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The majority of biochemical processes are associ-
ated with the functioning of protein molecules and their
complexes in the reactions of enzymatic catalysis and
cell signaling. Predicting the structure of protein com-
plexes by their simulation is a complex problem that
remains largely unsolved.

The factors that play the key role in complex forma-
tion are as follows: the rate of protein diffusion to the
docking site; long-range electrostatic interactions
between protein surfaces, geometric and chemical
complementarity of binding areas; molecular mobility
at the protein—protein interphase, hydrogen bonds, Van
der Waals interactions, hydrophobic interactions, and
salt bridges. It is known that different factors play dif-
ferent roles at different stages of complex formation
[1]. Currently, there is no universal method for simulat-
ing protein complex formation that would make it pos-
sible to take into account all these factors and accu-
rately predict the structure of protein complex [1, 2].

Molecular diffusion and long-range electrostatic
interactions as well as molecule geometry play the
decisive role in precomplex formation. The electro-
static interactions significantly accelerate the process of
precomplex formation and thereby make it much more
effective. If the geometrical correspondence of binding
areas is established at the precomplex stage, this
ensures the optimal relative position of two molecules
prior to subsequent final complex formation. The
hydrophobic interaction, hydrogen bonds, and molecu-
lar mobility, in turn, play the key role in the conversion
of the precompex into the final complex [1].

In this work, we developed a new method for deter-
mination of binding areas in proteins and precomplex
structure with allowance for the Brownian diffusion
and electrostatic interactions of proteins that occur
when proteins approach one another. This method sig-
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nificantly simplifies subsequent precise simulation and
prediction of the final complex structure. The Brownian
dynamics method, which can be used for predicting the
structure of protein complexes, considers the interac-
tion of only two molecules in solution [3-5]. A charac-
teristic feature and novelty of our method, as is shown
below, is the possibility to use it for studying interaction
of several protein molecules simultaneously. This
makes it possible to simulate the formation of a large
number of complexes, which takes place in solution or
cell compartments and to monitor the real-time kinetics
of this process.

In our method, the process of protein complex for-
mation is conditionally divided into several stages: (1)
Brownian diffusion of proteins to the docking site, (2)
their approach due to electrostatic attraction forces
between molecules, relative spatial position of mole-
cules, and precomplex formation; and (3) final complex
formation. As is shown below, relative position of pro-
teins in precomplexes, predicted on the basis of the
computer model suggested, in most cases corresponds
to their real orientation in final complexes.

Method description. The proposed approach is
based on direct computer simulation of diffusion and
complex formation between mobile electron-transport
proteins [6—8]. Simulation is performed in a virtual 3D
cubical reaction volume containing randomly distrib-
uted protein molecules. Movement is described by the
Langevin equation, which describes changes of each
coordinate in time caused by random and outer forces:

dx _
éxE = fx(t)+Fx’

where x is the coordinate along which movement is
considered; &, is the factor of viscous friction along this
coordinate; and f,(r) and F, are the projections of a ran-
dom and electrostatic forces, respectively, on the
abscissa axis. The random force f,(¢) is distributed nor-
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The probability of barstar (on the left) and barnase (on the right) binding calculated on the basis of the binding probability model
and represented as a probability distribution sphere. Dark circles correspond to the atoms belonging to the contacting amino acid
residues revealed on the basis of X-ray data for the barnase—barstar complex. The sectors of the sphere surrounded by dark lines
correspond to protein regions with a high binding probability (according to calculations for the model).

the Boltzmann constant, 7 is temperature, and At is the
time increment (constant in our method). To calculate
the viscous friction factors in the model, the protein
molecule shape is approximated by an ellipsoid of rev-
olution rather than by a sphere, which is commonly
accepted in Brownian dynamics models [3-5].

Three-dimensional protein molecules are con-
structed on the basis of data extracted from the Protein
Data Bank. To calculate protein collisions, the shape of
proteins is described using a small number (10-100) of
spheres, which sufficiently adequately reflects the mol-
ecule surface for calculating collisions with other mol-
ecules and simultaneously reduces the calculation time
compared to Brownian dynamics methods, in which the
atomic resolution of the protein surface is used. The
electrostatic interactions between proteins are taken
into account when proteins approach one another to
distances smaller than 35 A. The protein is represented
as an area with the dielectric constant € = 2 and spatially
distributed partial charges; for the surrounding solu-
tion, € = 80. The electrostatic field created by the
charges on the protein surface was calculated using the
Poisson-Boltzmann equation, which made it possible
to take into account different values of dielectric per-
mittivity of proteins and solution.

In this model, the movement and interaction of sev-
eral hundreds of protein molecules is simulated, which
provides an opportunity to directly monitor the protein
interaction kinetics taking into account simultaneous
interaction of several molecules and to study precom-
plex formation depending on the geometrical size and
shape of the reaction volume. We divided the set of rel-
ative positions of two proteins into paired disjoint sub-

sets corresponding to a 12° step in the angle of rotation
of one molecule relative to the other one in a spherical
coordinate system (figure). These sectors, obtained as a
result of small-step division, contain only one or two
amino acid residues located on the molecule surface.
The objective of simulation is to find those sectors and
corresponding amino acids that approach one another
most closely as a result of diffusion and electrostatic
interaction of proteins (i.e., to calculate the probability
of approach of various amino acids and select those of
them for which this probability is the highest). The
movement and interaction of 100 pairs of protein mol-
ecules in 1-ms time interval at a constant step of 100 ps
was simulated in all numerical experiments with the
use of the computer model in a cubical reaction volume
of 70 X 70 x 70 nm.

To test the proposed method, we used pairs of pro-
teins for which the structures of complexes are known
from experiments. If a precomplex is not electrostati-
cally optimal, the final complex determined in the
model will significantly differ from the final complex of
the test proteins in solution. In total, we studied eight
pairs of proteins. For seven of these pairs (barnase—
barstar, colicin E9DNase—-immune protein 9, acetyl-
cholinesterase—fasciculin 2, thrombin—-thrombomodu-
lin, erythropoietin—erythropoietin-binding protein,
interleukin 4—interleukin 4 receptor, and plastocyanin—
cytochrome f), the binding areas predicted by simula-
tion corresponded to the experimentally determine
areas. Only for one pair (colicin E3 RNase-immune
protein 3), these areas did not coincide. The results of
simulation for barnase and barstar molecules are shown
in the figure, in which the frequently and rarely
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approaching areas of the proteins are shown in dark and
light gray, respectively. As seen in the figure, the areas
with a high binding probability, calculated on the basis
of the model (the sectors contoured with dark lines) are
located opposite to the experimentally determined
binding areas (dark circles designating atoms), i.e., cor-
respond to the experimental data. In the model, the pre-
dicted precomplex structures form as a result of electro-
static interactions and geometrical complementarity of
binding areas. Apparently, in the vast majority of cases,
the electrostatic interactions between approaching pro-
teins with the highest probability ensure the relative
position of molecules that is most advantageous for
their subsequent binding and formation of a procom-
plex that is then converted into the final complex.

Thus, we have developed a procedure for computer
simulation of protein—protein complex formation,
which takes into account simultaneous diffusion and
interaction of several hundreds of protein molecules.
The surface of the protein molecule is approximated by
a set of spheres; the shape, by the ellipsoid of revolu-
tion. The electric field of surface charges is calculated
with allowance for different values of the dielectric
constant for proteins and water. Using eight pairs of
proteins as an example, we showed that this method
makes it possible to predict with a sufficient accuracy
the binding areas and structure of the precomplex of
protein molecules and is sufficiently precise to simulate
the process of complex formation. The constructed
model makes it possible to simulate protein interaction
at different distribution of charges on proteins and dif-
ferent ionic strength and pH of medium and, therefore,
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to predict the binding areas for various proteins at vari-
ous conditions.
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