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Allowance for effects of electrostatic repulsion on protein dimerization
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A simple procedure for assessing the extent of electrostatic effects on protein dimerization is described and
ilustrated by application to published results on the jonic strength dependence of the dimerization constant
for a-<chymotrypsin at pH 4 {Aune, K.C, Goldsmith, L.C. and Timasheff, S.N. (1971} Biochemistry 10,
1617-1612). From the analysis it is concluded that the inverse dependence of a-chymaotry psin dimerization
upan ionic sirength is predominantly a general electrostatic effect, rather than a consequence of repulsion
between two specific charged residues on the adjacent monomers comprising dimer,

The formanon of dimer from two charged
MOonemer: requirgs wo such monomers o be
placed in direct contact, a situation that s clearly
opposed by an electrostatic force. Despite the
existence of deficiencies in regard to its inherent
presumption that the charge is unifermly distrib-
uted over a spherical monomer, and also to ils
neglect of factors such as possible solvent-ordering
on monomer surfaces and dielecine saturation of
the solvent 1], the Verweyv-Owverbeek theory [2]
still provides the best quantitative description, al-
beat approximate, of the electrostatic contribution
o the free energy of protein dimenzaton [3]. This
theory has, however, been Little used for evaluat-
ing the extent df electrostatic effects in the en-
ergetics of protein dimenzation. In that regard, a
contributing factor to the apparent reluciance of
hiochemists to take advantage of the quantitative
information gvailable from the Verwev-Overbeek
theory has undoubtedly been the complicated na-
ture of the expressions describing the electrostatic
effect. The purpose of this communication is to
present a rearranged form of the Verwey-Over-
heck expression that greatly facilitates the quant-
tative assessment of experimental results. Pub-

lished data on the effect of ionic strength on the
dimenzation of a-chymotrypsin [4] are then used
to illustrate its application, and to comment on
the likely value of the Verwev-Overbeek theory for
the quantification of electrostatic effects in pro-
tein dimerization,

Provided that dimer formalion is presumed o
entail the placement of two spherical monomers
such that the distance between their centres s
twice the monomenc radius (3 =2 in Verwey-
Overbeek terminology). the electrostatic contribu-
tiosn o the molar free-energy change for dimeriea-
ton follows from Eqno 82 of Ref. [2] by noting
that:

AG, = N Day 2 {1y

where N 15 Avogadro’s number, and 0 the dielec-
tric constant, ¢, the surface potential on mono-
mer melecule with radies g, and ¥ are both func-
nons of ionic strength by virtue of their depen-
dence on k., the Debye-Huckel inverse screening
length. The mberent requirement [or ka W be
small is unhkely to impose any great restniction on
application of Egn. 1 to the dimenzation of globu-
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lar proteins in buffers of low to moderate wonic
strength. The guantitative expressions for , and
v are Egns. 7% and 83 of Verwey and Overheck
[2]. which on substitution of a valee 2 for = and
reinstatement of the product ka for 1. become in
present terminology:

Ze[14 141 = eapd - Tearpl e il +ad]
o= alil=xap(1 =81+ a}}

(2a)

o 1= ap =80+ a)} ( Ih)

where Z is the net charge (valence) of monomer,
and £ is the electronic charge in esu; § and o are
subsidiary parameters defined (Verwey-Overbeek
Eqn. 78} by the relationships:

&=l duad[ e =13 ma + 1)} +expd — Zeah] {3a)
amhy (141 2ka)] = A {14 (3 2ea )+ [3/020a)"] ) (30)

Evaluation of o reguires magnitudes of A, and
A, which must first be oblained by solving the
following two simultancous equations (Verwey-
Owerbeek Eqns. 71 and 72):
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For routine application of Egn. 1, it is clearly
more convenient o reformulate Eqns, 1-4 0 terms
of monomer radivs, &, its valence, 2, and a single
parameter, £(xa), solely dependent on the prod-
wel wa.

Solution of Egns. 4a and 4b for a specified
value of ko wvields values of A, and A, which in
turn allow caleulation of the corresponding mag-
nitudes of v and (oD, Ze). Egn. 1 thus be-
COMmiEs:

AG, = Ne' 2 (gD Zay v 2ald {5

Further simplification  follows on noting  that
Ned /r = (7154 - 107 ")RT, a substitution ob-
tained by combing the expression for the Debye-
Huckel screening parameter, & = (8sN 7%/
1000 DRT 24T, with its value for aqueous solu-
tions of univalent electrolytes at 25°C, x = (3.29 -
107 W1 . The electrostatic component of the molar
free energy change for dimenzation may therefore
be wrillen as:

AG, = [357T-10" My RTE k) T (6}

where Lika)= H-,:,,ED_..-"EE}J'? 15 a quantity which
may be evaluated for any given xa. Results of
such calculations, performed at intervals of 0.1 in
ka, are summarized graphicallyv in Fig. 1. Em-
pirtcally, 1t has been found that the relationship
Eiwa)= {0,709 + 1.267ca) " is an essentially
linear transform of this dependence, the maximum

{{uaﬁ
1/ [q-[uaﬁ]LM

L2 ]

Frg. 1. Graphical representation of the depeadence wpon wa of

the function £{sa), a quantiiy required for sssessment of

electrostatic effecss i protein dimerization (Egn &), The hroken

line. relernng to the rght-hand ordinate, is an empirscal lnear
transform of the dependence.



difference between actual and predicted values
being 1% in the range 1 £ ka = 6: for lower but
less relevant values of xa, the discrepancy s still
less than 2%.

From an experimental viewpoint, the measuered

standard free energy change for dimerization, AG",

is given by
A" = AG0 4 AG, 1 7a)

where AG) | is the intrinsic standard free energy
change in the absence of an electrostatic effect. In
terms of association equilibrium constants, the
corresponding relationship may therefore be ex-
pressed as:

In B s lm K, —(3ATT-I0 "3 228 (e s [ Th

A plot of In K ws (357710 %1 wa ) o should
thus be linear, with a slope of — 27, if the domi-
nant effect of onic strength s the change in
general electrostatic repulsion.

That prediction has been tested by employing
Egn, Th to assess the apparent valence of o
chymotrypsin at pH 4.1 from published resulis on
the wonic strength dependence of the dimenzatnon
constant (Figs. 1 and 2 of Ref. 41 From the
molecular weight of 25000 and sedimentation
coefficient (53,1 of 2.5 5 for monomer under
these conditions [4), 1ts Stokes radius, @, 15 caleu-
lated to he 2.3 nm, This radius of hyvdrated mono-
mer {in cm} is then combined with values of x
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Fig. 2 Allowance for effects of eletirostate repubsion on the
dimerzation of e-chymotrypsin in 000 M acevate bulfer (pH
4.1 of which the ionic strength was varied by inclsding MaCl,
The resalis, tzken from Fig. 1 of Ref, 4, are plonsd in
secordance with Egn, Th: and the line corresponds o the
relationship oblained by least-sguares calculations,
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derived from the ionic strengths 1o give the ap-
propriate values of xa for estimating £{xa) from
Fig. 1 {or from the above empirical refationship).
Consideration of the resulting plot of In & vs.
(3.577- 10" )&(war)/a (Fig 2) to be linear leads
o values (+£2 S5E) of 122 (£10) and —201
{ £38) for the ordinate mtercept (In &) and
slope { —Z°), respectively. On this basis the ap-
parent valence of a-chymotrvpsin gt pH 4.1 is
142 i +1.4). an estimate 1o be compared with
values of + 10 to +11 derived from pH-titration
data [5] and direct measurements of # [6] under
similar conditions.

Although the present analysis has given rise o
a shght overestumate of w-chymolrvpsin valence,
the discrepancy must be viewed in the light that
the evaluation of Z [rom Egn. Th s based on the
premize [2] that the charge 15 uniformly distrib-
uied over spherical monomer — a condition that
can only be fulfilled imperfectly, Moreover, it has
heen assumed that solvation effects [1] are taken
inte account adequately by the use of a hydrated
radius for monomer. In view of these Taclors, the
extent of agreement between present and previous
estmates of £ 15 considered sufficient o jusuly
consideration of the wonic strength dependence of
the dimerization of a-chvmotrypsin at pH 4.1 1o
be largely a general electrostatic effect, rather than
o consequence of direct interaction hetween a
spectlic pair of similarly charged groups on the
lwio monomers comprising dimer.

In summary, a simple procedure based on
Verwey-Overbeek theory [2] has been devised for
assessing the extent of general electrostatic effects
on proden dimenzation, As is evident from the
analysis of a-chymotrypsin data wsed 10 illustrate
its application, there is likely 1o be sufficient devi-
ation from the assumed uniformuty of charge dis-
tribution o preclude vse of the method for accu-
rate evaluation of monomer valence, Mevertheless,
by wielding an approximate estimate of the ap-
parent valence, the procedure has potential to
provide a means for distinction between general
electrostatic effects and changes in intrinsic as-
sociation constant as the dominant source of 1onmic
strength dependence of protein dimerization.
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