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Protein kinase B (PKB/AKT) is a promising and attractive therapeutic target in anticancer drug develop-
ment. Herein, we report the findings of virtual screening for novel ATP-competitive inhibitors of AKT-2
using 2D- and 3D-similarity searching and sequential molecular docking with two crystal structures of
AKT-2. Our multistep approach led to the identification of a low micromolar AKT-2 inhibitor
(ICs0 = 1.5 M) with a novel scaffold. The experimentally validated inhibitor represents the starting point
for an optimization program.

© 2009 Elsevier Ltd. All rights reserved.

The serine/threonine kinase B, also known as AKT, has several
downstream targets that regulate a number of processes associ-
ated with cell growth, differentiation, and division. AKT is fre-
quently amplified and over-expressed in human cancer cells and
its inhibition is a promising therapeutic approach for the treatment
of cancers.'” There are three known isoforms, AKT-1/PKBoi, AKT-2/
PKBB, and AKT-3/PKBy of AKT. Each one is associated with different
types of cancers. AKT-2 is amplified in pancreatic, breast, and ovar-
ian tumors. AKT-3 is over expressed in hormone-insensitive breast
and prostate cancers.! Aberrations in AKT-1 are less common. AKT
has an N-terminal pleckstrin homology (PH) domain, a hinge re-
gion, a central kinase domain, and a C-terminal region.? The kinase
domains have a large homology of more than 85% and the binding
pocket residues are the same.>* To date, small molecules targeting
the ATP binding site in the kinase domain, and allosteric inhibitors
interfering with the PH domain function have been reported.>~®
AKT inhibitors, either ATP competitors or compounds that interact
with regulatory domains, have shown promising activity in cancer
treatment. Structural classes of known ATP-competitors include
isoquinoline-5-sulfonamides such as H-89 (Fig. 1), indazole-pyri-
dines, and pyrazole-based compounds (vide infra).

Virtual screening is a powerful approach to identify new drug
leads, with several well-documented and successful examples.
Many reviews have been recently published that detail these suc-
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cessful cases of compounds that have become approved and are
marketed drugs.®® Previous virtual screening studies with the
crystal structure of AKT-2 in complex with glycogen synthase
kinase-3B peptide (GSK-3B) and 5’-adenylylimidodiphoshate
(AMP-PNP)'° have been described, leading to the identification of
three micromolar inhibitors.!’ The fragment-based and iterative
structure-based screening methodologies have also resulted in
the development of a novel pyrazole-based compound 1 with
nanomolar activity (Fig. 1).12 A crystal structure of AKT-2 in com-
plex with compound 1 has also been reported (PDB code
2UW09).!2 Furthermore, a research group from Abbott has recently
described a series of potent and moderately selective indazole-pyr-
idine-based AKT-2 inhibitors. A representative example is 2 in Fig-
ure 1 that was obtained after optimizing the activity of a lead
compound obtained by high-throughput screening.!> Despite the
promising activity of 2, both in vitro and in vivo, the molecule
showed toxicity along with side effects such as weight loss, mal-
aise, and increased plasma insulin levels.!®> Optimization efforts
on compound 2 are on-going.'* A crystal structure of AKT-2 in
complex with 2 has been published (PDB code 2JDR) recently.'®
Overall these two structures, 2UW9 and 2JDR, are quite similar,
with backbone root mean square deviation (RMSD) of only 0.36 A
for the whole protein and 0.3 A for the backbone of binding site
residues (residues that are within 5 A of ligand). A comparison of
binding site residues shows that the main contribution to RMSD
is due to the flexibility of residues Phe163 and Asp293. In 2JDR,
while Asp293 is pointing out, Phe163 extends into the binding cav-
ity and is adjusted parallel to the indoline and pyridine rings of the
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Figure 1. Chemical structures of AKT-2 inhibitors. Compound 3 was found in this work.

flexible ligand which has six rotatable bonds. In 2UW9, these two
residues are opposite, where Asp263 points inwards, Phe163 is
pushed out and has turned ~180° due to the rigid ligand which
has only three rotatable bonds. Additionally, the deep binding
component of both ligands forms two hydrogen bonds with resi-
dues Glu230 and Ala232, and an additional bond with Glu236 in
2UW9 and with Asn280 in 2JDR.

In this work, we have utilized both the ligand and receptor
information of these structures described above and performed li-
gand-based and structure-based virtual screening of a large data-
base of lead-like commercially available compounds to identify

novel AKT-2 inhibitors. The virtual screening workflow is depicted
in Figure 2.

A subset of 105,937 lead-like compounds implemented in the
Molecular Operating Environment (MOE) databases,'® version
2007, was screened. First, we conducted ligand-based similarity
searching using a two-dimensional (2D) and three-dimensional
(3D) molecular representations. The chemical structures of 1 and
2 were used as queries (Fig. 2). The 2D-similarities were calculated
using the Tanimoto coefficient with MACCS keys (166 bits) as
implemented in MOE.'® The 3D-similarities were obtained using
the Rapid Overlay of Chemical Structures (ROCS) software,!”
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Figure 2. Virtual screening workflow.
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version 2.3.1, with default parameters. For the screened compound
database, a conformer library was generated using the program
OMEGA,'® version 2.2.1 with default parameters. The conformer
library has on average 69 conformers per molecule. To compute
3D similarities, the coordinates of 1 and 2 found with the corre-
sponding crystal structures were used as queries. We did not find
molecules in the screened database with high 2D and 3D-similarity
values to either of the query compounds. The 2D and 3D-similarity
profiles to 1 and 2 are summarized in Table S1 in Supplementary
data. The highest 2D-similarity observed with any of the queries
was 0.87 while the highest 3D-similarity was 0.70 (scaled Combo
Score), in both cases to molecule 1. We also performed similarity
searching using the chemical structures of other reported AKT-2
inhibitors as queries, but we again did not find very similar mole-
cules in the screened database (data not shown). Although these
results discouraged the selection of compounds for testing based
on similarity, the similarity values computed with MACCS keys
and ROCS suggested that the topology and shape of the molecules
in the compound database was different to what has been reported
for AKT-2 inhibitors. Therefore, if structure-based screening identi-
fied active molecules (vide infra), we anticipated that such mole-
cules would represent novel chemotypes.

In the second step, we conducted structure-based virtual
screening by docking the entire compound database with the
above described crystal structures of AKT-2. We performed a
two-step docking procedure. First, we docked the entire collection
of compounds using a fast docking approach, selected the top
ranked molecules and then re-docked the selected compounds
with an alternative scoring function (Fig. 2).

For the first, rapid docking, the compound database was
docked with the Fast Rigid Exhaustive Docking (FRED) program
version 2.2.3.'° The active site was prepared with Fred-Receptor
version 2.2. The corresponding active site box was defined based
on the coordinates of the crystallographic ligands and have vol-
umes of 4481 A® and 4282 A3 for 2UW9 and 2JDR, respectively.
For both crystal structures, water molecules, peptide substrate
(GSK-3B and co-crystal inhibitors were ignored during docking.
For the ligands, the same OMEGA-generated conformer library
used in 3D-similarity searching (vide supra) was used. The
exhaustive search and optimization steps were done with default
parameters. For each docked molecule, the top-ranked pose was
extracted. For each crystal structure the top 1000 compounds
according to Chemgauss3 score were selected (Fig. 2). Selected
compounds with FRED were docked using the Genetic Optimiza-
tion for Ligand Docking (GOLD) program, version 3.2.2° The Gold-
score was used for outcome analysis. The 1000 compounds
selected with FRED from docking with 2UW9 were docked with
the same crystal structure. The same steps were applied for the
molecules selected from docking with 2JDR. For docking with
GOLD, the two crystal structures, water molecules, GSK-38, and
co-crystal inhibitors were deleted before docking. The binding site
was defined by selecting all atoms within 10 A of the correspond-
ing crystallographic ligand with the cavity detection mode turned
on and using default parameters. A maximum of 10 docking runs
per molecule were generated allowing early termination if top
three solutions are within 1A. Several molecules, docked with
the ATP binding site of 2UW9, showed a better Goldscore than
the co-crystal inhibitor, 1 (Supplementary data). In contrast, none
of the docked molecules with 2JDR showed a better docking score
than the co-crystal inhibitor, 2. Similar observations were made
with the docking scores obtained with Chemgauss3. In general,
we noticed a low degree of consensus between the top ranked
scoring molecules with each crystal structure (2UW9 and 2JDR).
In fact, only one molecule was found in common among the top
100 ranked compounds docked with GOLD in both crystal
structures.

Finally, a total of 19 compounds were selected from our above
described approach and were tested in vitro for AKT-2 inhibition.
Out of these 19, 12 compounds were selected from docking with
the crystal structure 2UW9 and seven compounds were selected
from docking with the crystal structure 2JDR (Fig. 2). The chemical
structures of tested compounds are depicted in Figures S1 and S2
in Supplementary data. Overall, the molecules were selected based
on one of the two following criteria: a high docking score and/or
ability to make hydrogen bonds with Glu230 and Ala232, which
is observed in several AKT-2 inhibitors.'>'52! Commercial avail-
ability at the time of purchase was also considered. One molecule
chemically related to the consensus hit among the top scored mol-
ecules with GOLD (vide supra) was selected. Selected compounds
from docking with the X-ray structure 2UW9 showed a similar or
better Goldscore than the score of the co-crystal ligand 1 (vide su-
pra). The top ranked scoring molecule was 3. Despite the fact that
selected molecules from docking with 2JDR had a lower score than
the corresponding co-crystal inhibitor 2, we decided to select mol-
ecules for screening searching for putative novel chemotypes (that
were different from the selected with 2UW9).

Selected molecules were experimentally evaluated for AKT-2
inhibition with the Z-LYTE biochemical assay (Invitrogen). The
FRET based assay utilizes a ratiometric method for quantifying
ATP inhibition. Results are summarized in Table 1. In our studies,
compound 3 (Fig. 1), selected from the docking with 2UW9,
showed an activity comparable to that of the reference compound
H-89.7 All other compounds show no detectable AKT-2 inhibitory
activity at 50 uM and 25 pM concentrations. Compound 3 was
shown to be a pan-AKT inhibitor with ICsq values of 2.6 uM
(AKT-1), 1.1 pM (AKT-2), and 4.0 uM (AKT-3).22 Compound 3 was
also screened in a 12 h MTT assay against two different cancer cell
lines MDA-MB-468% and MDA-MB-453.24 Against MDA-MB-468, a
cell line with PTEN mutations and EGFR amplification to which an
AKT-P inhibitor should have a modest response, compound 3 had
an ECso of 3.8 uM. While against MDA-MB-453, a cell line with
HER2 amplification and PIK3CA mutations that should be very sen-
sitive to AKT phosphorylation inhibition, it had an ECso of 10.0 pLM.

Notably, the active compound 3 showed the best Golscore in
docking with 2UW9 (vide supra). In order to describe the ligand-
binding site interactions, the binding mode found by Goldscore
within the binding geometry of 2 (PDB 2UW9) was subject to full
energy minimization using the MMFF94x force field implemented
in MOE until the gradient 0.001 was reached. The default parame-
ters implemented into the MOE’s LigX application were used. Fig-
ure 3A depicts the optimized binding model of 3 with AKT-2. The
corresponding 2D interaction map is depicted in Figure 3C. Accord-
ing to the binding model, 3 makes hydrogen bonds with the side
chain atoms of Thr213, Thr292, and Asp293. A m-7 interaction
was also predicted between the phenyl ring of 3 and Phe443
(Fig. 3B). We further investigated the binding mode of our tested
compound with the AUTODOCK4 program.?>2® The program pre-
dicted a very similar binding mode, and also suggested an alterna-
tive binding mode where the molecule is flipped by 180° along the
phenyl ring, while keeping the same deep binding pocket interac-
tions. A comparison with the predicted binding mode for H-89 is
also shown as a 3D model and 2D interaction map in Figure 3B

Table 1

Inhibitory activity of 3 with three AKT isoforms (ICso values in uM)

Compound AKT-1 AKT-2 AKT-3
3 2.6 1.5 4.0
H-89° 1.6 0.3 0.2

2 Values are historical values reported by Caliper with the same assay condition
used to calculate the ICso for compound 3.
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A Phe 443

B Phe 443

Figure 3. Optimized docking model of 3 and H-89 with AKT-2. (A) 3D models showing docked 3; (B) 3D model showing superimposed docked 3 and H-89. Hydrogen bonds
are depicted with arrows. Non-polar hydrogen atoms are omitted for clarity. (C) and (D) showing 2D interaction diagrams of 3 and H-89, respectively. Amino acid residues
within 4.5 A of docked compounds are shown. The active site residues are represented as follows: polar residues in pink, hydrophobic residues in green, acidic residues with a
red contour ring, basic residues with a blue contour ring. Green arrows indicate hydrogen bonding to side chain atoms, respectively. Blue ‘clouds’ on ligand atoms indicate the
solvent exposed surface area of ligand atoms (darker and larger clouds means more solvent exposure). Light-blue ‘halos’ around residues indicate the degree of interaction
with ligand atoms (larger, darker halos means more interaction). The dotted contour reflects steric room for methyl substitution. The contour line is broken if it is close to an

atom which is fully exposed.

and D, respectively. Overall the docked pose of H-89 was oriented
in a similar fashion as compound 3. The major differences were in
the hydrogen bond interactions of binding site residues. The
hydrogen bonds shown by binding site residues Thr213 and
Asp293 in compound 3 were not observed with docked H-89
(Fig. 3D). Instead Ala232 and Lys181 were two binding site resi-
dues that hydrogen bonded with H-89. The hydrogen bond with
Thr292 was observed in both, compound 3 and H-89 (Fig. 3).

Despite the fact that 3 showed no selectivity for AKT-2, this
molecule has a novel chemotype with AKT activity. The very sim-
ilar ATP binding sites of AKT-1 and AKT-23* represent a significant
challenge in the virtual screening for specific inhibitors. However,
3 with its novel scaffold is a promising starting point to search in a
different area of chemical space®’ for selective and potent inhibi-
tors. A first step toward the exploration of new areas of chemical
space would be using 3 as a query in similarity searching.

In conclusion, a novel low micromolar AKT-2 inhibitor was
identified by multistep virtual screening. The molecule has a differ-
ent scaffold with respect to published AKT-2 inhibitors and repre-
sents the starting point for an optimization program. Further

development of 3 will include exploring the SAR required to obtain
desired AKT selectivity.
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