuum dielectric constant.

’ METHODS
Unperturbed Quantum Chemical Calculations. As a model
of the peptide group, i.e., the quantum center to be explicitly treated
at the electronic level, trans-NMA is chosen. Quantum chemical
calculations are carried out on the isolated trans-NMA molecule
with time-dependent density functional theory (TDDFT) with the
6-31+G(d) basis set. This level of theory is selected because it
represents a good compromise between computational costs and
accuracy. The mass-weighted Hessian matrix is calculated on the
optimized geometry at the B3LYP/6-31+G(d) level of theory and
subsequently diagonalized for obtaining the unperturbed eigenvectors and related eigenvalues. The eigenvector corresponding in
vacuo to the amide I0 mode is, then, used to generate a grid of points
(i.e., configurations) as follows: a step of 0.05 au is adopted and the
number of points is set to span an energy range of 20 KJ/mol (in the
present case 31 points). For each point, six unperturbed electronic
states are then evaluated at the same level of theory providing the
basis set for the PMM calculations.
Molecular Dynamics Simulations. The initial structure of
cyclo-[(Lys-dTyr-Pro)2] and cyclo-[(Val-Lys-Leu-dTyr-Pro)2]
are created using Pymol version 0.99 (DeLano Scientific) on

Figure 2. Time evolution of the projection of the MD trajectory at
330 K on the ﬁrst eigenvector of the covariance matrix of the distances
between the oxygen and nitrogen atoms involved in the four H-bonds
of GS10.

the basis of the experimental chemical structure.56,57 Geometry
optimization of that structure is done by using the empirical
potential energy function of the GROMOS96 43a1 force field.58
The peptide, in its starting conformation, is solvated with water
and placed in a periodic cubic box large enough to contain the
peptide and 0.5 nm of solvent on all sides. The two lysine side
chains are protonated as to reproduce a pH of about 7: two
negative counterions (Cl) are then added by replacing two
water molecules to achieve a neutral condition. MD simulations,
in the NVT ensemble, with fixed bond lengths59 are performed
with the GROMACS software package60 and with the GROMOS96 43a1 force field. Water is modeled using the deuterated
simple point charge (SPC) water model.61 A nonbonded pair-list
cutoff of 9.0 Å is used, and the long-range electrostatic interactions are treated with the particle mesh Ewald method.62
Isokinetic temperature coupling63 is used to keep the temperature constant at the desired value.
After various equilibration MD runs, all-atoms (with the
exception of nonpolar hydrogens) simulations in explicit water
at diﬀerent temperatures and with diﬀerent time lengths are
carried out for the two peptides as follows.
GS6 : 400 ns at 280 K; 300 ns at 310 K;
300 ns at 360 K; 180 ns at 400 K; 60 ns at 500 K
GS10 : 200 ns at 280 K; 300 ns at 310 K;
900 ns at 330 K; 490 ns at 400 K
For the simulation at 500 K, a time step of 1 fs is used, while for
the others the time step is 2 fs.
The folded and unfolded conformations for the two peptides
are deﬁned via the hydrogen bonds (H-bonds) that characterize
the hairpin. In the case of GS6, there are two H-bonds and, as
previously described in detail,23 the secondary structure states are
deﬁned by projecting the MD trajectories onto the plane deﬁned
by the two distances between the oxygen and nitrogen atoms
involved in the two H-bonds. The folded and unfolded conformational states are identiﬁed: in the folded state both H-bonds
11874
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Figure 3. Panel A: Computed IR spectra in the amide I0 region of GS6
in D2O solution at 280, 310, 360, 400, and 500 K. Panel B: Diﬀerence
spectra obtained by subtracting the spectrum calculated at 280 K from
the spectra calculated at higher temperatures. Panel C: Reproduction of
the experimental absorbance spectrum obtained by Maness et al.4 at an
intermediate temperature in the range experimentally examined. Panel
D: Reproduction of the experimental absorbance variation spectrum
obtained by Maness et al.4 at an intermediate temperature in the range
experimentally examined.

Figure 4. Panel A: Computed IR spectra in the amide I0 region of GS10
in D2O solution at 280, 310, 330, and 400 K. Panel B: Diﬀerence spectra
obtained by subtracting the spectrum calculated at 280 K from the
spectra calculated at higher temperatures. Panel C: Reproduction of the
experimental absorbance spectrum obtained by Maness et al.4 at an
intermediate temperature in the range experimentally examined. Panel
D: Reproduction of the experimental absorbance variation spectrum
obtained by Maness et al.4 at an intermediate temperature in the range
experimentally examined.

are formed, and in the unfolded state none of the two H-bonds is
formed.
In the case of GS10, there are four hydrogen bonds. Coherently with the deﬁnition used for the smaller peptide, the folded
and unfolded conformations are deﬁned using the H-bond
distances. The MD trajectories have been projected along the
eigenvector corresponding to the largest eigenvalue obtained by
diagonalizing the covariance matrix of the distances between the
oxygen and nitrogen atoms involved in the four H-bonds. Such
an eigenvector deﬁnes a conformational coordinate (q) providing the largest concerted H-bonds ﬂuctuations and hence well
describing the peptide folding/unfolding transitions.
Figure 2 shows the time course of the q conformational coordinate obtained from the MD trajectory at 330 K, clearly indicating the
folding/unfolding transitions. From the observation of the ﬁgure two
evident transitions from the folded (q values centered at ≈0 nm) to
the unfolded (q values centered at ≈0.6 nm) state can be observed. It
is also worth to note that in the central part of the trajectory q
assumes values in the range between 0.1 and 0.5 nm. These values
correspond to an intermediate state in which the four hydrogen
bonds are not all stable at the same time. It can be then deﬁned as a
mixed state, which we will refer hereafter as to the nonfolded state, in
which both the unfolded and the intermediate state are present. The
presence of a number of transitions between the previously deﬁned
states, together with the small dimensions and cyclicity of the
peptides that let us presume that no relevant conformational changes
are possible, ensure us that molecular dynamics trajectories of
hundreds of nanoseconds (see above) provide a suﬃcient sampling
of the conformational states considered.

1634 cm1 in the case of GS10), corresponding to the amide
I0 band (see Figure 1 and 2 of ref 4). This peak is experimentally
studied at diﬀerent temperatures (from 2 to 85 C) by means of
equilibrium FTIR spectroscopy in order to characterize the
folding and unfolding kinetics, within the usual assumption that at
the extreme temperatures the population is either fully folded (2 C)
or fully unfolded (85 C). As the temperature increases, the peak
shifts to higher frequencies and its intensity decreases: consequently,
the diﬀerence spectra obtained by subtracting the spectrum at the
lowest temperature from the ones at higher temperatures exhibit a
negativepositive trend along the frequency axis.
The corresponding computed spectra for GS6 obtained at
ﬁve diﬀerent temperatures (280, 310, 360, 400, and 500 K) are
presented in Figure 3 (panel A). In the same ﬁgure (panel B),
the temperature diﬀerence spectra obtained by subtracting the
spectrum at 280 K from the spectra at higher temperatures are
also shown. In panels C and D an example of the spectra obtained
by Maness et al. is reported by showing the experimental
absorbance spectrum and absorbance variation spectrum at an
intermediate temperature in the range experimentally examined.
Comparison of panel A of this ﬁgure with the corresponding
experimental data (Figure 1 of ref 4) clearly indicates that the
PMM/MD procedure well reproduces the experimental results,
properly providing the spectrum shape (including the shoulder
on the left of the main peak), the full width at half-maximum
(≈30 cm1 in the computed spectrum vs ≈40 cm1 in the
experimental one), and the temperature trend. Note that the last
two spectra correspond to temperatures beyond the range
experimentally analyzed. Also the temperature diﬀerence spectra
presented in panel B show the same trend of the experimental
ones, although the positive component of the absorbance variation is broader in the experimental spectra than in the calculated
ones. This discrepancy depends on a slight diﬀerence in the highfrequency zone of the absorbance spectra: given that diﬀerence
spectra are extremely sensitive to the shape details of the spectral
high-frequency tails, such slight diﬀerence is ampliﬁed in the
absorbance variation spectra. These kinds of minor variations

’ RESULTS AND DISCUSSION
The amide I0 temperature-dependent spectra of GS6 and GS10
are here reconstructed starting from the simulation trajectories and
compared with the experimental ones obtained by Maness et al.4
The experimental IR spectra of GS6 and GS10 show a peak
centered at ≈1630 cm1 (1628 cm1 in the case of GS6 and
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Figure 5. Panel A: Computed IR spectra in the amide I0 region of GS10
in D2O solution at 330 K in the folded state (solid line) and in the
nonfolded state (dashed line). The nonfolded state is a mixed state in
which both the unfolded and the intermediate state are present (see
Methods). Panel B: Computed IR spectra in the amide I0 region of GS6
in D2O solution at 310 K in the folded state (solid line) and in the
unfolded state (dashed line).

between the calculated and experimental spectra are indicative of
the limits of the theoretical model utilized.
The spectra in Figure 3, panels A and B, have been uniformly
shifted to lower frequencies by ≈94 cm1 in order to align the
computed amide I0 band with the experimental maximum. Such a
shift, largely due to the inaccuracies of the ab initio calculations, has
been applied to all the computed GS6 IR signals reported in this paper.
The temperature-dependent spectra of GS10 are also reconstructed: in Figure 4 (panel A) the spectra obtained at 280, 310,
330, and 400 K are reported (to be compared with Figure 2 of ref 4).
In this case too, the last temperature is beyond the experimental
range, and there is a good agreement between the experimental and
the calculated spectra, both in the temperature trend (see panel A
and the corresponding experimental data4) and in the full width at
half-maximum (≈40 cm1 in the experimental spectrum and
≈38 cm1 in the calculated one). Similarly to GS6, all the computed
GS10 spectra have been shifted to lower frequencies by ≈84 cm1
in order to align the obtained amide I0 band with the experimental
maximum. In panels C and D of Figure 4 an example of the spectra
obtained by Maness et al. is reported by showing the experimental
absorbance spectrum and absorbance variation spectrum at an
intermediate temperature in the range experimentally examined.
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It is worth to note that in both the GS10 experimental and
calculated spectra, the shoulder on the left of the main peak is less
evident than in the case of GS6. Moreover, the positive peaks of
the temperature-dependent diﬀerence spectra result aligned in
frequency in the case of GS6 (in the experimental as well as in the
calculated spectra, Figure 3, panel B) while they shift to higher
frequencies with the raising of the temperature in the case of
GS10 (Figure 4, panel B).
In the experimental temperature diﬀerence spectra of GS10, a
second small positive peak can be observed, which is not present
in our calculated spectra. This secondary peak arises from a
shoulder in the high-frequency region of the absorbance spectra
of GS10 we do not reproduce by means of our calculations,
possibly due to inaccuracies in the classical force ﬁeld and/or in
the ab initio calculations. However, as many details of the spectral
signal of these peptides have been very well reproduced by the
PMM calculations, it is possible that the missing secondary peak
arises from diﬀerent solution conditions between the calculations
and the experiments. For example, this peak could also be due to
amide dipole coupling arising from peptidepeptide intermolecular interactions we disregarded in our calculations as in this
paper we consider peptides at inﬁnite dilution conditions.
In panel A of Figure 5 the spectra corresponding to the folded
and the nonfolded state (i.e., a mixture of the unfolded and the
intermediate state, see Methods) are reported for GS10 at 330 K.
A ≈1520 cm1 upshift of the peak maximum of the nonfolded
state with respect to the peak of the folded state can be observed.
Comparing the spectra of Figure 5, panel A, with the temperature-dependent spectra of GS10 (Figure 4, panel A), the
transition from the folded to the nonfolded state can be observed
with the raising of the temperature. In fact, the low-temperature
spectra (280 and 310 K) correspond to the folded state spectrum,
and the highest temperature spectrum (400 K) mainly corresponds to the nonfolded one (the frequency of the main peak
shifts toward higher frequencies by ≈1520 cm1). Note that in
the spectrum at 330 K a shoulder appears on the right of the main
peak corresponding to a mixture of the folded and nonfolded
state. In fact, this temperature has been experimentally identiﬁed
as the melting one. The fact that the higher the temperature, the
higher the population of the nonfolded state is further conﬁrmed
by the analysis of the hydrogen bonds pattern at every temperature (data not shown).
In Figure 5, panel B, the computed spectra of the unfolded and
folded state of GS6 at 310 K are reported. The spectrum of the
folded state of GS6 is characterized by a pronounced shoulder on
the left of the main peak. This shoulder has been shown to
depend on the excitonic coupling between the vibrational
centers,46 and its intensity in the case of GS6 is likely to depend
on the cyclicity and small dimensions of the peptide: the
vibrational centers are very close one to each other and their
relative positions are forced to be almost ﬁxed. This leads to a
very strong excitonic eﬀect. Moreover, a less evident shoulder can
be observed in the unfolded state spectrum showing that, this
peptide being so small and cyclic, also the unfolded state is
structurally rather rigid indicating a signiﬁcant excitonic coupling. This is also conﬁrmed by the similar absorption maxima
frequencies in the unfolded state and folded state spectra.
According to our previous study on the thermodynamics of
GS6,23 this peptide shows a peculiar thermodynamic behavior:
the unfolded state is favored in the whole range of temperatures
analyzed, even at low temperatures (280 K). Morover, our data
showed that the probability of the folded state rises with the
11876
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temperature, in the case of GS6 the unfolded state is the most
populated while the opposite is true for GS10. It can be also
observed that the peaks of the folded and unfolded states of GS6
are much more similar in frequency than the ones of GS10. As
already commented, this is due to a signiﬁcant excitonic coupling
in the unfolded state.
The comparison between the temperature-dependent spectra
of the whole conformational ensemble and the spectra of the
strictly folded and unfolded states, as well as the thermodynamic
results we previously obtained on the same peptide, suggest that,
in the particular case of GS6, the analysis of the temperaturedependent spectra cannot be used to investigate the folding/
unfolding kinetics within the usual assumption that the higher
the temperature, the higher the probability of the unfolded state.
Actually, also the authors of the experimental work observed that
the very broad melting transition of GS6 makes it diﬃcult to trust
the two-state model ﬁt used to derive the kinetic parameters.4

Figure 6. Computed IR spectra in the amide I0 region in D2O solution
of GS6 at 280, 310, and 360 K in the folded state (dashed line) and in the
unfolded state (solid line). The height of the curves has been normalized
according to the probability of the corresponding state during the MD
simulation.

Table 1. GS6 and GS10 Amide I0 Peak Frequencies at 310 K
and Percentages of Population in the Unfolded and Folded
State As Derived from the Analysis of the MD Trajectory at
310 K
unfolded state
1

folded state
1

νpeak (cm )

population (%)

νpeak (cm )

population (%)

GS6

1629

84

1620

16

GS10

1647

12

1627

88

temperature up to ≈400 K. The higher population of the
unfolded state at every temperature is also evident when comparing the folded and unfolded spectra in Figure 5 with the
temperature-dependent spectra (panel A of Figure 3). Indeed,
in these last spectra (panel A of Figure 3) it cannot be observed
any evidence of a transition from the folded to the unfolded state
as the temperature rises: the spectral shape (i.e., the low intensity
of the shoulder on the left of the main peak) of the temperaturedependent spectra resembles the spectrum of the unfolded state.
In Figure 6 the spectra of the folded and unfolded state of GS6
are presented with the raising of the temperature. Each spectrum
has been weighted with its equilibrium probability obtained by
the MD simulation, showing that the folded state probability
increases with the raising of the temperature while the opposite
trend is observed for the unfolded state. A slight upshift of the
main peak can be observed for both states with increasing
temperature suggesting that the analogous temperature-dependent upshift of the total spectrum (Figure 3) is an eﬀect of the
raising of the temperature and not of a state transition. The
diﬀerent behavior at low temperatures of GS6 and GS10 is also
highlighted by Table 1, in which the frequencies of the absorption peaks are reported at 310 K together with the percentages of
population in the unfolded and folded state as derived from the
analysis of the MD trajectories. It can be observed that, at such

’ CONCLUSIONS
IR temperature-dependent spectra have been widely used in
order to characterize folding/unfolding transitions in peptides
and proteins and, more recently, also to characterize folding/
unfolding kinetics. In this paper, the experimental temperaturedependent spectra of two small β-hairpin peptides, GS6 and
GS10, are reconstructed by means of all-atoms MD simulations
and a theoreticalcomputational approach based on the PMM
method. The calculated temperature-dependent spectra well
reproduce the experimental ones.
From the analysis of the MD-derived structures, it is possible to
deﬁne the folded and unfolded states and so to reconstruct also the
spectra corresponding to these two conformations. The comparison
between the temperature-dependent spectra and the ones corresponding to the folded and unfolded state can be very helpful in
order to properly interpret the temperature-dependent spectra, both
experimental and calculated. In the case of GS6, for example, it
results that the raising of the temperature does not correspond to a
transition from the folded to the unfolded state: at every temperature analyzed the spectra match the features of the unfolded state
spectrum. This result is also in agreement with a previous study that
evidenced a peculiar thermodynamic behavior for GS6: the unfolded state is favored also at low temperatures.23 In the case of
GS10, on the contrary, the spectra at low temperatures correspond
to the folded state spectrum while the spectrum at the highest
temperature corresponds to the unfolded state one.
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