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Monoclonal antibodies to the insulin receptor stimulate the intrinsic
tyrosine kinase activity by cross-linking receptor molecules
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Communicated by C.Milstein

The effect of monoclonal anti-insulin receptor antibodies on
the intrinsic kinase activity of solubilized receptor was in-
vestigated. Antibodies for six distinct epitopes stimulated
receptor autophosphorylation and kinase activity towards exo-
genous substrates. This effect of antibodies was seen only
within a narrow concentration range and monovalent anti-
body fragments were ineffective. Evidence was obtained by
sucrose density-gradient centrifugation for the formation of
antibody-receptor complexes which involved both inter- and
intra-molecular cross-linking, although stimulation of auto-
phosphorylation appeard to be preferentially associated with
the latter. There was partial additivity between the effects
of insulin and antibodies in stimulating autophosphorylation,
although the sites of phosphorylation appeared identical on
two-dimensional peptide maps. Antibodies for two further
epitopes failed to activate receptor kinase, but inhibited its
stimulation by insulin. The effects of antibodies on kinase ac-
tivity paralleled their metabolic effects on adipocytes, except
for one antibody which was potently insulin-like in its
metabolic effects, but which antagonized insulin stimulation
of kinase activity. It is concluded that antibodies activate the
receptor by cross-linking subunits rather than by reacting at
specific epitopes. The ability of some antibodies to activate
receptor may depend on receptor environment as well as the
disposition of epitopes.
Key words: monoclonal antibodies/kinase/phosphorylation/insulin
receptor

Introduction
The insulin receptor is a transmembrane glycoprotein composed
of two a-(Mr - 135 kd) and two (3(Mr - 95 kd) subunits link-
ed through disulphide bridges (reviewed by Jacobs and
Cuatrecasas, 1983; Czech, 1985). Binding of insulin to the a-
subunit on the extracellular domain of the receptor is transform-
ed into a transmembrane signal which activates an intrinsic
tyrosine-specific protein kinase associated with the cytosolic do-
main of the (3-subunit (reviewed by Cobb and Rosen, 1984; Gam-
meltoft and Van Obberghen, 1986). Several lines of evidence
have implicated the tyrosyl kinase activity in the mechanism of
insulin action: metabolic effects of insulin are inhibited by the
introduction of kinase-inhibitory antibodies into cells (Morgan
et al., 1986; Morgan and Roth, 1987); cells transfected with mu-
tant insulin receptors which are defective in kinase activity can-
not respond normally to insulin (Ellis et al., 1986; Ebina et al.,
1987; Chou et al., 1987); insulin resistance in man and animals
has been associated with decreased kinase activity of receptors
(Le Marchand-Brustel et al., 1985; Burant et al., 1986; Caro
et al., 1986; Grigorescu et al., 1987).

Several different polypeptides have been described which show
increased tyrosine phosphorylation in intact cells in response to
insulin (White et al., 1985; Haring et al., 1987; Machicao et
al., 1987; Perrotti et al., 1987; Bernier et al., 1987). The iden-
tity of these polypeptides and their significance in terms of the
mediation of insulin action is unclear. Guanine-nucleotide bin-
ding regulatory proteins are substrates for the insulin receptor
kinase in vitro (Zick et al., 1986; O'Brien et al., 1987; Korn
et al., 1987) but again the physiological importance of these reac-
tions remains to be established. Autophosphorylation of the
insulin-receptor (3-subunit is readily demonstrable both with
purified receptor and in intact cells, and is stimulated by insulin
(Gammeltoft and Van Obberghen, 1986). This autophosphoryla-
tion leads to activation of the insulin receptor kinase so that it
becomes independent of bound insulin (Yu and Czech, 1984).
Whether there are other consequences of autophosphorylation,
perhaps modulating interaction of the receptor with other pro-
teins, is unknown.
The amino acid sequence of the insulin receptor, deduced from

the sequence of cloned cDNA (Ullrich et al., 1985; Ebina et al.,
1985) has suggested a structural model in which only a single
23-amino acid helical stretch of the (3-subunit traverses the mem-
brane. This raises the question of how the interaction of insulin
with the extracellular binding domain transmits a signal to the
intracellular kinase domain. A tetrameric holoreceptor appears
to be a prerequisite for such signalling (Boni-Schnetzler et al.,
1986). Studies with polyclonal antibodies have suggested that
cross-linking of receptor subunits perhaps within ag2,2 hetero-
tetramers, can activate the kinase (Heffetz and Zick, 1986)
although it may be that the consequences of receptor activation
by antibodies and by insulin differ in some respects (Ponzio et
al., 1987). It has also been reported that antibodies can mimic
insulin action in intact cells although unable to activate the recep-
tor kinase (Zick et al., 1984; Simpson and Hedo, 1984; For-
sayeth et al., 1987). In order to avoid problems of interpretation
inherent in the use of polyclonal antisera, we have made use of
a panel of monoclonal antibodies to multiple distinct epitopes on
the insulin receptor (Soos et al., 1986; Taylor et al., 1987) to
investigate the mechanism of kinase activation and its relation-
ship to metabolic stimulation. A preliminary account of some
of this work has been presented (O'Brien et al., 1986b).

Results
Initial screening of monoclonal antibodies
Insulin receptor solubilized from placental microsomal mem-
branes was used to screen antibodies for effects on tyrosyl kinase
activity. In this crude system a variety of components become
phosphorylated on incubation with [3 P]ATP and these can be
resolved by SDS -PAGE. The (3-subunit of the insulin receptor
is prominent as a phosphorylated band of -Mr 95 kd, which
shows a marked increase in phosphorylation in response to in-
sulin, this phosphorylation being shown to be on tyrosine residues
by its stability to alkaline hydrolysis and by phosphoamino acid
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Fig. 1. Time course of receptor autophosphorylation. Crude placental extract
was pre-incubated in the presence (-*-) or absence (-LI-) of insulin
(10-7 M) before carrying out the phosphorylation reaction as described in
Materials and methods. Phosphorylation of the (-subunit was quantified by
radioactive counting.
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Fig. 2. Stimulation of receptor autophosphorylation by monoclonal and
polyclonal antibodies. Crude placental extract was pre-incubated with various
dilutions of monoclonal antibody 83-7 (-A-) or 83-14 (+) or with
a rabbit polyclonal anti-receptor antiserum (-EI-) before carrying out the
phosphorylation reaction as described in Materials and methods.
Phosphorylation of the (3-subunit was quantified by radioactive counting and
expressed as a percentage of basal for each experiment. Basal
phosphorylation was 100 c.p.m.

analysis (results not shown). The extent of receptor autophos-
phorylation was quantified by densitometric scanning of auto-
radiograms or by direct counting of radioactivity in the
appropriate band excised from the gel. Phosphorylation assays
were generally carried out for 10 min at 4°C, under which con-
ditions insulin maximally stimulated phosphorylation -5- to
7-fold (Figure 1).
A panel of 28 monoclonal antibodies was available for study,

which were the product of four independent fusions and recogniz-
ed at least nine distinct epitopes on extracellular domains of the
insulin receptor (Soos et al., 1986). Antibodies representative
of six different epitopes stimulated the receptor autophosphoryla-
tion reaction at appropriate concentrations (Figure 2), namely
antibody 83-14 (epitope 3); 18-26 (epitope 4); 18-34 (epitope
5); 18-43 (epitope 6); 18-41, 18-44 and 18-45 (epitope 7);
83-7 and 83-12 (epitope 8). This list includes antibodies reac-

ting with a- and fl-subunits, antibodies which were inhibitory
or non-inhibitory for insulin binding and a variety of different

Antibody dilution

Fig. 3. Stimulation of insulin receptor phosphorylation of exogenous
substrate by monoclonal antibody. Purified insulin receptor was pre-
incubated with various dilutions of monoclonal antibody 83-7, and then
histone H2B (10 jiM) was added before carrying out the phosphorylation
reaction as described in Materials and methods. Phosphorylation of the
(3-subunit (-A-) and histone H2B (-O-) were quantified by radioactive
counting and expressed as a percentage of basal. Basal insulin receptor
(3-subunit and histone phosphorylation were 60 and 90 c.p.m. respectively.

immunoglobulin isotypes. In all cases the stimulation was observ-
ed only within a narrow antibody concentration range, high con-
centrations of antibody being ineffective. In contrast a rabbit
polyclonal anti-receptor serum stimulated autophosphorylation
over a broad concentration range, reaching a plateau at high con-

centrations (Figure 2).
It was confirmed that highly purified receptor, obtained by an

immunoaffinity technique (O'Brien et al., 1986a) behaved simi-
larly to that in crude extracts in terms of stimulation by insulin
and antibodies. Thus purified receptor showed up to a 12-fold
increase in autophosphorylation with antibodies 83-7, 18-41
and 18-44, but only within a narrow concentration range, with
a sharp optimum, for each antibody (results not shown).

It was also shown that the phosphorylation of exogenous
substrates such as histone and casein was stimulated by the anti-
bodies within the same concentration range effective in the auto-
phosphorylation reaction (Figure 3). This observation confirms
that the effect of antibodies on the autophosphorylation reaction
reflects a stimulation of the kinase activity per se rather than
enhancement of the ability of the $-subunit to act as a substrate.

Characterization of the biphasic response to antibodies
The lack of stimulation of receptor kinase at high antibody con-

centrations was not due to non-specific effects on antibody bin-
ding or kinase activity. Highly purified antibodies behaved
similarly to crude ascites. Receptor autophosphorylation was

stimulated by insulin even in the presence of supramaximal anti-
body concentrations which were not themselves effective and such
supramaximal antibody concentrations still bound iodinated,
purified receptor under the conditions of the kinase assay (results
not shown).
The narrow effective antibody concentration range suggested

that kinase activation might reflect cross-linking of af dimers
within a2fl2 receptors by bivalent antibodies, as it would be ex-

pected that the formation of cross-linked species would depend
critically on antibody/receptor ratio and would not occur with
antibody excess. The fact that many different antibodies
stimulated the kinase was also consistent with an activation
mechanism dependent primarily on a general property of anti-
bodies, rather than reaction at particular sensitive epitopes.
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Fig. 4. Stimulation of receptor autophosphorylation by monoclonal antibody
18-41 and its Fab' fragment. Crude placental extract was pre-incubated
with 18-41 IgG (-*-) or 18-41 Fab' (-Ol-) before carrying out the
phosphorylation reaction as described in Materials and methods. Phosphoryl-
ation of the (3-subunit was quantified by radioactive counting and expressed
as a percentage of basal for each experiment. Basal phosphorylation was

30 c.p.m.

In support of this hypothesis, it was shown that monovalent
Fab' antibody fragments produced much diminished stimulation
of autophosphorylation relative to bivalent antibodies, although
such Fab' fragments retained full activity in receptor binding
assays and antagonized the kinase-stimulatory effects of the cor-

responding bivalent antibody when both were added together.
The Fab' fragment of antibody 83-7, across a broad concen-

tration range, had no effect on receptor autophosphorylation, con-
sistent with the complete lack of stimulation by excess bivalent
antibody (data not shown). Results with antibody 18-41 were

somewhat more complex (Figure 4). Whereas the bivalent anti-
body and F(ab')2 fragments produced a maximum 4-fold effect
with a sharp concentration optimum, the monovalent Fab' frag-
ment produced only a 2-fold stimulation which reached a plateau
at high concentrations. Interestingly, this corresponded to the level
of stimulation reached at high concentrations of bivalent 18-41
and other antibodies reacting with the same epitope.

Further evidence for the importance of cross-linking in the
mechanism of kinase activation was provided by the potentiating
effects of sheep anti-(mouse IgG) antibody (Figure 5). Thus
stimulations of autophosphorylation of 1.7-fold and 1.4-fold by
submaximal and supramaximal concentrations of antibody 83-7
were increased to 2.4-fold and 2.7-fold respectively by ap-

propriate concentrations of second antibody. The response to se-

cond antibody again showed a marked concentration-dependence,
with a sharp optimum which depended on monoclonal antibody
concentrations.
Characterization of antibody - receptor complexes
Sucrose density gradient centrifugation was utilized to investigate
the nature of the antibody -receptor complexes formed at dif-
ferent antibody concentrations. Receptor was incubated under
conditions of the autophosphorylation assay either in the absence
of antibody or with a large excess of antibody, or with the op-
timal antibody concentration for kinase stimulation. The incuba-
tion mixtures were then layered on sucrose gradients and
following centrifugation the distribution of receptor was deter-
mined by measurement of insulin binding activity, the antibodies
used in these experiments being ones which did not inhibit in-
sulin binding (Figure 6). In the presence of excess antibody, the

Sheep anti(-mouse IgG) antibody dilution

Fig. 5. Potentiation of the effect of monoclonal antibody 83-7 by sheep
anti-mouse IgG. Crude placental extract was pre-incubated with submaximal
(1/5000) and supramaximal (1/500) concentrations of 83-7 and various
dilutions of sheep anti-mouse IgG before carrying out the phosphorylation
reaction as described in Materials and methods. Phosphorylation of the (3-

subunit was quantified by radioactive counting and expressed as a

percentage of basal for each experiment. Basal phosphorylation in the
absence of 83-7 was 64 c.p.m., while phosphorylation in the presence of
submaximal and supramaximal 83-7 but without sheep anti-mouse IgG was

110 and 89 c.p.m. respectively.

receptor was localized as a fairly sharp band (B) which
sedimented more rapidly than the free receptor (A) and which
presumably represents ca2,32 receptor with two antibody
molecules bound. However, in the presence of a lower antibody
concentration previously shown to be optimal for kinase stimula-
tion, a much broader distribution of receptor was observed. This
included peaks of insulin binding, in the position of bands A and
B, a third peak C in an intermediate position which was therefore
compatible with aI2A receptor with a single antibody bound and
a fraction sedimenting more rapidly than band B, which presum-
ably represents aggregated receptor molecules cross-linked by
antibody. It should be noted that the profile of insulin binding
activity observed in the presence of antibody may not be a precise-
ly quantitative measure of the relative amounts of receptor at dif-
ferent points on the gradient, because of the possibility that the
antibodies used themselves stimulate insulin binding (Soos et al.,
1986).
When radioactively labelled receptor from autophosphoryla-

tion reaction mixtures was similarly fractionated, the ratio of
labelled material to insulin binding activity was greatest for the
fractions sedimenting in the position of band C, when measured
in the presence of an optimally stimulating antibody concentra-
tion (Figure 7). This suggests that the receptor with stimulated
kinase activity was predominantly associated with a complex con-

taining one molecule of antibody and one molecule of receptor.
Given the previously demonstrated requirement for antibody
bivalency for kinase activation, it appears that this complex must
involve intramolecular cross-linking within the a2(32 holomeric
receptor, via epitopes on either the a- or the ,3-subunit.
Additivity of effects of antibodies and insulin
The effect of antibodies on receptor autophosphorylation was

tested in the presence of a maximally effective concentration of
insulin (Figure 8). Surprisingly the effects of insulin and antibody
together were greater than either alone, if somewhat less than
additive, even though the incubation time was chosen such that
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a) autophosphorylation in the presence of insulin or antibody alone
800 50 had reached a plateau. Similar results were obtained by using

highly purified receptor or crude detergent solubilized placental
membranes.

g 6004 \ t t 140 To compare the sites of autophosphorylation in the presence600

I IA of antibodies and insulin, a two-dimensional separation of the
30 phosphopeptides obtained after tryptic digestion of the

400-Q;1Q phosphorylated 3-subunit was performed. Identical phosphopep-
20
l\ag tide maps were obtained whether receptor had been phosphoryl-
1\ t -20 ated in the presence of insulin or antibody (Figure 9) or both

I2004s |(result not shown).
CY | !/ A 1 Characterization of inhibitory monoclonal antibodies

Two antibodies, namely 47-9 (epitope 1) and 25-49 (epitope
o0' J 99' , * \t | 0 2) had little or no effect on receptor autophosphorylation on their

own. Both these antibodies potently inhibited insulin binding to
b) the receptor (Soos et al., 1986) and as expected therefore an-

1500 50 tagonized the stimulatory effect of insulin on receptor autophos-
phorylation and on the phosphorylation of exogenous substrates

40 (Figure 10). Not all binding-inhibitory antibodies behaved in this
way however. Antibody 83-14 itself stimulated kinase at an ap-

1000 propriate concentration (Figure 2), although excess of this an-
30 0 tibody antagonized the stimulatory effect of insulin.

. 20 Discussion.5~~~~~~~~~~~~2
soo- } ) The aims of this study were 2-fold: firstly to compare the ef-

10 J \fects of anti-receptor antibodies on receptor tyrosyl kinase ac-
tivity with their effects on insulin binding and cellular metabolism;
secondly to investigate the mechanism of antibody-induced recep-

0 0 tor activation. In pursuit of these aims the effects of antibodies
on the autophosphorylation of receptor in detergent extracts of
placental microsomal membranes were tested. Although the

c) 800 ^ ~ 50 receptor is very impure in this system, it has been subjected only
to minimal processing. Moreover it was confirmed using selected

40 antibodies that results obtained by studying autophosphorylation
600- in such receptor preparations were not qualitatively different from

those obtained for autophosphorylation of highly purified recep-
_30 : tor, nor for phosphorylation of exogenous substrates. It is assum-

0p400 - ed therefore that the autophosphorylation reaction studied
c I X IL20 Sprovides a valid measure of the kinase activity of the receptor20
r per se, rather than potential secondary effects of antibodies on:: 200-]the ability of the receptor (3-subunit to act as a substrate for the200-

CY I { X0 kinase or for phosphatases.
In almost all cases, the ability of antibodies to activate the recep-

tor tyrosyl kinase paralleled their ability to mimic metabolic ef-
0 0 fects of insulin. Thus antibodies 83-7, 83-14 and 18-44 which

were previously shown to stimulate lipogenesis and inhibit
d) sw- 50 lipolysis in isolated adipocytes (Taylor et al., 1987) all activated

receptor kinase at appropriate concentrations (Figure 2), while
antibody 47-9, which blocked the binding and action of insulin

400,\40 in adipocytes, also antagonized the stimulatory effect of insulin
on kinase activity (Figure 10). These results confirm that there

300 i30 : is no simple relationship between the binding sites of antibodies
and their biological effects. Antibodies which inhibit insulin bin-

c~~~~~~~~~~~~~~= 200- - 20
c J Fig. 6. Characterization of antibody -receptor complexes by sucrose density
100oo- A r \10 gradient centrifugation. Insulin receptor preparations comprising freecm100 .0lreceptor (a), receptor with excess 18-44 (1:200 dilution) (b), receptor with

peak kinase stimulatory dilution of 18-44 (1:12 800) (c), receptor with
0' 0 peak kinase stimulatory dilution of 83-7 (1:51 200) (d), were layered on
0 20 40 60 8 0 1 00 sucrose gradients and following centrifugation fractions were collected from

Fraction numbw Materials and methods.
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Fig. 7. Characterization of phosphorylated receptor-antibody complexes by
sucrose density gradient centrifugation. Insulin receptor was pre-incubated
with the peak kinase stimulatory dilution of 18-44 (1:12 800) before
initiating the phosphorylation reaction as described in Materials and
methods. The preparation was layered on the sucrose gradient immediately
following addition of [32P]ATP and following centrifugation fractions were
collected from the bottom, solubilized in sample buffer and separated on
SDS-polyacrylamide gels. Phosphorylated receptor distribution (-M-)
was analysed by densitometric scanning of autoradiographs and compared
with the distribution of insulin binding activity (+).
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Fig. 8. Additive stimulation of autophosphorylation by antibody and insulin.
Insulin receptor was pre-incubated with various dilutions of 83-7 (a) or

18-44 (b) in the presence (-*-) or absence (-O-) of 10-7 M insulin
before carrying out the phosphorylation reaction as described in Materials
and methods. Phosphorylation of the (3-subunit was quantified by
densitometric scanning of autoradiographs and expressed as a percentage of

basal from each experiment.

EL E CT R OPH OR E SI S

Fig. 9. Phosphopeptide mapping of insulin receptor tryptic peptides. Insulin
receptor was pre-incubated with 10-7 M insulin (a) or the peak kinase
stimulatory concentration of 83-7 (b) before carrying out the
phosphorylation reaction as described in Materials and methods. Following
immunoprecipitation and SDS-PAGE the region of gel containing the 95 kd
phosphoprotein was excised, digested with trypsin and the peptides separated
on cellulose thin layer plates as described in Materials and methods.

ding may either inhibit (47-9) or mimic (83-14) insulin action
and insulin-like effects can also be initiated by antibodies reac-

ting well away from the insulin binding site, involving even

epitopes on the (3-subunit (18-44).
However, one antibody, 25-49, which was a potent mimic

of insulin action on adipocytes, failed reproducibly to stimulate
receptor kinase activity, although a very small enhancement of
receptor autophosphorylation (up to 50% increase above basal)
was seen in some experiments. This contrasted with the 2.5- to
5-fold stimulation induced by other insulin-mimetic antibodies.
In fact far from itself increasing receptor phosphorylation, anti-
body 25-49 inhibited the stimulatory effect of insulin, in line
with its known ability to inhibit insulin binding (Soos et al., 1986).
In this respect antibody 25-49 is similar to certain other
polyclonal antisera (Simpson and Hedo, 1984; Zick et al., 1984)
and monoclonal antibodies (Forsayeth et al., 1987) which have
been reported to produce insulin-like metabolic effects, although
unable to stimulate receptor phosphorylation either in intact cells
or in cell-free systems. However, it may be important to docu-
ment receptor phosphorylation and metabolic effects in parallel
in the same cell system before making too much of such obser-
vations and even then it must be borne in mind that in many cell
types maximal metabolic effects may be achieved by activating
oniy a small fraction of cell surface receptors, at which level of

occupancy a significant increase in total receptor phosphoryla-
tion may be difficult to detect. Further the ability of antibodies

to activate the receptor may depend on aspects of the membrane
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Fig. 10. Inhibition of insulin stimulated autophosphorylation by antibodies.
Insulin receptor was pre-incubated either with 1:100 47-9 (-A-) or
1:100 25-49 (-OL-) or buffer (-*-) and various concentrations of
insulin (a) or with 10-7 M insulin, 0.5 mg/ml casein and various dilutions
of antibody 25-49 (b) before carrying out phosphorylation reactions as
described in Materials and methods. Phosphorylation of the (3-subunit [and
casein in (b)] was quantified by radioactive counting and expressed as a

percentage of basal for each experiment.

environment which are lost on solubilization.
With regard to the mechanism of signal transduction between

extracellular and cytosolic domains of the insulin receptor, several
lines of evidence indicated the importance of antibody bivalency
and receptor cross-linking in the receptor activation process. Anti-
bodies for mulitple epitopes all stimulated kinase activity in a

markedly concentration-dependent manner (Figure 2), while
monovalent antibody fragments did not generally stimulate kinase
activity but antagonized the effect of their bivalent counterparts
(Figure 4). The stimulatory effect of both submaximal and supra-
maximal antibody concentrations was potentiated by addition of
sheep anti-(mouse IgG) antiserum to cross-link anti-receptor anti-
body molecules (Figure 5).
The dependence of insulin-like activity on antibody bivalency

and receptor cross-linking was first demonstrated by Kahn et al.
(1978) in studies of the metabolic effects of human anti-receptor
autoantibodies. In extending this work to study activation of
tyrosine kinase in solubilized receptor preparations, Heffetz and
Zick (1986) reached a similar conclusion but further proposed
that the cross-linking of c43-units occurred intramolecularly in
the C2fl2 receptor. In the present work, sucrose gradient cen-
trifugation provided evidence for the formation of anti-

body -receptor complexes involving both intramolecular
cross-links as well as aggregates cross-linked intermolecularly
(Figure 6). In the case of antibody 18-44, stimulation of auto-
phosphorylation was shown to occur predominantly in the putative
intramolecularly cross-linked species containing one antibody and
one receptor molecule (Figure 7). It would be surprising if as
many as six different epitopes on both ca- and f-subunits could
be so disposed as to permit intramolecular cross-linking, while
also allowing displacement of this reaction in favour of binding
of two separate antibody molecules under conditions of antibody
excess (Conti-Tronconi et al., 1981). It is also unclear how the
addition of sheep anti-(mouse IgG) antibody could potentiate
stimulation which depended solely on intramolecular cross-links.
A role for intermolecular aggregation in kinase stimulation can-
not therefore be completely ruled out.

Interestingly, the biological effects of various other anti-
receptor antibodies have been shown to require bivalency or
cross-linking. In the case of the epidermal growth factor (EGF)
receptor, the mitogenic activity of antibodies depended absolutely
on bivalency, although their ability to stimulate receptor tyrosyl
kinase did not (Schreiber et al., 1983) and in other studies
antibody-induced receptor clustering was found not always to be
a sufficient signal for induction of EGF-like effects (Defize et
al., 1986). The activation of receptors by antibody-induced
clustering is not confined to receptors with intrinsic tyrosine
kinase activity, having been demonstrated also for lutropin recep-
tors (Podesta et al., 1983) and prolactin receptors (Djiane et al.,
1985).
No antibody was identified which appeared to mimic insulin

action by simple bimolecular reaction with an epitope at or near
the insulin binding site. However, there were some effects which
were related to specific epitopes, superimposed on the more
general stimulation attributable to cross-linking. Thus an excess
of bivalent antibodies for a site on the fl-subunit (18-41, 18-44
and 18-45; epitope 7) as well as their monovalent counterparts,
did induce some increase in receptor autophosphorylation which
was not evident with antibodies for other epitopes under similar
conditions (Figures 2 and 4).
The question arises as to the relevance of observations on

antibody-induced receptor activation to the mechanism of action
of insulin. It is clear that insulin itself could not physically cross-
link receptor subunits, although interaction between ao3 dimers
is critical for the insulin-dependent activation of the kinase, if
not for maintenance of activity once autophosphorylation has oc-
curred (Boni-Schnetzler et al., 1986). The extent of stimulation
of receptor kinase and autophosphorylation by antibodies was
generally not as great as that obtained with a maximally effec-
tive insulin concentration, presumably because not all receptor
molecules were cross-linked into active species (Figures 6 and
7). Surprisingly the combination of antibody plus insulin pro-
duced greater stimulation than either agent alone (Figure 8). It
is possible that this additivity reflects the influence of a con-
taminating phosphatase activity on the steady-state level of
autophosphorylation rather than a true difference in the extent
of reaction at completion, although this appears unlikely as the
same phenomenon was seen with highly purified receptors as with
crude detergent extracts of membranes. A further possibility is
that insulin and antibody differentially activate separate popula-
tions of receptor molecules differing in their state of aggrega-
tion or thiol oxidation (Yip and Moule, 1983; Koch et al., 1986).
Heffetz and Zick (1986) found that a polyclonal autoantibody
stimulated receptor kinase submaximally relative to insulin, but
insulin had no additional effect even though its binding was only
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partially inhibited by antibody. In contrast Ponzio et al. (1987)
reported that the stimulation of solubilized insulin receptor kinase
by a polyclonal antiserum was fully additive with the effect of
insulin and that there were differences as well as similarities in
the respective autophosphorylation sites as analysed by two-
dimensional phosphopeptide mapping. However, in the present
studies such phosphopeptide maps were indistinguishable,
whether autophosphorylation was induced by insulin, antibody
or both together (Figure 9), suggesting that the two agents in-
duced essentially similar active conformations of the kinase
domain.

In summary, we have shown that insulin receptor activation
may be triggered by antibodies binding at multiple different sites,
such activation depending primarily on the intramolecular cross-
linking of receptor molecules and resulting in an autophosphoryla-
tion reaction essentially indistinguishable from that induced by
insulin. These results provide further evidence that the aggrega-
tion state of insulin receptors and interactions between subunits
are important determinants of their conformation and activity.

Materials and methods
Reagents
Porcine monocomponent insulin was a generous gift from Novo Research In-
stitute, Copenhagen, Denmark. [251I]Na (IMS 30) and [32P]phosphate (PBS-i1)
were from Amersham International, Amersham, Bucks, UK and [-y-32P]ATP was
synthesized as described (Glynn and Chappell, 1964). Bovine serum albumin
(BSA), pepstatin A, leupeptin, antipain, benzamidine, phenylmethylsulphonyl
fluoride (PMSF), dithiothreitol, iodoacetamide, Tris base, casein, histone H2B,
pepsin and N-2-hydroxyethyl piperazine-N'-2-ethanesulphonic acid (Hepes) were
from Sigma Chemical Co., Poole, Dorset, UK. Protein A-Sepharose was from
Pharmacia, Milton Keynes, Bucks, UK. Ultrogel AcA 34 was from LKB In-
struments Ltd, Selsdon, Surrey, UK. Triton X-100 (scintillation grade) was from
Koch-Light Ltd, Haverhill, Suffolk, UK. Trypsin (Worthington, TPCK-treated)
was from Lorne Diagnostics Ltd, Bury St Edmunds, Suffolk, UK. Nycodenz
was from Nycomed, Birmingham, UK. Cellulose thin layer plates were from
Eastman-Kodak, Liverpool, UK. All other reagents were of the best grade com-
mercially available. Anti-insulin receptor antibodies and sheep anti-(mouse IgG)
antiserum were as described previously (Soos et al., 1986).
Receptor purification
Membranes from human placenta were prepared essentially as described by Fujita-
Yamaguchi et al. (1983), except that 50 mM Hepes, pH 7.6, was used in place
of Tris buffer. The protease inhibitors pepstatin A, leupeptin and antipain (1 itg/ml),
benzamidine (2.5 mM) and PMSF (0.1 mM) were added to the membranes
(20 mg/ml) which were then solubilized with 1% Triton X-100 for 1 h at 4°C,
prior to centrifugation at 150 000 g for 45 min. The supernatant is referred to
in the text as 'crude placental extract'. Where indicated the receptor was purified
using an immunoadsorption technique employing a monoclonal anti-receptor anti-
body (O'Brien et al., 1986a).
Monoclonal antibody purification
Antibody was used as either (i) ascites fluid or (ii) partially purified from ascites
fluid by precipitation with 40% saturated (v/v) (NH4)2SO4 followed by reconstitu-
tion in phosphate-buffered saline to the original ascites volume or (iii) highly
purified by hydroxylapatite chromatography (Stanker et al., 1985).
Preparation of Fab' fragments
Highly purified antibody was digested overnight at 37°C with pepsin in 0.1 M
sodium acetate, pH 4, at an enzyme:substrate ratio of 1:40 (w/w) (Lamoyi and
Nisonoff, 1983). The reaction was stopped by adjusting the pH to 7.5 with NaOH,
followed by dialysis against 0.1 M Tris-HCI, 0.1 M NaCl, pH 7.5. Undigested
IgG was removed from F(ab')2 by protein A-Sepharose chromatography
(Goding, 1986). Fab' fragments were produced by reduction of F(ab')2 fragments
in 10 mM cysteine for 2 h at 370C. The reaction was stopped by addition of
30 mM iodoacetamide for 1 h at room temperature in the dark (Goding, 1986).
Fab' fragments were purified by gel filtration chromatography on a 1.6 x 85 cm
column of Ultrogel AcA 34.

Autophosphorylation of insulin receptor
Receptor (crude placental extract or purified material) was pre-incubated with
insulin or antibody before initiating the kinase reaction essentially as described
by Tavare et al. (1985). Pre-incubation mixtures (total volume 30 Al) contained
- 20-200 ng insulin receptor in 20 Al buffer consisting of 25 mM Hepes, pH 7.6,
0.1% Triton X-100, 24 mM MgCl2, 4 mM MnCl2, 0.2 mM NaVO3, 0.5 mM

dithiothreitol, together with antibody or insulin added in 10 i1 of 25 mM Hepes,
0.1% Triton X-100. After incubation for 15 min at 23°C, samples were placed
on ice for 10 min prior to mixing with 10 LI of 0.4 mM [32P]ATP (2 Ci/mmol)
in 25 mM Hepes. Except where indicated, the autophosphorylation reaction was
carried out for 10 min at 0°C. Reactions were terminated by addition of 3 x con-
centrated electrophoresis sample buffer (20 Al) containing 0.19 M Tris-HCl.
pH 6.8, 6% (w/v) SDS, 30% (v/v) glycerol, 15 mM EDTA, 300 mM dithio-
threitol and 0.02% (w/v) bromophenol blue. After heating for 5 min at 100°C
samples were analysed by electrophoresis on SDS-polyacrylamide gels (Laem-
mli, 1970). Stained and dried gels were subjected to autoradiography using Du-
pont Cronex 4 film. Results were quantified by excision of the appropriate regions
from the gel and determination of 2p by counting Cerenkov radiation or by den-
sitometric scanning of autoradiograms using a Joyce-Loebel Chromoscan 3.
Phosphorylation of exogenous substrates
Receptor was pre-incubated with insulin or antibody as described for the
autophosphorylation reaction. After 15 min at 23°C, casein (final concentration
0.5 mg/mi) or histone H2B (final concentration 10 14M) was added as 10 IL of
solution in 25 mM Hepes, pH 7.6, 0.1% Triton X-100 and incubation continued
for a further 10 min at 23°C before addition of 10 $l of 0.4 mM [32P]ATP to
initiate the phosphorylation reaction. This reaction with exogenous substrates was
carried out for 10 min at 23°C and samples were then processed for electrophoresis
and autoradiography as described for the autophosphorylation reaction.
Velocity sedimentation
Velocity sedimentation was performed in a linear 10-30% sucrose density gra-
dient containing 30 mM Hepes, pH 7.6, 0.1% Trixon X-100 and 0.02% azide,
on a 0.75 ml Nycodenz cushion. Receptor preparations (500 AI) were layered
onto 4 ml gradients and centrifuged for 1 h at 219 000 g at 4°C in a vertical
rotor (Sorvall TV-856) (Branch et al., 1987). Fractions (50 Al) were collected
from the bottom and assayed for insulin binding activity or mixed with elec-
trophoresis sample buffer and analysed by SDS-PAGE and autoradiography.
Insulin binding assay
Insulin was radioiodinated as described by Linde et al. (1981) to a specific ac-
tivity of - 200 ACi/g. Receptor in crude placental extracts or fractions from
sucrose gradients (50 1J) was incubated for 18 h at 4°C with [1251]insulin
(30 000 d.p.m., final concentration - 0.1 nM) added in 150 IL of buffer contain-
ing 75 mM Tris-HCl, pH 7.3 at 230C, 30 mM NaCl, 10 mM glucose, 0.5 mM
EDTA, 0.1 mM PMSF, 0.1% BSA and 0.05% Triton X-100. Receptor-bound
[125I]insulin was determined by precipitation with poly(ethylene glycol) 6000 as
previously described (Baron and Sonksen, 1982).
Two-dimensional tryptic peptide mapping ofphosphorylated insulin receptor
Insulin receptor was phosphorylated in the presence of insulin, antibody or both
as described above. The reaction was stopped by addition of a 4 x concentrated
solution to achieve final concentrations of 5 mM EDTA, 1 mM PMSF, 100 mM
NaF, 10 mM Na4P207, 5% glycerol. Immunoadsorbent consisting of anti-
receptor monoclonal antibody 18-42 covalently coupled to aminocellulose
(O'Brien et al., 1986a) was added for 60 min at 4°C before centrifugation and
solubilization of bound protein in electrophoresis sample buffer. The 32P-labelled
subunit of the receptor was identified by autoradiography following SDS-PAGE.
The appropriate region was excised from the gel and processed essentially as
described by Stadtmauer and Rosen (1986). Gel slices were fixed and then washed
for 6 x 1 h in 20% isopropanol. They were then cut into 1 mm squares, dried
for 2 h at 80°C and incubated with shaking for 24 h at 37°C with 1 ml 50 mM
NH4HCO3 buffer, pH 8.0 containing 100 jig TPCK-treated trypsin. This solu-
tion was removed and the gel pieces were incubated again for 2 h at 37°C with
1 ml H20. The two supernatant fluids were combined (recovery of 32p was ap-
proximately 80%). Samples were lyophilized and residual NH4HCO3 removed
by resuspending the residue in water before re-lyophilizing. This cycle was repeated
three times. The pellet was dissolved in 10 1d H20 and spotted on a cellulose
thin layer plate. Phosphopeptides were separated essentially as described by Ellis
et al. (1981). Electrophoresis was performed in the first dimension on a flat bed
apparatus in 30% formic acid (pH 1.9) for 1 h at 1000 V. The plates were dried
overnight and chromatography was performed in the second dimension using
l-butanol:pyridine:acetic acid:water (90:60:18:72, v/v) (pH 3.5).
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