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Abstract

Insulin can trigger metabolic as well as mitogenic effects, the latter being pharmaceutically undesirable. An understanding
of the structure/function relationships between insulin receptor (IR) binding and mitogenic/metabolic signalling would
greatly facilitate the preclinical development of new insulin analogues. The occurrence of ligand agonism and antagonism is
well described for G protein-coupled receptors (GPCRs) and other receptors but in general, with the exception of antibodies,
not for receptor tyrosine kinases (RTKs). In the case of the IR, no natural ligand or insulin analogue has been shown to
exhibit antagonistic properties, with the exception of a crosslinked insulin dimer (B29-B’29). However, synthetic monomeric
or dimeric peptides targeting sites 1 or 2 of the IR were shown to be either agonists or antagonists. We found here that the
S961 peptide, previously described to be an IR antagonist, exhibited partial agonistic effects in the 1–10 nM range, showing
altogether a bell-shaped dose-response curve. Intriguingly, the agonistic effects of S961 were seen only on mitogenic
endpoints (3H-thymidine incorporation), and not on metabolic endpoints (14C-glucose incorporation in adipocytes and
muscle cells). The agonistic effects of S961 were observed in 3 independent cell lines, with complete concordance between
mitogenicity (3H-thymidine incorporation) and phosphorylation of the IR and Akt. Together with the B29-B’29 crosslinked
dimer, S961 is a rare example of a mixed agonist/antagonist for the human IR. A plausible mechanistic explanation based on
the bivalent crosslinking model of IR activation is proposed.
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Introduction

The insulin receptor (IR) is a member of the receptor tyrosine

kinase (RTK) family [1–6], which includes the receptors for

insulin, insulin-like growth factors (IGFs) and many other growth

factors. The RTKs consist of an extracellular portion containing

the ligand binding sites, a transmembrane helix, and an

intracellular portion with tyrosine kinase activity. Ligand binding

triggers activation of the tyrosine kinase activity, involving

autophosphorylation of tyrosines around the catalytic site [7].

The extracellular domain of the IR exists under two alternatively

spliced forms, IR-A and IR-B, depending on the absence or

presence, respectively, of a 12 amino acid segment encoded by

exon 11 [3,4]. The intracellular portion of the IR contains seven

tyrosine phosphorylation sites, two in the juxtamembrane domain

(JM), Y965 and Y972, three in the tyrosine kinase (TK) domain,

Y1158, Y1162, and Y1163, and the last two in the carboxy-

terminal tail, Y1328 and Y1334 (IR-B numbering).

The binding of insulin to the IR is described by a curvilinear

Scatchard plot, which suggests the existence of high- and low-

affinity binding sites and/or negative cooperativity [8]. Further-

more, dissociation of prebound labelled insulin from the IR is

accelerated by an excess of non-labelled insulin in comparison

to dissociation in buffer alone, a hallmark of negative

cooperativity [9]. At supraphysiological concentrations of non-

labelled insulin (above 100 nM), the accelerated dissociation of

labelled insulin is abolished due to self-antagonism. Models

describing these complex binding interactions between insulin

and the IR were proposed in 1994 by Schäffer [10] and De

Meyts [8]. Both models assume that each IR half contains two

binding sites, sites 1 and 2. The insulin molecule crosslinks the

two IR halves by binding to site 1 on one a-subunit and site 2

on the other a-subunit, thereby creating a high-affinity in-

teraction, leaving the other two IR sites for interaction with

insulin with a lower affinity. In order to explain the acceleration

of dissociation of prebound labelled insulin by unlabelled insulin

(negative cooperativity), De Meyts [8] proposed that IR sites 1

and 2 are disposed in an antiparallel symmetry, allowing

alternative crosslinking of the two pairs of binding sites. In 2006

the crystal structure of the ectodomain dimer of IR was solved

[11] and confirmed the antiparallel arrangement of the binding

sites. A 5-parameter mathematical model for this complex

interaction was recently developed by Kiselyov et al. [12] based
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on the concept of a harmonic oscillator, which was able to

reproduce the essential kinetic features of the ligand-receptor

interaction and to provide robust estimates of the parameters

(site rate constants and crosslinking constant). Recently, by using

the model, the differences in insulin binding kinetics between

the two IR isoforms were determined allowing accurate

determination of the binding kinetics of the individual sites as

well as the apparent affinities [13].

Interestingly, despite the apparent complexity and multi-

subsite nature of the binding interaction, all natural ligands of

the IR (animal insulins) as well as dozens of chemically modified

or genetically engineered insulin analogues over the past four

decades were always found to have full agonistic properties with

widely divergent potencies in metabolic bioassays like rodent

adipocytes lipogenesis (same maximum with dose-response

curves shifting left or right). The only exception was a covalent

insulin dimer crosslinked between the two B29 lysines, which

showed both antagonistic and partial agonistic properties [14].

The mitogenic properties of the IR (e.g. in 3H-thymidine

incorporation assays) have not been as thoroughly investigated

for possible antagonism, again with the exception of the

crosslinked dimer which antagonized mitogenesis [14].

In 2002, peptides binding to the IR binding sites were

generated by phage display [15] in order to define the

molecular architecture of the receptor and to identify the

critical regions (‘‘hotspots’’) required for biological activity in

a site-directed manner. Two groups of phage-derived peptides

were found to bind to or close to the two insulin-binding sites.

A third group of phage-derived peptides did not compete for

binding to insulin sites 1 and 2, and were therefore named site

3 peptides. Surprisingly, some of the site 1 peptides stimulated

glucose uptake in adipocytes with partial or full agonistic

activity, even though they were presumably not able to crosslink

the IR. In contrast, site 2 and 3 peptides acted as glucose

uptake antagonists. In terms of IR phosphorylation, site 1

peptides acted as either agonists or antagonists, whereas site 2

and site 3 peptides acted only as antagonists. Finally, site 1

peptides also bound to the IGF-IR, in contrast to site 2 and 3

peptides, which bound exclusively to the IR [15].

Several combinations of homo-and heterodimers of site 1 and

2 peptides were generated in order to increase the affinity for

the IR and to achieve a more insulin-like activation mechanism

of the IR [16]. Interestingly, heterodimers of site 1 and 2

peptides acted as either agonists or antagonists, depending on

the order of peptide linkage. Heterodimers comprising a site 1

peptide C-terminally linked to the N-terminal end of a site 2

peptide acted as antagonists (these heterodimers are termed site

1–2 peptides). In contrast, heterodimers comprising a site 2

peptide C-terminally linked to the N-terminal end of a site 1

peptide acted as agonists (these heterodimers are termed site 2–

1 peptides) [16]. However, Jensen et al. [17] recently found that

a site 2–1 peptide named S597 was a full agonist on glycogen

synthesis (with a decreased potency), but a weak inducer of cell

proliferation in rat L6 myoblast cells overexpressing the human

IR-A. Interestingly, the authors found that S597 was able to

antagonize the effect of insulin on cell proliferation down to the

effect of S597 alone, indicating that S597 is not a full but

a partial agonist for mitogenesis [17]. This prompted us to

examine more closely the properties of the site 1–2 peptide

S961, nearly identical to S661 [18] reported to be a full IR

antagonist, and investigate whether it may also have agonistic

properties on the IR.

Experimental Procedures

Insulin, IGF-I and S961
Human insulin (S100, aqueous solution), S661 and S961 were

provided by Novo Nordisk A/S, Denmark. The sequence of S961

is identical to the sequence of S661 shown in Schäffer et al. 2008

[18] except that S961 is a C-terminal acid, whereas S661 is a C-

terminal amide. The two peptides have been shown to have

identical properties [18]. S961 was dissolved in DMSO for the

mitogenicity assays and in H2O for the IR and Akt activation

assays. S661 was dissolved in DMSO. IGF-I (Sigma; I-3769) was

dissolved in 10 mM HCl.

Cell Culture
L6 rat myoblasts (L6-WT) (ATCC; CRL-1458), and L6 rat

myoblasts overexpressing the A isoform of the human IR (L6-hIR)

[19] were cultured at 37uC in a 5% CO2 humidified atmosphere

in Nunc culture flasks. The growth medium was DMEM with

5 mM glucose (Gibco; 21885-025) supplemented with 10% v/v

fetal bovine serum (Gibco; 26140-079) and 1% v/v penicillin/

streptomycin/glutamine (Gibco; 10378-016). For L6-hIR cells, the

medium was supplemented with 1 mg/ml G418. Cells were

subcultured 3 times per week, with a split ratio of 1:10 for two days

and 1:20 for three days. L6-hIR cells used for the IR/AKT

phosphorylation assays were cultured as explained before except

that the growth medium was DMEM with 5 mM glucose (Gibco;

21885-025) supplemented with 10% v/v fetal bovine serum

(Gibco; 16140-0711), 1% v/v penicillin/streptomycin (Gibco;

15140-122), and 1 mg/ml G418 (Gibco; 10131-019).

MCF-7 human mammary adenocarcinoma cells (ATCC; HTB-

22) [20,21] were cultured at 37uC in a 5% CO2 humidified

atmosphere in Nunc culture flasks. Growth medium was D-MEM

with 25 mM glucose with phenol red (Lonza; Bio Whittaker BE12-

61F) supplemented with 10% v/v fetal bovine serum (Gibco;

26140-079), 1% v/v penicillin/streptomycin/glutamine (Gibco;

10378-016), 1% v/v non-essential amino acids (MEM 100X)

(Gibco; 11140-035) and 1.5 mM recombinant human insulin

(Ballerup Apotek; 013950). Cells were subcultured 2 times weekly,

with a split ratio of 1:4.

3T3-L1 mouse fibroblast-like preadipocytes (ATCC; CL-173)

[22] were cultured at 37uC in a 10% CO2 humidified atmosphere

in Nunc culture dishes. Growth medium was D-MEM with

25 mM glucose (Gibco; 41966-029) supplemented with 10% v/v

donor calf serum (Gibco; 16030-041), 1% v/v penicillin/strepto-

mycin (Cambrex; DE17-602E), and 1% v/v L-Glutamine (Lonza;

BE17-605E). Cells were subcultured every second day with a split

ratio of 1:5.

For differentiation, 3T3-L1 cells were allowed to reach 100%

confluence, followed by further incubation for 48 hours in fresh

medium. Then, differentiation into adipocytes was initiated by

incubating the cells for 48 hours in differentiation medium:

DMEM, 10% v/v fetal bovine serum, 1% v/v penicillin/

streptomycin, 1% v/v L-Glutamine, 115 mg/ml 1-methyl-3-

isobutylxanthine, 390 ng/ml dexamethasone and 1 mg/ml insulin.

After 2 days, the cells were incubated for another 48 hours in

differentiation medium without 1-methyl-3-isobutylxanthine and

dexamethasone. Then, the cells were incubated for another 48

hours in differentiation medium without 1-methyl-3-isobutyl-

xanthine, dexamethasone and insulin. Finally, the medium was

renewed (differentiation medium without 1-methyl-3-isobutyl-

xanthine, dexamethasone and insulin) and the cells were used

for glycogen synthesis experiments after 1–2 days.

Chinese hamster ovary cells overexpressing the A isoform of the

human IR (CHO-hIR) [23] were cultured at 37uC in a 5% CO2
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humidified atmosphere in Nunc culture flasks. Growth medium

was DMEM (Gibco; 21885-025) with 5.5 mM glucose (1000 mg/

l) supplemented with 10% v/v fetal bovine serum, 1% v/v

penicillin/streptomycin (Gibco; 11140), 100 mM MEM non

essential amino acids (Gibco; 11140) and 100 mM methotrexate

(Wyeth Lederle; 062661). Cells were subcultured 2 times weekly

with at split ratio of 1:25 for three days and 1:50 for four days.

Mitogenicity Assays with Human Insulin and IGF-I in L6-
WT, L6-hIR and MCF-7 Cells

For all three cell lines, genomic DNA synthesis was quantified

by incorporation of 3H-thymidine (Amersham Biosciences).

The L6-WT and L6-hIR mitogenicity assays were performed

essentially as previously described [19]. Briefly, cells were

synchronized by a combination of topoinhibition and serum

starvation, and stimulated for 18–19 hours in medium containing

0.1% serum supplemented with increasing concentrations of

ligand. Then, cells were pulse-labelled with 0.125 mCi/well 3H-

thymidine for 2 hours, and incorporated 3H-thymidine was

quantitated by scintillation counting.

The MCF-7 mitogenicity assay was performed essentially as

previously described [20,21]. Briefly, cells were synchronized by

a combination of topoinhibition and serum starvation, and

stimulated for 24 hours Dulbecco’s medium without phenol red

(Gibco; 11880-028) containing 0.1% serum and 1% v/v penicil-

lin/streptomycin/glutamine supplemented with increasing con-

centrations of ligand. Then, cells were pulse-labelled with

0.125 mCi/well 3H-thymidine for 2 hours, and incorporated 3H-

thymidine was quantitated by scintillation counting.

Mitogenicity Assays in the Presence of S961
For all cell lines, two hours prior to insulin or IGF-I stimulation,

the medium was replaced with starvation medium containing

S961 at the concentrations indicated in figures and results. The

cells were incubated at 37uC in a 5% CO2 humidified atmosphere

for 2 hours, at which time HI or IGF-I were added and

mitogenicity assays were carried out as described above. Thus,

insulin and IGF-I stimulation occurred in the continued presence

of S961. Negative-control cultures received an equivalent volume

of DMSO instead of S961.

Glycogen Synthesis Assay in Differentiated 3T3-L1
Adipocytes

Differentiated 3T3-L1 cells seeded in 12-well plates were

starved for three hours in 1 ml/well starvation medium consisting

of DMEM with 1 g/l glucose (Lonza; BE12-707F) supplemented

with 1% v/v penicillin/streptomycin and 1% v/v L-Glutamine.

Next, 10 ml of insulin, IGF-I, or S961 were added, followed by

20 ml 14C-uridine diphosphoglucose (UDPG, PerkinElmer

NEC042), and the cells were incubated for 1 hour at 37uC. The

cells were washed three times with 1 ml ice cold PBS pH 7.4

(Gibco; 14080-048), and lysed in 1 ml ice cold 1N NaOH for 30

minutes on ice. The cell lysates were transferred to Sarstedt tubes

(catalogue number 60.540.012), and heated for 30 minutes in

a water bath at 90uC. Next, 285 ml 4 mg/ml glycogen (Sigma; G-

0885) was added, followed by vortexing, addition of 2 ml ice cold

96% ethanol, and incubation overnight at -20uC, for glycogen to

precipitate. Precipitated glycogen was collected by centrifugation

at 4uC for 20 minutes at 2800 rpm in a Heraeus Megafuge 1.0R

centrifuge. Supernatants were discarded, the precipitated glycogen

washed with 2 ml 96% ethanol followed by centrifugation, and the

pellets dried by turning tubes upside down for a few minutes. The

precipitated glycogen was dissolved in 525 ml H2O, of which

500 ml were mixed with 10 ml OptiPhase Hisafe 3 scintillation

fluid (Perkin Elmer; 1200-437), followed by counting for 600

seconds in a Beta counter. Positive and negative controls consisted

of 1 ml UDPG in 10 ml OptiPhase Hisafe 3, and 10 ml Optiphase

Hisafe 3 alone, respectively.

Glycogen Synthesis Assay in L6-hIR Cells
L6-hIR cells were seeded in Cytostar plates (Perkin Elmer;

RPNQ0163) with a density of 40,000 cells/well. Growth medium

was DMEM with 5 mM glucose (Gibco; 21885-025) supplemen-

ted with 10% v/v FBS (Gibco; 16140-071), 1% v/v penicillin/

streptomycin (Gibco; 15140-122) and 1 mg/ml G418 (Gibco;

10031-019). After 24 hours, the medium was exchanged with

200 ml starvation medium consisting of MEM alpha MEM (Gibco;

041-94645) supplemented with 20 mM Hepes (Gibco; 15630-056),

2 mM Glutamin (Gibco 25030-024), 2 mM Pyruvate (Gibco;

11360-039), 1% v/v penicillin/streptomycin, 0.1% Human Serum

Albumin (Sigma; A-1887) and 500 mM glucose. The cells were

starved for 3 hours followed by 24 hours of stimulation with

increasing concentrations of ligand and 10ml 14C- Deoxy-D-

Glucose (Perkin Elmer; NEC 495A001MC), the latter diluted 1:10

in starvation medium. The plates were sealed with backing tape

(Perkin Elmer; 6005199) and radioactivity was measured in

a TopCounter (Perkin Elmer).

Lipogenesis in Primary Rat Adipocytes
Primary rat adipocytes were prepared from epididymal fat-pads

excised from 110–140 g Sprague Dawley rats as previously

described [23,24]. Briefly, fine minced tissue was shaken at 1

fat-pad per 1.5 ml of degradation buffer consisting of 110 mM

NaCl (Merck 106404), 4.8 mM KCl (Merck 104936), 1.2 mM

KH2PO4 (Merck 104873), 1.2 mM MgSO4 (Merck 105886),

12.6 mM CaCl2 (Merck 102382), 0.4 mg/ml collagenase

(Worthinton Biochemical Corporation), 4% HSA (Sigma-Aldrich

A1887), 1 mM glucose (Sigma G-7528), and 25 mM Hepes

(Sigma; H9136) in polypropylene vials between 1–1K hours at

36.5uC at 190 rpm.

Next, the suspension was filtered through a syringe with two

layers of gaze and washed twice in 20 ml wash buffer consisting of

20% v/v Krebs stock buffer, 25 mM Hepes and 1% v/v HSA,

where after the liquid phase was aspirated. Following lipocrit

measurement, the adipocytes were resuspended to reach a final

concentration of 0.5% cells. 110 ml of the resuspended cells with
3H-glucose (Perkin Elmer; NET331A001MC, 1 mCi/ml) were

incubated with 10 ml insulin or insulin analogue dilutions in a final

concentration of 0.5 mM glucose. Final concentration of 3H-

glucose was 0.125 mCi/well were from Perkin Elmer. For each

ligand eight different doses were used. The dilutions were made in

wash buffer. Adipocytes were incubated at 36.5uC in a Labtherm

incubator shaking at 120 minutes-1. The reaction was terminated

by adding 100 ml Microscient E (PerkineElmer) and 3H-radioac-

tivity was measured in a TopCounter NXT (Perkin Elmer) counter

for 2 minutes/well.

IR and Akt Phosphorylation Assays
CHO-hIR cells were seeded in 12-well plates at a density of

250,000 cells/well, grown for 48 hours at 37uC in growth medium,

and shifted to assay medium consisting of DMEM (Gibco; 21885-

025) with 5.5. mM glucose, 1% v/v penicillin/streptomycin and

0.1% human serum albumin (Sigma; A-1887). Cells were

stimulated with increasing concentrations of ligand for 30 minutes

at 37uC. Reactions were stopped by washing monolayers three

times in 1 ml ice-cold PBS (Gibco; 14080-048), followed by snap

freezing in liquid nitrogen and lysis in 100 ml lysis buffer (Bio

Agonism and Antagonism at the Insulin Receptor
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Source; FNN0011) containing 1 mM AEBSF (Calbiochem;

101500) and protease inhibitor cocktail (Sigma; P-2714). Protein

concentration in lysates was determined using the Pierce BCA

method. IR and Akt phosphorylation was quantitated by sandwich

ELISA, as recommended by the manufacturer (Bio Source/

Invitrogen). Briefly, diluted lysates were applied to a 96-well plates

containing immobilized monoclonal antibodies specific for either

human/mouse/rat IR (b-subunit) or human/mouse/rat Akt, and

incubated for 2 hours at room temperature. The antibodies were

part of an ELISA kit which has the following catalog numbers;

IR(pY972) cat no. KHR9141, IR(pY1158) cat no. KHR9121,

IR(pYpY1162/1163) cat no. KHR9131, IR(pY1328) cat no.

KHR9151, IR(pY1334) cat no. KHR9161 and AKT(pS473) cat

no. KHO0111. Following washing, phosphorylation-specific

rabbit antibodies were added, followed by horseradish peroxi-

dase-labelled anti-rabbit IgG and development with chromogen

(TMB).

The procedure for the L6-hIR cells was essentially as described

for the CHO-hIR cells except that the cells were plated with a cell

density of 125,000 cells/well and incubated for three days before

the previously described growth medium for L6-hIR was shifted

into assay medium for the IR/AKT phosphorylation assays.

Results

S961 Stimulated a Mitogenic Response in L6-hIR Cells
Usually, in mammalian cells, IGF-I is a stronger mitogen than

insulin [20,21]. However, in L6-hIR cells, insulin and IGF-I had

mitogenic potencies (EC50 values) of 0.13 nM and 5.41 nM,

respectively (Fig. 1). In this regard, L6-hIR cells are unusually

responsive to the mitogenic effect of human insulin. This was in

agreement with a previous report [19], supporting that in L6-hIR

cells, the mitogenic effect of insulin is primarily mediated by the

transfected human IR.

First, because the initial assumption was that S961 is a pure

antagonist [18] we performed L6-hIR cell proliferation assays

where cells were pre-treated for 2h with 10 nM or 100 nM S961,

followed by insulin or IGF-I stimulation in the continued presence

of S961. Negative controls consisted of insulin and IGF-I

stimulated cells that received an equivalent volume of DMSO

instead of S961. At S961 concentrations of 100 nM, the mitogenic

potency of human insulin was reduced 100-fold (Fig. 1A), and the

mitogenic potency of human IGF-I was reduced 10-fold (Fig. 1B),

as shown by the rightward shift of the dose-response curves. In the

absence of S961, insulin at below 10 pM and IGF-I at below 1 nM

did not stimulate mitogenic responses in L6-hIR cells, as expected

(Fig. 1A and 1B). Surprisingly, in the presence of S961 at 10 nM,

cell proliferation was observed even at insulin levels below 10 pM

and IGF-I levels below 1 nM (Fig. 1A and 1B). Both for insulin in

the 0.1 - 10 pM range, and IGF-I in the 0.1 pM - 1 nM range, the

increased cell proliferation at 10 nM S961 compared to 100 nM

S961 was highly statistically significant (Fig. 1A and 1B,

P,0.0005, two-tailed t-test). These results suggested that S961

had not only antagonistic but also agonistic properties.

In order to verify the agonistic effects of S961, we performed

a dose-response curve with S961 alone in L6-hIR cells. At

concentration of 1 nM, S961 significantly enhanced cell pro-

liferation in comparison to 0.01 nM, (Fig. 1C, P,0.005, two-tailed

t-test), whereas the increase in cell proliferation at 10 nM S961

was not statistically significant (Fig. 1C, P = 0.055, two-tailed t-

test). At 100 nM S961, the mitogenic effect disappeared (Fig. 1C,

"S961 alone" curve). Together, these findings supported that S961

was a mixed agonist/antagonist, with antagonist effects dominant

above 10 nM, and agonist activities dominant in the 1–10 nM

range, resulting in a bell-shaped curve.

We then examined the effect of low concentrations of insulin on

S961-treated cells. The insulin concentrations chosen for this were

0.01 nM, 0.025 nM and 0.05 nM, just at and slightly above the

threshold concentration where insulin started to stimulate

a mitogenic response in L6-hIR cells (Fig. 1A, "HI" curve). At

S961 concentrations of 1 and 10 nM, which corresponded to the

maximal agonist activity of S961, the three insulin concentrations

did not further increase 3H-thymidine incorporation (Fig. 1C,

compare all curves at the 1 and 10 nM x-axis point). In contrast, at

S961 concentrations below 1 nM, the low insulin concentrations

stimulated an additive mitogenic response (Fig. 1C, compare all

curves in the 0.001–0.1 nM x-axis range. P,0.05, two-tailed t-

test). This supported that S961 does not exhibit antagonistic

activity below 1 nM.

Finally, we examined maximal and supramaximal insulin

concentrations corresponding to the maximal mitogenic effect of

insulin in S961-pretreated cells (Fig. 1D). This experiment

confirmed that above 10 nM, S961 is a strong IR antagonist.

Approximately 10-fold molar excess of S961 was needed to

neutralize the mitogenic effect of insulin in L6-hIR cells (Fig. 1D).

In summary, all mitogenicity results from L6-hIR cells were

concordant, supporting that S961 was a mixed agonist/antagonist,

with antagonistic effects dominating above 10 nM and agonistic

effects dominating in the 1–10 nM range.

S961 Stimulated a Mitogenic Response in MCF-7 Cells
In order to examine the dose dependant S961 effects on

mitogenicity in cancer cells expressing endogenous IR and IGF-IR

we performed 3H-thymidine incorporation in MCF-7 cells with

S961 and IGF-I. S961 at 1 nM but not at higher concentrations

significantly increased cell proliferation in MCF-7 cells (Fig. 2),

although to a lesser degree than in L6-hIR cells, showing that the

agonistic effect of S961 was not an artefact of the L6-hIR cell

system.

S961 Stimulated IR and Akt Phosphorylation in CHO-hIR
Cells

We showed that S661, which has been previously reported to

perform in a similar way as S961 [18], behaved as an antagonist

with respect to IR and AKT phosphorylation (Fig. S1), thus

confirming the antagonistic properties of the peptide. S961

concentrations of 1 and 10 nM significantly stimulated tyrosine

phosphorylation of the IR (Fig. 3A–E), including the three sites in

the tyrosine kinase domain critical for IR activation (Fig. 3B and

3C), i.e. Y1158 and Y1162/1163 in the TK domain, as well as

Y1328 and Y1334 in the C-terminal tail end of the IR, and Y972

in the JM domain. Furthermore, S961 concentrations of 1 and

10 nM significantly stimulated Akt phosphorylation at serine 473,

known to be critical for the activation of Akt [25] (Fig. 4F).

The S961 dose-response curves for IR and Akt phosphorylation

in CHO-hIR cells and the dose-response curves for mitogenicity in

L6-hIR and MCF-7 cells coincided perfectly, with maximum at 1

and 10 nM peptide (compare Fig. 1C and 1D with Fig. 2 and

Fig. 3A–E).

S961 did not Stimulate Glycogen Synthesis in
Differentiated Adipocytes or in Muscle Cells

We investigated if S961 was able to stimulate other biological

endpoints than cell proliferation. We therefore performed

glycogen synthesis assays with HI, IGF-I and S961 in differenti-

ated 3T3-L1 adipocytes (Fig. 4A) and with S961 alone or in

Agonism and Antagonism at the Insulin Receptor
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Figure 1. S961 has antagonist as well as agonist activity on IR-mediated mitogenic effect in L6-hIR cells. A, "10 nM S961" and "100 nM
S961" curves: Cells were pretreated for 2h with 10 nM or 100 nM S961, and stimulated with increasing concentrations of insulin (as indicated on the
x-axis) in the continued presence of S961. "HI" curve, insulin stimulation only (without S961). "DMSO" curve, insulin stimulation with equal volume
DMSO added instead of S961. B, "10 nM S961" and "100 nM S961" curves: Cells were pretreated for 2h with 10 nM or 100 nM S961, and stimulated
with increasing concentrations of IGF-I (as indicated on the x-axis) in the continued presence of S961. "IGF-I" curve, IGF-I stimulation only (without
S961). "DMSO" curve, IGF-I stimulation with equal volume DMSO added instead of S961. C, "0.01 nM HI", "0.025 nM HI" and "0.05 nM HI" curves: Cells
were pretreated for 2 h with increasing concentrations of S961 (as indicated on the x-axis), and stimulated with 0.01 nM, 0.025 nM or 0.05 nM HI in
the continued presence of S961. "S961 alone" curve, insulin was omitted. D, "1 nM HI", "10 nM HI" and "100 nM HI" curves: Cells were pretreated for
2 h with increasing concentrations of S961 (as indicated on the x-axis), and stimulated with 1 nM, 10 nM or 100 nM HI in the continued presence of
S961. "S961 alone" curve, insulin was omitted. A and B, Graphs are representative for three independent experiments, each experiment comprising
triplicate determinations of each ligand concentration. C, The graph is performed in triplicates once. D, The graph is representative for two
independent experiments each performed in triplicates. Error bars indicate one standard deviation.
doi:10.1371/journal.pone.0051972.g001

Figure 2. Agonistic (mitogenic) effect of S961 in MCF-7 cells. Cells were stimulated with increasing concentrations of S961 or IGF-I. The graph
is representative for three experiments. The increased response for S961 at 1 nM compared to the response at the three lowest concentrations is
statistically significant (P,0.001, two-tailed t-test). Data points represent means of triplicate determinations. Error bars show one standard deviation.
doi:10.1371/journal.pone.0051972.g002
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combination with HI in L6-hIR cells (Fig. 4B). As expected, HI

and IGF-I were strong and very weak stimulators, respectively, of

glycogen synthesis in differentiated 3T3-L1 cells in contrast to

S961 which did not induce glycogen synthesis in differentiated

adipocytes (Fig. 4A). Similarly, neither S961 nor S661 were able to

stimulate glycogen synthesis in L6-hIR cells (Fig. 4B). In addition,

Figure 3. S961 stimulates IR and Akt phosphorylation in CHO-hIR cells. Cells were stimulated with increasing concentrations of HI or S961.
A-E, IR tyrosine phosphorylation. The 6 tyrosine phosphorylation sites which were examined were Y972 in the juxtamembrane domain, Y1158 and
Y1162/1163 in the tyrosine kinase domain, and Y1328 and Y1334 in the C-terminal tail end of the IR. F, Akt phosphorylation. Phosphorylation of
Ser437 is known to be required for Akt activation. Panels A-E: the increased tyrosine phosphorylation of the IR was significant (compared to
0.0001 nM, 0.001 nM and 0.01 nM S961, P,0.05*, P,0.01**, P,0.001***, two-tailed t-test). Panel F: the increased serine phosphorylation of Akt was
significant (compared to 0.0001 nM, 0.001 nM and 0.01 nM S961, P,0.01**, two-tailed t-test). Data points represent average of three independent
experiments, each comprising triplicate determinations. Error bars show one standard deviation.
doi:10.1371/journal.pone.0051972.g003
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both S961 and S661 antagonized the effect of 3 nM insulin with

identical potency (Fig. 4B). S661 was included in this experiment

to verify peptides similarity.

S961 did not Induce Lipogenesis in Adipocytes
To rule out the possibility that S961 was able to initiate other

metabolic pathways than glycogen synthesis, we performed

lipogenesis in rat adipocytes. Consistent with the results from

glycogen synthesis, S961 and S661, in contrast with insulin, were

not able to initiate an agonistic response, but were fully capable of

antagonizing the effect of 1 nM insulin (Fig. 5).

Discussion

Agonism and antagonism at orthosteric or allosteric sites are

pharmacological properties of receptors that are well described for

the GPCRs [26] and growth hormone/cytokine classes of

receptors [27]. Self-antagonism in the latter class of receptors

has also been described, resulting in bell-shaped dose-response

curves [27,28]. In the case of RTKs, various strategies to design

agonists or antagonists are possible, as described in ref. [29]. Small

molecules aimed at inhibiting the TK domain (tyrphostins) have

been described for the EGF and other growth factor receptors

[30]. Monoclonal antibodies with antagonistic properties have

been used successfully to target the ErbB2 receptor, and have

made it to the clinic as anti-cancer therapies [31].

In the case of the IR, no natural ligand (various animal insulins)

or modified ligand (analogues) has ever been found to be

antagonistic in metabolic assays (such as lipogenesis in isolated

rodent fat cells) despite the study of dozens of modified insulins.

The sigmoid dose-response curves exhibit variable potencies (with

leftward or rightward shift relative to insulin) but with the same

maximal response. A natural mutant insulin (Leu B24 insulin) was

initially claimed to be an antagonist in vitro [32,33] but was soon

demonstrated by others not to be an antagonist either in vitro [34–

36] or in vivo [37]. A notable exception is a covalent insulin dimer

crosslinked between the two B29 lysines, which showed antago-

nistic and partial agonistic properties in both metabolic and

mitogenic assays [14]. The only property of the IR for which

antagonism with several insulin analogues has been demonstrated

is the negative cooperativity [8]. Dose-response-curves for

acceleration of dissociation of pre-bound labelled insulin by

unlabelled insulin in an infinite dilution is bell-shaped [8,9],

indicating self-antagonism. Some insulin analogues modified at the

Figure 4. S961 did not stimulate glycogen synthesis in differentiated adipocytes or in muscle cells. A, Differentiated 3T3-L1 adipocytes
were stimulated with increasing concentrations of HI, IGF-I or S961. The graph is representative of two independent experiments each comprising
duplicate determinations. Error bars show one standard deviation. B, L6-hIR muscle cells were stimulated with increasing concentrations of S961/
S661 alone or in combination with 3 nM insulin. The graph is representative of two independent experiments each comprising triplicate
determinations. Error bars show one standard deviation.
doi:10.1371/journal.pone.0051972.g004

Figure 5. S961 did not stimulate lipogenesis in rat adiopocytes. Primary rat adipocytes were stimulated with increasing concentrations of
S961or S661 alone or in combination with 1 nM insulin. Insulin alone was included as a reference. The graph is representative of two independent
experiments each comprising duplicate determinations. Error bars show one standard deviation.
doi:10.1371/journal.pone.0051972.g005
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C-terminal end of the B-chain (‘‘cooperative site’’) [38] or at the

N-terminal end of the A-chain (Aladdin H. and De Meyts, P.

unpublished data) do not induce the accelerated tracer dissociation

and antagonize the accelerating effect of native insulin [8]. These

features are readily explainable in the framework of the harmonic

oscillator model of the IR [12]. A variety of monoclonal antibodies

for the IR and IGF-IR have been shown, depending on their

binding epitopes, to be either agonists, neutral or antagonists [39–

42]. More recently, some monomeric and dimeric peptides

targetting IR site 1 and site 2 (described in the introduction) were

shown to behave as antagonists of biological effects of insulin

in vitro and in vivo [16,18].

We have investigated here more closely the properties of the site

1–2 dimeric peptide S961, similar to S661 that was previously

described as an antagonist [18]. Using three different cell lines (L6-

hIR, MCF-7 and CHO-hIR), we showed that S961 is in fact

a mixed agonist/antagonist on mitogenic signalling from the IR

and that S961 has agonistic effects on IR phosphorylation and Akt

phosphorylation endpoints. In all 3 cell lines, S961 exhibited

agonistic activity between 1 and 10 nM. The results from all 3 cell

culture systems were highly consistent. Thus, the mixed agonist/

antagonist properties of S961 were unlikely to be a cell culture

artefact. Intriguingly, the agonist activity of S961 was observed

only with mitogenicity and IR/Akt phosphorylation endpoints.

On the glucose incorporation endpoint in differentiated 3T3-L1

preadipocytes, in L6-hIR cells and in rat adipocytes S961 had no

agonistic effects. In addition, we found that S661 behaved in the

same manner as S961 with respect to lipogenesis and glycogen

synthesis.

Based on the EC50 values of HI and IGF-I, the mitogenic effect

of insulin in L6-hIR cells can be reasonably assumed to be

mediated by the transfected human IR-A. Additionally, S961 has

been reported to be highly IR-specific, with a selectivity for the IR

versus the IGF-IR that is higher than that of insulin itself (the IGF-

IR affinity of S961 in comparison to HI is 3%, and the IR-A

affinity of S961 in comparison to HI is 60% [18]). In addition,

a contribution from IR/IGF-IR hybrids [43] is likely since S961,

unlike insulin, binds to hybrid receptors with high affinity [18]. In

MCF-7 cells, the agonistic effect of S961 is likely induced through

IR/IGF-IR hybrids [43]. Indeed, while the cell line we used was

shown to contain IR protein by Western blotting [21], we have not

been able to demonstrate any high affinity binding of 125I-insulin

(Klaproth, B., and Sajid, W., unpublished data), suggesting that

most of the IRs are drawn into hybrids which are unresponsive to

insulin [43] but bind S961 [18] and IGF-I with high affinity. Also,

we showed that the insulin-induced mitogenicity in these cells is

not affected by siRNAs against the IR but only by siRNAs against

the IGF-IR [44], suggesting that the insulin response is entirely

through the IGF-IR. Since S961 binds poorly to the IGF-IR and

there are no high-affinity IRs, the response must be through the

hybrid receptors for which S961 has a high affinity. Finally, we

show that the dose-response curve of S961-induced IR and Akt

phosphorylation exactly matched the dose-response of S961-

induced mitogenic effect. Therefore, taken together, we believe

that our data strongly supported that the mixed agonist/antagonist

activity of S961 was exerted through the IR and/or IR/IGF-IR

hybrids. A hybrid receptor-mediated response may explain the fact

that S9619s agonistic response shows a similar potency in cells that

express mostly IRs (L6-hIR cells) or IGF-IRs (MCF-7 cells).

S961 has recently been used in rats as an IR antagonist, to block

metabolism as well as mitogenic effects of the IR [45,46]. We

found that in the 1–10 nM range, S961 can in fact act as an

agonist of IR-mediated mitogenic responses. Even though we did

not find any agonistic effects of S961 on glycogen synthesis in

differentiated preadipocytes or in L6-hIR cells as well as on

lipogenesis in rat adipocytes, it cannot be ruled out that S961

could have agonistic effects in other cell types. Thus, our findings

suggest that when using S961 as an IR antagonist in vitro, S961

concentrations well above 10 nM should be employed.

To our knowledge, together with the B29-B’29 crosslinked

dimer, S961 is a rare example of mixed agonism/antagonism at

the IR. Another peptide, S597 (a site 1-site 2 peptide), was

previously shown to be a full agonist with respect to glycogen

synthesis, but a partial agonist on cell proliferation in the presence

of HI [17]. The 43 [18] and 31 [17] amino acids long peptides,

S961 and S597, have structural similarities since they both consist

of a site 1 and site 2 peptide although linked in different orders.

None of the peptides show sequence similarity with HI although

they were found to bind to the same IR binding sites as HI. The

difference between the two peptides could be due to the

orientation of the site 1 and site 2 peptides [47].

It is not established how the mixed agonist/antagonist

properties of S961 arise. A plausible mechanism can be proposed

based on the data presented in our study, and the current model of

IR activation [12] which is schematically depicted in Fig. 6A. In

this model, the IR molecule has two identical pairs (termed

crosslinks) of partial sites (site 1 and site 2) arranged in an anti-

parallel way. Insulin can bind first to any of the four available

partial sites and then bind to the second site of the same crosslink

(see Fig. 6A). It is believed that the crosslinked state of the receptor

(with insulin bound to both partial sites) corresponds to the

activated state of the receptor [8,10].

The simplest model that can explain mathematically the bell

shaped dose response of S961 is a two-site binding model, in which

binding to one site activates the receptor and to the second site of

lower affinity – inactivates it. Since IR has two identical pairs of

partial sites, it is plausible to suggest that binding of the S961

peptide to the first pair of partial sites activates the receptor in

a similar way as insulin does (see Fig. 6B). It is known that a second

insulin molecule cannot bind simultaneously to the two partial sites

of the second pair. However, it is hypothesised that the S961

peptide due to its flexibility can bind simultaneously to the two

partial sites, albeit with a lower affinity. The second crosslinking

event is postulated to result in the receptor inactivation, which

might be a result of formation of a symmetrical ‘‘non-tilted’’

conformation of the receptor subunits (see Fig. 6B). In order to

explain why S597 (site 2–1 peptide) is an agonist, whereas S961

(site 1–2 peptide) - agonist/antagonist, we suggest that S597 may

not be capable of crosslinking the second pair partial sites and thus

inactive the receptor as S961 does. We note that the distance

between the actual receptor binding sites in these two peptides can

be very different. If the receptor binding site in the site 1 peptide is

positioned close to the N-terminus, and the receptor binding site of

the site 2 peptide – close to the C-terminus, then a long distance

between the receptor binding sites can be expected for the 1–2

peptide order (in the extended conformation of the peptide) as in

S961, and a much shorter distance for the 2–1 peptide order as in

S597 (see Fig. 6C). Thus, for the receptor binding sites positioned

in S597 and S961 as in Fig. 6C, it is possible that the distance

between the receptor binding sites in S961 is long enough for it to

be capable of binding to the second crosslink and inactivate the

receptor (Fig. 6C), but when the peptide order is reversed as in

S597, the much shorter distance between the receptor binding

sites (Fig. 6C) in S597 might prevent it from binding to the second

crosslink. The proposed model is speculative, but consistent with

the current knowledge of how insulin binds to the receptor [47–

51]. Whether or not it is true requires further investigation and

a better knowledge of the structure of the liganded receptor.
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In summary, our results provide additional knowledge to the IR

activation mechanism since we show that agonism and antagonism

exist at IR. In addition, we provide in vitro studies which show

that at 1 nM and 10 nM S961 can activate the IR and

downstream signalling. Further exploration of the properties of

such peptides should shed new light on the mechanism of IR

activation and differential signalling.

Supporting Information

Figure S1 S661 antagonize IR and AKT phosphorylation
in L6-hIR cells. Cells were incubated in 12-wells plates with

a cell density of 125,000 cells/well for three days, where after the

cells were stimulated with increasing concentrations of S661 (panel

A and B) or HI (panel C and D) in the presence of 3 nM HI or

10 mM S661, respectively. IR (pY1158) tyrosine phosphorylation

(panel A and C) as well as AKT (pS473) (panel B and D) was

measured. Data points represent average of three experiments.

Error bars show one standard deviation.

(TIF)
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PDM MBO TÅP VVK. Contributed reagents/materials/analysis tools: LS

BB. Wrote the paper: LK MBO PDM VVK. Discussing of data and

proofreading of the manuscript: LK BFH PJ TÅP KV LS BB MBO VVK
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