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ABSTRACT. The inhibition of kinases has been pursued by the pharmaceutical industry for
over 20 years. While the locations of the sites that bind type Il and Il inhibitors at or near the
ATP binding sites are well defined, the literature describes ten different regions that were
reported as regulatory hot spots in some kinases and thus are potential target sites for type IV
inhibitors. Kinase Atlas is a systematic collection of binding hot spots located at the above ten
sites in 4910 structures of 376 distinct kinases available in the Protein Data Bank. The hot spots
are identified by FTMap, a computational analogue of experimental fragment screening. Users

of Kinase Atlas (https://kinase-atlas.bu.edu) may view summarized results for all structures of a




particular kinase, such as which binding sites are present and how druggable they are, or they

may view hot spot information for a particular kinase structure of interest.



INTRODUCTION

Members of the protein kinase family play vital roles in cellular physiology and

are major drug targets,' as they have been implicated in many types of diseases such as
cancer, diabetes, neurodegeneration, and inflammation.? Their association with a wide variety of
ailments stems from their involvement in nearly all cellular processes, since they are
responsible for regulating the activity of other proteins.® Although the development of new
kinase inhibitors is a major focus in pharmaceutical research, a large number of kinases
remained so far unexplored in drug discovery projects.* Currently, 37 small molecules have
been approved by the FDA as kinase inhibitors,® and the vast majority of these target the active
site, which is located between the N- and C-terminal domains and binds ATP 8 Inhibitors that
bind to the ATP pocket in the active form of the kinase are known as “type |” kinase inhibitors ',
and despite their popularity, the development process presents two major challenges: first, type
I inhibitors must bind with enough potency to overcome high physiological concentrations of
ATP, and second, the ATP site is highly conserved between all kinases, making it difficult to
design inhibitors with enough selectivity to bind only to their intended targets.” Alternatively,
kinase inhibitors can be classified as “type II” if they target the ATP site but bind to an inactive
conformation known as “DFG-out”, in which a conserved DFG (Asp-Phe-Gly) motif partially
blocks the ATP pocket.! Type Il inhibitors, which make up about a quarter of approved kinase
inhibitors,® often extend into the hydrophobic back pocket formed in the “DF G-out” state. As this
pocket is less conserved than the active site, binding here offers the potential to achieve
sufficient selectivity more easily.® Allosteric kinase inhibitors, which do not target the ATP site at
all, are classified by where they bind: type Il inhibitors bind to the active kinase conformation in
a pocket adjacent to the ATP site, whereas type IV inhibitors bind away from the ATP site
entirely.” Although type Ill and IV inhibitors would potentially face fewer issues with potency

and/or selectivity than ATP-competitive inhibitors, they remain far less common: only two of the



FDA-approved kinase inhibitors (trametinib and cobimetinib) would be considered type IIl? and

no inhibitors that bind to the kinase catalytic domain would be considered type IV

Here we have explored the potential of kinase allosteric sites as targets for inhibition, since they
have been relatively underutilized for kinase drug development. To detect and assess the
druggability potential of these sites, we used FTMap, a computational analogue of experimental
fragment screening,'® to identify binding hot spots on all available kinase structures in the
Protein Data Bank."' Hot spots are small regions within a binding site that contribute
disproportionately to the binding free energy, and they can be detected in a protein structure
even without ligand binding information or an obvious pocket, since they tend to bind a large
number and variety of small molecules even in an unliganded state. FTMap finds consensus
sites, which are regions on the protein surface that bind a large number of small molecule probe
clusters; thus, we can use FTMap to identify binding hot spots even in unliganded structures, as
well as to estimate the potency with which they could bind potential ligands, since consensus

site strength relates to potential binding affinity."

In addition to the pockets associated with type Il and Ill inhibitors, we have identified ten sites on
the kinase catalytic domain that have been described in the literature as being involved in either
regulating the activity of a kinase, or the ability of a kinase to regulate the activity of its
substrates. Seven of these sites are known to bind compounds that exhibit 1Csp values in the
micromolar or even nanomolar range, whereas the other three should be considered more
speculative. Here we do not investigate the signal transduction mechanisms from the allosteric
binding site to the kinase active site that may require extensive simulations,” ' but focus on
the detection of sites that can bind ligands with some measure of druggability.® '® We consider
a site druggable if it includes a primary hot spot with at least 16 probe clusters and at least one

additional ho spot nearby. As shown in our earlier work,'? these conditions guarantee that the



site is potentially capable of binding a drug-size molecule with at least micromolar affinity,
although this affinity may not be sufficient for developing a successful drug."” In addition, we
emphasize that this notion of druggability does not imply that the binding of any ligand at the site
will modulate the behavior of the target protein.'? However, we assume that since the structure
of the kinase catalytic domain is fairly conserved,” an allosteric site found on one kinase may
be present in the same location on other kinases, although the structures and sequences of
these analogous pockets would differ between kinases -- unlike the ATP site, which is relatively
similar between all kinases. This is already known to be true of the DFG-out pocket, for
example, which is found in many different kinases? and many of the other potential allosteric

sites we have identified are also associated with more than one kinase.

Our FTMap results for all kinase structures have been made available online as the Kinase

Atlas (https://kinase-atlas.bu.edu), intended as a resource for researchers interested in kinases.

Users may view summarized results for all structures of a particular kinase, such as which
allosteric sites are present on the kinase and how druggable they are, or they may view or
download FTMap results for a particular kinase structure of interest. The Kinase Atlas can thus
be used either to discover where to target a kinase of interest, or whether a kinase is worth
targeting at all, as some kinases do not have any structures with strong enough consensus sites
to be considered druggable. In comparison to the active site, allosteric sites are rarely
considered as targets for inhibitor development, but the Kinase Atlas shows that many of these
pockets have the potential to be druggable, and may be worth pursuing. In particular, we
present experimental data to show that the PIF pocket region, an allosteric site associated with
PDK1,® but also found by FTMap in CDK2, is able to bind ligands leading to the discovery of
novel micromolar type IV inhibitors. We also demonstrate that our results can be used to find

sites where binding has validated regulatory impact as reported in the literature.



RESULTS

The Kinase Atlas contains FTMap results for 3887 unique PDB IDs, corresponding to 4910 total
kinase structures from 376 different kinases. The number of kinase structures is higher than the
number of PDB IDs because some of the PDB files include multiple structures (multiple chains)
in the unit cell. The consensus sites of probe clusters are determined by the protein mapping
program FTMap and are assigned to 12 different putative binding sites that are potentially
allosteric as defined on the basis of kinase literature (Figure 1). Each of these 12 sites was
found in, or is most widely associated with, a particular kinase defined as the “source” kinase
for the site (Table 1), although most sites can also be found in a variety of kinases. FTMap was
able to identify hot spots located at each site in an unliganded structure of the “source” kinase
for all sites. Further information on naming and selection of putative allosteric sites is given in
the Discussion and in Figure S1.

FIGURE 1 AND TABLE 1 AROUND HERE

As mentioned, the number of probe clusters in a ligand binding site predicts the druggability of
the site. Not every binding site with druggable potential will have a liganded structure or binding
data available, so being able to detect binding hot spots in unliganded structures is often useful
in determining whether a protein is likely to be druggable as well as which regions to target."?
We note that some of the strongest binding hot spots in all kinases are at the ATP binding site
between the N and C lobes of the kinase domain. Since we are interested in allosteric sites, the
two lobes are mapped separately, thereby decreasing the fraction of the FTMap probes that
cluster in ATP binding pocket and increasing the relative importance of potential allosteric sites

in other surface regions of the protein.

Each binding site and its FTMap results are described briefly in Table 1, shown in Figure 1, and
in more detail in the following sections. Most of them were found to be druggable in at least one

unliganded structure (see Figure 2); the structure with the strongest consensus site(s) for each



allosteric site is listed in Table 1 and shown in Figure 3. The number of kinases that were found
to be druggable at each allosteric site varied widely, with some sites being found in as few as 6
kinases, and others in well over 100 kinases, as seen in Figure 2 and Table 2. An allosteric site
being “common” does not necessarily render it unsuitable as a target, however, as allosteric
sites are not as conserved as the ATP site is between different kinases. Below we describe the
12 sites that are examined for the existence of hot spots. The first nine of these sites have
known inhibitors in some kinases, whereas the last three sites have been reported to have
some allosteric function.

FIGURES 2 AND 3 AND TABLE 2 AROUND HERE

DFG (DFG-out pocket). The DFG-out pocket is a hydrophobic pocket that opens up when the
conserved DFG motif changes conformation as a kinase switches from an active to an inactive
state. In the active, DFG-in state, this site is occupied by the Phe residue in the DFG motif, and
ATP can bind to the active site; in the inactive, DFG-out state, however, Phe instead partially
occupies the ATP site, preventing ATP from binding and exposing the less conserved DFG-out
pocket.® Type Il inhibitors, which bind to the DFG-out conformation, are ATP-competitive, but
they frequently extend into the DFG-out pocket.! Since such inhibitors stabilize the DFG-out
conformation of the DFG loop and lead to inhibition, the DFG-out pocket is sometimes
considered allosteric,® in spite of the non-allosteric inhibition mechanism. As this site differs
more between kinases than the ATP site, binding here may allow inhibitors to be more selective,
although existing type Il inhibitors do not necessarily have improved selectivity.'® FTMap results
for known targets of type Il inhibitors suggest that the DFG-out pocket may not be particularly
strong; many structures were shown to be only borderline druggable at this site, although some
kinases had apo structures with strong enough consensus sites for this site to be considered
druggable. The ability of type Il inhibitors to bind with high affinity (for example, imatinib exhibits
an 1Cso value of 10.8 nM for c-Abl)*® may be due mostly to the ATP pocket, with the DFG-out

pocket playing a supporting role. In fact, since type Il inhibitors bind to both the ATP and DFG-



out pockets, it is difficult to separate the contributions of the corresponding inhibitor moieties to
the binding free energy. However, in most kinases that bind both type | and type Il inhibitors

high binding affinity is already achieved by type | inhibitors that do not expand into the DFG-out
pocket. Thus, while type Il inhibitors generally do not further improve binding, they can provide

improved selectivity.

MT3 (MEK1/2 Type lll inhibitor site). This site is based on where type Ill kinase inhibitors bind,;
adjacent to the ATP and DFG-out sites and between the N- and C-terminal domains. Binding to
this pocket in MEK1/2 disrupts the salt bridge between the conserved lysine residue K97/101 on
the p3-strand and the conserved glutamate E114/118 on the aC-helix that is required for kinase
activity.® Unlike the DFG-out pocket, this site is present in the active form of the kinase, and
ligands can bind here even if the kinase is already bound to ATP." FDA-approved type I
inhibitors include trametinib and cobimetinib, both of which target MAPK/ERK kinase (MEK1/2)
and have been used to treat melanoma.? Mapping results show that this site is highly druggable,
with strong consensus sites present even in unliganded structures of MEK1/2, which is
consistent with experiments showing that type Il inhibitors can be highly potent (IGso = 0.9 nM
for cobimetinib/MEK1).2" An analogous pocket appears to be present in EGFR, which binds the

inhibitor EAI045 with ICso values as low as 3 nM.??

PIF (PDK1 Interacting Fragment). The PIF pocket is a hydrophobic groove found on the N-
terminal domain of phosphoinositide-dependent kinase 1 (PDK1), which uses this pocket to
recruit the C-terminal hydrophobic motif (HM) on other members of the AGC kinase family and
thereby regulate their activity through phosphorylation.? PDK1 activity could thus be modulated
through inhibitor binding at this site, as this would disrupt its interactions with its substrates and
prevent PDK1 from either activating or inhibiting other kinases. Both activators % and

inhibitors?*'® have been developed for the PIF pocket, with many in the low affinity range (as



low as Kd = 1.5 uM).”® These compounds could likely be optimized for stronger binding, as
mapping results indicate that this site is likely to be capable of binding compounds with higher
affinity. Mapping showed that this was also true for other AGC kinases, many of which are

known to possess a similar pocket.

CMP (c-Abl Myristoyl Pocket). The myristoyl pocket in Abelson tyrosine-protein kinase 1 (c-
Abl) binds the myristoyl group from the N-terminal cap of the kinase, allowing SH3 and SH2
domains to associate and induce an autoinhibited state. This N-terminal cap is not present,
however, in the fusion BCR-Abl oncogene, which results from a chromosomal translocation that
fuses the breakpoint cluster region (BCR) with c-Abl; BCR-Abl thus cannot be autoinhibited by
myristoylation, and its elevated activity leads to disorders such as chronic myelogenous
leukemia (CML).2°> CML has been treated with imatinib and other ATP-competitive inhibitors, but
mutations near the ATP pocket in BCR-Abl are common and frequently lead to drug
resistance.?® As the myristoyl pocket is located in the C-terminal domain, far from the ATP site,
these mutations would be less likely to affect binding there. GNF-2 has been found to bind at
the myristoyl pocket in BCR-AbI, and similarly to the myristoyl group, it encourages SH2 and
SH3 domain binding; it also induces conformational changes that promote binding of ATP-
competitive inhibitors.?” Alternatively, c-Abl can be activated by the binding of bulkier groups to
the myristoyl pocket, such as DPH, which leads to conformational changes that prevent SH
domains from associating with and inhibiting the kinase. 2 Although FTMap places a hot spot at
the myristoyl pocket in most Abl kinase structures, the site is predicted to be at best borderline
druggable. Nevertheless, a series of small molecules was shown to bind to the BCR-AbI
myristoyl pocket and inhibit kinase activity via an allosteric mechanism ?*3" in the case of
ABLO001 with high affinity.>* 3! Even better results have been achieved by combining allosteric
inhibitors with ATP-competitive inhibitors imatinib or nilotinib as such combinations can

overcome resistance to either agent alone 2+ 332



DRS (D-Recruitment Site). The D-recruitment site is found in the C-terminal domain of all
mitogen-activated protein (MAP) kinases, a family that includes extracellular signal-regulated
kinases (ERKSs), c-Jun N-terminal kinases (JNKs), and p38 MAPKs. Its name comes from the
“D-motif” sequences found in MAPK binders, and it contains two subsites to which D-motifs
bind, an acidic patch and a hydrophobic pocket.>®* MAP kinases control intracellular responses
to extracellular stimuli, phosphorylating their substrates within the cell after being activated by
their upstream regulators, MAPK kinases (MKKs)3* Their interactions with other proteins in the
MAPK signal transduction pathway are thus critical to the regulatory role MAPKSs play in most

cellular processes, and the D-recruitment site is a major docking site for these interactions.

Inhibitors have been developed to target the D-recruitment site, including peptides such as
pepJIP1%* and small molecules such as BI-78D3.%® These inhibitors are mimetics of JIP1, a
scaffold protein that enhances signaling in JNK, and compete with JIP1 to inhibit JNK activity. A
small molecule natural product, rooperol, has also been shown to inhibit p38a MAP kinase 3’
None of these bind with the affinity that would be required for an appropriate drug candidate,
however, with BI-78D3 being the most potent (IC50 = 280 nM)* Mapping results for MAPK
structures suggest that developing compounds with greater affinity may not be likely, as the D-
recruitment site was shown to be borderline druggable at best at the hydrophobic pocket, and
not druggable at all at the acidic patch. Stronger binders that bind at the D-recruitment site with
high affinity (IC50 = 18 nM) have been reported, but these are long molecules that also extend
into the ATP site, rather than targeting the D-recruitment site alone® The D-recruitment site is
thus not a promising pocket to be targeted on its own for MAP kinases, but this region was
shown to have the potential to bind compounds with higher affinity in related kinases, such as

members of the MKK family.



DEF (Docking site for ERK FXF). The DEF site is found in the C-terminal domains of several
members of the MAP kinase family, such as ERK1/2, p38a MAPK, and JNK13% % |t is also
known as the FXF site, since it binds to the FXF motif found on several MAPK substrates, and it
is located near the MAP kinase insert, where it appears after phosphorylation activates and
induces conformational changes in ERK.*' Compounds that bind to MAP kinases at the DEF
site have been reported, such as biaryl tetrazoles identified by Comess et al that inhibit JNK1
activation by MKK7 (IC50 = 7.7 uM),*? and mapping results suggest that the DEF site has the
potential to be highly druggable, unlike the other major MAPK docking site, the D-recruitment

site.

LBP (Lipid Binding Pocket). The lipid binding pocket is located in the C-terminal domain of
p38a MAP kinases, near the MAP kinase insert. The biological relevance of this pocket has not
been verified conclusively, but it appears to be able to accommodate a variety of lipids, and it
has been suggested that binding different lipids may affect p38a MAPK’s catalytic activity and
preference for specific substrates, particularly in cellular processes that involve lipids* Several
lipid-based molecules have been found to activate p38a MAPK upon binding to this site--such
as phosphatidylinositol ether lipid analogues (PlAs) and perifosine, a phase || AKT/PKB inhibitor
structurally similar to PIAs--by inducing conformational changes that lead to
autophosphorylation.** These lipids bind with low affinity to p38a MAPK (IC50 = 1.2 uM), but
mapping results indicate that this site would likely be able to bind ligands with higher affinity,

since many structures of p38a MAPK had strong consensus sites at the lipid binding pocket.

PDIG (PDIG motif site). This pocket is located near the PDIG moitif in the C-terminal domain of
Checkpoint kinase 1 (Chk1), an important regulator in the DNA damage response pathway. It
appears to act as a substrate recognition site, and so Chk1 activity could potentially be inhibited

by compounds that target this site and compete with substrate binding.** Several inhibitors have



been developed that bind to this site with low micromolar affinity (as low as Ki = 146 nM), such
as thioquinazolinones,* carbamates, and semicarbazides,** and mapping results for Chk1
structures suggest that the site has the potential to bind compounds with even greater affinity. A
similar pocket appears to be present on PIM1 kinase, which was found to bind mitoxantrone, an
FDA-approved chemotherapy drug that targets type Il topoisomerase?’ Mitoxantrone binds to
two locations on PIM1, the substrate binding site (analogous to the one on Chk1) and the ATP
site, with high affinity; this is in agreement with mapped structures of PIM1, which have strong

consensus sites in this pocket.

EDI (EGFR Dimerization Interface). Members of the epidermal growth receptor family (EGFR)
are activated upon formation of an asymmetric dimer between two EGFR kinases, in which the
C-terminal domain of one kinase interacts with the N-terminal domain of the second kinase. This
dimerization is considered analogous to the interaction between cyclin and cyclin-dependent
kinase (CDK), which activates CDK, and the inactive forms of CDK and EGFR are considered to
be similar to each other.*® Binding at the EGFR dimerization interface could thus be used to
inhibit EGFR activity, since it would interfere with the ability of an EGFR monomer to be
activated by another monomer. A peptide derived from the MIG6 (mitogen-inducible gene 6)
protein was found to inhibit EGFR by binding at and blocking the dimerization interface,
exhibiting a Ky value of 13 uM.*®* CDK2 appears to possess a similar pocket, as D-luciferin was
found to bind in the same location and inhibit CDK2 (although it binds in two locations, with the
other being the ATP site, so its contribution is less clear).® Mapping showed that this site
appears to be druggable in both EGFR and CDK2, with strong consensus sites present in this

pocket in structures of both kinases, although it appears to be stronger in CDK2.

PMP (PKA Myristoyl Pocket). The myristoyl pocket in protein kinase A (PKA) is located in the

C-terminal domain, in a different area from the c-Abl myristoyl pocket, and myristate binding



here appears to activate membrane association with PKA ' This pocket has received less
attention than the myristoyl pocket in c-Abl, and does not appear to be targeted by any known
inhibitors, but based on the mapping results of PKA structures, the PKA myristoyl pocket

appears to be highly druggable.

AAS (Aurora A Autophosphorylation Site). This pocket is present in Aurora A kinases in the
C-terminal domain, between the PDIG and DEF sites. Autophosphorylation of Aurora A occurs
when the activation segment on one monomer binds to this region on a second monomer,
activating the second monomer.>? Inhibitors do not appear to have been developed for this site,
but mapping indicates that it is likely to be highly druggable, with multiple strong consensus

sites located there in some mapped structures of Aurora A.

MPP (MKK4 p38 Peptide site). This site is located on the N-terminal domain of MAP kinase
kinase 4 (MKK4), which phosphorylates and activates members of the MAP kinase family, such
as JNKs and p38 kinases. A p38a peptide was found to inhibit MKK4 by binding at this site and
inducing an auto-inhibition state.>® Few structures of MKK4 are available, and none of them are
unliganded at this site, but the available structures were found to have strong consensus sites
there.

FIGURE 4 AROUND HERE

Experimental validation of CDK2 Inhibitors binding at the PIF pocket identified by FTMap.
FTMap predicts a strong hot spot in the “PIF pocket” of CDK2 (Figure 4). To experimentally
identify ligands that bind to that region, we used tethering, a disulfide-based fragment screening
approach,® described in the Experimental Section (see Figure S4). Briefly, a cysteine residue
was introduced adjacent to the PIF pocket by mutation of Lys56 to Cys, and the mutant protein
was used to screen a library of 1280 small-molecule disulfides for potential ligands. Hits were

selected by measuring the formation of a protein-fragment mixed disulfide by intact protein



mass spectrometry. The relative “affinities” of the top 12 hits were assessed by measuring the
concentration of B-mercaptoethanol required to displace half of the fragment from the protein
(BMEso). Higher BMEsovalues indicate a stronger noncovalent interaction between the fragment
and the protein. Figure 5 shows the two most potent compounds bound to CDK2 as identified by
tethering and the percent inhibition of disulfide labeling versus the BMEs, concentration. We
note that these results are fairly preliminary, as the concentration-response curves did not
sufficiently flattened out to a maximum value, and there was only one replicate at each
concentration. Nevertheless we further studied the 12 most promising compounds and used a
radioactive peptide phosphorylation assay to measure whether any of the compounds could
modulate CDK2 activity in the presence of Cyclin A2. Compounds 1 and 2 shown in Figure 5
were found to have the greatest inhibitory effect, reducing the phosphorylation of the Histone H1
peptide by CDK2-Cyclin by 42% and 81%, respectively (Figure 6). Additionally, at the reductant
concentration used in the functional assay, there was no detectable labeling of CDK2 lacking
the mutant K56C; this demonstrated that the modulation of CDK2 was due to ligand-binding in
the PIF pocket region, likely through disruption of the CDK2-Cyclin interaction.

FIGURES 5 AND 6 AROUND HERE

How frequently are druggable sites present in different structures of a kinase? One
strength of Kinase Atlas is that it can simultaneously display the binding hot spots predicted in
all structures of a target kinase, and thus providing statistics to assess the robustness of a
particular binding site. Here we use this option to explore 11 sites of the kinases we have
studied in the paper, followed by the analysis of four kinases with validated allosteric sites, and
one kinase that is the target of current drug discovery efforts. Results are presented in Table 3.
We did not include the DFG-out site here, primarily because most structures, either unliganded
or bound to a Type | inhibitor, are in the DFG-in conformation even for kinases that have a

validated Type Il inhibitor, and thus the statistics of site distribution is not very informative. In



addition, as we already noted, it is questionable whether the DFG-out pocket is a genuine
allosteric site.

TABLE 3 AROUND HERE

Table 3 shows that the MT3 site is druggable (includes over 16 probe clusters) in 33 of the 39
MEKH1/2 structures in the PDB. The number in parenthesis (36) shows the number of structures
with more than 10 probe clusters at the site. The only other site that is predicted to be druggable
in many MEK1/2 structures is the MPP pocket (note that the ATP site, while detected in all
structures, is not shown in Table 3). The MT3 pocket is also druggable in 33 of the 110 EGFR
structures in the PDB, and high affinity allosteric inhibitors targeting the site have been
developed.? The PIF pocket is predicted to be druggable in a large fraction of the PDK1
structures, and we have just shown that this site is also important in CDK2. PIF is the most
druggable site in MAPKS, although the MAPKS structures in Table 1 were used to define the
DRS and DEF pockets that are weaker sites than PIF. Based on the FTMap results, apart from
the MT3 and PIF pockets druggable sires are predicted in smaller fractions of all structures,
demonstrating that kinases are flexible molecules and druggability heavily depends on the
conformation of the kinase. While sites that are present in many structures are candidates for
inhibitor development, a site can be important even when it is open only in specific structures.
For example, the c-Abl myristoyl pocket is generally a weak site, but it is druggable in some
structures, and it was recently shown to bind the inhibitor ABLOO1 with low nanomolar affinity in
the interface of SH2 and SH3 binding domains.®***' We also note that while some of the sites
occur infrequently in the “source” kinases they are primarily associated with, they can be found

in many other kinases (see Figure 2).

The last five proteins in Table 3 are not among the 12 “source” kinases considered in Table 1,
and the results are shown to demonstrate further applications of Kinase Atlas using all structure

of a target kinase. First, we already mentioned that the MT3 pocket is a promising site for



development of allosteric EGFR inhibitors. The site, which is druggable in many EGFR
structures (see Table 3), was reported to bind an allosteric inhibitor, EAI045, that targets
selected drug-resistant EGFR mutants but spares the wild-type receptor?? The crystal structure
shows that the allosteric site is created by the displacement of the regulatory C-helix in an
inactive conformation of the kinase, thus it is clear why the pocket is druggable only in a fraction
of structures. The application demonstrates the use of an allosteric site for improved selectivity,
as the compound inhibits L858R/T790M-mutant EGFR with low-nanomolar potency in
biochemical assays. As a single agent EAI045 is still not effective in blocking EGFR-driven
proliferation in cells, but it works in synergy with cetuximab, an antibody therapeutic that blocks

EGFR dimerization.?

The next row in Table 3 shows that the PIF pocket is druggable in many CDK2 structures, in
agreement with the experimental validation presented in the previous section. However, the
MT3 and CMP sites of CDK2 also show high levels of druggability. The PIF pocket is the most
frequently occurring druggable site also in JNK3. However, here we focus on the PDIG pocket,
which is druggable in some JNK structures, and was shown to bind irreversible inhibitors of
JNK1/2/3. The co-crystal structure of one of the compounds in JNK3 (PDB ID 3V6R) shows a
long molecule with one end in the PDIG pocket and the other end reaching the ATP site® In
addition the compound, JNK-IN-8, forms a covalent bond with a conserved cysteine residue,
and it is a selective JNK inhibitor that inhibits phosphorylation of c-Jun, a direct substrate of
JNK, in cells exposed to submicromolar drug.>®> The PDIG pocket is an allosteric substrate
recognition site in DAPK,® and it consistently includes strong hot spots (Table 3). We also
studied PKC6, which was reported as a target for drug discovery by Hotspot Therapeutics.
PKC®6 is a well validated immunokinase in autoimmune and rare diseases, but its active-site

inhibitors lack selectivity.®” The protein has only five structures in the PDB, but the PDIG pocket



is druggable in four of these structures, and there is no competing site that could offer

comparable druggability (Table 3).

DISCUSSION

Existing kinase databases. The Kinase Atlas is the first database to focus on allosteric sites in
kinases and their ability to bind potential ligands. The most similar existing database would likely
be KLIFS, a structural kinase-ligand interaction database that covers the region of the kinase
between the N- and C-terminal domains--which would include the DFG-out and MT3 sites--and
provides detailed structural and ligand-binding information for all human and mouse kinase
structures available in the PDB.*® KLIFS provides a consistent numbering scheme for kinase
residues and descriptions of subpockets within the catalytic cleft, which makes it simpler to
compare how known ligands bind to kinases and identify potential patterns in kinase-ligand
interactions. The goal of the Kinase Atlas, on the other hand, is to identify which allosteric sites
on each kinase might be suited for inhibitor development, even without ligand-binding data for

that site--which is likely to be the case for many kinases of future interest.

How to use the Kinase Atlas. The Kinase Atlas is available at https://kinase-atlas.bu.edu and

contains FTMap results for all kinase structures available in the PDB. Each structure has its own
page, where users may access consensus site data (including whether consensus sites
corresponded to any allosteric sites), or they may download or visualize mapping results for that
structure; downloaded results are available as PyMOL session files containing the protein
structure that was mapped and the resulting consensus sites, which indicate the regions on the
surface that would be most likely to bind ligands. For users interested in a particular kinase,
summarized mapping results for the structures associated with each kinase (based on their
UniProt accessions) are also available, listing the strongest (if any) consensus sites associated

with each allosteric site on each structure.



As an example, the serine/threonine kinase PKR (protein kinase R) has been linked to breast
cancer,®® hepatocellular carcinoma,®® and Huntington’s disease ' but it has just 3 structures of
the full catalytic domain in the PDB (2A19, 2A1A, and 3UIU) and 271 bioactivities listed in
ChEMBL (many other kinases have thousands of associated bioactivities). FTMap found that
the AAS and PDIG sites were likely to be druggable in PKR, with both of them having strong
consensus sites; several smaller consensus sites were also located near these pockets, fulfilling
the criteria described by Kozakov et al. for being druggable by traditional druglike compounds.'?
Figure 7A shows the strong hot spots predicted by FTMap for the apo structure 3UIU_B of PKR.
The strongest hot spot, 0(19), shown in magenta, is located at the AAS site. The second
strongest hot spot, 1(18), shown in coral, is at the PDIG site. The latter also accommodates the
secondary consensus sites 7(5) (in green) and 8(4) (in blue) indicating more minor hot spots.
For orientation we superimposed the Chk1 inhibitor (compound 3, shown in yellow) from the
Chk1 structure 3jvs. Figure 7B is a close-up of the PDIG site with PKR in surface representation
to show that at this site PKR has a well-defined pocket that could accommodate small
compounds.

FIGURE 7 AROUND HERE

Selection and naming of allosteric sites. The two most well known kinase allosteric sites
would be the DFG-out and MT3 pockets, both of which have FDA-approved inhibitors, and a
literature search turned up descriptions of six other sites (PIF, CMP, DRS, PDIG, DEF, and
LBP). The remaining four sites (EDI, MPP, PMP, and AAS) were identified after mapping was
performed on all kinase structures, and several regions were frequently found to have strong
consensus sites that were not associated with any of the previously identified allosteric sites.
Kinases that were found to have these hot spots then had their structures aligned with all other

kinase structures to identify those that had either a protein-protein interaction site or a bound



ligand/peptide in the same location as the consensus sites, and some of these structures were
associated with publications that described an allosteric site in the regions of interest (see
Figure S1). Some kinase allosteric sites have established names; these tend to be based on
either the “source” kinase (PIF, DEF), a motif located near the site (DFG), or a ligand/peptide
that binds to the site (DRS, DEF). The remaining eight sites were thus named similarly, with all
of them referencing the “source” kinase and ligand aside from PDIG (based on a motif) and LBP

(based on the ligand only).

CONCLUSIONS

The existing FDA-approved kinase inhibitors are overwhelmingly ATP-competitive, and they are
also disproportionate in which kinases and diseases they target. As of 2015, 18 out of the 27
protein kinase inhibitors targeted tyrosine kinases (that comprise only 90 out of the 518 human
kinases),® and 26 out of 28 kinase inhibitors were intended to treat cancer, even though many
other diseases are associated with kinases.®? Similarly, the amount of structural and bioactivity
data available for different kinases is also uneven, with over a quarter of the kinase bioactivity
data from ChEMBL covering just 18 kinases, and the most popular 10 kinases accounting for
over 40% of kinase structures.® However, a number of kinases that are well validated targets for
the treatment of various diseases do not have efficient active-site modulators due to the limited
selectivity of their ATP binding site, or due to the high mutation rate in the region leading to
resistance. While developing allosteric modulators to avoid the problem could be a promising
approach, only a few allosteric inhibitors have been approved by the FDA. Thus, for the majority
of kinases without much ligand-binding data available, the Kinase Atlas could be a valuable
resource for determining which regions are likely to be druggable, since FTMap can detect
binding sites even in unliganded structures. We have shown examples of sites detected by

Kinase Atlas that bind allosteric modulators reported in the literature. Although such modulators



generally have moderate affinity, their combination with ATP competitive inhibitors can provide
improved selectivity and resistance to mutations. Another avenue toward improved affinity can
be the development of covalent inhibitors if the target includes a cystine residue at suitable
location. Thus, we hope that Kinase Atlas will be used and results will be reported in the

literature.

EXPERIMENTAL SECTION

In this section we describe both the computational tools used for developing the Kinase Atlas
database and the experimental methods applied for the validation of the predicted PIF pocket in

CDK2.

Computational solvent mapping by FTMap. FTMap identifies binding hot spots on the
surface of a protein by finding the most favorable regions for 16 small molecular probes of
various shapes and polarities (see Figure S2)."° Given a protein structure, for each probe the
algorithm places the tens of thousands of copies all over the surface on the basis of dense
rotational and translational grids, retains the most favorable probe positions by energy and
refines their orientations, then clusters the probe molecules by location and ranks them by their
average energy. The lowest energy probe clusters of each probe type are retained, and
clustering is performed once more on clusters of all probe types to form the consensus sites,
which are ranked by their population of probe clusters. Consensus sites identify the locations of
binding hot spots on the protein surface, and their rank corresponds to the relative strength and

importance of the associated hot spot.

Kinase structure selection. To obtain a list of kinase catalytic domain structures available for

mapping, two resources were used: Pfam,®® a database for protein families, which groups



proteins by sequence and matches them to PDB structures through UniProt?* and the Gene
Ontology (GO) project,® which describes gene products by their biological processes, molecular
functions, and cellular components. A structure had to be classified as a “protein kinase domain”
(Pkinase) by Pfam and having “protein kinase activity” as a molecular function by GO to be

included for mapping. The final list contained 4910 structures of 376 distinct kinases available in

the Protein Data Bank; 239 of these were human kinases.

Mapping preparation. After each kinase structure was downloaded from the Protein Data
Bank,®® it was split into its N- and C-terminal domains before mapping (see Figure S3). The
active site in kinases is located between the domains and binds with high affinity to ATP, so
separating the domains before mapping is required to break up the ATP site and allow potential
allosteric sites to be detected. CATH, a database that classifies protein domains by secondary
structure, was used to identify the domains in each structure ®” For structures without an entry in

CATH, the classification from a similar structure (identified using BLAST) was applied.

Assignment of mapping results to allosteric sites. Each allosteric site was assigned a
representative structure from the kinase of origin with a ligand (small molecule/inhibitor or
peptide) known to bind at the allosteric site.

After using PyMOL to align each representative structure to each mapped structure, consensus
sites were assigned to allosteric sites based on whether they overlapped with a representative
ligand. A consensus site that overlapped with multiple representative ligands was assigned to
the allosteric site with which it had the greatest overlap. Overlap between a consensus site and
representative ligand was found by using SciPy to calculate the convex hull of the ligand and

determining whether any consensus site atoms were located within the convex hull.



We note that the splitting and separate mapping of N and C domains may result in a false
positive hot spot for some kinases. This hot spot is on the C-lobe in a pocket normally occupied
by the side chains of residues from the loop between the C-end of the aC helix and the next p-
strand on the N-lobe. However, since there is no putative allosteric site in the vicinity, the probes

binding to this region do not impact any of the 12 sites shown in Figure 1.

Druggability assessment. The strength of a consensus site (based on its population) can be
considered as a measure of the potential binding affinity at that site. A kinase was considered
druggable at a particular allosteric site if at least one of its structures had a strong consensus
site (at least 16 probe clusters) assigned to that allosteric site. For a site to be druggable using
conventional small molecule drugs, the positions of other nearby consensus sites would also
need to be considered, but the main factor in determining whether a site would be an
appropriate drug target is its potential to bind ligands with high affinity.'> Pockets with a slightly
weaker consensus site (at least 13 probe clusters) would be considered borderline druggable,
but in Table 3 we have listed even the number of structures with 10 or more probe clusters at

the considered site.

Experimental validation of the PIF pocket in CDK2. Full-length Human CDK2 was cloned
into the pMCSG10 bacterial expression vector, which appends a 6xHis-GST purification tag to
the N-terminus of CDK2, which can be later removed by TEV protease. To enable tethering at
the PIF pocket of CDK2, Cys118 and Cys177 were mutated by alanine to prevent off-target
labeling at these sites and Lys56 was mutated to Cys to enable targeting of fragments to the
adjacent PIF pocket. CDK2 was expressed in the Rosetta E. coli strain by induction with IPTG
at 16°C and growth overnight. Cells were collected by centrifugation, resuspended in lysis buffer
[50 mM HEPES pH 7.5, 150 mM NaCl, 10 mM MgCI2, 2 mM DTT, 5% glycerol] with protease

inhibitors and lysed using a microfluidizer. The clarified lysate was batch loaded onto Ni-NTA



resin, washed, and eluted with imidazole. The sample was dialyzed overnight in lysis buffer with
10 mM imidazole and 1:20 w/w TEV protease to cleave the purification tag. The dialyzed
mixture was passed over a Ni-NTA column and the flow-through was collected. Finally, the
sample was purified by Size Exclusion Chromatography on a Superdex 200 16/60 column in
lysis buffer. The protein was >95% pure by SDS-PAGE and its identity was confirmed by intact
protein mass spectrometry. Although it was not validated that the mutations did affect structural
integrity, the tethering technology has been successfully used for exploring suspected and
orphan allosteric sites in a variety of proteins. In particular, the method was used to study ligand
binding to the PIF pocket of PDK1 by introducing individual Cys mutation at six positions around
the pocket.®® It was reported that the mutants were somewnhat less catalytically active that the
WT PDK1. Nevertheless, the study discovered a variety of small molecule fragment disulfides
that could either activate or inhibit PDK1 by conjugation to the PIF pocket.®® Considering the
success of this and a variety of other applications, the tethering method remains an important

tool in the UCSF Small Molecule Discovery Center.*®

Screening for fragment binding to CDK2 was performed by monitoring mixed disulfide formation
between the protein and the fragment using intact protein mass spectrometry on a Waters LCT
Premier (LC-TOF) with in-line C4 desalting column (Figure S4). Each tethering reaction was run
in Tris-buffered saline (TBS) containing 2 yM CDK2, 100 uM of a small-molecule disulfide, and
1 mM BME as reductant. From the primary screen of 1280 fragments, the top 60 hits were
cherry-picked and retested to confirm. The relative potency of the top 12 confirmed hits was
measured by determining the concentration of B-mercaptoethanol required to displace half of
the fragment from the protein (BMEso), with higher values indicative of a stronger non-covalent
interaction between the fragment and the protein. The impact of the top 12 hits on CDK2
function was assessed by first labeling CDK2 with 100 uM of each fragment in the presence of

800 uM BME and then measuring CDK2 catalytic activity in the absence or presence of its



activator Cyclin A2 using a radioactive kinase assay with [y-*?P]-ATP and Histone H1 peptide as

the substrates.
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Table 1. Definitions and examples of allosteric sites.

Inhibitor | Source | Example Mapped | Mapped | Consensus
Site | Site Name Origin Type Kinase PDB Ligand Binding Data | Kinase PDB Sites P
DFG DFG motif Il many 11EP imatinib IC50 =10.8 Tie2 | 1FVR_B 1(16) Hydrophobic poc
nM motif switches to
binding here may
conformation
MT3 MEK1/2 type llI 1] MEK1/2| 4AN2 | cobimetinib |IC50 =0.9 nM| MEK1 | 3EQF_A 0(20) Adjacent to ATP
inhibitor disrupts salt brid
PIF PDK1 interacting v PDK1 4RQK RS1 Kd=1.5uM | PDK1 | 3IOP_A | 0(21), 8(3) |PDK1 regulates ¢
fragment them through this
CMP c-Abl myristoyl v c-Abl 3K5V GNF-2 IC50 = 267 c-Abl | 3QRJ_B | 3(12), 8(2) |Binding here leac
pocket nM Abl (depending o
domain binding
DRS | D-recruitment site Y MAPK8 1UKI pepJIP1 Kd=0.42uM | JUNK3 | 4Z9L_A 2(13) Substrate dockin
DEF docking site for v MAPK8 | 302M A-82118 |IC50=7.7uM| JUNK1 | 3V3V_A | 0(22), 1(14) | Substrate dockin
ERK FXF kinases; located
LBP | lipid binding pocket \Y p38a 3NEW | compound |IC50=1.2uM| p38a |3S4Q_A| 0(21), 3(15) |Binding of differe
MAPK 10 MAPK MAPK's preferen
substrates
PDIG PDIG motif v Chk1 3JVS |compound 3| Ki= 146 nM Chk1 | 4RVK_A| 0(17), 9(1) |Substrate recogr
in Chk1
EDI | EGFR dimerization v EGFR 2RFE Mig6 Kd=13uM | EGFR | 4RJ5_A 1(16) An EGFR monor
interface at this interface ¢
PMP | PKA myristoyl pocket v PKA 1CMK myristoyl n/a PKA [ 4AE9_A | 1(24), 4(08) |Myristoyl binding
in PKA
AAS | Aurora A activation v Aurora | 4C3P Aurora A | Kd > 300 uM |Aurora A| 3051_A | 0(22), 1(17) | An Aurora A mor
segment A binding of its acti
MPP | MKK4 p38a peptide v MKK4 3ALO p38a n/a MKK4 [3ALN_A*| 1(20), 3(11) |p38a peptide bin
peptide conformational ¢

*The PDB structure 3ALN_A does have a ligand at the MPP site, but MKK4 does not have any unliganded structures that contain a complete N



Table 2. Number of kinases found to be druggable at each allosteric site (out of total number of kinases containing
kinases, these numbers are further divided by family. ATP is not an allosteric site but is included here as a referenc

All vs. Human Kinases Human Kinases by Family

Site All (376) |Human (239)| AGC CAMK CK1 CMGC Other STE
ATP 298/373 193/238 21/22 23/27 8/10 27/31 26/27 22/27
DFG 93/272 71/190 5/13 8/18 217 10/28 6/20 7/21
MT3 182/304 125/200 7/16 17/26 2/6 20/27 14/22 19/26
PIF 116/199 87/141 10/11 10/15 3/6 16/20 12/15 10/17
CMP 76/200 61/145 0/12 13/17 217 8/17 7/13 11/20
DRS 103/231 70/151 15/20 7/13 5/10 2/16 5/15 12/19
DEF 18/65 16/48 0/2 0/1 2/2 7/12 1/2 0/6
LBP 22/92 16/69 1/8 0/5 3/6 10/17 2/8 0/4
PDIG 114/252 80/166 10/20 15/21 2/5 13/24 11/17 9/21
EDI 109/232 69/148 6/12 12/19 2/7 26/29 6/13 0/4
PMP 6/21 2113 2/5 0/4 0/0 0/1 01 0/0
AAS 128/234 86/158 8/17 16/22 2/7 5/16 12/16 13117
MPP 128/249 102/171 6/9 77 2/4 8/21 97 21/25




Table 3. Statistics of druggable (and weaker but still observable) allosteric sites in various structures of specific kinases

Site Site Name Inhibitor| Kinase | Example | Number of Site 1 Site 2 Site 3
T PDB truct

ype structures Type Number | Type [ Number | Type | Numk

MT3 MEK1/2 type Il 11 MEK1/2 | 4AN2 39 MT3 33 (36) MPP 22 (25) CMP 5 (1€
inhibitor

PIF | PDK1 interacting 1Y PDKA1 4RQK 58 PIF 43 (53) DRS 23 (47) MT3 10 (1
fragment

CMP c-Abl myristoyl v c-Abl 2FO0 26 MPP 22 (23) AAS 6 (12) MT3 3(6

pocket

DRS | D-recruitment site v MAPKS8 1UKI 30 PIF 28 (30) EDI 23 (28) DEF 10 (2

DEF docking site for v MAPK8 | 302M 30 PIF 28 (30) EDI 23 (28) DEF 10 (2
ERK FXF

LBP | lipid binding pocket v p38a 3NEW 203 EDI 181 (202) | MT3 | 62 (109) LBP 35(7

MAPK

PDIG PDIG motif v Chk1 3JVS 113 MPP 80 (111) EDI 79 (108) | AAS 28 (4

EDI | EGFR dimerization v EGFR 2RFE 110 MT3 33 (35) MPP 30 (46) CMP 3 (2
interface

PMP PKA myristoyl v PKA 1CMK 33 DRS 16 (25) PMP 14 (28) PIF 8 (3"

pocket

AAS | Aurora A activation 1Y Aurora A| 4C3P 111 MPP | 101 (108) | MT3 52 (67) PIF 49 (7
segment

MPP | MKK4 p38a peptide v MKK4 3ALO 3 AAS 3(3) MPP 2(2) CMP 2(2

MT3 MT3 in EGFR v EGFR 3W2R 110 MT3 33 (35) MPP 30 (46) CMP 3 (2

PIF PIF in CDK2 v CDK2 3QTU 371 MT3 185(259) [ CMP | 130(201) | PIF | 96 (1(

PDIG PDIG in JNK3 mnv JNK3 3V6R 48 PIF 41 (45) EDI 40 (47) PDIG | 19 (2

PDIG| PDIG in DAPK v DAPK 5AV4 49 PDIG 25 (43) PIF 10 (18) CMP 709

PDIG PDIG in PKC6 ? PDIG 4RA5 5 PDIG 4(5) MPP 2 (4) PIF 2(3




Figure 1. Positions of all allosteric sites discussed in this paper. ATP is represented as yellow
sticks, the N-terminal domain is shown in green, and the C-terminal domain is shown in gray.
From top to bottom: MPP (cyan), PIF (purple), MT3 (orange), DFG (red), DRS (blue), PMP
(pink), PDIG (dark green), AAS (light yellow), CMP (brown), DEF (teal), LBP (magenta), EDI
(olive).
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Figure 2. Number of kinases found to have consensus sites at each putative allosteric site. ATP
is not an allosteric site but is included here as a reference.






Figure 3. Mapping results for unliganded structures (except MPP) of kinases associated with
each allosteric site, with superimposed ligands from bound structures shown as yellow sticks.
Each probe cluster in the consensus cluster is represented by a single probe shown in line
representation. Structural, ligand, and mapping details for each site are given in Table 1.

Figure 4. FTMap finds a strong hot spot in the PIF pocket of CDK2. Only the N-lobe of CDK2 is
shown, and each probe cluster placed by FTMap is represented by a single probe at its center
(grey lines). Residues interacting with the probes are shown in magenta.
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Figure 5. Compounds bound to CDK2 as identified by tethering. A. The two most potent
compounds. B. Preliminary potency measurements for compounds 1 and 2.
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Figure 6. Radioactive peptide phosphorylation assay results demonstrate the inhibitory effects
of compounds 1 and 2 upon CDK2.



Figure 7. FTMap results for apo apo structure 3UIU_B of PKR. A. The strongest hot spot, 0(19),
shown in magenta, is located at the AAS site. The second strongest hot spot, 1(18), shown in



coral, is at the PDIG site. The PDIG site also accommodates the secondary consensus sites
7(5) (in green) and 8(4) (in blue). For orientation we superimposed the Chk1 inhibitor (shown in
yellow) from the Chk1 structure 3jvs. B. Close-up of the PDIG site with PKR in surface
representation to show that at this site PKR has a well-defined pocket that could accommodate
small compounds.
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