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Using molecular dynamics simulations, we analyze collective vibrations in the hydration water of a
small globular protein. We develop tools that allow spatial resolution of correlated protein and water
motion, and use them to reveal correlated vibrations that extend up to 10 A from the protein surface
at far-infrared/THz frequencies that are sensitive to the chemical properties of the protein surface. Our
results provide the first detailed description of long-range effects on protein hydration water dynamics
and highlight the differences between single particle and collective dynamics, which are relevant in

interpreting experimental observations.
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In aqueous solution, protein-induced effects on hydra-
tion water properties are typically described as short-range,
i.e., restricted to the first one or two hydration layers,
when structural properties and single particle dynamics
are considered. The latter can be analyzed conveniently
in molecular dynamics (MD) simulations [1-4] by follow-
ing the trajectories of individual water molecules, and the
results can be related to experimental observables, e.g.,
incoherent neutron scattering and NMR relaxation [5-7].
Single particle dynamics are often characterized in terms
of single molecule diffusion rates, rotational correlation
times, and the vibrational density of states (VDOS).

Data from recent experiments based on the far-infrared/
THz absorption of aqueous solutions of biomolecular
solutes suggest that single particle dynamics might not be
sufficient to describe completely the coupling of protein
and solvent dynamics, which is recognized to play a crucial
role for protein folding and function [8-11]. THz experi-
ments [12—14] probe the intermolecular vibrations of the
hydrogen bond network in the hydration water of globular
proteins. Recent THz studies revealed a change of the
hydration water absorption coefficient within 10 A around
fully dissolved proteins, exceeding the first and second
hydration layers. Initially, this experimental observation
was interpreted primarily in terms of the retardation of
single particle picosecond dynamics, despite the restriction
of the latter to the first hydration layers. A recent ab initio
MD simulation study on bulk water [15,16] explicitly
analyzed vibrational motion at various frequencies in water
and described the collective character of low-frequency
intermolecular vibrational modes in the far-infrared/THz
spectrum in terms of correlated motions extending over
many molecules. This result suggests that the observation
of long-range effects on the THz absorption of intermo-
lecular vibrations in the hydration shell of a protein may be
related to altered collective dynamics due to solute-solvent
interactions. In this Letter, we extend previous method-
ology and apply it to an MD simulation of a protein to
spatially resolve the spectrum of collective vibrations in
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the hydration water and to determine the length scale on
which correlations of vibrational motion between protein
atoms and their hydration water persist. We chose the
N-terminal DNA-binding domain of the A-repressor pro-
tein, which was employed in a previous experimental THz
spectroscopy study [12], in order to compare our results to
the experimental interpretation in terms of an extended
hydration shell with a nonbulk absorption at far-infrared
frequencies. In addition, we characterize the observed
collective modes and analyze their sensitivity to specific
protein-water interactions.

To analyze correlated vibrational motion between atoms
of the protein surface and hydration water as a function of
separation distance, we formulate a generalized VDOS that
describes correlated vibrational motion. The standard defi-
nition of the VDOS is based on the Fourier transform of the
autocorrelation function of atomic velocities

Iw) = f 1H(0) - (), (1)

where ¥ = /mv are mass-weighted atomic velocities, and
the angular brackets denote an average over atoms and time
origins. In the generalized version employed herein, we
extend the definition to include velocity cross correlations
as a function of separation distance between two atoms

o, r=|r; —r]) = [e””(ff(O, r;) - ¥(t,r))dt, (2)

where r; is the position of atom i. In practice, such a
formulation of a spatially resolved cross-correlation spec-
trum is problematic for liquids at room temperature, and
especially for the relatively low frequency motions of inte-
rest here, because molecular diffusion leads to ill-defined
intermolecular separations on the time scale needed to
sample the correlation function. To circumvent this prob-
lem, following previous work on bulk water [15,16], we
utilize a localized, smooth density of the mass-weighted
atomic velocities, in which the infinitely sharp delta
function representing instantaneous atomic positions is
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replaced by a three-dimensional Gaussian distribution with
an appropriate width (e.g., o = 0.4 A [15,16])

pi(t, 1) = Zvi‘s(lri(t) —r|)

~Z (277-0_ 3/2 e~ (ri(n—rl*/20%) (3)

While the localized density does not necessarily contain
contributions from a single atom or molecule (however, at
each instant of time the contribution of the closest atom
will dominate for a properly chosen o), its location in space
is well defined. Using smooth velocity densities, we for-
mulate a localized VDOS via

Hw,1) = [ ¢ py(0, 1)y (1, V) @)

A comparison between the VDOS of bulk water oxygen
atoms (> 10 A from the closest nonhydrogen protein atom)
obtained via Eq. (4) and the standard definition [Eq. (1)]
in Fig. 1 shows a modest broadening of the hydrogen bond
(HB) bending [17] signal around 50 cm™! due to the use of
the smooth velocity density. However, the main features of
the low frequency spectrum, particularly the HB bending
and HB stretching peak or shoulder at 200 cm™! are well
reproduced, demonstrating the validity of the approach. To
analyze velocity correlations between atoms of the protein
and hydrating water molecules, we first choose protein
atoms from the protein—water interface and further subdi-
vide them into surface patches formed by hydrophilic and
hydrophobic amino acid side chains. The standard VDOS
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FIG. 1 (color online). Comparison of the VDOS obtained for
bulk water oxygen atoms (> 10 A distance to the protein) via the
standard velocity autocorrelation formalism [Eq. (1), blue line,
full diamonds] and the localized velocity density [Eq. (4), blue
line, open diamonds]. In addition, the VDOS obtained for non-
hydrogen protein atoms (red, full circles) and the protein-water
interface (orange, open circles) are shown. Inset: Comparison of
the VDOS for the full protein surface (orange, open circles) and
hydrophobic (magenta, open triangles, up) and hydrophilic
(cyan, open triangles, down) patches. All VDOS shown are
normalized by the area enclosed with the frequency axis.

[Eq. (1)] for nonhydrogen atoms (which dominate the low
frequency spectrum as shown for water in Fig. S1 [18])
obtained for the total protein and its surface is shown
in Fig. 1. For the hydrophobic surface of the protein, the
inset of Fig. 1 demonstrates a shift of intensities from
the 200cm™! region toward lower frequencies around
50 cm™ !, which can be attributed to the absence of protein-
water HBs and their corresponding stretch vibrations.
Otherwise, the computed spectra are qualitatively similar
at frequencies below 300 cm~! (=10 THz) and exhibit a
significant overlap with the vibrational spectrum of the
water HB network.

Atoms of the protein surface are fairly well localized
over time scales needed to sample the required correlation
functions for the Fourier transformation (tens of ps).
Furthermore, any diffusional motion and rotation of the
protein can be removed from the trajectory prior to analysis
by applying a rotational-translational transformation that
minimizes the root mean squared deviation of the protein
backbone. Hence, replacement of atomic velocities by a
localized velocity density is only required for hydration
water oxygens to resolve spatial correlations. This density
is sampled at selected points in space, which are chosen by
their distance to the closest heavy atom of the respective
protein surface (Fig. S2 [18]). Correlated vibrational
motion between atoms of the protein surface and water
are conveniently described as

I(a),r= |rp_rowl):f@iwt<€’P(0,rp)pf,,ow(t,row)>dt, (5)

where the subscripts P and OW indicate protein atoms and
water oxygens, respectively.

To facilitate analysis of the collective properties of the
various vibrational motions, we display the computed cor-
relation spectra as a function of the reciprocal distance to
the protein surface, k = 277/ r, in Fig. 2 (the actual distance
r is shown on the alternative x axis and an alternate
representation of the same data as a function of the distance
r is shown in Fig. S3 [18]). This representation allows us
to observe dispersive behavior of collective vibrational
modes via the dispersion, namely, a k dependence of the
mode frequency w at the maximum of the absolute inten-
sity, which indicates a propagating wave with velocity
v, = dw/dk [19]. Our interpretation is analogous to the
analysis of the related density current spectra I;(k, ),
which describe spatially correlated density fluctuations
and can be determined from the experimentally accessible
dynamic structure factor Sk, w) via I;(k )=
(w?/k?)S(k, ) [16,19]. The approach described here
allows us to resolve spatial correlations of atomic veloc-
ities directly in real-space, as well as to select and analyze
site—specific collective dynamics of the protein surface and
its hydration water. Negative intensities indicate antipar-
allel velocity vectors characteristic of stretch vibrations,
while positive intensities describe correlated in—phase
vibrational motion in the same direction. Separate analysis
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FIG. 2 (color).

Cross-correlation spectra [Eq. (6)] showing correlated vibrational motion of nonhydrogen atoms of the protein

surface with hydration water oxygens as a function of k = 27r/r, where r is the distance from the protein surface. Top, center, and
bottom panels show the results for hydration water of the full protein, hydrophobic patches, and hydrophilic patches of the protein
surface, respectively. The left column panels contain the results from overall correlations of atomic velocities, while the center and
right columns display contributions from velocity components || and L to the protein surface normal, respectively. Dashed lines denote
corresponding dispersion curves for each dispersive mode, the slopes of which yield propagation velocities.

of velocity components parallel (]|) and perpendicular (L)
to the protein surface normal allows us to distinguish
longitudinal and transverse collective motion in the hydra-
tion water of the protein.

In the top row of panels in Fig. 2, the spectra of velocity
cross correlations between protein surface atoms and hydra-
tion water, and separately, the || and L components, are
shown as a function of k. Two distinct || modes that
dominate the total spectrum can be identified: (1) a high
frequency mode with negative intensities (HFN) originating
in protein-water HB stretch vibrations, and (2) a low frequ-
ency mode with positive intensities (LFP) in a frequency
range that resembles the regime of HB bending motions in
water (Fig. 1). Both modes exhibit a maximum absolute
intensity in the first hydration layer (k =2.1-2.3 A™!;

r = 2.8-3.0 A) describing the initial intermolecular vibra-
tion between the protein and hydration water molecules.
The propagation of these vibrations into higher hydration
shells can then be followed by tracing the absolute intensity
maximum towards larger separation distances from the
protein surface, i.e., lower values of k, which are accom-
panied by a linear decrease in frequency in Fig. 2 in accord
with dispersive behavior. The key observation is that the
intensity of velocity cross correlations between protein
surface atoms and hydration water oxygens remains
non-negligible up to k values below 1 A~!, corresponding
to distances of 8—10 A from the protein surface (see also
Fig. S3 [18]). At this distance, the frequencies of these
correlated motions have decreased to below 100 cm™!
(3 THz), with intensities of the LFP and HFN modes
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dominating frequencies below 1 THz and from 1 to 3 THz,
respectively. We note that this observation coincides with
apparently opposing experimental observations for the pro-
tein hydration shell absorptions at frequencies below 1 THz
[20] (no apparent change of hydration shell THz absorption
vs bulk water) and frequencies from 2.25 to 2.55 THz [12]
(increased THz absorption in the hydration shell).
Independent of the impact of the correlated vibrations
associated with the LFP and HFN modes on apparent THz
absorption coefficients in the hydration shell, our result
demonstrates that correlated, collective motion involving
protein atoms and hydration shell water molecules persists
on a length scale that exceeds the first and second hydration
layers. The k dependence of the protein-water collective
vibrational mode frequencies, indicated by dashed lines in
Fig. 2, allows us to determine wave propagation velocities
of =2500 and 400 m/s, respectively, the former being
slower than the fast sound propagation velocity of
3800 m/s obtained from longitudinal current spectra in
protein hydration water alone in a comparable k range [19].

The L components exhibit a dispersive mode with nega-
tive intensities, which originates at HB bending frequencies
and also features non-negligible atomic velocity correla-
tions at k < 1 A™!. Its dispersive behavior indicates a shear
wave due to the vibrations perpendicular to the propagation
direction (away from the protein surface), with a propaga-
tion velocity of = 1250 m/s. At zero frequency, nondisper-
sive diffusive motion gives rise to positive intensities in the
cross-correlation spectrum that are restricted to k > 1 A~

In light of these results, the question arises whether the
observed long-range correlations of vibrational motion and
the collective dynamics are influenced by the protein, or if
they are simply a manifestation of the average collective
dynamics in the liquid medium [19]. To answer this ques-
tion, we analyze separately the collective protein-hydration
water dynamics in the vicinity of hydrophobic and hydro-
philic parts of the protein surface (center and bottom rows
of panels of Fig. 2).

The surface of the DNA-binding domain of the
A-repressor is primarily hydrophilic (=70% for a water—
molecule sized probe, =~ 85% for a probe size >6 A,
indicating a preference of solvent exposed hydrophobic
residues for concave crevices on the protein surface; see
Fig. S2). Hence, collective dynamics in the vicinity of
hydrophilic side chains resemble the collective dynamics
of the entire protein. However, in the vicinity of hydro-
phobic side chains, a distinct behavior is observed for the
collective dynamics parallel to the protein surface normal.
The absence of direct protein-water HBs at the hydro-
phobic surface results in a lower frequency HFN mode,
which gives rise to a slower longitudinal wave propagating
with 1500 m/s (vs 2500 m/s observed at hydrophilic parts
of the protein surface). The modified characteristics of this
mode indicate, therefore, that correlated vibrational and
collective motions of the protein surface and its hydration

water are affected by the chemical properties of the protein
and, hence, are distinct from the average collective prop-
erties of the medium.

While the characteristics of the || LFP mode and the
correlations of the 1 components are not significantly
different in the vicinity of the hydrophobic surface, their
maximum absolute intensities are decreased relative to the
hydrophilic case (on the order of 10%-25%), indicating
weaker correlations. Additionally, the peak maxima for all
modes are shifted to lower k = 1.8 A™!, corresponding to
distances of roughly 3.5 A for the hydrophobic surface
(compared to k = 2.1-2.3 A" and r = 2.8-3.0 A for the
hydrophilic surface) due to a larger preferred separation
distance between water molecules in the first hydration
shell and hydrophobic protein surfaces.

We conclude that vibrational motion in the hydration
water HB network of a biomolecular solute cannot be
understood solely in terms of single particle dynamics.
The results in Fig. 2 and Fig. S3 [18] show clearly that
the vibrational modes are collective and that correlated
vibrational motion exists for atom separations up to
10 A, in particular in the frequency window below
100 cm™!. Thus, single particle dynamical parameters
provide only a partial description of solute-induced effects
on solvent dynamics in the vicinity of a protein.

The inability of single particle dynamics to capture the
long-range correlations observed in Fig. 2 and Fig. S3 [18]
is demonstrated in Fig. 3, where the localized VDOS from
velocity autocorrelations are shown for water molecules in
the hydration water of the protein as a function of the
distance to the protein surface. Distortions from the bulk
water spectrum are found only within the first hydration
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FIG. 3 (color). Single particle VDOS computed from autocor-
relations of localized velocity densities [Eq. (4)] of hydration
water oxygens as a function of distance to the protein surface.
The data shown corresponds to distances from 2 to 10 Ain05A
steps according to the color code. Figure S3 [18] shows the
equivalent result for hydration water of hydrophobic and hydro-
philic parts of the protein surface, separated into the VDOS from
velocity components || and L to the protein surface normal. All
VDOS shown are normalized by the area enclosed with the
frequency axis.
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layer, i.e., within 4 A of the protein surface. This result is in
accord with previous findings [21], as well as other experi-
mental and theoretical data on single particle dynamics
[2,4-7], and clearly indicates that the potential energy
surface on which single particle dynamics occur (primarily
determined by water structure) is indistinguishable from
bulk beyond the first hydration layer.

The question remains how the observed protein-
induced long-range collective dynamics affect hydration
water vibrations if their vibrational spectrum, i.e., the
VDOS, remain unchanged. We suggest that the observed
correlated vibrations reflect a nonrandom phase relation
between vibrational motions on the protein surface and
the hydration water. While the intermolecular HB net-
work vibrations of water are intrinsically collective, even
in the bulk [15], the protein solute can act as a synchro-
nizing element for the vibrations of water molecules in its
hydration shell, with consequences, for example, for the
frequency dependent dipole fluctuations in the protein
hydration water compared to independent collective oscil-
lators in the bulk. The latter provides the connection to
the experimentally observed changes of THz absorption
coefficients in hydration shells of several globular pro-
teins up to 10 A thickness [12-14], which cannot be
explained satisfactorily by single particle dynamics. It
was observed, furthermore, that the hydration water ab-
sorption at THz frequencies is sensitive to destabilizations
of the native folded state [13]. Our analysis suggests that
changes in the exposure of hydrophilic or hydrophobic
groups on the protein surface due to a shift in the native
= partially unfolded equilibrium, will affect collective
vibrations in the hydration water, in accord with this
experimental observation, although other factors, such
as protein flexibility or stiffness, are likely to play a
role as well.

We expect that consideration of long-range correlated
motion between proteins and their hydration water will be
crucial for a complete understanding of protein dynamics
in crowded environments such as the interior of the cell.
In addition, a detailed description of collective dynamics
may be relevant to predicting the optimal functioning of
proteins in a specific environment.
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