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1. Introduction

Many protein complexes are formed by the self-
assembly from preformed subunits. This fact is the
basis of our present attempt to calculate protein qua-
ternary structure from the known tertiary structure
of its subunits. It assumes that globular parts of pro-
teins participating in protein—protein interactions do
not change significantly upon the assembly. Such a
belief is justified by the experimental evidence [1—4]
and thus is a reasonable working hypothesis.

We have assumed that protein self-assembly should
include at least two main steps to be effective:

1. Rough recognition at which one or a few possible
interaction sites are outlined by interactions not
demanding any detailed fitting of subunit surfaces;

2. Fitting of these possible sites which leads to the
most stable structure.

The stability of many known protein complexes
may depend upon hydrophobic interactions [5—11].
Thus we have also assumed that the rough recognition
may be provided by the surface distribution of hydro-
phobic groups. Such an assumption may be most
easily tested for isologous interactions of globular
subunits [12], i.e., those in which homologous sub-
units interact through homologous sites. The simula-
tion of the second phase of self-assembly may be per-
formed by minimization of the energy of the interac-
tion between the sites outlined at the first phase.

We have simulated the first phase of self-assembly
for 6 different protein monomers participating in
known quaternary structures [13--18], this has led
to the successful predictions of the most favourable
interaction sites. Simulation of the second phase was
done for dimeric structures of two proteins and has
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led to successful prediction of their quaternary struc-
tures.

2. Methods

A simplified representation of the side-chains by
spheres with their centers in the C8-atoms (C%-atoms
for Gly), corresponding approximately to the averaged
positions of the side chain centers, is used. This makes
the rotations of side-chains and small changes in the
main-chain atom positions unimportant for our com-
putations. The coordinates of the Cf-atoms were taken
from [13-17].

During simulation of the first phase of the self-
assembly the most favourable contact regions impli-
cated are those in which maximum gain of hydro-
phobic energy occurs on intersubunit contact. This
gain is proportional to the area of the dehydrated
surface and to its mean hydrophobicity per A2, the
area being dependent on the curvature of the smoothed
surface. To roughly account for this dependence the
contacting surfaces are approximated by ellipsoids of
revolution with the centers in the centers of gravity
of the monomers (equal weights are assigned to all
simplified side-chains). The isologous interaction of
monomers is described as interaction of equal ellip-
soids by identical sites (fig.1a). For the approxima-
tion the subunit was oriented as in fig.1b, the line
connecting the subunit centers being on the Z-axis,
and the subunit center being in X Y-plane. The half-
length of the ellipsoid axis of symmetry is taken to
be equal to the maximal value of the Z-coordinate of
the groups in a cylinder of radius of 7 A constructed
around the Z-axis. The halfdength of another ellipsoid
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Fig.1. (a) Isologous interaction of two ellipsoids. (1,2) Ellip-
soidal monomers; (3,4) water molecules. The dehydrated
regions are shown by bold lines, (b) Approximation of the
monomer by the ellipsoid of revolution. (0,, 0,) Centers of
subunits 1 and 2; (M) contact center; (a,b) ellipsoid axes.
The subunit is drawn in bold line.

axis is taken equal to the maximum value of

Jx? + y¥for the groups in the layer 14 A high paral-
lel to the XY-plane (fig.1b). The region dehydrated
on contact of the ellipsoids is assumed to be the part
of their surface inaccessible for contact with the
spheres approximating water molecules (fig.1a). All
the hydrophobic groups (Ala, Cys, Met, Val, Pro,
Leu, Ile, Phe, Tyr, Trp) for which the projections of
their centers from the center of the ellipsoid onto its
surface are in the dehydrated regions and are assumed
to be dehydrated on intersubunit contact. Hydro-
phobicity was estimated according to {19]. The
accessibility of side chains to water in monomers was
estimated with the modified algorithm [20]. The
search for the most favourable contact regions was
performed by randomly changing the position of the
contact region center (point M in fig.1), beginning
from the centers of all surface side chains. Each posi-
tion of the M-point determines the ellipsoid axes and
thus the dehydrated region. To describe the predicted
contact regions their hydrophobicities and positions
of their centers are used. The center of experimentally
known contact region is assumed to be at the inter-
section of the ellipsoid surface and the axis of the
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cone of revolution having minimum top angle and
including all the groups of the contact region. The
cone top is in the ellipsoid center.

In the simulation of the second phase of self-
assembly the following interactions are taken into
account: van der Waals, hydrophobic, hydrogen
bonds. The first is taken into account as in [21] with
the interaction constant 0.2 equal for all pairs of
groups and the second-by a method similar to [22].
The energy of dehydration of polar groups (except
Tyr) was taken to be +4 kcal/mol. It was assumed that
the formation of H-bond completely neutralizes unfa-
vourability of a polar group dehydration. The energy
of these bonds was estimated by the expression
Eij = 1J(R* + 1), where R is the distance between
the centers of the groups j and / minus the sum of
their radii. Account was taken that the number of
hydrophobic or H-bonds is limited for any side chain.
Minimization was carried out by the simplex method
[23] from ~50 initial points differing by mutual
displacements of the centers of predicted contact
regions by 4 A along coordinate axes and by rota-
tions around the line connecting the subunit centers.
The energy of electrostatic interactions between
charged groups was calculated for the most favourable
structures found by the minimization. The energy
was taken to be * 3 kcal/mol for charged groups in
contact and decreased as 1/(R + 3).

3. Results and discussion

The results of our search for the most favourable
regions of isologous contact are given in table 1. It
shows that the hydrophobicity of the regions pre-
dicted as the most favourable for the intersubunit
interactions roughly reflects the tendencies of the
subunits to dimerize. The value obtained for the
monomeric protein myoglobin [24] is 2--6 kcal/(mol
X monomer) smaller than for other subunits studied.
To compare the predicted contact regions with those
from the X-ray studies [13—18] the distances between
their centers are used. Table 1 shows that 15 com-
parably favourable regions of isologous contact were
predicted for each subunit. The centers of one or
more predicted regions deviate from the centers of
the experimentally localized regions by 1-6.5 A.
This is within the limits of accuracy of our method



Volume 101, number 1 FEBS LETTERS May 1979

Table 1
The most favourable contact regions

Sub-  No. of the Hydropho- Center of the Distance between  Distance between
unit?  predicted bicity predicted region the centers of the centers of
contact (kcal/mol) (A) the predicted the predicted
region region and region and
X Y zb experimentally experimentally
localized region localized region
IC 20
(4) (A)
HA I 8.5 -5.0 3.3 -11.2 146 13.7
11 8.8 3.7 11.2 =77 47 19.0
I 6.9 11.2 7.8' —11.4 6.3 29.7
HB 1 10.3 -3.6 -11.0 55 6.2 12.3
I 8.6 2.0 -127 6.0 2.8 17.0
I 8.4 -3.0 -17.3 3.6 126 134
TPI I 9.7 2.1 18.7 1.1 45
11 7.8 3.9 219 46 3.1
131 8.6 1.8 19.3 11.2 15.3
CONC 1 9.2 -7.4 5.5 17.2  20.1 35.6
1l 7.8 =2.1 6.9 —13.0 155 4.6
IiI 7.9 —13.1 15.0 35 35 26.4
v 8.3 -1.3 4.2 134 172 3.0
v 7.3 -16.2 7.0 5.7 111 27.3
TAC 1 9.2 1.0 7.6 125 3.0
IN 1 7.6 6.6 43 7.2 177 4.1
I 7.0 -1.0 -97 53 16.7 4.2
111 6.1 9.8 27 -33 1.2 17.5
MB 1 4.6 0.1 -11.6 -6.35
1I 4.2 0.2 -150 148
11 4.0 15.7 -6.4 5.3
v 4.3 66 -12.0 -6.3
Vv 3.7 -113 163 -156

& HA designates the a-chain of horse haemoglobin; HB, haemoglobin g-chain [13]; TPI, triose phos-
phate isomerase [14,18]; CONC, concanavalin [15]; TAC, a-chymotrypsin [16]; IN, insulin [17];
MB, myoglobin [24]

Coordinates are given in coordinate system with the origin in the subunit center and the axes
parallel to those used by the authors of the experimental work

© Experimentally localized region 1: for HA and HB = contact a,8; {13}; for CONC = contact
between subunits 1 and 2 [15]; for TPI and TAC = contact between monomers in dimer; for IN =
contact between monomers [17]. Experimentally localized region 2: for HA and HB = contact
a,B8; [13];for CONC = contact between subunits 1 and 3 [15}; for IN = contact dimer—dimer [ 17]

Foreach of the predicted contact regions the table gives the designation of the subunit, the designa-
tion of the predicted contact region (by roman figure), — the hydrophobicity of this region, — the
coordinates of its center, — the deviations of this center from the centers of each of the experi-
mentally localized regions (these deviations are the measure of the success of the prediction)
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being determined by the point representation of hydro-
phobic groups and by the distance between the centers
of two contacting groups (~7 A). These results show
that the surface distribution of hydrophobic groups
does provide the rough recognition allowing the pre-
diction of experimentally known regions. The

extra regions predicted may be due to deviations of
the subunit shape from the ellipsoidal one. For
haemoglobin subunits only «8; contact is predicted.
This may mean that the a,8, recognition takes place
only after dimerization and that for haemoglobin the
surface distribution of hydrophobic groups determines
the assembly pathway.

We have simulated the second phase of self-assembly
for the off dimer of haemoglobin and for the a-chymo-
trypsin dimer. The results are given in table 2. Three
most favourable structures are predicted for the
haemoglobin dimer and two for the a-chymotrypsin
dimer. For structure 1 predicted for the haemoglobin
of dimer the root mean square deviation [21] of the
side chain center positions from those known from
X-ray analysis is 2 A, the corresponding value for
structure 1 predicted for the a-chymotrypsin dimer
is 3 A. Thus these structures are very similar to the
experimentally known ones [13,16]. The last column
of table 2 shows that for these structures electro-
static interactions between charged groups are more
favourable than for the alternative ones,

Our calculations have shown that the inclusion of
H-bonds and their compensating effect into the cal-
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culation is important as this decreases the number of
favourable structures ~4-fold. But the result was still
not unique and the additional inclusion of charged
group interactions led to the selection of the unique
structure only for a-chymotrypsin. It is probable that
electrostatic interactions may also provide an addi-
tional type of rough recognition operating at longer
distances. The study of this possibility as well as com-
putations for a few other proteins are in progress now.
The results described in this paper are only the first
steps in computation of protein quaternary struc-
tures.
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