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Insulin-like growth factor 1 receptor (IGF-1R) is an attractive target for anti-cancer therapy due to its
anti-apoptotic effect on tumor cells, but inhibition of insulin receptor (IR) may have undesired metabolic
consequences. The primary sequences of the ATP substrate-binding sites of these receptors are identical
and the crystal structures of the activated kinase domains are correspondingly similar. Thus, most small-
molecule inhibitors described to date are equally potent against the activated kinase domains of IGF-1R
and IR. In contrast, the non-phosphorylated kinase domains of these receptors have several structural
features that may accommodate differences in binding affinity for kinase inhibitors. We used a cell-
based assay measuring IGF-1R autophosphorylation as an inhibitor screen, and identified a potent purine
derivative that is selective compared to IR. Surprisingly, the compound is a weak inhibitor of the
activated IGF-1R tyrosine kinase domain. Biochemical and structural studies are presented that indicate
the compound preferentially binds to the ATP site of non-phosphorylated IGF-1R compared to
phosphorylated IGF-1R. The potential selectivity and potency advantages of this binding mode are
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discussed.
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1. Introduction

The insulin-like growth factor 1 receptor (IGF-1R!) is a
transmembrane receptor tyrosine kinase. The mature receptor
has a heterotetrameric structure of two extracellular ligand-
binding a-chains linked by disulfide bonds to two [3-chains that
span the membrane and contain the tyrosine kinase catalytic
activity [1]. The unliganded receptor exists in a low activity, non-
phosphorylated form. Binding of the ligands, insulin-like growth

* Corresponding author at: P.O. Box 13398, Research Triangle Park, NC 27709-

13398, United States. Tel.: +1 919 483 3910; fax: +1 919 315 6720.
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1 The abbreviations used are: IGF-1R, insulin-like growth factor 1 receptor; IR,
insulin receptor; IRS, insulin receptor substrate; ERK, extracellular-signal-regulated
kinase; EGFR, epidermal growth factor receptor; DMEM, Dulbecco’s modified Eagles
medium; ECL, electrochemiluminescence; GST, glutathione S-transferase; BSA,
bovine serum albumin; FBS, fetal bovine serum; DTT, dithiothreitol; DMSO,
dimethylsulfoxide; DELFIA, dissociation-enhanced lanthanide fluorescent immu-
noassay.
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factors 1 or 2 (IGF-1 or IGF-2), elicits a conformational change that
allows trans-phosphorylation of the [-chains. Three tyrosine
residues in the kinase domain activation loop are phosphorylated
resulting in structural rearrangement and a significant increase in
kinase activity [2]. Activation of the kinase results in phosphor-
ylation of intracellular substrates including insulin receptor
substrates 1-4 (IRS1-4) and different Shc isoforms. These
phosphorylation events trigger two key signal transduction
cascades leading to AKT and extracellular-signal-regulated kinase
(ERK) activation, which promote growth and survival of cells [3-5].

IGF-1R signaling plays a significant role in cancer. IGF-1R
overexpression results in cellular transformation to a malignant
phenotype and cells lacking IGF-1R are resistant to transformation
by a variety of other oncogenes [3,5,6]. Furthermore, many human
tumors overexpress IGF-1R and activation increases metastatic
propensity [7]. For these and other reasons, IGF-1R has become an
attractive target for anti-cancer therapy [8,9]. Inhibitors of kinase
activity are one approach for targeting receptor tyrosine kinases
[10,11]. For example, the epidermal growth factor receptor (EGFR)
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Table 1
Properties of IGF-1R inhibitors.

Compound Cellular PY Activated enzyme substrate PY
IGF-1R IR GST-IGF-1R4¢ GST-IRcar
IC50 (nM) IC50 (NM)
110 (50) 2994 (618) 3300 (2300) 4000 (700)
]
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Compound 1
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For compound 1, inhibition of ligand-stimulated receptor autophosphorylation was evaluated in NIH3T3 cells stably overexpressing either IGF-1R or IR (Cellular PY). Peptide
substrate phosphorylation reactions were conducted using purified, fully activated GST-IGF-1R,¢ or GST-IRc,. Data represents the average of at least three independent
experiments. The standard deviation of the mean is shown in parentheses. Results for GSK4529 and NVP-AEW541 have been described previously [15,19].

and ErbB-2 inhibitor, lapatinib, has been approved for advanced
breast cancer and selective EGFR inhibitors, gefitinib and erlotinib,
are approved for the treatment of non-small cell lung cancer [12,13].
Several inhibitors of IGF-1R tyrosine kinase activity have been
described that have activity in pre-clinical cancer models [14-17].

A challenge for the development of IGF-1R-targeted kinase
inhibitors may be the catalytic domain similarity to the highly
related insulin receptor (IR). Inhibition of IR would be expected to
have significant effects on glucose homeostasis and chronic
treatment may result in symptoms of diabetes [3]. The majority
of kinase inhibitors described to date bind to the ATP site of the
catalytic domain. For IGF-1R and IR, the amino acid sequences of
the catalytic domains are 84% identical, and the ATP sites are 100%
identical [18]. GSK4529 is a typical ATP-competitive IGF-1R
inhibitor [19]. The compound is an equipotent inhibitor of purified
IGF-1R and IR kinase domains. In cells, GSK4529 inhibits IGF-1R
and IR autophosphorylation with similar potency that is reduced
relative to the K; for inhibition of the purified enzyme. This is
expected for an ATP-competitive compound since the cellular ATP
concentration is high (1-2 mM). BMS-554417 is a potent inhibitor
of IGF-1R [16]. The compound inhibits the purified enzyme
(ICs0 = 68 nM), IGF-stimulated receptor autophosphorylation in
cell culture and tumor growth in mice. The compound is also an
equipotent inhibitor of purified IR (ICso = 51 nM). Treatment with
BMS-554417 was found to result in transient increases in insulin
and glucose levels in mice. The dual inhibition of IGF-1R and IR and
the physiological effects on glucose homeostasis reported for these
compounds are consistent with the structural similarity and
biological functions of the receptors. Another compound, NVP-
AEW451, appears to have a different mode of inhibition [15]. This
compound inhibits purified IGF-1R and IR with similar potency

(ICs0 =150 and 140 nM respectively). However, in intact cells the
compound is selective for IGF-1-stimulated IGF-1R autopho-
sphorylation (ICsp =90 nM) compared to insulin-stimulated IR
autophosphorylation (ICsg = 2300 nM). Moreover, treatment with
NVP-AEWA451 at doses that blocked tumor growth did not result in
an increase in insulin or glucose levels in mice. With NVP-AEW451,
selectivity for IGF-1R over IR is observed in intact cells but not in
assays measuring substrate phosphorylation catalyzed by the
purified, activated catalytic domains.

We conducted a high-throughput screen of the GlaxoSmithK-
line compound collection for inhibitors of IGF-1R. Typically,
receptor tyrosine kinase inhibitor screens are conducted using
recombinantly expressed, purified, catalytic domains [20,21].
However, because of the challenges of IGF-1R selectivity, we
developed a high-throughput assay that measures IGF-1-stimu-
lated receptor autophosphorylation in intact cells. We identified
compound 1 that potently inhibited receptor autophosphorylation
(Table 1). Interestingly, compound 1 is a poor inhibitor of the
purified, activated catalytic domain. Moreover, we also observe
selectivity over insulin-stimulated IR autophosphorylation.

2. Materials and methods
2.1. Materials

Dimethylsulfoxide (DMSO), bovine serum albumin (BSA),
Triton X-100, IGEPAL CA630, sodium deoxycholate, sodium
orthovanadate, sodium fluoride, insulin, HEPES, MgCl,, ATP,
dithiothreitol (DTT), CHAPS, EDTA, MOPS, and sodium citrate
were from Sigma-Aldrich (St. Louis, MO). Dulbecco’s modified
Eagle’s medium (DMEM)/F-12, fetal bovine serum (FBS), and
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geneticin were from Invitrogen (Carlsbad, CA). CellBind was from
Corning (Lowell, MA). Protease inhibitor cocktail was from Thermo
Fisher Scientific (Rockford, IL). IGF-1 was from R&D systems
(Minneapolis, MN). Jeffamine M89 and perfluoropolyether were
from Hampton Research (Aliso Viejo, CA).

2.2. Cell lines and culture conditions

NIH 3T3 cells that overexpress human IGF-1R (NIH-3T3/LISN)
or IR (NIH-3T3-hIR) were obtained from Dr. Michael Kaleko [22].
Growth media was DMEM/F-12 with 10% fetal bovine serum (FBS)
and 0.5 mg/ml geneticin. Cell stocks were produced using 10-stack
cell factories with CellBind surface with proliferation to 85%
confluence, and harvested with trypsin-EDTA. Cells were washed
and resuspended in 90% FBS, 10% DMSO for storage in liquid
nitrogen. Prior to use in the assay, cells were placed in a 37 °C water
bath until nearly thawed, then slowly diluted 20-fold with phenol
red-free DMEM (henceforth referred to as media buffer) plus 2 mg/
ml BSA. After 15 min at room temperature, cells were pelleted by
centrifugation, resuspended in media buffer, counted, and diluted
to 5 x 10° cells/ml.

2.3. Cellular receptor autophosphorylation

The high-throughput screen for inhibitors of IGF-1R autopho-
sphorylation in whole cells was conducted using an electroche-
miluminescence (ECL)-based immunoassay format [23]. Ten .l of
IGF-1R or IR overexpressing cell suspension, prepared as described
above, were added to a 384-well avidin-coated MA6000 ECL assay
plate from Meso Scale Discovery (Gathersburg, MD), containing
10 pul of test compound in media buffer. The cells were allowed to
incubate with the compound for 2 h at room temperature prior to
stimulation with IGF-1 or insulin (10 nM in 10 pl media buffer).
After stimulation, the cells were incubated for 30 min at room
temperature. The cells were lysed by adding 10 .l of lysis buffer
consisting of 4x Read Buffer T (Meso Scale Discovery, Gathersburg,
MD), 1.5% (w/v) Triton X-100, 1.5% (w/v) IGEPAL CA630, sodium
deoxycholate (4 mg/ml), 4 mM sodium orthovanadate, 40 mM
sodium fluoride, and 10 mM protease inhibitor cocktail. Antibodies
for receptor capture and phosphotyrosine antibody for product
detection were added directly to the lysis buffer prior to addition to
the plate to a final concentration of 800 ng/ml of each. For IGF-1R
and IR assays, the capture antibodies were MS641-B and MS631-B,
respectively (Thermo Fisher Scientific, Freemont, CA). Phosphotyr-
osine was quantified using PY20 anti-phosphotyrosine antibody
(Meso Scale Discovery, Gathersburg, MD). Plates were incubated in
a dark, sealed humidity chamber at 4 °C to prevent evaporation.
After 2 days, plates were brought to room temperature (usually
2 h) before reading using the Sector 6000 ECL detector (Meso Scale
Discovery, Gathersburg, MD).

For immunoblot experiments, logarithmically growing NIH-
3T3/LISN or NIH-3T3-hlIR cells were serum starved for 2 h in the
presence of compound and stimulated with IGF-1 or insulin as
described above. After 30 min, cells were lysed and evaluated by
immunoblot. One sample was analyzed for total receptor and the
parallel sample was analyzed for phosphotyrosine containing
receptor. Total IGF-1R was detected using antibody sc-713, and
total IR was detected using antibody sc-711 from Santa Cruz
Biotechnology (Santa Cruz, CA). Phosphotyrosine containing
proteins were detected using mouse monoclonal antibody 05-
321X (Millipore-Upstate, Billerica, MA).

2.4. IGF-1 and insulin signaling in human adipocytes

Primary human pre-adipocytes were obtained from ZenBio
(RTP, NC) and were cultured and differentiated essentially as

described by the supplier. Following differentiation, cells were
serum starved overnight in DMEM/F-12, 1% BSA. The adipocytes
were treated with compound for 1 h and stimulated for 5 min with
IGF-1 (5 nM) or insulin (5 nM). Cells were lysed and AKT Ser473
phosphorylation was assessed using the ECL-immunoassay
phospho-AKT kit. (Mesoscale Discovery, Gathersburg, MD).

2.5. Protein expression and purification

Kinase assays were performed using the intracellular domains
of IGF-1R (amino acids 957-1367, Genbank NM000875.3) or IR
(amino acids 977-1382, Genbank NM000208.2) fused to glu-
tathione-S-transferase (GST). These constructs are referred to as
GST-IGF-1Rcac and GST-IRq;;. Protein structural studies were
conducted using a construct consisting of amino acids
MKKGHHHHHHG fused to amino acids 1017-1322 of IR, referred
to as 6His-IR. The constructs were expressed using baculovirus and
purified as described [24,25].

2.6. Activation and substrate phosphorylation assays

GST-IGF-1R., and GST-IR.,: were activated by autophosphor-
ylation prior to conducting substrate phosphorylation reactions.
The proteins were incubated at a concentration of 2.7 uM in
50 mM HEPES, pH 7.5, 10 mM MgCl,, 0.1 mg/ml BSA and 2 mM ATP
for 4 min at room temperature. The reaction was terminated by the
addition of EDTA to 100 mM. The phosphorylation states of the
proteins were analyzed by intact protein mass-spectrometry. Both
proteins were not phosphorylated prior to activation. For GST-IGF-
1Rc,¢ the procedure generated protein of the predicted molecular
weight plus 6 additional phosphates. For GST-IR.,; the activation
procedure generated protein of the predicted molecular weight
plus 7 additional phosphates. These results are consistent with
those previously reported [24].

Substrate phosphorylation reactions were conducted using a
homogeneous time-resolved fluorescence assay [26]. Assays were
conducted in 10 pl of 50 mM HEPES pH 7.5, 3 mM DTT, 0.1 mg/ml
BSA, 1 mM CHAPS, 10 mM MgCl,, 500 nM IGF-1R peptide, biotin-
aminohexyl-AEEEEYMMMMAKKKK-NH2 [27], and 10 uM ATP.
Reactions were initiated by adding activated GST-IGF-1R,; or GST-
IRcac to a final concentration of 0.5nM and the plates were
incubated for 1h at room temperature. The reactions were
terminated by adding 5 pl per well 100 mM EDTA followed by
adding 5 .l product detection mix: 100 mM HEPES, pH 7.5, 0.1 mg/
ml BSA, 1mM CHAPS, 28 nM streptavidin-APC (PerkinElmer,
Waltham, MA), 4 nM LANCE europium-labeled anti-phosphotyr-
osine antibody (PerkinElmer, Waltham, MA). The terminated
reactions were allowed to equilibrate at room temperature for
30 min prior to data collection in a Viewlux imager (PerkinElmer,
Waltham, MA).

2.7. Purified catalytic domain autophosphorylation

Autophosphorylation reactions were performed in a final
reaction volume of 20 ul. The reaction contained 1nM non-
activated GST-IGF-1R.;; or 0.5nM non-activated GST-IR.,;,
100 mM HEPES, pH 7.5, 1mM CHAPS, 2 mM DTT, 0.2 mg/ml
BSA, 20 mM MgCl,, 100 wM ATP. The reaction was incubated for
1 hatroom temperature and then stopped by the addition of 40 .1/
well 100 mM EDTA, 4% BSA. Receptor phosphorylation was
detected using a dissociation-enhanced lanthanide fluorescent
immunoassay (DELFIA) [28]. Total receptor was captured using
anti-GST antibody (Millipore-Chemicon, Billerica, MA), and
phosphotyrosine was quantified using europium-labeled N1
anti-phosphotyrosine (PerkinElmer, Waltham, MA). The ATP K,
for autophosphorylation was determined from time-course
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experiments run in duplicate. For each ATP concentration, initial
rates were determined from the linear portion of a 60 min time
course sampled at 5 min intervals. V.« and K,, values were
estimated from these experiments by fitting the data to Eq. (A):

 Vinaxx[ATP]

e o

2.8. Compound handling and data analysis for inhibitor testing

All compounds were dissolved from solid stocks in DMSO. For
ICs0 determination primary data was normalized and expressed as
% inhibition:

(U-Gy)

o —
il =100 =5

where U is the assay result in the presence of compound, C; is the
average of the high signal in the absence of compound and G, is the
average of the low signal (obtained using an excess of a known
inhibitor or other appropriate negative control, such as EDTA). The
normalized data was fit to a four parameter logistic function:
(Bxx™)

y= K™ xm) +A (B)
where y = %I, B=minimum asymptote (typically no inhibition),
x =compound concentration, K=I1Csg, A=maximum asymptote
(typically 100% inhibition), and n represents the slope factor of the
inhibition curve (typically close to 1). Eq. (B) was also used to
analyze IGF-1 and insulin stimulation of AKT phosphorylation in
human adipocytes. In this case K= concentration of ligand that
generated 50% of the maximum effect (ECsq).

2.9. Crystallization and structure solution

6-His-IR (10 mg/ml) was incubated with a 3-fold molar excess
of compound 5 for 1 h prior to crystallization. Crystals were grown
by the hanging drop vapor diffusion method at 22 °C from 0.1 M
MOPS pH 7.0, 1.2 M NaCitrate and 1% Jeffamine M89. Crystals were
flash frozen in liquid nitrogen prior to data collection using
perflluorpolyether as a cryoprotectant. Data was collected at
Beamline LS-CAT 21ID-D at Argonne National Laboratory’s
Advanced Photon Source. The data was processed with HKL2000
[29] and the structure was solved by molecular replacement using
CCP4 Suite 6.0.2 from CCP4 group in the Computational Science
and Engineering Department, Daresbury Laboratory (Daresbury,
Warrington, Cheshire, UK).

3. Results
3.1. Cell-based screening for inhibitors of IGF-1R autophosphorylation

We conducted a high-throughput screen of all compounds
(~2 x 10°) in the GlaxoSmithKline collection using a whole-cell
assay that measured IGF-1-stimulated IGF-1R autophosphoryla-
tion. Active compounds were counter-screened in similar fashion
for inhibition of insulin-stimulated IR autophosphorylation.
Compounds of interest were further evaluated for their ability
to inhibit the tyrosine kinase activity of the purified intracellular
domains expressed as GST-fusion proteins. These GST-fusion
proteins, GST-IGF-1R.;; and GST-IR.,, were activated by autopho-
sphorylation following the methods described by Baer et al. [24].

We identified compound 1 that inhibits IGF-1R autopho-
sphorylation in cells while not affecting total receptor levels
(Fig. 1). The ICso for inhibition of cellular IGF-1R autopho-
sphorylation was 110 nM (Table 1). Interestingly, the compound
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Fig. 1. Inhibition of IGF-1R and IR autophosphorylation. (A) Logarithmically
growing NIH-3T3 cells stably overexpressing IGF-1R (NIH-3T3/LISN) were
incubated with the indicated concentration of compound 1 in serum-free DMEM
for 2 h. The cells were stimulated with IGF-1 as shown. After 30 min, cells were
lysed and total IGF-1R or tyrosine phosphorylated receptor (P-Tyr) were detected
by immunoblot. (B) Same as in A, except that IR overexpressing cells (NIH-3T3-hIR)
were used and stimulated with insulin as shown.

was not a very potent inhibitor of substrate phosphorylation
catalyzed by activated GST-IGF-1R.;; (ICs50=3300nM). Most
kinase inhibitors are competitive with ATP. Therefore, the
observed ICsq is related to the K; of the compound, the K, for
ATP and the concentration of ATP as described in Eq. (C) [30].

ICsp = K;x (1 + WP]) (9}

K

We determined the ATP K, for fully activated GST-IGF-1R.;; and
found it to be 35 WM (data not shown), which is similar to values
previously reported [2,31]. The GST-IGF-1R,, substrate phosphor-
ylation reaction was conducted using 10 M ATP so the estimated
K; for GST-IGF1Rcat from Eq. (C) is 2500 nM. Cellular ATP
concentrations are typically 1 mM or greater, so we would expect
an approximately 30-fold increase in the cellular ICsq relative to
the K;. With compound 1, the cellular ICsg was 23-fold lower than
the GST-IGF-1R,; K;, This unusual relationship between the K; and
cellular ICsg suggested that compound 1 functions through a
mechanism other than typical ATP-competitive inhibition of
substrate phosphorylation.

3.2. Mechanism of action of compound 1

Compound 1 was evaluated in a panel of 31 in vitro kinase assays
(Table 2). Activated GST-IGF-1R.;; and GST-IR.;; were weakly
inhibited (ICso = 3300 and 4000 nM respectively). Of the other 29
kinases tested, only focal adhesion kinase (FAK) was inhibited
(ICs0 = 3600 nM). Based upon these results, it seems unlikely that
inhibition of other cellular kinases is contributing to the observed
cellular inhibition of IGF-1R tyrosine phosphorylation.

We evaluated the effect of ATP concentration on the apparent
potency of inhibition of fully activated GST-IGF-1R.4; (Fig. 2). The
ICso increased as a function of increasing ATP concentration,
consistent with the relationship described in Eq. (C). A fit of the
results to this equation resulted in estimates of K;of 1.1 wM and K,
for ATP of 32 WM. This suggests that the compound inhibits GST-
IGF-1R.;; through an ATP-competitive mechanism.
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Table 2
Kinase selectivity data.

Target name Assay Compound 1 Compound 5
e ICso (nM) n ICso (M)
IGF-1R HTRF 4 3,300 (2,300) 2 260 (60)
FAK HTRF 3 3,700 (1,000) n.d.
INSR HTRF 3 4,000 (700) 2 820 (110)
ACTRIIB Ligand 2 >10,000 1 >10,000
binding
AKT1 SPA 4 >10,000 2 >10,000
AKT2 SPA 4 >10,000 2 >10,000
ALK HTRF 3 >10,000 1 >10,000
ALK5 Ligand 4 >10,000 2 >10,000
binding
ASK1 IMAP 3 >10,000 1 >10,000
AURORA A IMAP 3 >10,000 2 8,300 (2,300)
CAMKK1 IMAP 1 >10,000 1 >10,000
CAMKK2 IMAP 2 >10,000 n.d.
COT1 IMAP 1 >10,000 1 >10,000
DDR2 HTRF 1 >10,000 n.d.
EGFR HTRF 2 >10,000 2 >10,000
ERBB4 HTRF 2 >10,000 n.d.
GSK3b Ligand 3 >10,000 1 >10,000
binding
IKK2 HTRF 3 >10,000 1 >10,000
ITK HTRF 2 >10,000 1 >10,000
JNK1 HTRF 4 >10,000 2 7,080 (4,000)
JNK2 HTRF 3 >10,000 1 >10,000
JNK3 Ligand 3 >10,000 1 >10,000
binding
LCK IMAP 3 >10,000 1 >10,000
P70S6K IMAP 4 >10,000 1 >10,000
PAK1 IMAP 4 >10,000 2 >10,000
PDK1 SPA 4 >10,000 2 >10,000
ROCK1 IMAP 4 >10,000 2 >10,000
SYK HTRF 3 >10,000 1 >10,000
VEGFR2 HTRF 1 >10,000 1 4,645

The ICs for the listed kinase was determined using the indicated assay format.
Proteins were expressed in Escherichia coli or baculovirus-infected insect cells and
purified by metal-chelate or glutathione affinity chromatography. Peptide substrate
phosphorylation was measured using HTRF and SPA-based detection systems [20]
or IMAP-based detection [46]. ATP-binding site ligand-displacement assays (ligand
binding) were conducted essentially as described [47]. The average value of n
experimental determinations is shown. The standard deviation of the mean is
shown in parentheses. n.d., Not determined.

Compound 1 may bind differently to different phosphorylation
states of IGF-1R. To test this, we established an assay using purified
non-activated GST-IGF-1R., that measures autophosphorylation
upon incubation with ATP. We evaluated the reaction as a function
of receptor concentration and time in order to select conditions
where changes in the level of receptor phosphotyrosine were linear
with respect to time and enzyme. These conditions were satisfied
using 1 nM GST-IGF-1R,¢, 100 M ATP, and an incubation time of
1 h (Fig. 3A). Using this assay, we found that compound 1 inhibited
GST-IGF-1R.;; autophosphorylation with an ICsp of 260 nM
(Table 3). This represents a 13-fold increase in potency over
inhibition of activated GST-IGF-1R.,; substrate phosphorylation
and may explain the cellular potency of the compound (Fig. 3C).
We determined the K, for ATP for GST-IGF-1R.;; autophosphor-
ylation to be 1050 wM (Fig. 3B) which is very similar to the value
reported by others [2,31]. The estimated K; for autophosphoryla-
tion is therefore 283 nM. The high ATP K, value for autopho-
sphorylation may explain why there is little difference between
the cellular ICsg and the K; for GST-IGF-1R.,; autophosphorylation.

NVP-AEW541 is similar to compound 1 since it was shown to be
selective for autophosphoryaltion in cells, but not in assays with
the purified enzyme [15]. We evaluated inhibition of GST-IGF-1R.,;
by NVP-AEW541 and found that it was less potent for inhibition of
autophosphorylation (ICsg=90nM) compared to inhibition of
activated GST-IGF-1R,. substrate phosphorylation (ICsg = 30 nM).

25 -

20 -

15 -

10

IC50 (1M)

1] 100 200 300 400 500 600
[ATP] uM

Fig. 2. The effect of ATP concentration on inhibition of GST-IGF-1R.,; by compound
1. Substrate phosphorylation reactions catalyzed by activated GST-IGF-1R.,; were
conducted using the indicated concentration of ATP. The mean ICso of compound 1
determined from three independent experiments is plotted as a function of ATP
concentration. Error bars represent the standard deviation of the mean. The solid
line represents the least squares fit of these results to the competitive mechanism
described in Eq. (C).

Our results for inhibition of activated GST-IGF-1R.;; by NVP-
AEW541 were somewhat lower than that reported (IC59 = 150 nM)
[15]. There were several differences in the two assay formats
including peptide substrate sequence and concentration that may
contribute to the observed ICsq differences.

3.3. Optimization of IGF-1R activation inhibitors

We synthesized variants of compound 1 and measured
inhibition of cellular autophosphorylation for IGF-1R and IR. We
also measured inhibition of autophosphorylation of the purified
GST-IGF-1R.; and GST-IR ¢ (Table 3). The basic template is defined
by a core purine ring with 6-oxybenzyl-4-ethenylpyridine and 9-
benzyl groups. The 2,4-dimethyl 9-benzyl ring substitution
(compound 2) was similar to the 2,4-dimethoxy substitution of
compound 1. The 4-methyl substitution of the 9-benzyl ring
improved potency (compound 4), whereas the 2-methyl substitu-
tion reduced potency. A similar structure-activity relationship was
observed for comparable Cl substitutions (data not shown). Loss of
the 8-methyl group from the purine ring improved potency 2-fold
(compound 5). Para-substitutions of the 6-oxybenzyl ring (com-
pounds 6 and 7) negatively affected potency with some reduction
in selectivity. Overall, the potency and selectivity observed in cells
was reflected in the GST-IGF-1R.,; and GST-IR.,;, autophosphor-
ylation assays. Compound 5 provides the greatest cellular potency
and selectivity of compounds in this series, and was selected for
further studies.

3.4. Inhibition of IGF-1 and Insulin signaling in primary human
adipocytes

We evaluated primary human adipocytes to confirm the
physiological relevance of the IGF-1R and IR inhibition. The effect
of IGF-1 or insulin concentration on the level of phosphorylated AKT
was determined. The ECsq of insulin activation was 0.5 & 0.3 nM
(Fig. 4A). The ECsq of IGF-1 activation was 1.7 4 0.4 nM (Fig. 4B). These
ECsps are within the expected physiologically relevant range, but it is
known that IGF-1 can activate the insulin receptor at higher
concentrations. aIR3 is a neutralizing antibody that is selective for
IGF-1R over IR [32]. aIR3 addition resulted in a significant increase in
the ECsq for IGF-1 stimulated AKT phosphorylation, but did not affect
the ECs, for insulin (Fig. 4A and B). Based upon these results, IGF-1 and
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Fig. 3. Autophosphorylation of purified GST-IGF-1R.,. Autophosphorylation
beginning with non-phosphorylated GST-IGF-1R.,, was analyzed using the
DELFIA-based method. (A) Timecourse of autophosphorylation at 100 wM ATP.
The solid line represents a linear fit of the results. (B) ATP substrate kinetic
parameters. The initial rate of autophosphorylation was determined from
timecourse studies and is plotted as a function of ATP concentration. The solid
line represents the least squares fit of these results to Eq. (A). (C) Inhibition of GST-
IGF-1R., activity as a function of compound 1 concentration. (@) Substrate
phosphorylation catalyzed by fully phosphorylated GST-IGF-1Rc. (M)
Autophosphorylation catalyzed by non-phosphorylated GST-IGF-1R,. The solid
lines represent the least squares fit of the results to Eq. (B). In all panels, data
represents the mean of three determinations and error bars represent the standard
deviation of the mean.

insulin signal exclusively through their respective receptors at or below
10 nM ligand. We evaluated the effect of compound 5 on IGF-1 and
insulin stimulated AKT phosphorylation using 5 nM ligand (Fig. 4C).
Compound 5 inhibited IGF-stimulated AKT phosphorylation with an
IC50 of 300 + 140 nM, and insulin stimulated AKT phosphorylation
with an ICsq of 1500 4 460 nM. Compound 1 was also characterized in
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Fig. 4. Compound 5 inhibition of IGF-1R or IR in human adipocytes. Differentiated
human adipocytes were obtained as described under experimental procedures, and
the amount of phosphorylated AKT (Ser473) was determined. (A) (@) Dose
response of IGF-1. (M) Dose response of IGF-1 in the presence of 250 ng/ml aIR3
antibody. (B) (@) Dose response of insulin. (M) Dose response of insulin in the
presence of 250 ng/ml aIR3 antibody. (C) AKT phosphorylation was measured in the
presence of the indicated concentration of compound 5. (@) Stimulation with IGF-1
(5 nM). (M) Stimulation with insulin (5 nM). In all panels, data represents the mean
of three determinations and error bars represent the standard deviation of the
mean. The solid lines represent the least squares fit of the results to Eq. (B).

the adipocyte system. Compound 1 inhibited AKT phosphorylation
with 1Csg values of 2200+ 600nM (IGF-1 stimulated) and
8500 £ 1700 nM (insulin stimulated).

3.5. Structure of compound 5 bound to the insulin receptor
The co-crystal structure of compound 5 complexed with the

non-phosphorylated kinase domain of insulin receptor was solved
to an Receor/Reree Of 19.8/23.0% at 2.0 A resolution. Additional
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Table 3
Structure-activity relationships of IGF-1R activation inhibitors.

R3
o]
——
N7 "\>¥
R2
ry
i N
N 2
s R
Compound R1 R2 R3 Cellular-PY GSTcar Auto-PY
IGF-1R IR IGF-1R IR
ICso (nM) ICs50 (nM)
1 2,4-diOMe Me H 110 (50) 2994 (618) 257 (94) 926 (190)
2 2,4-diMe Me H 240 (47) 3547 (235) 92 (25) 225 (109)
3 2-Me Me H 600 (500) >10* 4700 (90) >10*
4 4-Me Me H 35 (30) 2528 (1354) 46 (10) 123 (40)
5 2,4-diMe H H 42 (21) 2764 (1509) 42 (10) 126 (45)
6 2,4-diMe Me Me 151 (24) 1384 (709) 282 (60) 534 (64)
7 2,4-diMe Me tBu 812 (201) 5601 (1215) 741 (140) 1859 (164)

Ligand-stimulated receptor autophosphorylation in cells (cellular PY), and purified enzyme autophosphorylation (GST..; Auto-PY) was determined for IGF-1R and IR as
indicated. Data represents the average of at least 3 independent experiments. The standard deviation of the mean is shown in parentheses.

details of the refinement can be found in Table 4. Overall, the
protein has an inactive conformation. The C helix is shifted relative
to its position in the phosphorylated IR-ATP-peptide substrate
complex [33], and the conserved Glu-Lys salt bridge is broken. Phe-
1151 of the activation loop DFG motif is in the DFG-out position,
and part of the activation loop is disordered.

Compound 5 binds in the ATP-binding site extending deep into
the back pocket (Fig. 5). The inhibitor pyridine makes a hydrogen
bond to the backbone NH of Met-1079. Two additional hydrogen
bonds are formed between the purine ring and the side chain of
Lys-1030 and backbone NH of Asp-1150. The inhibitor 6-oxybenzyl
ring is roughly located in the same position as the o phosphate of
ATP and sandwiched between the side chains of Phe-1151 and Val-
1010. The 9-dimethylbenzyl ring sits deep in a back pocket formed
by the side chains of Val1-050, Met-1051, Phe-1054, Leu-1123 and
Phe-1128.

Table 4

X-ray data collection and refinement statistics.
Space group P2,2,2
Cell a=122,b=117, c=55, a=B=x=90
Data collectiPn
Resolution (A) 122.0-2.0
Observations 338,815
Unique reflections 50,915
Completeness (%) 97.4
Completeness (%, high res) 83.8
I/sigma (all) 17.8
I/sigma (high res) 2.8
Reym (%) 11.1
Refinement
Rfactor (%) 19.8
Rfree (%) 23
RMS deviation5°
Bond lengths (A) 0.007
Bond angles (°) 1.015
Average B-factors (A2)
All atoms 24.2

In the apo-non-phosphorylated crystal structure of IR, Phe-
1151 of the activation loop DFG motif moves into the adenine
binding pocket, partially blocking the ATP-binding site. In addition,
the C helix is shifted upward such that the conserved Glu-Lys salt
bridge is broken [34]. In the compound 5 cocrystal structure,
residues 1149-1156 of the activation loop adopt a different
conformation allowing Phe-1151 to shift ~4 A and accommodate
inhibitor binding (Fig. 6). A small shift in the relative orientation of
the N and C-terminal lobes was also observed, leading to the ATP-
binding cleft in the compound 5 complex to be more open than in
the inactive apo-structure. In the active phosphorylated IR-ATP-

Fig. 5. Compound 5 interactions in the ATP-binding site of non-phosphorylated IR.
The figure was derived from the crystal structure of compound 5 complexed with
non-phosphorylated IR. The inhibitor is shown as a yellow stick figure. The protein
is represented as a green cartoon with the activation loop highlighted in magenta.
The figure was created with PYMOL (X).
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Fig. 6. Overlay of IR in its active, inactive and compound 5 bound conformations.
The proteins were overlaid based on the C-alpha positions of all residues in the C-
terminal domain. Active IR (PDB 1IR3) is shown in pink with a magenta activation
loop. Inactive IR (PDB 1IRK) is shown in cyan and blue while the inhibitor structure
is in light and dark green. Differences in the position of the C helix, G-rich loop and
Phe-1151 are highlighted.

Fig. 7. Overlay of the inactive apo structures of IR and IGF-1R. The protein/activation
loop of IR and IGF-1R are shown in cyan/blue and yellow/orange respectively. The
positions of Phe-1151 (IR) and corresponding Phe-1124 (IGF-1R) are highlighted.

peptide complex, Phe-1151 points into the interior of the protein
and the C helix is shifted down towards the C-terminal domain of
the kinase (Fig. 6). In this conformation, there would be no room in
the back of the ATP-binding pocket to accommodate the 9-
dimethylbenzyl group of the inhibitor.

Comparison of the apo-non-phosphorylated crystal structures
of IR [34] and IGF-1R [35] kinase domains reveals a number of
structural differences. While the C helix is displaced in both
structures relative to the active phosphorylated IR-ATP-peptide
crystal structure [33], significant differences were observed in the
activation loop conformation (Fig. 7). As described above, Phe-
1151 of the activation loop blocks the ATP-binding site in the

inactive IR structure. In the inactive IGF-1R structure the
corresponding residue, Phe-1124, points towards the back of the
ATP site and its side chain is wedged between the side chains of the
conserved Lys and Glu that form a salt bridge in the active
conformation of the kinase. These differences in the inactive
conformations may help explain the selectivity over IR we observe
with the compounds in this series.

4. Discussion

Small-molecule kinase inhibitors typically function by binding
to the ATP substrate site. Therefore, obtaining selectivity can be a
challenge, especially between closely related proteins like IGF-1R
and IR. In addition, the high ATP concentration may significantly
reduce the cellular ICsy relative to the K; of kinase inhibition.
Compound 1is unusual because the cellular ICsq (110 nM) is lower
than the predicted K; (2500 nM). The compound is also selective for
inhibition of IGF-1R over IR in assays of cellular autophosphoryla-
tion. Because of these unusual properties, we hypothesized that
compound 1 functioned through a mechanism other than binding
to the ATP substrate site. Substrate competition studies, however,
indicated that the compound inhibited GST-IGF-1R.,; in an ATP-
competitive fashion. In cells, ligand binding stimulates autopho-
sphorylation that leads to activation of the kinase domain.
Compound 1 was more than 10-fold more potent for inhibition
of purified GST-IGF-1R.;; autophosphorylation compared to
inhibition of the fully phosphorylated protein. This suggests that
the cellular potency of compound 1 results primarily from binding
to the non-phosphorylated receptor.

We used knowledge of this binding mode to optimize the
potency of compounds in this series. We found that 4-Me
substitution of the 9-benzyl ring (compound 4) provided a
significant increase in potency, and the unsubstituted purine ring
(compound 5) also improved potency. Two trends in the data are
noticeable: inhibition of cellular autophosphorylation was tightly
correlated with inhibition of GST-IGF-1R.,¢ autophosphorylation,
and selectivity for inhibition of autophosphorylation between IGF-
1R and IR was observed in cells and with purified GST-catalytic
domains. The correlation of inhibition of cellular and GST-catalytic
domain autophosphorylation within this compound series pro-
vides further support that binding to the non-phosphorylated form
is responsible for the observed activity of these molecules. Munshi
et al. proposed that selective inhibition of IGF-1R would be more
feasible targeting the non-phosphorylated form of the receptor
based upon crystal structure comparisons [36]. Our results support
this prediction.

The IGF-1R and IR cellular autophosphorylation assays were
conducted using over-expressing fibroblast cell lines. The number
of receptors expressed by these cells (~1 x 10° receptors per cell)
far exceeds the number expressed in normal tissue and primary
cells [22]. The high receptor level might affect the apparent
potency and selectivity, so we evaluated compound inhibition in
primary human cells including lung fibroblasts, umbilical vein
epithelial cells and differentiated adipocytes . Unfortunately, we
could not accurately measure autophosphorylation of IGF-1R and
IR in these cell types due to the low receptor number, but we could
accurately measure IGF-1 and insulin stimulated AKT phosphor-
ylation in lung fibroblasts and adipocytes. Insulin stimulated AKT
phosphorylation in lung fibroblasts was reduced by aIR3 antibody
(data not shown) which suggested that insulin was signaling
through IGF-1R. In differentiated adipocytes, we found that insulin
stimulated AKT phosphorylation was not sensitive to aIR3. IGF-1
stimulated AKT phosphorylation was equally robust and was
sensitive to alR3. Compound 5 inhibited IGF-1 stimulated AKT
phosphorylation in adipocytes with a slightly reduced potency
compared to autophosphorylation in the fibroblast system
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(ICs0 =300 and 42 nM respectively). The selectivity for IGF-1R over
IR was similar in both systems.

We conducted crystallization trials in the presence of com-
pound 5 with various forms of IGF-1R and IR to help us better
understand the compound binding mode. Acceptable crystals were
obtained with non-phosphorylated IR. The inhibitor-bound protein
is in an overall inactive conformation. A striking feature is the
position of Phe-1151 of the DFG loop. In non-phosphorylated apo-
IR, Phe-1151 resides in the adenine binding pocket, partially
blocking the ATP site. In the inhibitor-bound structure Phe-1151 is
repositioned by ~4 A to accommodate inhibitor binding. In non-
phosphorylated apo-IGF-1R the corresponding Phe, Phe-1124, is in
a different position than in non-phosphorylated apo-IR. We did not
obtain a non-phosphorylated IGF-1R structure bound to com-
pound 5, but it is possible that the difference in the initial position
of Phe-1124 contributes to the selectivity observed. For active IR,
Phe-1151 points into the interior of the protein and the C helix is
shifted down towards the C-terminal lobe. This conformation
would block binding of the compound which probably explains the
observed preference for the non-phosphorylated conformation of
the receptor.

A variety of ATP-competitive kinase inhibitors of IGF-1R are in
pre-clinical or clinical development for the treatment of cancer
[37-39]. These molecules can be classified based upon the degree
of selectivity for IGF1R compared to IR. For example, GSK4945,
BMS-554417, and PQIP appear to be equipotent inhibitors of the
two receptors whereas NVP-AEW541 exhibits selectivity for IGF-
1R in tissue culture but not in assays with activated purified
receptor kinase domains [15-17,19]. Compound 5 is selective in
cells like NVP-AEW541. However, the mechanism appears to be
different since NVP-AEW541 does not bind preferentially to non-
activated IGF-1R. It is unknown how selectivity over IR will
ultimately affect the clinical utility of small-molecule IGF-1R
inhibitors. Inhibition of IR has been shown to produce expected
increases in glucose and insulin [8,37]. In contrast, it is
hypothesized that IR or hybrid IGF-1R-IR receptors contribute to
tumor growth and survival, so IGF-1R selectivity might result in
reduced efficacy in some tumor types [39].

Compound 5 brings an additional dimension into consideration
for IGF-1R-targeted therapies, preferential binding to non-acti-
vated receptor. The biological properties and structural design of
compounds with this binding mode have been recognized and
discussed [40,41]. Improved selectivity towards other kinases is a
potential advantage of inactive-state binding compounds. Com-
pounds 1 and 5 appear to be very selective based upon the
inhibition of purified kinases (Table 2). However, it is possible that
the compound selectivity in cells may be different since in vitro
assays require the use of activated kinases. Imatinib (Gleevec™)
and lapatinib (Tykerb®™) are two clinically approved drugs that
bind to the inactive-like conformations of BCR-Abl and EGFR/ErbB-
2 respectively. These molecules demonstrate additional properties
of inactive-state binding. Lapatinib has a very slow off-rate and
prolonged duration of effect in tissue culture compared to
compounds that bind to the active-like conformation [42].
Imatinib inactive-state binding affects the selectivity compared
to compounds that bind the active state [43]. A disadvantage of this
binding mode is that mutations in non-essential residues, such as
the active-site gatekeeper residue, have been shown to impart
resistance to these agents [44,45].

In summary, using a cell-based assay as a primary screen, we
have discovered a compound series that preferentially binds to the
ATP substrate site of non-activated IGF-1R. This binding-mode
presumably contributes to IGF-1R selectivity over IR and other
kinases. Our results also highlight an additional advantage;
inactive-state binding reduces the negative impact the high-
cellular ATP concentration has on inhibitor potency. Exploiting this

binding mode may allow for the future discovery of IGF-1R-
selective therapies that lack potential side effects associated with
inhibition of IR. Further, our results highlight the benefits of using
cell-based assays to identify selective inhibitors for kinases with
high homology.
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