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ABSTRACT: Amino-quinazoline BRaf kinase inhibitor 2 was identified from a library screen as a modest inhibitor of the unfolded
protein response (UPR) regulating potential anticancer target IREla. A combination of crystallographic and conformational
considerations were used to guide structure-based attenuation of BRaf activity and optimization of IREla potency. Quinazoline 6-
position modifications were found to provide up to 100-fold improvement in IREle cellular potency but were ineffective at reducing
BRaf activity. A salt bridge contact with Glu651 in IRE1a was then targeted to build in selectivity over BRaf which instead possesses
a histidine in this position (His539). Torsional angle analysis revealed that the quinazoline hinge binder core was ill-suited to
accommodate the required conformation to effectively reach Glu651, prompting a change to the thienopyrimidine hinge binder.
Resulting analogues such as 25 demonstrated good IREla cellular potency and imparted more than 1000-fold decrease in BRaf

activity.
KEYWORDS: IREla, BRaf, kinase, unfolded protein response

he unfolded protein response (UPR) is a cytoprotective
protein synthesis homeostasis mechanism that is triggered
by the accumulation of unfolded proteins in the endoplasmic
reticualum (ER)." In the event of UPR signaling disruption, or
extreme ER unfolded protein stress, the cellular apoptosis
mechanism is activated, leading to cell death.””* Many
neoplastic disorders (e.g., multiple myeloma) have a high
protein synthesis burden and rely heavily on specific branches of
the UPR, particularly inositol requiring enzyme 1-alpha
(IREl@), to avoid the apoptosis cascade and survive.”~ As a
result, selective interference with the UPR machinery is a
potentially attractive approach to initiate caspase-mediated
death of cancer cells and thus constitutes a promising strategy
toward the discovery of novel cancer therapeutics.
Management of the UPR is governed by three main branches
which control transcriptional response mechanisms." Among
these, IREla is a bifunctional ER transmembrane sensor protein
with kinase and RNase activity which regulates the most highly
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conserved branch of the UPR. In the event of unfolded protein
stress in the ER, IREla undergoes dimerization/oligomeriza-
tion and autophosphorylation which activates the transcription
factor X-box binding protein 1 (XBP1). The ensuing splicing of
XBP1 results in transcription of UPR genes and expression of ER
chaperone proteins which restore normal cellular protein
synthesis and trigger degradation of excessive unfolded protein.”
For these reasons, it has been proposed that inhibition of IRE1a
dimerization/oligomerization and endonuclease activity could
be an attractive strategy to selectively disrupt the UPR in cancer
cells and trigger the apoptosis cascade.'"™"” In particular, IRE1a
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IRE10-TR-FRET ICs0 = 0.0037 uM
IRE1a-RNase ICsq = 0.0042 uM
XBP1 luc ICsq = 0.057 uM
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IRE1a-TR-FRET |c50 = 0.0068 uM
IRE1a-RNase ICsq = 0.200 uM

XBP1-luc ICs = 5.58 uM
BRaf Ki = 0.0023 uM

Figure 1. X-ray cocrystal structure of ligand 2 (yellow) identified from a Genentech internal kinase library screen (cyan = receptor of 2, PBD code
6XDF, 2.54 A) overlaid with compound (1) (pink) in hIRE1 (brown = receptor of 1, PDB code 4U6R, 1.90 A).

represents a rational target for multiple myeloma, because it
regulates ER-associated degradation of misfolded proteins as
well as secretion of several cytokines and chemokines known to
be important for survival of malignant plasma cells in the bone

. . 13-15
marrow microenvironment. As a consequence, there has
been considerable interest toward discovery of small molecule

inhibitors of IRE1a endonuclease activity.'®™*"

Table 1. 6-Me-Quinazoline Improves XBP1 Potency”

cl
o\\s,/o
Nl“N HN H’ “R?

HoN™ of
R
IREla-TR- IREla-
FRET RNase XBP1-luc BRaf
compd R! ICs (4M) ICs, (uM) ICs (4M) K; (uM)
3 H 0.0089 0.056 12.7
4 Me 0.00S 0.031 1.1 <0.00008

“Data represent an average of >2 separate determinations. See the
Supporting Information for standard deviations.

Interestingly, it has been shown that interference of IREla
RNase act1v1ty can be allosterically controlled through targeting
of the enzyme’s C-terminal kinase domain.”'~** For example,
Harrington and co-workers at Amgen recently disclosed a potent
and selective inhibitor of IRE1a RNase activity which binds to
the IREla kinase domain (1, Figure 1).** Notably, the crystal
structure of (1) in hIREla suggests that kinase domain binding
with this ligand results in a conformational shift of the aC-helix
resulting in reduced capacity of the enzyme to undergo crucial
RNase active dimerization and oligomerization.

Our interest in exploring IREla as an anticancer target
prompted an internal kinase focused screen toward identifying
IREla RNase inhibitors. A total of 92K compounds were
screened and these efforts initially identified compound 2
(Figure 1) as a promising hit from a prior amino-quinazoline

BRaf kinase inhibitor program” with potent ATP-competitive
IREla binding affinity (IRE1a-TR-FRET ICy, = 0.0068 uM).
Compound 2 also demonstrated a modest inhibitory effect on
IREla endonuclease activity as measured in both an enzymatic
RNase inhibition assay (IRE1la-RNase ICy, = 0.200 M) and a
cellular X-box binding protein-1 splicing luciferase reporter
assay (XBP1-luc ICy, = 5.58 uM). A crystal structure of 2 bound
to IRE1 was obtained which showed that this ligand binds to the
kinase domain ATP pocket in a similar fashion as ligand 1 with
amino-quinazoline A-ring hinge contacts, sulfonyl urea DFG-
motif binding, and pyrrolidine D-ring occupation of the aC-
helix pocket (Figure 1). Some unique features of 2 include the
absence of a polar headgroup salt bridge contact with Glu651,
the existence of a pseudoring by intramolecular H-bonding
between the N—H proton of the amide group and the one of
nitrogen atoms on the quinazoline, and the presence of a new
pocket close to the P-loop region of the quinazoline B-ring.

Based on compound 2, a program was initiated to improve
cellular potency of this starting point. Our primary goals for this
series were to improve potency for IREla and reduce BRaf
kinase binding affinity (BRaf K; = 0.0023 uM). Using structure
guided variation of core substituents and core replacement
strategies; we were ultimately able to achieve both objectives as
elaborated in the following part.

To drive our efforts, four assays were routinely used to
evaluate compounds for their IRE1ar and BRaf activities: IRE1la-
TR-FRET was used to measure ATP-competitive IREla kinase
binding potency; IREla -RINase was used to measure enzymatic
endonuclease inhibition via cleavage of the XBP1 stem loop;
XBP1 provided a cellular luciferase read-out of functional
IREla-RNase inhibitory activity; and BRaf K; values were
determined in a kinase activity assay to evaluate potency against
the key BRaf kinase antitarget. While the IRE1a-TR-FRET
binding assay was routinely run to ensure ATP-competitive
binding of new ligands to this kinase, the relatively high enzyme
concentration required in this assay unfortunately resulted in an
inability to discriminate between compound potencies below
the enzyme concentration (less than ~10 nM). One
consequence of this limitation was that a direct comparison of
BRaf and IREla binding potencies could not be used as a
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Table 2. Representative Amino-Quinazoline B-Ring and D-Ring SAR”
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“Data represent an average of >2 separate determinations. See the Supporting Information for standard deviations. The potency was determined

once.

rigorous selectivity metric. Nevertheless, the relative magnitudes
of the BRaf K values among compounds still served as a useful
metric to identify features which display BRaf sparing character
toward our goal of identifying an IREla-selective ligand. In
addition, IRE1a RNase assay data presents similar limitations in
its ability to discriminate compounds with potencies better than
10 nM. Ultimately, the cellular XBP1 luciferase assay was
deemed the most sensitive discriminator of functional RNase
ligand potency, and as a result, our design efforts toward

improving IREla inhibitory activity were guided primarily by
activity in the XBP1 assay.

To further explore the potential impact of aC-helix shift on
IREla potency, our attention first turned to examining
additional amino-quinazoline BRaf ligands from our database
with D-ring modifications that could push the aC-helix.
Interestingly, this effort instead revealed a 6-Me-quinazoline
B-ring substituent as a promising lead toward improved cellular
XBP1 potency (Table 1). Structurally, this methyl group
appeared to occupy a previously unexplored pocket close to
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His579

Figure 2. X-ray cocrystal structure of ligand 13 (yellow) in hIREla
showing dimethyl-pyrazole quinazoline substituent interacting with P-
loop residue Leu577 and His579 (PBD = 6XDB, 2.45 A).

Figure 3. (a) Model of compound 2 with a trans-diaminocyclohexyl
group attached to the quinazoline A-ring amine in IREla (orange)
showing predicted salt bridge formation with Glu651. (b) Model of 2
with a trans-diaminocyclohexyl group attached to the quinazoline A-
ring amine in BRaf (cyan). Green structure = compound 2.

Table 3. Quinazoline A-Ring Polar Head Group SAR”

F
HoN S}
R1
IRE1a-TR- IRE1g- XBP1-luc  BRafKi
Compound R! FRET ICso RNase ICso ICso (uM) (uM)
(M) (M)
15 He 0.40 55 29
MV - ’

16 HaN 0.058 0.92 31 0.0052°

17 0.21 3.5 19 0.070°

H
N
Qr’f
H
N
18 Q}g 0.14 0.67 9.9

HoN
19 *O‘; 0.021 0.70 19 0.34¢

“Data represent an average of >2 separate determinations. See the
Supporting Information for standard deviations. “The potency was
determined once.

the P-loop which we then sought to exploit toward further gains
in IREla potency.

To guide our design efforts, analysis of the crystal structure of
2 indicated that this quinazoline B-ring is surrounded by polar
residues and provides sufficient space to accommodate larger
alkyl groups including S- or 6-membered ring systems.
Moreover, the imidazole ring of the His692 residue on the P-
loop appeared to be ~4—S A away from the quinazoline 6-
position, suggesting incorporation of quinazoline substituents
that could 7z-stack or hydrogen bond with this imidazole side
chain could improve affinity. Altogether, these observations
prompted an initial design strategy that focused on deploying
heterocycles in this region to match the polar nature of this
pocket while also targeting placement of aryl 7-systems and
heteroatoms in close proximity to the His692 imidazole ring.
Specifically, combination of the quinazoline substituted with
heterocycles at the 6-position and containing aryl sulfonamide
D-rings was deemed an attractive strategy toward improving
cellular XBP1 potency since such analogues appeared enabled
for rapid structure—activity relationship (SAR) evaluation and
were not predicted to interfere with the key kinase domain polar
binding contacts.

We first explored incorporation of pyridines in this quinazo-
line pocket, which did not lead to improved XBP1 activity but
appeared tolerated, providing an initial validation that aromatic
heterocycles could be accommodated in this space (Table 2,
compounds 5 and 6). As a next step, S-membered aromatic
heterocycles were investigated leading to the identification of N-
Me pyrazole 8 as a promising hit toward improved cellular
potency and a potential proof-of-concept for interacting
specifically with the His692 imidazole. Other N-Me pyrazole
regioisomers 9 and 10 and desmethyl pyrazole 7 showed poor
XBP1-luc potency which supported the possible existence of a
directionally important hydrogen bond accepting interaction
from His692. Next, further tuning of this 3-methyl pyrazole
group with additional methyl substitutions distinguished the 4-
quinazoline-1,3-dimethyl-pyrazole 11 as optimal for potency
gains. In the end, exploration of the 1,3-dimethyl-pyrazole
quinazoline feature in combination with other D-ring aryl
sulfonamide groups resulted in the identification of compounds
with up to 500-fold improvement in XBP1-luc cellular potency
relative to the initial library hit 2 (Table 2, compounds 12—14).
To rationalize these potency gains, a crystal structure of 4-
quinazoline-1,3-dimethyl-pyrazole ligand 13 in hIREla was
obtained, which shows the pyrazole group engaging in a
hydrogen bonding interaction with the imidazole of His692
(Figure 2). In addition, the two methyl groups engage in weak
C—H hydrogen bonding interactions with the backbone
carbonyl oxygen of Leu577 and His579.

While the results in Table 2 illustrate significant IREla
cellular potency gains, it was disappointing to observe that these
quinazoline B-ring modifications failed to show any meaningful
decrease in BRaf kinase activity. To address this, we next
considered the potential of targeting a salt bridge contact with a
nonconserved residue Glu651 in IREla as a strategy to build in
selectivity over BRafkinase as this residue is a histidine (His539)
in BRaf. A basic amine, while forming a salt bridge with Glu651,
was expected to be repulsed by His539 in BRaf, or at least not
engage in an attractive interaction. Encouragingly, structural
models which transposed the trans-diaminocyclohexane group
from 1, a compound exhibiting minimal BRaf inhibition, onto
quinazoline 2 in both IRElar and BRaf appeared to support this
selectivity approach (Figure 3). In IREla, we were pleased to
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Figure 4. Quinazoline (blue, circle) to thienopyrimidine (green, square) design concept to improve bioactive hinge conformation and improve
potency of polar headgroup incorporation. The quantum mechanical torsional profiles shown represent energies (kcal/mol) of the amino-quinazoline
abcd dihedral angle when scanned from —180° to 0° in compounds 20 and 21. Calculations were performed at the MP2/6-311+G**//HF/6-31G*
level of theory with the PCM water solvent model using the Gaussian software package.”® The crystal structure of 1 has an abed torsion angle of ~23°
(labeled in red on plot above) to enable the formation of both a Glu651 salt bridge and a Cys64S hydrogen bond with the amino-quinazoline N—H.

Table 4. Thienopyrimidine Hinge SAR”

IRETo-TR- IRETa- .
Compound R' R? FRETICx,;  RNase ICs )|(<:BP2-I|;I|)C B?aI:I)K'
(uM) (uM) oW -
=
22 H /\© 0.0054 0.067 53 <0.00008"
F
F
HoN
23 \O_; 0.0051 0.024 0.32 0.0014
F
HoN
24 O s Am o 00039 0.03 0.39 0.055°
Cl
0.0044 0.022 0.12 0.11

25 HZN\O?& /\©

“Data represent an average of >2 separate determinations. See the Supporting Information for standard deviations. The potency was determined

once.

observe that incorporating a trans-diaminocyclohexane sub-
stitution off the quinazoline A-ring amine of 2 was predicted to
form a salt bridge contact with Glu651 and retained a similar fit
and binding mode relative as the parent 2 (Figure 3a). A model
of the same compound in BRaf suggests that the cyclohexyl ring
of the newly added motif would clash with the BRaf TrpS531 side
chain and would not form a productive contact with the Braf
His539 depending on its charge state and preferred rotamer
(Figure 3b).

To explore this BRaf-sparing concept, a set of amino-
quinazolines with basic amine polar head groups were prepared
and evaluated (Table 3). Unfortunately, efforts in this area

resulted in reduced IREla-TR-FRET binding potency and
concomitant poor IREla cellular potency compared to the
amino-quinazoline ligands in Tables 1 and 2. Nevertheless, we
were encouraged by the trans-diaminocyclohexane containing
compound 19, which retained good IRE1la-TR-FRET binding
potency and showed a substantial 4250-fold drop in BRaf
binding potency and only a 19-fold decrease in XBP1-luc activity
compared to 4. This difference suggested BRaf-sparing was
occurring, and it prompted us to further examine this concept
toward maintaining reduced BRaf activity and improving IREla
potency.
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Figure S. X-ray cocrystal structure of ligand 23 (yellow) in hIREla
showing trans-diaminocyclohexane salt bridge formation with Glu651
(PBD = 6XDD, 2.40 A).

The reduced IREla binding potency of 19 motivated us to
consider conformational effects of the trans-diaminocyclohex-
ane on predicted bioactive hinge conformation. The crystal
structure of 1 with the similar trans-diaminocyclohexane moiety
in the same location as 19 gives insight to the preferred dihedral
angle of this moiety in the IREla protein. In this context, we
considered replacing the quinazoline A/B ring system with the
structurally related thienopyrimidine bicycling hinge which
reduces the strain energy that would be expected in the bioactive
conformation of the quinazoline due to the steric clash of the
polar headgroup and the S-position C—H of the quinazoline
(Figure 4). Indeed, comparison of computed energies over a
torsion scan of the simplified trans-diaminocyclohexane-
quinazoline 20 and trans-diaminocyclohexane-thienopyrimidine
21 suggested that the predicted bioactive conformation of
thienopyrimidine 21 has reduced strain energy compared to the
predicted quinazoline 20 bioactive conformation. In addition,
thienopyrimidines have been previously used as quinazoline
surrogates in BRAF inhibitors and this together with the
structure-based rationale outlined in Figure 4 motivated us to
pursue this scaffold.””

As the torsion scan profiling provided a new promising
hypothesis to improve IREla potency, a set of amino-
substituted thienopyrimidines were synthesized (Table 4). As
an initial validation of this hinge scaffold, the parent amino-
thienopyrimidine 22 displayed similar IREla binding, XBP1
potency and BRaf activity as its amino-quinazoline counterpart 4
(Table 1).”” Pleasingly, it was observed that the trans-
diaminocyclohexane group was indeed better accommodated
on the thienopyrimidine hinge compared to the quinazoline
hinge supporting this conformation-based approach to optimize
targeting of the Glu651 salt bridge (e.g., 23). Importantly, we
obtained a crystal structure of compound 23 in hIREla which
showed the trans-diaminocyclohexane group engaging Glu651
in a salt bridge (Figure 5) which we presume contributes to the
large gain in selectivity against BRaf, as the equivalent residue in
BRaf is a histidine.

A brief survey of additional sulfonamide D-ring groups was
performed to identify moieties that maintained XBP1 potency
while also continuing to be BRaf sparing in the context of the
trans-diaminocyclohexyl thienopyrimidine hinge system. In the
end, these efforts led to the identification of 25 with good IRE1-
XBP1 cellular potency and >1000-fold decrease in BRaf K|
potency vs 4 as a promising lead for further optimization.
Compound 25 was also observed to be moderately stable in liver

microsomes (CLyy = 9.5 mL/min/kg; CLyy p = 34 mL/min/
kg) and did not display significant hERG inhibition (1.1%
inhibition at 1 uM; 6.4% inhibition at 10 £M). In addition, the
related BRaf-sparing thienopyrimidine analogue 24 was also
found to display good general kinase selectivity in a 220 member
kinase panel (9/220 kinases inhibited >50% at 1 uM; see the
Supporting Information for details).

In conclusion, we found that through appropriate substitution
at the quinazoline 6-position a new pocket in IREla can be
leveraged (through targeting of the P-loop His692 residue) to
provide more than 100-fold improvement in cellular XBP1
potency. After extensive SAR studies at the quinazoline 6-
position, it was determined that this new potency vector was
ineffective toward reducing activity against the key BRaf kinase
antitarget. Structural differences in the hinge regions of IREla
and BRaf prompted design of amino-substituted quinazolines
with the goal of targeting a salt bridge with Glu651 in IREla as a
strategy to improve their BRaf selectivity profile. Torsional
analyses then directed our attention toward deploying the
related amino-thienopyrimidine hinge scaffold toward improved
accommodation of the desired bioactive conformation. This
strategy ultimately resulted in identification of trans-diamino-
cyclohexane substituted amino-thienopyrimidine 25 with good
XBP1 potency and decreased BRaf binding potency as a
promising lead for further optimization. Overall, this work
exemplifies the importance of torsion profiles and ligand
conformational considerations in design and showcases the
potential of exploiting hinge connected polar head groups to
achieve selectivity in kinase programs.
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