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We find that the coupled interactions between protein and water polarization fluctuations play a

dominant role in driving the configuration space random walk of solvated proteins. We perform atomistic

molecular dynamics simulations on five proteins. Owing to a very low dielectric constant of protein, its

dipolar groups experience forces from water along with local forces due to protein atoms. Energy

fluctuations reveal a pronounced anticorrelation between protein and water contributions. The protein

energy spectrum shows bimodal 1/f noise, which can be attributed to the influence of water on the

dynamics of protein.
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In their seminal work on the nature of protein secondary
structures, Pauling and Corey mentioned that / sheets are
long-lived structures that display the characteristics of a
crystal, whereas a helices are mobile and exhibit liquidlike
properties [1,2]. This suggests that internal protein motions
are partly determined by its architecture. Conformational
fluctuations of proteins are manifested in their biological
functions [3]. Hence, the following question arises: What
forces are responsible for these ceaseless motions? Along
with the structural fluctuations, surrounding water mole-
cules play a pivotal role. Protein-water interactions and
diffusion of water on a protein surface are known to control
the conformational fluctuations in protein [4,5]. But, how
far is the reach of water? Earlier computational (molecular
dynamics simulation) and experimental (terahertz spectros-
copy) studies showed that the static properties of the
hydration layer are perturbed by protein only up to a
distance of 3 A. But, its influence in the dynamics is long
ranged and can be observed up to 10 A or more [6-8].

Frauenfelder and coworkers proposed that conforma-
tional fluctuations in proteins are slaved to the dynamics of
solvent (primarily water) molecules [9-12]. According to
their proposition, large-scale protein motions are slaved to
fluctuations of bulk water, whereas small-scale motions are
controlled by fluctuations of the hydration layer. These
resemble the a and f fluctuations observed in glassy
dynamics [13,14]. The similarities between the energy
landscapes of proteins and glasses have stimulated several
theoretical studies [15-18]. Water itself is a liquid with a
rich energy landscape. It exhibits correlated large-scale
fluctuations [19-22]. Thus, the interactions between water
and protein allow enormous kinetic and thermodynamic
possibilities that become useful in the protein’s functions
[8,23-27].

The protein backbone and side-chain atoms contain
partial charges [28]. However, the static dielectric constant
of the protein core is small [29], due partly to the lack of
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orientational degrees of freedom of the peptide bonds that
are held relatively fixed in their native positions, albeit with
small conformational motions. These dipole moments and
partial charges of the protein interact with the surrounding
water molecules. Because of the long-range nature of polar
interactions, even relatively distant molecules interact with
the protein core, aided by its low static dielectric constant.
The strong interaction of charged groups with surrounding
water molecules is also manifested in the Stokes shift
studies of natural probes like tryptophan [30,31]. This is
interesting because water may exert local forces inside the
protein core that might lead to conformational transitions.
However, the total force, because of cancellations, might
still be small.

The dynamics of this coupled complex system can be
understood by using a generalized Langevin approach
[Eq. (1)] for order parameter vector A:

dA (1)
dt

— QA - AtdrK(r) A(t—17) +6F(@). (1)

Here, Q is the frequency matrix, K(¢) is the memory
kernel, and 5F(7) is random force. K(7) is related to the
stochastic force 8F(7) by the fluctuation-dissipation theo-
rem [32]. K(7) is a tensor because 6F(¢) comprises two
distinct components: one from self-energy of the protein,
and another from interactions with water molecules. These
give rise to what are often referred to as internal and
external frictions, respectively [33—36]. The cross-correla-
tion between the two different sources is of interest. Forces
exerted by solvent partly guide the configuration space
diffusion of proteins and the flow of energy between the
two [15,37-40].

A holistic study of this coupled dynamics is difficult to
perform with forces acting on individual particles. Not only
is this approach too detailed, but the inherent stochasticity
also increases the complexity of the problem. Hence, we
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choose energy fluctuations as the convenient order param-
eter. Although several studies have probed the vibrational
energy flow within proteins [41-45], the energy flow
between a protein and its surrounding solvent remains
relatively unexplored. Here, we address this complex
coupling by performing atomistic molecular dynamics
simulations on five protein-water systems, namely, myo-
globin (Mg), lysozyme (Lz), plastocyanin (Pc), insulin
(In), and HP36 (H p). This choice of proteins covers a wide
range of functionalities, sizes, shapes, and internal struc-
tures (Supplemental Material [46]).

We divide the whole system into two subensembles, i.e.,
protein (P) and water (W). Water is farther classified into
two subdomains, viz., the hydration layer (HL) and bulk
water (BW). This classification allows us to decompose the
total energy of the system into separate contributions
[Egs. (2) and (3)].

Er = Ep + Ey. (2)
Ew = En. + Epw. (3)

The total contribution from any of part of the system (a) is
calculated by adding the self-energy of that domain (E,._,)
to half of the cross-interaction energies of that domain with
the rest of the system (E,.5) [Eq. (4)].

1
Ea = E{l—(l + E;E(l-ﬂ' (4)

Here we compute the Coulomb interactions. We find
that, in all five protein-water systems, the energy of water
fluctuates to a greater extent than that of proteins (Fig. 1).
This observation is a manifestation of the huge number of
water molecules in the systems (~25000). The extended
hydrogen-bond network in water results in large-scale
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FIG. 1. Distributions of energy fluctuations in protein (M g) and

water that show the following form: P(SE) = e~ [(6E)/(2ksT*Cv)] /
\/2rkgT>Cy. Corresponding energy fluctuation trajectories
are shown in the inset. Fluctuation is greater in water
(standard deviation = 701.91 kzT) than in protein (standard
deviation = 49.58 kzT). Results for other proteins are provided
in the Supplemental Material [46].

collective oscillations that give rise to large-scale fluctua-
tions [20].

SE denotes the fluctuation in energy. Cy=(SE?)/(kT?)
is the specific heat that is related to the width of the
distribution. Consequently, the specific heat of protein is
substantially lower than that of water [27,56-59]. Hence,
water is less sensitive to sudden temperature fluctuations as
compared to proteins. As a result, the hydration layer acts a
protective shield that maintains the structural integrity and,
consequently, the dynamics of a protein. This leads to the
following question: How are energy contributions from
protein and water correlated?

We quantify the correlation between E, and Ej; by the
Pearson correlation coefficient [Eq. (5)].

oy = (SE,OEp) ' 5)
V{GEL) ((5Ep)?)

A positive p, signifies correlated contributions, whereas
a negative value indicates anticorrelation. The two quan-
tities are uncorrelated if p,z is “zero.” The values of p,4
between protein self-energy (Ep_p) and protein-water inter-
action energy (Ep.yy) for the five protein-water systems are
found to be ~ — 0.9. Hence, the two energy contributions
exhibit strong anticorrelation. The exact values are pro-
vided in the Supplemental Material [46].

In Fig. 2(a), we present the trajectories of 0Ep_p and
OEp.w for aqueous myoglobin. This clearly shows anti-
correlated fluctuations. These energy fluctuation trajecto-
ries resemble spectral diffusion in energy space, as has
been shown by earlier spectroscopic studies [60-62].
Furthermore, the slope of the major axis of the elliptical
contour of the bivariate distribution is negative [Fig. 2(b)]
(other systems are shown in the Supplemental Material
[46]), which indicates anticorrelation.

We rationalize the observed anticorrelations in terms of a
coupled anharmonic oscillator model. Here, protein and
water are connected by springs that allow transfer of energy
between them. As a consequence of the law of energy
conservation, the increase in protein’s energy causes a

800

[
& Z
0 Tz o
PO
a4 B

0 400 800

(b)

L n L K
0 250 500 750 1000

8E,, \, (kT
Time (ps) B
FIG. 2. (a) Protein (Mg) self-energy fluctuations (5Ep_p) and

protein-water interaction energy fluctuations (SEp_y); (b) contour
representation of bivariate distribution of these two energy
contributions. Energy trajectories and contour diagram denote
strong anticorrelation. Similar results are obtained for other
proteins (Supplemental Material [46]).
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decrease in that of water. Because the protein experiences
higher energy barriers in traversing its configuration space,
a single transition in the protein landscape results in
multiple transitions in the water configurational space
(Supplemental Material [46]).

A significant anticorrelation is particularly observed
between the self-energy of protein (Ep_p) and the cross-
interaction energy of protein and a hydration layer (Ep_g.)
in every system studied (pp.ppy. = —041, Mg). On
the other hand, the correlation of the former is weak
with that of the protein-bulk interaction energy (Eppw;
pp-ppaw = —0.41, Mg).

Although significant anticorrelation is observed between
the Ep_p and Ep_y, contributions, Ep_p and Ey,._y, are weakly
correlated. We rationalize this apparently conflicting obser-
vation in terms of the energy autocorrelation function to be
described later. Structural rearrangements in proteins and
water often lead to extensive cancellations of interaction
energies [63]. Besides, with the overall polarization of bulk
water being close to zero, the effects on protein as a whole
are decreased to a great extent. Also, polarization of the
hydration layer water molecules, especially around charged
or polar side chains on the protein surface, screens the
effects of bulk water on protein.

However, if we focus on a local probe for a microscopic
picture, the effect of such cancellations is minimized to
some extent and the scenario becomes clearer. Myoglobin
and plastocyanin possess metal ions (iron at the heme
center in myoglobin and copper in plastocyanin) that can be
used as local probes. Because of the low dielectric constant
of protein, especially the core [29], these charged metal
ions are poorly screened. This allows the ions to interact
with water molecules, both in the hydration layer and bulk.

We calculate the electrostatic interaction energies of
these metal ions (M) with different subsystems and
compute the correlation coefficients between them. This
provides a rational insight into the nature of coupling
between the different contributions. We find that M-P and
M-W interactions are strongly anticorrelated, with p =
—0.71 for iron in Mg and —0.91 for copper in Pc. Protein
atoms reside in closer vicinity to copper in Pc than that of
Fe in Mg, which is caged inside a porphyrin ring. Hence, a
variation in p arises because of the different neighborhoods.
We show the energy fluctuations in Fig. 3, which demon-
strate the observed anticorrelation.

Because we consider a probe inside the protein to study
energy coupling at a microscopic level, we classify the
protein into two further subdomains, namely, side chain
(SC) and backbone (BB). The values of the correlation
coefficients for M-SC vs M-W and M-BB vs M-W
interactions are provided in Table L.

This shows that the principal sources of negative
coupling between protein and water are the amino acid
side chains. Higher anticorrelation for side chains is a
consequence of greater solvent exposure as compared to the
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FIG. 3. Anticorrelated energy fluctuations of (a) Fe-myoglobin
and (b) Cu-plastocyanin interactions along with interactions
with water.

backbone. Water molecules in the immediate vicinity of
side chains are often found to execute coupled motions with
side-chain fluctuations (Supplemental Material [46]).
Therefore, energy flows from protein to water (and vice
versa) aided by the side-chain conformational fluctuations.
We observe similar anticorrelations for several other local
sites as well.

The structural fluctuations of protein in its native state
are consequences of these multiple interactions. The forces
acting on the protein backbone from water impart flexi-
bility to the system. With the average total polarization of
bulk water being small, the total force experienced by the
protein because of interactions with water might be small.
However, we find that forces experienced by individual
dipolar groups in the backbone (such as peptide C = O and
N-H) from interaction with water molecules are compa-
rable in magnitude to that from the other protein atoms. For
instance, although the mean square force experienced by a
peptide C = O group in myoglobin due to interaction with
water is 2.24 x 1072* dyn?, that due to protein atoms is
1.87 x 1072* dyn”. Moreover, the average relaxation time of
the force autocorrelation function (related to time-dependent
friction) from the water contribution (22.7 ps) is also of the
same order as that from protein atoms (60.2 ps).

Several water molecules that reside inside the hydration
layer show correlated displacement (d,,) along with energy
fluctuations in protein. Such a correlation is shown in
Fig. 4. This shows that energy fluctuations in proteins are
coupled to positional fluctuations of hydration layer water
molecules. The vibrational correlation between protein and
water has been reported earlier [6].

Although the correlation coefficient gives the measure of
static correlation, a dynamic correlation is quantified by
time correlation function (TCF) [Eq. (6)].

TABLE 1. Correlation coefficients for interactions between
metal and water with metal-SC and metal-BB contributions
separately.

Interactions p
Fe-SC and Fe-W; Fe-BB and Fe-W (Mg) —0.71; —0.31
Cu-SC and Cu-W; Cu-BB and Cu-W (Pc) —0.91; —0.09
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FIG. 4. Protein self-energy fluctuation of Pc along with
displacement of a selected water molecule in HL. The two
trajectories are strongly correlated (p = 0.75). Several other
water molecules in HL show similar behavior.

C(1) = (OEq(0)6E(1)). (6)

Figure 5(a) shows the cross-TCF of protein self-energies
and protein-water interaction energies for five protein-
water systems. The amplitudes (f+ = 0) of the TCF are
mentioned in the figure. Negative values of these ampli-
tudes in all the systems represent strong anticorrelation.

The scenario is similar for interactions with local probes,
as presented in Figs. 5(b) and 5(c) for Fe in Mg and Cu in
Pc, respectively. We note that the local dynamics is slower
than the global picture.

We quantify the nature of these dynamics by calculating
the relaxation timescales of the energy fluctuations. We
compute the autocorrelation functions defined in Eq. (7):

(OE4(0)0Eq(1))

) = I5E,(0)5E,(0)

(7)

We plot C(¢) for protein (P) and water (W) in the five
protein-water systems in Fig. 6(a). Although relaxations of
proteins differ from system to system, that of water remains
almost unchanged. Hence, we show C(¢) of water for only
the Mg-water system. The inset shows average relaxation
times (7) of the protein autocorrelation function (ACF) as a
function of protein size. The decay of energy autocorre-
lation is slower in larger proteins. The long-time decay of

energy autocorrelation is slower for proteins than for water.
The decay timescales are given in the Supplemental
Material [46].

In Fig. 6(b), we show the ACFs of protein-water cross
(Ep.w), protein-self- (Ep_p), and water-self- (Ey_y) ener-
gies. The average relaxation times of these are 29.53, 22.32,
and 0.43 ps, respectively. We note that the relaxations of
Epp and Epy are comparable. However, Ey. .y relaxes
~50 times faster than Ep p. As a result, the two energy
fluctuations cannot be compared in the same temporal
frame. The transferred energy to the water dissipates
immediately. Hence, we cannot capture the signature of
anticorrelation between these two subensembles.

The power spectra of energy fluctuations provide a
valuable window into the correlations present in the system.
The energy spectral densities of both protein and water are
found to be proportional to 1/f%, where f is the frequency
and a is a constant between 0.5 and 1.5 [19,20,22,64—-66].
Such behavior, known as 1/f noise, signifies multiple
relaxation processes [65]. It also indicates the possible
intermittent transitions among multiple energy states of the
system [20]. Bizzarri and Cannistraro observed 1/f noise
in the energy spectrum of plastocyanin with o = 0.94 [65].
Ohmine et al. reported similar behavior in the energy
spectrum of water with a = 0.75 [20,22]. We plot such
spectrum in Fig. 7 for the total energy of Pc in water. It
shows a bimodal character with two slopes having values
0.97 and 0.68. The former is the inherent property of the
protein [Fig. 7(b)]. However, the latter arises because of the
influence of water [Fig. 7(a)]. Clearly, water wields con-
siderable influence on the energy spectrum, and conse-
quently the dynamics of protein. Although the presence
of 1/f noise has been noted before, the correlation
between protein and water is presented here for the first
time. Such behavior is also observed for the other proteins
(Supplemental Material [46]). We note that the influence of
water is observed at a lower frequency. This accounts for
the collective structural rearrangements in water [67].

It is well known that interaction energetics and dynamics
have a cause-effect relationship [63]. In processes like
electron/proton transfer, solvent reorientation and conse-
quent changes in donor-acceptor interaction energy plays a
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FIG. 5. (a) Cross-TCF of protein self-energy and protein-water interaction energy fluctuations in five protein-water systems. Cross-

TCF of (b) Fe-protein interaction in Mg and (c) Cu-protein interaction in Pc. Figure reveals strong anticorrelation between

corresponding energy terms with high negative amplitudes.
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FIG. 6. (a) Energy ACF of five proteins and water. Inset shows

average relaxation times of protein ACF as a function of protein
size. Relaxation is slower for protein energy and is system
dependent. Water energy relaxation is invariant of the different
systems. Decay timescales are given in the Supplemental Material
[46]. (b) Autocorrelation function of protein-water cross (Ep.y ),
protein self- (Ep_p), and water self- (Ey.y) energies. The
relaxation of Ey._y is faster than those of Ep.y and Ep_p, with
the latter two being comparable. Consequently, 0Ep_p is appa-
rently uncorrelated with §Eyy_y,, whereas a strong anticorrelation
is observed between 6Ep_p and 0Ep_y,. The results in this figure
are shown for the Mg-water system. Other systems also show
similar behaviors.

vital role [68,69]. Hence, the coupled interaction between
protein and water must have significant effects on the
dynamics of these two domains. We find that, instead of a
particle-level microscopic approach, energy as a collective
variable imparts better clarity to the protein-water dynami-
cal coupling. Furthermore, water exerts substantial force on
the local sites of the protein backbone that imparts
flexibility to the biomolecule. We observe that fluctuations
of the energy contribution from water are higher than those
from protein. Moreover, the energy autocorrelation relax-
ation of water is faster than that of protein. Protein’s energy
spectrum reveals bimodal 1/ f noise that displays character-
istics of both protein and water. The coupling between
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FIG. 7. 1/f noise behavior of spectral density of total energy

fluctuations in plastocyanin. In the presence of interaction with
water, the power spectrum shows two slopes: one corresponding
to protein, and the other due to water. Spectra for water [19] and
plastocyanin [64] are shown in insets (a) and (b), respectively.

protein and water has been investigated earlier by terahertz
spectroscopy [7,8]. Our study provides new insights to the
reported coupling and long-range interactions between
protein and water. Here, we show that fluctuations in water
drive the configuration space random walk of proteins.
This naturally gives rise to a friction that is dependent,
partly, on the dynamics of water. This work, to the best
of our knowledge, is the first theoretical investigation that
addresses these issues of protein-water coupling.
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