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A screening campaign of a diverse collection of �250,000 small molecule compounds was performed to
identify inhibitors of proline-rich tyrosine kinase 2 (Pyk2) with potential osteogenic activity in osteoblast
cells. Compounds were prioritized based on selectivity following a counter-screen against focal adhesion
kinase (FAK), a closely related kinase. 4-Amino and 5-aryl substituted pyridinone series were identified
that showed strong biochemical potency against Pyk2 and up to 3700-fold selectivity over FAK. Modeling
analysis suggested that structural differences in the substrate binding cleft could explain the high selec-
tivity of these chemical series against FAK. Representative compounds from each series showed inhibi-
tion of Pyk2 autophosphorylation in 293T cells (IC50 �0.11 lM), complete inhibition of endogenous
Pyk2 in A7r5 cells and increased levels of osteogenic markers in MC3T3 osteoblast cells (EC50’s
�0.01 lM). These results revealed a new class of compounds with osteogenic-inducing activity in osteo-
blast cells and a starting point for the development of more potent and selective Pyk2 inhibitors.

� 2009 Elsevier Ltd. All rights reserved.
Bone diseases associated with loss of bone such as osteoporosis
represent an imbalance between the rate of bone formation and
the rate of bone resorption. During normal remodeling of the skel-
eton, osteoclast cells digest mineralized bone and osteoblast cells
follow with the replacement of new bone in a ‘coupling’ process.
Failure of osteoblasts to counter the osteoclast resorptive effects
can lead to the gradual net loss of bone that may be associated
with decreases in bone mineral density and strength, and increased
risk of fracture. Currently recombinant human parathyroid hor-
mone (rhPTH, 1–34; teriparatide), that functions through the para-
thyroid hormone 1 receptor (PTH1R), is the only FDA approved
marketed therapeutic with bone anabolic activity.1,2

The non-receptor protein tyrosine kinase Pyk2 was originally
identified as an enzyme abundantly expressed in the brain and reg-
ulated by various extracellular signals that increased intracellular
calcium.3 Pyk2 plays a role as a mediator of intracellular signaling
where Pyk2 phosphorylation leads to activation of the ERK path-
All rights reserved.

on of this manuscript.
way via recruitment of Src and also activation of the JNK pathway.4

Recent evidence suggests an important role for Pyk2 in both
resorptive and anabolic effects in bone. Pyk2 is structurally related
to focal adhesion kinase (FAK) sharing 76% homology in the kinase
domain and 88% identity in the active site region that is defined by
a canonical set of residues whose side chains are directed into the
ATP-binding site.

Previously it was shown that Pyk2 was required for the bone
resorptive function of osteoclast cells.5–10 In these studies, Pyk2
was expressed in osteoclasts and found to be present in the sealing
zone. The phosphorylation of Pyk2 correlated with formation of the
actin-rich sealing zone and the spreading of osteoclasts.5 Adenovi-
rus overexpression of Pyk2 antisense inhibited osteoclast function
by preventing cell spreading and bone resorption in vitro.7 Pyk2
activity was dependent on binding to Src and Cbl, where the
deletion of both is known to decrease osteoclast cell migration
and lead to osteopetrosis.6,8,9 Recently it was demonstrated that
Pyk2�/� mice had osteopetrosis of bone and impaired osteoclast
function.11 Partial rescue of the osteoclast-dependent phenotype
was observed with a kinase-negative Pyk2 mutant, suggesting that
Pyk2 function may include recruitment of signaling molecules as
well as kinase activity.

http://dx.doi.org/10.1016/j.bmcl.2009.07.084
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Pyk2 has also been implicated in osteoblast biology.12–14

Recently it was shown that Pyk2�/� mice had greater than normal
bone mass that was apparently driven by increases in osteoblast
number and activity.15 In the same study, a small molecule Pyk2/
FAK dual inhibitor, PF-431396 (Fig. 1) prevented the loss of bone
in ovariectomized rats. Furthermore, overexpression of a catalyti-
cally inactive Pyk2 mutant K457A was shown to increase mineral-
ization in human mesenchymal stem cell (MSC) cultures
suggesting a non-enzymatic Pyk2 function. Taken together, these
findings supported a role for Pyk2 in the regulation of bone mass
and suggested that Pyk2 inhibition could potentially have anabolic
effects in bone.

The kinase domain of human Pyk2 (amino acids 404–708) was
used in a homogeneous time-resolved fluorescence (HTRF)-based
biochemical assay16 to screen �250,000 compounds from a diverse
chemical collection. Compounds that were found to inhibit Pyk2
were counter-screened in a similar HTRF-based assay for FAK, in
order to facilitate identification of selective compounds at an early
stage of the screening process. Here we report the structure–activ-
ity relationship (SAR) trends in potency and selectivity of two re-
lated series of pyridinone-based Pyk2 inhibitors. Representative
compounds 1 and 2 (Fig. 1) demonstrated potent inhibition of
Pyk2 autophosphorylation in cellular assays and showed osteo-
genic-inducing activity in mouse MC3T3 osteoblast cells.

4-Amino and 5-aryl substituted pyridinones had been prepared
as previously reported17 and SAR data are shown in Table 1. Both
series provided potent compounds with R2 = methylamino (1) or
R3 = thiophen-2-yl (2), as well as excellent FAK selectivity (12 to
>3700-fold). In the 4-amino series, a tertiary amine resulted in re-
duced Pyk2 inhibition (3 vs 1). Larger 2-methoxy-ethylamino (4) or
tetrahydro-2H-pyran-4-ylamino (5) groups were tolerated by
Pyk2, but additional favorable contacts with FAK may have been
made as selectivity dropped to 30-fold in 5. Interestingly, FAK
selectivity with the 2-methoxy-ethylamino substituent could be
restored by deleting the quinoline 6-methoxy group (8), without
significant loss of Pyk2 potency. The 4-methylpiperazin-1-yl com-
pound 6 was less active on both Pyk2 (IC50 = 2.8 lM) and FAK (IC50

>125 lM) than 4 or 5. Phenylamino substituted compound 7 was
about 40-fold less potent on Pyk2 than compound 1. Compound
9 indicated that the 1-benzyl group was less favorable than 1-phe-
nyl (9: Pyk2 IC50 = 0.17 lM, vs 1: IC50 = 0.035 lM).

In the pyridinone 5-aryl series, heteroaryl substituents thio-
phen-2-yl (2) and pyridin-3-yl (10) provided potent compounds
(Pyk2 IC50 = 0.053 and 0.033 lM, respectively). Compound 11 bear-
ing a benzyl substituent was also potent against Pyk2
(IC50 = 0.049 lM), but was much less selective (37-fold versus
FAK) than other compounds in this series. Deletion of the quinoline
6-methoxy in pyridine-3-yl compound 10 resulted in a compound
that maintained FAK selectivity (12: IC50 > 125 lM), but showed a
10-fold loss in Pyk2 potency (12 vs 10). Pyrazin-2-yl 13 also had
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Figure 1. Reported Pfizer Pyk2 inhibitor PF-43139615 and representative lead screenin
poor Pyk2 potency. 6-Desmethoxy quinoline may have been better
tolerated in the 4-amino pyridinones.

A previously described hierarchical molecular modeling meth-
od18 was used to dock compound 1 into both Pyk2 and FAK. Pub-
licly available crystal structures for unphosphorylated Pyk219

(apo) and phosphorylated FAK20 (co-crystal with adenylyl-imid-
odiphosphate, AMPPNP) showed no significant differences in the
adenosine binding pocket. The overall predicted binding modes
for compound 1 in Pyk2 and FAK were very similar, with a shape
consisting of the quinoline ring on the left creating one plane
and the three rings on the right creating a second plane that ex-
tended into the substrate pocket (Fig. 2). However, modeling anal-
ysis suggested that differences in the substrate binding cleft could
contribute to the selectivity associated with compounds from the
pyridinone series in Table 1. This cleft appeared to be significantly
narrower in FAK (Fig. 2A), resulting in the pyridinone N-phenyl
group sitting unfavorably against the polar face of FAK’s Arg550-
Asp546 salt-bridge, according to the most energetically favorable
predicted binding mode. In contrast, in Pyk2’s wider substrate
binding cleft, the Arg553-Asp549 ionic interaction in Pyk2 was pre-
dicted to exhibit a very different behavior, with the hydrophobic
face of the salt-bridge lying parallel to the face of the N-phenyl
ring.

The R2 methylamino group of compound 1 contained an impor-
tant hydrogen bond donor that was predicted to contribute to the
planarity of N-pyridinyl-3-amido-2-pyridinone ring system via an
intramolecular hydrogen bond with the amide oxygen. R2 groups
lacking this NH, such as compounds 3 and 6 (Table 1) were unable
to maintain the second plane and showed a resultant loss of po-
tency toward both Pyk2 and FAK. Exaggerated effects on the latter
may have been due to an already tenuous N-phenyl-Arg553-
Asp549 interaction.

Two key residue differences between Pyk2 and FAK (Gly511/
Arg508 and Gln624/Lys621) may rationalize the structure–activity
relationship at the R3 position (Fig. 2B). According to the docked
models, in Pyk2, the Gly511 and Gln624 are both >10 Å from the
pyridinone R3 branch point, whereas in FAK the corresponding res-
idues Arg508 and Lys621 are roughly 7 Å away which would place
hydrophobic aromatic R3 substituents (compounds 2, 10, 12 and
13) directly in contact with the charged side chains of these resi-
dues. Large, hydrophobic substituents at the R3 position would
thus be predicted to interfere with FAK binding, leading to superior
selectivity against FAK. In compound 11, however, the phenyl ring
of the benzyl group appeared to exhibit sufficient conformational
flexibility to rotate this hydrophobic substituent away from the ba-
sic Arg508 and Lys621, thus restoring some binding to FAK. Overall
Pyk2 appeared to show much less sensitivity to R3 substituents,
consistent with the predicted binding modes that suggested the re-
gion occupied by R3 in Pyk2 to be much more open to bulk solvent
than it was in FAK.
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Table 1
Pyk2 and FAK biochemical IC50 data for 4-amino and 5-aryl substituted pyridinone analogs
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Compound R1 R2 R3 Pyk2 IC50
a (lM) FAK IC50

a (lM)

1 OMe Methylamino H 0.035 17
3 OMe Dimethylamino H 0.20 >125
4 OMe 2-Methoxy-ethylamino H 0.050 1.8
5 OMe Pyran-4-ylamino H 0.044 1.3
6 OMe 4-Methylpiperazin-1-yl H 2.8 >125
7 OMe Phenylamino H 1.5 18
8 H 2-Methoxy-ethylamino H 0.12 >125
9 0.17 >125
2 OMe H Thiophen-2-yl 0.053 >125

10 OMe H Pyridin-3-yl 0.033 >125
11 OMe H Benzyl 0.049 1.8
12 H H Pyridin-3-yl 0.43 >125
13 H H Pyrazin-2-yl 1.0 >125

a Values were the means of at least two experiments.
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Recently, the co-crystal structures of unphosphorylated Pyk2 in
a DFG-out conformation were released suggesting a new approach
for the design of more selective Pyk2 inhibitors.21 Interestingly, the
chemical structures of the current pyridinone series also appeared
to contain key features known to elicit DFG-out inhibition, an ex-
tended conformation with two H-bond acceptors separated by
�9 Å that are essential for satisfying the backbone NH groups of
both the linker residue (Tyr505) and the DFG motif’s Asp
(Asp567). However, upon examination of compound 1 docked into
the Pyk2 DFG-out structure (PDB entry 3FZT),21 we found the
resulting binding mode to be unfavorable, primarily due to the
pyridinone carbonyl oxygen being forced to reside unfavorably
close to the Glu474 carboxylate group, in order for the rest of the
Figure 2. Compound 1 docked into the apo crystal structure of Pyk2 (PDB entry 3CC6), d
complex with the non-hydrolyzable ATP analogue AMPPNP (PDB entry 2J0L) depicted in
that of FAK, with the resulting Arg-Asp ionic interaction presenting a more favorable face
between Pyk2 and FAK along the substrate binding cleft may contribute to the selectivi
compound to be accommodated by the DFG-out protein conforma-
tion. In addition, the DFG-out binding mode was not compatible
with the Pyk2 SAR shown for the pyridinone R2 and R3 groups, in
that the aryl substitutions led to steric overlap with Ile486 &
Leu540, respectively when modeled in the DFG-out mode. In con-
trast to the DFG-out modeling predictions, these substitutions did
not result in biochemical loss of Pyk2 inhibition. Furthermore,
according to sequence alignment of FAK and Pyk2 in the region
of the protein exclusively associated with DFG-out inhibition, no
residue differences exist to explain the dramatic target selectivity
over FAK observed by the pyridinone series described here. While
we cannot rule out the possibility that the pyridinone series bind
to the inactive DFG-out conformation of Pyk2, our analysis sug-
epicted in brown and into the protein structure of FAK obtained from a co-crystal in
green. A. The substrate binding cleft of Pyk2 was observed to be much wider than
to compound 1 in Pyk2 than in FAK. B. Key G511R/R508 and Q624/K621 differences

ty differences observed for the 4-amino and 5-aryl pyridinone chemical series.



Figure 3. Compound inhibition of Pyk2 Y402 autophosphorylation in stable 293T
cells conditionally expressing human Pyk2. Dose–response curves showed most
potent inhibition by compound 1 (POC = percent of control). Negative control
shown represents a compound with both Pyk2 and FAK biochemical activity
>125 lM.

Figure 4. Inhibition of PDGFBB-dependent Pyk2 Y402 autophosphorylation in A7r5
cells. Cells were cultured with 25 ng/ml PDGFBB for 5 minutes and treated with
compounds at a single dose of 2.5 lM. (A) Western blotting showing positive
control C1 (tetracycline-induced Pyk2 phosphorylation from 293T cells) and
negative control C2 (un-induced 293T cells) for Y402 phosphorylation. A, B, cells
cultured without or with PDGFBB; C, PF-431396; D, compound 1. (B) Quantitation
of ratio of Y402 phosphorylation to total Pyk2 showing complete inhibition by
compound 1 (D).
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gested instead that the majority of the inhibitory activity resulted
from binding to the activated DFG-in Pyk2 conformation.

Lead screening compounds 1 and 2 with Pyk2 inhibitory activity
and FAK selectivity were assessed for cellular activity in three
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Figure 5. Induction of osteogenic biomarkers by Pyk2 inhibitors in MC3T3 osteoblast c
showed increases in activity at two weeks (data not shown). Conditions for cell culture
independent assays. First, compounds were tested for their ability
to inhibit Pyk2 Y402 autophosphorylation in stably transfected
293T cells capable of conditionally overexpressing Pyk2. Thus cells
cultured in the presence of tetracycline were induced to express
human Pyk2 which was associated with increased Y402 autophos-
phorylation.22 When cells were cultured in the presence of Pyk2
inhibitors, cellular immunofluorescence assays demonstrated a
dose-dependent inhibition of Pyk2 Y402 autophosphorylation
(Fig. 3). The IC50 for compound 1 was �0.11 lM whereas com-
pounds 11 (�0.31 lM) and 2 (�1.12 lM) were less potent. There
was very little cellular activity observed with compound 3 in this
phosphorylation assay which appeared to correlate with its lower
biochemical potency shown in Table 1.

Compound 1 was next tested in a cellular assay expressing
endogenous Pyk2. We confirmed induction of Pyk2 Y402 auto-
phosphorylation by platelet derived growth factor beta (PDGFBB)
in rat aortic smooth muscle cells (A7r5) as shown previously.23,24

Stimulation of A7r5 cells with 25 ng/ml PDGFBB for 5 minutes
led to a �9-fold induction in Pyk2 Y402 autophosphorylation.
When cells were treated in the presence of compound 1, Western
blotting showed a decrease in PDGFBB-dependent Y402 autophos-
phorylation (Fig. 4A). Quantitation of Western blotting results
showed complete inhibition of PDGFBB-induced phosphorylation
by compound 1 (Fig. 4B).25

Following confirmation that the 4-alkylamino pyridinone series
inhibited Pyk2 Y402 autophosphorylation in vitro, the compounds
were next tested in an osteoblast functional assay. It was hypoth-
esized that if Pyk2 played a role in osteoblast function, inhibition of
Pyk2 would result in induction of an osteogenic response. Previ-
ously it was shown that the MC3T3 osteoblast cell line could be
used to assess the activity of osteogenic small molecules.26 Expres-
sion of Pyk2 in MC3T3 cells was confirmed to be present at a low
level when detected by mRNA analysis and Western blotting (data
not shown). When MC3T3 cells were cultured in the presence of
increasing concentrations of Pyk2 inhibitor compounds 1 and 2
for up to 3 weeks, a consistent, dose-dependent increase in the
production of the osteogenic markers alkaline phosphatase (ALP),
osteocalcin (OCL) and calcium was observed (Fig. 5). The EC50’s
for both compounds 1 and 2 were similar to each other and similar
for all three biomarkers at approximately 0.01 lM. These results
suggested that the potent osteogenic effects observed in MC3T3
cells were mediated by inhibition of Pyk2 phosphorylation.

The cellular activity of compound 1 showing inhibition of Pyk2
Y402 phosphorylation and enhanced osteogenic activity was con-
sistent with its biochemical profile. The high degree of biochemical
selectivity of compound 1 over FAK suggested that inhibition of
FAK was not required for stimulation of osteoblast activity. How-
ever, this would require confirmation of FAK inhibition in a FAK
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ells after three weeks in culture. ALP was measured at additional time points and
and compound dosing were as described previously.26
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cell-based assay. Compound 1 also demonstrated selectivity (IC50
>1 lM) over a limited number of other kinases that were counter-
screened including Jak1, Jak2, Jak3, Tyk2, PEK, PKR, and Aurora-2,
which ranged in Pyk2 active site homology from 73% to 84% and
in Pyk2 kinase domain homology from 39% to 57%.27 We cannot
rule out the possibility, however, that non-selective effects via
inhibition of other potential kinases accounted for part of the oste-
ogenic response.

Along these lines, although compound PF-431396 increased
bone formation in vivo,15 it was also reported to inhibit FAK activ-
ity28 and to show >50% inhibitory activity at 10 lM on more than
half of a panel of 35 diverse kinases outside of the FAK family,21

thus complicating interpretation of Pyk2’s role in osteogenesis.
However, the same group more recently reported21 on the DFG-
out binder PF-4618433, that demonstrated weaker Pyk2 potency
compared to PF-431396 but improved selectivity over a panel of
other kinases. In addition, PF-4618433 was reported to show en-
hanced osteogenic activity in human MSC cultures21 thereby pro-
viding additional evidence for a role of Pyk2 in osteoblast
biology. With significant FAK selectivity, the 4-amino and 5-aryl
substituted pyridinone series presented in this work represent a
unique starting point for further optimization of compounds for
bone anabolic effects.
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