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Abstract We used MD simulations to investigate the
dependence of the dynamics of a soluble protein, RNase A,
on temperature and solvent environment. Consistent with
neutron scattering data, the simulations predict that the
protein undergoes a dynamical transition in both glycerol
and aqueous solutions that is absent in the dry protein. The
temperature of the transition is higher, while the rate of
increase with temperature of the amplitudes of motion on
the 100 ps timescale is lower, in glycerol versus water.
Analysis of the dynamics of hydrogen bonds revealed that
the protein dynamical transition is connected to the relax-
ation of the protein—solvent hydrogen bond network,
which, in turn, is associated with solvent translational
diffusion. Thus, it appears that the role of solvent dynamics
in affecting the protein dynamical transition is qualitatively
similar in water and glycerol.
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Introduction

Under physiological conditions in their native environ-
ments, proteins visit a vast number of conformations,
commonly referred to as substates, in the vicinity of a well-
defined three-dimensional structure (Frauenfelder et al.
1991). The energy landscapes of proteins appear to be
organized into a hierarchy of levels, with the top level
containing only a few substates that interconvert slowly via
large-scale conformational changes, and the lowest level
containing a very large number of substates that intercon-
vert by motions on the ps-ns timescales (Fenimore et al.
2004a, b). Transitions between the top level substates are
rare events that are often directly associated with protein
function, e.g., enzyme catalysis (Dioumaev and Lanyi
2007), while transitions between the lowest level substates
are generally considered to provide the lubrication that
promotes larger-scale conformational changes (Fenimore
et al. 2004a, b). The precise connection between biological
function and fast protein conformational fluctuations is a
subject of current research and debate (Daniel et al. 2003;
Doster and Settles 2005; Heberle et al. 2000; Kurkal et al.
2005; Lechner et al. 20006).

The influence of the environment on the dynamics of the
lowest level protein substates is the main subject of this
paper. In addition to contributing to additional insight into
the connection between protein dynamics and function, a
fundamental understanding of the coupling between pro-
tein and solvent dynamics is already advancing the science
of bioprotection, e.g., of biomolecule-based pharmaceuti-
cals (Caliskan et al. 2004; Curtis et al. 2006), which is of
potential practical value in the food and pharmaceutical
industries, and could also prove useful in the optimization
of the design of biomimetic materials (e.g., artificial photo-
synthetic devices and biosensors).
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The so-called dynamical transition has served for almost
two decades as a paradigm for investigating the coupling of
the dynamics of a protein molecule and its environment.
The dynamical transition is a sudden increase in the
amplitudes of atomic fluctuations as a protein is heated
from low temperature, and it is regarded to reflect a change
in motion from solid-like (harmonic) to liquid-like
(anharmonic, diffusive) (Doster et al. 1989, 1990). The
transition has been detected using several experimental
techniques (Doster et al. 1989; Frauenfelder et al. 1979;
Knapp et al. 1982; Lee and Wand 2001; Parak 2003;
Rasmussen et al. 1992; Smith et al. 1990; Tarek et al.
2000), but is most often studied using incoherent neutron
scattering measurements, which probe single-particle
dynamics on timescales of ps-ns and length scales of A-nm,
and make use of H/D contrast to isolate the motion of
specific components in the system (Beé 1988). The solvent
dependence of the dynamical transition is a clear indication
of the dramatic effect of the environment on the dynamics
of soluble proteins: the transition is absent in dehydrated
proteins, and the extent of motion above the transition
temperature, as well as the transition temperature itself,
depend on solvent viscosity (Caliskan et al. 2002;
Cornicchi et al. 2006; Doster and Settles 1999, 2005;
Finkelstein et al. 2007; Paciaroni et al. 2002; Tsai et al.
2000). The concept of “slaving” has been invoked to dis-
cuss the control of protein motion by solvent motion
(Fenimore et al. 2002; Frauenfelder et al. 2002). Recent
experimental and theoretical investigations have discussed
the connection of the protein dynamical transition to sol-
vent dynamics in terms of concepts from glass physics
(Chen et al. 2006; Kumar et al. 2006; Swenson et al. 2006;
Zanotti et al. 2005).

The microscopic details of the coupling between protein
and solvent dynamics have begun to emerge from both
experimental and theoretical investigations. The observa-
tion that diffusive motion in proteins is suppressed by
dehydration suggests that water molecules participate in
some sort of bond-breaking process that is coupled to the
protein structural relaxation (Doster and Settles 1999). The
surface of a dehydrated protein is rigidified by strong
(electrostatic and H-bonding) interactions between polar
side chains. Protein—water H-bonds break up these inter-
actions, and water mobility is expected to facilitate protein
conformational fluctuations. Time-resolved mean-squared
displacements of protein hydration water derived from
neutron scattering of a soluble protein have revealed the
onset of water translational diffusion at the protein
dynamical transition (Doster and Settles 2005). Recent
neutron scattering experiments have shown that the struc-
tural and dynamical properties of the interfacial water
strongly influence the side chain dynamics and the acti-
vation of diffusive motion in model peptides (Russo et al.
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2007). MD simulations by others and us have elucidated
the microscopic mechanism of the solvent control of fast
dynamics in soluble proteins. In the case of hydrated sol-
uble proteins, we suggested that the dynamical transition
requires relaxation of the protein—water hydrogen bond
network, which, in turn, requires the onset of water trans-
lational diffusion (Tarek and Tobias 2002). A similar
conclusion was subsequently reached by others (Tournier
et al. 2003), and an analogous mechanism has been pro-
posed to apply in the case of glycerol solvation (Dirama
et al. 2005). Our theoretical predictions concerning the
coupling of protein and water dynamics were recently
confirmed by a recent investigation, combining neutron
scattering with selective deuteration and MD simulations
of the solvent-coupled dynamical transition of a soluble
protein in a hydrated powder sample (Wood et al. 2008).

In this paper, we report an MD simulation study of the
dynamical transition of a soluble protein, RNase A, in the
glass-forming solvent glycerol. Our primary objective is to
determine whether or not the concept that we proposed
previously based on MD simulations of RNase A in water,
namely, that the protein transition is triggered by relaxation
of the protein—water hydrogen bond network, which, in
turn, accompanies the onset of water translational diffu-
sion, can be extended to glycerol. To this end, we directly
compare results obtained from simulations of the same
protein in both water and glycerol, and we find that, indeed,
the mechanism of solvent activation of the dynamical
transition is essentially the same in the two solvents. In
addition, we further demonstrate the utility of using MD
simulations to study the solvent dependence of the protein
dynamical transition by showing that the transition is
absent in simulations of a dry protein, consistent with
experimental measurements.

Materials and methods
Set-up of the dry and hydrated protein systems

The simulations of RNase were all initiated from a crystal
structure (PDB entry 7RSA) (Wlodawer et al. 1988). The
simulations of the dry and hydrated protein have been
described at length elsewhere (Tarek et al. 2000; Tarek and
Tobias 1999, 2000). We therefore only briefly summarize
here the set-up procedure and run parameters. The dry
powder model contains eight protein molecules replicated
by periodic boundary conditions, constructed from four
unit cells (a 2a x 2b x c lattice) of the monoclinic crystal
with the water molecules removed. A constant volume MD
simulation at 500 K was run to produce non-native, dis-
ordered configurations on the surfaces of the protein
molecules. A constant pressure run at 300 K, during which
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the system contracted, enabling the protein molecules to
interact with their neighbors and periodic images, fol-
lowed. The system was then hydrated to 2 = 0.05 (g D,O
per g protein), corresponding to “dry” samples employed
in scattering experiments, by adding 280 water molecules.
The hydrated powder model was constructed from a single
unit cell of the RNase A crystal. Our previous studies
indicated no significant change in the protein and solvent
dynamics between the powder simulations at high hydra-
tion and the crystal simulations (Tarek et al. 2000; Tarek
and Tobias 1999). To construct the hydrated powder
model, the monoclinic unit cell containing two protein
molecules was generated from the asymmetric unit (one
molecule), by using the symmetry operations of the P21
space group. The empty space in the cell was filled with
water molecules, and the positions of the waters were
relaxed by energy minimization and MD with periodic
boundary conditions until the pressure stabilized in the
field of the protein molecules, whose positions were held
fixed. Interactions of the water molecules with each other
and the proteins opened new vacancies for additional water
molecules. The procedure of adding water molecules was
repeated until there was no more empty space in the unit
cell (six addition/annealing cycles). The final hydrated
powder model consisted of two RNase A molecules and
817 water molecules, corresponding to & = 0.57.

Set-up of the protein in glycerol

A single RNase A molecule was placed in the center of a
previously equilibrated box of glycerol molecules, and all
glycerol molecules in contact with the protein were
removed. We chose to consider a protein in excess glycerol
(90% by weight) in order to clearly identify the influence of
the solvent. This resulted in a system containing one RNase
A and 1,467 glycerol molecules in a cubic box, roughly 60
A to a side. After minimization of the energy, short con-
stant volume and constant temperature runs were used to
relax the initial system. All subsequent runs were per-
formed at constant temperature and a constant pressure of
1 atm.

Details of the simulations

The CHARMM?22 and TIP3P force fields (MacKerell Jr.
et al. 1998) were used for the protein and water mole-
cules, respectively. The force field for glycerol was
compiled by choosing the appropriate parameters from the
alcohol moieties in the CHARMM?22 protein force field.
The MD simulations were performed using the PINY_MD
program (Tuckerman et al. 2000). Three-dimensional
periodic boundary conditions were applied and the Ewald
sum was used to calculate the electrostatic energies,

forces, and virial in all of the simulations. The Lennard—
Jones interactions and the real-space part of the Ewald
sum were smoothly truncated at 10 A, and long-range
corrections to account for the neglected interactions were
included in the energies and pressures (Allen and Til-
desley 1989). The reciprocal space part of the Ewald sum
was calculated using the smooth particle mesh method
(Essmann et al. 1995). The Nosé-Hoover chain method
(Martyna et al. 1992) was used to control the temperature
in all of the simulations, with separate thermostat chains
for the water, or glycerol and protein molecules. The
constant pressure simulations were carried out in a fully
flexible simulation box by using the extended system
algorithm of Martyna et al. (1994). A multiple time step
algorithm (Martyna et al. 1996) was used to integrate the
equations of motion with a 4 fs time step. The lengths of
bonds involving H/D atoms were held fixed by using the
shake/rattle/roll algorithm (Andersen 1983; Martyna et al.
1996; Ryckaert et al. 1977).

Data analysis

The amplitudes of protein motion have been quantified in
terms of atomic mean square fluctuations:

(ar7) = (s (6))°) )

where r; is the position vector of atom j, and the angular
brackets denote an average over time (and in some cases,
atoms). To depict time dependence, we report the self-
intermediate scattering functions, ;,.(Q,?):

line(Q, 1) = (@ 1050, 2)

Here, the angular brackets denote an average over time
origins and scatterers, and Q is the wave vector transfer. In
the calculation of the intermediate scattering function we
only include the non-exchangeable protein hydrogen atoms
because they dominate the spectra measured by incoherent
neutron scattering experiments. The results reported in this
paper are “powder averages” of [;,.(Q,f) computed at eight
randomly chosen scattering vectors with QI = Q.

As in a previous study (Tarek and Tobias 2002), we
analyzed the protein—water and protein—glycerol hydrogen
bond using quantities that distinguish between the fast (ps)
formation and breaking of hydrogen bonds due to solvent
liberation-rotation, and the slower (tens of ps) relaxation of
the protein—solvent hydrogen bond network due to solvent
diffusion. Specifically, we define the fast hydrogen bond
lifetime, tyg, as the average time that a given protein—
solvent hydrogen bond remains intact. The slow hydrogen
bond network relaxation time, tr, is derived from the
hydrogen bond correlation function (Luzar and Chandler
19964, b),
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Fig. 1 Incoherent (self) intermediate scattering functions for non-
exchangeable hydrogen atoms of glycerol from MD simulations at
243,313 and 333 K

c(t) = (h(0)h(2))/(h(1)), (3)

where h(f) = 1 if pairs are bonded at time ¢, and O other-
wise. The function c(f) can be viewed as probability that a
random donor—acceptor pair that is initially hydrogen
bonded is still bonded at time ¢. Hence, beyond an initial
transient period, the decay of c(f) is not determined by fast

Fig. 2 Temperature 0.5

hydrogen bond breaking events, but rather by rearrange-
ment of the protein—solvent hydrogen bond network. We
define 7R, the hydrogen bond network relaxation time, as
the time needed for c(f) to decay to 1/e.

Results and discussion

We begin by validating the glycerol model used in the
simulations. Figure 1b reports the intermediate scattering
functions for glycerol non-exchangeable hydrogen atoms
calculated from the MD simulations of neat glycerol at
three temperatures. These results may be compared with
corresponding results obtained by Wuttke et al. (1995) by
Fourier inversion of incoherent neutron scattering data,
reproduced in Fig. la. In agreement with the experiment,
the scattering functions computed from the MD simula-
tions show a fast (sub-ps) initial relaxation at all
temperatures considered, and a secondary relaxation above
300 K that becomes more pronounced with increasing
temperature. Although the extent of the initial (sub-ps)
drop in I1(Q,?) is slightly less than in the experimental data,
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Fig. 3 Incoherent (self) intermediate scattering functions for non-
exchangeable hydrogen atoms (a), and mean-squared fluctuations
(msf) averaged over 100 ps blocks for protein backbone (b) and side
chain (c¢) atoms of dry RNase (green), hydrated RNase (red) and

overall the agreement between the MD and experimental
results for the temperature dependence of the dynamics of
neat glycerol is excellent.

The temperature dependence of the dynamics of dry
RNase, and RNase in glycerol and in the hydrated crystal,
is depicted in terms of the mean-squared fluctuations,
averaged over all protein heavy atoms in 100 ps blocks
from the MD simulations, plotted in Fig. 2a. A dynamical
transition is not observed in the dry protein, as the fluctu-
ations increase essentially linearly with temperature, while
in both solvents, a dynamical transition is signaled by an
abrupt increase in the fluctuations. In water (hydrated
crystal), the transition occurs at about 200 K, while in
glycerol it occurs at about 280 K. The simulation results
are in good agreement with the mean-squared displace-
ments for non-exchangeable H atoms in lysozyme derived
by Tsai et al. (2000) from elastic neutron scattering data
(Fig. 2b). Specifically, the temperatures of the transitions
in both water and glycerol, the absence of a transition in the
dry protein and the significant reduction of the amplitudes
in the low temperature, linear (harmonic) regime in glyc-
erol versus in the dry and hydrated protein are all well
reproduced by the simulations. Figures 2c¢ and d show the
breakdown of the data into contributions from protein
backbone and side chain heavy atoms, respectively,

25 50 75 100 125
residue number

RNase in glycerol (blue) at 300 K. The location of secondary
structural elements (o helices and f§ sheets) in the RNase A sequence
are indicated by bars at the bottom of (b), colored to correspond to the
molecular graphics image of RNase A shown in the inset

information that is not accessible to neutron experiments,
which probe the motion of hydrogen atoms. The simula-
tions indicate that the temperature and solvent dependence
of the fluctuations are qualitatively similar throughout the
protein, i.e., both the side chains and the backbone atoms
fluctuations are suppressed going from the hydrated sample
to the dry sample to the sample solvated with glycerol. As
expected, the fluctuations at a given temperature in a par-
ticular solvent environment are larger for side chain versus
backbone atoms.

Solvent effects on the protein dynamics at 300 K are
exposed in greater detail in Fig. 3. The intermediate scat-
tering functions displayed in Fig. 3a show two interesting
features. First, the fast (sub-ps) initial decay (ff relaxation)
has a similar extent in both the dry and hydrated protein,
while it is less pronounced in glycerol. This is consistent
with the lower mean-squared fluctuations in the low tem-
perature, harmonic regime in glycerol versus in the dry
and hydrated protein (Fig. 2). Second, the secondary (o)
relaxation of I(Q,f) in glycerol tracks that of the dry pro-
tein, while the decay in water is significantly faster at
300 K. Figures 3b and ¢ show the sequence dependence of
the heavy atom mean-squared fluctuations in the backbone
and side chains, respectively. The backbone fluctuations
reflect the secondary structure of the protein, with lower
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Fig. 4 a Time evolution of the protein—solvent hydrogen bond
correlation function at several temperatures in water (red) and
glycerol (blue). b Temperature dependence of the protein—solvent
hydrogen bond lifetime, typ (diamonds), and hydrogen bond network

fluctuations corresponding to o helices and f sheets, and
higher fluctuations to connecting loops and termini.
Dehydration or replacement of water by glycerol sup-
presses the fluctuations throughout the protein, more so in
the more mobile side chains than in the backbone. Glycerol
clearly has a substantially greater dynamical suppression
effect at 300 K than does dehydration.

In Fig. 4, we report data that confirm our previous
suggestion that the dynamical transition in soluble proteins
is associated with relaxation of the protein—solvent
hydrogen bond network (Tarek and Tobias 2002). The
protein—solvent hydrogen bond correlation functions dis-
played in Fig. 4a show a fast initial decay corresponding to
hydrogen bond breaking by librational motion. Above the
protein dynamical transition temperature in each solvent
(~200 K in water, ~280 K in glycerol), the correlation
functions exhibit a secondary decay that becomes more
pronounced with increasing temperature. This decay is
essentially absent below the dynamical transition
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relaxation time, tg (squares), in water (red) and glycerol (blue). The
red and blue dashed vertical lines indicate the temperatures of the
dynamical transitions in water (~200 K) and glycerol (~280 K),
respectively

temperature, indicating a structural arrest of the protein—
solvent hydrogen bond network. The timescales of fast and
slow protein—solvent hydrogen bond dynamics are plotted
as a function of temperature in Fig. 4b. The timescale of
the fast hydrogen bond dynamics, tyg, is very similar in
both water and glycerol, and in both cases there is only a
weak dependence on temperature over a broad range
spanning the protein dynamical transitions (indicated by
dashed lines in Fig. 4b). On the other hand, the timescale,
TR, Of the secondary decay in the hydrogen bond correla-
tion functions, displays a strong dependence on
temperature, and appears to diverge as the temperature is
lowered toward the protein dynamical transition tempera-
ture. Thus, there appears to be a strong correlation between
the relaxation of the protein—solvent hydrogen bond net-
work and the protein dynamical transition in both glycerol
and water.

In a previous investigation, we showed that the relaxa-
tion of the protein—water hydrogen bond network is tied to
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Fig. 5 Time evolution of the ‘
center of mass mean-squared
displacement of the solvent in
the protein—solvent systems at
several temperatures: a water;
b glycerol
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water translational diffusion (Tarek and Tobias 2002). This
is evident in Fig. 5a, where we plot the time evolution of
the water center of mass mean-squared displacement over a
range of temperatures spanning the protein dynamical
transition. The curves all display a rapid (sub-ps) initial
jump, corresponding to ballistic motion, i.e., the motion of
water molecules before they hit the cage formed by their
immediate neighbors. Above the protein dynamical tran-
sition (~200 K), the curves begin to curve upward after a
few ps, indicating the onset of water translational diffusion
with a diffusion rate that increases with temperature. It is
worth noting that the protein hydration water displays
anomalous diffusion at all temperatures (i.e., the slope of
the mean-squared displacement versus time is less than the
value of one, expected for Brownian motion). In Fig. 5b,
the corresponding data for glycerol depict a similar picture,
with the onset of solvent translational diffusion occurring
in the vicinity of the protein dynamical transition temper-
ature (~280 K) in glycerol.

In summary, we have used MD simulations to investi-
gate the dependence of the dynamics of a soluble protein,
RNase A, on temperature and solvent environment. Con-
sistent with neutron scattering data, the simulations predict
that the protein undergoes a dynamical transition in both
glycerol and aqueous solutions that is absent in the dry
protein. The temperature of the transition is higher, while
the rate of increase with temperature of the amplitudes of
motion on the 100 ps timescale is lower, in glycerol versus
water. Analysis of the dynamics of hydrogen bonds
revealed that the protein dynamical transition is connected

10 100 1 10 100
t (ps)

to the relaxation of the protein—solvent hydrogen bond
network, which, in turn, is associated with solvent trans-
lational diffusion. Thus, it appears that the role of solvent
dynamics in affecting the protein dynamical transition is
qualitatively similar in water and glycerol.
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