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Summary. The extensive association of mammalian insulins in
solution and the aggregation of insulin receptors in cell mem-
branes are well documented. The hypothesis advanced here is
that a direct connection exists between these observations. It
is postulated that, after binding to its receptor, an insulin
monomer can interact with another similarly bonded hor-
mone-receptor complex through those groups on the insulin
monomer faces utilized for dimer-dimer contacts in the crystal
and in solution. Regarded thus, the insulin molecules are ef-
fectively bivalent as required for the formation of cross-links

between receptors, with the accompanying enhancement of
biological activity. A number of properties of native insulins
from different animals, and of modified insulins, are consid-
ered in the light of this suggestion. It is shown to have consid-
erable power in reconciling a diversity of such observations
and to provide a plausible model for the experimentally ob-
served receptor clustering phenomenon.
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The primary event in the biological activity of insulin is
the binding of an insulin monomer to a specific cell
membrane receptor site [1]. There is convincing evi-
dence, both from experiments involving visualization of
fluorescently-labelled insulin derivatives [2], and from
those utilizing other multivalent molecules giving rise to
insulin-like effects [3], that the initial binding is followed
by the formation of clusters of insulin-receptor com-
plexes. Next, the hormone is apparently internalized by
endocytosis [1, 4] and, eventually, it is degraded [5]. It
seems likely that the clustering accompanying the for-
mation of the insulin-receptor complexes leads to local
disruption of the membrane structure [1, 2] and hence is
an important factor in the biological activity of insulin
in promoting the transport of small molecules, particu-
larly glucose, into the interior of the cell. It has been
suggested [1, 2, 5] that some of insulin’s other effects, for
example, on protein biosynthesis and down-regulation
of receptors, may depend on its internalization.

De Lisi [6] has recently shown theoretically that li-
gand-induced receptor clustering is capable of produc-
ing very large signal amplification in the transduction of
information at the cell surface. The situation discussed
in his work is directly relevant to that outlined above for

the insulin-receptor interaction and the magnitude of
the effects which can be generated indicates the need
for understanding the details of the process in specific
systems. In the present paper I shall propose a model
which displays the potential of insulin, in terms of its
known molecular properties, for cross-linking receptors
into an extensive network following the initial binding
of insulin monomer to receptor. The proposed mecha-
nism is shown to account for a wide variety of experi-
mental observations of the relationship between insulin
structure and activity, both with respect to comparisons
of insulins from different biological species, and of na-
tive with chemically modified insulins.

The Model

A schematic presentation of the possible sequence of
events accompanying the binding of insulin monomers
to membrane receptors is given in Figure 1. This serves
mainly as a. framework for discussion; the details
should not be taken too literally. The important features
are that the receptors are thought to be oligomeric [7]
and are free to move in the plane of the membrane [2].
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For the formation of cross-links it is necessary that the
receptors be at least bivalent towards insulin and there
is evidence that this is the case [7, 8].

The binding of an insulin monomer to a receptor
utilizes the insulin groups listed in Table 1 and must
generate some biological activity even in the absence of
cross-linking (see below). As Pullen et al. [9] have point-
ed out, these are the groups involved in the contacts be-
tween insulin monomers to form the dimer in the 2 zinc
porcine insulin crystal plus some additional amino acid
residues around the periphery of the monomer-mono-
mer contact region. As documented in Table 1 with data

Table 1. Amino acid residues involved in insulin interactions

Monomer-monomer? Monomer-receptor? Dimer-dimer?

B8 Gly B1 Phe
B9  Ser B2 Val
B13 Glu B22 Arg B13 Gl
B12 Val B12 Val B4 Gin
B16 Tyr B16 Tyr B14 Ala
B23 Gly B23 Gly B17 Leu
B24 Phe B24 Phe B18 Val
B25 Phe B25 Phe B19 Cys
B26 Tyr B26 Tyr B20 Gly
B27 Thr Al Gly A13 Leu
AS  Gln Al4 Tyr
A19 Tyr A17 Glu
A21 Asn

2 From Blundell et al. [10] (porcine insulin)

b From Pullen et al. [9] (bovine insulin). It is noteworthy that none of
the residues involved in the receptor interaction are those required for
association of insulin beyond the dimer.
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from the X-ray analysis of porcine insulin [10], none of
the groups making dimer-dimer contacts is involved in
the receptor binding. In mammalian insulins which
have been studied in solution at neutral pH [11, 12] and
in the crystal [10], hydrophobic interactions and hydro-
gen bonds between these groups are the main forces
leading to the post-dimer aggregation. They result in an
extended series of polymeric forms in equilibrium in so-
lution, even in the absence of zinc [11]. It is important to
note that zinc is not essential for aggregation beyond the
dimer in mammalian insulins and also that the effective
equilibrium constant for such interaction may be much
higher when insulin is bound to a receptor than when it
is free in solution [13].

Thus, it is proposed that in those insulins which con-
tain them, the dimer-dimer contact groups (which are
still free after the binding of insulin monomers to recep-
tors) associate to form cross-links between receptors in
the cell membrane. The process is illustrated in Figure 1
with tetravalent receptors, but only bivalency of recep-
tor and ligand is required for the formation of a two-di-
mensional network of insulin-receptor complexes of
any required extent. The consequent clustering with ac-
companying disruption of the membrane structure re-
sults in enhanced transport of small molecules, such as
glucose, into the interior of the cell. Finally, the insulin-
receptor complex is apparently internalized [14]; insulin
activities which may require its presence and/or that of
receptor inside the cell (stimulation of DNA and pro-
tein synthesis, regulation of receptor synthesis) are car-
ried out, and eventually the hormone is degraded.

Neither receptor clustering (whether induced by in-
sulin itself or by some other appropriate bi- or muitiva-
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Fig. 1. Schematic diagram of the insulin interactions proposed
to account for receptor clustering. In aqueous solution at neu-
tral pH mammalian insulins self-interact extensively giving

%/ rise to a series of polymeric forms in dynamic equilibrium [11,

12]. The monomer is depicted here, in approximation to its
crystallographically determined structure [10] as wedge-
shaped and the shaded face represents the region containing
the side chains which make the dimer-dimer contacts

(Table 1). The symbols + and - indicate the upper and lower
surfaces of the molecules as viewed down the threefold axis of
the hexamer. The insulin receptors in the cell membrane are
denoted ‘R’ and are shown as tetravalent to insulin monomers
though only bivalency is actually required for the formation of
a cross-linked network. The lower part of the diagram illus-
trates the proposal that after binding to the receptor, a process
which chiefly utilizes the region involved in dimer formation
(Table 1), and which in itself gives rise to some biological ac-
tivity, the insulin monomers are still capable of self-associa-
tion via the groups responsible for post-dimer aggregation in
solution. The clustering of receptors resulting from the cross-
linking thus generated is capable of magnifying greatly re-
sponses which depend upon trans-membrane signals [6]
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lent ligand [1-5], nor its part in enhancing insulin-like
effects, seem to be seriously in question. What has puz-
zled some investigators [1, 13] is the mechanism where-
by insulin could bring such clustering about, since at
least bivalency of the binding species is needed and in-
sulin is not an obviously bivalent molecule. The hy-
pothesis advanced in the present paper, based on the
known molecular properties of insulin, is that it may be
regarded as effectively bivalent through retention of the
ability to self-interact, after the formation of a mono-
mer-monomer or monomer-receptor complex, by utiliz-
ing inter-molecular contacts which are quite separate
from those employed in the former interactions.

The points listed below provide evidence in favour
of the idea that the groups utilized in dimer-dimer asso-
ciation in solution are implicated in determining the
level of biological potency of insulin. It is shown that
this suggested mechanism accounts for a number of
experimental observations related to the variability be-
tween the activities of different insulins which have not
previously found a unifying explanation. The cross-
linking of insulin receptors through insulin bridges in
the way outlined has implications for the binding re-
sponse which are also discussed briefly.

Potency of Native Insulins Which do not Associate

Insulins from non-mammals, for example, hagfish,
guinea pig, casiragua and coypu, have low biological
activity (as measured, for example, by their ability to fa-
cilitate transport of glucose into fat cells) compared
with bovine insulin {15]. In fact, bovine insulin is more
active in hystricomorph rodents than their own insulins
[16]. Significantly, these rodent insulins, unlike bovine
insulin, do not self-associate past the dimer stage. In-
deed, some of those tested (casiragua, porcupine) do
not even form dimers [15]. The theory proposed in this
paper makes a direct connection between the two obser-
vations. Table 2 documents the amino acid substitutions
in the region known to be responsible for dimer-dimer
interactions in mammalian insulins [10] for four of the
insulins mentioned above. Clearly, these changes wouid
be expected to affect the ability to form aggregates be-
yond dimers and, in terms of the theory proposed here,
to have an equally dramatic effect on receptor cluster-
ing and biological potency.

It is characteristic of these low activity insulins that
while their biological activities are typically only about
5% of that of bovine insulin they retain about 25% of its
receptor binding ability [15]. This difference is not unex-
pected in the light of the present discussion since the
operation of two separate sets of interactions, as postu-
lated for maximum potency, implies that the correlation
between changes in receptor affinity and potency is not
simple. Interestingly [9, 10, 16, 17], the receptor binding
region is strongly conserved and one might wonder why
the affinity drops even to as low as 25% of bovine insu-

383

Table 2. Amino acid substitutions in non-mammalian insulins in the
region corresponding to dimer-dimer contacts in porcine insulin

Porcine Hagfish Casiragua Coypu Guinea
insulin pig
(from Table 1) [17] [16] [16] [16]
B1  Phe Arg Tyr Tyr

B2  Val Thr

B4 Gin Gly Arg
B13 Glu Asn Asp Asp

B14 Ala Thr Thr Thr
B17 Leu Ile Ser Ser Ser
B18 Val Ala

B19 Cys

B20 Gly Lys Arg Gln
Al13 Leu Ile Arg Arg Arg
Al14 Tyr Asn As His
A17 Glu Gin Leu Met Gln

lin. Pullen et al. [9] explain this in terms of changes in
overall three-dimensional structure associated with
other sequence changes in these insulins, even though
the binding region itself does not differ in sequence.

It is noted that since some biological activity is pres-
ent in insulins without the ability to associate, it is not
required by the model that cross-linking is required for
some transport of metabolites into the cell to occur.
Likewise, the ability to dimerize is not necessary for re-
ceptor binding to be possible since porcupine insulin,
for instance, is active even though it does not form di-
mers. As the work of Pullen et al. [9] shows, receptor
binding is an additive phenomenon and it is not re-
quired that all of the monomer-monomer contacts be
retained to preserve binding capacity.

A word should perhaps be said about porcupine in-
sulin, which, with only seven amino acid substitutions
with respect to bovine insulin, has only 4% of its activity
and 25% of its binding affinity. It does not dimerize and
yet only two of the substitutions are in positions listed in
Tables 1 and 2. One is Asp for Arg at B22 (receptor re-
gion) and one Gln for Gly at A17 (dimer contact re-
gion). However, it seems that the substitution at B22 is a
particularly important one [15], thus accounting for the
lowering of binding affinity, and it is clear that the other
changes of sequence involved, being quite sufficient to
prevent association completely, have the power to re-
duce drastically the biological activity.

Another somewhat atypical hystricomorph insulin
is that from the chinchilla. This has 40% of the receptor
binding affinity of bovine insulin and 29% of its activity
[16]. It differs from bovine insulin in sequence at only
two positions (B4 and B13), in the dimer-dimer contact
region of mammalian insulins and, of the other six sub-
stitutions, none occurs at a position listed in Table 1.
This would seem to represent a case where loss of re-
ceptor affinity is associated with a conformational
change rather than the substitutions per se and the larg-
er drop in activity reflects both this effect and the loss of
ability to aggregate.
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Modified Insulins

A great many chemically or enzymatically modified in-
sulins have been prepared, but most of these have been
used in studies directed at mapping the receptor bind-
ing site [9, 18] or may, in retrospect, be seen to have in-
volved residues in that region [10]. Here, a few examples
will be presented which seem to bear on the theory un-
der discussion.

The work of Horuk and his colleagues on porcupine
insulin has been described above. In that publication
[15] the authors also noted that the discrepancy in bind-
ing affinity and biological activity had a parallel in
modified insulins and cited Sénksen [19] with the com-
ment that they were unable to detect a common factor
in these results. The work in question concerned syn-
thetic dimers which had 100% receptor binding affinity
but much lower (0%-60%) biological activity. A likely
reason would appear to be that the linking required to
form the synthetic dimers, while not interfering with the
receptor binding site, has prevented or hindered further
association through the usual dimer-dimer contacts.
This explanation provides a simple rationale for the re-
sult which reconciles it directly with those obtained
with the low potency native insulins.

A similar explanation may apply to the studies with

covalent insulin dimers formed by cross-linking with a
suberoyl chain to form the dimers B1-B’1 and B1-B'29
[20]. Here again, marked differences between the effect
on receptor binding ability (measured in isolated rat
adipocytes and rat liver plasma membranes) and bio-
logical activity (rates of lipogenesis or inhibition of
adrenaline stimulated lipolysis) were noted. The bind-
ing retained 92% and 70% respectively of its original
values but the biological activities were reduced to
38% and 15%, respectively. Reference to Table 1 shows
that residue B1 is in the dimer-dimer, but not the mono-
mer-receptor, contact region.

Dodson et al. recently studied beef insulin cross-
linked at A1 and A29 by diaminosuberic acid (DAS in-
sulin) [21]. The structure of this derivative appeared to
be essentially identical with that of native beef insulin as
judged from X-ray diffraction data, especially with re-
gard to the conformations of the dimer-forming resi-
dues. Moreover, in agreement with this finding, the as-
sociation constant for dimer formation was the same in
the cross-linked as in native beef insulin. However, the
biological potency of the cross-linked insulin is report-
ed to be [21] only 5% that of native. As the authors com-
ment, these results imply that it cannot be the dimer-
forming residues alone that are responsible for the hor-
mone’s normal potency. They suggest that it may be
that the monomer needs to adopt a particular confor-
mation before or during binding which the cross-link
interferes with. It appears equally possible that some of
the reduction in potency (apparently not all, since the
binding affinity is also low) could be attributed to alter-
ation of the molecule’s ability to aggregate beyond the
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dimer, The measurements made by Dodson et al. do in-
deed show a lowering of the association constants for
tetramerisation and hexamerisation in the cross-linked
insulin,

Nature of the Binding Response

Scatchard plots of binding results obtained with insulin
and receptor preparations are usually in the form iden-
tified with negative cooperativity [22]. De Lisi [13] has
recently presented theory which shows that receptor
clustering can result in Scatchard plots and displace-
ment curves which are indistinguishable from those pre-
dicted on the basis of negative cooperativity and heter-
ogeneity. Moreover, the cross-linking model is shown to
fit, quantitatively, kinetic data which the other two in
their simplest forms cannot.

It seems worth pointing out here that a different ap-
proach to cross-linking of either similar [23] or different
[24] macromolecules by a ligand has also shown that
binding curves are expected to show the characteristics
associated with negative cooperativity and, in addition,
to be dependent on acceptor concentration. The rele-
vant theory, as with that due to De Lisi, predicts that a
maximum biological response can occur in these sys-
tems when only a small fraction of the available recep-
tors is occupied, a phenomenon usually referred to as
‘spare receptors’. Interestingly, the work of Nichol and
his colleagues [23, 24] predicts that this maximum in re-
sponse (or more strictly a maximum in cross-linked
complex formation) should occur at a ligand concentra-
tion close to the reciprocal of the binding affinity con-
stant for ligand to acceptor. For insulin and its receptor
the value measured for this parameter is about 1 x
10° mol/1[9], thus 1’k = 1 x 10~° mol/1 about 5 ng/ml,
a very reasonable value, as reference to Figure 13 of [9]
demonstrates.

Conclusion

In their paper demonstrating the binding of fluorescent-
ly labelled insulin to fibroblastic cells Schlessinger et al.
[2] suggested that the aggregation of insulin might be in-
volved in the clustering phenomenon. The discussion
presented above indicates clearly that many of the
known properties of insulin are consistent with the pro-
posed model. It should, perhaps, be emphasized that
this does not depend on details such as the exact num-
ber of insulin binding sites per receptor, whether the re-
ceptor population is homogencous, or whether binding
curves are truly negatively cooperative. The essence of
the proposal is that, after binding to a receptor, some
types of insulin are capable of associating further
through sites known to interact in solution and in the
crystal and that this provides a plausible mechanism for
cross-linking receptors and amplifying trans-membrane
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signals. Since the aim of the present work was to suggest
a means whereby insulin molecules could cross-link re-
ceptors, the discussion has necessarily concentrated on
this aspect of the action of insulin. This does not imply
that cross-linking operates exclusively to procure insu-
lin’s effects. It seems more likely, as De Lisi [13] has stat-
ed, that in a real system some mixture of cross-linking,
heterogeneity and cooperativity operate.

The present hypothesis could be tested more direct-
ly by devising experiments specifically for the purpose.
Thus, for example, extensive clustering would not be
expected with those insulins which do not associate be-
yond the dimer. The possibility may also exist for in-
creasing the biological activity of an insulin by modify-
ing it specifically to favour post-dimer aggregation.
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