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Abstract: Many biologically active molecules exist as rapidly
interconverting atropisomeric mixtures. Whereas one atrop-
isomer inhibits the desired target, the other can lead to off-
target effects. Herein, we study atropisomerism as a possibility
to improve the selectivities of kinase inhibitors through the
synthesis of conformationally stable pyrrolopyrimidines. Each
atropisomer was isolated by HPLC on a chiral stationary
phase and subjected to inhibitor profiling across a panel of 18
tyrosine kinases. Notably different selectivity patterns between
atropisomers were observed, as well as improved selectivity
compared to a rapidly interconverting parent molecule.
Computational docking studies then provided insights into
the structure-based origins of these effects. This study is one of
the first examples of the intentional preorganization of
a promiscuous scaffold along an atropisomeric axis to increase
target selectivity, and provides fundamental insights that may
be applied to other atropisomeric target scaffolds.

The human genome contains over 500 protein kinases, which
affect intracellular signal transduction pathways through
protein phosphorylation.! Aberrant kinase activity has
been implicated in numerous diseases,”” leading to an intense
drug discovery effort to develop efficacious anti-kinase
therapeutics that has resulted in over 20 FDA-approved
targeted kinase inhibitors mainly for the treatment of cancers,
including chronic myeloid leukemia and non-small-cell lung
cancer.”! Although these efforts have revolutionized cancer
therapy, a large degree of active-site conservation throughout
the kinase family causes most kinase inhibitors to possess
promiscuous inhibition activities towards many kinases.
While often needed for a complete response,* this poly-
pharmacology can also lead to side effects that negatively
influence the quality of life®” largely preventing kinase
inhibitors from becoming therapeutics for chronic non-lethal
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diseases, such as rheumatoid arthritis, where selectivity
becomes a much larger requirement.

Kinase inhibitors are also common chemical probes to
elucidate the role of a kinase or signaling pathways in cellular
processes or disease. These fundamental studies are fre-
quently confounded by off-target kinase inhibition affecting
unintended signaling pathways.”'? In recent years, chemists
and biologists have begun to gain an understanding of factors
that can contribute to increasing the selectivity of a small
molecule towards a specific kinase using “selectivity filters”
that take advantage of unusual features in a kinase active site
to obtain highly selective kinase inhibitors.'*'*) A general
selectivity filter has remained elusive as by design they rely on
rare occurrences in an active site. In this fundamental work,
we study atropisomer conformation as a selectivity filter in
kinase inhibition.

Atropisomerism is a form of chirality that arises from
hindered rotation around an axis that renders the rotational
isomers enantiomers. Many biologically active small mole-
cules possess little hindrance to rotation and exist as rapidly
interconverting mixtures of atropisomers,'” yet bind to their
respective biological targets in an atropisomer-specific
manner. This dynamic nature of atropisomerism can cause
serious complications in drug development, as atropisomers
can display drastically different pharmacological profiles.'*!]
This often results in confounding effects caused by the non-
target-relevant atropisomer, particularly when a compound
possesses an intermediate stability, and can racemize over the
length of the experiment.(*>%!

In recent reports, researchers have synthesized atropiso-
merically stable analogues of a lead molecule and observed
strikingly differential target affinities between the separated
atropisomers,'?!l including a seminal report with a p38 MAP
kinase inhibitor.”” Recent literature also suggests that
atropisomerically pure analogues can posses an improved
toxicological profile as the non-target-binding atropisomer is
precluded.” For example, Yoshida®! and co-workers have
recently synthesized atropisomeric lamellarin analogues, and
found that each atropisomer possesses a notably different
kinase inhibition profile with one atropisomer displaying
improved selectivity compared to the parent molecule.

As several kinase inhibitors are rapidly interconverting
atropisomers (Figure 1 A), we set out to evaluate atropiso-
merism as a strategy to improve upon the selectivity of
promiscuous kinase inhibitors. For these initial studies, we
chose pyrrolopyrimidine-based kinase inhibitors (PPYs) as
they represent a common and promiscuous kinase inhibitor
scaffold that often possesses at least one atropisomeric axis
(Figure 1B).”**! Furthermore, the identification of PPY
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Figure 1. A) FDA-approved kinase inhibitors that are interconverting
atropisomers. B) Some PPY and related kinase inhibitors. Bn=benzyl.

analogues with improved kinase selectivities may provide
intriguing starting points for drug discovery and towards
valuable chemical probes for the investigation of kinase
signaling pathways. Fundamentally, PPYs represent an entic-
ing but challenging platform for this work, as although
crystallographic analysis (e.g., PDB No. 1YOL) suggests that
they indeed bind kinases in an atropisomer-specific manner,
PPYs rely primarily on conserved interactions between the
kinase active site and the “adenine-like” heterocycle for
potency.

First, we developed a simple synthesis of atropisomeri-
cally rigidified PPY analogues starting from readily available
N-alkylated pyrrolopyrimidines (Figure 2A). The choice of
N substitution was based on previous work on PPYs®” and
related (e.g., PP1)®! kinase inhibitors. Our recently disclosed
phosphine sulfide catalyzed halogenation®! proved crucial
throughout this synthesis as it facilitated iodination of the
PPY core (to give 1b and 2b), boronic acid halogenation (to
give 3 and 4), and the key late-stage chlorination of the PPY
core to rigidify the axis in the penultimate step. Nucleophilic
aromatic substitution of the chlorine substituent in the
6-position with ammonia led to the racemic PPY analogues
le,1f 2e, and 2f.

The chlorine substituent proved to be sufficiently large to
render the compound stereochemically stable at room
temperature with respect to rotation around the PPY—“gate
keeper aryl” axis, and each atropisomer was obtained using
semi-preparative HPLC on a chiral stationary phase (Fig-
ure 2B). Circular dichroism confirmed that the isolated
compounds were indeed enantiomeric atropisomers, and X-
ray crystallography revealed that the first eluting atropisomer
of 1fwas of the R configuration. As the series are structurally
similar and were separated using comparable HPLC condi-
tions, we assigned the conformations of le, 2e, and 2f by
analogy.

We then experimentally measured the barrier to rotation
for each series by HPLC,*?! observing stereochemical stabil-
ities ranging from 8 days to 8 years at physiological temper-
ature. Interestingly, we found that the size of the N substitu-
ent (R') distal to the axis had a clear effect on the barrier to
rotation, with fert-butyl substitution increasing the barrier to
rotation by 1.2-1.5 kcalmol ' over cyclopentyl substitution,
resulting in a change in stereochemical stability at 37°C from
18 days for 1e to 157 days for 2 e. This trend is a manifestation
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Figure 2. A) Synthesis of atropisomerically stable PPY kinase inhibi-
tors. B) Traces of the HPLC analysis of 2e on a chiral stationary phase
(Daicel IA) before and after atropisomer separation. C) Circular dichro-
ism spectra of the separated atropisomers of 2e. D) X-ray crystal
structure of the first eluting atropisomer of 1f (R configuration).?

E) Experimentally measured barriers to rotation and extrapolated

t,/, values to racemization at 37°C.

of “the buttress effect”™! and may represent a strategy to
increase stereochemical stabilities when needed.

Based on the observed stereochemical stabilities, we
chose 1f, 2e, and 2 f for further study and obtained inhibition
data against a Src kinase from Life Technologies (Z'-LYTE
kinase assay, Figure 3 A). Whereas the atropisomeric ana-
logues were roughly 7-14 times less potent than the non-
rigidified parent molecule 5, the atropisomers displayed
strikingly differential potencies. For example, whereas the
second eluting S atropisomer of 1f possessed an ICs, value of
1300 nm, the first eluting R atropisomer displayed signifi-
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Figure 3. A) Differential Src kinase inhibitory activities between atro-
pisomers. B) Inhibition with 2e atropisomers and the parent com-
pound across a panel of tyrosine kinases at two different concentra-
tions. C) The tyrosine kinase branch of the kinome annotated with red
circles, scaled to percent inhibition. Illustrations reproduced courtesy
of Cell Signaling Technology, Inc. (www.cellsignal.com). An error
analysis is provided in Figures S1-S6. [a] Data obtained at Life
Technologies using the Z'-LYTE kinase inhibition platform. [b] The data
is the average of two runs. [c] Number of kinases inhibited by greater
than 40% divided by the number of kinases tested (including Src).

[d] % inhibition (S)-2e/%inhibition (R)-2e.

cantly less potency with an ICs,value of greater than
10000 nm. The trend of the first eluting atropisomer possess-
ing attenuated Src inhibitory activity compared to the second
eluting atropisomer held throughout each series tested,
lending further credence to the conformational assignment
based on the X-ray crystal structure of 1f.

To probe the effect of the atropisomeric conformation on
kinase selectivity, we subjected 1f, 2e, and 2f to kinase
inhibitor profiling across a panel of tyrosine kinases at
1000 nm and 5000 nm (Data for 2e shown in Figure 3B).
Performing profiling experiments at only a few concentra-
tions is a common practice in the field™* as obtaining ICs,
data from profiling services can become prohibitively expen-
sive across larger panels.
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The majority of kinases in the panel preferred the
S atropisomer to varying degrees; however, comparing the
kinase inhibition profiles of the atropisomers of each
compound revealed some fascinating differential selectivities.
For example, the R atropisomer of 2 e was less active towards
Src than the S atropisomer, yet it inhibited Ret kinase,
a validated drug target for numerous cancers, including
medullary thyroid cancer,®% to a significantly greater
extent than the S atropisomer (73% vs. 32% at 5000 nMm;
Figure 3B). Conversely, the S atropisomer inhibited Abl to
a significantly greater degree than the R atropisomer (67 %
vs. 26% at 5000 nm). We also performed the profiling
experiment with the more potent parent molecule 5, albeit
at lower concentrations to account for its increased potency
(200 nm and 1000 nm), finding that 5 possessed near pan
activity for the tyrosine kinase panel tested, including
significant activity towards Src, Ret, and Abl.

To analyze the selectivity of each analogue across the
panel, we turned to selectivity scores,'” which are simply the
number of kinases inhibited above a certain threshold divided
by the number of kinases evaluated. The R atropisomer was
more selective, inhibiting a lower percentage of kinases tested
to an intermediate degree (defined as greater than 40%
inhibition). For example, at 1000 nM, (R)-2e yielded an
S(40%) value of 0.11 whereas (S)-2e gave an S(40%)
value of 0.16. The parent molecule 5 was less selective at
a lower concentration of 200 nm giving an S(40% ) value of
0.44 (see Figure 3B). The differences in selectivity between
(R)-2e and (S)-2e at 5000 nm (4.5 times the ICs, of (S)-2e
towards Src) and for 5 at 1000 nm (6.25 times the ICs, of 5§
towards Src) can be viewed graphically (Figure 3C) across
tyrosine kinases.!! Importantly, similar trends were also
observed across each of the atropisomeric series tested
(Supporting Information, Figure S1-S6).

We then obtained ICs, data for 5 and the 2 e series towards
a subset of kinases that displayed differential atropisomeric
activities (Src, EGFR, Ret, Abl, YES; Table 1). This data
validated the profiling results, and also helped quantitate the
differential selectivity between atropisomers. The parent
molecule 5 displayed little selectivity towards the kinases
tested, with relative selectivity factors of 1.4-2.65 favoring
Yes (ICs, kinase/ICs, YES) over Ret, Src, and Abl, and
a selectivity factor of 7 between YES and EGFR. As with the
profiling data, the atropisomeric analogues possessed
enhanced selectivities compared to 5. For example, (R)-2e
inhibited Ret kinase with an ICs, of 1857 nMm, but possessed
reduced potency towards Abl and Src (10000 nm and
5570 nm), representing a four-fold augmentation of the
inherent selectivity of 5 towards these kinases. Conversely,
the S-configured isomer was less potent towards Ret
(7659 nMm, a nearly 8 fold increase of the inherent selectivity
of 5), while maintaining activity towards Src and Abl (1193 nm
and 1432 nm). In general, this data demonstrates that differ-
ent members of highly conserved families of enzymes such as
kinases can prefer different atropisomeric conformations of
the same inhibitor, and that this can be harnessed to modulate
inhibitor promiscuity.

Some kinases in these profiling experiments did not
display differential selectivities between atropisomers. For
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example, EGFR activity was knocked out across both
atropisomers whereas other kinases (Fgr, Yes) maintained
comparable activity towards each atropisomer, suggesting
that the atropisomeric conformation does not significantly
influence binding in these examples.

To gain a better understanding of the physical basis of the
observed effects, we turned to molecular modeling. We
docked 5 into the known structures of Ret, Src, and EGFR
bound to ligands that are structurally similar to PPYs. This
experiment predicted that Ret and Src would bind 5 in
different atropisomeric conformations, which is in agreement
with the observed data and structural assignment (Figure S7).
Likewise, this experiment predicted that EGFR would bind
both atropisomeric conformations with very little difference
in the docking scores. Together, these experiments illustrate
that the existence of an inherent atropisomer preference can
be predicted in silico, representing a method that allows for
the rapid assessment of the utility of applying this approach to
a particular kinase target.

We also examined each atropisomer of 2e. For Src, the
(S)-2e atropisomer is predicted to fit in the binding site
(Figure 4 A) and benefit from stabilizing interactions with
neighboring Asp406. The binding mode of (S)-2e is consis-
tent with that of CGP77675 (PDB No. 1YOL), which forms
the same pyrrolopyrimidine hydrogen bonds and has similar
dihedral angles between the two aryl ring systems (57.25° vs.
54.56°). The docked poses also suggest that the preference
for (S)-2e may arise from small steric clashes between the
methoxy group of (R)-2e with surrounding residues that are
not near the inhibitor when (S)-2e is used (Figure 4B).

In Ret, the active atropisomer (R)-2 e has a binding mode
similar to that of PP1 (PDB No. 2IVV), forming the same
pyrrolopyrimidine hydrogen bonds and having similar dihe-
dral angles between the two aryl ring systems (—122.57° vs.
—116.87°; Figure 4D), and is predicted to benefit from
stabilizing interactions with Asp892 as well as 7 interactions
with a neighboring Lys758 residue that are not present with
(S)-2e (Figure 4 C). Furthermore, (§)-2e is predicted to suffer
from a steric clash between the chlorine substituent and
Asp892, which causes the docked pose to shift up with regards
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to the X-ray configuration, straining the hydrogen bonds
between the pyrrolopyrimidine ring and the neighboring
Glu805 and Ala807 residues. All of these factors suggest
physicochemical origins for the observed (R)-2e selectivity
towards Ret.

A close examination of the bound (§)-5 and (R)-5 poses in
the EGFR binding pocket does not predict any additional
protein-ligand interactions other than the two pyrrolopyr-
imidine hydrogen bonds similar to the ones formed by ATP
(Figure S8). Both atropisomers seem to fit well in the binding
site without apparent steric clashes. In contrast, significant
steric clashes seem to exist between the (5)-2 e methoxy group
as well as the (R)-2 e chlorine substituent with the neighboring

B
Asp 406
C D
Asp 892 Asp 892

Lys 758 Lys 758

Figure 4. A, B) Structures of (S)-2e (A, in gray) and (R)-2e (B, in gray)
docked to Src overlaid with the electron density of CGP77675 (in gold;
PDB No. 1YOL). Interactions with Asp406 are represented by dashed
lines. C,D) Structures of (S)-2e (C, in gray) and (R)-2e (D, in gray)
docked to Ret overlaid with the electron density of PP1 (PDB No.
2IVV). For each structure, the “gate keeper” aryl group of 2e is shown
in space-filling mode. Interactions with the Asp 892 residue and

7 interactions with Lys 758 are represented by dashed lines.
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residues in the ATP binding site. This is consistent with the
observed loss of activity. Interestingly, docking studies
performed with the inactive form of EGFRF (PDB No.
2GS7) resulted in a very clear preference for (S)-2e. This
finding will be explored in future studies.

Taken together, our data suggests that atropisomerism can
be leveraged to modulate the selectivity of promiscuous
kinase inhibitors. Whereas some of the observed changes in
selectivity between 5 and each atropisomer of 2e may be due
to the decreased potency of the analogues, we feel that the
differences in the kinase profiles in Table 1 among atro-
pisomers as well as the increased selectivities of (R)-2e and
(5)-2e at higher concentrations compared to that of 5 suggest
that many of the observed differences are due to differential
protein recognition towards atropisomers.

To the best of our knowledge, this work represents one of
the first examples of the strategic rigidification of a common
and promiscuous medicinal-chemistry scaffold around an axis
of chirality to improve upon target selectivity. We feel that the
presented data illustrates fundamentally that in many cases
control of atropisomeric conformation may indeed be lever-
aged as a general strategy to improve the selectivity profile of
kinase inhibitors. Whereas the observed effects on selectivity
may be modest compared to those achieved with covalent
strategies,'**" covalent approaches inherently rely on rela-
tively rare occurrences in the kinase active site limiting their
implementation. On the other hand, the ubiquity of atropi-
somerism in drug discovery should present ample opportu-
nities for it to be applied as a more general approach, often as
part of a larger medicinal-chemistry puzzle, to obtain more
selective kinase inhibitors.
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[40] We thank a reviewer for suggesting that the loss of potency of the almost 90°, including the predicted dihedral angles of 2e and 5.
atropisomeric analogues may be due to the optimal dihedral Nonetheless, other atropisomers with larger substituents are
angle of ligand binding being significantly perturbed from the likely to have narrower profiles, and such analyses will be crucial
90° that one would expect an atropisomer to ideally adopt. While for target selection and design.

we cannot preclude this possibility, we have performed DFT

calculations (RB3LYP/6-31G(d) level of theory) to predict the

energy profile of rotation around the axis in 2 e at 10° increments

(see the Supporting Information). This analysis suggests that the ~ Received: July 2, 2015

rotational energy landscape is fairly flat (+2kcalmol™) for ~ Published online: August 14, 2015
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