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Abstract

Theoretical estimation of contribution of the electrostatic interactions to pre-orientation
of ribonuclease subunits in process of complex formation was carried out.  The subunit
was considered as a multipole consisting of partial charges of all atoms of the molecule.
The object of investigation was a system of two subunits with their centers of gravity
fixed at some distance in vacuum.  It was proposed that each subunit independently could
rotate freely around its fixed center of gravity.  The relative orientation states of the sub-
units in such system were searched at which the system has electrostatic energy minima
(equilibrium states).  In first approximation the equilibrium states were found using espe-
cially designed approximate method for electrostatic interaction energy calculation,
which permitted to calculate and compare the energies of the system in 245 (~ 8 106)
states with different mutual orientation of subunits.  The angular coordinates of the found
equilibrium states were further specified by calculation with gradient sliding method.
Angular coordinates of the equilibrium states and the shapes of energy surface cuts along
each coordinate angle were calculated also for the intersubunits distances diminished
down to 50 Å.  The dispersions of the angular coordinates of equilibrium states caused
by heat movement (at T=300º) and their changes with shortening the distance between
centers of gravity of subunits were estimated. 

Mutual orientation of subunits in the equilibrium states of the system under consideration
was found to be similar to their mutual orientations in complex.  Also it was found that relax-
ation time of the system, caused by electrostatic interaction of subunits, after removing the
system from an equilibrium state, is much less in vacuum than the mean time between their
Brownian collisions at room temperature.

It follows from these results that in the case of ribonuclease in vacuum the electrostatic
interactions of its subunits must be strong enough to realize the effictive pre-orientation
of subunits during their Brownian approach from distances of the order 100 Å.

Preliminary consideration taking into account the effect of surrounding water molecules
on the electrostatic interactions of ribonuclease subunits showed that weakening of the
interaction must be much less than in the case when one uses in its calculation the macro-
scopic dielectric permeability value equal to 80.  So the results obtained for vacuum seem
to be true for water solution also.

More strikt theoretical analysis of this problem will be carried out in the following pub-
lication.
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Introduction

The question on how a highly specific protein-protein recognition occurs at the
molecular level is one of the most interesting problems of structural biology.  Two
main aspects can be mentioned in this problem, the static and dynamic ones.

All the questions related to a possibility of strong noncovalent links formation
between two given protein molecules represent static aspect.  It was shown in many
studies that the stable protein-protein complex can be formed due to geometrical
complementation of definite surface zones of subunits (sites of linking), which
secure simultaneous approach of some atoms at the surface of one subunit with
those at surface of the other one till small enough distances.  This provides hydro-
gen bonds formation, salt bridges, strong Van-der-Vaals and hydrophobic or elec-
trostatic interactions, which adds their energies to the binding energy of a complex
(1).  A number of recent papers concern the structure of the contact zones of dif-
ferent protein-protein complexes that exist (1-4) One can conclude from the results
that the static aspect of the problem has been clarified now, i.e., the nature of forces
keeping subunits together in a complex are well established.

The dynamic aspect relates to how possibility of formation of a strong complex
from separated molecules is realized, i.e., which forces and how in time these
processes proceed.  The hypothesis that complexes can be formed by Brownian
collisions of randomly oriented molecules is not confirmed by experiment.  The
rates of complex formation measured in experiment are by many orders faster than
they should have been if at the moment of Brownian collision the mutual orienta-
tion of components was random (5-7).

At present the dynamic aspect of the protein-protein recognition is less studied
than the static one.  Concerning the main question about the nature of forces, pro-
viding the high rate of complex formation the majority of investigators prefer one
of two points of view.

According to the first one, most popular, the high rate of protein-protein recogni-
tion is caused by long-distance electrostatic interactions.

From this point of view one can easily explain some cases, where at the surfaces of
complementary subunits there are oppositely charged amino acides.  Examples of
such cases are a complex barnasa-barstar (5, 6), a complex with charge transfer
cytchrom C peroxidase-cytochrom C (8, 9), a complex glutamilendopeptidase with
the protein substrate (10) etc. (11, 12).

At the same time there is a significant number of strong protein-protein complexes
which have no oppositely charged amino acids on surfaces in the region of binding
sites (10, 13).

The mechanism of recognition for the cases, when there are no oppositely charged
amino acids on the contacting sites of complex subunits, is offered by the second
point of view, presented in literature.  According to authors supporting this point of
view, the hydrophobic interactions, arising at hydration of pre-complex surface are
able to keep subunits together in the state of pre-complex for a long time after col-
lision.  Stochastic rotating of subunits during this time can lead to increased effec-
tive frequency of collisions of two molecules and consequently to increasing of rate
of complex formation (14, 15).  But for efficiency of such mechanism the assump-
tion that the hydrophobic sites on surfaces of subunits occupy significant part of its
total area need to be made, that is not the case in reality.

We accept as more natural the hypothesis that the essential role in the high enlarge-
ment of rate of protein-protein recognition must play mutual pre-orientation of
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subunits in course of their Brownian approach, caused by electrostatic interactions.
An electrical system, formed by partial charges of all atoms of protein molecule,
can be regarded as a multipole.  Then electrostatic interaction of two molecules can
be considered as interaction of such multipoles.

Attempts to develop theoretical estimations of the distant orienting effect on protein
molecules by their electrostatic interactions were done by James Mathew et al. (16)
and by Hans Freeman et al. (17).  But these works do not give direct answer to the
question whether the electrostatic interactions are strong and specific enough to force
the initially random oriented subunits rotate in such a way that at the moment of col-
lision they will appear in the right mutual orientation.  In both works it was shown
that if the molecules, forming complex, have been moved apart to some distance (in
both cases of the order of 6 _) and their centers of gravity have been fixed, then such
system would have minimum of potential energy at the same mutual orientation of
molecules exactly as they had in the complex.  From these studies it follows only that
such system of “moved apart” molecules have the same equilibrium state, as the com-
plex.  However in reality the formation of complexes is not a stationary process and
intermediate states considered as pre-complexes do not exist in equilibrium.  Thus the
knowledge that the right oriented pre-complexes state have minimal energy is not
enough yet to answer the question whether it is stable, and whether the electrostatic
interactions can provide right orientation of protein subunits during their dynamic
motion before collision.  It would be useful to estimate the situation.

The goal of is work was to check whether the electrostatic interactions of protein
subunits are strong enough (even though in vacuum), to cause right mutual pre-ori-
entation of two protein subunits in course of Brownian motion before collisions.
As an example of interacting protein molecules a dimer of ribonuclease was cho-
sen, as there are no charged amino acides on surfaces of its subunits in contact sites.

Methods and Materials

The atomic coordinate model of homodimer of ribonuclease from Streptomyces
aureofaciens was obtained from Brookhaven Protein Database PDB (index – 1rge).
Calculation of partial charges of atoms were fulfilled with the use of program pack-
age SYBYL.  Five versions of partial charges distribution were obtained, using cor-
respondingly five calculation methods included in the package (Gasteiger,
Gasteiger-Huckel, Huckel, Pullman, MMFF94).

Subunits of homodimer were used to build the model system under consideration.
Centers of gravity of subunits in the system was fixed at different distances (100, 75
and 50 Å) and each subunit could freely rotate around its center of gravity.
Calculation of electrostatic energy of the systems was done with help of approximate
method (decomposition of Culomb interaction energy into Teilor series) to diminish
the amount of calculations.  The method can be applied to the cases when the linear
size of interacting subunits is substantially less than the distance between them.

The system states having minimal energy were determined by calculation of the
system energies at all possible subunits mutual orientations, which may be
achieved by independent variation of 5 coordinate angles around axes fixed at sub-
unit centers of gravity - (ϕ(X1), ϕ(Y1), ϕ(Z1) ; ϕ(Y2), ϕ(Z2)),- with 15º step along
each of them (245 ~ 8 million points).  Variations of coordinate angle ϕ(X2) don’t
add new states to the multitude of the system states obtained in above mentioned
way and would give only repetition the states that have been already considered.

In order to find the states with minimal energy the energy at each point was com-
pared with that in all neighboring points situated at the tips of 5-dimensional cube
(the side of 30º) in the center of which the given point was situated.  The state was
considered as equilibrium if its energy was less than that in all neighboring points.
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The states found in this procedure were then processed with the method of gradi-
ent sliding.  Eletrostatic energy calculations at this stage were done using the pre-
cise expression for Coulomb energy.

Results

15 equilibrium states of the system were found using the approximate method cal-
culation at the first stage of investigation.  All found states had nearly the same
values of energy.

The values of energy and angular coordinates of the equilibrium states, calculated
from the atom partial charges data, which were obtained with different methods,
occurred to be close enough (deviations ∼ ±10%).

The equilibrium states, which were found on the first stage, were used as starting
points in correction procedure by method of gradient sliding at the second stage of
investigation.  In this way the number, energy and angular coordinates of local
potential minima of the investigated system were specified.  The correction showed
that 15 initial states reduced to only two equilibrium states, which have slightly
lower energy than the states found earlier.  The angular coordinates and the ener-
gies of two determined equilibrium states as well as its changes under decreasing
of intersubunits distance are presented in Table I.

The energy surface cuts along each of 5 angular coordinates were found for both equi-
librium states. Obtained results are presented in Figure 1a, 1b, Figure 2a, 2b. The found
energy surface cuts enable one to define the values of termal angular dispersion of sub-
units orientations in the equilibrium states [∆AFϕ(X1), ∆AFϕ(Y1), ∆AFϕ(Z1); ∆AFfϕ(X2),
∆AFϕ(Y2)]. The termal angular dispersion is the deviation of given coordinate angle
from its value at equilibrium state corresponding to increase of system energy by 1/2 kT.

The values of termal angular dispersions for each of 5 angular coordinates of sys-
tem equilibrium states were found at the different intersubunits distances and pre-
sented in Table II.

Discussion

Our calculations showed, that the system of two ribonuclease subunits with their
centers of gravity moved apart and fixed at a relatively long distance in vacuum and
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Table I
Corrected coordinates and the values of interaction energies for equilibrium states of the system
of “moved apart” ribonuclease subunits.

Distance
between
subunits

(Å)

Equilibrium
state (Nº)

ϕ(X1) ° ϕ(Y1) ° ϕ(Z1) ° ϕ(X2) ° ϕ(Y2) ° E ( kT)

100 1 41.8 -6.5 68.4 17.9 -68.1 -6.75
100 2 33.6 47.7 -91.3 33.4 124.2 -7.14
70 1 46.3 5.9 62.9 7.6 -67.0 -20.04
70 2 20.0 35.3 -87.1 34.4 129.5 -22.12

Table II
The termal angular dispersions of the equilibrium states angular coordinates of pre-complex.

The angular dispersion of subunits angular coordinates in equilibrium states,
∆AF (at T=360ºK)

Distance between subunits centers of
gravity 100 Å

Distance between subunits centers of
gravity 50 Å

Equilibrium
state

ϕ(X1) ϕ(Y1) ϕ(Z1) ϕ(Y2) ϕ(X1) ϕ(Y1) ϕ(Z1) ϕ(Y2)

1 360º 19º 18º 25º 24º 1º 1º 3º
2 360º 23º 21º 18º 21º 1.5º 1.5º 0.7º



having each the ability to rotate freely around its fixed centers, have two preferable
mutual orientations of subunits due to electrostatic interactions, forming its two
equilibrium states.  At the distance of 100 Å between centers the depth of the poten-
tial minima is 14-15 kT (T=300º K) (Fig 1a, 2a).  So, we can say that the equilib-
rium states of the system are stable enough at room temperature.

The mean values of the termal angular dispersions ∆AF of the angular coordinates
of the system equilibrium states (at T=300 ºK) are about ~ 25º around all axes
beside the axis connecting subunits centers of gravity.  When the intersubunits
distance diminished (down to 50 Å) the angular dispersion got still smaller and
occurred to be in limits 1º- 3º for axis Y1, Z1,Y2, Z2 and ~ 20º for the axis con-
necting subunits centers of gravity.

It means that electrostatic interactions can fix subunits rigid enough to pre-orien-
tate them already at big distances between them.

However to be sure that in real processes the electrostatic interactions may provide
the pre-orientation, one need to compare the relaxation time of the regarded system
with the mean time between collisions of two subunits when they move toward each
other due to heat movement.  At the temperature 300 ºK the time interval before col-
lision of two subunits, when they move toward each other from distance 100 Å is
about 2·10-10 sec.  Supposing that the initial mutual orientation of subunits is random,
it can be accepted that the deviation of initial orientation from that in equilibrium
state may be in limits from -90º to + 90º).  Knowing the inertia moment of subunit
(I= ~ 1.7·10-41 Kg/m2) it is possible to estimate the time of rotational relaxation of
molecules under the action of electrostatic forces.  It is about 2.5·10-11 sec.

The comparison of the time interval (2·10-10) with the maximum time needed for
proper orientation (2.5·10-11) leads to the conclusion that in vacuum electrostat-
ic forces could force needed pre-orientation of subunits before their collision.
Such a conclusion is even more correct, as at shorter distances the relaxation time
needed for proper orientation (corresponding to state with minimal energy)
becomes still shorter.

This argumentation is correct in the case of subunits interaction in vacuum.
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Figure 1a: The variations of energy (kT units at 20 ºC)
at rotations around axes X1, Y1, Z1, Y2 from the initial
position, corresponding to the first equilibrium state for
the system with 100 Å distance between subunits.

Figure 1b: The variations of energy (kT units at 20 ºC)
at rotations around axes X1, Y1, Z1, Y2 from the initial
position, corresponding to the first equlibrium state for
the system with 50 Å distance between subunits.



How the electrostatic interaction of subunits will change in the real environment of
biological molecules, in the water solution containing ions in some concentration?
To answer this question one needs to determind an electrical field acting on sub-
unit, which arises in this case as superposition of the opposite subunit field and
fields created by surrounding field oriented water molecules and ions.

The electric field between subunits is not homogeneous and surrounding media is
not continuous, but discrete.  Thus, it is not the case when one can use traditional
approach to describe the resulting field weakening with the help of the macroscop-
ic constant known as the dielectric permeability of media.

This case demands detailed consideration that we’ve begun.

According to our preliminary estimations the changes in electrostatic interaction of
subunits in water media taking into account all molecular influencing factors
should be much less than in the case when reference value of dielectric permeabil-
ity of water (~ 80 ) is used for calculations.  So, these results obtained for the case
of vacuum seem to be also true for the case of water solution.

At present time a detailed investigation of the question is carried out and it is
planned to summarize our results in the following publication.

The work is fulfilled with the support of Ministry of Science and Technology of
Russian Federation # 43.106.11.0005.
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Figure 2a: The variations of energy (kT units at 20 ºC)
at rotations around axes X1, Y1, Z1, Y2 from the initial
position, corresponding to the second equlibrium state
for the system with 100 Å distance between subunits.

Figure 2b: The variations of energy (kT units at 20 ºC)
at rotations around axes X1, Y1, Z1, Y2 from the initial
position, corresponding to the second equilibrium state
for the system with 50 Å distance between subunits.
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