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On the Mechanism of a-Chymotrypsin Dimerization
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The dimerization of a-chymotrypsin between pH 2.5 and 8 has been examined in
terms of electrostatic interactions. In appears that the association involves the at-
traction between a pair of groups with pK values of 3.3 and 8.5 and the repulsion be-

tween a pair of carboxyls with pK 5.0.

The ability of a-chymotrypsin to undergo
self-association reactions has been known for
a long time (1-13). At acid pH values and an
jonic strength of 0.1, a dimer seems to be the
prevalent aggregated species (3, 8). In an
ultracentrifugal study, Egan et al. (8) have
shown that the pH dependence of this asso-
ciation is of a bell-shaped type; above pH
2.3, the sedimentation coefficient rises
sharply, passes through a maximum at pH
3.5-4.5, and then decreases slowly until pH
8.6. Such a pH dependence suggests the par-
ticipation of ionizable groups in this reag-
tion (3, 8, 13). The results of recent crys-
tallographic studies (14-18) have made it
possible to test this hypothesis. Blow et al.
(14) have suggested that the presence of
dyad axis of symmetry A between -
chymotrypsin molecules in crystals is related
to the ability of these molecules to dimerize
in solution. Furthermore, knowledge of inter-
actions about the dyad axis between specific
groups on the two proteins (16) renders pos-
sible calculations of the electrostatic free
energies of the dimerization as a function of
pH.

The experimental free energies of a-
chymotrypsin dimerization were calculated
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from the sedimentation velocity data of
Egan et al. (8), using the Gilbert theory of
sedimentation velocity of aggregating sys-
tems in rapidly reversed equilibrium (19, 20).
Gilbert has shown that, for a system in rapid
equilibrium, the equilibrium dissociation
constant, K¢ (in grams/liter), is related to
the protein concentration, C (in grams/
liter), the degree of polymerization, =, and
the sedimentation velocity parameter, 8, by
the equation:?

_n(1—29) ot
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The parameter 8 is the sedimentation rate of
matter at any given position in the bound-
ary, relative to a stationary monomer. Thus,
if for the reaction nM = A, sm, Sa , and s;
are the sedimentation coefficients of mono-
mer, aggregate and material at position iin
the boundary, then

Si — SMm

o= %
SA — SM (2)
Furthermore, since in such associating sys-
tems the addition of macromolecular mate-
rial (increase in concentration) develops the

2 This neglects diffusion and the hydrodynamic
concentration-dependent retardation; these can
be accounted for in semi-empirical manner (21-
23).



boundary on the rapid side only, the slow
side remaining unchanged, a single construc-
tion gives the entire concentration depend-
ence of the system.

Using Egs. (1) and (2), and taking the
sedimentation coefficients of monomer and
dimer as 2.6S and 4.08, respectively, values
of K¢ for the dimerization of a-chymotryp-
sin ‘were calculated as a function of pH from
the concentration dependence of sy reported
by Egan et al. (8). From these, the standard
free energy of association, AF°, in Keal/mole,
was calculated from the relation

o __ Mw

AF° = — 2303 RT log oK

where R is the gas constant, T is the thermo-

dynamie temperature and My, is the mono-

mer molecular weight, taken as 22,500. The

free energies of dimerization calculated in

this manner are listed in Table I as a func-

tion of pH; they are found to be in reason-

able agreement with values determined by
Steiner (3) in light scattering studies.

The pattern of interaction used in the
present calculations is represented sche-
matically in Fig. 1. Each monomer is
assumed to be a sphere of radius b with a
specific site of dimerization. Each site con-
tains an anionic group A and a cationic
group B which interact in pairs A;-B,; and

TABLE I

CALCULATED PARAMETERS OF o-CHYMOTRYPSIN
DIMERIZATION

AF° (Kcal/mole)

pH K @ (grams/liter) Calculated from:

Egan et al. (8) Steiner (3)
2.7 37.6 —3.4
3.0 14.3 —3.9
3.6 4.1 —4.7
3.7 —-5.0
4.1 2.8 —4.9
4.4 —4.6
4.6 4.1 —4.7
5.2 —4.3
5.6 14.3 —-3.9
6.2 —4.2
7.2 37.6 —3.4

(3)
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Fig. 1. Schematic model of «-chymotrypsin
dimerization. The dyad axis of symmetry A is
perpendicular to the plane of the paper.

Bi-A; about dyad axis A, as well as an
anionic group C. The groups C are brought
into mutual proximity by the interaction
and repel each other. Furthermore, each
spherical monomer carries a net average
charge Z evenly distributed over the surface,
in accordance with the Linderstrgm-Lang
model of charge distribution on protein
molecules (24). The centc: to-center dis-
tance between the two spheres is R, , while
the distance between the two sites is R;.
Using screened Coulombic potentials for
interactions between specific groups and the
Verwey-Overbeek potential for the general
electrostatic repulsion between the two
charged spheres (25), the potential of inter-
action between the two spheres, W(R), is
given by (26)

_2Z0Zn € —am | L€ o,
W(R) = DR, e + DR, e
Dv’ @
2 Y0 —x(Ry—2b)
+ Yo R, € Y,

where Z, is the time average valence of
group A at the given pH, Zy that of group
B, Z that of C, ¢ is the electronic charge, D
is the dielectric constant, x is the Debye-

- Hiickel screening parameter, v is a compli-

cated function of ionic strength and particle
separation (25), and ¢ is the surface poten-



tial on the molecule:

Ze K :
%_D( +1+Ka>

where a is the distance of closest approach
between the protein ion and screening small
ions in the medium. Since in the pH range of
interest, the specific groups involved are
undergoing ionization, a more convenient
form of Eq. (4) is:

2 KC264wZ
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(5)

W(R) =

where [H*] is the hydrogen ion concentra-
tion, K, , Ks, and K¢ are the ionization
constants of groups A, B, and C and w is the
work function of charging a group in the
presence of other charges on the molecule:

é 1 K
Y = SDkT (E iy Ka) @)

where % is the Boltzmann constant.-

Calculations were carried out using Eq.
(6), the titration curve of a-chymotrypsin
(27) and various values of K, , Ky and Ko,
as well as of the distance R;; R, was set
equal to 2b, i.e., to twice the radius of the
sphere, taken as 20 4& » was taken as 1.04 X
10" em™, i.e., for an ionic strength of 0.1.
It was found that the best fit of the experi-
mental results was given with K, = 5 X
1074 K = 3 X 107° and Kc = 1 X 107°
and B, = 2 A. The results, presented as
AF°/AF ;.. , are compared with the experi-
mental values in Fig. 2, and reasonable
agreement is obtained for the pH depend-
ence. The free energies are expressed as a
ratio to the maximal value, since the abso-
lute values may be changed by varying the
values of the dielectric constant or the dis-
tance R; in Eq. (6).

The ionization constants of the groups in-
volved in the interaction correspond to
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Fia. 2. Comparison of the free energies of a-
chymotrypsin dimerization, calculated from the
data of Egan et al. (8), with those calculated with
Eq. (6) according to the model of Fig. 1.

pK values of 3.3, 8.53, and 5.0 for groups A,
B, and C, respectively. Examining the re-
sults of X-ray diffraction studies, the
attractive pairs A-B should correspond most
probably to the interaction between the
B-COO— of aspartate 64 and the o-NH;z* of
alanine 149 (16). A pK of 3.3 is within
limits for an aspartic acid residue (28) in-
cluded in the complex charge environment
of the protein molecule, possibly in the
vicinity of positively charged groups, such
as histidine 57 and the a-amino of alanine
149. Alternately, the anionic group could be
the a-COO~ of tyrosine 146; this, however,
would require a small conformational
change, which is not excluded (18). That
tyrosine 146 may be involved in the dimeri-
zation reaction is suggested by the fact that
its removal with carboxypeptidase yields a
product incapable of forming dimers (7).
A pK of 85 is reasonable for a terminal
amino group (29). The third, C-C, pair
could correspond to side chain carboxyls
located in the immediate vicinity of the
interacting site; there is, however, no in-
formation in the literature bearing on this
point. The distance Ry of 2 A is reasonable
for closest approach between a pair of inter-
acting charges (30). Variation of this param-
eter, however, would affect only the abso-



lute values of AF°® without affecting the
ratio, AF°/AF gy .

The present calculations indicate that the
pH dependence of a-chymotrypsin dimeri-
zation can be accounted for in terms of
electrostatic interactions, -specific attraction
and repulsion between the three groups, A,
B, and C and general nonspecific repulsion.
That other forces are involved in the binding
energy is quite certain (31). Thus, contacts
between hydrophobic residues, such as be-
tween the pair of methionines 192 (16), must
make a contribution. Similarly, hydrogen
bonding may be involved, possibly between
the phenolic group of tyrosine 146 and
histidine 57 (16). These interactions, how-
ever, may be expected to have little effect on
the pH dependence of the association. Since
constant contributions over the pH range to
the free energy of dimerization can be ex-
pected from these types of interactions, the
electrostatic contribution to the free energy
of association, AF¢, at any pH is:

AF* = AF° — AF™, ®)

where AF° is the experimentally observed
free energy and AF»* is the contribution
from nonelectrostatic effects. The ratio
AF°/AF 5.y , calculated as a function of pH,
gives then, maximal possible values for
AF¢/AF .y , with AFre = 0. In actuality the
calculated ratios should be compared with
experimental quantities smaller than those
given in Fig. 2, ie., with (AF° — AF®e)/
(AF pax — AF7¢), Such a correction would
raise the value of pK, and lower that of
pKs, ie., it would bring these values in
closer agreement with the dissociation con-

stants normally assigned to aspartate

B-carboxyl and a-amino groups.
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