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ABSTRACT: Finding small molecules that target allosteric sites remains a grand challenge for ligand discovery. In the protein
kinase field, only a handful of highly selective allosteric modulators have been found. Thus, more general methods are needed to
discover allosteric modulators for additional kinases. Here, we use virtual screening against an ensemble of both crystal structures
and comparative models to identify ligands for an allosteric peptide-binding site on the protein kinase PDK1 (the PIF pocket).
We optimized these ligands through an analog-by-catalog search that yielded compound 4, which binds to PDK1 with 8 yM
affinity. We confirmed the docking poses by determining a crystal structure of PDK1 in complex with 4. Because the PIF pocket
appears to be a recurring structural feature of the kinase fold, known generally as the helix aC patch, this approach may enable
the discovery of allosteric modulators for other kinases.

B INTRODUCTION patch is a hydrophobic pocket formed by the aB/aC helices
and the f4/pS strands in the small N-terminal lobe of the
kinase domain (Figure 1). The binding of effector proteins to
the helix @C patch activates some kinases and inhibits others.”
We focused on the kinase 3-phosphoinositide-dependent
protein kinase 1 (PDK1) as a model system because it is a
paradigm for allosteric regulation by the helix aC patch. PDK1
is also an important anticancer target because it phosphorylates
and activates more than 20 kinases that regulate cell survival,
proliferation, and metabolism, including isoforms of AKT, S6K,
RSK, SGK, and PKC.’

Kinase inhibitors are essential research tools and valuable
therapeutics. However, most kinase inhibitors are not specific
for the intended target because they bind to the highly
conserved ATP-binding pocket. The resulting off-target eftects
are often undesirable for a chemical probe and may cause side
effects in patients. One approach to improve the specificity of
kinase inhibitors has been to target allosteric sites distinct from
the ATP-binding pocket, which are often less conserved among
kinases. While this approach is still in its infancy, several
striking successes have been reported and exquisitely selective

allosteric inhibitors of the kinases AKT, MEK, and ABL are PDKI1 uses its helix aC patch, named the PDKl-interacting
now in clinical trials for the treatment of advanced cancers.' fragm.ent (PIF) pock.et, to. recruitA flowns.tream kj.nases . b)g
Despite these successes, developing allosteric inhibitors of engaging a hydrophobic peptide motif in their C-terminal tails.
protein kinases remains challenging because the kinase of Because ATP-competitive inhibitors of PD}% have so far been
interest either has no known allosteric site or finding ligands for incapable of fully suppressing its activity,” " small molecules
candidate sites is intractable with current technologies. targeting the PIF pocket have been pursued as a secondary
Here, we explored the druggability of an allosteric site called
the helix aC patch. This site is functionally conserved across Received: July 31, 2015
many evolutionarily distant protein kinases.”™* The helix aC Published: October 6, 2015
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Figure 1. (A) Relative position of the ATP-binding pocket and the
helix aC patch on the protein kinase fold. PDK1 with a peptide bound
to its helix aC patch, the PIF pocket. (B) Close-up view of the PIF
pocket of PDKI. The hydrophobic subpockets targeted by docking are
marked with two circles.

strategy aiming to disrupt the recruitment of substrates to
PDKI. Several computational and experimental approaches
have been used to target this challenging protein—peptide
interface, including pharmacophore modeling,'~"* NMR-
based fragment screening, 13 computational design,14 and
competitive binding assays.”'® Here, we investigated the utility
of structure-based docking as a site-directed approach to
discover new ligands for the PIF pocket of PDKI.

We docked 6300 compounds from the ZINC database
against a small conformational ensemble of two crystal
structures and four comparative models of PDKI1. We
prioritized compounds that scored well across at least four of
the six target models. Using this consensus ranking approach,
we identified two novel ligands, which were subsequently
shown to bind to PDK1 with a K; of ~40 M. Next, we docked
commercially available analogs and discovered compound 4,
which binds to PDK1 with an in vitro potency that is
comparable to known PIF pocket ligands (Ky of 8 uM). o
We solved a 1.4 A crystal structure of PDK1 bound to 4,
validating the predicted binding pose. In summary, we present
new scaffolds for the development of allosteric PDK1 inhibitors
and demonstrate the utility of virtual screening for targeting a
challenging allosteric site that is present in a number of
kinases.”

B RESULTS

Generation of PDK1 Comparative Models and
Chemical Library. The virtual screening workflow is depicted
in Figure 2. The conformation of the PIF pocket in PDK1
depends on the bound ligand. Specifically, the aB and aC
helices were tightly packed against the kinase when PDK1 was
bound to the allosteric activator PS48, but the helices swung
away from the kinase by up to S A when PDK1 was bound to
1F8, a covalent PIF pocket ligand.”'' Moreover, Argl3l
repositions to make optimal electrostatic contacts depending
on which ligand is bound. Thus, we created a set of six
structural models of the PIF pocket to recapitulate this
repertoire of ligand-induced conformations. Model 1 (M1) is
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Figure 2. Virtual screening workflow.

the crystal structure of PDK1 bound to PS48 (PDB code
3HRF) where the aB and aC helices are in the “closed”
conformation. M2 was constructed by grafting the “open”
conformation of the @B and aC helices from the structure of
PDKI bound to 1F8 (PDB code 30RX) onto M1. We then
relaxed the @B and aC helices of M2 using MODELLER'® to
compute M3, which is an intermediate “open” state between
Ml and M2. Finally, we optimized the positioning of the
Argl31 side chain using PLOP," thereby creating models
MIR, M2R, and M3R (Supporting Information Figure 1)."”

Next, we generated a chemical library for virtual screening.
To avoid rediscovering known ligands, we assembled a list of
112 known PIF pocket ligands from the literature'*~"> and our
own work.”" We then used the DUD-E procedure to identify
6300 commercially available compounds that were topologi-
cally distinct from these known ligands but had similar chemical
properties, such as molecular weight, calculated log P, and net
charge."®

Docking and Experimental Testing. We performed a
prospective virtual screen of the 6300 compounds against all 6
structural models using DOCK 3.6." To be considered a hit,
we required that compounds rank in the top 500 in at least 4 of
the 6 docking screens. We further triaged hits by imposing a
geometry filter requiring that compounds must (1) make at
least two hydrogen bonds to the polar subsite within the PIF
pocket defined by residues Argl31, Lys76, or Thrl48; (2)
occupy the hydrophobic pocket delimited by Ile119 and
Leul$S; and (3) occupy the hydrophobic pocket with Phel57
at its base (Figure 1B). The geometry filters were derived from
crystal structures of PDKI in complex with PIFtide or various
small-molecule ligands. The polar subsite is a critical binding
energy hotspot for a negatively charged carboxylate or
aspartate. The hydrophobic pockets engage either two
phenylalanines or two aryl substituents. Following visual
inspection of the hit list, we selected three compounds for
experimental testing (Table 1).

To determine whether the virtual screening hits bound to
PDK1, we used a fluorescence polarization (FP) competitive
binding assay that monitors the displacement of a fluorophore-
labeled peptide from the PIF pocket of PDK1.* Compounds 1
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Table 1. Top Virtual Screening Hits across the Six PIF Pocket Models

Docking rank * Ky uM*©
M1 MIR M2 M2R M3 M3R (95%CI)

Compound structure *

LE“

39.1
6 39 29 66 1

(352-43.2)
109 189 31 297 14 76 >200 -

% 394
2808 158 125 125 491 294 026
- (36.8-42.2)
.

“Charged states are depicted assuming a physiological pH of 7.4. PRanks reported do not consider the molecules discarded by the geometry filter.
“Ky was calculated from the ICq, in the FP assay using an equation that accounts for ligand depletion." “Ligand efficiency (LE) is calculated as
binding energy (AG, kcal/mol) per non-hydrogen atom.

and 3 both bound to PDKI1 with a K; of ~40 uM, whereas the findings with an orthogonal assay, we also determined the effect
binding of 2 was negligible (Figure 3A). To confirm these of 1 and 3 on the catalytic activity of PDK1 toward a short
peptide substrate in vitro. In this assay, substrate recruitment
does not depend on the PIF pocket, so allosteric modulation of

A. FpP Competitive Binding Assay B. Kinase Activity Assay

250 004 OPirtde] & °° PDKI1 activity by the small-molecule ligand can be observed.
. zzz L %400 We found that compounds 1 and 3 stimulated PDK1 activity
175 S j % 300 up to a maximum of ~1.8-fold with ECg, values of ~40 and
150 @ 200
X

~50 uM, respectively (Figure 3B). Compounds 1 and 3 do not
appear to exert their effects through an aggregation-based

0.1 1 10 100 1000 1 10 100 1000 . . .
[Compound] (uM) [Compound] (uM) mechanism: Neither compound formed colloidal aggregates

under our assay conditions, as monitored by dynamic light
Figure 3. Dose—response curves for initial hits 1 and 3 and improved . 1o . e
) L ) - ! scattering, nor did either compound nonspecifically inhibit an
analog 4 in the (A) binding and (B) kinase activity assay. A peptide . .
ligand was used as a control (PIFtide, residues 9—23). unrelated enzyme—the protease cruzain (Supporting Informa-
tion Figure 2).20’21

o
o 2

Table 2. Structure—Activity Relationships for the PIF Pocket Ligand Analogs

0
o) 6%
- R_ _S_ _N
N -
R /Z%)n \f 0. .0
| s N = \p‘ _
A \(N Ry—— . o
\ A H
R R, 2

N D e
Ky (uM) =
R n Kq (uM) 1 phenyl >200
. R4 R, R; Kq (uM)
4 2-Me, 6-Me 1 8.4 12 1-napthyl 120
0 15 H (R-Me  3-F,4F 83
5 H 1 >200 ~
(o) 16 H (R)-Me H 150
6 2-OMe 1 >200
R S N
NG 17 4F H 4F >200
7 2-F 1 >200 N
I~ 18 H (S)-Me 4-F >200
8 2-Me 1 50 (6]
9 2-Me, 3-Me 1 110 R Ka (uM)
13 H 120
10 2-Me 2 74
14 Me 75
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Analog-by-Catalog. To improve the potency of 1 and 3,
we extracted 518 commercially available analogs from the
ZINC database using its analog-by-catalog method with a
permissive chemical similarity threshold of 70% (Tanimoto
coefficient, Tc),”” using ChemAxon path-based fingerprints. We
docked these 518 analogs against the six structural models and
found 15 analogs that scored as well as or better than the parent
compounds 1 and 3 (Supporting Information Table 1). We
tested whether these analogs bound to the PIF pocket using the
FP competitive binding assay described above. Of the 15
analogs tested, 8 bound to PDK1 with an affinity 2- to 4-fold
worse than their parent compounds, 6 analogs showed very
weak or negligible binding, and one (compound 4) bound to
PDK1 with a Ky of 8 uM, corresponding to a S-fold
improvement over its parent compound 1 (Figure 3A; Table
2). Compound 4 ranked within the top 26 of 518 analogs
across all six models and adopted a slightly different docking
pose in each model (Supporting Information Figure 3). Like
compounds 1 and 3, compound 4 also enhanced the activity of
PDKI1 toward a short peptide substrate, with a maximal
stimulation of ~1.6-fold and an ECs, value of 2 yM (Figure
3B).

Crystal Structure. To assess the accuracy of the docking
pose of compound 4, we determined a crystal structure of
PDKI1 bound to ATP and 4. To enable soaking of 4 into PDK1
crystals, we crystallized a double mutant of the kinase domain
(Y288A, Q292G) that packs in an arrangement where the PIF
pocket is accessible to the solvent."" The best crystal diffracted
to 1.4 A resolution, and the resulting electron density map
showed strong peaks for both the aryl substituents and the
carboxylic acid of 4 (Figure 4A). We did not observe clear
electron density for the oxyethylsulfanyl linker, indicating it
adopts multiple conformations. The only notable difference
between the actual binding pose for 4 and the predicted
docking pose is the conformation of the flexible linker between

crystal:ligand
model:

Figure 4. (A) Crystal structure of PDK1 bound to compound 4.
Electron density is shown for the ligand (green, F, — F, omit map, 30)
and for key interacting residues (blue, 2F, — F. map, 1.255). (B)
Overlap of the crystallographic binding pose and the docking pose for
compound 4, following least-squares superposition of the PDKIl
atoms.
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the aryl substituents (Figure 4B). The non-hydrogen atom
rmsd of compound 4 between the predicted and experimental
binding poses ranged from 0.92 to 1.56 A following least-
squares superposition of the six PDK1 models.

B DISCUSSION

Using structure-based virtual screening, we have identified
novel ligands that bind to the allosteric PIF pocket on PDKI.
In contrast to traditional single-structure docking screens, we
docked against an ensemble of PDKI structures and
comparative models, allowing for some of the conformational
accommodation that we expected from this allosteric site. We
hypothesized that ligands that dock well across multiple
conformations of a binding site are more likely to be true
binders. We also reasoned that docking against multiple
conformations of the binding site would identify additional
chemotypes compared to docking against a single structure. We
were encouraged by previous ensemble docking studies that
have increased the hit rate and chemical diversity compared to
single target docking.”*™*°

Here, our ensemble docking and consensus ranking approach
showed three advantages over docking against a single crystal
structure. First, we correctly identified the phosphonate 3 as a
true binder despite its poor rank against the starting model M1
(2808/6300), because 3 scored well across the other 5 models.
Moreover, a perturbed model prioritized 6 of the 9 true binders
better than the crystal structures during the analog-by-catalog
stage. Second, the success rate for identifying true binders
exceeded S0% during both the initial screening (66%) and the
analog-by-catalog steps (60%). Finally, using the consensus
ranking approach to select hits greatly reduced the level of
human intervention needed relative to our prior virtual screens
against single targets. Docking against multiple models may
lessen the need for an experienced scientist to scrutinize
hundreds of dockin?g poses, as is now common practice in
virtual screening.”*”” The stringency of the consensus ranking
rule (i.e., top SO0 rank across 4 of 6 models) should be adjusted
to match the number of compounds that can be purchased and
tested.

We docked a library of only 6300 of the ~4 million
commercially available compounds in the ZINC database. We
selected this subset of compounds with the goal of retaining the
chemical properties that are favorable for binding to the PIF
pocket, the most notable being a net negative charge, while
avoiding rediscovery of known chemotypes. This goal was
accomplished by repurposing the DUD-E method, which was
originally designed to identify property-matched “decoy”
molecules as negative controls for docking. While the diaryl
acid (1) and diaryl phosphonate (3) compounds can be broadly
grouped into the same aromatic—charge—aromatic pharmaco-
phore that describes nearly all reported PIF pocket ligands,
both compounds represent novel scaffolds that are topologically
dissimilar to all known ligands (maximum Tc of 0.25).”® Thus,
they would not be discovered by searching for analogs of
known ligands in the ZINC database using even a low 50%
similarity cutoff. Unexpectedly, the DUD-E method for
generating “negative control” molecules can be repurposed
for scaffold hopping when the protein target has a set of known
ligands.

While 9 of the 15 compounds we selected during the analog-
by-catalog step were true binders, only one analog (4) was
substantially more potent than the parent compounds 1 and 3.
This finding is consistent with common knowledge that

DOI: 10.1021/acs.jmedchem.5b01216
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computational docking is better at distinguishing true binders
from nonbinders than it is at predicting relative potencies.
Thus, the success of an analog-by-catalog procedure is bounded
by the number of analogs that can be purchased for testing and,
indirectly, by the chemical diversity of the commercially
available analogs. Nevertheless, we were able to identify analog
4, which was 5-fold more potent than its parent compound 1.
The crystal structure of 4 bound to PDK1 revealed that the 2,6-
dimethyl substituted phenyl group of 4 packs tightly into its
hydrophobic subpocket, suggesting the 2,4-dimethyl substitu-
tion pattern of the parent compound 1 was sterically
suboptimal. Additionally, the poor electron density observed
for the oxyethylsulfanyl linker between the phenyl and
benzimidazole rings of 4 suggests this region is highly flexible.
Therefore, in future studies the potency of 4 is likely to be
further improved by rigidifying this linker with a carbocycle or
other conformation-restricting moiety.

In conclusion, structure-based virtual screening against the
PIF pocket of PDKI has identified novel allosteric modulators.
The approach is applicable to targeting the helix aC patch of
other protein kinases and therefore may enable the discovery of
ligands for this broad class of protein—protein and protein—
peptide interfaces.

B EXPERIMENTAL SECTION

Generation of PDK1 Structural Models. Six structural models of
human PDK1 were used in this study. The first model (M1) is the
crystal structure of PDK1 bound to an allosteric activator (PDB code
3HRF). Starting from the first structure, the PIF pocket allosteric site
was adjusted in three steps to sample a variety of conformations. First,
the positions of the @B and aC helices were extracted from another
crystal structure with a disulfide-trapped fragment in the PIF pocket
(PDB code 30RX), resulting in the second structure (M2). Second,
the @B and aC helices in M2 were refined using conjugate gradient
(CG) minimization in MODELLER,"® resulting in different positions
of the aB helix and the loop that links the two helices (M3). Finally,
the side chain of the Argl31 on the aC helix was optimized in all three
models using the “side chain prediction” protocol in PLOP,'” resulting
in three more models (MIR, M2R, M3R).

Generation of Virtual Chemical Library. With the goal of
identifying novel ligands for the PIF pocket, a list of 112 known
ligands was first compiled, consisting of 7 diaryl carboxylates and 105
diaryl sulfonamides. The docking library was then constructed from
the ZINC database using the DUD-E procedure'® to identify 6300
“decoy” compounds that had physicochemical properties similar to the
known ligands but differed from them topologically.

Virtual Screening. Virtual screening against the six PDK1 models
was performed using a semiautomatic docking procedure. The
receptor structure was prepared by removing all non-protein atoms
from the crystal structures. Receptor-derived spheres were calculated
using the program SPHGEN>’ (part of the UCSF DOCK suite), while
the ligand-derived spheres were generated from the positions of the
heavy atoms of the crystallographic ligand in the 3HRF structure. In
total, 45 matching spheres were used to orient ligands in the binding
site. All docking calculations were performed with DOCK 3.6."" The
docking poses were scored using van der Waals, Poisson—Boltzmann
electrostatic, and ligand-desolvation penalty terms.

Chemical Novelty Evaluation and Analog Search. For
assessing chemical similarity between two compounds, we relied on
the ECFP4 ﬁngerprints28 to calculate Tanimoto coefficients (Tc)
using the program Pipeline Pilot (Accelrys). A Tc value of less than 0.4
is commonly accepted as an indication of chemical dissimilarity
between two compounds. Commerecially available analogs of the initial
docking hits were identified using the analog-by-catalog method of the
ZINC database®” with a permissive chemical similarity level of 70%, as
calculated by JChemBase, using ChemAxon path-based fingerprints
(ChemAxon).
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Fluorescence Polarization Competitive Binding Assay.
Docking hits were experimentally tested for binding to PDK1 using
a competitive binding assay that monitored the displacement of a
fluorophore-labeled peptide from the PIF pocket.” The dissociation
constant (Ky) for ligands was calculated from their ICy, values using an
equation that accounts for ligand depletion.™

Cruzain Assay. Cruzain assays were performed in 100 mM sodium
acetate, pH 5.5, containing S mM DTT. Triton X-100 was added to
0.01% in reaction mixtures as indicated. Drugs were incubated with 0.8
nM cruzain for S min until reactions were initiated by adding
fluorogenic substrate Z-Phe-Arg-aminomethylcoumarin (Z-FR-AMC).
The final reaction volume was 200 L, containing 0.4 nM cruzain, 2.5
uM ZF-R-AMC, and 0.5% DMSO. Increase in fluorescence (excitation
wavelength of 355 nm, emission wavelength of 460 nm) was recorded
for S min in a microtiter plate spectrofluorimeter (Molecular Devices,
FlexStation). Assays were performed in duplicate in 96-well plates;
control samples contained DMSO only.

Dynamic Light Scattering. Concentrated DMSO stocks of drugs
were diluted with assay buffer to a final DMSO concentration of 3.2%.
Measurements were made using a DynaPro MS/X (Wyatt
Technology) with a S5 mW laser at 826.6 nm, laser power of 100%,
and detector angle of 90°. Single-point measurements are reported.

Protein Kinase Activity Assay. The effect of PIF pocket ligands
on the catalytic activity of PDKI toward a short peptide substrate
(T308tide) was measured using a radioactivity-based kinase assay.’

Crystallization and Structure Determination. Crystals were
obtained using a PDK1;,_35, mutant (Y288G, Q292A) that disrupts a
crystal contact that normally prevents ligands from binding to the PIF
pocket.” Conditions for crystallization, compound soaking, harvesting,
and data collection were described previously.” Diffraction data were
collected at Advanced Light Source beamline 8.3.1 and were indexed
and scaled using HKL-2000.>" Structures were solved by molecular
replacement using a PDK1 crystal structure (PDB code 4AW1) as a
search model in Phaser.” Iterative model building and refinement
were performed with Coot™ and PHENIX,** respectively. Structure
validation was performed using MOLProbity.”® Final refinement
statistics are summarized in Supporting Information Table 2.

Compound Quality Control. Every purchased compound was
analyzed by LCMS (Waters 2795 analytical HPLC, and ZQ MS).
Every compound yielded a single peak by UV and evaporative light
scattering (ELSD) and was within 0.1 Da of the expected mass. The
structure of compound 4, 2-(2-((2-(2,6-dimethylphenoxy)ethyl)thio)-
1H-benzo[d]imidazol-1-yl)acetic acid, was further confirmed by 'H
NMR (400 MHz, DMSO-d;): § 7.46—7.53 (m, 2H), 7.12—7.17 (m,
2H), 6.97 (d, J = 7.6 Hz, 2H), 6.87 (dd, J = 8.0, 6.8 Hz, 1H), 4.97 (s,
2H), 4.03 (t, ] = 6.4 Hz, 2H), 3.68 (t, ] = 6.0 Hz, 2H), 2.20 (s, 6H).
LCMS (m/z): [M + H]* caled, 357.12; found, 357.18.
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