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Abstract

Free energy of antigen—antibody binding has been calculated for HyHEL -5, HYHEL-10, and D1.3 complexes. We
also have calculated free energies of binding per residue of L- and H- chains of the antibodies, and those of the
antigen (lysozyme). The results of the calculations provide support for the notion that TYR and TRP residues may
confer on the CDRs of antibodies an enhanced capacity for binding antigens. It was shown also that the composition
of residues that provide major part of the binding free energy differs for antibodies and antigens.
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1. Introduction

The problem of antigen—antibody complex for-
mation interweaves the problem of the influence
of water with the problem of the interaction
specificity. Antigen and antibody molecules form
complexes in a surrounding where water is one of
the essential components. There is a hypothesis
about the possible importance for binding of par-
ticular residues (TYR, TRP) that are found to be
present in greater than expected quantities at
protein surface at the CDR areas of antibodies
[1,2]. Views differ on what the essential interac-
tions are that make the molecules form com-
plexes. There is probably not a great difference
between the nature of forces that make proteins
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fold and ones making proteins adhere to each
other. Chothia and Janin [3] suggest that hy-
drophobicity is the major factor stabilizing pro-
tein—protein association, while complementarity
plays a selective role in deciding which proteins
may associate. These authors stress: “...while
van der Waals and polar interactions contribute
little to the stability of the complex, they decide
which proteins may recognize each other.” We
share and support this view on the role of differ-
ent types of interactions, but we think that the
notion of hydrophobicity and electrostatic inter-
action needs to be related more specifically to
particular residues to provide a better under-
standing of the roles of different residues in
specific interactions of protein molecules. Here
we analyze the interactions between antigens and
antibodies in terms of the Gaussian neighbor-
hood approach introduced in ref. [4] and devel-
oped in ref. [5], in order to provide a possibility of
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assessing free energy changes of amino acid
residues on conformational changes and complex
formation.

We deal with three antigen—antibody com-
plexes: IG-G1 Fab fragment (Hy-HEL-5) and
Lysozyme (E.C.3.2.1.17), 1G-G1 Fab fragment
(Hy-HEL-10) and Lysozyme (E.C.3.2.1.17), and
1G-G1 Fab fragment (D1.3, Kappa) and Lysozyme
(E.C.3.2.1.17). The X-ray structures of the com-
plexes are described in [6-8]. To perform the
calculations, coordinates of atoms were taken
from the files (2hfl, 3hfm, 1fdl) of Protein Data
Bank [9].

2. Probability density functions of twenty stand-
ard residues for occupying different locations in
proteins, and related free energies

To study how different residues participate in
antigen-antibody recognition an approach is
needed that would account for the residues’ sur-
roundings in terms of free energy. Previous work
[5] provides our basis for assessing free energy

differences between different conformations as
well as free energy of complex formation. In that
study histograms that characterize propensity to
occupy different locations (extent of being
buried / exposed) for twenty standard amino acid
residues in 64 water soluble protein molecules
were calculated. Here we use the data to calcu-
late probability density functions that allow an
analytical presentation of the free energy de-
pendence on the extent of being buried for the
residues. We approximate the probability func-
tions for every residue by the sum of two Gauss-
ian functions

p(8) = | ku/(2ma)]
XeXD[ -(&- gli)z/zo'lzi]
+ {(1 - k1i)/(2‘""22i)1/2]

X exp| - (8~ 22:)°/203), (1)

where p(g,) is scaled probability [~ p(g) dg=1
of the Gaussian neighborhood of residue i to
have value g, which characterizes its surrounding

Table 1
Most probable, g, ,, average, {g), and parameters of probability density functions for amino acid residues 2
&mp. (& 4 8ol oy ga2 oy ky
1 PHE (F) 52.75 48.1 6.2 47.73 5.40 53.02 153 0.780
2MET M) 52.63 479 7.2 43.39 721 52.82 2.62 0.493
3HIS H 52.56 44.0 85 40.63 7.83 52.84 242 0.721
4ILE o 52.40 48.5 6.6 4595 6.55 52.70 2.57 0.549
5VAL (\%2) 51.52 477 6.9 4349 7.08 51.89 323 0.473
6 CYS © 5141 492 5.8 4343 6.59 51.70 379 0.284
7ALA (A) 51.23 43.1 9.1 39.25 8.53 5236 394 0.711
S8 LEU (L) 51.21 47.7 6.4 45,10 6.30 51.81 311 0.563
9TRP w) 49.74 48.7 55 37.09 4.11 4975 435 0.086
10 TYR (Y) 49.56 459 6.4 43.06 5.88 50.60 3.36 0.601
11 ARG (K) 39.43 39.2 7.5 39.28 8.08 39.50 272 0.923
12 THR ¢y 38.29 412 84 38.28 6.12 52.60 3.18 0.776
13 ASN (N) 35.94 393 85 3507 6.61 48.23 553 0.673
14 GLN Q 35.83 39.7 8.0 3548 5.88 48.34 4.73 0.674
15 GLU (B) 35.72 383 75 3528 593 47.06 481 0.751
16 PRO (P) 35.50 389 8.1 3507 6.35 4793 491 0.717
17 ASP (D) 35.21 388 8.5 3497 6.07 49.61 5.64 0.736
18 GLY (&)} 34.76 41.0 10.1 34,55 7.56 51.64 539 0.624
19LYS K) 34.04 349 6.2 3385 4.80 37.32 8.92 0.724
20 SER S 33.99 39.2 9.5 3391 6.49 50.22 493 0.681

® ¢ is the dispersion of the whole distribution; gq;, £q, are positions of the two Gaussian functions, oy, o, are their dispersions, k;

is weight of the first Gaussian.
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{or accessibility to water), see ref. [4]. (This
Gaussian neighborhood is not to be confused
with the two Gaussian functions used for approxi-
mation of its probability.), g,;, g,; are average
values (or locations) of the two Gaussian func-
tions we use for the approximation, o;, o,; are
their dispersions, k;; < 1 is the weight of the first
Gaussian function, while (1 — k ;) is the weight of
the second one. We have chosen the two Gauss-
ian presentation for the probability profiles be-
cause the histograms [5] have two very distinctive
points of clustering: residues that avoid contacts
with water are grouped around one of the points
while those that prefer contacts with water are
grouped around the other, and almost all the
profiles are asymmetrical. This asymmetry de-
pends on the contribution of polar and nonpolar
parts of each residue. The five parameters above
(kyis 811> 8215 O1i» 07;) have to be determined for
each of the twenty standard residues. To deter-
mine the parameters we minimized sums of devi-
ations of EN_ (%" +Dgdg—n,)?* over all his-
tograms for each residue; »,,is probability to have
a g value between g(m) and g(m +1). The n,,
were calculated for the twenty residues from a set
of 64 water soluble proteins in ref. [5].

The parameters: average values, {g), most
probable values, g, ,, as well as dispersions, o, of
the distributions for the twenty residues, are pre-
sented in Table 1. The residues in the table are
divided into two groups where they are ordered
according to their g, , values. The composition
of the groups does not depend on which of the
two parameters (g, ,, {(g)) of their distributions
is used. It is interesting to note that the residue
order in the groups depends on the parameter
chosen. One group includes residues that tend to
be exposed to the solvent (smaller g, ,, or {g}),
while the other one includes the residues that
prefer to be buried. It is easy to divide the
residues into two groups because there is a very
broad gap between the groups. The maximum
difference between g,, , values in the first group
does not exceed 3.2, and the maximum for the
second group is less than 5.5, while the gap
between the groups exceeds 10.

TRP and TYR residues occupy the two lowest
positions in the group of hydrophobic residues

when they are ordered according to their g,
values. However, TRP would be in the second
highest position after CYS if the residues were
ordered according to their average values, {g),
and TYR would stay near the bottom above ALA
and HIS. This dependence on the chosen param-
eter reflects the general problem of classification
of amino acid residues. Thus some papers put
TRP as the most hydrophobic residue, whereas
others characterize it as being less so, see for
example [5,10]. The marginal positions of TRP
and TYR (Table 1) may characterize their higher
propensity to occupy surface locations. The fact
that these residues margin the group can be at-
tributed to the polar groups (-OH in TYR and
-NH in TRP) attached to their ‘rings’ which
should allow them to be at least partially exposed
to water and thus increase their propensity to
occupy surface locations. It is not that evident
why ARG occupies the highest position in the
second group. A possibility is that the geometry
of the guanidinum part of ARG’s side chain may
not fit well into aqueous surroundings, perhaps
because of the close distance between the -NH,
groups that does not allow different water
molecules to approach all of them equally well.
(The environment and binding patterns of ioniz-
able groups were analyzed in ref, [11].) The high
position of THR in the hydrophilic group is due
to its —~CH, group, which brings this residue
closer to the hydrophobic residues in comparison
to other polar residues whose side chains termi-
nate in one or two uncompromised polar groups.

Table 1 presents parameters of the function
(1) for the twenty amino acid residues obtained
by fitting as described above. Analysis of the
parameters reveals some interesting features
about the nature of the residues.

Dispersions, oy,, of the first component of the
distributions are wider than those, oy,, of the
second component for all, but TRP, in the first
group. TRP’s g-distribution is more symmetrical
than others in this group (it has the lowest weight
of the first component, k, = 0.086).

The first components of the second group
residues are also broader (they have greater dis-
persions) than their second components for all
residues, but LYS. ARG has the most symmetri-
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cal g-distribution among all the residues. The
distribution for ARG is characterized by almost
equivalent positions of its two components (g, =
39.3, g¢, = 39.5) on one hand, and by the higher
weight of its first component (kg = 0.923). LYS
has a wider second component, but a higher
weight of the first one, k, = 0.724, The positions
of the two components are close enough (o, =
33.8, g, = 37.3) to shape this distribution mainly
around the location of the first component.

The first component of the g-distribution for
an amino acid residue can be interpreted as a
representation of polar or charged part of its
whole distribution, while the second component
can be interpreted as a representation of the
nonpolar part of the residue. Then, the wider
first component for the most of the residues
shows that the polar component does not discrim-
inate between inner core and outer shell as dis-
tinctly as the nonpolar does.

Analytical presentation of the probability dis-
tribution functions allows one to estimate free
energy change for each residue whose exposure
to solvent changes on conformational change or
binding. The relation between the free energy
and the probability distribution is defined by

exp{[ F(8) = F(8my.)] /RT} = p(8m.)/0(8)-
2

Thus the relative free energy of a residue is

[F(8) ~F(&ny.)|/RT =10 p(&mp.)/p(8)]-
(3)

We do not know absolute values of F(g) and
F(g,,) but we can estimate AF=F(g)-
F(gyp) for every residue at different surround-
ings which are characterized by their g values. We
use the letter F here for Gibbs free energy to
avoid confusion with Gaussian neighborhood. Eq.
(1) and the data of Table 1 are used to calculate
the probability density p(g) and p(g,,, ) that are
needed for Eq. (3).

Physico-chemical conditions (temperature,
ionic strength, pH, etc.) can change the energet-
ics of protein molecules in a solvent. Thus it was
shown that the stability of the globular state of a
protein may depend strongly on pH [12]. In our

model the influence of the physico-chemical con-
ditions in a solvent may be interpreted in terms
of residue propensity to be exposed or buried,
which should depend on the conditions. The two
Gaussian distribution (1) allows to vary the ratio
between the hydrophobic and hydrophilic compo-
nents in our model. In order to control the ratio
we introduced one more parameter, N, which
changes k, in Eq. (1) to k} =k,N and &, to
k3=1-ki,0<N<1).

3. Free energy of complex formation

In this paper we assess free energy of binding
as the difference between the sum of free ener-
gies of all the residues for complexed molecules
and the sums for lysozyme and the antibodies
separately. We use the same structures of single
molecules (lysozyme and antibodies) as those in
the appropriate complexes. Formation of the
complexes leads to additional shielding of some
of the residues of the antibodies and antigens.
Relation between the residue exposure and free
energy is expressed by Eqgs. (1), (2) and (3). The
sum over all the residues gives an estimate of that
part of free energy of binding that does not
account for conformational changes of the
molecules at the preliminary stage of the complex
formation, and thus is not exactly the whole bind-
ing energy. The additional screening of residues
reveals itself through their increased g values
that come from the molecules’ complex forma-
tion. Actually, we calculated sums of In[p(g,,)
/p(8)] over all the residues of L- (light) and H-
(heavy) chains of antibody and over residues of
lysozyme molecule for each of the three com-
plexes. Free energy change in our case is an
additive sum over all residues whose g values
(G-neighborhood) change on binding.

The dependence of calculated free energy of
binding on parameter N for the three antigen—
antibody complexes is shown in Figs. 1a-d. The
initial value N = 1 brings low binding energies in
comparison to experimental ones (AF/RT at 300
K ranges for HYHEL-5 from —21.6 to —23.4;
HyHEL-10, —21.1 to —22.1; and D1.3, —17.6 to
—18.7 [7,13]) and places D1.3 and HyHEL-10 in
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0.6, Fig. 1a. We have also calculated the free

energy of binding for L- and H-chains of the

N=

a wrong order, while lower values of N deliver the
correct order for all three complexes and the

antibodies, Figs. 1b and 1c, and the free energy
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for lysozyme, Fig. 1d. The binding free energies
of L- and H-chains do not quite follow these for
the complexes; I-chain of D1.3 interacts stronger
with the antigen than L-chain of HYHEL-10, while
the interaction of H-chain of HyHEL-10 is the
strongest among the three. The binding energies
of the antigen mainly follow the order of the
experimental results for the complexes.

The change of accessibility per residue as well
as the free energy of binding per residue for the
three complexes are presented in Figs. 2, 3 and 4.
Figs. 2a-2¢, 3a-3c and 4a-4c show how the g
values change on the antigen-antibody binding
for L-chain, H-chain and lysozyme residues, thus
revealing which residues participate in the inter-
molecular contacts and how big their involvement
is. Figs. 2d-2f, 3d-f and 4d—4f show free energy
change for each residue participating in binding
at N=1, and Figs. 2g-2i, 3g-3i and 4g-4i show
the energies at N = 0.6. The free energy of anti-
gen-antibody binding is sum of these residues’
free energy changes.

There are TYR and TRP residues on the
contacting surfaces of all three antibodies. These
residues provide the main part of the free energy
that stabilizes the complexes, see Figs. 2,3 and 4
(d through i). The pattern of the antigen’s residues
participating in contact with antibodies and stabi-
lizing the complexes differs from that one of
antibodies. Thus GLN(41), ARG(45), THR(47),
GLY(67), ARG(68), THR(69), PRO(70), LEU(84)
residues of lysozyme stabilize HYHEL-5 complex,
TYR(23), GLY(117), THR(118), VAL(120),
ILE(124), ARG(125) and GLY(126) of lysozyme
provide stabilizing effect in D1.3 complex, and
ARG(14), TYR(20), ARG(21), TRP(62),
ARG(73), LEU(75), ILE(98), GLY(102) and

- ASN(103) of lysozyme stabilize HYHEL-10 com-
plex. First of all, the antibodies and antigens
differ in the composition of residues that partici-
pate in stabilizing the complexes. There is only
one residue with nonpolar aliphatic side chain
(LEU(52H), of HyHEL-5 complex; 52H stands
for residue 52 of H-chain) among all the contact-
ing residues of the three antibodies, whereas the
antigen epitopes of all three complexes have such
contacting residues (LEU(84) of HyHEL-5;
VAL(120) and ILE(124) of D1.3; LEU(75) and

ILE(98) of HyHEL-10). Another common stabi-
lizing residue of the antigens is ARG (ARG(45),
ARG(68) of HyHEL-5; ARG(125) of D1.3;
ARG(21), ARG(73) of HyHEL-10). The plots
(d,e,f) and (gh,i) of Figs. 2-4 show that the
contribution of participating in binding residues
depends on N while the pattern of their main
stabilizing and destabilizing residues remains
practically unchanged for the two N values.

As we pointed out before, TRP and TYR
margin the group of hydrophobic residues,
whereas as THR and ARG margin the group of
hydrophilic residues. These pairs of residues be-
long to the two different groups, but have g,
values that are the closest among all the residucs
of the two groups, see Table 1. Their marginal
positions in their groups characterize their higher
probability to occupy locations in proteins that
are more appropriate for the residues of the
opposite group. And this means, if they really
occupy such locations, they are more inclined to
give them up if a suitable situation occurs, as in
case of when an antibody meets its antigen. We
think that these four residues are crucial for
specific recognition by antibodies. Other polar
and charged residues also help to form specific
complexes through preventing nonspecific com-
plex formation where lost electrostatic interaction
with water cannot be compensated through ‘lock-
key’ (optimal) interaction between positive and
negative charges.

4. Conclusion

It is interesting to compare our results with
those obtained with a more explicit approach to
dealing with different types of interactions. There
are two common complexes (D1.3 and HyHEL-5)
in this work and in the work [14] where a more
explicit approach is used. The authors assume
that no conformational changes occur upon com-
plex formation, so they deal with ‘rigid body’
model, the simplest possible concept of noncova-
lent complex formation. The free energies of
binding (A F /RT) from their work are —15.0 1+ 5
for D1.3 complex and —53.3 £ 8.3 for HyHEL-5
(we converted their values into dimensionless free
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energies for 7=300 K). The value for D1.3 is
close to the experimental one (—17.6 through
—18.7), whereas the value for HyHEL-S is too
big to be good (experiments give values —21.6
through —23.6 [7,13]). The authors discuss possi-
ble sources of this disagreement. The simplifica-
tion of the ‘rigid body’ approach is common for
the cited paper and ours. Our results on the
binding energies of different antibody residues
for D1.3 and HyHEL-5 antigen—antibody com-
plexes differ from those in ref. [14]. In case of
D1.3, L-~chain, our approach shows the largest
binding energy for TRP 92, next follows TYR 32
and TYR 50 and almost nothing for HIS 30, Fig.
4, whereas, in [14] the order is as follows TYR 50,
HIS 30, TRP 92 and no data on TYR 32. For
H-chain of D1.3 we have the following order of
residues TRP 52, TYR 101, ASP 54, TYR 32 (the
first residue having the largest binding energy
and the last one the smallest energy), while the
order in above paper is ASP 100, GLY 31, TYR
101, ARG 99, TRP 52. Our data for L-chain of
antibody in HyHEL-5 complex put the binding
residues in order TRP 90, ARG 92, TYR 31,
GLY 91, ASN 30, which is close to that of ref]
[14], with the order ARG 92, TRP 90, GLY 91,
TYR 31, but our data for H-chain of the complex
(TYR 101, TRP 33, LEU 52, SER 57, Fig. 2)
differ strongly from their results (GLU 50, GLU
35, TRP 33, ASN 59, TYR 101). Our approach
gives positive values for binding free energies of
GLU 50 and GLU 35, which means that they
destabilize the complex, whereas their having H-
bonds or forming salt bridges with residues of the
antigen stabilize the complex’s structure. It is
possible that H-bonding and salt bridging will
destabilize the complexes energetically while sta-
bilizing them structurally. There are other inter-
actions than H-bonds and salt bridges that stabi-
lize the complexes, whereas the transfer of these
charged residues from water surrounding, where
they strongly interact with water molecules, into
the antigen—antibody interface where they form
new salt bridges and/or H-bonds influences the
mutual orientation of the complex molecules, but
may not provide for the complete compensation
of the free energy. It may look as if the approach
[14], that deals with some of the interactions

explicitly, is advantageous to ours, but its main
problem of how to treat electrostatic interactions
of charged and polar groups correctly to account
for the transfer between water and the complex
interface is a weak point of similar approaches, as
noted by the authors. On the other hand, strong
stabilizing involvement of TYR and TRP residues
in binding (large negative free energies) delivered
by our approach correlates well with the fact that
both chains (L- and H-) of all the CDRs have
these residues. These residues are present and
stand out among the CDR residues of all three
antibodies, but not among the residues of the
antigenic determinants.

An unusual residue composition for the sur-
face of proteins (the presence of TYR and TRP
residues) was stressed for the CDR parts of anti-
bodies in ref. [1]. The author thinks that these
unusual structural features may confer on these
sites an enhanced capacity for binding ligands
and thus make them especially suited for interact-
ing with ligands. Our results provide support for
this view. Our approach identifies TYR and TRP
residues as providing energetically largest por-
tions of the antibodies’ binding free .energies,
although there is one exception, ARG9Y2 in L-
chain of complex HyHEL-5. Even though our
approach uses the free energies that are average
values over different surroundings (free energy
profiles) and, therefore cannot provide an abso-
lute assessment for particular local situations, the
result of picking up these two residues which are
present in all the three antibodies suggests its
ability to discriminate residues that are responsi-
ble for the specificity of different antibodies.
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