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ABSTRACT. The type 1 insulin-like growth factor receptor (IGF-1R) is often overexpressed on tumor cells
and is believed to play an important role in anchorage-independent proliferation. Additionally, cell culture
studies have indicated that IGF-1R confers increased resistance to apoptosis caused by radiation or
chemotherapeutic agents. Thus, inhibitors of the intracellular kinase domain of this receptor may have
utility for the clinical treatment of cancer. As part of an effort to develop clinically useful inhibitors of
IGF-1R kinase, a novel class of pyrrole-5-carboxaldehyde compounds was investigated. The compounds
exhibited selectivity against the closely related insulin receptor kinase intrinsically and in cell-based assays.
The inhibitors formed a reversible, covalent adduct at the kinase active site, and treatment of such adducts
with sodium borohydride irreversibly inactivated the enzyme. Analysis of a tryptic digest of a covalently
modified IGF-1R kinase fragment revealed that the active site Lys1003 had been reductively alkylated
with the aldehyde inhibitor. Reductive alkylation of the insulin receptor kinase with one of these inhibitors
led to a similarly inactivated enzyme which was examined by X-ray crystallography. The crystal structure
confirmed the modification of the active site lysine side chain and revealed details of the key interactions
between the inhibitor and enzyme.

Malignant neoplasms are characterized by multiple defects,tions have indicated that the IGF axis may play a role in
including the loss of proliferative stop signals, decreased cancer risk, progression, disease stage, and progridsis (
growth factor dependence, sustained proliferation, evasion26).

of apoptosis, angiogenesis, motility, and invasivengld{( The IGF axis consists of IGF-1R, its ligands (IGF-1 and
is now recognized that signaling from receptor tyrosine |GF-2), and a set of six IGFBPsvhich serve to modulate
kinases (RTKs) is often unregulated in human cancers andthe effective serum concentration of IGF-9).(IGF-1R is

that such activated RTKs can contribute to many of the tumor composed of two extracellular subunits and twg subunits
phenotypes that have been describ2d3). Identification  having extracellular, transmembrane, and intracellular do-
of the roles of RTKs in cancer initiation and progression mains. It is thought that binding of ligand to thesubunits
has resulted in drug discovery efforts aimed at their inhibi- causes a conformational change in the receptor, leading to
tion. Herceptin and Iressa, directed against Her2 and EGFR trans-autophosphorylation of tyrosine residues in fhe
respectively, are two examples of agents which have subunits, both within the intracellular kinase domain and
demonstrated clinical utility4, 5). More recently, the RTK  outside the catalytic domair®,(27). While autophosphory-
insulin-like growth factor receptor (IGF-1R) has attracted lation of the activation loop within the kinase active site
considerable attention as a potential antineoplastic taget (  enhances catalytic activit2$), the phosphotyrosines outside
8). Laboratory studies have demonstrated the role of the IGFthe kinase domain serve as docking sites for proteins that
axis in cell proliferation, transformation, survival signaling, contain phosphotyrosine binding motif§, (29). Proteins
angiogenesis, invasion, and metasta8j9j. IGF-1R may which dock to IGF-1R, such as IRS-1, Grb2, or Shc, serve
contribute to chemoresistance in cancer cells through itsto initiate downstream signaling pathways, of which the
antiapoptotic function0—14). Moreover, clinical observa- MAPK and Akt (PKB) pathways appear to play a dominant
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role in mediating IGF-1R functior?@—31). Mutants of IGF-
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powder (1.66 g, 25.4 mmol), and ammonium acetate (1.56

1R lacking kinase activity fail to activate these downstream g, 20.2 mmol) in AcOH (5 mL). After the addition, the
signaling pathways and do not facilitate the phenotypes reaction temperature increased toIsover the course of

associated with the IGF axi82—34).

10 min. The mixture was stirred for 5 h, quenched wit©H

The role of IGF-1R in tumorigenesis and resistance to (100 mL), and extracted with GRI; (3 x 100 mL). The
chemotherapeutic agents suggests that it may be a viablecombined organic extracts ‘were washed _W|th saturated
therapeutic target, and drug discovery efforts employing both aqueous NaHCE(100 mL), dried over NgBQO,, filtered, and

small molecule 5, 36) and antibody 37) approaches have

concentrated in vacuo to give a crude solid. The crude

been reported. One challenge for small molecule kinase product was purified by silica gel chromatography, eluting

inhibitor development is the high degree of homology (84%)

with a hexane/EtOAc gradient (from 100:0 to 80:20) to give

between the IGF-1R and IR kinase domains. Even more the title compound as a pale solid (0.90 g, 40%) NMR
daunting is the 100% identity among amino acid residues (CDCk) 6 8.84 (1H, br s), 4.29 (2H, g] = 7.1 Hz), 3.05

within the immediate ATP binding pocke3§).

(2H, q,J = 7.3 Hz), 2.50 (3H, s), 1.57 (9H, s), 1.36 (3H, t,

Here, we describe a class of small molecule IGF-1R J = 7.1 Hz), 1.16 (3H, tJ = 7.3 Hz); MS (ES)m/z 282

inhibitors with a novel binding mechanism. These pyrrole-
5-carboxaldehyde inhibitors are ATP competitive, and form

(MH*); HPLC purity 95% (215 nm).
2-tert-Butyl 4-Ethyl 3-Ethyl-5-formyl-1H-pyrrole-2,4-di-

a reversible, covalent adduct between the aldehyde moietycarboxylate §). To a stirred solution of Zert-butyl 4-ethyl
and a lysine residue within the IGF-1R ATP binding pocket. 3-ethyl-5-methyl-H-pyrrole-2,4-dicarboxylate (212 mg, 0.75

The compounds show a degree of selectivity for inhibition
of IGF-1R over IR in multiple assays, including a cell-based
autophosphorylation assay.

MATERIALS AND METHODS

General Chemical Method®roton NMR spectra were

mmol) in THF (4 mL), HO (4 mL), and AcOH (4.8 mL)
was added ceric ammonium nitrate (824 mg, 1.50 mmol),
and the mixture was stirred at ambient temperature for 2 h.
Saturated aqueous BO; (50 mL) was added carefully to
basify the reaction mixture, followed by extraction with
CH.ClI, (3 x 40 mL). The combined organic extracts were
dried over NaSQ,, filtered, and concentrated in vacuo to

recorded at 500 MHz on Varian spectrometers, and chemicalgive a crude product, which was purified by silica gel

shifts are reported in parts per milliod)(downfield from

chromatography, eluting with a hexane/EtOAc gradient (from

tetramethylsilane as the internal standard. Electrospray masgs.-g 1o 80:20) to give the title compound as a pale solid (44
spectra were recorded on a Micromass ZMD spectrometer.mg, 20%): IH NMR (CDCl) 6 10.25 (1H, s), 9.85 (1H, br

Analytical thin-layer chromatography was conducted with
EM Science Kieselgel 60,k plates. Silica gel chromatog-
raphy was performed with an ISCO Combiflash Sg 100c

s), 4.40 (2H, gJ = 7.2 Hz), 3.09 (2H, qJ = 7.4 Hz), 1.60
(9H, s), 1.41 (3H, tJ = 7.2 Hz), 1.19 (3H, tJ = 7.4 Hz);
MS (ES) m/z 296 (MH"); HRMS (FAB) nv/z for MH*

instrument using prepacked RediSep or Biotage silica (C1sH2,NOs) caled 296.1493, found 296.1515; HPLC purity
cartridges. A Hewlett-Packard 1100 Series HPLC system ggoy (215 nm).

with a MetaChem Inertsil column was used for analytical
HPLC, eluting with a gradient from ¥ and 0.1% TFA to
CHsCN and 0.08% TFA (from 95:5 to 0:100 over the course

Ethyl 5-[(tert-Butylamino)carbonyl]-4-ethyl-2-formyl-1H-
pyrrole-3-carboxylate ). 4-(Ethoxycarbonyl)-3-ethyl-5-
methyl-1H-pyrrole-2-carboxylic Acidlo a stirred solution

of 5 min). Reagents and solvents were obtained from ¢ 2-tert-butyl 4-ethyl 3-ethyl-5-methyl-Hi-pyrrole-2,4-di-

commercial sources and used without further purification. carboxylate (171 mg, 0.61 mmol) in AcOH (1.5 mL) was
The reported yields are the actual isolated yields of purified 5q4ed 48% HBr (0.1’02 mL, 0.61 mmol), and the mixture

material and are not optimized.
Known compoundsl (39), 2 (40), and 3 (41) were

was stirred fo 6 h atambient temperature. The mixture was
cooled to 0°C, and CHCI, (10 mL) was added. The white

synthesized using a methodology analogous to that used foryrecipitate was collected by filtration, and the filtrate was

compound$ and6 (vide infra). The kinase inhibitok252a
was purchased from Calbiochem.

N,N,N,N'-Tetraethyl-5-formyl-3-methyl-1H-pyrrole-2,4-di-
carboxamide 4). Using a methodology analogous to that
used for compoundsand6, the title compound was obtained
(12 mg, 29%): 'H NMR (CDsOD) 6 9.49 (1H, s), 3.76
3.28 (8H, m), 2.00 (3H, s), 1.301.04 (12H, m); MS (ES)
m/z 308 (MW), HRMS (FAB) m/z for MH* (C15H25N303)
calcd 308.1969, found 308.1995; HPLC purity 100% (215
nm).

2-tert-Butyl 4-Ethyl 3-Ethyl-5-formyl-1H-pyrrole-2,4-di-
carboxylate §). 2-tert-Butyl 4-Ethyl 3-Ethyl-5-methyl-1H-
pyrrole-2,4-dicarboxylateTo a stirred solution dfert-butyl
3-oxopentanoated@) (1.39 g, 8.07 mmol) in AcOH (5 mL),
at 0°C, was added dropwise a solution of NaN@©.53 g,
7.68 mmol) in HO (1.5 mL). The mixture was allowed to

concentrated to dryness under reduced pressure. The residue
was triturated with ChCl, (10 mL) to give another crop of
white solid. The combined solids were the title compound
(106 mg, 77%):*H NMR (CD3;0OD) 6 4.26 (2H, qJ=7.1
Hz), 3.08 (2H, qJ = 7.3 Hz), 2.45 (3H, s), 1.35 (3H, 3,=

7.1 Hz), 1.12 (3H, tJ = 7.3 Hz); MS (ES)Wz 226 (MH");
HPLC purity 95% (215 nm).

Ethyl 5-[(tert-Butylamino)carbonyl]-4-ethyl-2-methyl-1H-
pyrrole-3-carboxylate A mixture of 4-(ethoxycarbonyl)-3-
ethyl-5-methyl-H-pyrrole-2-carboxylic acid (37 mg, 0.16
mmol), tert-butylamine (42 mg, 0.57 mmol), HOBT (26 mg,
0.19 mmol), and EDC (40 mg, 0.21 mmol) in DMF (0.4
mL) was stirred fo 3 h atambient temperature. The mixture
was purified by reverse-phase HPLC on a YMC Pack Pro
C18 column, eluting with a fD/CH;CN/TFA gradient (from
95:5:0.1 to 5:95:0.1). The pure product-containing fractions

warm to ambient temperature, and stirring was continued were combined, adjusted to pH 8 with saturated aqueous
for 2 h. The resulting mixture was added dropwise to a stirred NaHCGQ;, and extracted with CKCl, (3 x 30 mL). The

mixture of ethyl acetoacetate (1.16 g, 8.91 mmol), zinc

combined organic extracts were dried over8Ia,, filtered,
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and concentrated in vacuo to give the title compound as amethodology and contains IGF-1R amino acids-9%256
white solid (28 mg, 61%):!H NMR (CDCls) 6 9.68 (1H, with an N-terminal methionine and no GST tag. In addition,
brs), 5.75 (1H, br s), 4.28 (2H, 4,= 7.1 Hz), 2.96 (2H, q, tyrosines 957, 1250, and 1251 of IGFRK306 were substituted
J=7.5Hz),2.48 (3H, s), 1.46 (9H, s), 1.36 (BHJt= 7.1 with phenylalanines by sequence manipulation of the N- and
Hz), 1.24 (3H, t,J = 7.5 Hz); MS (ES)m/z 281 (MH"); C-terminal PCR primers used to amplify the IGFRK306
HPLC purity 98% (215 nm). coding sequence. The resulting IGFRK306 construct was
Ethyl 5-[(tert-Butylamino)carbonyl]-4-ethyl-2-formyl-1H-  expressed in SF-9 insect cells and purified by conventional
pyrrole-3-carboxylate ). Using the method described for chromatography methods.
compoundb, ethyl 5-[tert-butylamino)carbonyl]-4-ethyl-2- IGFRK and IRK Assays.he kinase assays using IGF-1R
methyl-1H-pyrrole-3-carboxylate was oxidized to give the and IR kinase GST fusion proteins were conducted using a
titte compound (6 mg, 20%)*H NMR (CDCl;) 6 10.21 homogeneous time-resolved fluorescence (HTRF) format.
(1H, s), 10.14 (1H, br s), 5.93 (1H, br s), 4.39 (2HJo= The assays were performed in a manner similar to the manner
7.2 Hz), 3.00 (2H, gJ = 7.6 Hz), 1.47 (9H, s), 1.41 (3H, t, used for the assays described by Park et48). (Briefly,
J=7.2Hz), 1.27 (3H, tJ = 7.4 Hz); MS (ES)m/z 295 the kinase reactions were carried out in a 96-well plate format
(MH*); HRMS (FAB) mvVz for MH* (CysH23N20,) calcd in a final volume of 6QuL. The standard enzyme reaction
295.1653, found 295.1679; HPLC purity 97% (215 nm).  buffer consisted of 50 mM Tris-HCI (pH 7.4), 100 mM NacCl,
2-tert-Butyl 4-Ethyl 3-Ethyl-5-formyl-1-methyl-1H-pyrrole- 5 mM MgCl,, 2 mM DTT, 0.1% BSA, 2 mM ATP, 0.kM
2,4-dicarboxylate 7). To a suspension of 18-crown-6 (3.6 peptide substrate (biotin-EQEDEPEGDYFEWLE-NHand
mg, 0.01 mmol) and potassiutert-butoxide (18.2 mg, 0.16 0.1 nM GST-IGFRK or GST-IRK fusion protein. Inhibitor,
mmol) in E;O (1.5 mL) was addeé (40 mg, 0.14 mmol) in DMSO (1 uL), was added to give a final inhibitor
in one portion. The reaction mixture was stirred at ambient concentration ranging from 1 nM to 1@, and the mixture
temperature for 15 min, and then Mel (0.010 mL, 0.16 mmol) was preincubated for 10 min at 2Z. The kinase reaction
was added. The resulting solution was stirred at ambientwas initiated with 40 mM ATP (3:L). After 20 min at 22
temperature for 18 h. The reaction mixture was diluted with °C, the reaction was stopped with 40 of quench buffer
EtOAc (20 mL) and washed with 4@ (3 x 10 mL). The [125 mM Tris-HCI (pH 7.8), 75 mM EDTA, 0.5 M KF,
EtOAc layer was then washed with brine (10 mL), and the 0.125% Triton X-100, 1.25% BSA, 150 nM SA-XL665
combined aqueous layers were washed with EtOAc (20 mL). (Packard), and 0.75 nM europium cryptate-labeled anti-
The combined organic layers were dried over MgSO phosphotyrosine antibody (PY20, Santa Cruz Biotechnol-
filtered, and concentrated in vacuo. The mixture was purified ogy)] and the mixture allowed to equilibraterf@ h at 22
by reverse-phase HPLC on a YMC Pack Pro C18 column, °C. Relative fluorescence units were read on a Discovery
eluting with a HO/CH;CN/TFA gradient (from 95:5:0.1to  plate reader (Packard). Thesfsalues for inhibitors were
5:95:0.1). The pure product-containing fractions were com- determined by a four-parameter sigmoidal curve fit.
bined, adjusted to pH 8 with saturated aqueous NaklCO  Other Kinase Assay§&or kinase counter-screening, PKC-
and extracted with EtOAc (30 mL). The combined organic a, p70S6K, casein kinase 2, and Chek2 were purchased from
extracts were dried over NaQ,, filtered, and concentrated  Upstate Cell Signaling Solutions and assayed iffRJATP
in vacuo to give the title compound as a white solid (21 mg, filter binding format at 10Q«M ATP using the manufactur-
50%): 'H NMR (500 MHz, CDC}) 6 10.35 (1H, s), 4.37  er's protocol. AMPK (Upstate) and MARK3 (Upstate) were
(2H, q,J= 7.2 Hz), 4.14 (1H, s), 2.93 (2H, 4,= 7.3 Hz), assayed at 100M ATP in an HTRF format similar to that
1.6 (9H, s), 1.4 (3H, t) = 7.1 Hz), 1.2 (3H, tJ = 7.5 HZz); employed for IGFRK (vide supra) but utilizing a biotinylated
MS (ES)m/z 295 (MH"); HRMS (ES)mVz for MH™ (CyeHo4- peptide substrate (biotin-GGRARTSSFAEPS-OH) and a
NOs) calcd 310.1649, found 310.1650. europium chelate (Perkin-Elmer)-conjugated anti-phospho
Computational Chemistrgalculated logP values (ClogP) GSK3u antibody (Cell Signaling Technologies). EGFR
were obtained using ACD/Labs 6.00 (Advanced Chemistry (Promega), c-Src (Upstate), c-Abl (Calbiochem), and KDR
Development Inc.). In the molecular modeling studies (46) were assayed at 2 mM ATP using the same assay
described herein, energy minimization was carried out using conditions and peptide substrate that were used for IGFRK
the MMFF force field with MacromodeH#@) to provide low- (vide supra).
energy structures. Enzyme Autophosphorylation Ass@iyansphosphorylation
IGFRK and IRK ConstructsThe intracellular kinase  of the receptof subunit was assessed in a HTRF-based assay
domains of human IGF-1R and human IR were cloned asusing the GSTIGF-1R and GSFIR fusion proteins.
GST fusion proteins beginning with the first juxtamembrane Assays were carried out at 2& under conditions used in
amino acid for eacf subunit. IGF-1R3 subunit amino acid  the peptide substrate assays (vide supra) but with either fusion
residues 9361337 [numbering system of Ullrich et aB&)] protein at 2 nM and no exogenous peptide substrate. Reaction
were cloned into the baculovirus transfer vector pAcCGHLT-A mixtures were assembled in a volume of 0.9 mL, for each
(BD-Pharmingen) such that the N-terminus of the IGF-1R inhibitor concentration. A 100 concentration of inhibitor
sequence was fused to the C-terminus of the GST domainwas added to each reaction mixture, and the mixture was
encoded in the transfer vector. fiRsubunit residues 941 allowed to equilibrate for 15 min. Reactions were initiated
1343 [numbering system of Ullrich et al4)] were cloned with the addition of ATP (final concentration of 2 mM). At
into pACGHLT-A in a similar fashion. Recombinant viruses the required time points, 50L aliquots of the reaction
were generated and the fusion proteins expressed in SF-9mixtures were removed and the reactions stopped inl50
insect cells (BD-Pharmingen). Enzymes were purified using of quench buffer (vide supra) containing 2 nM europium
a glutathione-Sepharose column. The IGFRK306 form of the chelate-conjugated PY20 antibody (Perkin-Elmer) and either
IGF-1R 8 subunit was constructed using standard PCR 12.8 nM allophycocyanin-conjugated anti-IGF-gRubunit
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antibody for IGFRK [SC-713 antibody (Santa Cruz), con- Plates were shaken overnight at°’@ and analyzed in a
jugated using the phycolink allophycocyanin conjugation kit Discovery fluorescence plate reader (Packard).
(Prozyme PJ25K)] or allophycocyanin-conjugated antBIR Protein Digestion and Analysi$§GFRK306 (80ug in 100
subunit antibody for IRK [SC-711 antibody (Santa Cruz), ul), covalently modified by treatment with and NaBH,
conjugated using the phycolink allophycocyanin conjugation was precipitated by the addition of an equal volume of 20%
kit (Prozyme PJ25K)]. Standard receptor phosphorylation (w/v) trichloroacetic acid and left overnight at°€. The
curves were developed by mixing fully phosphorylated precipitated protein was collected by centrifugation, and the
GST-IGF-1R or GSFIR with varying proportions of the  precipitate was washed three times with methanol (400
nonphosphorylated receptors at a concentration of 2 nM in to remove traces of trichloroacetic acid and resuspended in
reaction buffer without ATP. The extent of receptor phos- 50 mM ammonium bicarbonate. Porcine trypsin g,
phorylation was quantitated in the Discovery plate reader, Promega) was added, and digestion was carried out for 8 h
relating the fluorescence signal to receptor phosphorylation at 25°C. The mixture was taken to near dryness in a Speed-
through the standard curve. Reaction progress curves were/ac, and the peptides were dissolved in 1% acetic acid (100
generated, and an apparent rate was calculated by fitting theuL). An unmodified sample of IGFRK306 was treated
exponential rise to maximum curves to the equatiena(l similarly.
— e, wherea is the maximal phosphorylation signal and The digests were analyzed by reverse-phase HPLC on a
b is the rate. The 16 values for the test compounds were Vydac 2.1 mmx 150 mm C18 column using a Waters HPLC
obtained from plots of calculated rates versus inhibitor system. The peptides were fractionated by means of a linear
concentration. gradient of CHCN in 0.06% TFA from 0 to 50% over the
NaBH; ReductionsA 0.5 M stock of NaBH was prepared  course of 60 min and from 50 to 98% over the course of 30
in 0.5 M Tris-HCI (pH 7.4). The test compound and GST min at a flow rate of 1 mL/min.
kinase (final concentration of 3 nM) were preincubated in  Analysis of proteins and peptides by liquid chromatogra-
120 mM Tris-HCI (pH 7.4), 100 mM NacCl, 5 mM Mggl phy and mass spectrometry (EGIS) was carried out on
2 mM DTT, and 0.1% BSA for 15 min at ambient an Agilent model 1100 HPLC system in series with a Thermo
temperature. The 0.5 M NaBHsolution (0.22 mL) was  Finnigan LCQ Deca mass spectrometer equipped with an
added (50 mM final), and the reaction was allowed to electrospray source. Samples were injected onto a Jupiter
proceed at ambient temperature for 20 min. NaBiid C4 or Vydac C18 column (2.1 mm 150 mm) and eluted
unbound inhibitor were removed by passing 2.0 mL of the using a gradient of CECN in 0.1% AcOH and 0.02% TFA
reaction mixture through a PD10 column equilibrated with at a flow rate of 0.2 mL/min. The electrospray data were
enzyme reaction buffer (without substrate peptide and ATP). deconvoluted to obtain polypeptide masses using Xcalibur
Enzyme was eluted from the column with the addition of software. Theoretical masses were calculated using the
3.5 mL of the same buffer. The remaining enzyme activity ProteinProspector program available on-lid&)(

was assayed in the HTRF format by adding M peptide Crystallization of the Complex of the IR Kinase Domain
substrate and 2 mM ATP to the eluted enzyme in reaction and Compound. The tyrosine kinase domain of IR was
buffer. cloned and expressed in the baculovirus system and purified

HEK-IGF-1R and HEK-IR Cell Linesduman embryonic  as described previously4®). Crystals for the covalent
kidney cells (HEK-293) (ATCC) were transfected with an complex of compoun® and the tyrosine kinase domain of
expression plasmid containing the entire IGF-1R or IR coding IR were obtained by vapor diffusion using hanging drops
sequence (expression plasmids were a gift from B. Zhang,incubated at #C. Crystals were obtained by mixing the
Merck). After antibiotic selection, colonies were screened protein solution and reservoir buffer (1:1 by volume). The
for IGF-1R or IR overexpression by Western blot analysis. reservoir solution consisted of 18% polyethylene glycol 8000,
Strongly expressing clones were selected for cell-based0.1 M Tris-HCI (pH 7.5), and 2% ethylene glycol. The
autophosphorylation assays. protein—inhibitor complex at 15 mg/mL was suspended in

Cell-Based Autophosphorylation Ass#EK cells over- a solution consisting of 20 mM Tris-HCI (pH 7.5) and 5
expressing IGF-1R (or IR) were seeded in MEM with 0.5% mM DTT. Plate-shaped crystals appeared in 3 days and grew
fetal bovine serum at & 10* cells per well in a 96-well to full size of ~0.1 mmx 0.1 mmx 0.1 mm.
fibronectin-coated plate (Becton-Dickinson) and allowed to  Data Collection and Structure Determinatiorystals
adhere overnight. A 10 concentration of compound diluted were harvested into a solution containing the reservoir buffer
in medium was added to the wells and incubated for 2 h, at and 20% glycerol. The crystals were left sitting for 5 min
which time IGF-1 (or insulin) was added to a final and subsequently transferred onto the goniostat, which was
concentration of 2QuM. After a 10 min incubation, the  bathed in a nitrogen stream cooled #0180 °C. X-ray
medium was aspirated off and @Q of lysis buffer [50 mM diffraction data were recorded using the RAXIS-II imaging
HEPES (pH 7.6), 150 mM NaCl, 1 mM EDTA, 10% plate system and RU300 X-ray generator operating at 50 kV
glycerol, 1% Triton X-100, 10 mM NaF, 0.5 mM MO, and 100 mA. The crystals belonged to space griegy2,2;
and Ix protease inhibitor cocktail (Boehringer)] was added with one kinase molecule in the asymmetric unit. The data
to the wells. Plates were shaken for 1 h, and:6®f lysate were processed using HKL20089). Diffraction data and
was removed and transferred to a black 96-well plate refinement statistics are given in Table 4.

(Thermal Lab Systems); 6L of quench buffer [500 mM The structure of the kinase domain of IR covalently bound
KF, 125 mM Tris (pH 8), 75 mM EDTA, 1.25% BSA, and to compounds was determined by molecular replacement
0.125% Triton X-100] containing 2.5 nM APC-conjugated using AMoRe 60, 51). The structure of the unactivated IR
SC-713 antibody (or SC-711 antibody) and 4 nM Eu-PY20 kinase domaing2) was used as the phasing model. Model
antibody was added, bringing the total volume to 120 building was carried out using the X-BUILD option in
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Table 1: Activity of Pyrrole Analogues as Inhibitors of IGFRK and
IRK

IGFRK ICsp  IRK ICs0 IGF-1R cell
compound  (uM) (uM) autophosphorylation 1§ («M)
1 27+0.90 12+54 15
2 1.1+057 54+24 2.9+ 0.97
3 >100 >100 >100
4 >100 >100 >100
5 0.49+0.15 2.0+0.45 5.3+ 0.8
6 26+1.0 17+ 6.5 8.2+ 2.3
7 43+1.6 12+ 5.2 -
K252a  0.47+0.15 0.21+0.05 -

Table 2: Inhibition of Kinase Enzymes by Compouhd

kinase 1Go (uM) % inhibition at 100uM 1
IGF-1R 2.7+ 0.90 100
IR 12+5.4 93
p70S6K >100 45
Chek2 >100 24
AMPK >100 20
EGFR >100 0
c-Abl >100 0
c-Src >100 0
KDR >100 0
MARKS3 (c-Tak) >100 0
casein kinase 2 >100 0
PKC- >100 0

program suite QUANTA, and refinement was carried using
CNX (Molecular Simulations Inc., San Diego, CA33).

RESULTS AND DISCUSSION

Enzyme Assay§he standard kinase assays for IGF-1R
and IR were run in a coupled format at 2 mM ATP (Table
1). Prior to initiation of the reactions with ATP, the kinases
were in a nonphosphorylated, unactivated form. Upon
addition of ATP, autophosphorylation of the kinase activation
loop occurred, activating kinase activity toward the tyrosine-
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Ficure 1: Lineweaver-Burk plot of 1k vs 1/[ATP] for the
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(¥), 100 (), and 200uM (m). Velocity (v) is defined as A(fsed
fs15]/min, measured over a linear range of the reaction.

Chart 1: Structures of Pyrrole Analogues

2
H o R
No_x 9\ N__cHo
Yo\ Z N\
R v OEt
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5(R?2=H,Z=0)
6 (R2=H, Z=NH)
7(R2=Me, Z=0)

1 (R"=Me, X = CHO, Y = OEt)

2 (R"=Et, X =CHO, Y = OEt)

3 (R" = Me, X = CH,0OH, Y = OEt)
4 (R" =Me, X = CHO, Y = NEty)

low-molecular weight, cell active lead, which was competi-
tive versus ATP when titrated against activated IGFRK (see
Table 1 and Figure 1). The most attractive featurd ofas

its apparent selectivity for IGFRK over IRK which, although
modest, was not an artifact of these assays but was a property

containing peptide substrate. The HTRF detection systemof the compounds, since the unrelated kinase inhibigs2a
assessed phosphorylation of the peptide substrate. Thereforayas selective for IRK over IGFRK (Table 1). Furthermore,
the “coupled” assay detected inhibition of the autophosphor- compoundl was tested against a panel of other kinases and

ylation event (indirectly) as well as inhibition of phosphor-

was not a significant inhibitor (1§ > 100 uM) of any of

ylation of the peptide substrate by the activated enzyme. Thethem (see Table 2). A chemistry effort was initiated with
two activities represented in the coupled assay were alsothe goals of defining basic structuractivity relationships
measured independently. The autophosphorylation reactionand determining whether the potency of the lead could be
of kinase domain tyrosines was quantitated directly in the improved while maintaining selectivity against IRK.

HTRF-based enzyme autophosphorylation assay, while in-

Replacement of the 3-methyl substituent with an ethyl

hibition of the activated enzyme was assessed by employinggroup gave2, which was~2-fold more potent thatt as an
a preactivated kinase and initiating the reaction with peptide inhibitor of IGFRK (see Table 1). The enhanced intrinsic
substrate. While the coupled assay allowed an assessmemnpotency of2 translated into the cell-based assay, and the

of overall kinase inhibition, the autophosphorylation and

compound maintained selectivity against IRK. Modification

preactivated assays permitted an analysis of the interactionof the 2-position ethyl ester i@ to give atert-butyl ester

of inhibitors with the two different conformational forms of
the kinase (Table 3).

Structure-Activity Relationships of Pyrrole-Based Inhibi-
tors. Screening lead (Chart 1) was a moderately potent,

(compoundb) provided a small increase in intrinsic potency,
while the correspondintgrt-butyl amide (compoun@) was

less potent. Taken together, these observations suggested that
the substituents at the 2- and 3-positions on the pyrrole were

Table 3: 1Go Values tM) for Selected Pyrrole Analogues as Inhibitors of IGFRK and IRK

IGFRK, IGFRK, IGFRK, IRK, IRK, IRK, IRK:IGFRK ratio, IRK:IGFRK ratio,
compound coupled autophosphorylation activated coupled autophosphorylationh activated autophosphorylation activated
2 11 0.23 40 5.4 14 80 6.1 2.0
5 0.49 0.11 17 2 0.6 40 55 2.4
6 2.6 0.58 100 17 3.3 210 5.7 21

a Assay carried out with 2 mM ATP Assay carried out with 0.1 mM ATP.
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3000

Table 4: Structure Determination and Refinement A
space group P212,2; 2500 -
unit cell constants a=545Ab=73.7A,c=90.3A,

=90, =90,y =90 o 20004
resolution (A) 2.0 b
no. of observed reflections 284051 % 1500
no. of unique reflections 24445 2
completeness (%) 96.5 (95.5) 3
Rsym (%) 5.3 (20.6) o 10001
1/o(l) 20 (5.5) S
refinement resolution limits (&) 82.0 L 500
RWork (%) 25.3
Riree (%0) 28.7 04
interacting with a hydrophobic part of the active site. They =~ 5% T T T T . o
also demonstrated that it was possible to increase the

Time (min)

inhibitory potency of the compounds without reducing
selectivity against IRK. Notably, the ratio of IGFRK and 2000
IRK ICsq values was similar for all active pyrrolecarboxal- B
dehyde compounds in Table 1, indicating that the modifica-
tions that were made affected the ability of the analogues to
bind to each active site to a similar extent. This was not
surprising given the high degree of homology between the %5 1000
two kinase domains. Interestingly, the activity&nd6 in
cells was similar despite their different intrinsic potencies,
perhaps because the cell permeability @fas compromised
by its higher lipophilicity. Calculated logP values support
this possibility. For5, ClogP= 4.2; for 6, ClogP= 3.3. 0+
Inhibitors Preferentially Inhibited the Unactated Forms
of IGFRK and IRK.Three inhibitors were analyzed further

1500 A

atio

500

Fluorescence

-500 T T T T T

for their activity against the unactivated and activated forms 0 2 4 6 8 10
of IGFRK and IRK. Figure 2 shows a representative Time (min)
autophosphorylation assay in which compo@nwas titrated

against unactivated IGFRK and IRK. These pyrrole-based 120 C

inhibitors were considerably more potent in the enzyme
autophosphorylation assay than the preactivated enzyme
assay (see Table 3). In fact, because of the decreased potency g |
of the inhibitors against the activated forms of the kinases, ¢
the preactivated enzyme assays were run at a lower concens
tration of ATP (0.1 mM instead of 2 mM) to generate
complete titration curves. Since [ATR} K, in both the
unactivated and preactivated enzyme as3#yes relative 1Go
values should reflect the relati§ values for binding of
the inhibitor to the two enzyme forms. Therefore, these
inhibitors had approximately 100-fold higher affinity for the
unactivated enzyme compared with the activated enzyme, : . : :
based on their 1§ values (see Table 3). Inhibition in the 0.001 0.01 0.1 1 10 100
coupled assay was dominated by the compound’s inhibition (2] (pm)
of autophosphorylation. The higherdralues obtained in  Ficure 2: Enzyme autophosphorylation assays for inhibition of
the coupled assay relative to the autophosphorylation assayGFRK and IRK by compoun@. (A) Autophosphorylation time
presumably reflected the contribution of the activated form goé”se for IGFRK ag concentrations of 08, 0.03 ©), 0.1 (v),

. . . 3 (), 1 @), 3 @), 10 (#), and 30uM (). (B) Autophospho-
of the enzyme. Gratifyingly, the relative potencies of the three y|ation time course for IRK a2 concentrations identical to those
compounds in Table 3 remained constant within the auto- used for panel A. (C) Inhibition of autophosphorylation at varying
phosphorylation assay and the preactivated assay. 2 concentrations for IGFRK®) and IRK ©). For compound,

The Inhibitors Possessed Greater IRKrsus IGFRK — IGFRKICs = 0.26uM and IRK 1Gso = 1.4 uM.
Selectiity with the Unactiated KinasesA comparison of hi d that th lati
the IRK:IGFRK 1G5 ratios for the autophosphorylation and enzymes. T 's suggested that there were greater relative
preactivated enzyme assays (Table 3) revealed a greateFllfferences_ln _the conformational state_s of the IGFRK and
RK ATP binding pockets when the kinases were in their

selectivity for inhibition of the unactivated form of the unactivated states. Consistent with the modest IRK versus
_ IGFRK selectivity seen in the enzyme autophosphorylation
2The ATP K, values for IGFRK were determined to be 2 mM

(unactivated) and 0.1 mM (activated). The AKR, values for IRK assays, compoun@ exhibited selectivity in inhibiting

were determined to be 1.5 mM (unactivated) and 0.07 mM (activated), feceptor autophosphorylation in the cell-based ligand-induced
in good agreement with previously reported da28)( autophosphorylation assay (Figure 3; IGF-1Rl€ 2.9 uM,

100 1

10|

60

40 1

% Inhibit
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concentrations for IGF-1R&) and IR ©) overexpressed in HEK

cells. For compoun@, IGF-1R 1G, = 2.94M and IR 1Cso = 10.1 Ficure 4: Irreversible inhibition of IGFRK activity following

preincubation with compound and NaBH. As detailed in the

uM. " . h . T
_ . . figure, the experiments were carried out in the absence of inhibitor

IR ICso = 10.1uM, and IR:IGF-1R ratio= 3.5). In cell or with compoundL (100 M) or 4 (100 4M), in the presence or

autophosphorylation assays, compo@GF-1R 1G, = absence of NaBl{ and with or without gel filtration prior to

5.3uM; IR IC5 = 22 uM) and compound (IGF-1R 1Gs determination of residual enzyme activity, shown as a percentage
= 8.2uM; IR ICso = 30 uM) were also 3-4-fold selective of control.

for IGF-1R over IR, indicating that selectivity observed in 120
the GST fusion enzyme assays is reproduced when titrating
autophosphorylation of the holo receptor in the cell mem- 100
brane. While the modest cell potency of these analogues
precluded in vivo studies, the consistent IRK versus IGFRK 80 1
selectivity between in vitro enzyme and cellular inhibition

assays differentiated these pyrroles from some other IGFRK.§_ 601
inhibitors. For example, the pyrrolo[2@pyrimidine NVP- g 40
AEW541 exhibited highly selective inhibition of IGF-1R £
autophosphorylation in cells (IR:IGF-1R rat® 27) but no ® 204
intrinsic selectivity in an enzyme inhibition assa35).
Structure-Activity Relationships: Inactie Analogues. 0 °
Table 1 details three modifications of these pyrrolecarbox-
aldehyde inhibitors that were poorly tolerated. Methylation -20001 o T - o

of the pyrrole nitrogen led to a 9-fold loss in potency against

IGFRK (compare? with 5) and a similar loss against IRK. L

There were several possible explanations for this observation.F'@URE 5: lreversible inhibition of IGFRK @) and IRK ()
The le NH Id h b i f bl activity following preincubation with NaBH and varying2

‘he pyrrole INR group could have been maxing a avorabl€ concentrations. Residual enzyme activity was determined following
interaction with the active site that was removed by methy- gel filtration. For compoun@, IGFRK 1Cso = 0.454M and IRK
lation. Alternatively, the methyl group may simply not fit 1Cso = 2.4 uM.

into the binding site, or the methyl may adversely impact

the bound conformation of the inhibitor. Reduction of the =~ NaBH:, Reduction Generates an Iwersible Enzyme
aldehyde moiety if to give alcohoB resulted in an inactive  Inhibitor Complex.To test the possibility that the aldehyde
compound, as did replacement of the ethyl ester groups withmoiety of the active pyrrole compounds was forming a Schiff
N,N-diethylamides (seel in Table 1). The inactivity of base with a lysine residue near the active site, a methodology
compound4 could be attributed to steric factors. Molecular for performing a mild reduction on an enzymimhibitor
modeling studies revealed that, in low-energy conformations, complex was devised. GSTGFRK was preincubated with
the diethylamide groups i4 were orthogonal to the plane 100 uM compoundl followed by NaBH addition. After

of the pyrrole ring, in contrast to the almost coplanar the reduction, unbound inhibitor and NaBtere removed
geometry of the ethyl esters and the pyrrole rind.jimand it by gel filtration and the eluted enzyme was assayed for
seemed possible that this difference could disrupt binding activity in the HTRF kinase assay. As shown in Figure 4,
of 4 to the enzyme active site. The lack of potency of only reduction in the presence of compouhdesulted in
compound3 indicated that the aldehyde group was required irreversible inhibition of kinase activity. In the absence of
for activity, and it was hypothesized that this group might the compound or NaBklall enzyme activity was recovered
be involved in a reversible, covalent interaction with an active following gel filtration. In contrast, incubation with NaBH
site residue. If this putative interaction involved formation and compound, which was not an IGFRK inhibitor (Table
of an imine with an active site Lys side chain, reduction of 1) but did contain a free aldehyde, did not result in
the imine would lead to an irreversible adduct and an irreversible kinase inhibition. This observation indicated that
inactivated enzyme. the irreversible enzyme inhibition was not due to general

1
[2] (um)
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FIGURE 6: (A) Mass spectrum of the IGFRK306 fragment. (B) Mass
spectrum of the IGFRK306 fragment following covalent modifica-
tion with compoundl and NaBH.

38000

nonspecific modifications with reactive amino groups, but
rather required binding of the inhibitor within the ATP
binding pocket. To demonstrate that irreversible inhibition
correlated with compound binding affinities, compouad
was titrated in the NaBHreaction using both GSTIGFRK
and GSTIRK (Figure 5). It was found thap titrated to
irreversibly inhibit both enzymes with Kgvalues which are
close to those determined in the enzyme autophosphorylatio
assay? The ratio of 1Go values for irreversible inhibition
by compoun® (IGFRK ICso = 0.45uM; IRK IC50 = 2.4
uM; IRK:IGFRK ratio = 5) was also similar to that seen

Biochemistry, Vol. 44, No. 27, 2009437

corresponding to residues 1600012 with the sequencé’®
VAIKTVNEAASMR 1912 The identity of the isolated peptide
was confirmed by automated sequence analysis. In addition,
on the fourth cycle of the sequencing run, it was not possible
to identify an amino acid, a result consistent with derivati-
zation of the lysine at this position (data not shown). These
results proved that aldehydehad formed an adduct with
residue Lys1003, which is conserved in the nucleotide
binding site. It is interesting to note that compouhdiid

not inhibit all enzymes with this conserved residue (see Table
2), although the possibility of Schiff base formation with
lysines in other proteins cannot be excluded.

Crystal Structure of IRK with Gelently Bound Com-
pound5. The IR kinase domain was treated with compound
5 and NaBH (vide supra) to give the covalent IR&5
complex. This complex was crystallized and the structure
determined in analogy with work by Hubbard et &2).

The overall protein structure of the IR kinase domain (Figure
8) was essentially the same as the published structi®)e (
As expected, Lys1030 in the IRK active site (which
corresponds to Lys1003 in IGFRK) had been modified by
reductive alkylation with aldehyd®.

It was clear that formation of a covalent adduct between
the active site lysine and the aldehyde moiety in these
inhibitors was a critical determinant of potency, but the

r‘crystal structure of the covalently modified IRK domain

revealed details of other key interactions between covalently
bound5 and the enzyme (see Figure 9). The pyrrole NH
group formed a hydrogen bond with the main chain carbonyl

for the enzyme autophosphorylation assay (Table 3), furtherof Asp1150 (shown in red). Thert-butyl group was bound

confirming the modest selectivity of compourdfor the
unactivated IGFRK enzyme.

Analysis of the Caalently Modified IGFRK Fragment.he
observed mass of untreated IGFRK306 was 35 044 Da-(LC

in a hydrophobic pocket and interacted with the side chains
of a number of residues, the most important being Phe1054,
Leull23, Phel128, and lle1148 (the hydrophobic residues
mentioned are colored blue in Figure 9). The ethyl ester also

MS), in good agreement with the expected mass of 35 046 made a number of interactions with lipophilic side chains,
Da (F|gure 6). Incub_atlon of IGFRK306 Wlmarjd NaBI—_A including Phel007, Phel044, and Vall074. The main
resulted in a mass increase of 239 Da, consistent with thejnteraction between the protein and the 3-ethyl substituent
expected increase of 237 Da that would result from the o the pyrrole was with the Met1051 side chain. Thus, the
incorporation of one molecule of inhibitor per enzyme g 4ehyde group served to anchor the pyrrole inhibitor in the
molecule. The modified and control proteins were denatured gctive site. the NH group engaged in hydrogen bonding, and
and digested with trypsin, and 14y aliquots were analyzed  the other ring substituents were involved in hydrophobic
by reverse-phase HPLC. Detection by UV absorbance at 220jnteractions.

or 280 nm indicated the presence of one major peak in the e giryctural information explained some of the strueture
digest from the modified protein that was absent from the 4jyity data for these inhibitors (vide supra). For example,
control (Figure 7A). Modified protein digest (30g) wWas  methylation of the pyrrole nitrogen deprived the molecule
chromatographed on the same column, and this peak wasyt 4 key hydrogen bonding interaction with the enzyme,
collected for_furtheranaly&s. LEMS indicated thg Presence egyliing in a significant loss in potency (see Table 1).
of one peptide having a mass of 1627 Da (Figure 7B). I aggitionally, the tert-butyl ester and the ethyl substituent
reaction with1 did occur as predicted at a lysine residue, 4, the pyrrole interacted primarily with hydrophobic sites
then trypsin cleavage at that amino acid would likely be o the enzyme, as hypothesized. The inactivity of the diethyl
prevented by the modification. Thus, the masses of tWo 4mige analoguet apparently resulted from the disruption
adjacent smaller tryptic peptides would be expected {0 5,564 by twisting the 4-position amide with respect to the
account for the mass of the resulting peptide in addition to pyrrole ring, consistent with expectations. In a modeling
237 Da contributed by the adduct. The equivalent unmodified experiment, compoundiwas docked into the active site and
peptide would therefore have a mass of 1390 Da. An gypiected to energy minimization, which led the pyrrole ring
examination c_)f a}ll tryptic peptides containing one missed {5 nist significantly in the active site, disrupting key
cleavage site indicated that only one had the predicted massinteractions such as the hydrogen bond to the pyrrole NH
group. Overall, the crystal structure clarified the observed

3The I1G values from the NaBH inhibitor titration and the

data and may be useful in the design of more potent inhibitors

autophosphorylation titrations are roughly comparable despite there 5t |GERK.

being no ATP present during the NaBHeaction, because the
autophosphorylation reaction was carried out at [ARPK. Thus,
lowering [ATP] to zero will shift the 1G, by no more than 2-fold.

The crystal structure did not provide a clear explanation
for the observed selectivity of these compounds for IGFRK
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FIGURE 7: (A) Reverse-phase HPLC traces of tryptic digests of the IGFRK306 control (bottom trace) and IGFRK306 covalently modified
by compoundl (top trace). The arrow indicates the major new peak present in the digest of the enzyme following treatment with NaBH
and compound. (B) LC—MS analysis of the new peak shown in panel A. The peak corresponded to a single peptide with a mass of 1627
Da.

over IRK. All of the IRK residues that were seen to interact two active sites. X-ray crystal structures of the unactivated
with the inhibitor are conserved in IGFRK. Additionally, apoenzymes IRK and IGFRK have revealed some differences
modeling studies on the covalent complexsafith IGFRK in the ATP-binding pocket, notably in the activation loop
suggested that this complex was similar to the HR<crystal and nucleotide-binding looptg). While these nonliganded
structure. In this analysis, compouddwas docked as a  structures are not identical to the IR complex, they

Schiff base with Lys1003 in the active site of a homology demonstrate the possibility of conformational differences in
model of IGFRK and the active site was subjected to energy the binding sites of IRK and IGFRK. Relatively small
minimization. The resulting modeled IGFRIS complex changes in the interactions between the protein and inhibitor
(data not shown) was very similar to the crystal structure could produce the observed differences inglZalues, and
shown in Figures 8 and 9, with no substantial changes in such minor effects may be difficult to detect by these

the conformations of either inhibitor or active site side chains structural and calculational approaches.

and no obvious differences in terms of enzynnghibitor

interactions. It should be noted that the difference in CONCLUSION
inhibitory potency seen with the two enzymes was modest. A novel class of pyrrole-based IGFRK inhibitors has been
The small differences in binding energy may be due to subtle discovered. The compounds exhibited modest selectivity
alterations of the overall protein architecture between the against the closely related IRK, and they preferentially
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Ficure 8: X-ray crystal structure of the IRK domain covalently
modified by compoun&. The modified Lys1030 is colored yellow,
and the carbon atoms of the pyrrole inhibitor are colored green.
Asp1150 is colored red, and residues that make key hydrophobic
contacts with the inhibitor are colored blue.

b

Ficure 9: Close-up of the active site of the covalent IRK
complex. The color scheme is identical to that in Figure 8.

inhibited the unactivated forms of both kinases. The selectiv-
ity for IGFRK versus IRK was observed in several in vitro
enzyme inhibition assays and also in a whole cell assay.
These inhibitors contained a key aldehyde functionality
which apparently formed a Schiff base with the IGFRK
active site residue Lys1003, and this covalent complex could
be trapped by borohydride reduction. A crystal structure of
the covalently modified IRK domain revealed the key
interactions between the inhibitor and the active site. This
information may facilitate the development of clinically
useful inhibitors of IGF-1R.

Biochemistry, Vol. 44, No. 27, 2009439
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