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Chemically diverse fragment hits of focal adhesion kinase (FAK) were discovered by surface plasmon res-
onance (SPR) screening of our in-house fragment library. Site specific binding of the primary hits was
confirmed in a competition setup using a high-affinity ATP-site inhibitor of FAK. Protein crystallography
revealed the binding mode of 41 out of 48 selected fragment hits within the ATP-site. Structural compar-
ison of the fragment binding modes with a DFG-out inhibitor of FAK initiated first synthetic follow-up
optimization leading to improved binding affinity.

� 2013 Elsevier Ltd. All rights reserved.
The nonreceptor tyrosine kinase FAK (EC 2.7.10.2) is composed
by an N-terminal FERM domain (Four-point-one, ezrin, radixin,
moesin), which regulates the enzymatic activity of its C-terminal
kinase domain (KD).1,2 Direct interaction of the FERM domain with
the kinase C-lobe occludes the ATP-binding site and maintains an
auto-inhibited conformation also by protecting the activation loop
from phosphorylation by Src kinase. The auto-inhibitory state can
be released upon interaction with FERM binding partners such as
integrins and growth factors, underlining the important role of
FAK in integrating diverse cellular signalling pathways. Disruption
of the FERM–KD interaction leads to auto-phosphorylation of
Tyr397 in the linker region and exposure of the activation loop.
This is followed by binding of Src and phosphorylation of Tyr576
and Tyr577 within the FAK activation loop resulting in full catalytic
activation of the enzyme.3,4 Apart from playing a key role in regu-
lation of normal cellular activities such as adhesion, migration and
survival, FAK is also involved in cancer cell invasion, metastasis
and survival. Therefore, FAK has been reported as attractive target
for oncology and small molecule inhibitors are already in clinical
phase-1 testing.5–7

Fragment-based lead discovery (FBLD) is considered as valuable
technology within the pharmaceutical industry and has been re-
ported to deliver lead series for a variety of drug targets.8–10 FBLD
uses a diverse library (�103 molecules) of small molecules with
MW typically below 250 Da for screening in contrast to high-
throughput screening of large libraries (�106 molecules).
Fragments allow the sampling of a greater portion of chemical
diversity and exploration of more binding motifs within the target.
Even weak binding interactions of fragments to the protein target
can be detected by applying high compound concentrations in bio-
physical methods such as NMR, surface plasmon resonance (SPR),
or X-ray crystallography.8–10

In our FBLD campaign, we screened a library of 1920 fragments
against the immobilized kinase domain of FAK using SPR (Fig. 1a).11

Fragments were screened at a fixed concentration of 2 mM to re-
move ‘sticky’ and other bad behaving compounds.12 At such high
fragment concentrations, 80% of the fragments showed binding
to the FAK surface. Therefore, the remaining fragments were tested
again at 2 mM but in the presence of FAK-inhibitor I (Fig. 1b),
which has been published by Roberts et al. at Pfizer (PF-562,271)
as high-affinity ATP-competitive binder (IC50 = 1.5 nM).13 The
number of ‘false-positive’ hits (e.g., unspecific binders) could be
dramatically decreased by using the FAK-inhibitor I for SPR compe-
tition experiments and fragments binding specifically within the
ATP-pocket were identified. As a result, 180 fragments with a cor-
responding reduction in their binding levels in the presence of the
competitor were selected as primary hits. The primary fragment
hits were evaluated in further detail by SPR in titration series of
11 concentrations (1.95 lM to 2.0 mM). Steady state dissociation
constants (KD,ss) were determined by plotting the binding levels
at the end of the association phase against the concentration (see
Supplementary Fig. 3S for details) and then fitting the data to a sin-
gle-site binding isotherm.

The affinity determination by SPR confirmed 105 hits with KD,ss

values in the range of 13 lM to 3.5 mM, which were considered as
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Figure 1. (a) FAK fragment screening strategy and results. (b) Structure of the FAK-inhibitor I (PF-562,271) used for SPR competition titration.
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‘category A’ hits with highest confidence in binding.14 In addition,
30 ‘category B’ hits were discovered with the same characteristics
as the ‘category A’ hits, but with limited compound solubility in
Figure 2. (a) Classification of representative FAK fragment-screening hits by the numb
contact, red: acceptor contact). (b) The X-ray structure of FAK in complex with fragmen
monomers of the asymmetric unit (red: monomer A, green: monomer B). In both orient
(Glu500 and Cys502). The 2Fo–Fc electron density maps of the two binding modes are con
3 at 2.9 Å resolution (PDB ID: 4K8A) indicates one classical and two non-classical H-bond
The 2Fo–Fc electron density map contoured at 1r is shown in blue.
DMSO or aqueous solution. We selected 48 ‘category A’ and 2 ‘cat-
egory B’ hits by chemical diversity based on the Murcko framework
representation and ligand efficiency (LE, range between 0.21 and
er of H-bond interactions (mono- and bidentate) to the hinge region (blue: donor
t 6 at 2.7 Å resolution reveals alternative fragment binding orientations in the two
ations, bi-dentate H-bond contacts (distances in Å) are formed to the hinge region
toured at 1r are shown in blue. (c) X-ray structure of FAK in complex with fragment

s (distances in Å) between the pyridine ring and the hinge region (Glu500 & Cys502).



Fig. 2 (continued)

U. Grädler et al. / Bioorg. Med. Chem. Lett. 23 (2013) 5401–5409 5403
0.61) for protein crystallography using the kinase domain of
FAK.15,16 Our next goal was to determine as much protein-frag-
ment structures as possible for a comprehensive exploration of
binding interactions within the ATP-site of FAK. We therefore per-
formed several soaking and co-crystallization experiments using
saturating fragment concentrations of up to 10 mM.17 In detail,
we prepared 313 FAK crystals and successfully collected 121 data-
sets at the SLS synchrotron. Refinement of these datasets yielded
41 X-ray structures with clearly defined binding modes of the
respective fragment within the ATP-site out of 48 selected ‘cate-
gory A’ SPR hits, revealing a hit confirmation rate of 85%. The 41
X-ray structures were solved at resolutions between 2.0 and
2.9 Å and covered a fragment KD,ss-range between 43 lM and
3.5 mM. However, for 9 fragments including the 2 ‘category B’ hits
(KD,ss-range 13 lM–1.9 mM), difference electron densities in the
ATP-site or other potential pockets were either ambiguous or not
defined in multiple datasets (<3 Å) analyzed.

All 41 fragment hits validated by X-ray crystallography bound
within the ATP-site of FAK and were classified based on the H-bond
interaction pattern towards the hinge region (Fig. 2a). We observed
mono- and bidentate H-bonds to the hinge region backbone
amides of Glu500 and Cys502 formed by donor and acceptor
groups within a variety of chemical scaffolds. Monocyclic hinge-
binders such as 2-aminopyridine 1, aminopyrimidine 2 or
pyridines 3–4 as well as bicyclic scaffolds comprised in fragments
5–8 are well known interaction motifs in kinase inhibitors.18 A fine
balance of high ligand efficiency, synthetic feasibility and struc-
ture-based design yielded optimized inhibitors for many targets
either by fragment growing, merging or linking.19,20 In the present
study, we focused our initial attempts of hit optimization on the
fragments with the highest ligand efficiencies: 3 (LE = 0.46) and 6
(LE = 0.61). In the crystal structure of FAK in complex with pyrol-
o-pyrazole 6, we observed two alternative fragment binding orien-
tations in both monomers of the asymmetric unit (Fig. 2b,
Supplementary Table S1).21 In both orientations, bidentate
H-bonds are formed between one of the pyrazole rings and the
backbone amides of Glu500 and Cys502 of the hinge region. The
binding modes of 6 are distinguished by the different orientation
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of the methyl group in 3-position interacting with the gatekeeper
residue Met501 or rotated by 180� towards Cys502 (Fig. 2b). A sim-
ilar lipophilic interaction to Met501 is observed in the X-ray struc-
ture of FAK for the bromine atom of 3 (Fig. 2c, Supplementary
Table S1). In the FAK�3 structure, the fragment binding mode is
identical in both monomers revealing the pyridine as monodentate
hinge-binder (Fig. 2c).

The majority of reported protein kinase inhibitors bind
ATP-competitive to the active kinase conformation (type I inhibi-
tors) resulting in often limited kinase selectivity due to the high se-
quence conservation within the ATP-site. Targeting alternative
conformations such as type II or type III characterized by a DFG-
out conformation of the activation loop resulted in inhibitors with
Figure 3. (a) The X-ray structure of human FAK in complex with 13 (PDB ID: 4K9Y) in
Comparison of FAK X-ray structures with the type II binder 13 (red) and the type I inhib
binding position of a short helical part of the activation loop including Phe565 of the D
an improved selectivity profile.22 Highly selective type III FAK
inhibitors binding ATP non-competitively have been recently
reported.23 We previously described the structure-guided optimi-
zation of fragment hit 5 by merging with essential pharmaco-
phores of the Pfizer-inhibitor I (PF-562,271) to target a unique
helical activation-loop conformation of FAK.24 A novel fragment
merging opportunity became possible by our discovery of FAK
inhibitor 13 with submicromolar potency (IC50=266 nM,
KD,ss=111 nM) in a high-throughput screening campaign of FAK.25

The crystal structure of FAK in complex with 13 was solved at
2.0 Å resolution and revealed a DFG-out conformation of the acti-
vation loop typical for type II inhibitor binding (Fig. 3a, Supple-
mentary Table S1). Overall, the FAK�13 structure is similar to the
dicates a DFG-out conformation of Phe565 and specific H-bonds (dotted lines). (b)
itor I (PF-562,271; green; PDB ID: 3BZ3). The substituted pyrazole of 13 adopts the
FG-motif. In the DFG-out conformation, Phe565 is shifted towards the ATP-site.



Figure 4. (a) Superimposition of FAK structures with type II binder 13 and fragment 6 indicates 5-membered rings (green) as purine replacements. Our design strategy
included the diarylurea substituent of 13 (red) and 5-rings such as pyrazole or imidazole (green) bearing H-bond interactions to the hinge region. (b) Structural overlay of
type II binder 13 and fragment 3 suggests 6-membered rings such as 3-pyridine (blue) as purine replacements. Our design strategy maintained the diarylurea substituent of
13 (red) in combination with 6-rings as hinge binders.

N
H
NH2

N
N NH2

N
N N

H
N
H

O N
a b

14 15 27

Scheme 1. Reagents and conditions: (a) Pivaloylactonitrile, toluene, 110 �C, 4 h; (b)
(i) phenyl chloroformate, THF, pyridine, 0 �C to rt, 5 h, (ii) 4-pyridin-3-yl-phenyl-
amine, DMSO, 90 �C, 12 h.
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closely related proline-rich tyrosine kinase (PYK2) in complex with
the diarylurea inhibitor PF-4618433 (PDB ID: 3BZ3, Supplementary
Fig. 1S).26 Indeed, 13 also inhibits PYK2 in a similar range
(IC50 = 414 nM) as FAK underlining the high sequence identity of
about 60% between the two kinases.27 In FAK, the 5-tert-butyl-2-
p-tolyl-pyrazole ring of 13 is buried into a lipophilic backpocket
induced by conformational shift of Phe565 from the DFG-motif to-
wards the ATP-site. Structural comparison with FAK�I demon-
strates, that the substituted pyrazole ring of 13 partly adopts the
binding position of the helical activation-loop involving residues
Asp564 to Arg569 (Fig. 3b). This helical part is even shorter
(Leu567-Tyr570) in the DFG-out structure and in van-der-Waals
contact with the p-tolyl group of 13. In the DFG-out position,
Phe565 interacts via lipophilic contacts with the phenyl ring of
13, which links the purine ring and the urea group attached to
the pyrazole. The urea moiety of 13 forms H-bonds to Glu471 of
the aC-helix and the backbone amide nitrogen of Gly563 preceding
the DFG-motif. Surprisingly, the 5-membered ring of the purine



Table 1
SAR-table of optimized 5-rings

N
N

NH O

NH

R

FAK biochemical assay FAK SPR result HT-29a

Compound R IC50
b (lM) KD (lM) kd (s�1) ka (M�1s�1) IC50 (lM)

13 N
N

N

N

NH2

0.266 0.111 0.0007 6855 0.75

16 N
N

7.7 1.04 0.0017 1612 >10

17
N

N 9.1 1.53 0.0026 1706 >10

18
N

N

N >10 3.12 0.0037 1175 n.d.

19 NN
N

SH

>10 4.00 0.0033 819 n.d.

20 N
N

Cl

Cl
8.4 4.59 0.0014 297 >10

21
N

N >10 9.02 0.0037 410 n.d.

22
N

S

N
>10 10.8 0.0038 356 n.d.

23
N

N

N N >10 12.4 0.0079 636 n.d.

24
NO

>10 15.9 0.0055 348 n.d.

25
N

N

N N >10 17.1 0.0123 720 n.d.

26
NN
N >10 17.6 0.0037 210 n.d.

a Tyr397 phosphorylation of FAK in HT-29 cells (n.d. = not determined).25

b Mean of three determinations, variations about ± 5%.
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scaffold of 13 contacts the hinge region by one classical H-bond to
Cys502 and one non-classical H-bond to Glu500 (Fig. 3a). Differ-
ently to the binding mode of ATP, none of the 6-membered purine
ring N-atoms forms direct H-bonds to the hinge region. Also, the
exocyclic amine group of 13 is oriented in H-bond distance to
the carbonyl O-atom of Cys502 and not of Glu500, as in the
FAK-structure with ATP (Supplementary Fig. 2S). As indicated by
the observed H-bond pattern, the purine ring of 13 might not be
an optimal hinge-binder in combination with the phenylurea
linker and the substituted pyrazole in the type II backpocket.
Therefore, we inspected our fragment hits for suitable hinge bind-
ers with less molecular weight and heteroatom content as the pur-



Table 2
SAR-table of optimized 6-rings

N
N

NH O

NH

R

FAK biochemical assay FAK SPR result HT-29 a

Compound R IC50
b (lM) KD (lM) kd (s�1) ka (M�1s�1) IC50 (lM)

13 N
N

N

N

NH2

0.266 0.111 0.0007 6855 0.75

27
N

7.0 0.77 0.0008 1091 >10

28
N

NH2
5.0 3.1 0.0008 262 n.d.

29
N

>10 38.8 0.0129 332 n.d.

30 N

N O

O

>10 9.63 0.0012 124 n.d.

31
N

O
>10 >100c — — n.d.

32

N

O
>10 >25d — — n.d.

a Tyr397 phosphorylation of FAK in HT-29 cells (n.d. = not determined).25

b Mean of three determinations, variations about ± 5%.
c No binding observed up to a compound concentration of 100 lM.
d Solubility issues observed for compound concentrations >25 lM.
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ine ring to also reduce the polar surface area for optimal pharma-
cokinetic properties.

Superimposition of the FAK crystal structures in complex with
13 and the fragment hits 3 and 6 readily engendered ideas for
introducing alternative hinge-binders. The hinge binding pyrazole
ring of 6 suggested purine replacement by a 5-membered ring
bearing an acceptor N-atom in the 3-position to the phenylurea
linker for contacting the backbone-NH donor of Cys502 (Fig. 4a).
Alternatively, superimposition with fragment hit 3 led to 6-mem-
bered rings like 3-pyridine as purine surrogates to form suitable
H-bonds with Cys502 (Fig. 4b). Accordingly, we prepared phenylu-
rea substituted pyrazoles 16–26 and 27–32 (5- and 6-ring hinge-
binders) in a two-step sequence starting from the commercially
available p-tolylhydrazine 14 (Scheme 1). Synthesis of the three-
fold substituted pyrazole 15, the activation procedure via the
phenyl carbamate and the preparation of ureas like 27 were con-
ducted as described before.3,28,29 Binding affinities measured in
the biochemical FAK assay revealed significantly increased IC50s
of more than 20-fold for all synthesized derivatives 16–32
compared to the HTS-hit 13 (IC50 = 266 nM). Indeed, only three
5-ring analogues bearing an imidazole ring as hinge-binder
showed IC50s below 10 lM: 16 (IC50 = 7.7 lM), 17 (IC50 = 9.1 lM)
and 20 (IC50 = 8.4 lM) (Table 1). However, binding was confirmed
by SPR with dissociation constants in the range between 1.04 and
17.6 lM for all 5-ring analogues 16–26. Both assays indicated the
4-methylimidazole derivative 16 as the most potent follow-up
compound (IC50 = 7.7 lM, KD = 1.04 lM). In the series of 6-ring
hinge-binders, the 3-pyridine 27 was the most active analogue
with submicromolar affinity (KD = 0.77 lM) in the SPR binding
assay (Table 2).

A closer analysis of binding kinetics suggests, that purine
replacement in 13 by 5- or 6-rings was accompanied by a drop
in association (ka, on-rate) and by an increase in dissociation rate
constants (kd, off-rates). The on-rate of the most active 5-ring
and 6-ring derivatives is reduced by factors of 4–6 (16: ka = 1612 -
M�1 s�1; 27: ka = 1091 M�1 s�1) compared to 13 (ka = 6855 M�1 -
s�1). However, the off-rates of 16 (kd = 0.0017 s�1) and 27
(kd = 0.0008 s�1) are already in a similar range as for 13
(kd = 0.0007 s�1) indicating a slow release of the deeply buried
inhibitor from the protein as reported for other type II binders.30

Indeed, the X-ray structure of FAK in complex with 27 confirmed
the type II binding mode as observed for 13 as well as the designed



Figure 5. Comparison of FAK X-ray structures with the original type II binder 13
(green), fragment hit 3 (blue) and the designed follow-up inhibitor 27 (red, PDB ID:
4KAO). Fragment-merging maintained a type II binding conformation of 27 with 3-
pyridine as suitable purine replacement for H-bond interaction (dotted line) to the
hinge region.
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H-bond of the 3-pyridine ring towards the backbone-NH of Cys502
(Fig. 5). A prolonged residence time has been proposed as useful
parameter in the context of compound optimization towards
cellular and in vivo efficacy.31,32 In our previous structure-based
optimization study of fragment hit 5 we concluded, that off-rates
below 0.01 s�1 seem to be necessary for achieving submicromolar
inhibition of FAK autophosphorylation at Tyr397 in HT-29 cells.24

However, cellular activity was observed only for the initial
Table 3
Physicochemical properties and in vitro ADME parameters

Compd Solubilitya (lM) HBAb HBDb LogD pH 7.4c LogPd tP

13 7.1 10 3 4.05 3.98 12
16 4.7 7 2 4.08 4.83 77
17 23.1 7 2 3.85 4.35 77
18 48.5 8 2 3.94 4.07 90
19 49.6 8 2 3.89 2.86 12
20 16.9 7 2 3.96 >5.4 77
21 14.1 7 2 4.33 4.60 77
22 15.2 7 2 4.58 5.15 85
23 48.2 9 2 3.81 3.86 10
24 18.2 7 2 4.49 4.96 85
25 45.4 9 2 3.79 4.14 10
26 89.8 8 2 3.21 3.34 90
27 9.3 6 2 4.25 4.84 98
28 39.2 7 3 3.88 5.13 72
29 15.2 6 2 3.58 >5 72
30 4.9 9 2 3.94 >5.4 10
31 2.8 7 2 4.02 4.25 81
32 9.3 7 2 3.94 >5.4 81

a The kinetic solubility was measured in phosphate buffer at pH 7.4 by HPLC.
b Number of H-bond acceptors (HBA) and H-bond donors (HBD) calculated with MOE
c Measured logD at pH 7.4.
d Measured logP.
e The topological surface area (tPSA) was calculated with MOE.36

f The in vitro clearance was measured in human and mouse liver microsomes (n.d. =
g Serum protein binding (fub = fraction unbound).
h Cyp assay versus 1A2, 2C8, 2C9, 2C19, 2D6, and 3A4.
i Cyp IC50s of 0.4, 0.8 and 0.4 lM versus 2C8, 2C9 and 2D6.
j Cyp IC50s of 6.9 and 5 lM versus 2C9 and 2D6.
k Cyp IC50 of 4.8 lM versus 2D6.
HTS-hit 13 (P-Tyr397-FAK (HT-29) IC50 = 0.75 lM), but not for
the 5- and 6-ring derivatives 16 and 27 (P-Tyr397-FAK (HT-29)
IC50 >10 lM) despite their low off-rates below 0.01 s�1.25 There-
fore, a low off-rate alone might not be sufficient for cellular activity
and additional properties such as target potency, cell permeability
or plasma protein binding need to be further optimized.

As first guidelines for ADME fine tuning, we have analyzed rel-
evant experimental physicochemical parameters such as solubility,
logD, log P and the in vitro clearance (Clint) of our series (Table 3).
The logD-values of the series analogues are not very different in
the range between 3.2 and 4.6 and might be further diminished
to achieve permeable and metabolic stable compounds (logD
range of 1.0–2.0).33 Reduction of the polar surface area is often
beneficial in the optimization of compound properties including
cellular potency and intestinal permeability.34 Indeed, the topolog-
ical polar surface area (tPSA) was reduced in most 5- and 6-ring
analogues bearing hinge-binders with less H-bond acceptor and
donor atoms (Table 3).35,36 The decreased polarity had no adverse
effect on aqueous solubility (S), which was even slightly improved
in several potent 5- and 6-ring derivatives such as 17 (S = 23.1 lM)
or 28 (S = 39.2 lM) in comparison to the HTS-hit 13 (S = 7.1 lM).
Classification bands of the in vitro clearance (Clint) in liver micro-
somes were used to categorise compounds into low, medium or
high clearance.37–39 The HTS-hit 13 revealed high Clint-values in
human and mouse liver microsomes (202 and 87 lL/min/mg).
The in vitro clearance of the most active 5- and 6-ring derivatives
16, 17 and 27 was reduced and analogues such as 23–25 can al-
ready be classified as medium clearance compounds with human
Clint values below 50 lL/min/mg. However, the clearance need to
be further reduced (<10 lL/min/mg) in order to allow first
in vivo efficacy evaluation in mouse. In addition, the high plasma
protein binding of the HTS-hit and analogues might also be still
in a suboptimal range as indicated by low fraction unbound values
(fub) <1% (Table 3). Regarding metabolic stability, most series ana-
SAe (Å2) Microsomal stability,f

ClInt (lL/min/mg)
Serum protein
binding,g fub (%)

CYP IC50
h (lM)

Human Mouse Human Mouse

9 202 87 0.1 1 >10
85 75 0.06 0.1 >10
58 44 0.07 0.37 i

98 29 0.1 0.54 j

9 455 124 0.35 0.3 k

91 114 <0.01 <0.01 >10
119 85 0.88 0.66 >10
146 197 0.06 0.08 >10

3 46 60 0.88 0.69 >10
46 36 0.05 0.14 >10

3 26 36 0.19 0.47 >10
64 31 2 1.2 >10
121 96 0.04 0.06 >10
97 83 n.d. n.d. >10
104 53 <0.1 <0.1 >10

3 28 43 n.d. n.d. >10
n.d. n.d. n.d. n.d. >10
101 65 n.d. n.d. >10

.36

not determined).
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logues showed no cytochrome P-450 (CYP) inhibition below 10 lM
with the exception of the imidazole derivative 17 (Table 3). The
introduction of additional lipophilic substituents into the core
structure might be limited based on logP-values around 5 for most
analogues. Structure-based design guided by our FAK-fragment X-
ray structures might identify positions in our 5- and 6-ring ana-
logues for adding at least one specific H-bond to also improve
the on-rates of binding.

Finally, we monitored the impact of exchanging the purine
hinge-binder of 13 by measuring kinase selectivity in comparison
with the 5- and 6-ring derivatives 16 and 27. The compounds were
tested in a panel of 48 protein kinases using a radioactive filter-
binding assay resulting in the inhibition of 14 kinases with
<�50% effect at 1 lM for 13 and smaller portions for 16 (6 out of
48) and 27 (7 out of 45, Supplementary Table S2). These data give
only a first estimate of selectivity, since they are not based on IC50s
and limited to only 10% of the kinome. Also, the FAK affinities
based on the Kd,ss-values for 16 and 27 are 10- and 7-fold lower
compared to 13.

In summary, we have identified a significant number of alterna-
tive hinge-binders for FAK by SPR and elucidated their detailed
binding mode by protein crystallography. Fragment-merging by
combining suitable 5- and 6-membered hinge-binders with a type
II inhibitor discovered by HTS resulted in follow-up compounds
with comparable off-rates, but reduced binding affinity. The large
variety of identified fragments bound to the ATP-site of FAK to-
gether with the type II inhibitor will further guide our hit-optimi-
zation efforts to increase the on-rate to achieve suitable cellular
potency. Fragment-growing might be used to exploit potential
alternatives of the urea moiety facilitating the type II conformation
to further enhance kinase selectivity.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bmcl.2013.07.
050.
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