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The present investigation reports DFT-based Born-Oppenheimer molecular dynamics simulations of the
gas phase AlayH* protonated peptide, in order to unravel the structure and dynamics of the peptide
and its Infrared vibrational signatures. At 350K, the most statistically relevant conformations adopted
by the globular folded Ala;H* peptide have the NHi N-terminus involved in two NH* — O=C charge-
solvated hydrogen bonds. The dynamics performed here nicely provide a clear understanding of the
IR-MPD features experimentally recorded, with an excellent matching of the dynamically simulated IR
spectrum with the experiment in terms of band-positions and band-shapes. In particular, the diverse
vibrational anharmonicities displayed by the N-H* stretches depending on the number of simultaneous
hydrogen bonds that the NH; can form at the N-terminus of the Ala;H* peptide chain, are remarkably
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Peptide
Gas phase reproduced by the present dynamics at finite temperature. This gives rise to a proper understanding of
IRMPD the different IR active bands, especially the supplementary band between 3100 and 3300 cm~! present

Vibrational anharmonicity for the Ala;H* peptide and absent for the smaller peptide chain lengths. Vibrational anharmonicities are
naturally taken into account in the dynamical treatment of the movements, and this has once more been
illustrated in the present work. Our results on the N-H" stretching motions in relation with the number of
hydrogen bonds formed by the NH; group, can be used as general guidelines in order to precisely interpret

IR-MPD spectra of molecules containing NH; groups, taking into account vibrational anharmonicities.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The past decade has witnessed the development of several
experimental set-ups in order to probe the vibrational proper-
ties of polypeptides in the gas phase [1-3], unravelling their
three-dimensional organisation, and directly probing their intrinsic
properties without interactions arising from the surrounding sol-
vent environment. These experiments can mainly be separated into
two groups, with low temperature gas phase infrared spectroscopy
on the one hand [4-7,1], and room temperature gas phase spec-
troscopy based on “action spectroscopy” on the other hand. Action
spectroscopy makes use either of a messenger method (IR-PD,
Infrared Photon Dissociation) [8-11] or of Multi-Photon Dissocia-
tion (IR-MPD, Infrared Multi Photon Dissociation) [12-17]. Simons
et al. [18,16,19] have also developed a photochemical method
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for producing protonated biological molecules in a supersonic
expansion, thus avoiding the initial mass spectrometry selection
inherent to the other IR-MPD techniques. These experiments have
been successfully applied to structural analyses of biomimetic
molecules and peptides [15,20,14,21-24,16,19,25] and more elabo-
rate biomolecules [26,27,1,28]. Studies of unsolvated peptides and
proteins are not just of fundamental interests: while the inter-
actions with the solvent are obviously important, as water is an
ubiquitous environment of biomolecules, the solvent is nonethe-
less excluded in many environments such as in the hydrophobic
interior of folded proteins or is highly shielded as in membranes. As
a consequence, the fundamental understanding of IR signatures of
gas-phase secondary structures can thus be used in order to inter-
pret the more complicated IR signatures of proteins in their natural
environments. Gas-phase spectroscopy in conjunction with theo-
retical calculations offers the opportunity to dissect and analyse
the counterbalancing forces that control the structures and their IR
fingerprints.

Theoretical calculations have become essential in order to get
a precise understanding of the experimental vibrational features
and untangle the complexity and the congestion of the bands in
relation with the underlying 3D structures and their dynamical
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properties. The finite temperature present in the gas phase IR-MPD
experiments makes it necessary to apply theoretical tools which
indeed take temperature into account, in order to accurately inter-
pret the vibrational signatures, as we have recently reviewed [29].
Taking into account the dynamics of the molecules and its conse-
quences on the measured properties such as vibrational spectra,
can be achieved through molecular dynamics (MD) simulations.
The calculation of infrared spectra through MD relies on dipole time
correlation functions recorded along the trajectory [30,29]. Within
the past few years, our group has shown that DFT-based molecu-
lar dynamics is a proper method for the calculation of IR spectra
of peptide building blocks, in the gas phase or immersed in liquid
water [31-33,25,34-36], at finite temperature. See our review on
the subject [29]. One advantage of MD simulations for the calcula-
tion of IR spectra is that vibrational anharmonicities are taken into
account in the final spectrum, in a direct way [29,37].

This particular point is the object of the present investigation,
where we focus on the vibrational spectroscopy of the Ala;H*
protonated peptide in the gas phase. Our interest in that peptide
follows up on our previous theoretical investigations on the spec-
troscopy of the Ala,H* [33,25] and AlazH* [34] protonated ions. The
IR-MPD experiments performed by Vaden et al. [19] on the series
of Ala, H* peptides has indeed shown that a supplementary vibra-
tional band is observed in the IR-MPD spectrum of Ala;H*, clearly
absent from the spectra of the smaller peptide chain-lengths (and
maintained in longer peptide chains). Geometry optimisations and
harmonic spectra calculations performed in Ref. [19] have shown
that a new type of conformations is adopted by Ala;H*: folded glob-
ular structures which can only be obtained once a long enough
peptidic chain is encountered. With these structural features and
their related harmonic signatures, Vaden et al. [19] showed that
structures where the NH; N-terminus of the protonated peptide
is fully charge-solvated (in other words, the NH;r is involved in
three Hbonds with surrounding C=0 sites) display vibrational sig-
natures arising from the NH;r group that could be compatible with
the supplementary band seen around 3175cm~!. Conformations
where the NH;r is not fully charge-solvated, i.e., involved in two
or one Hbond, could nonetheless not be fully ruled out, as they
also displayed vibrational signatures compatible with that domain
(although maybe to a lesser extent) and with higher frequency
parts of the experimental spectrum. NH*...0O Hbonds are however
intrinsically vibrationnally anharmonic, and it might seem surpris-
ing that a theoretical harmonic treatment is enough to provide a
comprehensive view of such complex vibrations. Furthermore, the
experimental spectrum displays peaks within the 2500-2900 cm ™!
region that can not be accounted for by the harmonic spectra. In
this region, highly anharmonic movements should be responsible
for signatures, and one goal of the present work is also to dissect
these.

We thus employ here DFT-based molecular dynamics simu-
lations on the gas phase AlayH* protonated peptide in order to
shed some light on these particular points related to vibrational
anharmonicities. The finite temperature dynamics performed here
at about 350K not surprisingly also reveal highly interesting
dynamical behaviours of the NH*...O Hbonds between the NH;
N-terminus and its surrounding. In particular, we show that folded
structures withtwo NH*. . .O Hbonds are statistically the most prob-
able to occur at 350K. The spectral features of these two NH*---O
Hbonded conformations provide a vibrational band which is in
excellent agreement with the supplementary band observed in the
experimental spectrum. We also show that a fully charge-solvated
NH;r group provides far less NH* vibrational anharmonicities, while
conformations with one NH*- - .O Hbond on average display highly
red-shifted anharmonic stretches which are then identical to the
vibrations obtained in the smaller Ala3H* protonated peptide [34].
The supplementary IR-MPD experimental band observed in Ala;H*

is thus due to two NHJ - - -0 Hbonded conformations, and this band
directly reflects the extend of the H-bond network formed by NH3
in the protonated alanine peptide Ala,H* series.

Our paper summarizes the IR-MPD experiments from Vaden
et al. [19] that are used as a support for the present theoretical
investigation, and the DFT-based molecular dynamics simulations
performed in the present work. We then present results on the
dynamical behaviour of Ala;H* at room temperature and the anhar-
monic vibrations of the NH; N-terminus of Ala;H*. Conclusions and
perspectives end this paper.

2. Methods

The experimental IR-MPD method has been thoroughly
described in previous papers, for more details see Refs. [19,34],
and only a brief description is given here. The experimental results
described herein are taken from Ref. [19]. Ala;H* ions were gener-
ated by a photochemical protonation scheme, described in detail
elsewhere [38,39,16]. As discussed in previous works, the ‘temper-
ature’ of the AlayH* ions are not well-characterized but could be
anywhere from 250K to more than 400K [19]. Previous analyses
have assumed temperatures of 350 Kas arough guide. Once formed,
the AlayH* ions were probed with IR-MPD spectroscopy using the
idler output (~10-20 m]J/pulse, tunable from 2000 to 4000 cm™!,
with a bandwidth of ~2cm~1) of a LaserVision KTP/KTA OPO/OPA
laser system, tightly focused to a beam diameter ~800 wm, which
intersected the ions 400 ns after the UV pulse, in a spatially dis-
tinct region downstream from the ionising UV laser beam. IR-MPD
spectra were recorded by monitoring the depletion of the parent
protonated peptide ion (using active baseline correction [19]) as a
function of the IR frequency.

The DFT-based molecular dynamics method and its appli-
cation to vibrational infrared spectroscopy has been described
in many details in our previous papers (Car-Parrinello or
Born-Oppenheimer dynamics) [31-33,25,40,41,34,29], including
the assignment of the vibrational bands in terms of atomic
movements (and our new developed method) [42,40] and the
role of temperature in the spectroscopy of gas phase molecules
[33,25,41,34,29]. The theoretical set-up follows our previous
investigation on the AlasH* peptide [34]. Briefly, we performed
DFT-based Born-Oppenheimer molecular dynamics simulations
(BOMD) with the CP2K package [43,44], where the nuclei are
treated classically and the electrons quantum mechanically within
the DFT (Density Functional Theory) formalism. These simula-
tions solve the Newton’s equations of motion of the nuclei at
finite temperature, while the electronic wave function is obtained
at each nucleus conformation by solving the time-independent
Schrodinger equation. Forces that act on the nuclei are derived
from the Kohn-Sham energy. We use the Becke, Lee, Yang and
Parr (BLYP) gradient-corrected functional [45,46] combined with
Goedecker-Teter-Hutter (GTH) pseudopotentials [47-49]. A con-
tracted triple-¢ Gaussian basis set of the type 3s3p2d for (C, N, O)
atoms and 3s2p for hydrogen atoms (denoted TZV2P in the CP2K
library) is used, where the Gaussian exponents and contraction
coefficients have been optimised on molecular calculations as pre-
sented in Ref. [50]. A 320 Ryd Plane-wave density cut-off has been
applied. The dynamics are performed in the microcanonical NVE
ensemble (e.g., constant number of atoms N, volume V, and total
energy of the system E) with a time-step of 0.1 fs. The dynamics are
divided into an equilibration period (where the atomic velocities
can be rescaled) and a production period (purely NVE) of 3-4 ps
length where the individual infrared spectra are accumulated. The
average temperature of the dynamics is 350 K.

As reviewed in Ref. [29], we have found that finite tempera-
ture DFT-based MD with the BLYP functional has been successful
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at capturing the main vibrational anharmonicities relevant for the
spectroscopy of gas phase alanine peptide chains as well as the
vibrational couplings arising from the solvent [32,36]. Other func-
tionals are known in the literature to be better for static frequencies,
but our past experience with the BLYP functional in the context of
DFT-MD leads us to continue using that functional here. Further-
more, the present investigation is a follow up on our investigation
on the AlagH* peptide, and we want to compare results between
these two systems. This can only be done when using the same
theoretical set-up.

Calculation of the IR absorption coefficient o(w) by means of
MD makes use of the relation derived from Linear Response The-
ory involving the Fourier Transform of the dipole time correlation
function [30], as described in our previous works [29]:

2 o0

o) = % x /_OO de(M(t) - M(0)) exp(iot), (1)
where f=1/kT, n(w) is the refractive index, c is the speed of light in
vacuum, V is the volume. M is the total dipole moment of the sys-
tem, which is the sum of the ionic and electronic contribution. The
IR spectrum of Ala;H* presented in Fig. 2 has been averaged over
the seven trajectories performed in the present work. Details on the
initial conformations used for these trajectories can be found in the
next section. The assignment of the IR active bands into individual
atomic displacements has been done using the vibrational density
of states (VDOS) formalism [40]. The VDOS is obtained by Fourier
transform of the atomic velocity auto-correlation functions:

VDOS(w) = Z / (w;(t) - vi(0)) exp(iwt)dt 2)

i=1,N" "~

where i runs over all atoms of the investigated system. There are
no approximations in this formula. The advantage of the VDOS for-
malism is that all anharmonicities are taken into account in the
calculation. The VDOS is furthermore decomposed according to
each atom type in order to get a precise interpretation of the vibra-
tional bands in terms of individual atomic motions. This is done
by restraining the sum over i in Eq. (2) to the atoms of interest
only. We have decomposed the total VDOS into contributions aris-
ing from OH, NH, NH*, C,, H and CHj3 groups, also taking into account
whether these groups are Hbonded or not.

3. Conformational dynamics

The initial structures of Ala;H* for the trajectories performed
in the present work have been taken from Vaden et al. geome-
try optimisations [19]. These optimised geometries lie within less
than 20 kJ/mol of energy (depending on the level of calculation
and whether entropic effects are included) [19]. They are reported
in Fig. 1, where one can see globular folded structures in which
the N-terminus NH;r is the central element for the folding of the
peptide chain to occur. These structures contain charge-solvating
NH* — 0=C hydrogen bonds involving one (A71), two (A72) and
three (A73) NH* groups. Briefly, A;3 displays three NH*...0=C
Hbonds with two carbonyls of the chain and the carbonyl of the
C-terminus (note the free hydroxyl), A;2 displays two NH*...0=C
Hbonds with one carbonyl of the chain and the carbonyl of the C-
terminus (note that the hydroxyl is Hbonded to a chain carbonyl),
and A71 has one NH*. . .O=C Hbonds with one chain carbonyl while
the carboxylic acid is involved in two Hbonds with another part
of the chain. Note that only A;3 has a free COOH hydroxyl. Con-
sidering the initial photochemical scheme used for the production
of AlayH* protonated peptides in the IR-MPD spectroscopy experi-
ment [19], it is more than likely that these conformations would be
equally produced and possibly contribute to the final IR-MPD spec-
trum. We thus have performed DFT-based BOMD using all these

three initial structures as starting conformations for the dynam-
ics, similarly to our previous investigations on shorter protonated
alanine peptides [33,34]. In total, seven trajectories have been cal-
culated, two initiated from A;3 optimised structure, two from A72,
and three from A;1.

At the ~350K temperature of the dynamics, one observes
interesting conformational dynamics directly featured into the
hydrogen bonds, either originating from the NH§ or from the COH
extremeties of the peptide. Hence, the three Hbonds formed by
NHj in the 0K A73 structure are not maintained over the ~3-4ps
trajectory at ~350K. The conformations sampled in the trajec-
tories originating from that conformation mainly show that two
NH;--- O=C H-bonds are maintained on average. Three NH;--
O=C H-bonds can be formed over short periods of time dur-
ing the dynamics (typically over a few 100fs period) before
being weakened and broken again. Interestingly, when the three
NHj--- O=C H-bonds break, one initially looses two of these
three H-bonds, before reformation of a second H-bond appears
a little bit later in time. Maintaining three NH; .- 0=C H-bonds
at finite temperature is rather difficult, as such a configura-
tion provides a huge constraint over the whole geometry of
the peptide. It is thus not surprising to observe that the pep-
tide somehow does not comply easily with such constraint, once
temperature and entropic effects are taken into account. Note
that the NH*...0=C Hbond formed with the C-terminus C=0
of the chain does not appear more (or less) robust than any
NH*...0=C Hbond formed with the chain carbonyl groups, and
this Hbond breaks and (re)forms as much as the other ones in
time. Note also that the C-terminus OH group remains free of
any hydrogen bonding over the trajectories initiated from the
A73 optimised structure. The main structural parameters of the
peptide chain are maintained close to the values of the opti-
mised geometry, although fluctuations in the dihedral angles are
observed over time, as expected from the temperature of the
system.

Dynamics initiated from the A2 optimised structure show that
the two H-bonds formed between NHJ and its surrounding are
maintained on average over the finite temperature dynamics, while
the fate of the (CO)OH.--O=C H-bond is more uncertain. This H-
bond is indeed maintained on average over one trajectory while it
breaks ~1 ps after the beginning of the other trajectory. Interest-
ingly, the OH. - -0 Hbond-length goes up to 3.0 A, the OH still facing
the oxygen atom of the carbonyl, and thermal fluctuations allow
the OH and carbonyl groups to reform their H-bond after ~1 ps.
These two trajectories show that the free energy barrier to break
and form such a OH- - -0=C H-bond in the peptide is low and easily
overcome in room temperature trajectories. Looking at the gen-
eral organisation of the peptide skeleton, there is probably no easy
pathway opened, at the average internal energy of the system, to
go from conformations without a OH-. - .O=C H-bond to an energet-
ically more favorable (at least as energetically favorable) situation.
That would certainly require high energy barriers to be overcome
corresponding to major structural rearrangements of the chain to
be generated, out of reach of the present temperature dynamics
and short time-scale dynamics.

The dynamics originating from A7 1 structure are highly instruc-
tive. The optimised structure displays one strong H-bond between
NH;r and one carbonyl of the peptide chain, while a highly distorted
(140° angle) and longer Hbond-length (1.80 A) can nonetheless be
seen between a second NH* and another carbonyl of the chain. One
immediate consequence of the finite temperature dynamics is the
extremely fast loss of the OH- - .O=C H-bond from the 0 K optimised
structure. This leads to a reorganisation of the local structure of the
peptide chain. For instance, in one trajectory, one observes that
at one-third of the trajectory, the distance between the OH and
the carbonyl group has reached 6 A. Simultaneously, the distance
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Fig. 1. Optimised globular folded structures of AlayH* protonated peptide extracted from Ref. [19] and used as starting conformations for the DFT-based BOMD dynamics
performed in the present work. Order of the structures (top left to right, and to bottom): A1, A72, A73, respectively displaying one, two and three N-H*...O=C hydrogen

bonds in the optimised structures.

between that very same carbonyl and the initially free NH* of the
NH;r group decreases from 3 A to 1.70 A on average, and remains
at that average distance for the rest of the dynamics. There is thus
an exchange of Hbond formed by this carbonyl with the surround-
ing Hbond donors of the peptide chain. The same behaviours are
observed in all trajectories initiated from A7 1, with different time-
scales. Depending on the thermal fluctuations obtained within the
same trajectory or between the different trajectories performed,
one can observe a very nice conformational dynamics of the pep-
tide arising around the NH;r group, with alternate situations where
one, two and even three NHJ - .- O=C H-bonds are formed in time.
The OH group and C=0 group of the C-terminus are on average not
involved in H-bonding at finite temperature.

As a summary, out of the seven BOMD trajectories performed
in the present work on Ala;H* protonated peptide, two provide
one NH*...0=C H-bond formed on average, as the statistically most
relevant event for the NH*...0=C H-bond situation, five provide
two such Hbonds on average (note that portions of other trajec-
tories also display that situation in transitory periods of time),
and one trajectory can be used for the three NH*...0=C Hbond
situation over a sufficient period of time for the Fourier transfor-
mation necessary for the calculation of the IR spectrum (Eq. (1)).
The two NH*...0=C H-bond situation is thus statistically the most
observed (most probable) at finite temperature. At 350 K, we have
found that these Hbonds can form and break easily, and the more
Hbonds that can be simultaneously formed the weaker and thus the

easier they can break. Furthermore, the (CO)OH C-terminus
hydroxyl of the AlayH* peptide is on average not hydrogen bonded
to its surrounding, although situations where it can form Hbonds
have been observed in a few trajectories, but with a less statistical
occurrence. Over the rather limited periods of time of the dynam-
ics (4 ps), only the dynamical behaviour of forming and breaking
of Hbonds has been observed, no other remarkable structural reor-
ganisation of the chain could be seen (as this would require much
longer simulations).

4. Infrared spectroscopy and vibrational assignments

The average IR spectrum extracted from the seven BOMD trajec-
tories performed in the present work is presented in Fig. 2. We have
considered a simple average, based on the idea that all three initial
conformers are likely to be formed in the experiment (considering
the way the peptides are produced) and thus equally contribute
to the final IR-MPD spectrum without any consideration of rela-
tive energy (or Boltzmann weight). This follows the same strategy
as the one used in our previous work on AlazH* [34]. The VDOS
(vibrational density of states) signatures primarily used here for
the assignment of the IR active bands are reported in Fig. 3, and
their interpretations follow the general outlines explained in Ref.
[40].

The IR active band found at 3560cm~! in our calculations is
solely due to the vibrational signature of free (C)O-H stretching (see
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Fig. 2. Experimental IR-MPD spectrum from Ref. [19] (bottom, black line) and dynamical spectrum (top, red line) obtained as an average over the seven trajectories of Ala;H*
protonated peptide performed in the present work. The spectra have been color coded. Left: N-H* stretchings according to the number of hydrogen bonds they form (3
Hbonds-red, 2 Hbonds-violet, 1 Hbond-pink); right: C-H (green), N-H (blue and light-blue) and O-H (orange) stretchings. See text for the assignments.

Fig. 3). As already emphasized in the previous section, a free O-H
is encountered in the majority of conformations explored along
the dynamics of AlayH* at room temperature, thus the band that
is observed in the calculations and in the experiment showing up
at 3560cm~!. As we have seen, there are nonetheless situations
where the C-terminus O-H group is hydrogen bonded to a car-
bonyl group of the peptide chain, and this gives rise to red-shifted
stretching signatures of this group, as illustrated in Fig. 3. Fur-
thermore, the O-H. - -O=C H-bonds formed are very dynamical and
vibrationally anharmonic, which gives rise to the large vibrational
domain (2600-3600 cm~!) where signatures of Hbonded O-H are
recorded (see Fig. 3). Note here, as we have emphasized in the struc-
tural analyses in the previous section, that situations where O-H is
involved in H-bonding and situations where it is not involved coex-
ist within the same trajectory, so that it is not surprising to recover
the 3560 cm~! signature in the VDOS distribution of Hbonded O-H
(both situations have not been separated for the analyses). The
vibrational signatures of H-bonded O-H being spread over the

2600-3600cm~! domain, they will definitely be participating to
any IR active band within that domain. Thus the IR active bands
seen at 3300-3500cm!, 3150-3250 cm~! and around 3000 cm™!
will contain such participation from H-bonded O-H stretchings.
Judging by the signatures in the 2600-2900cm~! domain in the
experiment, one can anticipate that these movements contribute
to the low amplitude IR bands seen in the experimental spectrum
and in our simulations in that frequency region.

The N-H stretching signatures of the amide groups of the pep-
tide chain are recorded in the 3300-3520cm~! domain, with non
hydrogen bonded N-H groups displaying signatures roughly in the
3400-3520cm™! range (Fig. 3), and H-bonded N-H groups dis-
playing signatures roughly in the 3300-3440cm~! (Fig. 3). These
two bands slightly overlap as the N-H movements are highly
dynamical: the H-bonds formed between N-H and their carbonyl
partners undergo a certain dynamics with forming and breaking
situations of the N-H...0=C H-bond in time. The amide N-H sig-
natures do not depend on the subtle differences observed in the

T T T T I T T T T T 500 T T T T I T T T T T
O-H stretchings 400 — N-H stretchings —
300 — —
200 — —
- . 100 —
-~ /\/ NNy \ 0 o . / | . .
2500 3000 3500 2500 3000 3500
T T T T T T T T | T T T T T | T T T T | T
N-H+ stre‘tchings N-H stretchings
n
It
h lu‘ »
a1y -\
4 N —— ! ! L
2500 3000 3500 2500 3000 3500
T T T T I T T T T I T T T T T T T T T I T
N-H+ stretchings "l C-H stretchings
r
!
I
M_A
=+ e ! A S~ \5=
2500 3000 3500 2500 3000 3500

Fig. 3. VDOS decompositions used in the present analyses of the dynamical spectrum for the assignment of the vibrational bands. Top left: O-H (free O-H in solid line,
Hbonded O-H in dashed line); middle left: Hbonded N-H* (solid line: one Hbond on average; dashed line: two Hbonds on average; dotted line: three Hbonds on average);
bottom left: non Hbonded N-H* (solid line: case extracted from the “one Hbond on average” situations; dashed line: case extracted from the “two Hbonds on average”
situations); top right: free N-H; middle right: H-bonded N-H; bottom right: H atoms from the C,—H groups (dashed line) and from the CH3 groups (solid line).
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peptide skeleton induced by the number of inter-molecular hydro-
gen bonds that the N-terminus NH; group can form (and discussed
below).

C-H signatures arising from the C, groups and methyl Alanine
residues are commonly placed in the 2920-3050 cm~! region. One
also observes C,—H signatures within the 3330-3480 cm~! domain,
overlapping with the N-H stretchings.

Vibrational signatures of N-H* from the NH;r N-terminus of the
peptide clearly reflect strong vibrational anharmonicities of the
N-H* stretching and dynamical behaviours of the N-H*...0=C H-
bonds, both resulting in VDOS bands shifted to low frequencies
(mostly below 3200cm~1') and spread over the 2600-3400 cm™!
frequency domain (Fig. 3). Depending on the number of H-bonds
the NH; group is involved in (i.e., one, two or three, see previous
section for details), one can see that the N-H* signatures are located
in different frequency domains. We need to recall here that distin-
guishing the situations where one, two or three Hbonds are formed
between NH;r and surrounding Hbond acceptors along the trajec-
tories is not trivial, as these Hbonds are highly dynamical. Along
one single trajectory, several situations can therefore be encoun-
tered, i.e., one and two Hbonds formed for instance at different
times along the trajectory, and both signatures will be recorded
within the corresponding VDOS over that trajectory, which obvi-
ously complicates a precise assignment of the vibrational features
of NH;r in the peptide. The trajectories have been labeled as a “one”
or “two” “Hbonds case” on average, but the other situations will
still be included within the VDOS signatures. Note that the rela-
tive weight of both situations is naturally taken into account in the
time correlation function calculation. We have taken into account
the whole length of the trajectories for the calculation of the IR
and VDOS spectra, i.e., we have not separated the trajectories into
smaller time-length pieces where only one kind of N-H*. ..O=C H-
bonds exist. As these H-bonds are very dynamical in essence in all
trajectories (whatever the number of N-H*- . .0=C hydrogen bonds
formed on average), reducing the trajectories to smaller portions
of times where exactly one N-H*...0=C H-bond (respectively, two
or three N-H*...O=C H-bonds) are formed would involve too short
periods of time for the correlation function and its Fourier Trans-
form to be properly defined. As a result, the more the trajectory
is composite in terms of number of H-bonds formed by the NH;r
N-terminus group in time (one, two and three H-bonds possibly
alternating within the same trajectory) the more diverse the signa-
tures of the N-H" stretch. The nomenclature used here refers to the
most probable number of N-H*. . .O=C H-bonds formed on average,
but nonetheless also include a few other situations encountered
along the trajectories related to that average state. This is clear
in all cases depicted in Fig. 3, also more generally illustrating the
complexity of assigning vibrational bands for dynamical systems.

We find that when NH;r is involved in one H-bond only on
average, the N-H* stretching is mostly comprised between 2600
and 3050cm™! (solid line in Fig. 3), with a featureless tail of
lower amplitude roughly extending up to 3200 cm~!. When NH;r
forms two intermolecular H-bonds on average, v(N-H*) appears
in the 2900-3200cm~! domain (dashed line in Fig. 3). The sig-
natures ascribed to the situations where NHI is involved in
three H-bonds deserve more attention. The VDOS presented in
Fig. 3 (dotted line) clearly shows two separate bands, one in the
2970-3100cm~! range and one in the 3200-3400 cm~! domain.
The trajectory recorded as giving rise to an “average three Hbonds”
situation of NH;, also contains a “two Hbonds” situation over a
substantial amount of time along the trajectory. This thus gives
rise to the two frequency domains in the vibrational spectrum,
where the 2970-3100cm~! part is certainly mostly due to the
situations where NH;r forms two Hbonds on average while the
3200-3400cm~! part certainly arises from the situations where
NH;r forms three Hbonds on average.

The more red-shifted v(N-H") stretching bands (i.e., lower
frequency v(N-H*)) are thus obtained for Ala;H* conforma-
tions where one N-H*...0=C H-bond is formed on average, i.e.,
2600-3050cm~!. These low frequencies correspond to a highly
anharmonic N-H*...0=C H-bond, in comparison to N-H...0=C
H-bonds, for which the spectral signature is centered around
3380cm~'. The anharmonicities sampled as well as the dynam-
ical behaviour of this H-bond can be seen in the ripples of low
amplitudes between 2600 and 2800cm~! in the VDOS curve, and
in the several VDOS peaks appearing in the 2800-3050cm™! fre-
quency range. The VDOS tail above 3100 cm~! is most probably due
to the situations where two N-H"*...0=C H-bonds also appear on
short time-scales along the trajectories, hence the spectral over-
lap between the “two Hbonds cases” and “one Hbond cases” in
the 3100-3200cm~! domain. Similarly, the v(N-H*) stretching
signatures obtained from the trajectories where two N-H*...0=C
H-bonds are formed on average, also include signatures aris-
ing from the smaller periods of time when one N-H*...0=C
H-bond situations are encountered, thus the spectral overlap in the
2900-3000 cm~! domain (between solid and dashed lines). Hence,
we believe that the 3000-3200cm~! vibrational domain is the
signature of two N-H*...0=C H-bonds formed on average, while
the 2600-3000 cm~! domain arises from one N-H*...0=C H-bond
conformations. Finally, the three N-H*. . .0=C H-bonds average sit-
uation is seen in trajectories where both three and two H-bonds
alternate along the trajectories (the “three H-bonds” situation being
slightly predominant over the “two H-bonds” situation). As a result,
the 3000-3100cm~! VDOS band mostly arises from the “two H-
bonds” situation (compatible with the previous analysis above)
while the 3200-3400cm~! VDOS band arises from v(N-H") sig-
nature of “pure three H-bonds” conformations.

One therefore concludes that there is a loss of vibrational anhar-
monicity of the v(N-H*) stretching motion when going from “one
N-H*...0=C H-bond” AlayH* conformations, to “two H-bonds”
and “three N-H"*...O=C H-bonds” AlayH* conformations. The more
anharmonic conformations provide v(N-H*) stretching signatures
in the 2600-3000 cm~! frequency domain, the intermediate anhar-
monic v(N-H*) stretching signatures are in the 3000-3200cm™!
range, and the less anharmonic v(N-H*) stretching signatures are
in the 3200-3400 cm™~! range. These latter v(N-H*) are overlapping
with the Hbonded amide v(N-H) stretchings.

Fig. 2 presents the comparison between the IR-MPD experimen-
tal data extracted from Ref. [19] and the present final IR spectrum
extracted from the seven trajectories on Ala;H* peptide. Bands
have been colored (same color coding in both the experiment
and simulation) according to the nature of the stretching assign-
ments. Itis clear that all experimental spectral features are obtained
in the dynamical spectrum. As always when comparing IR-MPD
and calculated spectra (harmonic spectra from static optimisations
or dynamical spectra as here), one must be extremely cautious
about discussing IR intensities, as they are not comparable between
experiments and simulations [29]. Experimental intensities cor-
respond to a fragmentation ratio in IR-MPD while the calculated
intensities correspond to a one-photon absorption cross section.
Such caution does not apply to band positions and band shapes,
which can then be safely compared. Saying that, it is not surprising
to observe that spectral intensities do not generally match between
experiment and simulation. On the other hand, the band shapes
and positions agree extremely well between both, as we shall dis-
cuss into more details now. We recall here that no scaling or global
translation of the bands has been done in the present calculation.
The excellent agreement in the calculated band positions results
from the dynamics using the BLYP functional. Overall, the dynam-
ical signatures match very well with the IR-MPD features in terms
of band-positions and band-widths. In particular, the experimen-
tal feature at 3100-3230cm~! can immediately be seen in the
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dynamical spectrum calculated here for AlayH* protonated pep-
tide, where no such band could be observed for the shorter AlazH*
peptide [34].

The band located around 3560cm~! in the experiment and
simulation and corresponding to the free O-H stretching, match
nicely, including the shoulder at ~3590cm~!. The broad band
roughly extending between 3300 and 3480 cm~! related to the N-H
stretchings match nicely between experiment and simulation. The
experimental band is clearly composed of at least two sub-bands,
one between 3300 and 3400cm~!, the other between 3400 and
3480 cm!. The calculated spectrum shows two such sub-domains,
with a more definite separation between these bands at 3400 cm™!.
From the VDOS analysis presented above, we have seen that these
two spectral sub-domains are respectively due to non Hbonded
N-H (higher frequency part) and to Hbonded N-H (lower frequency
part). As previously observed for AlagH* [34], the broadness of this
latter 3300-3400cm~! band as well as the supplementary sub-
structures that can be seen within that band, arise from the H-bond
dynamics, where alternate sequences of breaking and reforming
occur at finite temperature. The supplementary experimental sub-
structures in the 3300-3400 cm~! band are composed of four peaks,
respectively located at ~3410, 3388, 3355 and 3320 cm™!, that can
also be seen in the dynamical simulated spectrum. The simulation
nonetheless provides more separate peaks than the experiment
does, but that should easily be explained by the rather small num-
ber of trajectories used for the final dynamical spectrum. More
statistics would likely lead to a better resolution of the simulated
spectral bands, and thus to an even better agreement with the
experiment in that frequency domain. This was already observed in
our previous work on AlagH* [34]. Despite that remark, the agree-
ment in the 3300-3500cm~! domain is remarkable, and clearly
out of reach of static harmonic calculations [19]. N-H* stretch-
ing signatures also show up within the tail of the 3300-3400 cm™!
band, arising from Ala;H* conformations where the NHJ group can
be involved in three Hbonds on average. This contributes to the
broadening and “shoulder” of the 3300-3500cm~! band around
3300cm~!. Note also that the shoulder located at 3510cm~! in
the experiment is nicely present in our calculation. The supple-
mentary band observed in the 3030-3300 cm~! spectral domain of
Ala;H* which was absent for the shorter peptides (see Ref. [34]
for our previous comparison between dynamical spectrum and
experiment in the case of AlagH*) is remarkably reproduced by the
present dynamical spectrum. The band extending between 3100
and 3240 cm~! in the experiment is present in the dynamical spec-
trum, its width being slightly smaller (the band extends between
3125 and 3230cm™! in the calculation). The experimental shoul-
der seen at 3250cm™! is also present in the calculation, slightly
blue-shifted by 15 cm~'. This band is entirely due to N-H* stretches
arising from Ala;H* conformations where the NH;r N-terminus is
involved in two hydrogen bonds on average. Note that Hbonded
O-H stretches obviously also contribute to this spectral domain, as
can be seen from the related VDOS signatures. Although we have
found that AlayH* peptide conformations displaying such Hbonded
O-H are not the most statistically representative, they do exist,
and these highly delocalized and anharmonic vibrational move-
ments will definitely contribute to the intensity of the observed
3030-3300cm~! band. Remarkably, the two peaks seen at 3035
and 3065cm™! in the experiment are also present in the simu-
lation, with higher intensities and slightly blue-shifted from the
experiment (roughly +40 cm~1). These peaks are also due to N-H*
and Hbonded O-H stretches, where singly and doubly Hbonded
NH;r conformations will likely contribute. The 2500-3000cm™!
experimental part of the spectrum is also remarkably reproduced
by the dynamical spectrum. C-H stretchings from CH3; and C,H
groups contribute to the experimental 2920-3000 double bands,
as was already observed for the AlagH* peptide [34]. Clearly, the

C-H stretches show up in the two peaks, at 2945 and 2985 cm™!
in the experiment and respectively at 2955 and 3025cm™! in the
calculation, and their shapes match well between experiment and
simulation. But this region is clearly more complex, as we have
shown that highly anharmonic vibrations of the singly Hbonded
NH;r conformations and Hbonded hydroxyl groups have multiple
vibrational signatures in that domain. The bands observed in the
experiment between 2500 and 2900 cm~! all arise from conforma-
tions where either the hydroxyl of the C-terminus is involved in
Hbonds and/or the N-terminus is involved in one Hbond only. Note
also that N-H* and O-H contribute to the 2960-3030 cm~! bands,
increasing the C-H intensities also present in that spectral domain.

5. Conclusions and perspectives

The present investigation reports DFT-based
Born-Oppenheimer molecular dynamics simulations of the
gas phase Ala;H* protonated peptide, in order to unravel the
structure and dynamics of the peptide and its Infrared vibrational
signatures. We have found that, at 350K temperature, the most
statistically relevant conformations adopted by the globular
folded Ala;H* peptide have the NH;r N-terminus involved in two
NH* — 0=C charge-solvated hydrogen bonds. This type of confor-
mations give rise to the 3100-3250cm~! active band observed in
the IR-MPD of the Ala;H* peptide and is absent for smaller peptide
chain lengths. Note that the dynamics of these conformations
also reveal that the hydroxyl O-H group at the C-terminus of the
peptide can be either Hbonded to its C=0 surroundings as well as
not, with highly dynamical behaviours of the O-H.-.0=C Hbond
(with alternate breaking and forming of the Hbond along the time).
Such situations give rise to the 3560cm~! IR active band in the
IR-MPD spectrum of Ala;H* (free O-H), as well as participations
to the small amplitude IR-MPD bands that can be observed in
the 2500-2900cm~! domain (Hbonded anharmonic O-H). Con-
formations of Ala;H* with one NH*...O=C on average can also
occur, with highly dynamical and anharmonic NH*. - .O=C Hbonds.
This results in the 2500-3000cm~"! vibrational signatures, very
similar to the case of the AlasH* peptide that we have previously
investigated [34]. In particular, the small amplitude peaks seen
between 2500 and 2900 cm~! come from anharmonic behaviours
of the strong NH*...0=C Hbond formed (already seen in AlagH*
[34]). These “one Hbond case” conformations also provide an
enhancement of the C-H stretching activities between 2900 and
3000 cm~'. Finally, conformations with a fully charge-solvated
NH;r N-terminus group (three NH*...0=C Hbonds formed on
average) are rare, but can occur nonetheless, as shown from the
dynamics performed here. In that case, the N-H* stretch signature
has lost most of the anharmonicities seen for the two Hbonds and
one Hbond situations, and its signatures can be found at the foot
(~3300cm™1) of the N-H Hbonded amide stretchings, thus giving
rise to the shoulder of the IR-MPD 3300-3500 cm~"! band.

The dynamics performed here nicely provide a clear under-
standing of the IR-MPD features experimentally recorded, with an
excellent matching of the dynamically simulated IR spectrum with
the experiment in terms of band-positions and band-shapes. In par-
ticular, the diverse vibrational anharmonicities displayed by the
N-H* stretches depending on the number of simultaneous hydro-
gen bonds that the NH;r can form at the N-terminus of the Ala;H*
peptide chain, are remarkably reproduced by the dynamics at finite
temperature. This gives rise to a proper understanding of the dif-
ferent IR active bands, especially the supplementary band between
3100 and 3300 cm™! present for the Ala;H* peptide and absent for
the smaller peptide chain lengths. Such agreement between exper-
iment and calculation for the vibrational signatures is out of reach
of static harmonic calculations. Temperature has to be taken into
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account in order to get a proper view of the conformational dynam-
ics of the peptide, and here in particular we have shown that the two
N-H*...0=C Hbonds situations are the most probable, once tem-
perature and entropic effects are taken into account. Vibrational
anharmonicities are naturally taken into account in the dynamical
treatment of the movements, and this has once more been illus-
trated in the present work. In particular, the different behaviours
of stretchings of N-H* when one, two and three Hbonds are simul-
taneously formed, have been revealed in the present work, giving
rise to three separate vibrational domains for the N-H* stretch
motion. Our results on the N-H* stretching motions in relation with
the number of hydrogen bonds formed by the NH} group, can be
used as general guidelines in order to precisely interpret IR-MPD
spectra of molecules containing NH;r groups, taking into account
vibrational anharmonicities.
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