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BINDING OF INSULIN DIMERS TO RECEPTORS
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A synthesis of current views of the nature of the self-association of insulin in solution, of the identity of the amino acid
residues in the insulin molecule constituting the receptor binding site, and of characteristics of the apparent ‘negative
cooperativity’ of the binding leads to the seemingly contradictory conclusions that only the monomeric form of the protein is
available and capable of binding, yet that other species must bind as well. A solution that has been proposed is that an
alternative binding site exists, one which is not involved in insulin dimerization. Here, these conclusions are re-examined in the
light of the characteristics of a new model for the polymerization of insulin. Firstly, it is found that the idea that dimers and
higher polymers of insulin can bind to receptors is plausible, even necessary, secondly, that the postulate of an alternative
binding site on insulin molecules is not required, and finally, that the characteristics of the insulin-receptor interaction warrant
further investigation specifically in terms of the ability of some insulins 10 polymerize in solution and their potential to

cross-link receptors.

1. Introduction

The association of insulin molecules in solution
has been described by several different models, all
of which involve the formation first of dimers and
then of higher polymers [1-3]. Recently [4], a
polymerization scheme was presented which dif-
fers from previous ones in allowing for the forma-
tion of two different kinds of dimer, a possibility
that may be inferred from the two different sets of
inter-monomer contacts seen in hexameric zinc
insulin [5}. One of these sets, which we may call
a-a, usually identified as ‘the monomer contact
region’, contains most of the residues thought to
comprise the receptor binding site [6]. The new
model has been shown to fit all of the experimen-
tally observed association behaviour of insulin
from pH 2-7 to pH 10 and at different ionic
strengths and temperatures [7]. One of its features
is that an insulin solution is now visualized as
containing some molecules of every type of poly-
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mer, odd-numbered as well as even (fig. 1). More
importantly for the present discussion, representa-
tives of every type of insulin polymer have ex-
posed receptor binding sites: the odd-numbered
polymers (and monomer) have one site, the even-
numbered polymers have two. Since all previous
descriptions of the association of insulin molecules
in solution have implied a mechanism of dimeriza-
tion which buries the receptor site, the scheme
outlined above raises some new possibilities in
relation to the interaction of insulin with its recep-
tor. The discussion here will be in terms of the
potential receptor binding competence of an in-
sulin dimer, since it can serve as a representative
of all species larger than monomer and, in any
event, is likely to be the only significant insulin
species other than monomer that needs to be con-
sidered because of the magnitudes of the associa-
tion constants and the concentration range in-
volved.
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Fig. 1. Diagrammatic representation of the new model [4,7], for
the indefinite self-association of insulin in solution discussed in
the text. The wedge-shaped monomer has two faces, labelled a
and B, available for like-like interaction to form two types of
dimer with association constant K, and K, respectively. The
face labelled « is that involved in ‘monomer-monomer’ interac-
tions in the hexamer (about the 2-fold axis OP [5]) and contains
the receptor binding site, here marked by a star. Polymeric
forms of insulin are assembled by the addition of monomers
either through a-a or -8 interactions, resulting in a solution
containing all types of polymer in equilibrium with monomer.
It can be seen that representatives of each polymeric form have
either one or two free receptor binding sites.

2. Results and discussion
2.1, Binding of non-monomeric insulin species

In considering the phenomenon of ‘negative
cooperativity’ in insulin receptor binding, De
Meyts [8] presented results (fig. 2) which show the
effect reaching a maximum at an insulin con-
centration near 10~ M and then falling away to
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zero as the insulin concentration is increased fur-
ther, up to about 10~% M. On the same curve, the
author plotted what he called “the theoretical % of
dimers’ and observed that this increased in exact
correspondence with the decrease in negative co-
operativity. Two points may now be made with
respect to the curve obtained by De Meyts [8] and
redrawn in fig. 2. Firstly, the curve is calculated on
the basis of a dimerization constant of 2 X 10°
M™! and the assumption that dimerization only is
occurring over the concentration range in ques-
tion. In fig. 2 I have plotted the actual percentage
of all types of dimer and of dimers containing two
exposed receptor binding sites for the presently
favoured model of insulin association at pH 7 [4].
It can be seen that the fraction of these dimers,
while low, is significant over the concentration
range of interest but does not follow the decreas-
ing curve of negative cooperativity. In fact, the
plot presented by De Meyts [8] represents not
dimer but all species other than monomer. Sec-
ondly, the very fact of the decrease in the binding
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Fig. 2. Change in negative cooperativity with total insulin
concentration ( ) redrawn from ref. 8. The fraction of
insulin existing as dimer when the dimerization constant is
2x10% M~! and it is assumed that only dimerization is occur-
ring [8] is also shown (¢). The dashed lines show the fraction
of dimeric forms of insulin that can be calculated for the model
represented in fig. 1 with K, =58x10* M~!, K, = 0.85x10*
M~!atpH 7.0, I = 0.2, T=25°C {7] and for an earlier model
for the association of insulin under the same conditions [3]. In
the former, ‘active dimers’ means those with two free receptor
binding sites (see fig. 1); in the latter, no dimers have such free
sites. The filled circles are calculated on the basis of the model
represented in fig. 1 as the fraction of all forms of insulin
except monomer as a function of total insulin concentration.
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effect referred to as negative cooperativity with the
increasing fraction of insulin species other than
monomers implies that species other than mono-
mer must also be binding to receptor — total
monomer is increasing with insulin concentration
so, for the effect to appear, other molecules must
be competing with monomer for the receptor sites.
Saunders [9] recognized this and because current
models for the insulin association allowed only for
the existence of dimer and higher polymers with
the accepted receptor binding site being inaccessi-
ble, he argued for the existence of a different site
and suggested a region on the insulin A chain. It is
now clear that this is not necessary, since both the
proposed model for the association [4] and the
result in fig. 2 allow insulin dimers (and higher
polymers) to bind to receptors. It might also be
noted that the effect identified in fig. 2 is evidence
in favour of the proposed new model for the
association of insulin in solution, since only this
model generates binding species other than mono-
mer.

Fig. 2 also implicates species other than dimer
in reducing the apparent negative cooperativity
because dimer alone is not present in a large
enough fraction to reduce the effect to the re-
quired extent. Cuatrecasas and Hollenberg [10]
suggested that the dimerization itself might be
responsible for generating the binding effect de-
noted negative cooperativity and under certain
conditions binding theory predicts that this is
feasible [11]. It seems unlikely that such an effect
can be the only one operating since some insulins
that apparently do not dimerize in solution do
show negative cooperativity. Also, they do not
show the effect of reduction in the negative co-
operativity at higher concentrations [8]. This is
quite logical in terms of their known structures
and biological activities. On the one hand, enough
of the amino acid residues incorporating the recep-
tor binding region are conserved to allow binding
and (demonstrably) negative cooperativity. On the
other, enough are altered to lower the ability to
associate to undetectably low levels in solution
and to confer a concomitant low potency, possibly
via reduced flexibility to conformational change
and/or lowered ability to cross-link receptors on
the membrane.

2.2. Cross-linking of receptors

In the latter connection it may be added that
the ability of insulin monomers to associate
through two different sets of interactions was in-
voked in a previous paper [12] as a possible mech-
anism for cross-linking insulin receptors and pro-
moting the clustering phenomenon which may be
a factor in biological activity. The current associa-
tion model (fig. 1) allows for the possibility of
pre-existing insulin dimers and higher polymers
binding to receptors, thus providing the additional
potential for insulin bridges of various lengths
between receptors. Why then does the apparent
negative cooperativity fall off with increasing in-
sulin concentration? On the evidence of fig. 2 the
explanation does seem to be connected with the
formation of insulin polymers. It has been pointed
out before [12] that systems like this in which
cross-linking can occur have the potential to gen-
erate binding responses resembling negative co-
operativity and it may be that the observed reduc-
tion in the effect at high concentration is related to
an inability of some (perhaps all but one) of the
binding species of the present self-association
model to cross-link receptors. Conformational
changes may be involved. The possible require-
ment for a conformational change in insulin, either
before or after its interaction with receptor, has
been commented upon [13]. It is clear that the
interconnections between the biological potency of
insulins and their potential to self-associate, to
change conformation, and to induce negative co-
operativity and receptor clustering are complex.
The development of binding theory specifically
related to our present picture of the association
pattern of insulin in solution and of the properties
of receptors should provide a powerful method for
elucidating which of these factors is significant in
producing insulin’s observed effects.
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