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ABSTRACT: The DDR1 and DDR2 receptor tyrosine
kinases are activated by extracellular collagen and have been
implicated in a number of human diseases including cancer.
We performed a fragment-based screen against DDR1 and
identified fragments that bound either at the hinge or in the
back pocket associated with the DFG-out conformation of the
kinase. Modeling based on crystal structures of potent kinase
inhibitors facilitated the “back-to-front” design of potent
DDR1/2 inhibitors that incorporated one of the DFG-out
fragments. Further optimization led to low nanomolar, orally
bioavailable inhibitors that were selective for DDR1 and DDR2. The inhibitors were shown to potently inhibit DDR2 activity in
cells but in contrast to unselective inhibitors such as dasatinib, they did not inhibit proliferation of mutant DDR2 lung SCC cell
lines.

KEYWORDS: discoidin domain receptor, fragment-based drug design, back to front kinase design

Discoidin domain receptors, DDR1 and DDR2, are
transmembrane receptor tyrosine kinases that are

activated by collagen binding to their extracellular domain.1,2

DDR1 and DDR2 have been associated with extracellular
remodeling, cell adhesion, proliferation and migration, and they
have been linked to a number of human diseases, including
fibrotic disorders, atherosclerosis and cancer.3−5 There has
recently been evidence suggesting that DDR2 inhibitors would
be useful for the treatment of lung squamous cell cancer6,7

although the role of DDR2 may be more complex than first
realized.8−10 Hammerman et al.6,7 have shown that DDR2 is
mutated in approximately 4% of lung squamous cell cancer and
have presented data to suggest that these are gain of function
mutations. Hammerman et al.6 have also shown that cell lines
harboring these mutations are selectively sensitized through
knockdown of DDR2 by RNA interference or by treatment of
the multitargeted kinase inhibitor dasatinib.11 Selective DDR2
inhibitors would therefore be useful to probe the role of DDR2
and may have utility for the treatment of lung cancer.
To date, most DDR1/2 inhibitors have been derived from

cross-screening of existing kinase inhibitors.12 Initial com-
pounds often lacked selectivity over homologous enzymes such
as Bcr-Abl, but a number of recent papers have described more
selective inhibitors which all bind to the DFG-out form of the
enzyme.13−15 Gray and co-workers have identified DDR1/2
inhibitors by screening a library of compounds that had
previously been designed by mixing and matching motifs from
known Type II kinase inhibitors.14 The resulting compounds
were reported to be selective with IC50 values versus DDR1 and

DDR2 of approximately 100 nM, and experimental binding
modes in DDR1 were determined.14,16 Gao et al. have
published a series of potent Type II DDR1 inhibitors that are
selective over other kinases, including DDR2.13

In this Letter we describe a fragment based approach to the
discovery of potent and selective DDR1/2 inhibitors. We first
obtained a soakable crystal form of DDR1 suitable for high-
throughput crystallography and fragment screening (see
Supporting Information). Approximately 1500 compounds
from the Astex fragment library were screened against DDR1
using a protein thermal shift assay (TM). Hits from this assay
were progressed into X-ray structure determination, and around
50 fragment−protein complexes were determined. Additionally
protein−ligand complexes were also determined for 10−15
nonselective kinase inhibitors, including dasatinib. Most
fragments bound at the hinge region, but intriguingly, about
10 fragments bound in the back pocket of DDR1, which is only
accessible to the inactive DFG-out form of the protein. In our
experience of many fragment screens against kinases,17−22 it is
somewhat unusual to obtain X-ray structures of fragments
binding in this region because only a small proportion of
kinases support fragment binding here,23 and we have found
such fragments tend to have relatively low solubility.
We were particularly interested in fragment 1 (see Figure

1(a) and Figure 2), which places a chlorophenyl in the back
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pocket region and a pyridyl in the selectivity pocket proximal to
the small gatekeeper residue (Thr701 in DDR1/2). The linker
region of fragment 1 contains a urea moiety which hydrogen
bonds to the side chain of Glu672 and to the backbone N−H of
Asp784. The molecule is similar in structure and binding mode
to fragments of a number of Type II kinase inhibitors (e.g.,
sorafenib) but is unusual in containing a benzylic methylene in
the linker region (Figure 2). Fragment 1 is larger and more
lipophilic than the vast majority of compounds in our current
fragment library and is a relatively weak inhibitor (>100 μM)
with poor ligand efficiency (LE <0.3).24 However, we believed
that fragment 1 could be improved rapidly because (i) it did
not optimally fill the selectivity pocket and (ii) it lacked a hinge
binding moiety. Additionally we believed that the incorporation
of the unusual benzylic methylene could potentially lead to
novel and selective DDR inhibitors. The approach we adopted
is known as “back-to-front” kinase design, reflecting the fact
that design begins in the back pocket of the kinase and works
its way to the hinge binding region at the “front” of the ATP
binding cleft (Figure 1(a)). This approach has only rarely been
attempted,25−28 although the discovery of one of the earliest
and most influential DFG-out inhibitors, BIRB796, started from
an HTS hit that occupied the back pocket of p38 MAP
kinase.27

Figure 1. Crystal structures of compounds bound to DDR1 (PDB Codes: 5bvk, 5bvw, 5bvn and 5bvo). (a) Fragment 1 in DDR1 with pockets
annotated. (b) Superimposition of the DDR1−dasatinib cocomplex and the DDR1−fragment 1 cocomplex. (c) Compound 4 superimposed on the
crystallographic positioning of fragment 1. The four hydrogen bonding residues are marked. (d) Compound 9 in DDR1.

Figure 2. Schematic of the design process. Molecules are colored
according to the binding mode in DDR1: blue = back pocket region,
red = linker region, green = selectivity pocket, magenta = hinge
binding group.
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The first stage of the design process was to identify potential
hinge binding motifs that could be grafted onto fragment 1
without significantly perturbing its binding mode. Given the
large number of internal DDR1 structures and internal/public
domain kinase structures, we chose to employ a computational
tool, AstexMerge, to suggest potential designs. AstexMerge is
an internal implementation of the program, BREED, described
by Pierce et al.29 The method starts from a pre-existing web
page of proteins in complex with small molecules superimposed
in the same frame of reference; this is often the same web page
used by medicinal chemists and modelers to visualize all the
relevant crystal structures associated with a particular project.
The user then selects a starting molecule/fragment, and
AstexMerge looks for bonds in all other molecules that
superimpose well with the starting molecule. When a suitable
hit molecule is located, two merged molecules are displayed,

each containing part of the starting fragment and part of the hit
molecule. The merged molecules are scored according to the
quality of bond and neighboring atom superimposition. The
user then visualizes a selection of the best scoring merged
molecules. Fragment 1 was used as the starting fragment in
AstexMerge, and a number of promising designs were
suggested, including design A (Figure 2), based on the
superimposition with dasatinib (Figure 1(b)). This design
was further modified based on our previous knowledge of
FGFR inhibitors,21 suggesting that the thiazole hinge binder of
dasatinib could be replaced by an imidazopyridine (design B in
Figure 2).
Compounds 2 and 3 were the first compounds that we

synthesized in the imidazopyridine series (Table 1). Gratify-
ingly, addition of the hinge binding element in compound 2 led
to a >300-fold increase in affinity for DDR2, and inclusion of

Table 1. Assaya, Pharmacokineticb and Property Data for Compounds from the Text

aAssay data given in IC50 or percentage inhibition at specified concentration. More details on assays including error estimates are provided in the
Supporting Information. Where quoted LE values are given in kcal/mol/(heavy atom). bIV dosing in mouse at 1 mg/kg and oral dosing in mouse at
5 mg/kg. More details on pharmacokinetic data including additional in vitro data are provided in the Supporting Information. cNo inhibition value
was determined in this case.
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the methyl group in 3 gave a further 30-fold improvement in
affinity. Limited further SAR exploration led to compound 4,
which, after further characterization, became the initial lead
molecule in this series. Compound 4 showed promising in vitro
PK and in vivo PK in mice (Table 1 and Table S5). The
selectivity profile of compound 4 was also encouraging (Table 1
and Table S1) because, in contrast to dasatinib, it showed
selectivity over c-src. Figure 1(c) shows the experimental
binding mode of 4 in DDR1, superimposed on the starting
fragment 1. The binding mode is in agreement with the original
design hypothesis, and the imidazopyridine forms the
anticipated hydrogen bonds with the hinge.
Compound 4 showed off-target activity against a number of

tyrosine kinases and in particular was a potent c-kit inhibitor
(19 nM). Inspection of the crystal structure for compound 4
indicated that there was space to grow off the benzylic
methylene. It was hypothesized that this change might improve
selectivity because our analysis of kinase literature indicated
that branched sp3 centers were poorly precedented in this
region for type II kinase inhibitors. The α-methyl compounds,
5, 6 and 7 were synthesized and the assay data (Table 1)
showed the S-isomer was tolerated whereas, in agreement with
the structure, the R-isomer was considerably less active. The
compounds showed improved selectivity profiles (see Table 1
and Table S1).
Further design assessed the scope to replace the urea linker.

It has been suggested that 3-trifluorobenzamide is a privileged
group for Type II inhibitors,30 and so we incorporated this idea
into the branched series resulting in the potent amide, 8 (Table
1). Benzoxazoles have been employed as urea replacements in
Type II inhibitors of VEGFR2,31 and so it was also interesting
to explore this change within the branched DDR series.
Compound 9 showed good activity in the assay and exhibited
the expected experimental binding mode in DDR1 (Table 1
and Figure 1(d)). Compounds 8 and 9 show promising
pharmacokinetics in mouse (Table 1 and Table S5) and good
selectivity (Table 1 and Table S1)
The properties of the lead compound 4 were assessed in

cells. Attempts to confirm inhibition of DDR2 phosphorylation
(pDDR2) in mutant-DDR2 lung squamous cell cancer cell lines
(NCI-H2286 and HCC-366) were unsuccessful because DDR2
expression could not be detected in these cell lines (Figure S2).
HEK293 cells were therefore stably transfected with either wild
type DDR2 or mutant DDR2 (I638F), leading to over-
expression of DDR2 in these cells. Compound 4 significantly
reduces basal and collagen I-stimulated DDR2 phosphorylation
in both wild type DDR2- and mutant DDR2-expressing
HEK293 cells (Figure 3(a)). The multikinase inhibitors,
dasatinib and nilotinib, also reduce pDDR2 in this experiment;
however, the relatively selective c-src inhibitor, saracatinib, only
inhibits pDDR2 at the highest concentration. The inhibition of
DDR2 activity conferred by compound 4 was quantified using a
MesoScale Discovery (MSD) assay, and an EC50 of 8.7 nM was
determined (Figure S1).
As previously shown by Hammerman et al.,6 dasatinib and

nilotinib inhibit proliferation in DDR2 mutant cell lines (Figure
3(b)). Despite potently inhibiting pDDR2 in cells, compound 4
has no effect on the cell proliferation (Figure 3(b)), thus
suggesting that the antiproliferative effects conferred by
dasatinib and nilotinib are not attributable to DDR2 inhibition.
Taken together with the observation that the DDR2 mutant
cell lines NCI-H2286 and HCC-366 lack detectable DDR2
expression or activity, we conclude that the DDR2 mutations in

these cell lines are unlikely to be activating. Recent papers in
the literature have also questioned whether DDR2 mutants in
lung cancer are activating.8−10 We note that DDR1 and/or
DDR2 inhibitors may be useful as anti-invasive or antimeta-
static agents,13 or indeed that combination with other kinase
inhibitors may be beneficial.14 However, the lack of a direct
antiproliferative phenotype in mutant-DDR2 squamous cell
lines meant that the project was halted in favor of more
attractive targets.
In conclusion, we have described novel inhibitors of DDR1

and DDR2 that contain a substituted sp3 center in the linker
region of Type II kinase inhibitors. The inhibitors were
generated using fragment based drug design starting from
fragments binding in the back pocket of the kinase (so-called
back-to-front design). Structural biology and computational
modeling tools were employed to guide the design of the
inhibitors. We have demonstrated the sp3 center in the linker
region can be used in conjunction with a variety of linker

Figure 3. (a) Knockdown of DDR2 phosphorylation (pY) in HEK293
cells stably transfected with wild type (upper blots) or mutant DDR2
(I638F) (lower blots). Knockdown is reported with specified
compounds for collagen I stimulated cells (right) or unstimulated
cells (left). (b) Effect of compounds on proliferation of two mutant
DDR2 cell lines. More experimental details are provided in the
Supporting Information.
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groups, including ureas, amides and benzoxazoles. The resulting
compounds not only are potent and selective but also display
promising pharmacokinetic properties. Biological data on our
DDR2 inhibitors were not supportive of an antiproliferative
role for DDR2 inhibitors in mutant-DDR2 squamous cell lung
cancer. However, the compounds should be useful chemical
probes for assessing the potential role of DDR1 or DDR2
inhibitors in other therapeutic indications.
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