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ABSTRACT: The formation of monohydrates of capped phenyl-
alanine model peptides, CH3-CO-Phe-NH2 and CH3-CO-Phe-
NH-CH3, in a supersonic expansion has been investigated using
laser spectroscopy and quantum chemistry methods. Confor-
mational distributions of the monohydrates have been revealed
by IR/UV double-resonance spectroscopy and their structures
assigned by comparison with DFT-D calculations. A careful
analysis of the final hydrate distribution together with a detailed
theoretical investigation of the potential energy surface of the
monohydrates demonstrates that solvation occurs from the
conformational distribution of the isolated peptide monomers. The distribution of the monohydrates appears to be strongly
dependent on both the initial monomer conformation (extended or folded backbone) and the solvation site initially occupied by the
water molecule. The solvation processes taking place during the cooling can be categorized as follows: (a) solvation without
significant structural changes of the peptide, (b) solvation inducing significant distortions of the backbone but retaining the
secondary structure, and (c) solvation triggering backbone isomerizations, leading to a modification of the peptide secondary
structure. It is observed that solvation by a single water molecule can fold a β-strand into a γ-turn structure (type c) or induce a
significant opening of a γ-turn characterized by an elongated C7 hydrogen bond (type b). These structural changes can be
considered as a first step toward the polyproline II condensed-phase structure, illustrating the role played by the very first water
molecule in the solvation process.

1. INTRODUCTION

Complete understanding of the link between the environment
within which a protein resides and its secondary structure is still far
from being achieved. From a theoretical point of view, modeling of a
solvated protein chain as simple as the alanine dipeptide analogue
(Ac-Ala-NH-Me) is still a subject of debate for molecular dynamics
studies.1,2 On such small systems, two-dimensional infrared spectro-
scopy (2D IR), nuclear magnetic resonance spectroscopy (NMR),
vibrational Raman spectroscopy optical activity (VROA), or vibra-
tional circular dichroism (VCD) of peptides in liquids can provide
conformational characterization3-7 as well as a few structural para-
meters that can be used for benchmarking purposes.8,9 These
approaches, however, suffer in general from an averaging over the
whole distribution of conformers present in the medium. Alterna-
tively, gas-phase spectroscopy experiments provide accurate and
conformer-selective data but are limited to isolated systems. One
approach to address solvation issues and still benefit from the spectral
resolution of gas-phase measurements consists of studying mixed
solvent/solute molecular clusters, where the number of solvent
molecules in the system can be controlled.10 Such microsolvated
solutes (typically with less than 10 solvent molecules) are inter-
mediate systems which can bridge the gap between isolated and fully
solvatedmolecules, as theyprovide a unique insight into the solvation

process by eventually revealing the role of every single solvent
molecule. The effect of a modest number of molecules, which was
already suspected from basic ab initio calculations,9 can now
be addressed experimentally for a large panel of systems using
state-of-the-art spectroscopy coupled to efficient vaporization tech-
niques.11-13 Infrared/ultraviolet (IR/UV) double-resonance spec-
troscopy is a popular method which provides single-conformer IR
spectra and is thus adapted to flexible systems like peptides. Coupled
with the powerful computational arsenal of quantum chemistry, the
data provided enable spectroscopists to characterize the conforma-
tions adopted by the peptides in the gas phase.13-15 This approach
has proven to be a unique tool in revealing the underlying non-
covalent interactions like H-bonds, NH-π bonds, or aromatic-
aromatic interactions that control the conformational preferences
adopted by short peptides.16-18

In this context, gas-phase solvation studies appear quite
promising for a complete characterization of microsolvated
structures, thus providing a better understanding of solvation
processes. Examples can be found in the literature on flexible
molecules like tryptamine or 3-indolepropionic acid,19,20 in
which a water bridge is found to modify the conformational
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preferences: solvation triggers a conformational isomerization,
giving rise to the formation of unseen conformers in the isolated
molecule. Laser-controlled isomerization between both hydration
sites of a peptide bond has also been investigated on a rigid model
molecule.21 Spectroscopic studies dedicated to solvated peptides,
however, remain sparse, primarily because their vaporization
requires either a heating of the sample, which can cause pyrolysis,
or laser evaporation sources, which remain difficult to handle and
optimize for cluster formation. In addition, the size of these systems
also makes spectroscopic investigations challenging. In IR spectra, it
is difficult to disentangle reliably the NH and OH contributions
because of the poor theoretical description of these vibrations.22 In
microwave experiments, the system size is limited by the spectral
range of standard spectrometers.23,24

A few microsolvated amino acids or peptide-like molecules,
however, have been experimentally studied recently.7,23,25-28

Combined experimental and theoretical analysis of these results
revealed the effects of microsolvation on the molecular struc-
ture. Single hydration of natural amino acids, phenylalanine
(H-Phe-OH) or glycine (H-Gly-OH), causes little change to
the isolated amino acid structure.23,25 Microhydration of a
capped phenylalanine model molecule (Ac-Phe-O-Me) induces
only slight backbone distortions up to two water molecules.28

In this case, three water molecules were needed to affect signifi-
cantly the backbone arrangement. Microsolvation has also been
observed to potentially induce changes in the conformational
distribution,25-27 as already reported for tryptamine.19,20,29,30 Con-
formational preferences can also be dramatically inverted between
isolated and microsolvated species, as observed on melatonin31 or
on sugars.32 It should nevertheless be noticed that in natural amino
acids or in the capped peptide Ac-Phe-O-Me, the biologically
relevant -CONH- peptide units are incomplete. As some of the
H-bond donors and acceptors sites are missing, this too simple
description prevents these systems from being suitable models for
peptide chains. Only very recently, Zhu and co-workers27 showed
on a capped dipeptide that the preferred conformation switched
from a γ-turn to a β-turn when only two methanol molecules were
added to the isolated peptide.

The capped amino acids Ac-Gly-NH-Me and Ac-Ala-NH-Me
are the simplest systems relevant to investigate the hydration of a
peptide backbone; however, they have not yet been reported in
the gas phase, despite their importance in terms of benchmarking
for comparison with theoretical models. At present, only matrix
isolation spectroscopy has provided structural data about these
capped amino acids.7 Unfortunately, these systems are inaccessible
to standard laser double-resonance spectroscopy, owing to the lack
of a near-UV chromophore which is required to benefit from the
conformational selectivity of this technique. The capped phenyla-
lanine, however, is fully compatible with these techniques and has
been extensively studied.33-35 In particular,N-acetyl-phenylalanine-
amide33 (NAPA) is a small capped peptide chain with an acetyl
group protecting the N-terminal side and an amide group on the
C-terminal side (Figure 1). Three donor sites (H1, H2, and H3)
and two acceptors sites (O1, O2) for H-bonding are expected to be
the preferred hydration sites of this molecule. The majority of the
cold isolated NAPAmolecules (∼80%) have a β-strand structure33

where the extended backbone is stabilized by a C5 interaction
between H1 and O2, and the rest of the molecules are folded into
γ-turn structures with a C7 H-bond between O1 and H2 (these
structures are further detailed in Figure 8, below).

This paper documents the structural and conformational
distribution changes of NAPA induced by microhydration in

order to better understand the processes at play during the
solvation of an isolated peptide chain. This system will then
enable us to investigate the impact of the first solvent molecule
on both extended and folded conformations, in terms of defor-
mations and changes in conformational distribution. The results
obtained on the microhydration of N-acetyl-phenylalanine-N-
methyl-amide (NAPMA), a molecule only differing from NAPA
by a substitution of H3 by a methyl group (Figure 1), will also be
briefly presented and used to support the analysis conducted on
the NAPA:water system. It is worth mentioning that the -NH-
CH3 C-terminal side of NAPMA makes this molecule an even
more biologically relevant model of a peptide chain than
NAPA. However, the NH2 group of NAPA makes its IR spectral
analysis much more informative13 and justifies why this system
has been preferred to be extensively studied. This paper is then
organized as follows: after an overview of the experimental and
theoretical techniques employed (section 2), the most relevant
monohydrated structures of NAPA calculated at the B97-D level
are presented (section 3), the UV and IR/UV spectroscopy of
the 1:1 complexes is then analyzed (section 4), and the four
conformers observed are assigned by comparison of the experi-
mental and calculated OH and NH stretch frequencies (section 5).
The microsolvated structures are then compared to the isolated
peptide conformers (section 6.1), and a microsolvation scheme
accounting for the conformational distribution observed is proposed
(section 6.2). Different kinds of conformer-dependent microhydra-
tion are reported and have been tentatively classified according to
the deformation induced on the peptide structure.

2. METHODS

The NAPA:water complexes are formed by desorbing a 10:4:1 molar
mixture of water, graphite, and NAPA, respectively, in a 10 Hz pulsed
supersonic expansion of 6 bar of argon using the 532 nm light from a Nd:
YAG laser. The complete design of this source has already been described
elsewhere.36Themolecular beam is skimmed before entering the interaction
region of a time-of-flight mass spectrometer, where molecules and com-
plexes are analyzed by IR/UV double-resonance spectroscopy.16 UV light
pulses of typically 400μJ are produced by a BBO-doubled dye laser pumped

Figure 1. N-Acetyl-phenylalanine-amide (NAPA) molecule. Oxygen
and hydrogen atoms that could possibly be involved in H-bonds are
labeled along the backbone from the N-terminal to the C-terminal ends
of the chain. The typical intramolecular interactions responsible for the
extended (β-strand, with a C5 H-bond) and folded (γ-turn, with a C7

H-bond) backbone conformations are also presented. The N-acetyl-
phenylalanine-N-methyl-amide (NAPMA) molecule is obtained by
substituting the H3 atom by a methyl group.
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by an XeCl* excimer laser. Resonant two-photon ionization (R2PI) occurs
whenUVphotons of appropriate wavelength excite theπ*rπ transition of
the phenyl ring, and UV spectra are obtained by recording the ion signal
intensity as a function of the UV wavelength. The idler of a Nd:YAG-
pumped optical parametric oscillator (OPO) source delivers IR light pulses
of typically 1mJ. Both LiNbO3 and KTP crystals have been used to scan the
2.7-3.2 μm range covering the entire NH and OH stretch domains.
Conformer-selective IR spectroscopy at a resolution of ∼1 cm-1 is then
performed by scanning the IR wavelength at fixed UV wavelength using the
double-resonance IR/UV technique.18,37

Conformational explorations have been performed using the AMBER
9938 and CHARMM 2739 force fields included in the HyperChem
Professional 7.51 package.40 Several conformations were selected from
these explorations for their potential ability tomatch the experimental IR
spectra and were then optimized at the RI-B97-D/TZVPP level41,42

employing the TURBOMOLE 5.10 package.43 These calculations have
also been complemented by optimizations of a few structures designed
to explore more water and phenyl side-chain orientations than provided by
the initial conformational explorations. The DFT-D method chosen was
specifically designed to account for van der Waals interactions in large
systems and has proven to provide accurate structures and energies, at least
comparable to CCSD(T) results on benchmark systems.44 Harmonic
frequency calculations have been carried out at the same level of calculation,
and mode-dependent scaling factors (Supporting Information (SI), Appen-
dix S1) have been applied for comparison to the experimentally observed IR
frequencies for conformational assignment purposes. The ability of mode-
dependent scaling factors to accurately predict IR frequencies has been
discussed in recent papers.16,45 In the present case of peptide chains, the
correlation between the experimental spectra collected in the past 5 years
and the calculated harmonic vibrational frequencies (SI) has led us to apply
linear mode-specific corrections to the calculated frequencies. The agree-
ment between theoretical and experimental frequencies expected after such a
scaling procedure is typically of(∼20 cm-1. Energies are presentedwithout
basis set superposition error (BSSE) correction unless stated.

3. THEORETICAL RESULTS

From the monohydrate conformations found in the explorations
(section 2), 125 structures were selected according to their stability
and their consistency with experimental data (section 4) and have
thus been optimized at the RI-B97-D/TZVPP level. As some of
them were identical after geometry optimization, only 69 different
conformations have eventually been considered. Four structural
parameters can be defined in order to label these conformations:
the shape of the backbone, the orientation of the phenyl ring, the
hydration site, and the orientation of the water molecule relative to
the peptide backbone. Labels in italics are used for theoretical
conformers in order to distinguish them from the experimental ones.

Most of the backbone shapes of this set of conformations can
be classified in three main categories: extended (E), folded
(F, with two subcategories FL and FD), and intermediate (I)
structures (Figure 2). E and FL backbones are β-strands and
γL-turns stabilized by C5 and C7 interactions, respectively. These
structures have already been experimentally characterized for the
isolated NAPA system.33 As the γ-turn is a chiral structure18

which can be of L or D conformation, a distinction is thus made
between FL and FD backbones. In the I backbones, the water
molecule is part of the secondary structure of the peptide. This
structural water leads to partially folded backbones which are
intermediate between E and F forms and thus typical of micro-
hydrated conformations. I is also a chiral structure, but only the
enantiomer form shown in Figure 2 has been found. Other back-
bone structures (P) are also found as minima of higher energy in

the hydrate but have never been observed as isolated monomers
in any gas-phase experiments.

Phenyl side-chain orientations are labeled according to the
value of the NCRCβCγ dihedral angles gauche (g() if the angle
lies between 0 and (120� and anti (a) otherwise.33

It is expected that the preferred solvation sites for the water
molecules are those where at least one strong intermolecular
H-bond is possible. These solvation sites have to be defined a
priori for each peptide conformation. In order to facilitate com-
parison between conformations, however, we use the following
labeling: S1 when water bridges O2 and H3; this is the most
commonly found solvation site, as the distance between O2 and
H3 is fixed by the rigid peptide bond and thus does not depend
on the conformation (Figure 2). Similarly, H1 and O2 define
solvation site S2, which is also a bridging site mostly found in
E and F structures. The main remaining sites, S3, S4, and S5,
involve the O1, H2, and H1 atoms, respectively, in conformations
with only one strong intermolecular H-bond. Finally, conforma-
tions with an I backbone do not need a solvation site to be
specified, as water is always bridging O1 and H2 by definition.

Most of the solvation sites correspond to a set of multiple wells
of the potential energy surface (PES) related to different
orientations of the water molecule. In order to keep simple
notations, a labeling is proposed, based on the orientation of the
molecules shown in Figures 6-8, below: the phenyl ring lies
above the backbone and the CβCγ bond is oriented vertically,
making the peptide bonds to lie roughly in a “horizontal” plane.
The notation “up” (u) or “down” (d) then refers to the free OH
group of water pointing either toward the phenyl direction or
toward the opposite direction. In addition, both lone pairs of the
O1 atom lead tomultiple water orientations around solvation site
S3. Labels “in” (i) and “out” (o) are used to identify the lone pair
interacting with water (Figure 2). Finally, when the oxygen atom

Figure 2. Different types of backbone arrangements (E, FL, FD, I, and P)
and their main solvation sites (S1-S5) resulting from B97-D/TZVPP
optimizations.
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of water is significantly located out of the “horizontal” plane, the
“vertical” site position of water is indicated by the label v.

Table 1 reports the energetics and scaled frequencies of the 39
most relevant conformations for assignment purposes from the set of
the 69 calculated structures. This reduced set of conformations com-
prises all conformations I, conformations E and FL for which at least
one strong intermolecular H-bond exists, and a selection of the most
stableP and FD conformations. It can be seen from this table that the
conformational landscape of the NAPA:water system is made of
several minima quite close in energy (most of these conformations
are within a ∼15 kJ mol-1 energy range). However, the large
frequency domains covered by the calculated frequencies (∼100
cm-1 for theNH2

anti,∼200 cm-1 for theNH2
sym andNH stretches,

and ∼300 cm-1 for the OH(1) stretch) suggest that these
conformations can be accurately characterized and distinguished
by their experimental IR fingerprint.

4. EXPERIMENTAL RESULTS

The R2PI signals of NAPA:water complexes are detected in
the NAPA ion mass channel, leading to an overlap of the
signatures of both NAPA:water and NAPA species on the UV
spectrum (Figure 3). ThemainUV features due to complexes can
be easily discriminated against the transitions of the isolatedmolecule
by comparison with the spectrum of a pure NAPA/graphite tablet
sample. IR spectra further confirm the assignment of these features to
1:1 complexes and not to fragmented larger clusters. The signal
recorded on theNAPA:water ionmass channel allows us to estimate
that at least∼80% of the ionized complexes are fragmenting and that
all major NAPA:water conformers are detected in the NAPA ion
mass channel. Similar efficient fragmentation upon R2PI detection
has been previously observed for the monohydrated phenylala-
nine25 and other clusters.46,47 Finally, one can notice that the confor-
mational distribution of the isolated peptide does not show any
measurable change when switching from dry to wet conditions,
despite a significant decrease of the total ion signal of the monomer.
One can deduce that water in the expansion does not significantly
affect this conformational distribution and that water binds to the
peptide with a weak conformer selectivity if any.

The IR spectra (Figure 4) reveal four different main con-
formers of the NAPA:water complex, labeledW, X, Y, and Z. For
W, Y, and Z, five absorption bands corresponding to two OH,
one NH, one NH2

sym, and one NH2
anti stretching modes are

observed, as expected in this spectral region. One can notice that
W has two bands well resolved at 3380 and 3388 cm-1, the
former being much weaker than the latter (Figure 4, inset). In
contrast, X exhibits six bands. One could postulate X to be a 1:2
NAPA:water complex; however, seven bands would be expected
in such a case. In addition, the band at 3565 cm-1 could not account
for any kind of NH stretch: the upper value of ∼3550 cm-1 is
reached for the NH2

anti stretch of a free NH2 group.
47 The band at

3565 cm-1 would then be assigned to anOH-bonded group, which
is not consistent with its very low intensity.48 One has to conclude
that this weak band is likely to be a combination band and that the
other five bands are the signature of the NH and OH stretches of a
1:1NAPA:water complex. This conclusion is consistent with similar
previous observations26,49 and is supported by additional experi-
ments carried out on themonohydrates ofNAPMA.UVspectroscopy
(SI, Figure S2) suggests that the conformers analogous toW and X
also exist in NAPMA:water. The comparison between the IR spectra
(Figure 5) clearly supports that XNAPMA has four bands, as
expected for a monohydrate of NAPMA in this spectral region.

At this first stage of the NAPA spectroscopic analysis, it is
already possible to propose an assignment for several IR features
observed, based on general considerations about the IR spec-
troscopy (the larger the red-shift, the stronger the H-bond) as
well as on previous experimental results,13 in particular the corre-
lation existing between symmetric and antisymmetric stretches
of the NH2 group of the C-terminal amide (Figure 5 of ref 13):

The freeOHvibrationalmode typically observed48 at∼3720 cm-1

is a common feature of the four conformers, indicating that water acts
as a single H-bond donor in all four monohydrates.

No band is observed in the 3465-3495 cm-1 region, indicat-
ing that there is no free NH stretch13 in these conformers.

The 3495-3550 cm-1 range is also very informative for assign-
ment purposes, as it is accessible to theNH2

anti stretch but not to the
NH or NH2

sym stretches. According to the correlation mentioned
above,13 the spectral position of the NH2

anti stretch in this range
provides a rough estimate of the corresponding NH2

sym band
position, which is indicative of the strength of the H-bond in which
the NH2 group is involved.

Table 1. Calculated Energetics and Scaled Harmonic Vibra-
tional Frequencies of Selected NAPA:Water Conformations

ΔG (kJ mol-1)a vibrational frequency (cm-1)

conformer 0 K 300 K NH NH2
sym NH2

anti OH(1) OH(2)

E(a)S1u 5 4 3445 3347 3515 3451 3721
E(a)S1d 4 4 3446 3344 3513 3449 3720
E(a)S2u 7 6 3307 3416 3532 3467 3722
E(a)S2d 6 1 3305 3414 3531 3449 3719
E(a)S3id 3 4 3420 3414 3531 3417 3727
E(a)S3ou 11 7 3432 3419 3535 3458 3722
E(a)S3od 11 9 3430 3418 3534 3459 3722
E(a)S3v “Z” 11 4 3430 3419 3535 3514 3724
E(a)S4u 4 2 3441 3305 3508 3621 3726
E(gþ)S1d 9 7 3449 3345 3532 3454 3719
E(gþ)S2u 3 6 3267 3433 3550 3520 3676
E(gþ)S2d 13 11 3312 3435 3553 3495 3717
E(gþ)S3id 10 7 3429 3434 3551 3423 3725
E(gþ)S3ou 17 13 3430 3436 3553 3459 3722
E(gþ)S3v 14 11 3430 3439 3556 3482 3727
E(gþ)S4u 17 14 3443 3383 3528 3653 3744
E(g-)S1d 15 12 3468 3341 3530 3446 3720
E(g-)S3v 15 16 3454 3430 3549 3525 3692
FD(g-)S1u 9 10 3486 3314 3455 3416 3719
FD(g-)S2u 9 11 3454 3329 3506 3472 3729
FL(a)S1u 9 7 3467 3346 3488 3433 3718
FL(a)S1d 9 7 3468 3350 3493 3433 3720
FL(a)S2u 3 5 3351 3399 3520 3444 3725
FL(a)S2d 3 5 3343 3403 3522 3425 3725
FL(gþ)S1u “Y” 7 9 3442 3331 3464 3431 3718
FL(gþ)S1d “Y” 8 9 3442 3331 3465 3434 3719
FL(gþ)S2u 3 8 3283 3384 3516 3574 3680
FL(g-)S1u 7 6 3466 3331 3464 3428 3718
FL(g-)S1d 8 7 3464 3332 3465 3428 3721
FL(g-)S2u “X” 2 3 3418 3381 3512 3446 3727
FL(g-)S2d “W” 3 4 3376 3389 3516 3441 3725
I(a)u 0* 1 3456 3280 3503 3385 3723
I(a)d 1 2 3458 3278 3503 3367 3726
I(gþ)d 8 10 3448 3290 3494 3365 3726
I(g-)u 1 1 3466 3289 3501 3357 3726
I(g-)d 1 0* 3469 3271 3501 3343 3726
P(gþ)S1u 10 8 3437 3352 3527 3433 3721
P(gþ)S1d 8 7 3439 3351 3529 3425 3719
P(gþ)S5u 5 8 3287 3412 3529 3614 3692

a Lowest energy conformations are marked with an asterisk (see section
3 for calculation details).
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The band of W at 3515 cm-1 can be assigned to the NH2
anti

stretch of a single H-bond donor NH2 group. The same conclu-
sion can be drawn for the band at 3510 cm-1 of conformer X.
The correlations evoked above suggest that the corresponding
NH2

sym stretch should be found below ∼3400 cm-1. For W, it
suggests that theNH2

sym stretch is expected to be assigned to one
of the components of the 3380/3388 cm-1 doublet. For X, the
unique band measured in this region (3360 cm-1) has thus to be
assigned to the NH2

sym stretch. This assignment is also sup-
ported by the comparison between the IR spectra of X and
XNAPMA (Figure 5): the common features at 3418 and 3446
cm-1 must be assigned to the NH1 and OH stretches, as the
most red-shifted bandmust involve the different C-terminal sides
of the two molecules. Such a comparison between W and
WNAPMA is unfortunately less fruitful, presumably due to vibra-
tional couplings as mentioned earlier.

Conformer Y is the only one not to have a band in the 3495-
3550 cm-1 range, indicating that the NH2 group must be a
double H-bond donor characterized by two red-shifted bands. As
the NH group is also involved in a H-bond interaction, all three
NH bonds of this conformer are H-bond donors, thus greatly
reducing the number of structures capable of matching the IR
spectrum. Y must then be assigned to a γ-turn (C7 bond)
structure (FL or FD) with a NH1-π interaction and where the
water molecule occupies site S1.

Finally, conformer Z has the characteristic signature of a free or
weakly bonded13,33,47NH2 group,with twoweak bands at 3440 and
3543 cm-1 corresponding to the NH2

sym and NH2
anti stretches,

respectively. The alternative assignment for the NH2
anti stretch to

the band at 3507 cm-1 can be ruled out, as it would imply a large
splitting of the NH2 modes, leading to a NH2

sym band well below
3350 cm-1 (Figure 5 of ref 13), whereas the lowest frequency band
is actually observed at 3394 cm-1. As the band at 3507 cm-1 is
blue-shifted compared to theNH free stretch domain, it can only be
assigned to an OH-bonded stretch mode, and finally the band at
3394 cm-1 can be assigned to the remaining NH stretch.

These preliminary and partial mode assignments, deduced
solely from a basic spectroscopic analysis, are summarized in the
spectra of Figure 4.

5. CONFORMATIONAL ASSIGNMENT

Final assignment (Figure 4 and Table 2) has been achieved
from the comparison between the experimental spectra and the
set of harmonic frequencies from the 69 B97-D optimized
structures as detailed in the next paragraph. Calculated intensities
are also presented in Figure 4, although they are not reliable
enough for assignment purposes owing to poorly predicted
vibrational couplings (SI). The four calculated conformers
FL(g-)S2d, FL(g-)S2u, FL(gþ)S1u, and E(a)S3v, finally as-
signed to the experimentally observedW, X, Y, and Z complexes,
are shown in Figure 6.

Figure 3. UV spectra recorded in the domain of the first π*rπ
transition of the phenyl ring on the NAPA mass channel using dry
(bottom) or wet (top) samples.A,B, andC are conformers of the isolated
species previously assigned. TheNAPA:water 1:1 complexs' main features
are observed at 37 576, 37 597, 37 616, 37 620, and 37 659 cm-1.
Conformers of the monohydrated species are labeled W, X, Y, and Z.

Figure 4. IR/UV double-resonance spectra of conformersW,X,Y, andZ
recorded respectively at 37 659, 37 620, 37 597, and 37 576 cm-1. Assign-
ments are proposed for some of these bands from a spectral analysis
detailed in the text. þ marks a weak band due to a combination of
vibrational modes. Bars represent the calculated frequencies and inten-
sities of the OH (red), NH (orange), and NH2 (green) stretching modes
of the conformers relevant for discussion (Figures 6 and 7b, below).
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W. The difference between the calculated frequencies of
FL(g-)S2d and the experimental frequencies of W is never
larger than 11 cm-1 (Table 2). Such a good agreement is not
reached for any other calculated conformations (Table 1) for
which at least one frequency is off by more than 30 cm-1. The
expected agreement of(∼20 cm-1 is then reached for only one
conformation, making the assignment of W unambiguous. This
assignment is supported by the comparison between the NAP-
MA analogous of FL(g-)S2d and WNAPMA (Figure 5 and SI,
Figures S3 and S5).
X. Two conformers could possibly match the IR spectrum of

X with a similar frequency agreement: FL(g-)S2u (Figure 6),
together with FL(a)S2u, its rotamer with an (a) orientation of
the phenyl side chain instead of (g-). However, FL(a)S2u has
one major difference compared to FL(g-)S2u (Table 1 and SI,
Figure S4): its most red-shifted band is the peptide NH stretch,
which does not fit with the previously deduced assignment of this
band to the NH2

sym mode (section 4). One must conclude that
FL(g-)S2u is the only conformer that can be assigned to X. This
assignment is again supported by the comparison between the
NAPMA analogues of FL(g-)S2u and XNAPMA (Figure 5
and SI, Figures S4 and S5). The typical frequency agreement of

( ∼20 cm-1 is also reached, as the worst agreement is obtained
for the NH2

sym mode, with a 21 cm-1 discrepancy (Table 2).
Y. The best structure that matches conformer Y, FL(gþ)S1u

(Figure 6), is compatible with the conclusions of the Experi-
mental Results, as it is made of a γ-turn structure with a NH-π
interaction and a water molecule in site S1. Actually, only four
conformers are expected to fulfill these conditions: FL(gþ)S1u,
FL(gþ)S1d, FD(g-)S1u, and FD(g-)S1d. The γ-turn is a chiral
structure18 that is L or D, and the water molecule can be a H-bond
acceptor with one or the other lone pair leading to the OH free
group pointing in two different directions. Both FD(g-)S1
structures can be ruled out, as their NH2

sym bands are predicted
to be too red-shifted, at 3314 cm-1 (Table 1). However, it is
impossible to discriminate between FL(gþ)S1u and FL(gþ)S1d,
as their calculated frequencies are virtually identical, within ∼3
cm-1. Conformer Y will then refer to one structure or the other
in the rest of the paper, although only one is shown in Figure 6.
One can notice that the agreement here is slightly worse than that
usually observed for isolated peptides ((∼20 cm-1, SI, Figure
S1), as the NH2

sym and OH(1) modes are predicted respectively
at 29 and 23 cm-1 from the experimental value.
Z. Finally, only one conformer, E(a)S3v (Figure 6), is fully

consistent with the experimental band assignment of conformer
Z (section 4). The NH stretch frequency is, however, poorly
predicted, with a mismatch of 36 cm-1. An underestimated
coupling between the NH and NH2

sym modes could explain why
the usual (∼20 cm-1 accuracy agreement is not reached. The
frequency difference between these modes is going from 27 cm-1

for uncorrected frequencies down to only 11 cm-1 after apply-
ing the mode-specific scaling procedure, suggesting that a cou-
pling may not be correctly estimated by the calculation (SI,
Appendix S1). In particular, such a coupling between the NH and
NH2

symmodes could, for instance, explain why theNH2
symmode

is observed at 3440 cm-1, significantly shifted to the blue
compared to conformer A of isolated NAPA, for which a similar
NH2-π interaction is observed33 at 3426 cm-1. The poor
frequency agreement could also suggest that B97-D does not
describe accurately this conformation, where the position of the
water molecule is the result of a subtle compromise between
the H-bond and additional interactions with the phenyl ring
(Figure 6).

6. DISCUSSION

6.1. Microsolvation Structural Effects. Conformers W and
X are both FL(g-)S2 conformations in which the peptide has a
folded C7

L structure with the phenyl chain in the (g-) position.
These conformers can then be directly compared to the FL(g-)
conformer of NAPA (conformer C) in order to estimate the
structural effects of monohydration on the peptide. Such a
comparison will demonstrate how the hydration on one side of
the molecule affects the whole conformation of the peptide, and
in particular the intramolecular H-bond, which is on the opposite
side.
Table 2 shows that the NH2

sym mode is experimentally blue-
shifted for both conformersW and X upon solvation. This blue-
shift denotes a lengthening of the C7 H-bond (O1-H2 distance
in Table 2) in the hydrate, which is qualitatively well reproduced
by the calculated structures with H-bonds longer by 29 and 23
pm. These elongated H-bonds can be seen as the consequence of
the forces applied on atoms H1 and O2 by the bridging water in
site S2. In order to optimize these intermolecular H-bonds, the

Figure 5. IR/UV double-resonance spectra of conformers W and X,
compared with those of their NAPMA analogues. The calculated
frequencies of the FL(g-)S2d and FL(g-)S2u conformers for both
NAPA and NAPMA molecules are also presented: sticks represent the
OH (red), NH1 (orange), and NH2H3 for NAPA or NH2 for NAPMA
(green) stretching modes (see Figure 1 for atom labels). Dotted lines
highlight the correspondences that occur between W and X and their
NAPMA analogues.
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peptide backbone has to adopt a slightly new conformation,
shortening the H1-O2 distance from 374 pm in conformer
C down to 319 and 325 pm in W and X, respectively. A
mechanical consequence of this adaptation of site S2 upon
hydration is the opening of the γ-turn: the resulting blue-shift
of the NH2

sym mode is then the experimental evidence of the
weakening of the C7 H-bond and the deformation of the whole
peptide structure induced by the water molecule. The impact of
microhydration on the γ-turn structure can also be reported on a
Ramachandran map50 (Figure 7a). Conformer C is described by
(j,ψ) = (-85�,72�), which are typical values for γ-turns.51 In
contrast, W and X exhibit slightly different values, (-85�,90�)
and (-84�,88�), respectively. It is interesting to note that the
resulting microsolvation step in the Ramachandran map is clearly
made in the direction of the polyproline II helix domain, typically
found around angles (-90�,135�), and supposed to be the most
stable structure for small peptide chains in solution when
solvation is completed.4,9,52 As such a polyproline II helix does
not have any intramolecular H-bond, stepwise hydration of
the isolated peptide is then expected to break the C7 H-bond.
Both W and X conformations nicely illustrate how the first

water molecule takes part in this process by weakening the
intramolecular H-bond and justify that they can be consid-
ered as the first intermediates of the solvation process. This
significant change of structure in W and X compared to the
nonsolvated conformer C is also consistent with the UV
spectrum. The UV origin transitions are indeed blueshifted
respectively by 127 and 89 cm-1, as opposed to smaller shifts
of typically ∼10 cm-1 observed when solvation occurs on a
rigid site and has no significant impact on the molecular
conformation.25,26

If W and X differ mainly by the orientation of the water
molecule as they are respectively assigned to FL(g-)S2d and
FL(g-)S2u, this is not the only difference in geometry, as
suggested by the experimental UV and IR results. The structure
of the solvation site can be monitored by the H1-O2 distance
(Table 2), which is predicted 6 pm shorter inW as compared to
X. This reveals a different peptide-water interaction, which also
affects the secondary structure, as the C7 H-bond is 6 pm longer
in W. The calculated NH frequency difference of ∼40 cm-1

betweenW and X also reveals that the intermolecular distance is
shorter in W and explains why it is possible to discriminate

Table 2. Experimental (Bold) andTheoretical (Italic) Data of NAPA (Bottom) andNAPA:Water 1:1 Complex (Top)Conformers

vibrational frequency (cm-1) ΔGcorr (kJ mol-1)a distance (pm)c

conformer (abundance) NH NH2
sym NH2

anti OH(2) BE (kJ mol-1)b 0 K 300 K O1-H2 H1-O2

NAPA:Water 1:1

W (34%) 3380 3388 3515 3720

FL(g-)S2d 3376 3389 3516 3725 27 (A); 30 (C) 2 4 232 319

X (48%) 3418 3360 3510 3723

FL(g-)S2u 3418 3381 3512 3727 26 (A); 29 (C) 2 3 226 325

Y (10%) 3439 3360 3460 3718

FL(gþ)S1u 3442 3331 3464 3718 25 (B) 6 8 204 385

Z (8%) 3394 3440 3543 3722

E(a)S3v 3430 3419 3535 3722 18 (A) 10 4 501 226

I(a)u 3456 3280 3503 3723 29 (A), 32 (C) 0 2 354 279

E(a)S2d 3305 3414 3531 3717 24 (A) 4 1 476 257

F(a)S2d 3343 3403 3522 3725 29 (A) 2 4 241 310

NAPA

A (79%) 3434 3426 3543

E(a) 3438 3418 3534 - - 0† 0† 499 228

B (11%) 3438 3342 3516

FL(gþ) 3438 3347 3518 - - 2† 5† 202 388

C (10%) 3466 3348 3517

FL(g-) 3466 3343 3514 - - 3† 3† 203 374
aGibbs energies are calculated at the RI-B97-D/TZVPP level and corrected for intermolecular BSSE. The reference for these relative energies is the
lowest energy conformer of the NAPA:water 1:1 complex at the temperature considered. For energies marked with †, the reference is the lowest energy
conformer of NAPA (A). bThe binding energies (BE) of the NAPA:water 1:1 complexes corrected for BSSE are given for several dissociation limits,
corresponding to the different conformers ofNAPA noted in parentheses. c Intramolecular distances are given in order to quantify the folded (shortO1-
H2 and large H1-O2 distances) or extended (large O1-H2 and short H1-O2 distances) character of the peptide conformation.
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between these conformers through their IR signatures. This is in
contrast with the Y conformer, where FL(gþ)S1d and FL-
(gþ)S1u have very similar structures (section 5). The origin of
the difference between W and X could lie in a stabilizing
interaction between a H atom of the CH2 group of the side
chain and a lone pair of water in conformerW (d(CH-Owater) =

250 pm). In conformer X, this interaction is replaced by a CH2-
HO interaction, which appears to cause a slightly different
geometry (d(CH-Owater) = 258 pm). All these structural
differences betweenW and X also impact the side-chain position,
eventually contributing to a relatively large separation (38 cm-1)
of the phenyl π*rπ transitions. In addition, the intramolecular
H-bond, shortened by 6 pm when flipping water from W to X,
can be directly correlated to the predicted frequency change for
the NH2

sym mode (-8 cm-1), qualitatively supported by the
experiment (-28 cm-1). The quantitative mismatch, however,
suggests that the impact of water orientation on the backbone
geometry is underestimated by the B97-D method. It is then
experimentally and theoretically suggested that the isomerization
path betweenW andX not only is characterized by a simple flip of
the water molecule but also involves backbone deformations.
Tunneling isomerization usually associated with such water
flipping53 is then not expected between W and X, which is
confirmed by the experimental observation of two conformers
that do not interconvert within the time delay between IR and
UV laser in the experiment (∼20 ns). The corresponding
isomerization barrier has been calculated at ∼3 kJ mol-1 for
the alaninamide-water complex53 and is expected to be of the
same order of magnitude between W and X. Unfortunately, the
theoretical accuracy needed to investigate such a barrier is still
beyond the capabilities of the B97-D method on these systems,
according to the uncertainty in the structural description of the
minima (discrepancies between experimental and scaled theore-
tical frequencies) as well as in their relative energies.
Conformer Y is an FL(gþ)S1 structure where the peptide is

nearly identical to conformer B of NAPA (Figure 7a). As the
B97-D structure might not reproduce accurately the geometry of
this conformer according to a slightly worse frequency agree-
ment than for W and X, the structure analysis will be limited to

Figure 6. RI-B97-D/TZVPP minima FL(g-)S2d, FL(g-)S2u, FL-
(gþ)S1u, and E(a)S3v assigned to conformers W, X, Y, and Z. Weak
( 3 3 3 ) and strong (- - -) inter- or intramolecular interactions are also
shown.

Figure 7. (a) Ramachandran map of the assigned isolated, monohydrated NAPA conformations. Typical area of β-strand, γ-turns, and polyproline II
structures are also shown. Blue arrows indicate the transformations, deformation or isomerization, upon microsolvation. (b) Gibbs energies of the
E(a)S2d and FL(g-)S2u conformers at several temperatures. RRKM-estimated typical reaction times for the conformational isomerization of panel c
are also shown. (c) Energetics of the solvation-induced isomerization of conformer A at 150 K estimated as being the minimum temperature needed for
the reaction to occur.
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the following considerations. Table 2 shows that the intramole-
cular C7 H-bond is predicted not to be affected by the solvation,
with a negligible stretch of 2 pm. Owing to the position of water
in S1, no significant changes of the peptide structure are
expected, as no conformational freedom exists to accommodate
the water molecule since the O2 and H3 atoms belong to the
same peptide plane. This conservation of the structure of B upon
microsolvation is also supported by the experimental observation
that the NH stretch, which is sensitive to the relative orientations of
the NH1 group and the phenyl ring, has virtually the same value:
3438 (B) and 3439 cm-1 (Y). The small red-shift (13 cm-1) of the
π*rπ transitions also suggests26 that the γ-turn in Y retains a
structure very similar to that of B.
Conformer Z, assigned to E(a)S3v, is the only extended C5

solvated structure observed in our experiment. It can be directly
compared to A, the main NAPA conformer observed, where the
peptide has a conformation E(a). On the one hand,A and Z have
identical NH2

anti stretch frequencies; however, on the other
hand, the NH and NH2

sym modes are 40 and 14 cm-1 red-
and blue-shifted, respectively (Table 2). These shifts could be the
result of a coupling between these modes in the microsolvated
peptide (section 5). The red-shift of the NH mode may also be
explained by the polarization of the peptide bond by the water
molecule. The 73 cm-1 UV shift of the origin of the π*rπ
transition is also consistent with a change of the phenyl ring
environment. However, the bad IR frequency agreement
between experiment and theory prevent us from making a
detailed structure analysis from the B97-D geometry. We have
therefore no reliable evidence about how the β-strand structure is
affected by the hydration on site S3.
6.2. Conformational Energetics and Microhydration

Dynamics in the Jet. It is clear from the calculated relative
energies given in Table 1 that the observed conformational
distribution extracted from our experiment is not consistent
with a thermal equilibrium. As an example, according to the B97-
D Gibbs energies in the 0-300 K temperature range, one would
expect to observe the global minimum of the PES, conformers I, as
being themost populated conformations (Figure 2 andTables 1 and
2). Similarly, conformers FL(gþ)S1 assigned to Y should not be
observed due to their relatively high energy, assuming their popula-
tion is controlled by thermal equilibrium conditions. A thermal
equilibrium between conformations would then imply that the B97-
D energetics is wrong by at least∼10 kJmol-1 and/or that the R2PI
detection efficiency is highly conformer-dependent. Although these
two explanations for the apparent discrepancy between experiment
and theory cannot be completely ruled out, a few considerations
make them both appear unlikely for this system. First, a ∼10 kJ
mol-1 error is not expected for such a small peptide: Gibbs energies
of the monomers in the 0-300 K range (Table 2) reproduce the
experimentally observed distribution with a∼2 kJ mol-1 accuracy.
If we now examine the capability of R2PI to detect all the
conformations produced in the supersonic expansion, one can
notice that the proportion of 1:1 clusters detected is ∼30% of the
monomer signal. This high proportion of clusters suggests that all
major conformations existing in themolecular beam are detected. In
addition, R2PI has proven to reliably detect conformers with a large
variety of environments of the phenyl ring: (gþ), (g-), and (a)
orientations; NH-π interactions; folded or extended backbones.
These considerations suggest that conformer-dependent dynamics
in the excited state are not expected to strongly bias the conforma-
tional distribution for such a phenylalanine-based peptide. The
origin of the discrepancies between the observed conformational

distribution and theB97-DGibbs energy is then believed to lie in the
assumption of a thermal equilibrium between conformations.
If not controlled by a thermal equilibrium, the conformational

distribution of the NAPA:water complexes may be controlled by
the initial distribution of the isolated peptide. The aim of the next
paragraph is to propose a tentative scheme for the course of
events leading to the observed conformational distribution of the
NAPA:water clusters.
If we consider the initial internal energy of the laser-desorbed

peptide before cooling in the expansion (∼33 kJ mol-1 at 300 K,
estimated from harmonic vibrational frequencies), a complete
conformational exploration of the PES is possible. In particular,
Strodel and Wales have shown,54 on the isolated capped alanine,
that the free energy barrier between the C5 and C7 conformers at
298 K is only∼7 kJmol-1 and that the folding/unfoldingmotion
related to the conformational isomerization between these
structures is completed within a few picoseconds, i.e., much
faster than the characteristic time of our experiment (∼1 μs).55

Cooling in the expansion then traps these conformations of
NAPA, and the resulting experimental conformational distribu-
tion is consistent with thermal equilibrium conditions according
to the calculated RI-B97-D/TZVPP Gibbs energies of the
conformers in the 0-300 K temperature range (Table 2). In
the NAPA:water system, however, such a complete exploration
of the PES is not expected to occur in our experiment, as both
molecules first need to be cooled before they effectively stick
together and a stable complex can be formed. The fact that the
most stable conformers are not observed (conformers I, Table 1
and Figure 4) gives us an interesting clue on the mechanism that
controls the conformational distribution. The backbone of type I
(Figure 2) can be seen as a folded structure where water is
inserted in the C7H-bond. If water were attached to NAPA when
it has still enough internal energy to cross over the barrier
between the extended and the folded structures, one would
expect the hydrated peptide to explore the well corresponding to
I, eventually leading to its observation. One can then consider
that, just before water finally sticks to the NAPAmolecules in the
expansion, the internal energy content of the peptides is already
low enough that it can no longer allow their folding/unfolding
isomerization. In other words, microsolvation occurs on NAPA
molecules already trapped in their wells, identified as the A, B,
and C conformers. This is fully consistent with the observation
that complexes are formed within the pulsed supersonic expan-
sion only when peptides are laser-desorbed 35 μs later than the
usual optimum value to detect monomers, i.e., not until good
cooling conditions are achieved in the expansion.56 It is then
legitimate to consider these results as the experimental micro-
hydration ofA,B, andC. The final conformational distribution of
the microsolvated species is then expected to “keep the memory”
of the initial distribution of the isolated species instead of being
governed by a thermal equilibrium.
The three conformers of NAPA,A,B, andC, are now considered

with their main barrierless hydration sites (Figure 8) in order to
propose a microhydration scheme for this peptide:
Conformer B is the only conformer having only one solvation

site available (S1), which allows the water molecule to bind with a
barrierless pathway. Monohydration of B on site S1 leads then
directly to FL(gþ)S1, assigned to conformer Y, which is thus
expected to be formed in the expansion despite having higher
energy than other non-observed species.
ConformerC has one more solvation site (S2) compared toB,

and hydration of this site leads to conformers FL(g-)S2d and
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FL(g-)S2u, assigned to W and X. Higher energy conformers
FL(g-)S1d and FL(g-)S1u are also expected to be formed from
the barrierless solvation of C in site S1. However, these conforma-
tions are not observed, suggesting that the more stable solvation site
S2 is preferred. The additional energy brought by the intermolecular
H-bond (∼25 kJmol-1) whenwater binds inS1 can indeed be used
by theNAPA:water system to exploremore of the PES and favor the
FL(g-)S1f FL(g-)S2 isomerization.
Monohydration of conformer A appears to be even more

complex, as three solvation sites are available. However, one has
to notice that (i) Z can result from the barrierless hydration of
conformer A on site S3 and (ii) conformer Z is the only one that
retains the peptide conformation E(a) in the relaxed complexes.
At this stage, a first solvation scheme could already be

proposed to account for the conformers observed in our experi-
ment as being the result of barrierless monohydration of NAPA
conformers: AþH2Οf Z; BþH2Of Y;CþH2OfW/X.
However, this solvation scheme could not fit with the relative
abundances observed, asA accounts for almost 80% of the NAPA
species in the expansion, but only ∼8% of the NAPA:water com-
plexes (Z) have an E(a) backbone type that can be considered as
the result of the direct hydration of A. The observed monohydrated
species are indeed mainly folded, with 82% of the population
(WþX) having an FL(g-)S2 structure. It is then suggested, on
the basis of the observed conformational distribution, that a
solvation-induced population transfer exists between the isolated
E(a) conformation (A) and the FL(g-)S2monohydrated peptides
(W/X). In addition, the conformers resulting from the barrierless
solvation ofA in sites S1 or S2 are surprisingly not observed, despite
these sites being apparently better binding sites than S3, according
to their relative energies (Table 1). These non-observed confor-
mers, E(a)S1 and E(a)S2, lead us to consider that their isomeriza-

tionmay be responsible for the above-mentioned solvation-induced
population transfer. In this respect, the path A þ H2O(S2) f
E(a)S2f FL(a)S2f FL(g-)S2 was investigated theoretically in
order to estimate if such a population transfer is supported byB97-D
calculations. Gibbs energies of E(a)S2 and FL(g-)S2 at several
temperatures are presented in Figure 7b. Transition states have also
been calculated and are displayed in Figure 7c. The highest barrier of
the path (14 kJmol-1) corresponds to the phenyl rotation FL(a)S2
f FL(g-)S2, and it can be estimated from the vibrational energy
that this barrier cannot be overcome if the temperature of the
NAPA:water complex is lower than ∼150 K. RRKM theory57 has
also been used to roughly estimate the isomerization rate at several
temperatures (Figure 7b): it shows that, above about 170 K, iso-
merization is likely to occur within the time scale of our experiment
(>100 ns). As a facile redistribution of the binding energy can be
anticipated in such flexible systems,30 it can be postulated that the
conversion of this energy in E(a)S2 immediately after its formation
in the expansion (24 kJmol-1, Table 2) leads to an initial vibrational
temperature of the complex that is estimated from harmonic
frequencies to be at least ∼220 K, which would be enough to
trigger isomerization. In conclusion, the isomerization E(a)S2 f
FL(g-)S2 is likely to take place efficiently while the complex is
formed and cooled during the supersonic expansion. A solvation-
induced population transfer between A and W/X is then in
agreement with B97-D calculations, making a solvation-induced
isomerization A þ H2O(S2/S1) f E(a)S2 f W/X the best
explanation for the NAPA:water relative abundances observed and
for the experimental non-observation of the E(a)S2 and E(a)S1
conformations.
To conclude this section, a conformer-dependent and site-

dependent microhydration scheme is proposed to account for
the IR spectroscopy and the relative abundances observed on the
UV spectrum:

A þH2OðS2=S1Þ f EðaÞS2 f W=X; A þH2OðS3Þ f Z

BþH2OðS1Þ f Y

CþH2OðS2=S1Þ f W=X

This scheme also implies that the complex is trapped in the
well of conformer Z when water approaches the NAPAmolecule
from the S3 side: isomerizations toward lower energy conforma-
tions like W/X or I presumably involve high-energy transition
states that keep the system in the Z basin. If we consider, for
instance, the path Z f E(a)S2 f W/X, the first step is very
similar to the water shuttling between the solvation sites of the
trans-formanilide, which has beenmeasured21 to cost∼10-12 kJ
mol-1. As this path Zf E(a)S2would siphon off the population
Z, this shuttling barrier in NAPA:water is then expected to be
high enough to enable the detection of Z. The ∼18 kJ mol-1

internal energy available after water binding in site S3 (binding
energy of Z, Table 2) might thus be not enough to efficiently
trigger this isomerization during the expansion.

7. CONCLUSION

A combined experimental and theoretical study of the mono-
hydration of amodel peptide chain in the gas phase has revealed a
conformer-dependent and site-dependent microhydration
scheme, illustrating the flexibility of the backbone peptide and
its sensitivity to its environment.

Figure 8. NAPA conformers assigned to A, B, and C with their
hydration sites S1, S2, and S3. These barrierless solvation sites are the
only ones to enable the formation of at least one strong intermolecular
H-bond, and they are considered as the main hydration sites of these
conformations.
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The NAPA:water system interestingly exhibits three kinds of
solvation of the capped phenylalanine, depending on the mod-
ification of the secondary structure induced by the water mole-
cule (Figure 7a): (a) Hydration does not significantly change the
structure of the peptide conformer, like in theBþH2O(S1)fY
solvation. (b) Hydration induces distortions of the secondary
structure, but the solvated conformer can still be identified. This
is the case for the solvation of C, C þ H2O(S2/S1) f W/X,
which distorts the γ-turn structure toward the polyproline II
helix structure. (c) Finally, monohydration can induce a con-
formational isomerization like the folding of β-strand into γ-turn
structures experimentally observed and likely resulting from the
AþH2O(S2/S1)f E(a)S2fW/X folding process. This path,
supported by both B97-D calculations and experimental obser-
vations, highlights the role played by a single water molecule in
peptide folding, where the hydration of the extended peptide
chain A on site S2 is accompanied by backbone deformations,
which eventually leads to a complete folding and the formation of
an intramolecular H-bond.

The complete hydration scheme in the supersonic expansion
leads to conformational relative abundances that are not gov-
erned by a thermodynamic equilibrium but “keep the memory”
of the initial conformational distribution of the isolated peptide.
Some regions of the PES are not explored, which explains why
conformers I, predicted as the global minima of the PES, are not
observed. It is possible, instead, to detect Y despite its high
relative energy, whereas this conformer would not be observed in
the case of a thermal equilibrium between conformations. These
results suggest that the initial distribution of monomers in the jet
is a crucial parameter for the hydrate distribution. In addition, the
phenyl side chain could sterically control the accessibility of a few
hydration sites on the peptide backbone. In this perspective, the
investigation of the singly hydrated alanine-based peptide,
accessible through microwave absorption spectroscopy,24,58

would be of great interest. In particular, it could provide a way
to observe and characterize alternative monohydrate conforma-
tions, including type I structures, which have already been
observed in matrices for such an alanine-based peptide.7

This paper also illustrates the strength of IR/UV spectroscopy
when combined to a vibrational modeling that accounts for
anharmonicity. It enables us to identify and measure the con-
formational populations and opens up the route to barrier height
measurements59 and related experiments, such as the measure-
ments of the binding energy of water to NAPA and its depen-
dence upon the solvation site. This type of experiments,
combined with free energy calculations using metadynamics60

methodology, will enable spectroscopists to go beyond simple
structural characterization and to document the influence of
solvation upon the dynamical properties of the flexible peptide
chain. Further investigations of larger hydrates would provide
experimental evidence of the hydration steps followed by this
system on the Ramachandran map one molecule at a time. As
theory suggests that four water molecules stabilize the polypro-
line II structure of such a model peptide chain,9 characterization
of this structure typical of the condensed phase can be expected
for a neutral cluster in the future.
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