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Imatinib, dasatinib, sunitinib, CEP-701, and PKC-412, ATP-competitive small molecule inhibitors of type
III receptor tyrosine kinases c-KIT and/or FLT3, were evaluated for binding to the closely related receptor,
FMS, by docking into models of inactive and active conformations of the FMS kinase domain. To confirm
the docking predictions, the drugs were tested for their activity and selectivity in inhibiting cell prolifer-
ation and FMS phosphorylation upon stimulation by the FMS ligand, CSF-1. All five drugs inhibited FMS
activity. Imatinib, dasatinib and CEP-701 represent three different types of interactions determining drug

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Macrophage colony stimulating factor (CSF-1) receptor (FMS),
along with KIT, FLT3, PDGFRa and B, is a member of the receptor
tyrosine kinase (RTK) type III family, characterised by five immu-
noglobulin-like extracellular domains and a kinase insert dividing
the intracellular kinase domain into two lobes.! FMS and its ligand
CSF-1 have been implicated in a wide range of physiological
and pathological processes. For example, FMS is required for
development, survival, proliferation, and differentiation of the
monocyte-macrophage series®> and for prostate development.?
FMS and CSF-1 expression increase significantly in the epithelial
cells of mammary glands in response to glucocorticoid hormones
and they are required for normal development of mammary glands
during pregnancy and lactation.* CSF-1 is believed to promote pro-
atherogenic signalling and progression of plaques by stimulation of
macrophages in the plaques.’

CSF-1 not only activates FMS expressing cells, especially macro-
phages, it is also a chemotactic factor causing recruitment and acti-
vation of macrophages to CSF-1 producing tissues including
tumours, transplanted organs and tissues affected by autoimmune
diseases. CSF-1 produced by synovial fibroblasts induces differen-
tiation of synovial macrophages into osteoclasts causing bone
destruction in rheumatoid arthritis patients.® Activation of tu-
mour-associated macrophages (TAMs) results in both positive
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and negative outcomes for tumour growth. CSF-1 activated macro-
phages may have higher activity against tumours, but they may
promote tumour growth through expression of higher levels of
growth factors, stimulation of angiogenesis and promotion of
metastasis by secretion of matrix degrading enzymes.” There is a
correlation between CSF-1 expression level and invasiveness in hu-
man breast cancer cell lines® and tissue microarray analysis
showed that expression of FMS is associated with poor prognosis
of breast cancer.® While FMS it is not detectable in normal prostate
or benign hypertrophy, it is expressed in human samples of intra-
epithelial neoplasia or carcinoma with Gleason grade of 3 or 4,
and prostate carcinoma cell lines (DU-145, PC-3, and LNCaP) ex-
press both FMS and its ligand, CSF-1.1°

Blockade of the FMS kinase may be a helpful treatment strategy
in a variety of cancers and inflammatory diseases. Small molecule
tyrosine kinase inhibitors (SMlIs) imatinib and dasatinib have been
reported to suppress differentiation of monocytes into tumour-
associated macrophages and osteoclasts''~'* and may have thera-
peutic application for prevention of breast and prostate cancer
metastasis. Imatinib as a FMS inhibitor has been shown to suppress
metastasis of breast cancer to bones by deactivation of osteo-
clasts.'® Dasatinib was used for targeting Src family kinases (SFK)
in prostate cancer treatment,'® but as it can inhibit both FMS and
Src, inhibition of FMS may contribute to treatment effects.

Inhibition of the kinase domain using SMIs is the most practical
approach to target aberrant kinase activity. Most SMIs compete
with ATP in binding to the ATP-binding pocket and stabilise the
inactive kinase domain conformation. Imatinib, an inhibitor of
the Bcr/Abl fusion protein, was the first successful SMI, developed
originally for treatment of chronic myeloid leukaemia.!” It has now
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been found that imatinib inhibits other kinases including FMS and
KIT.'819 Because of high similarity in the ATP-binding site, low
selectivity is a common problem with existing kinase inhibitors.
However, variations can be identified by structural analysis and
could be utilised to design highly selective inhibitors. For example,
Thr663 (FMS) and Thr670 (KIT) are necessary for imatinib binding
and mutation of this Thr to Ile (Thr670Ile) in KIT results in imatinib
resistance.?°

Because of the high homology of type Il RTKs, some known
SMiIs of KIT or FLT3 kinases were tested for their ability to interact
with FMS in this study. In the absence of crystal structures for
these molecules in complex with the FMS protein, modelling and
docking were performed to predict possible interactions between
the drugs and FMS. The results of the structural analysis were cor-
related with potency and selectivity data obtained for the drugs in
a cell-based assay. The structure-activity relationships determined
here will be useful in designing more potent and selective drugs for
treatment of chronic diseases associated with FMS where minimi-
sation of side effects due to inhibition of a broad range of kinases is
of crucial importance.

2. Results

2.1. Docking of small molecule kinase inhibitors into FMS
structure

2.1.1. Validation of the docking procedure

The docking procedure was validated by docking the ligands
imatinib, the arylamide molecule, sunitinib, and dasatinib (see
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Fig. 1 for structures) back into their corresponding crystal struc-
tures (see Table 1 for docking results).

All docked poses of imatinib (100%) were in one cluster with
average docked energy of —15.94 kcal/mol. Structural analysis of
the docked poses shows hydrogen bond formation between imati-
nib and Cys673, Thr670 and Asp810 in KIT, which is very similar to
the hydrogen bonding in the crystal structure, 1T46.%!

Docking of the arylamide molecule back into the FMS kinase
also yielded very similar results to the crystal structure, 211M.%?
The majority of poses (90%) are in the first cluster with average
docking energy of —11.71 kcal/mol. A hydrogen bond with the
nitrogen of the backbone of Cys666 is a common feature among
all poses in this cluster. Other hydrogen bonds may be formed with
the side chains of Cys666 or Tyr665, resembling the interactions in
the 2I11M crystal structure. In addition, structural analysis showed
a -7 interaction between the side chain of Tyr665 and the central
aromatic ring of the arylamide molecule.

The chlorine (Cl) atom in dasatinib was replaced by a methyl
group (CHs), and the new molecule named ‘dacatinib’ (see Fig. 1)
was used for docking to keep the number of atom types within
the limitations of AutoDock 3.05. Most of the docking poses of dac-
atinib in Abl kinase (70%) were in the correct orientation with aver-
age docking energies of —13.80 to —13.07 kcal/mol (Table 1).
Structural analysis showed that modification of the dasatinib mol-
ecule did not affect the docking outcome. Dacatinib was docked
into Abl kinase similar to the Abl/dasatinib crystal structure,
2GQG,%® and formed three hydrogen bonds with the residues
Met318 (2x) and Thr315. Additionally, 7-7 and m-cation interac-
tions are present between dacatinib and the sidechains of
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Figure 1. Structures of small molecule inhibitors used in this study as well as ADP and the arylamide molecule. ' The Cl in dasatinib was replaced with CHs (‘dacatinib’) for

docking analysis with AutoDock.



Table 1
Summary of docking results
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Receptor name Ligand % of poses in Mean docked energy of Protein residues involved
(conformation) largest cluster largest cluster (kcal/mol) in hydrogen bonds
KIT (1T46%") (inactive) Imatinib 100 -15.9 Cys673, Thr670, Asp810
FMS model based on 1T46 (inactive) Imatinib 58 -15.6 Cys666, Asp796 and m-cation interaction with His776
FMS M637L
Model based on 1T46 (inactive) Imatinib 97 -15.8 Cys666, Thr663, Glu633 and m-cation
interaction with Lys616
FMS (211M2%2) (inactive) Arylamide 90 -11.7 Cys666, Tyr665
FMS (211M2) (inactive) CEP-701 100 -12.6 Cys666 (2x ), Ala800
FMS model based on 1PKG?® (active) CEP-701 100 —13.5 Cys666, Arg801 (2x) and n-7 interaction withTyr665
FMS model based on 1PKG (active) PKC-412 86 -7.7 Cys666, Glu664, Ala800 and m- interaction
with Tyr665
KIT (3GOE?*) (inactive) Sunitinib 33,8 -11.3,-114 Cys673
FMS model based on (3GOE) (inactive) Sunitinib 19 -11.3 No hydrogen bonds
Abl (2GQG?3) (active) Dacatinib 24,18, 16, 12 —-13.8 to —13.1 Met318 (2x), Thr315, m-m and m-cation interactions
withPhe317 and Lys271, poses differ in ‘tail’ arrangement
FMS model based on 2GQG (active) Dacatinib 43,25 —13.3 and -13.0 Cys666, Thr663 and n-n and m-cation

interactions withTyr665 and Lys616

Phe317 and Lys271, respectively. Flexibility of the dacatinib mole-
cule in docking allows the ‘tail’ of dacatinib (the piperazine ring
with its ethanol substituent) to adopt different orientations.

Sunitinib was docked back into the crystal structure of the sun-
itinib/KIT complex (3GOE?**) with only moderate success. Only two
poses in clusters with a total of 41% of all poses and mean docking
energies of —11.33 and —11.40 kcal/mol (Table 1) were similar to
the orientation of sunitinib in the crystal structure. Sunitinib is
not fully resolved in the 3GOE crystal structure, the flexible tail
around the tertiary amine group is not visible.

2.1.2. FMS structures used for docking

The crystal structure of FMS with an arylamide molecule 211M??
was used for docking of CEP-701 and PKC-412 because of its high
resolution and structural similarity between the arylamide mole-
cule, CEP-701 and PKC-412 (Fig. 1). Small modifications were made
to the 211 M crystal structure by removing the arylamide molecule
and residues 547-556 which are part of the FMS juxtamembrane
domain, which interfere with docking of the SMIs in the region sur-
rounded by the o-C helix and the activation loop. Homology mod-
els of FMS built based on KIT (1T46 and 3GOE?*) and Abl kinases
(2GQG) were used for docking of imatinib, sunitinib and dacatinib
respectively.

2.1.3. Docking of CEP-701 and PKC-412 into FMS

Docking of CEP-701 into the crystal structure of FMS (211M)
showed that CEP-701 fitted into the hinge region of FMS with
100% of poses in one cluster and average docking energy of
—12.61 kcal/mol (Table 1). CEP-701 formed three hydrogen bonds,
two with Cys666 in the hinge region and one with Ala800 at the
start of the activation loop, as well as a hydrophobic interaction
with Leu785 (Fig. 2, panel A). Superimposition showed that docked
CEP-701 (in green, Fig. 2, panel B) and the arylamide molecule in
2I1M (in red) can be overlaid very well and that the functional
groups are in the same orientations.

PKC-412 cannot be docked into the cleft between the two ki-
nase lobes in 2I1M. PKC-412 contains larger groups on the side
of the molecule opposite to the lactam ring (see Fig. 1) compared
to CEP-701. These groups cannot be accommodated and clash with
residues of the activation loop near Ala800 (data not shown).

The FMS structure 2I1M resembles an inactive kinase domain
conformation. We also successfully docked CEP-701 and PKC-412
into the active conformation of FMS generated by homology model-

ling based on KIT, 1PKG?* (Table 1). The only cluster of CEP-701
docked into the active conformation of FMS contains 100% of poses
with mean docking energy of —13.45 kcal/mol which shows some
improvement compared to docking into the inactive conformation.
CEP-701 forms one hydrogen bond with Cys666, and two hydrogen
bonds with Arg801, as well as a m—m interactions with Tyr665 (Table
1). Docking of PKC-412 into the active conformation of FMS was
possible and led to a very similar pose to the one for CEP-701.
PKC-412 formed three hydrogen bonds and the same n- interac-
tion as CEP-701 (Table 1). The docking energy, however, was much
reduced due to steric clashes. An example illustrating docking of
PCK-412 (inred) superimposed onto ADP in the active KIT conforma-
tion (in green) is shown in Figure 2, panel C.

2.1.4. Docking of imatinib into FMS

Imatinib could not be docked into the FMS crystal structure
(211M) and therefore an FMS model based on the KIT crystal struc-
ture with imatinib (1T46) was examined. Docked poses of imatinib
in this structure formed four clusters. The largest cluster with 58%
of poses had slightly less favourable docking energy (—15.64 kcal/
mol) (Table 1) compared to the first cluster with 39 members and
average energy of —15.95 kcal/mol. Structural analysis (Fig. 2, pa-
nel D) showed that the lowest energy pose in the first cluster (in
green) was in an inverted orientation and could not form any of
the expected hydrogen bonds with FMS residues (compared to
imatinib in the KIT crystal structure). However, the second cluster
(in red) is in a similar orientation to imatinib in the KIT crystal
structure and forms hydrogen bonds with Cys666 and Asp796 of
the DFG motif, but not with Thr663. A m-cation interaction with
His776 is also observed.

Sequence identity or similarity between the kinase domains of
KIT and FMS is 69% and 78%, respectively, and when 1T46 and
the FMS model based on 1T46 were superimposed, the overall
structures were very similar with root mean square deviation
(RMSD) of 0.58. Thus, it was expected that docking of imatinib into
the FMS model based on 1T46 would result in a very similar pose
to the crystal structure. However, analysis of residues close to
imatinib in the superimposed structures of KIT and FMS showed
that two residues are different in the imatinib binding pocket.
Leu644 and Cys809 (KIT) have been replaced by Met637 and
Gly795 in FMS. The side chain of Gly795 is smaller than Cys809,
which means that Gly795 should not interfere with binding of
imatinib. On the other hand, Met637 in FMS has a larger side chain
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Figure 2. Docking results for small molecule inhibitors into the FMS kinase domain. Display of residues Lys586-Glu598 in the nucleotide binding loop has been turned off in
panels A, C, and F to show the position of the inhibitors in the hinge region. Protein backbones are displayed as ribbons with selected side chains shown as lines, colour-coded
by element: N in blue, O in red, H in white, C in grey, and S in yellow. The inhibitors are illustrated as sticks. In panels A and F the sticks are colour-coded by element: N in
blue, O in red, H in white, C in grey, and S in yellow. Hydrogen bonds are shown by green, dashed lines. Panel A: CEP-701 docked into the FMS crystal structure (211M??2). Panel
B: CEP-701 (green) docked into 211 M superimposed on the arylamide molecule (red) in complex with FMS in 2I1 M. Panel C: PKC-412 (in red) docked into the active
conformation of FMS (homology model based on KIT, 1PKG?) superimposed on ADP (green) as found in KIT in 1PKG. Panel D: Imatinib docked into the FMS model based on
KIT, 1T46.2! The energetically most favourable poses in clusters 1 and 2 are in green and red, respectively. Panel E: Sunitinib docked into the FMS model based on KIT, 3GOE.2*
The pose resembling sunitinib in 3GOE is coloured red, the inverted orientation found in the majority of poses is coloured green. Panel F: Dacatinib docked into the FMS model

based on Abl, 2GQG.%*

than Leu644 in KIT and may be preventing imatinib from being
docked into FMS in the same orientation as it was docked into
KIT. To test this, imatinib was docked into a homology model based
on 1T46 of the M837L FMS mutant. Almost all of the poses (97%)
were in one cluster with mean docking energy of —15.77 kcal/
mol. Structural analysis of the lowest energy poses in that cluster
showed three hydrogen bonds between imatinib and FMS residues
Cys666, Thr663 and Glu633, as well as one m-cation interaction be-
tween Lys616 and the aromatic ring (with a methyl substitution) in
the middle of imatinib (not shown). Thus, imatinib can be docked
into this mutant in a very similar fashion to its interactions with
KIT in the 1T46 crystal structure. Imatinib cannot be docked into
the model of the active FMS kinase domain conformation built
based on 1PKG (data not shown).

2.1.5. Docking of sunitinib into FMS

Because we found with imatinib that it was preferable to dock
into a model based on a crystal structure containing the same
compound, sunitinib was docked into an FMS model based on
the crystal structure of KIT in complex with this drug (3GOE?*).
The cluster resembling the position of sunitinib in 3GOE contained
19% of docked sunitinib poses into FMS with docking energy of
—11.26 kcal/mol (Table 1; red structure in Fig. 2, panel E). Sunitinib
made, however, no hydrogen bonds in this pose, only a t-m inter-
action with Tyr665. The majority of poses (62%) showed sunitinib
docked into FMS in an inverted manner, with the flexible amine tail
interacting with the hinge region (green in Fig. 2, panel E). In light
of these results, and the relatively poor docking of sunitinib into
3GOE, we also attempted to dock sunitinib into the FMS crystal
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structure in complex with the arylamide molecule, 2I1M. As ex-
pected, sunitinib does not fit into the pocket in 2I11M (data not
shown). Sunitinib also cannot be docked into the ADP binding
pocket in the model of the active FMS kinase domain conformation
built based on 1PKG (data not shown).

2.1.6. Docking of dacatinib into FMS

Dacatinib was docked into an FMS model based on a crystal
structure of the Abl kinase with dasatinib (2GQG) in which the ki-
nase domain is in the active conformation. Results were very sim-
ilar to the original structure of 2GQG. The largest cluster of docked
poses (43%) also had the most favourable average docking energy
of —13.27 kcal/mol. Dacatinib forms hydrogen bonds with Thr663
and Cys666 in the hinge region, as well as a m-cation interaction
with Lys616 (Fig. 2, panel F). Another cluster of 25 poses with aver-
age docking energy of —13.04 kcal/mol resembles the crystal struc-
ture even more closely and forms the same hydrogen bonds, as
well as the m-cation interaction and an additional ©-7 interaction
with Tyr665. The two poses also differ in the arrangement of the
flexible tail. We also docked dacatinib into a model of the active
conformation FMS based on KIT 1PKG; it docked differently, and
poorly (data not shown).

2.2. Inhibition of FD-FMS cell proliferation by kinase inhibitors

To test the validity of the docking results, a cell-based assay sys-
tem similar to one previously used to study c-KIT mutants,?® was
developed by expressing human FMS in growth factor-dependent
murine FDC-P1 cells (FD-FMS assay system). The FD-FMS cells
grow in the presence of either human CSF-1 or mouse granulocyte
macrophage colony stimulating factor (GM-CSF). Comparison of
the effects of inhibitors on proliferation of cells in CSF-1 and GM-
CSF provides initial information on the selectivity of the drug for
inhibition of FMS kinase activity. Treatment of FD-FMS cells with
CEP-701, dasatinib, imatinib, PKC-412, sunitinib, and the Src family
kinase inhibitor SU6656 all resulted in inhibition of cell prolifera-
tion in response to CSF-1 (Fig. 3). Dasatinib, imatinib and sunitinib
selectively inhibited proliferation in CSF-1 compared to GM-CSF,
whereas CEP-701, PKC-412 and SU6656 also potently inhibited
the response to GM-CSF. Comparison of the concentration of drug

required to halve the FD-FMS cell proliferation (ICso) with CSF-1 or
GM-CSF gives an indication of how effective the drug is against
FMS compared to the unrelated GM-CSF receptor and/or down-
stream signalling pathways (Table 2).

Dasatinib was the most potent inhibitor of CSF-1 dependent
proliferation and appeared to be highly selective for FMS as prolif-
eration in GM-CSF was unaffected at concentrations up to 500 nM.
Similarly, sunitinib and imatinib showed strong selectivity for inhi-
bition of FMS signalling in this assay. Receptor tyrosine kinases
including FMS are known to activate Src family kinases and dasat-
inib is a known inhibitor of Src family kinases (SFKs).2” Therefore,
SU6656, a well-characterised SFK inhibitor?® provided an impor-
tant control for this experiment to compare potency of dasatinib
against FMS and SFKs. SU6656 inhibited cell growth in the pres-
ence of CSF-1 and GM-CSF, suggesting that both FMS and GM-
CSF receptors are dependent on signalling through SFKs to promote
cell proliferation. However, at the concentrations used in these
experiments, dasatinib did not inhibit growth in GM-CSF indicating
that its effect on FMS signalling cannot be attributed to inhibition
of an associated SFK.

CEP-701 did not selectively inhibit FMS-dependent proliferation
while PKC-412 showed only slight selectivity. GM-CSF receptor,
unlike FMS, does not have intrinsic kinase activity and a JAK2 tyro-
sine kinase molecule constitutively associated with its f subunit is
responsible for initiation of the signalling response after binding of
GM-CSF with the o subunit of the receptor.?® Although their struc-
tures are different, FMS and GM-CSF receptor share several down-
stream signalling pathways. The data indicate that PKC-412 and
CEP-701 inhibit FMS, JAK2 and/or common downstream pathways
required for cell proliferation and/or survival.

2.3. Inhibition of FMS phosphorylation by small molecule
inhibitors

A more direct way to test for inhibition of RTK signalling is to
determine the effect of a drug on autophosphorylation which
accompanies receptor activation.! This was done by probing
western blots of electrophoretically separated lysates of CSF-1-
stimulated FD-FMS cells with antibodies to phosphotyrosine (as
previously described for KIT).263° Treatment of FD-FMS cells with
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Figure 3. Effect of small molecule inhibitors on proliferation of FD-FMS cells. Cells were cultured in the presence of the indicated concentrations of drugs with either GM-CSF
or CSF-1 as growth factor. After 48 h the relative number of viable cells per well was determined based on fluorescence of resofurin produced by reduction of resazurin. Data
points are shown as mean * SD of four replicate wells. The figure shows a representative of three independent experiments.
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Table 2

FMS inhibitory activities

Log10lCso in GM-CSF? Log;0lCsp in CSF-1¢ ICs in GM-CSF (nM) ICsp in CSF-1 (nM) ICs0 in GM-CSF/ICs0 in CSF-1 P value®

CEP-701 1.43 £0.05 1.49 £ 0.07 26 31 0.8 0.256
Dasatinib >2.70 0.87 £0.03 >500 7.4 >67 0.000
Imatinib 3.92+0.11 3.10+0.09 8437 1274 6.6 0.006
PKC-412 229+0.13 2.15+0.10 200 142 14 0.213
Sunitinib >3.08 2.18+0.12 >1000 155 >7.7 0.000

2 Log10lCsp = SD as calculated from the experiment shown in Figure 3 plus two additional independent experiments using GraphPad Prism 4.3 software. ICsg in nM.
b The ICsq values of three individual experiments in GM-CSF and CSF-1 were compared using t-test and the results are shown as p-values.

different concentrations of CEP-701, sunitinib, dasatinib, imatinib,
or PKC-412 before stimulation by CSF-1 caused dose-dependent
disruption of FMS autophosphorylation as described before for
KIT3C (Fig. 4). The data showed that CEP-701 and PKC-412 substan-
tially decreased FMS tyrosine phosphorylation at concentrations
comparable to their ICso values in the cell proliferation assay. This
demonstrates that these compounds do indeed inhibit FMS kinase
activity and suggests that direct FMS inhibition by CEP-701 and
PKC-412 may contribute to cell growth inhibition in CSF-1 even
though other targets are also involved.

Concentrations of imatinib, sunitinib and dasatinib required to
decrease the tyrosine phosphorylation down to around 50% of that
in CSF-1 stimulated controls were similar to their ICsq values in cell
proliferation assays consistent with their selectivity for FMS.
SU6656 was also tested for its effect on FMS autophosphorylation
in cells stimulated with CSF-1 to investigate the role of SFK inhibi-
tion in the action of dasatinib. SU6656 did not cause reduction in
tyrosine phosphorylation of FMS even at concentrations above its
ICsp in the cell proliferation assay (Fig. 5). Therefore, the reduction
in FMS tyrosine phosphorylation by dasatinib is not primarily due
to inhibition of an associated SFK, confirming the direct action of
this compound on FMS kinase.

3. Discussion

Application of small molecules competing with ATP is a com-
mon treatment strategy for diseases associated with aberrant

CEP701 (nM)
1000 61 1

250 -
- 9

activity of protein tyrosine kinases. The idea of using ATP-compet-
itive inhibitors was challenged initially because high similarity be-
tween ATP-binding pockets was predicted to result in severe side
effects due to inhibition of multiple kinases. However, the develop-
ment of imatinib demonstrated the possibility of selectively inhib-
iting kinases. Although further investigation showed that imatinib
inhibits a number of kinases, including FMS, KIT and PDGFR, 39 its
known range of activity remains limited.

To understand the mode of binding of several known kinase
inhibitors to the FMS kinase domain, we combined computer-
aided docking methods with experimental determination of inhibi-
tion of kinase activity. Our docking software, AutoDock3, like most
docking programs, cannot consider protein flexibility. Introducing
side chain flexibility into the latest version of the software, Auto-
Dock4, requires much more computational power. Our initial at-
tempts to use AutoDock4 were unsuccessful. By increasing the
population size and number of energy evaluations in AutoDock3,
we could successfully reproduce the crystallographic conforma-
tions and orientations of the ligands in four different kinase do-
main/inhibitor complexes. In each case, the correct binding mode
was in the largest cluster of poses, accounting for at least 41% of
all poses found.

A major challenge for docking arises from the large conforma-
tional changes undergone by kinases on activation and their resul-
tant effects on inhibitor binding.>! To compensate for the inability
to treat the protein as flexible, we used a novel, ‘flexible docking’
approach by docking each inhibitor into a number of different
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Figure 4. Inhibition of CSF-1-dependent FMS autophosphorylation by small molecule inhibitors. FD-FMS cells starved of growth factor for 3 h were pre-treated with the
indicated concentrations of drugs then pulsed with CSF-1. Cells were lysed, proteins separated by PAGE and western blots developed with antibodies to phosphotyrosine (pY),
FMS and actin (loading control). C—/+ indicates cells stimulated with CSF-1 in the absence of drug. C—/— indicates the unstimulated, no drug, control. Numbers below each

track indicate the ratio of pY/FMS band intensity normalised to the positive control.
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Figure 5. Effect of the SFK inhibitor, SU6656, on CSF-1-dependent FMS autophos-
phorylation. The experiment was conducted as described for Figure 4.

structures of the FMS kinase domain. These were prepared by
removing the existing ligand from the crystal structure of FMS or
by homology modelling based on crystal structures of an inhibitor
or ADP (as an ATP mimic) bound to a related tyrosine kinase. This
approach allowed docking of each inhibitor into both active and
inactive FMS kinase conformations. The approach also allowed
docking into a ‘pre-formed’ binding pocket suitable for that inhib-
itor. For example, the crystal structure of FMS in complex with
arylamide (211M), which is similar in size and shape to CEP-701
and to PKC-412 (Fig. 1), was used for the docking of these inhibi-
tors. On the other hand, imatinib could not be docked into this
structure and was therefore docked into a homology model based
on the crystal structure of the KIT/imatinib complex. Furthermore,
the use of this approach provided an explanation (steric clash with
M637) for the higher ICsq for imatinib for FMS compared with KIT
inhibition.!""'® Similarly, dacatinib (a modified form of dasatinib;
Fig. 1) and sunitinib were successfully docked into homology mod-
els of the FMS kinase based on the crystal structures of the Abl/
dasatinib and KIT/sunitinib complexes.

Docking results were compared with measurement of ICsq in
cell-based assays of FMS function. The cell line model used to mea-
sure inhibition of cell growth enables us to determine selectivity of
the inhibitor for FMS signalling in response to CSF-1 by comparison
with FMS-independent growth in GM-CSF. Imatinib, dasatinib and
sunitinib showed selectivity for FMS signalling whereas CEP-701
and PKC-412 inhibited growth in GM-CSF to a similar extent. The
GM-CSF receptor is a member of the cytokine receptor family, lacks
intrinsic kinase activity and is dependent on an associated JAK
kinase for signalling.?® The results indicate that CEP-701 and
PKC-412 also inhibit JAK and/or downstream kinases leading to cell
survival and proliferation in response to GM-CSF. Some of these
kinases may also be involved in signalling downstream of FMS.
However, analysis of FMS autophosphorylation in response to
CSF-1 provided confirmation that all five compounds directly
inhibited FMS kinase, supporting the docking results. We found
no strong correlation between the energy of docking and the ICsq
values in cell-based functional assays. This is not surprising for
two main reasons: Firstly, as discussed already, we have not taken
the induced fit upon inhibitor binding into account when docking.
Secondly, docking only considers the binding between the kinase
and the small molecule inhibitor, whereas the cell-based assays
also depend on other factors, such as cellular uptake of the
inhibitors.

The binding site for kinase inhibitors is located in the cleft
between the N- and C-terminal lobes. This cleft has two main re-
gions: the hinge region occupied by ATP in the active conformation
at the very end of the cleft, as observed in the KIT/ADP complex
crystal structure, and the catalytic region between C-o helix and
activation loop at the entrance of the cleft. The catalytic region

undergoes dramatic conformational changes during kinase activa-
tion, but apart from repositioning of the Phe side chain in the DFG
motif at the beginning of the activation loop, the conformation of
the hinge region is similar in both active and inactive conforma-
tions of the kinase domain. As a result, the activity of small mole-
cule inhibitors against active, inactive or both conformations of
kinase domains will largely depend on whether they bind to the
hinge region or catalytic area.

Based on our docking results, imatinib, dasatinib and CEP-701
represent three different types of interactions, which determine
their potency and selectivity, as confirmed in our experimental as-
says. Interaction with the hinge region and occupation of the ATP
space, particularly the space taken up by the adenine ring system,
is the common feature for all compounds studied here, and all
apart from sunitinib, form a hydrogen bond with Cys666 in the
hinge region. Interaction with the corresponding residues in other
kinases (e.g., Met318 in Abl and Cys673 in KIT) is a common fea-
ture of ATP-competitive inhibitors.

Imatinib, a relatively potent and selective molecule, extends
well into the entrance of the binding cleft and its activity is re-
stricted to the inactive conformation of kinases.>? Similarly, suniti-
nib proved to be a moderately potent and fairly selective inhibitor
in our model system. The crystal structure on which our homology
model was based shows part of sunitinib bound to the inactive
conformation of KIT.2* Sunitinib could not be docked very well into
our FMS model of the inactive conformation. Like imatinib, suniti-
nib could not be docked into the ATP-binding pocket of the FMS ac-
tive conformation model, and fails to inhibit constitutively active
KIT kinase domain mutants.?4 The ICso values indicate that suniti-
nib is about eight times more potent in inhibiting growth in CSF-1
than in GM-CSF. It is not highly selective in other systems and
inhibits other kinases and transporters.>*

Dasatinib was a highly potent and selective inhibitor of FMS in
our system, although it also inhibits SFKs, KIT and Abl kinase.!”-3*
Dacatinib, used here for docking, and demonstrated to be a good
model for dasatinib, interacts mainly with the hinge region, and
extends into the catalytic region, but not into the region of highest
conformational change. Structural studies have indicated that
dasatinib can bind to both active and inactive conformations of
Abl kinase, probably accounting for its potency.?®> Accordingly,
dasatinib inhibits inactive and some active forms of kinases includ-
ing imatinib-resistant Abl kinase However, Thr315 mutants
(equivalent to Thr663 in FMS) are resistant to dasatinib because
this residue is involved in dasatinib binding.2> A hydrogen bond
interaction between dacatinib and the relevant Thr was observed
in our docking study for the model of the active FMS conformation
and for the Abl kinase in the active conformation.

CEP-701 is a potent, non-selective inhibitor, interacts exclu-
sively with the ATP-binding pocket in the hinge region, and occu-
pies all the space taken by ATP. Low selectivity of CEP-701 and
PKC-412 may occur because this area is highly conserved among
different kinases. The likelihood of developing resistance against
these types of inhibitors is reduced, because mutations in the
ATP-binding pocket may result in loss of kinase function. PKC-
412 and CEP-701 are effective against some mutants>®3° and can
be considered as lead compounds for developing inhibitors against
constitutively active mutant kinases. CEP-701, the smaller, more
potent FMS inhibitor, can according to our docking results, bind
to both the active and inactive FMS conformations.

4. Conclusion

Docking of imatinib, dasatinib and CEP-701 into the FMS kinase
domain demonstrated different types of interactions that corre-
lated with inhibitor potency and selectivity in cell-based assays
of FMS function. The structure-activity relationships determined
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here will be useful in designing more potent and selective drugs for
treatment of diseases not only associated with FMS, but also other
kinases. The core structure of a heteroaromatic ring system (to mi-
mic adenine) interacting with the hinge region (Cys666 of FMS or
corresponding residue in the other kinases) is the starting point
for designing any new small molecule kinase inhibitor. Extension
of the molecule towards the catalytic area, including the gate-
keeper residue (Thr663 in FMS), can then increase selectivity, but
renders the molecule more vulnerable to the conformational
changes upon activation of the kinase. On the other hand, exten-
sion of the core structure towards residues interacting with the
phosphate groups of ATP results in decreasing selectivity but cre-
ates molecules that can interact with both the active and inactive
conformations of the kinase domain. Where minimisation of side
effects due to inhibition of a broad range of kinases is of crucial
importance, high selectivity can be achieved by targeting parts of
the ATP-binding pocket interacting with adenine and parts of the
catalytic area, which are less conserved among kinases. Conversely,
targeting the ATP-binding pocket in the hinge region may have
some advantages in overcoming the resistance associated with
activating mutations in the kinase domain but is likely to result
in less selectivity.

5. Experimental
5.1. Homology modelling

Homology models of FMS were built as described previously>®
based on crystal structures of 1T46, KIT with imatinib,?! 2GQG,
Abl kinase with dasatinib,>® 3GOE, KIT with sunitinib,>* and
1PKG, an active conformation of KIT with ADP,?> obtained from
the RCSB Protein Data Bank (PDB) as templates. SWISS-MODEL
and the Swiss-PdbViewer were used for preparation and evalua-
tion of the models.?” The models were used for docking of imatinib,
dasatinib and sunitinib without any further minimisation or
modification.

5.2. Docking procedure

AutoDock Tools (ADT)*® was used for preparation of Ligan-
d.out.pdbqt and protein.pdbqs files containing ligand torsions
and solvent parameters for the protein, respectively, as well as
grid and docking parameter files. Some of the docking default val-
ues of ADT were changed to optimise the docking results. Popula-
tion size was increased up to 5000; the number of energy
evaluations up to 1 x 107, and the number of runs up to 100.
Crystal structures of FMS?? and KIT (21IM and 1T46) were super-
imposed on each other to define a grid box to accommodate both
the arylamide molecule and imatinib. This grid box was used for
evaluation of the docking procedure in which the ligand was
taken out and docked back into its protein crystal structure. The
grid box size was 60 x 60 x 68 points, where grid spacing was
0.375 A. The centre of the grid was determined as the centre of
all residues within 5 A distance from the ligands in superimposed
structures using Discovery Studio Visualizer (DSV) software
(Accelrys, CA, USA). Superimpositions were performed in DSV
using sequence alignments obtained during homology modelling.
All aligned Co atoms were superimposed. AutoGrid 3 and Auto-
Dock 3.05 programs>~*! were used for calculation of grid maps
and final docking. Docking results were analysed for the number
of clusters, average binding energy of each cluster, and the inter-
actions between docked poses of ligand and protein macromole-
cule using ADT. A pdb file was extracted from each docking log
file containing the coordinates of the lowest energy pose in each
cluster for further analysis by DSV.

5.3. CSF-1 production

The coding region for residues 33-182 of human CSF-1 was
amplified using cDNA made from K562 cells and cloned into the
pPICZaA expression vector (Invitrogen, Carlsbad, CA). The con-
struct was electroporated into Pichia Pastoris (Invitrogen) and
CSF-1 expression induced in BMMY media with 2% methanol. Bio-
logical activity of product (human recombinant CSF-1) in the yeast
supernatant was validated by comparison with commercial human
recombinant CSF-1 (PeproTech, Rocky Hill, N]J) in supporting prolif-
eration of FDC-P1 cells expressing human FMS (FD-FMS cells) and
promoting FMS tyrosine phosphorylation in THP-1 cells.

5.4. FMS expression

The factor-dependent murine early myeloid cell line FDC-P1
(ATCC No. CRL-12103) was routinely maintained in DMEM/10%
FCS supplemented with murine GM-CSF as previously described.?®
Where indicated FDC-P1 cells that had been transduced with FMS
cDNA (FD-FMS cells) were grown in CSF-1 instead of GM-CSF. The
MSCV-FMS-IRES-GFP construct was supplied by Dr. A.B. Lyons,
Hanson Institute, Adelaide, with the consent of the originator
Dr M. Roussel, St. Jude Children’s Research Hospital, Memphis;
TN. DNA was introduced into FDC-P1 cells by retrovirus-mediated
gene transfer as previously described.?® FDC-P1 cells expressing
FMS (FD-FMS) were selected using CSF-1 as growth factor and
sorted (FACS Aria, BD Biosciences, CA) for expression of GFP to
get a homogenous population. FMS expression on sorted cells
was confirmed by flow cytometry using c-FMS/CSF-1R (C-20)
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and sheep
anti-mouse IgG conjugated with PE (Chemicon, Billerica, MA) as
secondary antibody.

5.5. Cell proliferation assay

Serial dilutions of kinase inhibitors imatinib and PKC-412 (Nov-
artis, Basel, Switzerland), dasatinib and sunitinib (Chemietek, Indi-
anapolis, IN) and CEP-701 (LC Laboratories, Woburn, MA) were
prepared from 10 mM stock solutions of each drug in dimethyl
sulfoxide (DMSO, Ajax Finechem, NSW, Australia) in 100 ul DMEM
containing 10% FCS and either 2x CSF-1 or GM-CSF in 96 well
plates (Nunc, Roskilde, Denmark). FD-FMS cells (5 x 10%) in
100 pl growth factor free medium were added to each well. Plates
were incubated at 37 °C with 5% CO, for 48 h. Resazurin reagent
containing 300 pM resazurin, 78 uM methylene blue, 1 mM potas-
sium hexacyanoferrate Ill and 1 mM potassium hexacyanoferrate Il
(all from Sigma, St. Louis, MO) was added (20 pl into each well) and
the plates were incubated for 4 h. Fluorescence intensity of the
product resorufin, proportional to the number of viable cells per
well, was measured by a FLUOstar OPTIMA (BMG LABTECH, Offen-
burg, Germany) with excitation at 530 nm and emission at 590 nm.
Results were analysed using GraphPad Prism 4.3 for Windows,
(GraphPad Software, San Diego, CA) and the ICsy was determined
by fitting a non-linear curve into all data points of fluorescence
graphed against logarithm of drug concentration.

5.6. Inhibition of autophosphorylation

FD-FMS cells were grown in the presence of murine GM-CSF to
density of 10° cells/ml, washed, resuspended in FCS- and GF-Free
medium and incubated for 3 h at 37 °C. Then 107 cells were added
to 1 ml of FCS- and GF-free medium containing different concen-
trations of drugs and incubated for 30 min at 37 °C. Cells were
cooled on ice then stimulated with CSF-1 for 5 min. This protocol
gives optimum phosphorylation and minimal degradation of
FMS.*2 The cells were lysed with ice-cold 1% NP40 in TSE (50 mM
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Tris-HCI, 150 mM NacCl, 1 mM EDTA pH8.0) with complete prote-
ase inhibitor cocktail (Roche, Basel, Switzerland), 5 mM sodium
fluoride, 5 mM tetra sodium pyrophosphate, 5 mM sodium vana-
date, and 1 mM phenylmethylsulfonyl fluoride (Sigma). Lysates
were centrifuged to remove cell debris and protein concentration
determined using a MicroBCA kit (Pierce, Rockford, IL). Samples
(50 pg of protein) were run on 6% SDS/polyacrylamide gels under
reduced conditions along with Precision Plus protein Standards
(BioRad, Hercules, CA). Separated samples were transferred to
nitrocellulose membrane. The membrane was blocked with 1%
BSA (Sigma) for 1 h and probed for phosphotyrosine using a cock-
tail of 4G10 (Upstate, Temecula, CA) and pY20 (BD Biosciences)
antibodies, FMS (sc-692 antibody; Santa Cruz Biotechnology) or ac-
tin (Sigma). Bound antibody was detected with secondary anti-
mouse or anti-rabbit IgG antibody conjugated with HRP and ECL.
Chemiluminence was measured using a Fuji imaging system (Fuji-
film, Tokyo, Japan) and quantitated using Multi Gauge V3 software
(Fujifilm).
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