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ABSTRACT The aim of this study was to identify small molecule compounds that inhibit the kinase activity of the
IGF1 receptor and represent novel chemical scaffolds, which can be potentially exploited to develop drug candi-
dates that are superior to the existing experimental anti-IGF1R therapeuticals. To this end, targeted compound
libraries were produced by virtual screening using molecular modeling and docking strategies, as well as the
ligand-based pharmacophore model. High-throughput screening of the resulting compound sets in a biochemical
kinase inhibition assay allowed us to identify several novel chemotypes that represent attractive starting points
for the development of advanced IGF1R inhibitory compounds.

KEYWORDS IGF1 receptor; tyrosine kinase inhibitor; anti-cancer drug candidate; high-throughput screening;
virtual screening.

ABBREVIATIONS IGF1R - insulin-like growth factor type 1 receptor; InsR — insulin receptor; RTK — receptor ty-
rosine kinase; TKI — tyrosine kinase inhibitor; HTS — high-throughput screening; ATP — adenosine triphosphate;

ADP — adenosine diphosphate.

INTRODUCTION

The receptor of insulin-like growth factor type 1 (IG-
F1R) is a transmembrane receptor tyrosine kinase
(RTK) widely expressed in various cell types and the
tissues of all vertebrates. IGF1R is the key biological
regulator of cell growth and survival, both in the de-
velopmental and adult states. The receptor is a very
close phylogenetic relative of the insulin receptor
(InsR), the major regulator of carbohydrate homeo-
stasis, as well as lipid and protein metabolism. IGF1R
shares almost 60% overall homology with InsR; the
similarity is much higher (~ 90%) in the catalytic do-
main area of the receptors. The IGF pathway is com-
monly dysregulated in many human cancers, includ-
ing breast, prostate, liver, lung, bladder, thyroid, renal
cancers, Ewing’s sarcomas, rhabdomyosarcoma, lym-
phomas, leukemias, multiple myeloma, etc., primarily
via increased expression of IGF1R or its ligands, IGF-
1 and IGF-2, and autocrine loops [1, 2, 3]. The IGF-1
receptor is needed for the transformation of cells by
oncogenes; enhanced IGF-1 receptor expression can
cause ligand-dependent, malignant transformation
and tumorigenesis [4]. Mutated, constitutively upreg-
ulated forms of IGF1R kinase as cancer drivers have
not been documented in the literature, contrary to the
paradigm for oncogenic tyrosine kinases. The general
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anti-proliferative and pro-apoptotic effects associated
with IGF1R inhibition, as well as the broad expression
of IGF1R in tumors, are suggestive of a high clinical
potential for IGF1R inhibitors in combination thera-
pies. Because of the broad malignant neoplasia linkage
to the ubiquitous IGF signaling pathway, therapeutic
strategies that inhibit the IGF1R receptor using either
small-molecule kinase inhibitors (TKIs) or monoclo-
nal antibodies (mABs) have been actively explored in
various types of cancers by a large number of phar-
maceutical and biotechnology companies over the past
10—15 years. At least a dozen IGF1R inhibitors, both
small-molecules and antibodies, are currently in late
preclinical or clinical development.

Due to the very high degree of homology among the
catalytic domains of IGF1R and InsR RTKs, all of the
known advanced IGF1R-targeting TKIs inhibit InsR
to a significant degree, as well. As a result, these TKIs
obviously could impair glucose homeostasis and lead
to hyperglycemia and the concomitant diabetic com-
plications in TKI-treated patients. Indeed, such hy-
perglycemic effects have been observed in pre-clinical
models and, more recently, in the clinical trials of small-
molecule IGF1R inhibitors, casting some doubt on the
perspectives for their long-term clinical development
and therapeutic use. Over the past decade, the obvious
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selectivity problem associated with small molecules has
led to a shift in interest towards the development of an
intrinsically, highly selective monoclonal antibody or
protein-based IGF1R blockers which target either the
receptor itself or its ligands. However, due to the pecu-
liarities of IGF signaling axis biology and the resulting
substantial cross-talk between IGF1R and InsR-driven
signaling, some degree of InsR co-inhibition is believed
to be beneficial in oncology settings by most experts [5,
6]. On the other hand, the concept of precisely blocking
IGF1R signaling by pharmacological agents that are
highly selective at the molecular level turns out to be
a gross oversimplification when applied to the actual
systemic action of these agents in vivo. Both a lack of
efficacy and hyperglycemic effects were found in the
late pre-clinical and clinical studies of several advanced
anti-IGF1R protein/antibody-based therapeutic can-
didates despite their ultimate molecular selectivity
for the target [4, 7]. Some of the apparent underlying
mechanisms of this non-selectivity in vivo are as fol-
lows: significant cross-activation of IGF1R receptors
by insulin and vice versa; activity of anti-IGF1R an-
tibodies on InsR-IGF1R heterodimers, compensatory
mechanisms of the living organism, such as upregula-
tion of InsR or induction of IGF1 and insulin biosynthe-
sis upon depletion of IGF-1/IGF1R pools in the body
[7, 8]. In addition to the selectivity aspects mentioned
above, there are multiple mechanisms of resistance to
IGF1R-targeted therapy, which might necessitate co-
inhibition to achieve efficacy [9].

Thus, despite the solid academic validation of IG-
F1R as a highly attractive drug target in oncology, as
well as the sustained effort to develop therapeutically
useful IGF1R pathway blockers of diverse molecular
nature and mechanisms of action, so far the results of
late-stage clinical trials remain less than exciting [7, 10].
This controversial and complicated landscape, in addi-
tion to the certain inherent advantages of small mol-
ecule drugs over antibody/protein-based therapeutics,
creates a persistent drive for a continued search for
clinically superior chemical inhibitors of IGF1R. Such
target compounds might differ from their predecessors
by virtue of their different mechanisms of inhibition,
more selective tissue distribution, co-inhibition of other
targets, and altered pharmacodynamics or a better bal-
anced selectivity for IGF1R versus InsR.

In this study, we report on the identification of sev-
eral small molecule IGF1R inhibitors as a result of the
screening of a focused library of 2,935 compounds gen-
erated by the combined use of pharmacophore- and
target structure-based models. The compound series
found represent novel chemotypes and are potentially
developable into clinical IGF1R inhibitors with favor-
ably altered properties as compared to existing ones.

EXPERIMENTAL

Reagents and materials

All the reagents for screening, including ADP-Glo™ Ki-
nase Assay (Cat. V9401), Kinase System kits for IGF1R
(Cat. V3581), InsR (Cat. V9411), Met (Cat.V3361), Syk
(Cat. V3801), and BTK (Cat. V2941) kinases, were ob-
tained from Promega Corporation (Madison, WI, USA)
and used according to the manufacturer’s recommen-
dations. The reference kinase inhibitors PQ401 (Cat.
P0113), AG5H38 (Cat. T7697), staurosporine (Cat. S5921),
as well as poly(Glu4,Tyrl), sodium salt (Cat. P0275 ),
and dimethyl sulfoxide (Cat. 41640), were all purchased
from Sigma-Aldrich (St. Louis, MO, USA). The low
volume, U-bottom, white NBS 384-well microplates
(Cat. 3673) used for all luminescent assays were from
Corning (Lowell, MA,USA), and robotic liquid handler
384-channel tips (Cat. 5316) were from Thermo Scien-
tific/Matrix (Hudson, NH, USA). The polypropylene
384-well and V-bottom plates (Cat. 784201) were pur-
chased from Greiner Bio-One (Monroe, NC, USA), and
the 96-well plates, from Matrix (Cat. 4271), or similar
ones, were used for compound storage and dilutions.
The reagents and buffers for robotic multichannel
pipetting were kept in disposable modular reservoirs
(Cat. N372790) from Beckman Coulter (Indianapolis,
IN, USA).

All the compounds iteratively tested in this study
were selected from the ~1,900,000 compound collection
of Enamine, Ltd. (www.enamine.net, Kyiv, Ukraine)
and supplied by Enamine’s library formatting facility as
frozen 10 mM solutions in dimethyl sulfoxide (DMSO)
in heat-sealed 96- or 384-well polypropylene plates.

Molecular modeling and chemoinformatics

All computations were done using the QXP /Flo+ soft-
ware package developed by McMartin et al. [11]. We
used the computer cluster configuration HPC Linux
cluster (164 CPU cores in 5 nodes). All the manipula-
tions with chemical structures and databases were
conducted in the Instant JChem software (ChemAxon,
software version 5.10.1).

Screening equipment and data analysis

Multi-well liquid dispensing for setting up assays was
performed using either the robotic liquid handler
PlateMate Plus or the manual electronic multichannel
micropipettes Matrix Impact (Thermo Scientific, Hud-
son, NH, USA). High-throughput Screening (HTS), ki-
nase selectivity, and dose-response (IC, ) assays were
read in the luminescence mode using the PolarStar
Omega reader (BMG Labtech, Ortenberg, Germany) or
MS5 reader (Molecular Devices Corp., Sunnyvale, CA).
IGF1R ADP-Glo data in relative luminescence units
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(RLU) were collected from the plate readers, and the
percentage of activity (% Activity) was determined
for each point as follows: % Activity = 100*(RLU sam-
ple — RLU no kinase control avg)/(RLU kinase control
avg — RLU no kinase control avg). The screening data
were processed and visualized using Microsoft Excel
templates designed to calculate the inhibition values,
the Z’-factor, and GraphPad Prism 5 (GraphPad Soft-
ware, Inc., La Jolla, CA) for IC, analysis. The dose-
response curves of Percent Activity were fit in Prism,
using a sigmoidal variable slope fit with the maxi-
mum % activity and the minimum % activity fixed at
100% and 0%, respectively. The Z' factor, a statistical
measure of variability and reproducibility for HTS
assays, was determined using the following formula:
Z' = 1-[3X(SDsample+SDcontol)/|Msample_Mcontrol|] [12], where
SD denotes the standard deviation and M denotes the
mean for the samples and controls, respectively. Prior
to starting HT'S, assay conditions were optimized and
validated with regard to the maximum ATP turnover
(never exceeding 20%), an acceptable signal-to-back-
ground ratio (“assay window”) of at least 6, an accept-
able Z’-factor of at least 0.6, as well as day-to-day and
plate-to-plate reproducibility of the screening data.
All primary screening was performed at 20 pM com-
pound concentrations, and some of the weak hits were
subsequently re-tested at higher concentrations (40 or
80 uM) for confirmation. Statistically significant HT'S
hits in the primary screening were defined as those
that produced a kinase activity signal at least three
standard deviations lower than the mean of the assay
plate run (not including the plate controls). Lineweav-
er-Burk plots were created in Excel or Prism using the
standard algorithms [13]. All assay development and
validation and high-throughput screening procedures
were carried out according to the general guidelines
as published on the U.S. National Chemical Genom-
ics Center web site (NCGC Assay Guidance Man-
ual and High-throughput Assay Guidance Criteria,
http://www.ncbinlm.nih.gov/books/NBK53196/).

High-throughput screening (HTS)

IGF1R high throughput screening (HTS) assays us-
ing the IGF1R Kinase System and ADP-Glo readout
system (Promega Corp.) were performed in a final vol-
ume of 7 pL per test compound using a 384-well small
volume microplate format. All liquid dispensing was
done using the PlateMate Plus robotic liquid handler. 3
puL aliquots of the enzyme/substrate mixture contain-
ing 1 pg of the IGF1Rtide peptide substrate and 4 ng
of recombinant IGF1R kinase in a 0.66 X assay buffer
were transferred to the plate wells. The assay buffer
(1 X) consisted of 40 mM Tris chloride, 20 mM magne-
sium chloride, 0,1 mg/ml bovine serum albumin, 2 mM
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manganese chloride, and 250 pM dithiothreitol (DTT).
To add the tested compounds to the reaction, start-
ing stocks of 10 mM compounds in dimethyl sulfoxide
(DMSO) were diluted with DMSO to 2 mM. Next, 3 uL
aliquots of 2 mM compound stock solutions in DMSO
were transferred to 83 pL volumes of a 1 X reaction
buffer and thoroughly mixed. Aqueous compound solu-
tion aliquots of 2 uL were then transferred into the as-
say plate to get a final concentration of each compound
of 20 uM in 1% DMSO. The plates were pre-incubated
at 27°C for 10 min with gentle shaking (300 rpm). The
assay was started by adding 2 pL of the ATP stock so-
lution to the reaction mixture to achieve a final ATP
concentration of 50 pM. After 1.5 h of gentle shaking
(300 rpm) at 27°C, the ADP-Glo reagent (7 uL) and, af-
ter an additional 40 min, the detection reagent (14 pL)
were added. After the final incubation for 20 min at
25°C, luminescence was read using a PolarStar Omega
multimode plate reader at a gain setting of 3500 and
integration time of 0.2 s.

The compounds were tested in quadruplicates or
duplicates during the screening. One quadruplicate
sample per plate of 2 uM final staurosporine was used
as a control inhibitor sample. For the columns 1 and 2
of each 384-well plate, 3 pL of the 0.66 X assay buffer,
instead of the enzyme/substrate mixture, and DM-
SO-spiked 1 X assay buffer without test-compounds
(final 1% DMSO in the reaction mixture) were used
to produce a positive (no kinase reaction) control. For
the columns 23 and 24 of each plate, a DMSO-contain-
ing buffer without test-compounds (final 1% DMSO)
was used during the compound addition step to pro-
duce a negative (no kinase inhibition) control. Prior to
the dose-response and selectivity studies, all primary
screening hits were confirmed by re-testing the single
concentration point inhibition of IGF1R by compound
solutions freshly prepared from solid compound stocks
under the same conditions as described above (“confir-
mation from powders”).

Dose-response curves (IC, ) and kinase
selectivity measurements
Kinase selectivity assays with InsR (dose-response
measurements) and Met, Syk and BTK kinases (single
point compound concentrations) using the ADP-Glo
readout system were run under optimized experimen-
tal conditions similar to the IGF1R assay with regard to
the kinetic parameters of kinase reactions.
Dose-response and IC,| measurements for the con-
firmed screening hits were conducted for IGF1R and
InsR kinases. The conditions were similar to the HTS
conditions described above, except that the compounds
were plated in 8-point curves serially diluted 1:2 from
100 uM top concentrations and with a 1% final DMSO
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throughout, in quadruplicates for each compound di-
lution point. The time of incubation of kinase reaction
mixtures was 2.5 or 4.5 hours at 27°C in different experi-
ments both for the insulin kinase receptor and IGF1R,
the dithiotreitol (DTT) concentration was 500 pM, and
the amount of recombinant insulin receptor kinase was 2
ng per well. DTT concentration was elevated to enhance
the stability of the enzymes during 4.5 h incubation ex-
periments. Compounds were typically serially 2-fold di-
luted in pure DMSO starting from 10 mM down to 19.5
uM to produce the final concentrations ranging from 100
uM to 195 nM in a 1% DMSO-aqueous reaction buffer.

The amounts of the Met, Syk, and BTK enzymes and
the incubation time were optimized to ensure an ATP
conversion not higher than 20% in all cases. The typi-
cal assay window (signal/background) was 3—5 for all
kinases. The final volumes of the Met, Syk, and BTK
kinase assay reaction mixtures were 5 pL. Two uL of
the enzyme solution in a 1 X reaction buffer (6 ng Met,
8 ng BTK, 4 ng Syk), 1 uL of the compound solution in
a 2 X reaction buffer, the ATP and substrate mixture
in a 0.5 X reaction mixture were added sequentially.
The composition of the 1 X reaction buffer was 40 mM
Tris, 20 mM magnesium chloride, 0.1 mg/ml bovine
serum albumin, 500 pM DTT at pH 7.5 with 1% final
concentration of the DMSO, 50 pM ATP, and 0.2 mg/ml
Poly(Glu4, Tyrl) substrates. The buffer was supple-
mented with 2 mM manganese (II) chloride in the case
of BTK kinase. Compounds were tested at 40 pM con-
centrations. In each experiment, 6 wells with the en-
zyme, but no added compounds, were used as negative
inhibition controls; 6 wells without tested compounds
and the enzyme and 6 wells with the enzyme and
0.5—1 puM staurosporine were used as positive inhibi-
tion controls. Pre-incubation of the reaction mixture
with compounds prior to ATP addition was performed
for 20 min at 25°C in all experiments. The incubation of
the reaction mixture lasted for 25 min at 37°C. All com-
pounds were tested in 4 to 6 repeats. Conditions of ADP
detection were as follows: 40 min incubation with an
ADP-Glo reagent, followed by 30 min with a detection
reagent at 25°C. Luminescence was read using a BMG
Polarstar Omega reader at a gain setting of 4095 and
measurement time of 0.5 s.

Measurements of the Michaelis—Menten kinetics

Serial dilutions of ATP and substrate polypeptide
poly(Glu4,Tyrl) were tested in IGF1R kinase assays
with the inhibitors L1 and T4 to produce the kinetic
data for Lineweaver-Burk plots. In the ATP compe-
tition measurements, solutions of ATP and the com-
pounds being tested were subjected to twofold serial
dilution. Compound L1 was tested at concentrations of
100, 50, 25, 12, and 0 uM in combination with eight ATP

concentrations ranging from 519 to 4 pM. Compound T4
was tested at the same concentrations in combination
with eight ATP concentrations ranging from 1 mM to
8 uM. IGF1Rtide at a concentration of 143 pg/ml was
used as a peptide substrate in both cases. All concentra-
tion points were quadruplicated. The amount of IGF1R
kinase was 1 ng per well, the DTT concentration was
500 pM, and the the kinase reaction was incubated for 4
h at 27°C. The range of ATP concentrations used for the
plot was narrowed to 6 points for L1 to get the best fit.
In the substrate competition measurements, the
poly(Glu4,Tyrl) substrate was titrated by twofold dilu-
tions to obtain 8 concentrations from 0.9 to 114.3 uM, as-
suming the average molecular mass of the substrate to
be 12.5 kDa. Three concentrations of two hit compounds
— L1 (50, 25, 0 uM) and T5 (50, 12.5, 0 uM) — combined
with 8 peptide concentrations were assayed; the ATP
concentration was 250 uM for the peptide-competitive
assay. The DTT concentration was 250 uM; the amount
of the IGF1R enzyme was 2 ng per well. In order to build
the plot, the range of the used peptide concentrations
was narrowed to 5 points to get a linear fit. Prior to ATP
addition, the reaction mixture with compounds was in-
cubated for 20 min at 27°C in all the experiments.

RESULTS AND DISCUSSION

Virtual screening — Target-based selection

The general concept of this study was to implement
the “smart screening” strategy relying on the iterative
physical screening of small, focused compound libraries
selected from the vast off-the-shelf collection of ~1.9
million compounds at Enamine (www.enamine.net).
The selection was based on ligand- and target-based
virtual screening supplemented with knowledge of the
published data on existing IGF1R inhibitors and the
crystal structure of its kinase domain. Compounds con-
taining potential toxicophoric and reactive structural
fragments were removed using the medicinal chemis-
try filtering criteria described elsewhere [14]. Such an
approach assists in the elaboration of new pharmaco-
logically active compounds without resorting to ran-
dom, large-scale screening of chemical diversity. The
rationale was to deviate from the known IGF1R inhibi-
tor chemotypes and from the paradigm of catalytic site
binding and direct ATP competition. Several diverse
in silico modeling approaches were used to generate
mini-sets consisting of several hundred compounds
each, which were subjected to experimental screening
in a biochemical kinase assay. A total of approximately
4,000 compounds were screened as a result of this ef-
fort, including the “hit expansion” screens of active
compound (“hit”) analogs. Two of the approaches used,
which were based on screening of 2,935 molecules, led
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to the discovery of chemotypes with attractive proper-
ties and structural novelty (described below).

A series of allosteric inhibitors of the IGF1R kinase
domain have recently been reported [15]. The mecha-
nism of action of these compounds is based on their bind-
ing to the allosteric protein surface pocket, which does
not spatially overlap with the catalytic site and is located
in the vicinity of the kinase domain activation loop that
is triple-phosphorylated upon enzyme activation [16, 17].
The identified compounds were characterized by mod-
erate potency; however, some of them exhibited up to a
tenfold selectivity for IGF1R versus InsR. Based on these
results, we concluded that the binding site mentioned
above has relevance for designing selective inhibitors of
IGF1R. In order to design a IGF1R inhibitor screening
set, we created the pharmacophore model (Fig.1) of in-
teraction between the compound series mentioned above
and the allosteric site using the available X-ray struc-
ture of the IGF1R kinase domain (PDB code 3LWO). The
model included a H-donor, a H-acceptor, an aromatic/
pseudo-aromatic ring, as well as any group distanced
from the main molecular cluster.

Hydrogen bonding with the carboxyl group of Val1063
is one of the key determinants of binding at the allos-
teric site. The candidate binder molecule must contain a
fragment identifiable as a strong hydrogen bond donor.
Ambiguities in the definitions of such donors in various
commercially available chemistry search programs led
us to establish internal definition criteria for it.

All chemical compounds containing strong hydro-
gen bond donors were selected from the available com-
pound database of approximately 1,900,000 entries
(www.enamine.net) for further filtering. Those included
all aliphatic amines, including tertiary amines (which
are capable of becoming hydrogen bond donors upon
protonation), as well as all other compounds with non-
amide and non-sulfonamide NH groups (which were se-
lected using the following SMART string: ([#1][#7;H1]
(['$([#6,#16,X3,X4]=[ON][!$([#6,#16,X3,X4]=[O])])).
All compounds lacking an aromatic ring or an H-ac-
ceptor were subsequently removed from the selec-
tion. The resulting reduced database (approximately
400,000 compounds) has been further filtered to com-
ply with the created pharmacophore model. All degrees
of freedom were allowed for the rotatable bonds, and
the additional “forbidden volume” rule was imposed
on the protein atoms. Upon processing of the starting
database according to the rules described above, 42,031
compounds strictly corresponding to the model criteria
were identified. This final filtered set was subjected to
a molecular docking study.

Docking was done with the flexible ligand and fixed
receptor model, using a systematic docking algorithm
(SDOCK+), which demonstrates sufficient ability to
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Fig. 1. The pharmacophore model used for virtual library
filtering. A — Pharmacophore model mapping of IGF1R
inhibitor 3-cyano-N-{1-[4-(5-cyano-1H-indol-3-yl)butyl]
piperidin-4-yl}-1H-indole-7-carboxamide derived from
the ligand orientation in the crystal structure. The IGF1R
inhibitor is shown in ball-stick representation. B — The
generated pharmacophore model is shown with its inter-
feature distance constraints. Magenta — hydrogen bond
donor; blue — hydrogen bond acceptor; orange — aro-
matic ring; yellow — any heavy atom; green — distances
between the centers of the pharmacophore groups

reproduce ligand conformations with a minimal root-
mean-square deviation (RMSD) with regard to the crys-
tallographic data [18]. The maximum number of compu-
tational steps was set at 300, and the 20 best complexes
(based on internal QXP scoring functions) were retained
for analysis. The binding site model was formed based on
the available X-ray data for the complex (3LWO). Amino
acid residues with at least some atoms within a 1.0-nm
radius around the initial inhibitor were taken into ac-
count when designing the binding-site model.
Post-docking processing and analysis of the results
were performed according to the general logic of the
pharmacophore model, which incorporates the key de-
terminants of ligand-site binding strength. The follow-
ing main geometrical filters were used: hydrogen bond-
ing with Vall063, stacking with Met1054 and Met1079,
as well as the secondary filters — electrostatic inter-
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Fig. 2. Key interactions of the T2 compound with the
IGFR1 binding site model (A — two-dimensional diagram
showing the key interactions; B — ligand-target complex
obtained by docking)

actions with Lys1033 and/or formation of hydrogen
bonds with Aspl153 and/or Glul050, Argl134 (PDB
code 3LWO0). The main filters, as well as one or several
secondary ones, were always used for selecting com-
pounds. Visual inspection of the automated filtering
output was conducted to ensure overall correspondence
of the filtering rules to the model. The resulting 1,746
compounds designated as the T(target)-type selection
set were submitted to high throughput screening as
described below. The interaction between the 1,2-di-
hydropyridine-2-thione derivative (compound T2) and
the allosteric binding site model is illustrated in Fig. 2 as
an example. The compound meets all the basic require-
ments, and three additional interactions, namely, hy-
drogen bonding/stacking with Argl134, His1133, and

Aspl154, are possible as well. We consider these factors
to be sufficient for inhibitory activity according to the
mechanism postulated above.

Virtual screening — Ligand-based selection
Another productive approach for discovering IGF1R
inhibitors was the “ligand-based,” rather than the
“target-based,” one; it relied on the published data
on IGF1R inhibitors discovered by Levitzky’s group
[19]. Since these compounds have been reported to be
ATP-noncompetitive and some of them have exhib-
ited substantial selectivity for IGF1R versus InsR ki-
nase, we considered them an attractive starting point
for exploring Enamine’s collection in the search for
structurally distant novel analogs. A SAR analysis of
these active compounds, some of which are shown in
Fig. 3, allowed us to identify a number of potentially
preferable structural features. In particular, the actives
contained 2- or 3-substituted benzene rings linked by
saturated NH-CH, or CH,-N-CH, linkers; further elon-
gation of the linker by an additional atom decreased
potency. At least one group with one hydrogen bond
acceptor atom (N or O) must be located at the para-
and/or meta-positions of the linked benzene rings to
ensure activity. It was evident that average potency
declined for the series: catechols > salicylic acid deriva-
tives > benzodioxols. We hypothesized that the acceptor
atoms directly linked to the rings at the para- and/or
meta-positions were the most efficient pharmacophore
groups that could be freely rotated to effectively bind
to the target site. Additional hydrogen acceptor atoms
seemed to provide higher potencies, and a similar level
of IGF1R potency was achieved with the H-bond ac-
ceptor located either in the condensed aromatic rings
or in aliphatic substituents (see Fig. 3A,B,C). Acylation
of para-/meta-hydroxy groups (see Fig. 3A,D) did not
significantly change the activity but seemed to have
increased selectivity against the insulin kinase recep-
tor and SRC kinase. Fully substituted benzodioxol com-
pounds without hydrogen donors were also active.
These observations were combined in the Markush
formula (Fig. 3G). The proposed structure contained at
least two 5- or 6- atom aromatic systems, with at least
one R-group from the ones listed below at positions 3
and/or 4 of the aromatic system. The R-groups present
in the inhibitors described in the literature (i.e. O- and N-con-
taining substituents), as well as fluoro- and a-fluoroalkyl,
were selected as potential H-acceptors. The R-groups
were allowed to incorporate the rings. One- to three-
atom linkers formed by any nonring bonds (single,
double, triple or aromatic) were used to link the aro-
matic rings. All the atoms in the rings and the linker
were set to “any element except hydrogen” type during
the database search. A search of Enamine’s ~1.9 million

VOL.5 Ne2(17) 2013 | ACTA NATURAE| 95



RESEARCH ARTICLES

HO o
H
HO O

HOD/\N
B OH

H
L
N
Y,
HO:©/\N D/\
H
HO

C

yes,

A
p KI e
A 1
O COOH !

”

Fig. 3. Exem-
plary IGF1R
inhibitors used

) as a basis of the

Ra« ,[A](L1 Lot .
J -type selection
ﬁO,A“@(LZ) (A—F) and the
Ry A » A](L” corresponding
Markush formula
(G) for analog
Ry search
G
Ry/R; =
F—§ o N
F 0]

compounds collection in silico using the Instant JChem
software resulted in the identification of 607 final com-
pounds for HTS selected from 1,327 Markush-compli-
ant compounds after application of the set of medicinal
chemistry filters discussed above [14] and setting cut-
offs for logP and logS to < 5. This screening selection
was designated as the L(ligand)-type compound set.

High throughput screening and dose-
response measurements
Screening of the T-type (1647 compounds) and L-type
(607 compounds) sets, which were selected as described
above, was performed using the commercially available
biochemical IGF1R ADP-Glo kinase assay system (Pro-
mega Corp.). This assay utilizes a recombinant intracel-
lular kinase domain fragment of IGF1R and is based on
quantitation of adenosine diphosphate (ADP), a uni-
versal product of any kinase reaction, via enzymatic
conversion of ADP to ATP, followed by detection of
the luciferase-based luminescent signal [20]. Prior to
performing HTS, the assay was validated for enzyme
inhibition using the known IGF1R inhibitors — diary-
lurea derivative PQ401 [21] and tyrphostin AG538 [22],
as well as the pan-kinase inhibitor staurosporine. The
dose-response curves for all the reference inhibitors
were in agreement with the data in the literature. In
addition, performance of the HTS assay was tested for
day-to-day and plate-to-plate reliability and reproduc-
ibility according to the standard HTS guidelines out-
lined in the Experimental section.

All the compounds exhibiting statistically significant
inhibitory activity in the primary high-throughput
screening runs (“screening hits”) were re-tested sepa-
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rately at least once. Structural analogs of the confirmed
hits were identified in Enamine’s compound reposi-
tory by chemoinformatics searches, and the resulting
sets were additionally screened in the same assay (“hit
expansion” screening) as shown in Fig. 4. Hit expan-
sion was done by selecting all the nearest structural
relatives of the actives from the collection, whereby
all constituent groups in the molecules were subjected
to structural variability where possible (sub-structure
search). For the T-type compounds, conservation of the
key pharmacophores depicted in Fig. 1 was imposed as
an additional condition.

Screening of the T-type compound sets in the IGF1R
ADP-Glo assay resulted in the identification of 3 con-
firmed active hits; the fourth hit (L4) was identified af-
ter the “hit expansion” screening. Screening of L-type
compound sets led to the identification of 3 confirmed
hits — L1, L2, and L3; the fourth hit (L4) was also iden-
tified after the “hit expansion” screening. These inhibi-
tors were selected from all detected primary screening
hits for additional experimental characterization. The
selection was based on their estimated potency, repro-
ducibility of the inhibition, and attractive chemical fea-
tures. In particular, chemical tractability of the inhibi-
tors is facilitated by their structural novelty, potential
for synthetic improvements, as well as the absence of
undesirable functionalities that might hinder further
development of the compound.

Selectivity of the inhibitors

Selectivity for the IGF1R of eight hits identified as the
result of the HTS campaign and follow-up hit expan-
sion screenings were tested against the insulin receptor
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Table 1. Inhibition of IGF1R and InsR (IC, ) by L- and T-
series hit compounds.

1

1

Fig. 4. Flowchart of the high-throughput screening proce-
dure

(InsR) kinase, as well as the tyrosine kinases Met, Syk,
and BTK. While InsR is the closest evolutionary relative
of IGF1R, the other 3 tyrosine kinases are more distantly
related receptor-type (Met) or cytoplasmic (Syk, BTK)
tyrosine kinases. When comparing IGF1R and InsR, the
IC,, values were measured for the inhibitors (Table 1),
while the inhibition of the remaining kinases was evalu-
ated at a single concentration point. All the kinase assays
were run under experimental conditions similar to those
of the IGF1R assay, with regard to the kinetic param-
eters of kinase reactions, and were read using the same
commercial ADP detection system ADP-Glo (Promega
Corporation) in order to ensure maximum uniformity
for comparing the inhibition degrees. The small kinase
panel used in this study cannot provide a comprehensive
profile of the kinase selectivity of the tested inhibitors;
however, it offers a general indication of the selectivity
for the IGF1R target within the most closely evolution-
arily related tyrosine kinase subfamily of over 500 hu-
man protein kinases. The data (Table 1) indicates limited
selectivity of the compounds between IGF1R and InsR
kinases, with some of the compounds being essentially
nonselective (L1, L3, L4), while the others reproducibly
exhibited 1.5-4-fold selectivity for IGF1R versus InsR
(L2, T2, T4). Interestingly, compounds T1 and T3 ex-

hibited a substantially stronger (5-10-fold) inhibition of T4 7 10
InsR versus IGF1R in our experiments. This selectivity HN

was similar or higher than that of almost all the known (ﬁo

small molecule inhibitors of IGF1R demonstrated in a S
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Table 2. Inhibition of Met, Syk and BTK kinases by L- and T-series hit compounds.

L1 102 3

77 4

L3

T1 78 2

T3 98 3

109

88

84

115

16 98 10

4 106 8

10 92 11

12 81 8

*Concentration of compounds is 40 pM.
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Fig. 5. Lineweaver-Burk plots for compounds L1 and T4
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valid biochemical assay [23], apparently reflecting a very
high degree of similarity between the receptors at their
catalytic sites and in their close vicinity. The single con-
centration data on the inhibition of the more distantly
related tyrosine kinases Met, BTK, and Syk (Table 2)
suggests no inhibition (compounds L1, T3) or weak in-
hibition for some of these kinases, with estimated IC,
values in excess of 50 uM.

Mechanistic kinetic studies

Two arbitrarily selected compounds representing both
series (L1 and T4) were used in the experiments of com-
petitive inhibition kinetics with IGF1R kinase to inves-
tigate the inhibition mechanism (Fig. 5). The Lineweav-
er-Burk plot analysis indicates that both compounds
exhibit non-competitive inhibition with regard to both
ATP and the substrate. This experimental conclusion is
consistent with the rationales used for the virtual selec-
tion of compounds for HTS and suggests an allosteric
inhibition mode of IGF1R kinase by both the L- and
T-type compounds. The binding site for T-type com-
pounds is likely to align with the allosteric site defined
for the prototypic indolealkylamines that were used to
establish our pharmacophore model [15] and is spatially
separated from the enzyme catalytic site. In the case of
L-type compounds, localization of their putative binding
site(s) on the kinase domain fragment is unclear. Some
prototypic compounds used for our modeling have also
been reported to be noncompetitive with ATP [19]; how-
ever, no substrate competition or extensive molecular
modeling data are available. Due to the generally higher

variability of the kinase domain regions distant from the
conserved active sites, the allosteric mode of binding has
more potential for fine-tuning the selectivity profiles of
the inhibitors during their synthetic optimization stage.

Therefore, the set of IGF1R inhibitors described
above meets the conventional requirements imposed
on high-throughput screening hits: reproducibility
and dose-dependence of the pharmacological response,
acceptable potency of the molecular target inhibition
(IC,,=10—25 uM) and selectivity versus related tar-
gets, absence of structural elements undesirable from
a medicinal chemical perspective, novelty of the com-
pounds, and availability of synthetic routes for their
modification. In addition, the compounds exhibit allos-
teric inhibitor properties, which was one of the objec-
tives of the project. In conclusion, the preliminary char-
acterization of the two inhibitor series identified in the
course of the screening campaign suggests that these
compounds can serve as attractive starting points for a
medicinal chemistry optimization towards novel, small
molecule therapeutics targeting IGF1R. @

The authors are grateful to Promega Corporation
(Madison, WI, USA) for providing all screening kits
and reagents for the high-throughput screening
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selectivity studies of the discovered hit compounds.
The authors would like to particularly express their
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