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The work described herein demonstrates the utility of structure-based drug design (SBDD) in shifting the
binding mode of an HTS hit from a DFG-in to a DFG-out binding mode resulting in a class of novel potent
CSF-1R kinase inhibitors suitable for lead development.

© 2010 Elsevier Ltd. All rights reserved.

Colony-stimulating factor-1 receptor (CSF-1R or cFMS) is a
receptor tyrosine kinase whose expression is restricted to macro-
phages, osteoclasts and trophoblasts and which is uniquely
responsible for mediating the growth differentiation and survival
effects of monocyte colony stimulating factor-1 (CSF-1).! CSF-1 sig-
nals through its receptor by means of ligand-induced dimerization
and subsequent autophosphorylation. Macrophage proliferation,
activation and survival are believed to be important for the pro-
gression of diseases such as rheumatoid arthritis (RA), osteoporo-
sis, inflammatory bowel disease, and cancer. Thus, a reduction in
the number of synovial macrophages through inhibition of CSF-
1R signaling is expected to be therapeutic in RA, related inflamma-
tory diseases, and cancer.!”

There are a number of CSF-1R inhibitors with in vivo antiinflam-
matory efficacy reported in the literature, including 1,2 2,2¢
Ki20227,%%" and GW2580.25" As a part of our program targeting
CSF-1R for RA, our internal kinase-targeted compound library
was screened measuring the inhibition of autophosphorylation of
CSF-1R in a cell-based assay.> Compounds 3a and 3b were identi-
fied as potent inhibitors of CSF-1R (ICso=40nM and 57 nM,
respectively). However, the high molecular weights (MW = 524-
525) and poor ligand efficiencies (LE = 0.27-0.28) of these two hits
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required significant structural modifications to maximize their po-
tential as leads. The work described herein demonstrates the utility
of structure-based drug design (SBDD) in shifting the binding
mode of this series from DFG-in to a DFG-out binding mode result-
ing in novel potent CSF-1R kinase inhibitor leads.

In our preliminary evaluation of this series, we were surprised
to discover that compound 3a was found to bind CSF-1R in a
classical DFG-in binding mode (Fig. 2a).* Dramatic conformational
differences in the juxtamembrane domain and activation loops are
apparent when this DFG-in structure is compared with prior DFG-
out CSF-1R structures, with some residues displaced by over 30 A.
Indeed, superposing the DFG-out and -in structures shows that
elements of the juxtamembrane domain in the former (especially
residues 550-554) mimic elements of the activation loop in the lat-
ter (residues 797-804). This is the first example of a DFG-in bind-
ing mode for a CSF-1R kinase inhibitor.>?! It superposes well on the
structure of the active conformation of cKit bound to ADP (RCSB
code 1PKG).

Several known selective CSF-1R inhibitors bind the enzyme in a
DFG-out mode. For example, GW2580 is exquisitely selective for
CSF-1R (Fig. 2b).2#™5 An important feature of this co-crystal struc-
ture is the bidentate hydrogen bonding network made by the oxy-
gen atoms of the methoxy and benzyloxy groups of the ‘DFG-out
Tail’ to the backbone amide NH of D796. We hypothesized that this
is an important feature for locking in the DFG-out binding mode
revealing access to the deep pocket.
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We desired a chemical series with a DFG-out binding mode,
which would lock the CSF-1R kinase into an inactive confirma-
tion.5*® DFG-out inhibition is expected to increase the biochemical
efficiency, defined as how effectively the binding of an inhibitor to
the target results in blocking a physiological response.®“d Further-
more, the likelihood for kinase selectivity is enhanced by a DFG-
out binding mode as only a subset of kinases can achieve DFG-out
conformations. We hypothesized that we could transform this ami-
nopyrazine class of inhibitors into a class of DFG-out binders. An
overlay of the crystal structures of 3a and GW2580 (Fig. 2c) illus-
trates the overlap of the hinge binding group aminopyrazine in 3a
and the corresponding diaminopyrimidine group in GW2580. Since
the basic amine head group of 3a reaches out to solvent, apparently
contributing little to binding affinity, we hypothesized that the
head group could be truncated to a simple aromatic group (Step 1
in Fig. 1). If this could be accomplished, then the DFG-out tail group
found in GW2580 could be incorporated (Step 2 in Fig. 1) giving hy-
drid compound 4 with a DFG-out binding mode, a hypothesis sup-
ported by molecular docking studies (Figs. 1 and 2d).

Compound 3a and 3b, while quite potent, have high molecular
weights (MW) resulting in relatively poor ligand efficiencies (LE).”
In order to transform the dichlorobenzyl ether group into the high-
er MW DFG-out tail group, which was anticipated to be necessary
to bind into the DFG-out deep pocket, we initiated an effort to
truncate the aryl amide head group. In addition to reducing MW,
we desired to remove the basic amine as it puts this series at risk
for binding the hERG channel.®

Compounds 8a-c were prepared as shown in Scheme 1.
Selective nucleophilic attack by benzylic alcohols or amines on
dibromoaminopyrazine 5 results in bromopyrazine intermediate
6 which undergoes Suzuki coupling with aromatic boronic acids
and esters such as pyrazole boronate 7 to give final products 8a-
b. Other aromatic and heteroaromatic boronic acids and esters
were also prepared in a library format (data not shown).
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Figure 1. CSF-1R inhibitors. HTS hits and hybrid SBDD approach to designing a
DFG-out kinase inhibitor.
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Figure 2. Binding surfaces are colored by electrostatic potential. (a) X-ray crystal
structure of compound 3a in CSF-1R in a DFG-in binding mode at 2.5 A resolution
(Ref. 4; RCSB code 3LCD). (b) X-ray crystal structure of GW2580 in CSF-1R in a DFG-
out binding mode (Ref. 5). (¢) Overlay of compound 3a (yellow) and GW2580
(green) X-ray crystal structures in CSF-1R. (d) Molecular docking of hypothetical
hybrid (pink) of compound 3a and GW2580 in the X-ray crystal structure of
GW2580/CSF-1R.

We were delighted to find that the entire aryl amide head group
from compounds 3a-b could be truncated to a simple methyl
pyrazole as shown in compounds 8a-c (Table 1). Although
9- and 30-fold less potent than the hits 3a-b, compounds 8a-b
are significantly more ligand efficient (LE) than the screening hits
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Table 1
Truncation of HTS hits
Cl
NH,
N X
I N

3

\ N 8a-c
N-N

N\

-Reduced MW 175-210
-Increased LE 0.06-0.11
-Reduced cLogP 1.6-2.5
-Improved LipE ~0.6
-Eliminated dofetilide

Compd X R CSF-1R ICs¢? (nM) MW LE cLogP LipE Dof. % inh.”
3a NH - 40 524 0.28 5.5 1.9 78

3b o - 57 525 0.27 5.7 1.5 91

8a NH Cl 345 348 0.38 3.7 2.8 6

8b (0] Cl 1700 349 0.34 3.9 1.9 7

8c (o] H 1990 315 0.35 3.2 2.5 7
¢ Ref. 3.

" Dof. = dofetilide-Cy3B competitive binding assay, % inhibition at 10 M of compound. See Ref. 8c.
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Scheme 1. Reagents and conditions: (a) X = NH;; Na,CO3, NMP, 165 °C; (b) X = OH;
KOtBu, THF, 60 °C; (c) Pd(PPhs3),Cl,, 2 M Na,CO5, DME, 80 °C.
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Scheme 2. Reagents and conditions: (a) KOH, acetonitrile, reflux; (b) NaBH4, MeOH,
dioxane; (c) TMSCHN,, MeOH, toluene; (d) KOtBu, THF, 60 °C; (e) 7, Pd(PPhs),Cl,,
2 M Na,CO;, DME, 80 °C.

due to their reduced MWs. Compound 8c illustrates the second Cl
atom was also unnecessary for CSF-1R potency. In terms of ¢ Log P
and lipophilic efficiency (LipE),° compounds 8a and 8c are an
improvement of approximately one order of magnitude.
Furthermore, the hERG potential of this series was significantly re-
duced as evidenced by the reduction in inhibition of the binding of
fluorescently tagged dofetilide to the hERG channel.®¢ As a result,
compound 8c was then utilized as the core pharmacophore onto
which the DFG-out tail group was incorporated.

The requisite extended benzyl alcohols 10a-b, 16, and 17 and fi-
nal potential DFG-out binding hybrid inhibitors 12a-b and 18a-b
were prepared as shown in Schemes 2 and 3. Benzaldehyde 9 was
alkylated with para-methoxybenzyl chloride and then reduced with
sodium borohydride to give benzyl alcohol 10a. Pyridine derivative
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Scheme 3. Reagents and conditions: (a) 4-methoxybenzyl alcohol, NaH, DMF; (b)
(i) n-BuLi, THF, —60 °C; (ii) DMF; (c) NaBH,4, THF, MeOH. (d) (i) mCPBA, CH,Cly; (ii)
NaOMe, MeOH; (e) 5, KOtBu, THF, 60 °C; (f) 7, Pd(PPh3),Cl,, 2 M Na,COs;, DME,
80 °C; (g) 5, Cs,CO3, DMF, 70 °C.
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10b was prepared by O-methylation of pyridone 11'° with trimeth-

ylsilyldiazomethane. Benzyl alcohols 10a-b were then reacted with
dibromoaminopyrazine 5, followed by Suzuki coupling.

Pyridine derivatives 16 and 17 were prepared starting with
5-bromo-2-chloro-3-methoxypyridine (13) as shown in Scheme
3. Displacement of the chloride with 4-methoxybenzyl alcohol
followed by lithium-halogen exchange and trapping with DMF
gives aldehyde 15. Aldehyde 15 was reduced with sodium borohy-
dride to give alcohol 16. Alcohol 16 was reacted with 5 followed by
Suzuki coupling to give pyridine analog 18a. Baeyer-Villiger rear-
rangement of aldehyde 15, followed by hydrolysis in methanolic
sodium methoxide gave phenol 17. Nucleophilic displacement in
the presence of cesium carbonate followed by Suzuki coupling
gave analog 18b.

Table 2 shows potency of compounds 12a-b and 18a-b.
Incorporation of the GW2580-like DFG-out tail (12a) resulted in

Figure 3. X-ray crystal structure of compound 12b in CSF-1R at 3.4 A resolution in a
DFG-out binding mode (Ref. 4; RCSB code 3LCO).

Table 2
DFG-out binding leads

a dramatic 36-fold enhancement in CSF-1R potency over 8c, pre-
sumably properly accessing the deep binding pocket revealed in a
DFG-out binding mode. Similarly, pyridine variants of this
methoxyphenyl-PMB tail were also quite potent (12b and 18a).
In contrast to GW2580, these analogs have an additional oxygen
atom in the linker between the hinge binding aminopyrazine and
the DFG-out tail group, yet still inhibit CSF-1R with a high degree
of potency. Pyridine analog 18b demonstrates that the OCH, linker
can be shortened to a single oxygen atom, analogous to the 1-atom
linker length of the GW2580 scaffold, resulting in a slight improve-
ment in CSF-1R potency.

To ascertain whether compounds 12a-b and 18a-b were in-
deed binding in a DFG-out mode, compound 12b was co-crystal-
lized with CSF-1R. A relatively low resolution structure of 12b
with CSF-1R showed that 12b was indeed binding in a DFG-out
mode (Fig. 3).# Although hydrogen bonding interactions cannot
be definitively determined given the resolution of the crystallo-
graphic data, the methoxy and benzyloxy oxygen atoms are near
D796 in a manner similar to GW2580. A hydrogen bonding interac-
tion with this residue is likely a key requirement for binding and
accessing the DFG-out deep pocket.

By transforming a series of DFG-in CSF-1R inhibitors to DFG-
out inhibitors, we have established a potent series more suitable
for lead development. In contrast to 3a-b, which were less attrac-
tive in terms of MW, LE, LipE, and hERG potential, 12a-b and
18a-b have significantly reduced MW, cLog P, improved LipE,
and reduced hERG potential (Tables 1 and 2). For example, LipE’s
were improved 2-3.5 orders of magnitude and MW’s were re-
duced into the 425-450 range. Furthermore, the potency and li-
gand/lipophilic efficiency enhancements were made in a more
relevant cell-based assay system as opposed to a biochemical en-
zyme assay.

In summary, we have successfully utilized SBDD to transform a
classical DFG-in binding mode HTS hit into a class of potent DFG-

!
N
Compd CSF-1R ICs¢® (nM) MW LE cLogP LipE
geh
12a \/@:O 56 447 030 338 35
0
- O/
Jeh
12b NZ | 0o 143 448 028 31 37
0
3 SN
L
18a N | © 30 448 031 3.1 44
J x
.0 o~
Jeh
18b Za | 0 12 434 034 29 5.0
S e

@ Ref. 3.
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out binding CSF-1R inhibitors with potential to be developed into
viable CSF-1R kinase inhibitor drug candidates.
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