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Abstract

A simplified description of the 295K dynamics of a globular protein over a wide
frequency range (1 to 1000 GHz) is obtained by combining neutron scattering of
lysozyme with molecular dynamics (MD) simulation. The MD agrees quantitatively with
experiment for both the protein and the hydration water and shows that, whereas the
hydration water molecules sub-diffuse, the protein atoms undergo confined motion
decomposable into three distinct classes: localized diffusion, methyl group rotations and

jumps. Each of the three classes gives rise to a characteristic neutron susceptibility signal.
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The dynamics of globular proteins and associated hydration water is critical to
folding and function [1-6]. Much research has centered on the ps to ns timescales.
However, on these timescales proteins exhibit a wide variety of diffusive and vibrational
dynamics [1,7,8], and this variety has rendered difficult the derivation of a simplified
description of protein internal motions in terms of a small number of distinct,
superposable components. In this letter we combine neutron scattering with molecular
dynamics (MD) simulation to obtain this decomposition.

Neutron scattering is a particularly useful technique for probing atomic motions in
proteins, as neutrons directly probe fluctuations in nuclear positions. Consequently, a
large body of research exists on the application of this technique to proteins [e.g., 3,7-15].
MD is complementary to neutron scattering, and provides, in principle, a complete
description of atomic dynamics, but requires the experiment for validation. In the present
work on hydrated lysozyme, excellent, quantitative agreement between neutron
experiment and simulation is seen. The analysis clearly shows that on the ps to ns time
scales whereas the hydration water exhibits sub-diffusive motions, the protein motions
are confined. Most importantly, we demonstrate that the neutron susceptibility signal of
protein can be decomposed into contributions from three distinct classes of confined
motions: methyl group rotations, localized diffusion and non-methyl jumps.

Details of the experiments are given in Refs. [8,15] and of the simulation system
and MD protocol in Supplemental Material [16]. The simulation box, replicated with
periodic boundary conditions, contained two randomly-oriented lysozyme molecules

(1AKI [17]) hydrated to A=0.3 g water / g protein, equivalent to approximately



monolayer coverage [12], and neutralized by 16 chloride ions. The incoherent

intermediate scattering function, /(g,t), is given by,

1G.0)=— 3.5, (expl-iGR, (O)lexplidR, (1) ()

where ¢ is the scattering wavevector, Z is the total number of the hydrogen atoms, b; is

the incoherent scattering length of a given atom j, R ; 1s the position vector of that atom

and the brackets denote an average over the time origin. /(g,¢) and its time Fourier
transform, the dynamic structure factor, S(g, v), were computed from the MD trajectories
using in-house software. Details can be found in Ref. [16]. Only non-exchangeable
hydrogen atoms, which make up about half the atoms in the protein and are relatively
uniformly distributed, are concerned in the calculation of the neutron scattering spectra of
protein, as they dominate the incoherent scattering signal.

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

S(g,v)

Ny

the dynamic susceptibility, 3"(q,V) o< , where np(v) is the Bose occupation

number np(V)=(exp(hv/kT)-1 ). Whereas relaxation processes on different time scales
are usually hard to identify in S(g, v), they appear as distinct peaks in y” with associated
relaxation times 7 =1/2zv [8].

The susceptibility spectrum of the protein calculated from the simulation agrees

well over a broad frequency range with the corresponding experimental data [8,15],

obtained on lysozyme in D,O at the same hydration level and temperature (295K)
3



(Fig.1a). The low-frequency peak between 0.5 to 100 GHz (~ 0.02 to 4 cm™") has been
named the “main relaxation peak” [15] and we retain this terminology. The peak was
fitted by a Cole-Cole distribution function [18]:

(1V,) ™ cos(")

X'V)=x, , )
1420 /v ) sin Xy« v /v )

max max
2

where V.., o and y are fitting parameters. Eq. (2) is traditionally used to describe
symmetrically stretched relaxation peaks, as have been observed frequently in biological
systems, see e.g., Refs. [15,18].

Fitting Eq. (2) to y” at different wave vectors, g revealed that, within error, the
relaxation time is independent of ¢ in the range 0.4 to 1.6 A™ (Fig. 2s in Ref. [16]),
consistent with neutron scattering data on hydrogenated lysozyme in D,O [8]. This g-
independent behavior indicates that the protein atoms undergo motion confined within a
radius of ~3.5A (~27/qmax) [8].

In contrast to the protein, the dynamics of the hydration water exhibits strongly g-

dependent characteristic relaxation time, 7that can be approximated by a power law (Fig.
1b): 7o ¢7" with n=2.5. This power law agrees well with corresponding experimental

data for hydration water obtained from neutron scattering on fully deuterated
phycocyanin hydrated with H,O [14]. A linear fit to the experimental data yielded an
exponent of n = 2.44 [14], close to the above simulation-derived value. A power law
dependence of T with the exponent n > 2 usually indicates sub-diffusion [14,19] and is

often observed in glass-forming liquids [19]. In contrast, for classical Brownian diffusion



n =2 [19,20], and this was indeed found here in a bulk water simulation with the same
water model.

We now focus on the microscopic details of the confined motion that leads to the
main relaxation peak of the protein (Fig. 1a). Experimental neutron scattering spectra
have been described using a variety of analytical models, e.g., jumps, rotation and
localized diffusion in a sphere [8,10,11]. However, due to the large variety of ps-ns
relaxation processes in proteins [1,8,10,11,13], direct decomposition without MD
simulation of ensemble-averaged experimental neutron scattering data into contributions
from distinct processes is very challenging and does not provide an unambiguous
determination of the microscopic nature of the atomic motions involved [8].

To perform the decomposition, the coordinates of each hydrogen atom at every 1
ps in a 10 ns MD trajectory were projected onto scatter plots. Typical examples of scatter
plots are presented in Figs. 2a-d and videos of simulated atomic motions corresponding to
Figs. 2a-d are provided in Ref. [16]. Visual examination of the scatter plots reveals two
types of hydrogen atom: (I) diffusing inside a single localized region (Fig. 2a), which we
denote as a “cluster”, and (II) diffusing in clusters and occasionally jumping between
them (Figs. 2b-d). About 60% of the non-exchangeable hydrogen atoms were found to
belong to Type L.

Methyl hydrogen atoms perform 3-fold rotational jumps (e.g., Fig. 2c).
Experimental work has provided indirect evidence that methyl group rotations contribute
significantly to neutron scattering spectra on the ps to ns time scales [8,11,13]. Moreover,
the temperature dependence of the methyl rotations follows an Arrhenius law [21,22],

unlike other protein motions in the same time window [15]. Therefore, it is useful to
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separate the methyl group rotations from the other jumps. Hence, in what follows, we
categorize the motions of the protein hydrogen atoms in three classes: “localized
diffusion”, “methyl group rotations” and “jumps excluding methyl group rotations”
(which we call, for simplicity, “jumps”), and analyze them separately. The classification
of atomic motions proposed here should not be confused with the classification of
hydrogen atoms made above. A Type I hydrogen atom performs only “localized
diffusion” (Fig. 2a), while a Type II hydrogen atom conducts both “localized diffusion”
and also “methyl group rotations” (Fig. 2¢) and/or “jumps” (Figs. 2b and d).

In order to obtain the neutron scattering spectrum arising solely from the methyl
group rotations the susceptibility spectrum, y”,,m. Was computed of the trajectory in
which the 3-fold methyl group rotations were removed (details can be found in Ref. [16]).
Thus, the scattering component coming from methyl group rotations can be estimated
as ¥ me=" - ¥ nomes Where y” is the total spectrum. To obtain the neutron scattering
spectrum resulting from only the (non methyl rotation) jumps, it is necessary to subtract
from the total spectrum the contributions from the localized diffusion of all the hydrogen
atoms (both Type I and II) and from the methyl group rotations. With the assumption
that the scattering signal arising from the localized diffusion of Type I and Type II

hydrogen atoms are the same, the spectrum of “jumps” is given

non—ex

N X"1pe-r » Where the subscript “/d” denotes

by Injump = I"_I”me _z"ld = I"_I"me -

Type—1I
“localized diffusion summed over Type I and II hydrogen atoms”, N,gnex (=1392) and

N1ype-1(=796) are the numbers of non-exchangeable and Type I protein hydrogen atoms in



the simulation primary box, and y”r,.s is the susceptibility spectrum of the Type I
hydrogen atoms.

Fig. 3a shows that the protein }’over the 1 to 100 GHz frequency window can be
decomposed into three components: the localized diffusion, the methyl group rotations
and the jJumps. We now examine each of these components.

Fig. 3b presents the time dependence of the mean-square displacement, <x’>, of a
typical example of the localized diffusion of a Type I hydrogen atom, which exhibits two
plateaux. The fast increase in <x>> at 0.1-0.3ps, which is followed by the first plateau at
times up to ~3ps, reflects the “fast relaxation” process [7,23], i.e., rattling of the atom
inside the cage formed by neighbors [23], or arises from dephasing of the vibrational
modes [24]. At longer times (¢ >3 ps), <x”> departs from the cage region, and eventually
reaches a second plateau at ~200 ps, corresponding to diffusion within the cluster. This
second plateau originates from the cluster-size confinement, and the square root of <x’>
at this plateau is 0.7A, in accord with the ~0.9A radius of the cluster in Fig. 2a.
Statistical analyses of the cluster geometry of Type I hydrogen atoms were performed
and are reported in Ref. [16]. The distribution of the radius of gyration, R,, of the clusters
is broad, ranging from 0.3 to 1.4A with a maximum around 0.5A (Fig. 4s in Ref. [16]).
Also, the asphericity parameters are low, indicating that the volumes in which they
diffuse are close to spherical (Fig. 4s in Ref. [16]). As shown in Fig. 3a, the
susceptibility spectrum of the localized diffusion (}”;) is quite flat in the frequency

window ~1-100 GHz, consistent with the broad cluster-size distribution.



The contribution of the methyl group rotations (¥ ") to the main relaxation peak
in Fig. 3a is larger than either of the other two components and possesses a noticeable
peak located around 10 GHz, symmetrically stretched on both the low- and high-
frequency sides. The symmetrical stretching makes Eq. (2) an appropriate function to fit

this peak, yielding an average relaxation time 7 =22 ps. The rotation of the methyl

methyl
groups usually follows an Arrhenius temperature dependence, T=Toexp(AE/kT), with To~

0.18 ps [21,22].  Accordingly, 7, , estimated above would correspond to an average

rotational barrier: AE = 2.8 kcal/mol, which is consistent with the experimental values of
~ 3 kcal/mol obtained in a variety of studies [8,11,21,22].

X ump €xists mainly below 10 GHz (Fig. 3a), and the associated relaxation peak
is thus out of the frequency range studied here. Hence, the corresponding average
relaxation time will be several ns or longer and may correspond to the ‘slow’ process
recently discussed in Ref. [25]. If this is correct, our analysis provides the first
microscopic picture of the motion involved.

Characterization of the temperature and hydration dependence of the dynamics of
wet protein powders using the present approach will be of particular interest. Methyl
group rotation is activated in proteins from ~100K upwards and is hydration-independent
[8,11,13]. At higher temperatures (180 ~ 220 K) a further, hydration-dependent transition
occurs [8,9,11-13], during which there is simulation evidence that jumps between minima
are activated [26].

Using the present protein and solvent force fields Figs. 1 show that MD

simulations reproduce the neutron scattering susceptibility of the protein quantitatively
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over a wide frequency range (1 to 1000GHz). Whereas a single MD simulation is
sufficient to obtain the spectrum over this wide frequency range, the corresponding
experiment requires considerable effort, involving the combination of several instruments
[8,15,18]. The analysis shows that, at low hydration, the water undergoes sub-diffusive
motion, while the protein atoms perform confined motions that can be decomposed into
three classes: localized diffusion, methyl rotation and jumps. As these three types of
atomic motion occur on similar time and length scales, they would have been difficult to
identify and tease apart a priori by directly fitting simple analytical models to the
ensemble-averaged experimental neutron scattering data [8,10,11,13]. The present results
demonstrate how MD can provide a model-free interpretation of the spectra in terms of a

simple decomposition of the hydrogen-atom fluctuations in a globular protein.
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Figure Captions

Fig. 1 (color online). (a) Susceptibility spectra of hydrated lysozyme (g = 1 A™") obtained
from neutron scattering experiments on the NIST high-flux backscattering spectrometer
(HFBS, triangles), the ORNL SNS back-scattering spectrometer (BASIS, spheres), the
NIST disk-chopper time-of-flight spectrometer (TOF, squares) [8,15] 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, The
experimental data on the y axis were multiplied by an arbitrary constant for ease of
comparison of the shape of the two spectra. Experimental intensity is difficult to obtain
on an absolute scale, and even more so when combining several instruments. Hence, only
the shape of the spectra can be compared. (b) g dependence of the average main
relaxation time (T) of water molecules presented on a double logarithmic scale.
Simulation results are denoted as empty symbols: hydration water (squares) and bulk
water (spheres). The solid squares are experimental data for hydration water [14]. The
dashed lines are linear fits to the simulation data yielding slopes of 2.5 for the hydration
water and 2.0 for the bulk. The susceptibility spectra of hydration and bulk water at

different ¢ values, from which 7 is estimated, are presented in Fig. 3s in Ref. [16].

Fig. 2 (color online). Typical examples of scatter plot projections of hydrogen-atom
trajectories from MD. (a): Diffusion in a single cluster (the & hydrogen atom of

TRP63).(b-d) Diffusion in clusters plus jumping between (b) two clusters (a y hydrogen
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atom of ARG150) (c) three clusters (a methyl hydrogen atom of VAL2 ) and (d) four

clusters (a y hydrogen atom of LY S226).

Fig. 3 (color online). (a) MD Neutron susceptibility spectrum of the whole protein ("),
the localized diffusion (}”;;) summed over Type I and II hydrogen atoms, the methyl
group rotations (¥ "), and the jumps (¥ ”jump). (b) <x”>of the same hydrogen atom as in

Fig. 2a, the ballistic region at < 0.1 ps is not shown.
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Fig. 1
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Fig.3
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