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110 nM for JAK2.

Very few selective inhibitors of the zeta-chain associated protein kinase 70 kDa (ZAP70) have been
reported despite its importance in autoimmune diseases. Here, to induce a fit of the so-called gatekeeper
residue (Met414) and hydrophobic pocket next to it, a potent Janus kinase 2 (JAK2) inhibitor was first
docked into the ATP binding site of ZAP70 by structural alignment of the kinase domains. The resulting
model of the complex between ZAP70 and the JAK2 inhibitor was then relaxed by an explicit solvent
molecular dynamics simulation with restraints on the backbone atoms. High-throughput docking into
the induced-fit conformation of ZAP70 generated by molecular dynamics has revealed 10 low-micromo-
lar inhibitors which correspond to six distinct chemotypes. One of these ZAP70 inhibitors has an ICs of

© 2013 Elsevier Ltd. All rights reserved.

Zeta-associated protein 70 kDa (ZAP70), a member of the Syk
family and non-receptor protein tyrosine kinases mainly expressed
on T cells and natural killer cells, plays a crucial role in immune
response and is implicated in inflammatory and autoimmune dis-
eases.'” Thus, ZAP70 is an attractive therapeutic target for various
allergic and autoimmune disorders as well as immunosuppressive
therapy following organ transplantation. Although four series of
small-molecule ZAP70 inhibitors have been reported (Fig. 1),>~ a
cell-permeable and highly specific ZAP70 inhibitor has not been
identified as of today.” Most ATP-competitive kinase inhibitors
promiscuously inhibit multiple kinases. On the other hand, a
recent comprehensive selectivity profiling of 178 commercially
available small molecule inhibitors on a panel of 300 recombinant
protein kinases revealed that ZAP70 is one of the least druggable
by chemical inhibition,® which was further confirmed by another
profiling of 72 inhibitors on 442 kinases.’

Previously we have discovered three novel classes of tyrosine
kinase inhibitors,'"'? which bind into the ATP site occupying
the hydrophobic back pocket (PDB codes 4G2F'? and 4GK2'®).
Optimization of the moieties in the back pocket leads to potent
and selective tyrosine kinase inhibitors'>!® starting from initial
hits that are low micromolar binders (Fig. 2).!%!? Targeting the
back pocket is a common strategy to gain both potency and selec-
tivity in kinase drug design.'*

* Corresponding author. Tel.: +41 446355521; fax: +41 446356862.
E-mail address: caflisch@bioc.uzh.ch (A. Caflisch).

0960-894X/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmcl.2013.08.009

The access of the back pocket is modulated by the so-called
gatekeeper residue. ZAP70 has a bulky gatekeeper residue
(Met414) which blocks the entry of the back pocket and thus ren-
ders it inaccessible to small molecules as shown in the crystal
structures of the ZAP70/staurosporine and ZAP70/ATP-derived
inhibitor (PDB code 1U59* and 20Z0,'® respectively). However,
analysis of complex structures of kinases with a bulky Met gate-
keeper residue in the Protein Data Bank reveals that the back pock-
et of some kinases such as JAK2'® and JNK3'” still can be accessed
by potent small-molecule inhibitors. Although belonging to a
different subfamily and sharing low overall sequence identity of
35% with ZAP70, JAK2 (PDB code 3KCK'®) shows a high geometric
similarity in the ATP site with ZAP70 (PDB code 1U59%). Automatic
placement of a sub-nanomolar JAK2 inhibitor!® (whose chemical
structure is shown in Figure 3) into the ZAP70 ATP-binding site
by structural alignment of the backbone C,, atoms of the two crys-
tal structures reveals only minor van der Waals clashes. Following
a protocol developed recently in our group,'® a 2-ns explicit sol-
vent molecular dynamics simulation of ZAP70 complexed with
the JAK2 inhibitor was carried out to induce a fit of the gatekeeper
residue Met414 and the back pocket side chains, so that the slight
clashes can be removed by minor side chain displacements to al-
low exploration of the back pocket. Use of harmonic restraints on
the C,, atoms of ZAP70 (force constant of 1 kcal mol~! A~2) during
the molecular dynamics run guarantees that the overall structure
of the kinase domain is not perturbed by the presence of the inhib-
itor (Fig. S1). To select a single structure for high-throughput dock-
ing, the 500 snapshots saved during the second half (from 1 ns to
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Figure 1. Four series of previously reported nanomolar inhibitors of ZAP70.>"7

2 ns) of the molecular dynamics trajectory were first filtered by
three hydrogen bonds formed between the JAK2 inhibitor and
ZAP70 (two with the hinge region and one with the backbone
NH of Phe480 in the back pocket) using a cutoff of 2.4 A between
the donor hydrogen and acceptor atoms. The JAK2 inhibitor was
then re-docked into each of the 19 snapshots that survived the
filtering, and the one with the most favorable docking score!
was selected for high-throughput docking. This snapshot is called
molecular dynamics induced-fit structure in the following.

The high-throughput docking protocol is illustrated in Figure 3.
The ZINC-all now library'® (version of 2011) was first filtered to
generate a kinase focused library with the following physicochem-
ical properties: (1) Molecular weight (Mw) smaller than 380 g/
mol; (2) less than 8 rotatable bonds; (3) at least one hydrogen bond
donor and two acceptors; (4) number of rings from 3 to 5 based on
the observation of type I kinase inhibitors and size of the ATP bind-
ing site. Using these filters, the initial library of nearly 9 million
compounds was reduced to a focused library of about 750,000 mol-
ecules. The focused library was then docked into the molecular
dynamics induced-fit structure of ZAP70 by an in-house developed
fast docking tool, which is based on a combination of simulated
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annealing and genetic algorithm optimization of position, orienta-
tion, and rotatable bonds of the ligand (H. Zhao and A. Caflisch,
manuscript in preparation). The docking poses were further
minimized in the rigid protein by CHARMMZ?®?! with the
CHARMm?22 force field.?? The poses were then subject to three
filters: van der Waals efficiency (i.e., intermolecular van der Waals
energy divided by Mw) more favorable than —0.1 kcal/g,'® hydro-
gen bonding penalty'' smaller than 2, and presence of at least
two hydrogen bonds to the hinge, to gain computational efficiency
by removing unrealistic poses before rescoring by a computation-
ally expensive energy function. The 755,837 poses of the 280,021
compounds that survived these filters were ranked according to a
previously reported scoring function,'’ which has been used to
identify novel classes of kinase inhibitors with activity ranging
from low micromolar to nanomolar.!"'?!® Finally, 30 compounds
selected by visual inspection of the top ranking poses (seven of
which were predicted to address the back-pocket) were purchased
for bioassay.

The ICsq (inhibitor concentration at which 50% of the enzymatic
activityisobserved)measurementsonfull-lengthZAP70were carried
outatReactionBiology Corp.withradioactive ATPat1 ;LM concentra-
tion. Notably, eight compounds structurally different from the ZAP70
inhibitors reported in the literature (Fig. 1) showed low-micromolar
inhibitory activity against ZAP70, with the most active being 8 pM
(Fig.4and Table 1). Theremaining 22 compounds areinactiveatatest
concentration of 20 uM and are shown in the Supplementary data
(Fig.S2).Inaddition, derivatives of compound 5 withMw greater than
380 g/mol were retrieved by substructure search and docked. Com-
pounds 6 and 7 based on the docking results were then selected for
theenzymaticassayinwhichtheyalsoshowlow-micromolaractivity
forZAP70(Table 1).These 10inhibitors of ZAP70are predicted to form
atleast two hydrogenbondswith Ala417 of the hinge, a segment link-
ingtheN-andC-lobeofthekinasedomain(Figs.5and6).Compounds2,
3,9 and 10 form an additional hydrogen bond with the backbone car-
bonyl group of Glu415 of the hinge. Such hydrogen bonding pattern
is a typical feature of hinge binders, mimicking ATP binding. Note in
this contextthatonly compound 10shares partofits scaffold (anilino-
pyrimidine) with one of the known inhibitors of ZAP70(Z02, and to a
less extentZ03 in Fig. 1) while the other 9 inhibitors are novel.

It is difficult to correlate structural features and/or individual
intermolecular interactions with activity because all of the 10
inhibitors have similar potency, that is, within the very small range

_—— }\‘

Figure 2. Hit to lead by optimization of the moieties (colored in blue) in the back pocket, and crystal structures of EO2 (PDB code 4GK2) and E04 (PDB code 4G2F) bound to
the kinase domain of EphA3.">'® Dashed lines represent intermolecular hydrogen bonds. The hydroxyl group forms two buried hydrogen bonds with the DFG motif and the

side chain of the catalytically important Glu.
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Figure 4. ZAP70 inhibitors identified by high-throughput docking into a conformation generated by molecular dynamics.

of 10-100 uM. Compounds 2 and 3 share a 2-indolinone fragment
interacting with the hinge whereas the same fragment does not
interact with the hinge in compound 1 (Fig. 5). Compounds 4-8
share a phenylpyrazolidine-3,5-dione fragment forming two
hydrogen bonds with the hinge. It has to be noted that compounds
4-8 contain a potentially active Michael-system, which might pre-

vent from further developing them into more potent inhibitors
without replacement of the core scaffold.”> Compounds 1, 2, 9
and 10 do not reach deep into the hydrophobic back pocket
(Fig. 5), and their binding mode can be reproduced by docking into
the crystal structure of ZAP70 in the complex with staurosporine
(1U59). In contrast, compounds 4-6 occupy the back pocket with
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Table 1

Values of ICso in UM or %inhibition at 20 uM concentration of compound?
Compound ZAP70 SYK JAK2
1 21 168 ND"
2 8 26 11
3 26 40 ND
4 (49%) (17%) ND
5 14 57 6
6 22 (16%) 15
7 (46%) (16%) (22%)
8 (43%) (16%) ND
9 29 >200 ND
10 62 12 0.11

2 These values were obtained by an enzymatic assay with radioactive ATP at
1 uM concentration carried out at Reaction Biology Corp using a 10-dose response
protocol. Dose-response curves for compounds 2, 5 and 10 are shown in Figure S2.
Values of %inhibition are averages of two measurements and are shown in
parentheses.

b Not determined.

a phenyl ring (Fig. 6), and thus cannot be docked into the ZAP70/
staurosporine structure because of steric clashes. Although com-
pounds 5 and 6 have two different linkers, the head and tail moieties
are essentially overlapped in the docked poses (Fig. 6, left bottom).

Syk family inhibitors typically inhibit spleen tyrosine kinase
(Syk) and ZAP70, which are closely related.®°?* Interestingly,
some compounds such as 1, 2, 5, 6 and 9 are more potent
against ZAP70 than Syk (Table 1). Given their relatively low
Mw (below 380 Da because of the initial filter) they might serve
as starting points for hit optimization into potent and selective
ZAP70 inhibitors. In particular, modifications of compounds 5
and 6 are likely to improve their potency. Previously, we have
shown that the addition of a hydroxyl group to the moiety in
the back pocket can lead to an increase in binding affinity by
a factor of more than 50 (Fig. 2).'*'> As shown in Figure 6
(right bottom), addition of a hydroxyl group to the phenyl ring
in the back pocket is predicted to result in two additional
hydrogen bonds with Phe480 of the DFG motif and the catalyt-
ically important Glu386. As a second possible modification of
compounds 5 and 6, the additional carboxyl group at the sol-
vent accessible phenyl ring would form a salt bridge with the
Lys424 side chain which is specific for ZAP70 and might thus
improve both affinity and selectivity and result also in an in-
crease in solubility.

Since JAK2 shares a high similarity in the ATP binding site with
ZAP70, some of the ZAP70 inhibitors were also tested on JAK2.

1

Figure 5. Predicted binding modes of compounds 1, 2,9 and 10 in the molecular dynamics induced-fit structure of ZAP70. Dashed lines represent intermolecular hydrogen

bonds.
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Figure 6. (Top) Predicted binding modes of compounds 5 and 6 in the molecular dynamics induced-fit structure of ZAP70. (Bottom left) Structural overlap of the docked
poses of compounds 5 and 6. (Bottom right) Suggested optimization of compound 5. Dashed lines represent intermolecular hydrogen bonds. The additional hydroxyl group
would form two buried hydrogen bonds with F480 and E386. The additional carboxyl group involved in a salt bridge with Lys424 is expected to improve selectivity and

potency.

Compounds 2, 5, and 6 show similar low-micromolar activity on
JAK2 and ZAP70 (Table 1). On the other hand, compound 10 has
an ICsg of 110 nM for JAK2 which is almost three orders of magni-
tude more favorable than for ZAP70. This finding indicates that the
screening panel of kinases should include kinases sensitive to
chemical inhibition® and with high similarity in the ATP-binding
site to the primary target to discover off-target effects.

In summary, we have discovered six chemotypes of inhibitors of
the ZAP70 tyrosine kinase by high-throughput docking into a con-
formation of its catalytic domain generated by molecular dynamics
in the presence of a JAK2 inhibitor. The molecular dynamics simu-
lation protocol used in this work to prepare the ZAP70 structure for
docking, that is, to increase the aperture of (sub-pockets of) the
binding site without significantly altering the protein backbone,
is likely to be useful whenever the three-dimensional structure
of the complex of a cognate enzyme and (potent) inhibitor is
available.
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