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Solvent effects in the slow dynamics
of proteins
Konrad Hinsen1,2* and Gerald R. Kneller1,2
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INTRODUCTION

ABSTRACT
The influence of solvent on
the slow internal dynamics of
proteins is studied by comparing molecular dynamics
simulations of solvated and
unsolvated lysozyme. The dynamical trajectories are projected onto the protein’s normal modes in order to obtain
a separate analysis for each
of the associated time scales.
The results show that solvent
effects are important for the
slowest motions (below  1
ps21) but negligible for faster
motions. The damping effects
seen in the latter show that
the principal source of friction in protein dynamics is
not the solvent, but the protein itself.
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Protein–solvent interactions and the influence of solvent on a protein’s thermodynamic properties have been the subject of many scientific investigations. For example,
the importance of solvent in the stabilization of proteins is well recognized.1 Dynamical
aspects of protein–solvent interactions have been the subject of more recent studies.
The influence of water and other solvents, including much more viscous solvents such
as trehalose, on the dynamical or glass transition has been studied both experimentally
and by simulation.2,3,4,5,6 The terms ‘‘dynamical transition’’ and ‘‘glass transition’’ are
used to describe the stronger-than-linear increase of atomic fluctuations with increasing
temperature around 200 K. This effect is interpreted as the onset of anharmonic
motions as the kinetic energy of the protein begins to exceed the energy barriers
between conformational substates. However, this phenomenon is still more a thermodynamic than a dynamic one, because it concerns fluctuations amplitudes rather than
relaxation effects with an associated time scale. This also holds for the observation that
protein fluctuations7 and protein folding8 are ‘‘slaved’’ to solvent fluctuations.
In this article, we look at dynamical relaxation phenomena in the picosecond to
nanosecond range in proteins and in particular at the influence of solvent on them.
Compared to the fast vibrational dynamics observed by spectroscopic techniques, these
are slow processes. However, processes that require transitions of important energy barriers, for example conformational transitions and folding or unfolding, are even much
slower.
In the context of theoretical models and simulation techniques, a major motivation
for studying protein–solvent interactions has been the wish to avoid explicit solvent
models because of their complexity and significant CPU time costs. The most important effort has gone into modeling the energetic impact of solvent by continuum solvent and Poisson–Boltzmann models,9 but the dynamic influence of solvent has also
been considered in approaches based on Langevin and Brownian dynamics.10,11 Langevin and Brownian dynamics were originally developed for large particles suspended in a
liquid with the assumption that the interactions of the particles with the molecules of
the liquid can be described by random collisions. These random collisions drain energy
from the drift motions of the suspended particles through friction, but also act as a
heat bath that supplies energy back to the particles. In Langevin and Brownian dynamics applied to proteins, the protein atoms take the role of the suspended particles and
the solvent is identified with the liquid that acts as a heat bath and a source of friction.
This implies that friction in proteins is a solvent effect, an assumption that is also often
stated explicitly (see e.g.10,12,13). However, to our knowledge there is no theoretical or
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experimental basis for this hypothesis. On the contrary,
analysis of Molecular Dynamics (MD) simulations has
shown that the principal source of friction in a protein is
the protein itself.14
In this work, we use computer simulations of solvated
and unsolvated lysozyme, as well as of water, to investigate the dynamical relation of protein and solvent. We
look at projections of the MD trajectories onto the protein’s normal modes in order to study solvent effects at
different time and length scales, and we discuss the
implications for the use of stochastic simulation techniques for proteins.

MOLECULAR DYNAMICS AND
NORMAL MODES
To analyze the impact of the presence of solvent on
the internal dynamics of lysozyme, we have performed
two MD simulations and a normal mode calculation for
lysozyme. The starting point was in all cases the experimental structure of hen-egg lysozyme obtained by Vaney
et al.15 and available from the Protein Data Base16
under the code 193L. All calculations were performed
using the simulation library MMTK17 and the Amber94
force field,18 which implies the use of the TIP3P model
for water of which we use the flexible form as defined by
the Amber94 parameter files.
For the first MD simulation, one lysozyme molecule
was equilibrated together with 3403 water molecules in an
orthogonal box with periodic boundary conditions in an
NpT ensemble at a temperature of 300 K and a pressure
of 1 atm. After an equilibration period of several nanoseconds, up to stabilization of the system volume, a simulation of 1.5 ns was performed for analysis. The NpT ensemble was realized using the extended systems method
implemented in a Velocity–Verlet algorithm, 19,20,21 with
relaxation time parameters of 0.2 ps for the thermostat
and 1.5 ps for the barostat. The integration time step was
1 fs, but only every 40th step was stored in a trajectory
file, leading to a sampling step size of Dt 5 0.04 ps.
According to Shannon’s theorem, our trajectory thus contains motions up to a frequency of 12.5 ps21 (400
cm21) but no faster ones.
The choice of the NpT ensemble and of the simulation
length of 1.5 ns was motivated by the possibility to verify
our simulation by comparison with neutron scattering
data obtained at constant temperature and pressure and
using an instrument whose energy resolution is of the
same order of magnitude as that of the trajectory.22 As
the slowest vibrational motion in lysozyme happens on a
time scale of 6 ps, a 1.5 ns trajectory provides sufficient
sampling. The extended systems method implements the
NpT ensemble through purely deterministic dynamics,
that is without adding stochastic elements that could add
friction to the system.
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For the second MD simulation, lysozyme was equilibrated in vacuum at constant temperature (300 K). The
other simulation parameters are identical to those of the
first simulation.
We also generated a pure solvent trajectory of a length
of 700 ps for a box containing 500 water molecules equilibrated at a temperature of 300 K and a pressure of
1 atm, using the same parameters as for the lysozyme
trajectories.
For the normal mode calculation, an energy minimization was performed for lysozyme in vacuum using a
steepest-descent algorithm initially and a conjugentgradient minimizer for the final part. The minimization
was continued until the energy gradient was smaller than
1023 kJ/mol/nm. A standard vibrational normal mode
calculation (diagonalization of the Hessian in massweighted coordinates) was then performed, resulting in a
set of orthonormal normal mode vectors ũk (k 5 1. . .
3N) and corresponding vibrational frequencies mk. Here
and in the following, a tilde indicates mass-weighted
coordinates.
Since we are interested in the internal dynamics of lysozyme, and not in its diffusional motion inside the
water box, we removed the global diffusion from the trajectory of solvated lysozyme prior to any further analysis.
This was achieved by replacing the lysozyme conformation at each time step by its optimal superposition23
onto the initial configuration.
We then calculated the projections of the two MD trajectories onto the normal modes of lysozyme.24 First we
determined the linear transformations that superpose the
average conformation of each trajectory onto the minimized conformation for which the normal modes were
obtained. These transformations were applied to each
time step in order to obtain the normal-mode aligned
trajectories R(s)(nDt) (solvated lysozyme) and R(v)(nDt)
(lysozyme in vacuum), where n enumerates the time
steps and R is a 3N-dimensional vector comprising the
positions of the N atoms in the protein. The projections
on the modes are then obtained as
ðs=vÞ

ck

~ ðs=vÞ ðnDtÞ  R
~ ðs=vÞ
~k ;
ðnDtÞ ¼ ðR
av Þ  u

ð1Þ

is the average conformation of each trajecwhere R̃(s/v)
av
tory. The projections contain the same information as
the trajectories themselves, which can in fact be reconstructed through
~ ðs=vÞ ðnDtÞ ¼ R
~ ðs=vÞ
R
þ
av

3N
X

ðs=vÞ

ck

ðnDtÞ~
uk :

ð2Þ

k¼1

This follows from the fact that the normal mode vectors
ũk are an orthonormal basis of the 3N-dimensional coordinate space. The projections ck(s/v) thus describe the conformation of the protein in a coordinate system defined
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Figure 1
The frequency spectrum of the velocity autocorrelation function of the mode-projected coordinates as a function of the mode frequency for solvated lysozyme.

by the normal modes, whereas the positions R(s/v) describe
the conformation in a 3N-dimensional Cartesian coordinate system. It follows that the time derivatives ċk(s/v) are
the normal-mode based velocity coordinates.
We note that in Eq. (1), we have chosen to use the average structure as the reference for the calculation of the
normal mode projections. We could as well have chosen
the minimized structure for which the normal modes
were calculated. Our choice of the average structure is
motivated by the fact that it minimizes the extreme values of ck(s/v)(nDt). Considering that normal modes
describe small motions around a stable structure, this is
more important than using the same reference structure
for the trajectory and the normal mode calculations, as
the collective normal modes are known to be unsensitive
to small changes in the configuration.
To characterize the dynamics of solvated and unsolvated lysozyme at different time scales, we calculated the
velocity autocorrelation function wk(s/v)(nDt), defined by
ðs=vÞ

wk

D
E
ðs=vÞ
ðs=vÞ
ðtÞ ¼ c_k ðtÞ_ck ð0Þ ;

ð3Þ

and its frequency spectrum, the density of states
ðs=vÞ

gk

Z
ðxÞ ¼
0

1

ðs=vÞ

dt cosðxtÞ wk

ðtÞ;

ð4Þ

for each mode k 5 1. . .3N using autoregressive models
for the velocities ċk(s/v),25 which is equivalent to the maximum entropy method. We used autoregressive models
of order P 5 1000 and the smallest possible sampling
DOI 10.1002/prot

step size, Dt 5 0.04 ps. We also calculated the meansquare displacement (MSD) Wk(s/v)(nDt), defined by
h
i2 
ðs=vÞ
ðs=vÞ
ðs=vÞ
ck ðtÞ  ck ð0Þ
Wk ðtÞ ¼
;
ð5Þ
for each mode projection using an efficient FFT-based
algorithm.26
The velocity autocorrelation functions can be summed
over all modes yielding, up to a constant prefactor, the
standard mass-weighted average atomic velocity autocorrelation function:
3N
X
k¼1

ðs=vÞ

wk

ðnDtÞ ¼

N D
E
X
_ ðs=vÞ ð0Þ
~
~_ ðs=vÞ
R
R
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j
j

ð6Þ
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A similar relation holds for the spectra because of the
linearity of the Fourier transform.
MODE-PROJECTED DYNAMICS
For a first overview of the mode-projected dynamics,
we show the frequency spectrum for each mode projection for solvated lysozyme in a 3D graph (Fig. 1). This
graph clearly shows that the frequency spectrum for each
mode has a maximum near the vibrational frequency of
that mode. It also shows that for the higher mode frequencies (above 2 ps21  70 cm21), the structure of the
spectrum is rather simple: a symmetric distribution about
the maximum. For the lower mode frequencies, the spectrum has a more complex and less symmetric form.
Looking at the difference between the spectra for solvated
PROTEINS
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Figure 2
The difference of the frequency spectra for solvated and unsolvated lysoyme as a function of the mode frequency. The scale is the same as in Figure 1.

and unsolvated lysozyme (Fig. 2), we see that the difference is very small above 2 ps21 but rather important for
lower mode frequencies. Both observations suggest that
there are two different dynamic regimes, which we will
discuss separately. We will discuss the high-frequency regime first because it is simpler.
High-frequency regime

Considering that the sampling interval of our trajectories imposes an upper frequency limit of 12.5 ps21 for
our analyses, the high-frequency regime that we observe
actually belongs to the lower-frequency motions of a protein, whose total vibrational frequency spectrum extends
up to 100 ps21. In the following discussion, we look at
normal modes whose frequencies range from 2 to 8 ps21.
All of these modes describe motions on the length scales
of secondary structure elements. At 2 ps21, we see deformations and dislocations of a-helices and loops, whereas
8 ps21 corresponds to deformations of the ends of helices
and of the surrounding peptide chain segments that link
the helices to neighbouring secondary structure motifs.
Figure 3 shows the velocity autocorrelation function of
the mode-projected trajectories, both for solvated and for
unsolvated lysozyme. Each curve corresponds to a single
mode in the frequency range 2–8 ps21. Figure 4 shows
the corresponding frequency spectra (the same data as in
Fig. 1), with vertical lines indicating the frequencies of
the modes. To remove excessive noise in the spectra, they
have been smoothed by replacing each data point by its
average with its two neighbors. As it was already mentioned above, the spectra show clearly that the dominant
frequency for each mode projection is the vibrational frequency of the mode. However, all spectra have nonvan-
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ishing contributions at low frequencies down to zero.
These contributions are caused not only by couplings to
slower vibrational modes due to anharmonicities in the
potential, but also by slow diffusional motions that result
from transitions between multiple vibrational substates.
Comparing the correlation functions and spectra for
solvated and unsolvated lysozyme, we note in particular
their remarkable similarity. There seems to be a slightly
stronger damping in the vacuum simulation at 4 ps21
and beyond, but the difference is probably not signifi-

Figure 3
The velocity autocorrelation function of the mode-projected coordinates for four
different modes whose vibrational frequencies are, respectively, 2, 4, 6, and 8
ps21. The curves for solvated lysozyme are drawn out, the ones for lysozyme in
vacuum are dashed.
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ties that describe the relaxation of velocity fluctuations
due to friction effects. Another quantity of interest is the
MSD W(t), which measures how far (on average) the system moves away from its original configuration in a given
amount of time. In a liquid, the MSD grows linearly with
time (except for very short times), with the slope defining
the diffusion constant. In a system that cannot move arbitrarily far away from its initial configuration, the MSD
approaches an asymptotic value which is equal to twice
the mean-square fluctuations. This is the case for the internal motions of a protein that we are interested in.
The MSD and the velocity autocorrelation function are
related through
Z t
ðs=vÞ
ðs=vÞ
dt 0 ðt  t 0 Þ wk ðt 0 Þ;
ð7Þ
Wk ðtÞ ¼ 2
0

Figure 4
The frequency spectrum of the velocity autocorrelation function of the modeprojected coordinates for four different modes whose vibrational frequencies are,
respectively, 2, 4, 6, and 8 ps21. The curves for solvated lysozyme are drawn out,
the ones for lysozyme in vacuum are dashed. The vertical lines indicate the
vibrational frequencies of the four modes.

cant, considering that neither trajectory is long enough
to ensure sufficient sampling of the protein’s configuration space. At 2 ps21, the solvated lysozyme shows
slightly higher damping, marking the transition to the
low-frequency regime that will be discussed later.
We thus find that the internal dynamics of both solvated
and unsolvated lysozyme in this regime is characterized by
damped vibrations. The strong similarity between solvated
and unsolvated lysozyme indicates that the damping has its
origin inside the protein itself, and not in the solvent as is
frequently assumed. We also note a nonvanishing diffusional contribution to the motions in this regime.

ðs=vÞ

wk

ðt 0 Þ ¼

1 d2 ðs=vÞ
W
ðtÞ:
2 dt 2 k

ð8Þ

The velocity autocorrelation function is thus more sensitive to fast motions, whereas the MSD is more sensitive
to slow motions. This can be seen most easily in frequency space, where a time derivative corresponds to a
multiplication with ix. The importance of slow motions
for the MSD can also be seen from its relation to the frequency spectrum of the velocity autocorrelation function,
which includes a factor 1/x2:
Z
4 1
1  cos xt ðs=vÞ
ðs=vÞ
dx
gk ðxÞ:
ð9Þ
Wk ðtÞ ¼
p 0
x2
The sensitivity to slow motions also means that much
longer simulations are required in order to obtain con-

Low-frequency regime

At the lower end of the frequency spectrum of a protein, we find the modes that describe the large-scale
motions that are specific to each protein, that is motions
that deform the tertiary and quaternary structure. In the
case of lysozyme, the first three modes describe the relative motions of the two dynamic domains.27
The velocity autocorrelation function and its frequency
spectrum for the projections onto the first three modes
are shown in Figure 5. In unsolvated lysozyme, we see
weakly damped oscillations, as in the high-frequency regime. However, these motions become overdamped in
the presence of water. For the slowest modes, the solvent
is thus the most important source of friction.
Mean-square displacements

Until now, we have looked at the velocity autocorrelation functions and their frequency spectra, that is quantiDOI 10.1002/prot

Figure 5
The velocity autocorrelation function (left) and its frequency spectrum (right) of
the mode-projected coordinates for the first three non-zero modes (top to
bottom). The curves for solvated lysozyme are drawn out, the ones for lysozyme
in vacuum are dashed. The vertical lines in the right-hand column indicate the
vibrational frequencies of the three modes.

PROTEINS

1239

K. Hinsen and G.R. Kneller

negligibly small. The plots on the right show a zoom
into the short-time behavior, which mostly confirms the
observations on the velocity autocorrelation functions.
The most striking feature in Figure 6(a) is that the
MSD for lysozyme in vacuum shows a rapid increase to
a plateau value, modulated by initial oscillations. This is
the characteristic shape for a damped oscillator. It indicates that the motion is restricted to the surroundings of
a single stable conformation, that is there are no conformational transitions along the coordinates described by
the first three modes. For solvated lysozyme, the MSD
grows steadily and reaches larger values, indicating conformational transitions due to diffusive motion. However,
on the time scale we are looking at, the difference in the
MSD is not very important, meaning that the number of
conformational substates visited is still quite small. The
short-time zoom shows that the diffusive motion is controlled by the solvent, as has already been observed in
the velocity autocorrelation function.
The projections on the higher-frequency modes shown
in Figure 6(b) show a similar difference between the dynamics of the solvated and the unsolvated protein: in the
presence of solvent, there are more conformational transitions. However, the dynamics of both systems is diffusive, and the similarity in the short-time plots shows that
the friction effects that cause the diffusive motions have
their origin inside the protein, as has already been seen
from the velocity autocorrelation functions.

DISCUSSION
Figure 6
The MSD of the mode-projected trajectories for the first three modes (a) and
for four different modes whose vibrational frequencies are, respectively, 2, 4,
6, and 8 ps21 (b). The curves for solvated lysozyme are drawn out, the ones
for lysozyme in vacuum are dashed. The plots on the right are zoom views
into the plots on the left showing the short-time behavior. As explained in
section ‘‘mean-square displacement’’, the trajectories are too short to obtain
reliable long-time values for the MSD, but the differences are nevertheless of
interest.

vergence for the MSD. Our simulations for solvated lysozyme (as in fact most, if not all, MD simulations of proteins in solution that have been published) are not long
enough to obtain convergence except for very short
times, as can be seen from the fact that the MSD does
not reach a plateau value. Nevertheless, a comparison of
the trajectories of solvated and unsolvated lysozyme is
possible and of interest.
The MSD for solvated and unsolvated lysozyme are
shown in Figure 6(a) (for the first three modes) and Figure 6(b) (modes at 2, 4, 6, and 8 ps21). The plots on the
left show the MSD up to 250 ps, that is for times at
which the velocity autocorrelation function is already
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Summarizing our observations from the previous sections, we note that (1) the major source of friction is the
protein, not the water, (2) the solvent becomes the major
source of friction for a few very slow modes, and (3) the
presence of water facilitates the transitions between conformational substates.
To understand why the dynamic influence of water is
limited to the low-frequency regime, we need to consider
two different aspects: (1) Why is the solvent influence so
small for mode frequencies above 2 ps21? (2) Why is there
such an important influence for the slowest motions?
To answer the first question, we have to look at the origin of friction in molecular systems. At the macroscopic
scale of materials, friction is caused by the roughness of
surfaces sliding against each other. In a molecular system,
it is the roughness of effective potential energy surfaces
that causes friction. We illustrate this in Figure 7. The
ideal harmonic potential energy surface would lead to a
perfect vibrational motion. However, coupling to faster
motions introduce energy barriers that cause friction.
These faster motions include local conformational
changes (e.g. rotations of methyl groups) and collisions
between sidechains. Considering that the mass density in
a protein is about twice the density of water, it should be
DOI 10.1002/prot
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expected that the protein itself is a more important
source of friction than the surrounding water molecules.
Moreover, the effect of the latter is limited to the protein
surface. In fact, we have shown earlier14 in a residue-byresidue analysis of friction in a protein that the singleatom friction coefficient is proportional to the mass density in the immediate environment of the atom, and thus
higher inside the protein than near the surface.
It is only the slowest modes in a protein that involve
little deformation of the interior, and thus little friction
originating in the protein itself. However, these modes
change the shape of the protein and thereby its surface,
making interactions with the surrounding water molecules more important. Moreover, as Figure 8 shows, the
frequency spectrum of the velocity autocorrelation function of water has its maximum at 1.36 ps21, that is in
the low-frequency regime discussed earlier.
Ideally, one would verify this explanation by calculating
the friction constants for the mode-projected trajectories. If
our explanation is right, the friction constants for solvated
and unsolvated lysozyme should be very similar for most
of the modes, with only the lowest modes showing a
marked increase of friction due to the solvent. Unfortunately, the long-time memory effects in protein dynamics
(see e.g.22,28) make it practically impossible to calculate
meaningful friction constants from MD trajectories. We
will discuss this problem in a separate publication.
CONCLUSION
Our comparison of the internal dynamics of solvated
and unsolvated lysozyme has shown that the dynamical

Figure 7
An ideal harmonic potential energy surface and a more realistic surface with
many small barriers. The barriers are caused by couplings to faster motions such
as collisions between sidechains.
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Figure 8
The frequency spectrum of the velocity autocorrelation function of water.

influence of solvent is significant only for the slowest
motions of the protein. These motions being the functionally relevant ones, the impact of solvation is of
course far from negligible. However, the widespread
notion that friction and damping are caused by the solvent (see e.g.10,12,13) is wrong. The dynamics of lysozyme in vacuum are already strongly damped, the principal source of friction is thus clearly the protein itself.
Much earlier studies (e.g.29,30) on single-atom dynamics in proteins have already noted that solvent effects on
friction in proteins are small except at the surface. However, the relaxation times of single-atom dynamics are
much shorter than those of any of the motions we consider here. A study on melittin published in 1991 by Kitao
et al.31 and a subsequent similar study on BPTI by Hayward et al.32 are more similar to our work in looking at
the projections of MD trajectories on collective coordinates.
However, due to the computational limitations of the time,
neither of these studies permits a conclusion that could be
generalized to compactly folded proteins: melittin is too
small to have a tertiary structure, and the BPTI trajectories
were too short to sample the relaxation processes of the
collective motions.
Our findings also have important practical consequences for the application of stochastic methods to the simulation of protein dynamics. In stochastic models, the friction constants must be chosen to represent mainly the
friction because of the protein (see e.g.14). This is the
opposite of what is habitually done in Langevin and
Brownian Dynamics simulations, where friction coefficients are chosen to be proportional to a particle’s solvent-exposed surface (e.g.10,33) or all particles are considered fully immersed into solvent (e.g.11,34,35), the
idea always being that friction is a solvent effect. HowPROTEINS
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ever, the long-time memory effects in protein dynamics22,28 pose the even more fundamental question if
simulation techniques based on Markov processes are
adequate at all. It may be necessary to develop nonMarkovian techniques that use a memory function
instead of a friction constant to describe the friction
effects in a protein correctly. It may also be necessary to
take the correlations between the atoms into account by
using a nondiagonal memory matrix.
The time scale that we have considered in this work is
the lower end of the range that describes motions around
a stable conformation. These are in general not the slowest motions in a protein. Transitions between significantly different conformations as well as unfolding and
refolding happen on much longer time scales. It is to be
expected that the dynamics of these motions are dominated by the solvent dynamics7,8; in fact, many of them
do not occcur at all in vacuum. The interplay of the
intrinsic protein dynamics that we have looked at in this
study and the solvent-mediated dynamics of much slower
processes remains to be studied in the future.
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