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’ INTRODUCTION

The role of water in the behavior of biomolecules is well
recognized.1�5 In a variety of situations, water molecules not
only determine the structure and dynamics of biomolecules, but
most biological functions would not take place in their absence.
For example, depending on the local environment, a water
molecule can form a bridge between adjacent sites fixing an ideal
conformation, constitute small pools in hydrophobic regions,
hydrate specific chemical groups, activate collective motions, or
simply constitute the confined liquid medium with specific
acidity and ion concentration. This variety of situations chal-
lenges any attempt at a comprehensive description of the beha-
vior of water molecules in biological systems.

The analysis of the vibrational density of states (DOS), in
particular the shift and width of the vibrational modes of surface
water molecules, constitutes an indirect but rather precise way to
differentiate among different situations. It can be obtained
accurately from a low energy neutron scattering experiment.
The energy of the neutrons in the incident beam is much lower
than the thermal energy of water molecules, enabling the
evaluation of the DOS at sufficiently small values of the momen-
tum transfer up to the energy of the librational band at 70 meV.
The dynamic range extending from the quasi elastic component
(∼meV) to 40 meV contains several components identified as
intermolecular vibrations, in particular by Raman scattering6

molecular dynamics7 and, more recently, by THz absorption.8

One of these components, the optical mode at 7 meV, is attri-
buted to the fluctuation of the O�O�O angle due to H-bond
bending fluctuations. Because it relates to large amplitude motions
of hydrogen atoms, it couples very well with neutrons and
manifests as a sharp, intense peak better observed by neutron
scattering than by Raman scattering.9,10 Its frequency is also the
limiting value of collective motions.11 Instead, the component at
25 meV, attributed to intermolecular stretching, is barely visible in
the neutron spectrum12 in contrast with Raman scattering or THz
absorption.

Quasielastic and low energy inelastic neutron scattering
measurements on liquid water and on both crystalline and
amorphous ices reveal an intense bending component in the
DOS.13�16 Its position depends very weakly on temperature but
is sensitive to intermolecular bonds.17 In high density amorphous
ice (HDA), the peak position is shifted to higher energies as
compared to liquid water or low density amorphous ice (LDA).14

Thus, an analysis of this intermolecular bending component acts
as an accurate probe of the environment of water molecules
hydrating different sites of a protein.

It has been shown that the low frequency vibrational density of
states of protein hydration water at 100 K is similar to the
densities of states of high and low density amorphous ice and is
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ABSTRACT: Inelastic neutron scattering experiments andmolecular dynamics
simulations have been used to investigate the low frequency modes, in the
region between 0 and 100 meV, of hydration water in selected hydrophilic and
hydrophobic biomolecules. The results show changes in the plasticity of the
hydrogen-bond network of hydration water molecules depending on the
biomolecular site. At 200 K, the measured low frequency density of states of
hydration water molecules of hydrophilic peptides is remarkably similar to that
of high density amorphous ice, whereas, for hydrophobic biomolecules, it is
comparable to that of low density amorphous ice behavior. In both hydrophilic
and hydrophobic biomolecules, the high frequency modes show a blue shift of
the librationmode as compared to the room temperature data. These results can be related to the density of watermolecules around the
biological interface, suggesting that the apparent local density of water is larger in a hydrophilic environment
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quite different from that of crystalline ice.18 The authors correlate
the results with the curvature of the protein surface. However, a
protein is an example of a heterogeneous surface, which is
reflected in the amorphous and heterogeneous structural char-
acter of hydration water. Therefore, dynamical and structural
measurements only access averaged information, making it
impossible to distinguish among contributions from different
protein sites, in particular the effects of hydrophobic side chains
and of the hydrophilic backbone. The results published by
Paciaroni18 et al. can be considered as an average performed on
a complex and heterogeneous system. To understand molecular
events in the dynamics of the first hydration shell of a protein, we
use simplified protein-model biomolecules, with distinct hydro-
philic and hydrophobic properties. In this study, we examine (a)
N-acetyl-leucine-methylamide (NALMA), which comprises a
hydrophobic amino acid side chain, (CH3)2�CH�CH2, attached
to the CR atom of a polar blocked polypeptide backbone withCH3

end-caps, (CH3�CO�NH�CRH�CO�NH�CH3), and (b)
N-acetyl-glycine-methylamide (NAGMA), which comprises the
polar blocked backbone and a hydrogen atom attached to the CR
atom. These two peptides were chosen because their chemical
compositions are similar, but NALMA is more hydrophobic than
NAGMA because of the hydrophobic leucine side chain.

A number of quasielastic neutron scattering experiments have
been performed to study hydrophilic/hydrophobic effects on
water dynamics and solute dynamical relaxation for low and high
concentrated solutions, from dry to highly hydrated powders. In
previous work,19 we also investigated the effect of temperature
and the influence of kosmotropic and chaotropic cosolvents on
the hydrogen-bond network dynamics on the hydration water of
these biopeptides. In the present work, using small biomolecules
that mimic portions of larger biological molecules, we ask how
the vibrational modes of hydration water may be affected by the
hydrophilic or hydrophobic nature of protein sites rather than by
their curvature. We then analyze low temperature inelastic
neutron scattering spectra and molecular dynamics simulations
of highly hydrated powders of NALMA and NAGMA, to study
the dependence on hydrophobicity of hydration water vibra-
tional dynamics, that is, the vibrational density of states. Inco-
herent neutron scattering probes the vibrational and diffusive
motions of the hydrogen atoms, which can be directly simulated
by molecular dynamics. The highlight of our work is represented
by the experimental investigation performed with the fully
deuterated peptides (d-NALMA, d-NAGMA), which enabled a
unique study of low frequency vibrational modes of hydration
water dynamics at the vicinity of biomolecules with a specific
hydrophilic/hydrophobic interface. We find that the vibrational
DOS of hydration water molecules surrounding the completely
hydrophilic peptide, at 200 K, closely resembles that of high
density amorphous ice, whereas the DOS of the hydration water
of hydrophobic biomolecules is similar to that of low density
amorphous ice. This comparison with the vibrational density of
states of the two main forms of amorphous ice, LDA and HDA,14

yields information about the influence of the hydrophobic
properties on water structure and, indirectly, on molecular
volumes. Using molecular dynamics (MD) simulation, we char-
acterize the relaxation time for the water�water and water�
peptide hydrogen bond (HB) (at the N and O peptide sites,
respectively) in the two biomolecules.We find a longer relaxation
time in water�water HB around the completely hydrophilic
peptide and a very distinct behavior, as a function of biointerface,
on the water�peptides HBs relaxation time. Additional MD

results show that the densities of states between 50 and 200 K are
similar and that at 200 K the differences between the densities of
states of NALMA and NAGMA only show up at very high
hydration levels, that is, when a HB network is established.

We propose an interpretation of the fact that the DOS of
protein hydration water can be well reproduced by a linear
combination with equal weight of HDA and LDA.18

’EXPERIMENTAL SECTION

The inelastic incoherent neutron scattering (INS) experiments were
performed at the NISTCenter for Neutron Research (NCNR), using the
Disk Chopper time-of-flight spectrometer (DCS)20 with an incident
neutron wavelength of 7.5 Å, which corresponds to an elastic wave vector
transfer (Q) ranging from 0.15 to 1.57 Å�1 and an energy resolution of 35
μeV (correlation time≈ 40 ps) at full width half-maximum (fwhm). Data
were collected at 200 K. In previous published papers, we have already
shown the absence of diffusive contributions19f and a gradual evolution
from librational motion to hindered rotations, for water molecules at this
temperature.19a Complementary measurements, on the IN6 time-focus-
ing spectrometer at the Institut Laue Langevin, using an incident
wavelength of 5 Å, were performed for the hydrated d-NALMA to
confirm our results and speculations with a very different resolution. All
spectra were corrected for scattering by the sample container, and for
relative detector efficiencies. The data were reduced using the NCNR’s
DAVE software package.21 The density of states (DOS) was calculated
using the following simplified expression:22

DOS =
d2σ

dΩ dEf

ki
kf

ω

Q 2 1� exp � pω

kBT

� �( )
ð1Þ

where T is the temperature, ki and kf are the initial and final wave vectors,
and (d2σ)/(dΩ dEf) is the double differential neutron scattering cross
section per unit solid angle and final energy Ef, which is the quantity
measured in an inelastic scattering experiment. The DOS calculation
ignores corrections such as for multiphonon and multiple scattering and
sums over all Q values. This strategy simplifies the comparison of data
treated similarly. To compare different DOSs, all curves are normalized to
the integral calculated over the plotted energy range. The first two terms of
eq 1 may be identified with the incoherent dynamical structure factor
S(Q,ω), which is related to the time-dependent spatial correlation of an
atom with itself, providing information about single-particle (“self”)
dynamics.22

The deuterated d-NALMA and d-NAGMA (CDN Isotopes, Canada)
were hydrated by adding a well-controlled amount of pure water (H2O)
after total dehydration achieved by placing the sample under vacuum in the
presence of silica salts for at least 2 days.19 Roughly 250 mg of deuterated
peptide was used for each sample. The powders were hydrated at 60% for
the d-NALMA-H2O peptide (7 molecules of water per molecule of
peptide) and 50% for the d-NAGMA-H2O sample (4 molecules of water
per molecule of peptide), which corresponds to full hydration in both
cases.19a The total amount of added hydration water was determined from
the change in mass of the samples. Samples were loaded and sealed into
slab-shaped aluminum containers of 0.1 mm thickness.

’RESULTS AND DISCUSSION

As a preliminary analysis of the measured intensities, dynamical
structure factors of hydrated d-NALMA-H2O and d-NAGMA-
H2O, summed over all scattering angles and normalized by the
integral over the whole energy range, are reported in Figure 1a.
The datameasured at 200 K are compared to those of high density
and low density amorphous ice measured at 75 K.14
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The S(Q,ω) of hydration water of d-NALMA-H2O (which is
largely hydrophobic) shows a distinct and pronounced bump at
∼6.3 meV and a weak shoulder between 1 and 4 meV, while
d-NAGMA-H2O (which has a hydrophilic interface) only shows
the shoulder. The broad peak at 6 meV, already observed for
other systems, has been assigned to O�O�O intermolecular
bending motions of the HB network.23 The shoulder at low
frequency can arise from different components (protein con-
tributions coupled with water motions).24,25 It is not excluded
that, under the hypothesis of a wider distribution of water
dynamics at the hydrophilic interface, the bump is smeared,
merging into the high energy side of the shoulder. In other words,
the hydrophilic interface imposes tighter confinement restricting
the amplitude of the O�O�O bending motions. In both cases
(hydrophilic and hydrophobic environment), the main cause of
changes of the water structure and dynamics is changes in
hydrogen-bond network and associated distortions and loss of
the tetrahedral symmetry of bulk water.

In first approximation, the association with low density amor-
phous ice shows an interesting similarity with the d-NALMA-
H2O, which reproduces the well-pronounced bump at low
energy. In a general comparison with the S(Q,ω) hydration
water dynamics of proteinmolecules, we see a combination of the
fingerprints of hydrophilic and hydrophobic sites. In particular,
Paciaroni et al.18 have shown a distinct mode at 6 meV and a
shoulder between 2 and 5meV for d-MBP-H2O (MBP ismaltose
binding protein). The shoulder seems to disappear when, within
the approximation that all hydrogens in a protein have the same
behavior in the vibrational region, the authors subtract the N�H
exchangeable proton contribution from the hydration water
spectra. However, in our case, we verified that their assumption
does not affect in such a crucial way the shape of S(Q,ω) at low
frequencies for both hydrophilic and hydrophobic samples.
Thus, we exclude any contribution from exchangeable protons.
In both hydrogenated peptides, hydrated with D2O, we observe
features at low frequency, but they are different for the two
biomolecules (Figure 1b). While the hydrogenated h-NALMA-
D2O shows a shoulder between 2 and 4 meV, the h-NAGMA-
D2O is characterized only by a weak bump. The observed distinct
features are in agreement with the work of Tarek and co-workers
who, through aMD simulation study, were able to dissect the low
frequency spectra of RNase globular protein, into contributions
from protein backbone, polar exposed side chains, and nonpolar
buried side chains.26

These first results provide evidence that both low frequency
features of hydration water are intrinsic to the water dynamics
when affected by hydrophilic (shoulder ∼2�4 meV) and/or
hydrophobic (enhancement of the mode at 6 meV) interfaces.
We associate the low frequency features, at 2�4 meV, with the
dynamics of hydrogen bonds present at very low temperatures
even when diffusive motions cannot take place.19

Figure 2a shows a comparison of the hydration water transla-
tional and librational densities of states for d-NALMA-H2O and
d-NAGMA-H2O hydrated powders at 200 K between 0 and 100
meV. For purposes of comparison, we also show, in Figure 2b, the
behavior of the DOS at 300 K.19f For both samples, the DOS is
dominated by the librational contribution. At lower energies, in
both cases, two translational bands can be identified below 40
meV: one sharp peak centered around 6�8 meV and one broad
shoulder at∼20�40 meV. In this low frequency region, it is clear
that the position and the shape of the bands due to hydrationwater
depend strongly on the nature of the biomolecular interfaces and
on temperature. For d-NAGMA-H2O, the density of states shows
a significant broadening and a shift of the first peak position to
higher energy, as compared to d-NALMA-H2O. This result can be
interpreted as a consequence of a larger “rigidity” of the HB
network for the hydrophilic interface (that of NAGMA) as rece-
ntly demonstrated for water inside the cavities of β-cyclodextrin.27

In addition, the amplitude of the shoulder at 20�40 meV also
shows significantly higher intensity. It is worth noting that this
intermolecular stretching band is barely visible at room tempera-
ture in both cases. The enhancement of amplitude observed at low
temperature demonstrates a substantial change in intermolecular
interactions. We have confidence in this very distinct shape of the
DOS at high resolution given that the density of states for the
NALMA obtained from a complementary experiment with a
poorer resolution (IN6 data not shown) superimposes the profile
depicted in Figure 2a.

In the higher energy part of the spectrum (>40 meV), and for
both samples, the librational band is shifted to higher energy as

Figure 1. (a)Hydration water: Incoherent scattering function, summed
over all Q, for 60% hydrated d-NALMA (2), 50% hydrated d-NAGMA
(O) at 200 K, and HDA ice (�) and LDA ice (���) at 75 K.14

(b) Biomolecules: Incoherent scattering function for 50% hydrated
h-NAGMA (O) and 60% hydrated h-NALMA (2) at 200 K. In this
figure and subsequent figures, error bars representing standard devia-
tions, not shown for readability, are commensurate with the scatter of the
data points.
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compared to 300 K data sets; such a behavior is also observed in
supercooled water.28 More concretely, at 200 K, the band is
centered at∼90 meV, whereas it is at∼75 meV at 300 K and its
narrower shape is reminiscent of the fingerprint of ice-like
dynamics. The comparison of the 200 K spectra for our two
samples in the region between 50 and 70 meV shows two distinct
profiles where the trend, from NAGMA to NALMA, is similar to
the effect due to a lowering of the temperature or hydration level,
provoking suppression of the lower frequency modes. The
largest effect observed in the hydrophobic case is remarkable
because the number of molecules of water around the d-NALMA-
H2O is higher than that around d-NAGMA-H2O (7 and 4 H2O
molecules, respectively). This trend is closely associatedwithwater
network geometry.

To better understand the relation between the measured
vibrational frequency bands of water molecules around a protein
surface and the hydrophilic and hydrophobic biomolecules site, we
compare the low frequency DOS with those of d-MBP-H2O
protein and high and low density amorphous ice.14,18 Figure 3
represents the low frequency DOS normalized to the integral

between 0 and 20 meV for the hydration water around the
d-NAGMA-H2O (a) and d-NALMA-H2O (b) at 200 K, together
with theMBPmeasured at 100 K18 and the LDA andHDA at 75 K
(all DOSswere obtained following the sameprocedure). It is worth
remembering that we verified with MD simulations that the DOS
at 200 K shows exactly the same profile and intensity as at 50 K.

In Figure 3a and b, we observe an “anomalous” behavior of the
DOS ofNAGMA/NALMAhydrationwater between 0 and 5meV
when compared to LDA, HDA, and MBP. This same feature also
appears in the complementary IN6 neutron scattering data. The
observed contribution could arise from modes intrinsic to the
peptide itself (DOS of H-peptides-D2O in the inset of Figure 3a
and b), but the low frequency profiles do not resemble each other.
We are confident that the effect that we observe is not an artifact of
the data but a real mode that could be related to the characteristic

Figure 3. (a) Low energy densities of states of hydration water for 50%
hydrated d-NAGMA (9) at 200 K, maltose binding protein at 100 K
(O), and the LDA (- - -) and HDA (�) at 75 K. Inset: DOS of the
hydrated peptide h-NAGMA (�) as compared to the d-NAGMA
hydration water (9). (b) Low energy densities of states of hydration
water for 60% hydrated d-NALMA (2) at 200 K, maltose binding
protein at 100 K (O), and the LDA (�) and HDA (- - -) at 75 K. Inset:
DOS of the hydrated peptide h-NALMA (�) as compared to the
d-NAGMA hydration water (2). For comparison purposes, the den-
sities of states were normalized to their integral between 0 and 20 meV.

Figure 2. (a) Low energy densities of states of hydration water for 50%
hydrated d-NAGMA (�) and 60% hydrated d-NALMA (O) at 200 K.
(b) Low energy densities of states of hydration water for 50% hydrated
d-NAGMA (O) and 60% hydrated d-NALMA (2) at 300 K. For
comparison purposes, the densities of states were normalized to their
integral between 0 and 100 meV.
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dynamics of the structure of hydration water at low temperature
specific to these interfaces, or to the phononDOS in these systems,
or to a glassy former property of biomolecules, or less likely to a
residual quasi-elastic signal. It is worth noting that at room
temperature this feature looks quite similar for the two peptides,
whereas at low temperature there is a significant difference
(Figure 2a and b). To compare our data with those of amorphous
ice and protein hydration water, we address our attention to the
higher frequency region of the density of states (5�20 meV).

Figure 3a shows that the bending component (at 7.5 meV) of
the DOS of hydration water around the completely hydrophilic
molecules (NAGMA) coincides with the DOS of HDA. In other
words, water molecules at the interface with a homogeneous
hydrophilic biomolecule show, at low temperature, a vibrational
behavior identical to that of HDA.

Figure 3b shows the larger changes generated by the presence of
the hydrophobic side chain, in theNALMA sample. The same peak
is now shifted to lower energy (from 7.5 to 6.5 meV), and its
intensity increases. It appears superimposed on that of LDA up to
12meVwhere it starts to reproduce theHDA vibrationalmodes. In
this comparison, the MBP-H2O hydration water is very similar to
that of d-NALMA-H2O except for the shift of its main peak, which
is justified by the different degree of the surface heterogeneity.
These results therefore show that the heterogeneity introduced by
the addition of a hydrophobic side chain promotes a vibrational
dynamics similar to that of low density amorphous ice. In previous
work, we have shown that, because of the heterogeneity ofNALMA
chemistry, at room temperature and in solution, the dynamics of
the first hydration layer is more complex than that observed at the
more homogeneous NAGMA backbone.29

It is tempting to interpret our results within the context of the
evaluation of water density at the vicinity of hydrophobic
interfaces. It is generally accepted that water density or, more
exactly, the molecular volume is modified in the vicinity of
hydrophobic surfaces. On the contrary, the volume occupied
by water molecules in the first layer above a hydrophilic substrate
is smaller than that in the bulk.30 Such an effect may be due to the
formation of deformed hydrogen bonds between water mole-
cules and the interface along with disruption of the open
tetrahedral water structure.

The results that we discussed above show clearly that, for the
intermolecular O�O�O bending vibration, the behavior of
hydration water is similar to that of HDA in the case of a
hydrophilic substrate and similar to that of LDA for the hydro-
phobic situation. It is tempting to say that the local “density” of
water is also higher in the case of a hydrophilic substrate. Another
way to interpret the apparently higher density is that the formation
of hydrogen bonds between water and the organic substrate
drastically changes the local tetrahedral structure, generating a
layer where the bonds are very distorted, thus similar to the
situation of HDA. In contrast, close to a sufficiently large hydro-
phobic interface, particularly at low temperature, water molecules
generate a relatively stable and open hydrogen-bond network not
substantially different from that of LDA and associated with a
lower “density”. Consequently, with this simple analogy strictly
based on the analysis of the vibrational density of states, our results
support the idea that the apparent local density of water is greater
in a hydrophilic environment. However, this extended interpreta-
tion should not be considered as a proof of an increased hydration
water density around hydrophilic solutes.

To complete this dynamical picture and to probe the specific
behavior of water�water and water�peptides HB relaxation,

molecular dynamics simulations are absolutely necessary. We
performed MD studies of hydration water under the same
experimental conditions (hydration level and temperature). Simula-
tions were performed using the Forcite module provided in
Materials Studio 5.031 with the COMPASS 27 forcefield.32 Two
simulation boxes containing 100 NAGMA and 400 water mole-
cules and 72NALMA and 504 water molecules, respectively, were
prepared and initially equilibrated in the NVT ensemble during
260 ps with a time step of 1.0 fs, and using Berendsen’s thermostat
with a relaxation constant of 1.0 ps. Three-dimensional cubic
periodic boundary conditions were applied, and a cutoff of 10 Å
was employed to compute the van der Waals interactions, while
the Ewald summationwas used to treat the long-range electrostatic
interactions. The equilibration run was followed by a production
run of 1 ns performed also in the NVT ensemble and using the
same conditions.

To get some statistics with regard to the HB network surround-
ing, respectively, NAGMA andNALMA peptides, we performed a
HB survival analysis based on the following algorithm. First, we
identify all the HB formed between acceptor (A) and donor (D)
atoms in the system using the following geometric criteria to
decide whether an HB was formed: dA�D e 3.5 Å and 150� e
θD�H 3 3 3A e 180�. The HB lifetime distribution is then obtained
by counting for each detectedHB how long it lasts. In that context,
it should bementioned that a givenHB that was formed once, then
broken and reformed later, was treated as two independent HBs.
This computation is equivalent to that of Luzar as the survival
probability for a newly generated bond.33 The HB relaxation time
could then be obtained by fitting the long time behavior of the
survival probability to an exponential.

Figure 4. Labeling of the peptide and water atoms used in MD
simulations. (a) NAGMA, (b) NALMA.
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Here, we report some results that are relevant to our
neutron data. One of the highlights of our results is the ability
to label all of the atoms in the molecule and to analyze the HB
relaxation time in specific donor and acceptor binding sites,
that is, N1, N2, O1, O2 (where N1 and O2 are the closest
CR�nitrogen and oxygen atoms on the peptide backbone) as
shown in Figure 4.

Figure 5 shows the hydrogen-bond survival probability for
water molecules bonded to NAGMA (a,b) and NALMA (c, d) at
the nitrogen (N1, N2) and oxygen (O1, O2) binding sites. There
is a marked difference in the time dependence of the established
hydrogen bonds between the two different interfaces. In the
completely hydrophilic case (that of NAGMA), there is no
distinction between the two sets of sites (N1, N2) and (O1, O2),
and the inferred characteristic time is of∼2.5 ps for the N-sites and
∼1.9 ps for the O-sites. However, the presence of an extended
hydrophobic chain, attached to the CR carbon, in the NALMA
peptide is strongly reflected in N1 and N2 hydrogen-bonding
relaxation time (Figure 5c) measured as ∼2.8 and ∼1.8 ps,
respectively. A less pronounced, but still visible, effect is observed
at the oxygen’s HB binding sites (∼1.6 and ∼2 ps). This “faster”
dynamics effect in the NALMA hydration water is also confirmed
by the water�water HB, which we found to be 2.7 ps for NALMA
and 3.2 ps for the NAGMA.

Together with the DOS results, it seems then quite
straightforward to conclude that water molecules close to
the chains reorient faster because of a different binding
geometry and/or density of the water network as compared
to those around the completely hydrophilic interface. Thus,
our results point to the existence of an open structure of
tetrahedral arranged hydrogen-bonded water molecules with
four nearest neighbors as in LDA for the hydrophobic inter-
face and a mixture of “constrained frozen bonds” as in HDA
for the hydrophilic one.

’CONCLUSIONS

Our work contributes to assigning the specific contribution
of the distinct sites to the polymorphism state of protein
hydration water at low temperature. We find that the similarity
with amorphous ice behavior is not due to the protein’s curvature
but arises from the particular characteristics of the amino acids.
We proved that hydrophilic sites enhance high density amor-
phous ice vibrational behavior, while hydrophobic sites promote
the low density amorphous ice vibrational dynamics. Together
with support fromMD simulations, we interpreted this signature
as the fact that the density of water around the biological interface
is higher around hydrophilic than around hydrophobic sites.
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