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ABSTRACT. IGF-1 and its receptor play a pivotal role in many cancers, and therefore, IGF-1R is an attractive
target for the design of inhibitors. In this communication, we report on a number of lead compounds for
inhibitors of the isolated IGF-1R kinase. The search for these compounds utilized two novel in vitro
assays and was aided by the knowledge of the three-dimensional structure of the insulin receptor kinase
domain, which is 84% homologous to the IGF-1R kinase domain. The most potent inhibitor found in
these assays was tyrphostin AG 538, with agFE 400 nM. In computer modeling, AG 538 was placed

in the kinase domain of the insulin receptor and was able to sit in place of tyrosines 1158 and 1162,
which undergo autophosphorylation. Experimentally it is indeed found that AG 538 does not compete
with ATP but competes with the IGF-1R substrate. We prepared I-OMe AG 538, which is more hydrophobic
and less sensitive to oxidation than AG 538. Both AG 538 and I-OMe AG 538 inhibit IGR-1R
autophosphorylation in intact cells in a dose-dependent manner but I-OMe-AG 538 is superior, probably
because of its enhanced hydrophobic nature. Both compounds inhibit the activation of the downstream
targets PKB and Erk2. These findings suggest that AG 538 and I-OMe-AG 538 can serve as a lead
compound for the development of substrate competitive inhibitors of the IGF-1R. The possible advantage
of substrate competitive inhibitors visvés ATP competitive inhibitors is discussed.

INTRODUCTION sion of the IGF-1R in human breast cancer cells and
significantly decreases their growth ratel). In rhabdomyo-
sarcoma (RMS) cells, IGF-1R antisense also inhibits the
malignant phenotypelf). Overexpression of the wild-type
human IGF-1R induces ligand-dependent neoplastic trans-
formation of NIH-3T3 cells and tumor growth in nude mice
r116). IGF-1R signaling probably plays an important role
during carcinogenesis by inhibiting apoptosl,(18), and

at least some of its anti-apoptotic actions are mediated by
c-Akt/PKB (19). This activity of the IGF-1R is distinct from

its mitogenic activity and presumably is transmitted by
different domains of the recepto?@. The pivotal role of
IGF-1R and its anti-apoptotic activity point to this receptor
as a potential target for anti-cancer drugg)(

In 1994, the three-dimensional structure of the tyrosine
kinase domain of the human insulin receptor was determined
at 2.1 A resolution Z2). In the inactive conformation,
tyrosine 1162 hinds to aspartic acid 1132 and prevents access
of the substrate to the catalytic loop. Upon ligand binding,

The insulin-like growth factor 1 receptor (IGF-1R) and
the insulin receptor (IR) are structurally highly related
glycoproteins. Both possess two extracellulasubunits,
which bind the ligand, and tw8 subunits, which span the
membrane and possess the intracellular autophosphorylatio
sites. Upon ligand stimulation, thg subunits undergo
autophosphorylation and become catalytically active. In
contrast to insulin, which is mostly a metabolic hormone,
IGF-1 is involved in normal cell proliferation and has been
implicated in oncogenesisl{4). The IGF-I ligand, its
receptor, the IGF-1 binding proteins, and the specific
proteolytic enzymes which degrade these proteins constitute
an important regulatory system which plays a pivotal role
in normal and neoplastic cell growtB)( In many tumors,
such as lung cance6), colon carcinoma®), tumors of the
CNS @), cervical cancer9), and Wilms tumor 10), IGF-1
signaling is enhanced due to overexpression of its receptor
or constitutive autocrine S|gnal|_ng. The ke_y role t_hat the IGF- tyrosines 1158, 1161, and 1162 undergo autophosphorylation
1R receptor plays in promoting tumorigenesis has been . . S
suggested by a number of studies. Expression of dominantaanI swing out, enabling substrate bindings) These

. . L ' tyrosines are essential for the activation of the receptor.
negative IGF-1R in IGF1-R-expressing Rat-1 fibroblasts Because of the very high degree of homology between the
inhibits tumorigenesis 1(1). Blocking the IGF-1R with

o : ) S insulin receptor and IGF-1R kinase domains, we decided to
specific antibody against the receptor inhibits the growth of ; .
. take advantage of the known three-dimensional structure of
human breast cancer cellB) 12) and of Wilms tumor cells

in culture and in nude micel@). Expression of antisense _the_ IR in an _a_lttempt to_select candidgtes for IGF-lR_kina_se
RNA directed against the IGF-iR MRNA lowers the expres- |_nh|b|t0rs._ln|t|al screening of tyrphostlns had alre_ady identi-
fied a family of compounds, which block IGF-1R kinag4)
In this communication, we describe our initial success in
e s o~ generaling IGF-1R kinase inhibtors and establsh two novel
$The Alexander Silberman Institute of Life Sciences. in vitro assays that facilitate screening for IGF-1R kinase
8 Department of Organic Chemistry. inhibitors. Structure activity relationships of several com-
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pounds that inhibit the IGF-1R autophosphorylation or described earliel3@). Confluent R cells overexpressing the
substrate phosphorylation were determined using theselGF-1R were lysed in the presence of 10% glycerol, 50 mM
assays. Several potent compounds were identified. These maylEPES, 1% Triton X-100, 150 mM NaCl, 8BM EGTA,
be useful leads for chemotherapeutic agents. 0.24 mg/mL AEBSF, 1«g/mL aprotinin, 5ug/mL leupep-
tin, 25 mM benzamidine, and 10g/mL soybean trypsin

MATERIALS AND METHODS inhibitor. The lysate was bound to immobilized lactin

Protease inhibitors, phosphatase inhibitor, immobilized overnight at 4°C, and washed with HTN buffer (50 mM
lectin beadsN-acetylp-glucoseamine, bovine serum albumin  HEPES, 1% Triton X-100, and 150 mM NacCl). Additional
(BSA), poly(Glu, Tyr) 4:1, IGF-1, and diphosphorylated washes were with 50 mM HEPES, 1% Triton X-100, 1 M
MAP kinase antibodies (phospho Erk) were from Sigma. A NaCl, and then with 10% glycerol/HTN. Semi-purified IGF-
hybridoma producing anti-IGF-1R-antibodies (16-13) was 1R was eluted with 0.5 NN-acetylb-glucoseaminet 10%
a generous gift from Prof. Axel Ullrich, from the Max Planck glycerol/HTN, frozen and kept at70 °C.
Institute (Martinsreid, Germany). Anti-IGF-1R-antibodies Inhibition of IGF-1R Autophosphorylation in Cell-Free
used for the in vitro autophosphorylation assay were gener- System.nhibition of tyrosine autophosphorylation of the
ated by precipitation from the hybridoma medium with purified IGF-1R was analyzed by an ELISA assay. Ninety-
ammonium sulfate and further purified on a protein A six-well polypropylene plates were coated overnight &€4
column. Anti-Aktl, Erk2, anti-IGF-1R3 antibodies were  with purified antibodies against thfesubunit of IGF-1R (16-
from Santa Cruz Biotechnology, and anti-phospho-Akt (Ser 13). Plates were blocked with 5% BSA in PBS and washed,
473) antibody was from New England Biolabs. Medium from and 100ug/well of cell lysate from the IGF-1R overexpres-
a hybridoma producing anti-phosphotyrosine 4G10 was usedsors, NWTc34 or NWTc43, was added. The lysates were

for imunoblotting. DMSO was from BDH. ATR[%?P] was
purchased from Amersham Life Science, 3MM paper for
radioactive assay was from Whatman Inc. The REGRES-
SION program was from Blackwell Scientific Software,
Osney Mead, Oxford, U.K.

Synthesis of -OMe AG 5380Me AG 538 was synthe-
sized as was AG 53826), with slight changes: 0.8 M

obtained in the presence of 10% glycerol, 50 mM HEPES,
1% Triton X-100, 150 mM NaCl, 5uM EGTA, 1 mM
PMSF, 10ug/mL aprotinin, 5ug/mL leupeptin, 25 mM
benzamidine, and 10g/mL soybean trypsin inhibitor. The
plates were incubated for 30 min and washed. A total of
135uL of tyrphostins at different concentrations was added
in 5% DMSO/TBS for 30 min prior to kinase activation.

2-chloro 3,4-dihydroxyacetophenone was added to 0.085 M Tyrosine phosphorylation was achieved by the addition of

KCN in 10% DDW/DMSO. These were stirred at 100
for 3 h. A total of 200 mL of DDW and 20 mL of

15 uL of kinase buffer to yield a final concentration of 30
mM HEPES, 12 mM Mg(Ac), 0.04 mM NaV@Q, 5 mM Mn-

concentrated HC| were added to the reaction mixture and (Ac),, and 15uM ATP, and the mixture was incubated at
stirred for an additional 30 min. The product was then 26 °C for 30 min. The reaction was terminated by the
extracted with 3x 200 mL of ethyl acetate, and subsequently addition of 16.5¢L of 200 mM EDTA, pH 8.0. Phospho-
evaporated, followed by chromatography on silica gel 70- rylated tyrosines were bound to rabbit polyclonal anti-
230. 2-Cyano 3,4-dihydroxyacetophenone was eluted with phosphotyrosine serum (1:3000) for 45 min, followed by anti-
2% methanol in dichloromethane, with a yield of 11.8%. rabbit peroxidase conjugate antibody for 30 min. Detection
Reflux of 10 mM 2-cyano 3,4-dihdroxyacetophenone, 10 was carried out with a color reagent, 2&zido-bis 3-eth-
mM 5-iodovanilline, and 0.1 g gf-alanine was performed ylbenzihiazoline-6-sulfonic acid (ABTS) in citrate-phosphate
for 5 h in ethanol, followed by evaporation and chromatog- buffer, pH 4.0, with 0.004% kO, for 30 min and monitored
raphy on silica gel 70-230, elution with 3% methanol in at O.D 405 nm. IG values of inhibitors were determined
dichloromethane, and recrystallization in hexane/ethanol. using the REGRESSION program.
Overall yield was 39%. Tyrphostins were prepared as Inhibition of IGF-1R-Catalyzed Substrate Phosphorylation.
described previously26—30). The general PTK substrate poly(Glu, Tyr) 4:1, (pGT), was
Cell Culture. NIH-3T3 mouse fibroblast cells overex- coated onto a 96-well polypropylene plate (12&/well).
pressing wild-type IGF-1R at approximately 700 000 recep- Semipurified IGF-1R from R cells was incubated (10 ng/
tors/cell (clones NWTc34 and NWTc43) or insulin receptor well) in 20uM ATP, 10 mM MgChk, 5mM MnAc,, and 20
(clone WTIR) were a generous gift from Dr. D. LeRoith mM Tris-HCI, pH 7.4, with or without inhibitors, for 20 min
(2). Cells were cultured in DMEM supplemented with 10% at 30°C. The plate was washed and blocked with 5% low-
FCS, 100 units/mL penicillin, 108g/mL streptomycin, and  fat milk, and pGT phosphorylated tyrosines were measured
500 ug/mL Geneticin (G418), in a humidified atmosphere and detected as above. The assay was optimized with respect
of 94% air and 6% C@at 37°C. to the amount of IGF-1R and phosphorylation conditions.
R and R cells were a generous gift from Dr. R. Baserga. The signal was linear for 30 min and as a function of IGF-
R~ cells are mouse embryo fibroblasts, which are 3T3-like 1R protein concentrations up to 35 ng/well.
cells devoid of IGF-IR 81). R cells were generated by Inhibition of IGF-1R Substrate Phosphorylation by Ra-
stable transfection of IGF-1R at approximately>d 10° dioactive MethodsA total of 200 ng/system of semipurified
copies to R cells (31). Cells were cultured in DMEM IGF-1R from R cells were added to a solution containing
supplemented with 10% FCS, 100 units/mL penicillin, 100 AG 538 and pGT at various concentrations. The reaction
ug/mL streptomycin, 50ug/mL G418, and 50ug/mL was initiated by the addition of reaction buffer [30 mM
hygromycin B, in a humidified atmosphere of 94% air and HEPES, 12 mM Mg(Ch, 0.04 mM NaVQ, 5 mM Mn(Ac),,
6% CQ, at 37°C. 125 uM ATP, and 1.5uCi/lsystem ATPy [3%P], final
Partial Purification of the IGF-1RPurification of the IGF- concentration] at 30C for 10 min. The reaction was stopped
1R was performed based on the IR purification method by the addition of EDTA, pH 8, 0.1 M final concentration.
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Reaction samples were absorbed on to 3MM Whatman paperinhibitors and G, values were calculated, as described in
squares. The papers were then washed in 10% TCA, 1% so-Materials and Methods. Tyrphostins representing different
dium pyrophosphate at room temperature, and dried in etha-families, synthesized in our laboratory, were analyzed by
nol. Radioactivity on the papers was measured by a scintil- this ELISA assay as potential IGF-1R autophosphorylation
lation counter. The data were analyzed by a computer best-inhibitors. Most of the tyrphostins we chose to screen
fit curves using a program that was written for this purpose possessed two aromatic rings, resembling the orientation of
(33) and also analyzed by the Microsoft Excel progranyIC  the two tyrosines, 1158 and 1162, in the catalytic loop of
values were determined using the REGRESSION program.the IR. Table 1 summarizes the potencies of members of

Inhibition of Autophosphorylation of IGF-1R in Intact four tyrphostin groups as IGF-1R kinase autophosphorylation
Cells. Tyrosine autophosphorylation of tifesubunit of IGF-  inhibitors in this cell-free assay.
1R was assayed as describ2d)(with minor modifications. A few structural elements of the molecule were found to
Briefly, subconfluent NWTc43 cells in 6-well polypropylene  be important for the potency of these compounds. The
plates were incubated for 6 or 15 h with inhibitor at various addition of iodine to the catechol ring (AG 974 and AG 1049
concentrations in DMEM supplemented with 10% FCS, 100 of group B) improved significantly the potency of compounds
units/mL penicillin, 100ug/mL, 0.1% DMSO, and 0.1%  With one aromatic ring as compared to the other compounds
ethanol. (The final concentration of DMSO/ethanol was kept in the group (Table 1B). Replacement of the oxygen in the
constant in all systems.) Cells were then starvedift in carbonyl group of some tyrphostins with sulfur (AG 213 and
DMEM, containing inhibitors at the same concentration as AG 1007) increased the inhibition markedly (Table 1C).
before, in 0.1% DMSO and 0.1% ethanol. Cells were then Molecules which possess two catechol groups were found
stimulated with 5 ng/mL IGF-1 for 5 min. After IGF-1  to be highly potent inhibitors (Table 1, parts A and D).
treatment, cells were washed twice with ice-cold PBS and Thirteen blockers were found to possessgol@alues under
lysed by addition of boiling sample buffer (10% glycerol, 10uM, all of these contained two aromatic rings. Three of
50 mM TrisHCI, pH 6.8, 3% sodium dodecyl sulfate, and these molecules had {£values under kM.
5% -mercaptoethanol). Lysates were boiled for 10 min and ~ Screen for Inhibitors of poly-GiTyr (pGT) Phosphory-
cleared by centrifugation. Equal amounts of protein per lane lation by IGF-1R.A second assay, screening for IGF-1R
were separated by 6% SBPAGE and transferred to a  substrate inhibitors, was based on the phosphorylation of
nitrocellulose membrane. Phosphorylated proteins were im-pGT. Poly-GT was coated onto a plate, and phosphorylated
munoblotted with monoclonal anti-phosphotyrosine, anti- by the addition of semipurified IGF-1R, with or without
phospho-Akt (Ser 473), and anti-phospho EKR antibodies. inhibitor (see Materials and Methods). Phosphotyrosine was
Detection was performed with horseradish-peroxidase- detected as above andsifvalues were determined.
conjugated secondary antibody using an ECL system. Blots In this screen, 120 hydrophobic tyrphostins were chosen
were then stripped of antibodies by incubating in 2% SDS, for screening. These compounds were chosen since they are
10 mM B-mecaptoethanol, TrBICI, pH 6.8, 62.5 mM at likely to penetrate the cell membrane and thus could
55 °C for 20 min, blocked, and reprobed with anti-IGFA,R potentially inhibit the receptor in intact cells. Most of the
anti-Akt1, and anti-Erk2 antibodies, respectively, and de- compounds were not very potent, but three compounds were
tected as above. Band intensities were quantified using thefound to possess Kgvalues under 1@M. Table 2 presents
NIH image program. structure function relationships of the more potent inhibitors

Inhibition of IR-Catalyzed Substrate Phosphorylation. found in this assay. .

Inhibition of substrate phosphorylation of insulin receptor ~ The structure function analysis showed that both the
tyrosine kinase (IRK) was performed in the presence of AG hydroxyls in the catechol group are essential for inhibitor
538. IRK assay was identical to IGF-1R substrate phospho-Potency, as exemplified by the comparison of AG 568 to
rylation assay with three modifications: semipurified (WGA) AG 1843 (Table 2B). In order for a compound to exhibit
IR from WTIR cells was used instead of IGF-1R(RVGA), |mproyeq inhibitory activity, it must contain a catechol ring.
and 13 ng of IR was used per well and reaction time with This finding was true for both of the cell free assays.
ATP was 17 min. The signal was linear with phosphorylation _ Comparison of AG 538 with Tyrosine-Autophosphorylation

time up to 20 min and with IR protein concentration up to Sité of the IRAG 538 was found to be the most potent
50 ng/well. inhibitor, blocking autophosphorylation with igof 400 +

200 nM (Table 1C) and blocking substrate phosphorylation
with an 1G5 of 61 & 20 nM (Table 5) in the presence of 20
uM ATP. We therefore examined if one can “embed” this
compound in the IGF-1R kinase domain. In the absence of
a known crystal structure for the IGF-1R kinase domain, we
RESULTS used the highly homologous (84% identical) structure of the
IR kinase domain42). AG 538 was built and minimized
Screen for Inhibitors of Tyrosine Autophosphorylation of with the Insight program. AG 538 was then superimposed
the IGF-1R.A fast and nonradioactive assay for inhibitors over tyrosines 1158 and 1162 of the insulin receptor structure.
of IGF-1R autophosphorylation was used to screen tyr- The resemblance of the two molecules is presented in Figure
phostins. The assay was based on binding IGF-1R onto anl, which shows the superimposition of the two catechol rings
o-IGF-1R antibody-coated plate to which potential inhibitors of AG 538 on tyrosine 1158 and 1162 in both options,
and kinase buffer were then added. Phosphotyrosine wasstraight and inverted. The best RMS is 1.9 A of the
detected by a colorimetric assay as described in the Materialssuperimposition between the two phenol-rings of IR
and Methods. Activities were measured plus or minus (tyrosines 1158 and 1162) and matching atoms of AG 538.

Presentation of MoleculesThe most effective IGF-1R
kinase inhibitor, AG 538, was built, minimized and presented
with the Insight II, version 2.2.0, program of the Biosym
Technologies package.
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Table 1: IGF-1R Kinase Autophosphorylation Inhibitors in a Cell-Free Assay

A. 0 B.
HO RN R r OH
X Cl
CN CN N N
HO OH CN
ICs Y
R Y AG#
(uM)
NH(CH2)2NH OH| 64 | 17117
NH(CH):NH OH| 26 | 575 X Y (If}jl‘; AGH
NH(CH,)sNH OH| 13 | 1718
NH(CH2)5 H H | 23 | 548 O 11 15 74
NH(CHz)Zl:IH H a0 | 537 |~ [tBu | 23 1034
(CHa)s OH | OH 89 82
NH(CH2)-{(CH)NH| H | 44 | 590 OH | NO2 | >250| 1288
NH(CH2)sNH H | 51 | 638 OH |H >300 | 18
N_ ONCH»NH | H | 32 | so1 | |~Be B % 1024
>~ 22 : 1 I 17 1049
N.  N(CH2)NH H | 06 | 593 i-Pr | iPr | >300| 1406
YA
HO = R HO R
C CN D.
HO
X HO
ICs ICs
R zZ AG# R
(uM) (uM) | AG#
NH» H 0 >300! 99 = OH
NH; H S 8.1 | 213 ='<so2 ol
NHCeHs H | 0] 115 |49 cmm 17 | 107
NHCH,CgHs H 0 | 138 | 490 OH
NHCH,CgHs H S 1.8 | 1007
NHCH,CgHs 1 0 9.1 [ 1505
NH(CH)iC¢Hs 1 o | a8 [1387
(0]
N > 1 | 0| 60 |1668
(@)
OH
C[ H | 0| 04 |538
OH
A OCH3
NA H | 0] 61 |1661
OH

The hydroxyl groups of AG 538 are in close proximity to

The use of the radioactive method (described in the

the hydroxyl groups of the tyrosine residues that undergo Materials and Methods) allowed us to perform Kkinetic
autophosphorylation. This exercise shows that AG 538 can analysis of IGF-1R inhibition by AG 538. The analysis shows
substitute for tyrosines 1158 and 1162, which occupy the clearly that the compound is competitive with the substrate
auto-substrate site. This finding suggests that AG 538 is (Figure 2, Table 4).
competitive with the substrate and not with ATP. AG 538 Inhibits Other Kinases Less Efficiently Than It
AG 538 Competes with IGF-1R Substrate and Not with Blocks IGF-1R and IRSubstrate phosphorylation by other
ATP.Table 3 shows that the kgfor the inhibition of IGF- kinases were performed in the presence of AG 538. This
1R autophosphorylation is independent of ATP over a wide inhibitor was found not to inhibit PKB or Src but to inhibit
concentration range. This finding further supports the the insulin receptor kinase (IR) with similar efficacy to that
contention that AG 538 is noncompetitive with ATP. of the IGF-1R (Table 5). AG 538 inhibits the EGFR with
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Table 2: Inhibition of pGT Phosphorylation by the IGF-1R AG 538 SUPERIMPOSED OVER TYROSINES
A OF THE INSULIN RECEPTOR KINASE
R3
le tyrosine 1162 tyrosine 1162
(0]
S~ AL e
R, R, R; LCN;O AG# O p G :
. O
AG 538 oy (O
LCN e e &
NO, | H C\CN >100 | 217 R
.f)
o &
H H C\CN >100 | 242 AG 538
(@
cN o i
g tyrosine 1158 /
OH H oy >100 | 250 . y : o !
OH | ocH, 0 >20 | 251 /
b
OH OCH, R 8 252
tyrosine 1158
OCH,;| OCH, o) >100 | 1693
@ =N
ocH,| ocH, @\ >100 | 1694 ©=C
N ol
OH = C
HC
H H 71 148 | 2101 ©=0
\ OH . . . . .
Ficure 1: Alignment of AG 538 into the kinase site of Insulin
Receptor. The two catechol rings of AG 538 (yellow) superimposed
R4\ over tyrosines 1158 and 1162 of the IR kinase domain (purple).
B. NN On the right the catechol closest to the carbonyl is superimposed
R ~ \ NH, on tyrosine 1158, the other catechol is superimposed on tyrosine
1 N 1162. The left panel shows the same superimposition with AG 538
N CN rotated by 180
R2
R; Table 3: Inhibition of IGF-1 Autophosphorylation by AG 538 at
Different ATP Concentrations
R, Ry | Ry | Ry [IC5o uM| AG # ICso of AG 538 ATP concentration
(M) (uM)
OH |oH |H H]S 568 0.29+ 0.07 2
on |ou|u |Q@f4 |m 0241003 15
t-Bu OH | +Bu| H >100 | 1393 ggii 88? 28
0.26+ 0.03 100
i-Pr OH i-Pr H >100 | 1500
OCH; | OH |1 H | >100 | 1501 and Methods. Gels were blotted and probed with anti-
hosphotyrosine 4G10 and anti-IGF-1R antibodies (Figures
H NO,| H H 25 P . . .
2 . 1843 3A and 4A respectively), anti-phospho-Akt and anti-Akt

antibodies (Figures 3B and 4B), and phospho Erk and anti-
10-fold reduced efficacy as compared to IGF-1R (Table 5). ETk2 antibodies (Figures 3C and 4C). IGF-1R autophospho-

The Src, IR, and IGF-1R inhibition assays were performed rylation, Erk activation, and PKB/Akt activation were all
using 20uM of ATP, and the PKB assay was performed inhibited in a_dose responsive manner by AG 538 and by
using 10uM ATP. The assays for Src and PKB will be "OMe AG (Figure 3 and 4).

described elsewhere (Karni et al., in preparation; Reuveni

et al., in preparation). The assay for EGFR kinase inhibition DISCUSSION

was performed in the presence of 1281 ATP (34). In this report, we describe two nonradioactive cell-free
Inhibition of Downstream Signaling ElementOMe-AG assays for the inhibition of IGF-1R kinase. The first assay,
538 inhibits in vitro IGF-1R autophosphorylation with an for tyrosine autophosphorylation inhibition, is based on
ICs0= 3.4+ 0.5uM and pGT phosphorylation with an ¢ immunoprecipitating the receptor onto an ELISA plate. The
=2+ 0.8uM as compared to 0.4 0.2uM and 61+ 20 second assay is based on tyrosine phosphorylation of a plate
nM, respectively, for AG 538. To assay inhibition in intact bound substrate, pGT. These assays are useful to screen
cells, subconfluent cells were incubated with AG 538 (Figure potential IGF-1R inhibitors. We chose tyrphostins which
3) or I-OMe AG 538 (Figure 4) as described in the Materials were likely to compete with the substrate site and possibly
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147  m 12000M AG 538 A.
—~ 121 ¢ 800u0MAG 538 IGF-1 - + o+ o+ 4+
o) : & 500 nMAG 538 AGS38uM] - - 10 25 50 100
g_ 11 ©  62.50M AG 538 . "
) 08 L] pIGF-1R - ——
N
: ’ s
(ii)
g 0.6 IGF-1R | %= i i o i S
E 04 i o ==
=80 .
- 0.2 5 o
s
-0.1 ) 0.1 0.2 03 R — |
-0.2 = 0
IGF-1 - + + + + o+
04 l/[pGT] (ml/ug) AGS38uM] - - 10 25 50 100

Ficure 2: Inhibition of IGF-1R catalyzed phosphorylation of pGT.
Poly-GT was phosphorylated by semipurified IGF-1R, and the B.
activity of the IGF-1R was determined by the radioactive method

described in Materials and Methods. Various concentrations of pGT IGF-1 =+ N
and AG 538 were used in each system. AGS38[uM] - - 10 25 50
O pkB —
Table 4: Effect of pGT Concentration on IC50 of IGF-1R
Inhibition by AG 538 .
(ii) PKB ——— — — —
pGT |Cso
(ug/mL) (uM) (iii) 100
37 0.130 g
£ 60
11.1 0.214 B
33.3 0.460 g 40
300 0.860 & 20 : H
o LO L
— - - IGE-1 - + + + +
Table 5: Inhibition of Various Kinases by AG 538 AG 538 [uM] - - 10 25 50
enzyme substrate Ke(nM)
IGF-1R pGT 60 .
IR pGT 113 IGF-1 - + + + +
EGF-R PGAT 370 AGS38[uM] - = — 10 25 50
Src pGT 2400 @ —
PKB RPRTSSF 76 000 pErk2 O —
® Erk2 e L i}
compete with tyrosines 1158 and 1162 which are bound the (i) 100 i s bt
substrate binding site of the receptor. We therefore chose 80
tyrphostins with two aromatic rings, within the library of >
compounds which we possess. Structure function analysis )
of the compounds screened led to some lead compounds. % 20 -
The most potent inhibitor was identified as AG 538 (Table a LA = =
1). AG 538 could indeed be minimized and “docked” to IGF-1 - + o+ o+ o+
the site occupied by Y1158/Y1162 in the nonactivated IR AGS38[uM] - - 10 25 50
(Figure 1). Ficure 3: Inhibition of IGF-1R signaling by AG 538. (A) Inhibition

The successful superimposition of AG 538 over the IR of IGF-1R autophosphorylation by AG 538. (i) Western blot using
tyrosines 1158 and 1162 suggests that AG 538 competes withp-phosphotyrosine 4G10 antibody. (ii) Reprobing of stripped blot
the IGF-1R tyrosines at the autophosphorylation site, thus With «-IGF-1R5 antibody. (iii) The phosphorylation level of each
R . . sample [shown in panel A(i)] was normalized to the IGF-1R level
|nh_|b|t|ng |GF-1R_aut_ophosphorylatlo_n. Our assum_p_tlon WaS shown in panel A(ii). These values are shown as percentages of
validated by the finding that AG 538 is noncompetitive with  the level of autophosphorylation in the absence of inhibitor
ATP (Table 3), and is competitive with the substrate pGT (designated 100%). (B) Inhibition of PKB phosphorylation by AG

(Figure 2). The utilization of the three-dimensional structure 538. (i) Western blot usingiphosphoserine 473 antibody. (ii)
of the homologous IR, as a basis for the search for an IGF- Reprobing of stripped blot with.-PKB/Akt1 antibody. (iii) Percent
S ! L . of maximum phosphorylation for each sample was defined in the
1R inhibitor, was expected to produce inhibitors against both game manner described in panel Agiii). (C) Inhibition of Erk2
IR and IGF-1R. Indeed, AG 538 (Table 5) and I-OMe AG phosphorylation by AG 538. (i) Western blot using anti-D-P-
538 inhibit the insulin receptor with g values similar to Erk1&2 antibody. (i) Reprobing of stripped blot with-Erk2
those of for IGF-1R kinase inhibition (data not shown). The antibody. (iii) Percent of maximum phosphorylation for each sample
compounds must therefore be further modified in accordanceVas defined in the same manner described in panel A(iii).
with structure function analysis to diminish or abolish IR side by side, it should be possible to make steady progress
kinase inhibition. We believe that by using the two assays, toward selective substrate-competitive inhibitors of IGF-1R
for IR and for IGF-1R substrate phosphorylation inhibition, kinase.
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FiGurRe 4: Inhibition of IGF-1R signaling by I-OMe-AG538.
Experimental details as described in Figure 3.

Compounds that block enzyme function by substrate
competition may have an advantage over ATP-mimicking
inhibitors. First, the high intracellular concentration of ATP
may reduce the efficacy of ATP mimics. Second, a substrate-
competitive inhibitor is likely to be more selective than an
ATP-competitive inhibitor, because there are many ATP-
dependent enzymes.

Structure function relationship led us to the synthesis of a
hydrophobic analogue of AG 538, that tends to oxidize less
since it contains iodine and a methyl group (I-OMe AG 538)
substituting partly for the hydroxyls. This compound,
although possessing lower cell-free efficacy than AG 538,
inhibits the IGF-1R autophosphorylation as well as IGF-1R
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downstream targets PKB and Erks, in a similar dose-
dependent manner (Figure 4) as AG 538 (Figure 3) in cellular
assays. Most probably, the enhanced hydrophobicity of
[-OMe AG 538 allows it to penetrate more readily than AG
538 and inhibit the activation of intracellular targets in a
similar concentration range as AG 538 does. It seems that
the enhanced hydrophobicity of -OMe-AG 538 compensates
for the reduced intrinsic affinity to the receptor.

The finding that AG 538 is more potent against EGFR
than Src (Table 5) may suggest that there are more similari-
ties between the substrate binding sites between IGF-1R/IR
and EGFR than between IGF-1R/IR and Src. This point
requires further investigation.

We are presently engaged in designing combinatorial
libraries based on AG 538 and I-OMe AG 538 in order to
obtain more potent substrate competitive cell permeable
inhibitors of IGF-1R.
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