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Abstract

The effect of surface hydration water on internal protein motions is of
fundamental interest in molecular biophysics. Here, by decomposing the ps-ns
atomic motions in molecular dynamics simulations of lysozyme at different
hydration levels into three components - localized single-well diffusion, methyl
group rotation and non-methyl jumps - we show that the effect of surface hydration
is mainly to increase the volume of the localized single-well diffusion. These
diffusive motions are coupled in such a way that the hydration effect propagates

from the protein surface into the dry core.
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Internal motions in globular proteins are crucial for their function [1, 2] and
depend significantly on surface hydration [3]. Most protein studies have shown
that at physiological temperatures hydration enhances anharmonic motions of
atoms in protein molecules [3-6]. Intriguing questions have arisen as to whether
the hydration effect is mainly local and limited to the protein surface, or rather is
global, propagating into the functional core, and if the latter, what the mechanism
of the propagation might be. NMR and fluorescence anisotropy experiments have
provided some evidence that hydration indeed significantly promotes ps-ns atomic
motions in the protein interior [7-9]. However, proteins exhibit a wide variety of
diffusive and vibrational dynamics on these time scales [4, 6, 10, 11], and most
experimental techniques provide only averaged information, rendering difficult the
characterization of the microscopic nature of the hydration-promoted atomic
motions and of the mechanisms by which the dynamical hydration effects may
propagate from the surface into the core. This information can, in principle, be
provided by molecular dynamics (MD) simulations.

Most MD studies have hitherto focused on the effect of hydration on
accelerating conformational transitions in proteins [12-16], such as those between
torsional rotameric states [13, 14]. However, intuitively, local surface dihedral
transitions, such as those of side chains, would not necessarily be expected to
collectively propagate into the protein core. The present work combines neutron
scattering and MD simulation to show that a major hydration effect on protein

dynamics on the ps to ns time scales is to enlarge the volume accessible to single-
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well diffusion of individual protein atoms, and that strong coupling between these
single-atom diffusive motions propagates the effect from the protein surface into
its interior.

Lysozyme powder simulations were performed at three hydration levels (/4):
0.05, 0.3 and 0.5 grams of water per gram of protein. # = 0.05 refers to “dry”
powder, while # = 0.5 corresponds to the fully hydrated case [3]. Details of the
simulation systems and MD protocol are provided in the Supplemental Material
[17].

Incoherent neutron scattering has been widely applied to study atomic
motions in proteins [5, 6, 10, 18-22], as neutrons directly probe fluctuations in
nuclear positions. Here, the incoherent neutron scattering spectra were computed
from the MD trajectories using in-house software. Details are provided in Ref. [10].

It is informative to present the neutron scattering spectra as the imaginary part of

S(g,v)

np

the dynamic susceptibility, y"(q,V) o< , where np(Vv) is the Bose occupation

number nz(V) = (exp(hv/kT)-1)", q is the scattering wavevector and S(g, V) is the
dynamic structure factor, as relaxation processes on different time scales appear as

distinct peaks in y” with associated relaxation times 7 =1/2zv [6, 10]. In Fig. 1,

we compared y” at different hydration levels derived from MD simulation with the
corresponding experimental data, which have been obtained by combining results

from three instruments [6, 17, 23]. The coefficient of determination (R?) as defined



in Ref. [17], i.e., a standard evaluator to quantify the matching between two sets of
data, is found to be close to 1 for both the hydrated (4 = 0.3, R’ = 0.85) and the dry
(h =0.05, R’= 0.95) samples, indicating that the simulation-derived spectrum
agrees quantitatively with the experimental result in a wide frequency window. }”
shows a broad peak, the so-called “main” relaxation peak [10], covering the ~ 1 to
100 GHz frequency range, corresponding to atomic motions on the time scales of a
few to hundreds of ps. As dynamics on these time scales has attracted much
interest [1, 3, 4, 6, 10, 11, 18-22], in what follows the discussion focuses on this
main relaxation peak.

To understand the microscopic details of the protein atomic motions
underlying the main relaxation peak, the coordinates of each hydrogen atom at
every 1 ps in a 10 ns trajectory were projected onto scatter plots [10], examples of
which are presented in Fig. S1. Some scatter plots exhibit a single cluster (e.g., Fig.
Sla), corresponding to diffusion in a localized region, whereas others possess
several clusters (e.g., Figs. S1b and c), corresponding to a combined motion of
localized, intra-cluster diffusion and jumps between clusters. We name hydrogen
atoms undergoing only localized diffusion (e.g., Fig. Sla) as “locally-diffusing”
atoms. The “jumps between clusters” can be further differentiated into methyl
group rotations (e.g., Fig. Slc) and non-methyl jumps (e.g., Fig. S1b), and these
have been found to exhibit distinct neutron spectra [10]. For simplicity, the non-

methyl jumps are named as “jumps”. As a result, the protein atomic motions on the



ps - ns time scales involve three simple components: localized diffusion, methyl
group rotations and jumps [10]. The neutron spectra of these components can be
calculated separately and details are given in Ref. [17]. An example at 2 = 0.3 is
presented in Fig. S1d. The spectrum of the localized diffusion (} ") is quite flat in
the frequency window ~1-100 GHz, whereas the methyl group rotations (¥ )
present a noticeable peak located around 10 GHz and the signal of the jumps
(¥ jump) 1s seen mainly below 10 GHz.

As is evident in Fig. 2a, the amplitude of the main relaxation peak is
elevated significantly with 4, i.e., the mobility of the protein atoms is enhanced by
hydration [24]. The neutron scattering spectra at each /4, decomposed as described
in Ref. [17], are presented in Figs. 2b-d. Whereas the amplitude of y”;; increases
strongly with 4, ¥”j.m, exhibits only a weak hydration dependence and . is
effectively hydration independent. The latter finding is consistent with
experimental neutron scattering data showing that the low-temperature anharmonic
onset of the methyl group rotation at ~ 100K is hydration independent [6, 18], and
also agrees with the simulation work indicating that the rotational mobility of
methyl groups is independent of solvent exposure [25].

Quantitative analysis of the neutron scattering spectra (see Fig. S2 and the
corresponding text in Ref. [17]) shows that the localized diffusion accounts for ~
80% of the hydration-induced increase of the amplitude of the main relaxation

peak of the protein, whereas “jumps” play only a secondary role (< 20%) and the



methyl group rotations contribute negligibly. Hence, majority of the hydration-
induced change in the protein dynamics on the ps to ns time scales results from the
localized diffusion.

The drastic increase of the neutron scattering intensity of the localized
diffusion (Figs. 2c, S2a and b) indicates that the diffusional amplitude is enlarged
by hydration [24]. This is quantified in Fig. 3a, in which the distribution of the
motional amplitudes of the locally-diffusing hydrogen atoms, as characterized by
R, (the radius of gyration of the scatter plots), is shown to shift significantly to
higher values with 4. This shift occurs not only on the protein surface but also in
the core (Figs. S3a and b), consistent with observations in NMR and fluorescence
anisotropy experiments that hydration enhances the mobility of residues both on
the protein surface and in its interior [7, 8]. (A protein hydrogen atom was defined
as a surface atom if it is in close contact with water molecules when the protein is
fully hydrated, and otherwise was assigned to the core, see details in Ref. [17].)

Table SII [17] presents the average motional amplitudes of the locally-diffusing

_ R, (h
atoms, i.e., R, , at different 4. The ratio of _é# for the protein surface is only

slightly larger than that for the core, indicating that majority of hydration effect
indeed propagates into the protein interior.

The change of atomic motions may be associated with a variation of the
underlying potential of mean force (PMF) [1, 12, 26]. Here the PMF of each

hydrogen atom was calculated using W (r) = —RT In P(r) [26] where R is the gas
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constant, P(r) is the probability distribution of the atomic position in the scatter
plot, and r is the distance from the center. W(r) thus obtained is a 1D projection of
the 3D PMF of a given atom. An example, calculated for a typical locally-diffusing
hydrogen atom, is displayed in Fig. S4, indicating that the “localized diffusion”
corresponds to an atomic motion confined in a single potential well. In contrast,
methyl group rotation and jumps involve inter-well transitions. As seen in Figs. 2d,
S2a and b, the neutron scattering signal arising from jumps is also boosted by
increasing /. Table SIII [17] presents the number of hydrogen atoms conducting
jumps (Njmp) and the average jumping distance (Dj.n,) at different hydration
levels. Njumpy increases significantly with # whereas Dj,,, remains approximately
constant. Hence, hydration also facilitates inter-well transitions, as previously
found [4, 12-15].

As the localized diffusion accounts for most of the observed hydration-
induced change in the protein dynamics, in what follows we focus on the hydration
dependence of W(r) of locally-diffusing hydration atoms. The example in Fig. S4
shows that W(r) becomes wider with 4. For quantitative comparison, r,,, the width
of W(r), is defined here as the value of » at which W(r) = 10kJ/mol, corresponding
roughly to the barrier of the methyl group rotations [10]. As seen in Fig. 3b, the
distribution of r,, shifts significantly to larger values with 4, i.e., hydration widens
the single-atom potential of mean force. Broadening of the PMF at a given
temperature can be interpreted as reduction of the effective force constant in the

harmonic approximation. This is broadly consistent with the concept that hydration
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reduces the internal “resilience” of proteins, as derived from neutron scattering
studies on the temperature dependence of the mean-square atomic displacement
(MSD) [22], and is also in agreement with the measurement of the sound velocity

of lysozyme crystals showing that the associated elastic constant decreases with

ry (h)

hydration [27]. Comparison of the values of _rW—
Tw

(Table SII) for the surface

and core atoms reveals that both exhibit pronounced hydration-induced widening
of W(r), albeit the variation of the former is slightly more significant, in agreement
with the above analysis of the diffusional amplitude.

Fig. 3 and Table SII demonstrate that hydration broadens the potential of
mean force of protein atoms, facilitating the diffusion of atoms both on the protein
surface and in the core. The question thus arises as to how the hydration effect
propagates into the protein interior. To address this, principal component analysis
(PCA) was carried out on a trajectory, labeled as 7} p, from which the methyl group
rotation and jumps are removed such that only the localized diffusion remains
intact, thus preserving the majority of the hydration-induced change in the protein
dynamics (Details are given in Ref. [17]).

The resulting PCA modes were arranged in descending order of the
associated mean square fluctuation of atomic position (MSF). The cumulative
contribution of the first » PCA modes to the localized diffusion of all protein

atoms at a given hydration level is then given by,



Vo(h)==——, (1)
u

where <u>>; is the MSF of the ith PCA mode, and <u*> is the total MSF of the
atoms in Trajectory 7;p. Fig. 4a shows that the low-index PCA modes contribute
much more significantly than the high-index ones. For example, the first 25 modes
at h = 0.3, i.e., the first 1% of the total modes, account for ~ 40% of <u*>.

Fig. 4b displays the number of atoms participating significantly in each
PCA mode (the definition of “participating significantly” is given in Ref. [17]) and
demonstrates that the low-index PCA modes are highly collective motions.
Furthermore, the inset of Fig. 4b reveals that these collective modes involve both
surface and core atoms, i.e., they run through the whole protein molecule.

Together Figs. 4a and b demonstrate that the localized diffusion of
individual protein atoms is strongly coupled through the whole protein molecule,
thus enabling the hydration effect on atomic diffusion to propagate from the
protein surface into its interior.

The potential of mean force, or namely the effective free energy, along

each PCA mode is given by &,(q,) =—RTInG,(q,) [28], where G,(g,) is the

probability distribution along the ith mode and g¢; is the corresponding reaction

coordinate. Fig. S6 [17] presents i, (q,) of the first nine modes at different 4.

Clearly, u,(gq,) becomes wider with increasing 4. Hence, the global protein energy
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landscape, in terms of the effective free energy along the low-index PCA modes, is
broadened or softened by hydration. This is consistent with the widening of the
energy landscapes of individual atoms (Fig. 3b), as the associated atomic
fluctuations, i.e., the locally diffusive motions, are highly collective.

The effect of hydration on protein dynamics has been extensively studied in
the past, but the focus has been on the promotion of conformational transitions [4,
12-15]. This effect is confirmed in the present work by the result that the number
of protein atoms undergoing inter-well jumps is increased upon hydration.
However, here we provide evidence for a new physical picture in which, on the ps
to ns time scales, the effect of hydration is mainly to enlarge the volume accessible
to localized diffusion of protein atoms in single wells, and that this effect
propagates significantly into protein interior via strong coupling between these
diffusive motions, thus softening the whole protein molecule.

Analysis of MD simulation results of another very different protein, green
fluorescent protein (GFP), presented in the Supplemental Material [17] results in
the same conclusions as for lysozyme. As GFP and lysozyme greatly differ in size,
shape and secondary structural composition, it is likely that the hydration effect on
protein dynamics revealed in the present work will be valid for many or most

folded globular proteins.
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Figure Caption

Fig. 1 (color online). Hydration dependence of the susceptibility spectra of
lysozyme (g = 1 A™") at 295K obtained from neutron scattering experiments on the
NIST high-flux backscattering spectrometer (HFBS, triangles), the ORNL SNS
back-scattering spectrometer (BASIS, spheres), and the NIST disk-chopper time-
of-flight spectrometer (TOF, squares) [6, 17, 23] and from MD simulation (thick
solid line). To improve the statistics, the experimental spectra were summed over
the ¢ range from 0.3 to 1.7 A™ with an average ¢ = 1 A™'. As the statistics of the
simulation-derived spectra are much better, only data at ¢ = 1 A" are presented.
For ease of comparison of the two sets of spectra, the experimental data on the y
axis have been rescaled by a same constant. Experimental details can be found in

Ref. [17].
Fig. 2 (color online). Susceptibility spectra of lysozyme at different hydration

levels, A: (a) total protein dynamics (}”), (b) methyl group rotation (¥ "), (c)

localized diffusion (¥"4) and (d) jumps (¥ "jump) at g =1 Al
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Fig. 3 (color online). Hydration dependence of the distribution of (a) R, of the
scatter plots and (b) 7, of the locally-diffusing hydrogen atoms, where W(r,,) is 10
kJ/mol. The choice of the value of W(r,,) is not crucial, and variation within reason

does not alter the conclusions (see Fig. S5 in Ref. [17]).

Fig. 4 (color online). (a) Cumulative contribution of PCA modes to the localized
diffusion of protein atoms, Y,(/#) calculated using Eq. (1). (b) Number of
significantly-participating (S.P.) atoms in each PCA mode. The inset presents the
percentage of surface atoms in the significantly-participating atoms for each PCA

mode at 4 =0.3.
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Fig. 4
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