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22 ABSTRACT: One effective means to achieve inhibitor specificity for RAF kinases, an important family of cancer drug targets, has
23 been to target the monomeric inactive state conformation of the kinase domain, which, unlike most other kinases, can accommodate
24 sulfonamide-containing drugs such as vemurafenib and dabrafenib because of the presence of a unique pocket specific to inactive
25 RATF kinases. We previously reported an alternate strategy whereby rigidification of a nonselective pyrazolo[3,4-d]pyrimidine-based
26 inhibitor through ring closure afforded moderate but appreciable increases in selectivity for RAF kinases. Here, we show that a further
27 application of the rigidification strategy to a different pyrazolopyrimidine-based scaffold dramatically improved selectivity for RAF
28 kinases. Crystal structure analysis confirmed our inhibitor design hypothesis revealing that 21 engages an active-like state conformation
29 of BRAF normally associated with poorly discriminating inhibitors. When screened against a panel of distinct cancer cell lines, the
optimized inhibitor 21 primarily inhibited the proliferation of the expected BRAFV600E-harboring cell lines consistent with its ki-
30 nome selectivity profile. These results suggest that rigidification could be a general and powerful strategy for enhancing inhibitor
31 selectivity against protein kinases, which may open up therapeutic opportunities not afforded by other approaches.
32
33
34
35 The RAF family kinases, consisting of ARAF, BRAF and driven melanomas leading to their approval by FDA for use in
36 CRAF, are essential players in the RAS-RAF-MEK-ERK sig- the clinic (Figure 1)."
37 naling pathway (also known as the mitogen-activated protein
38 kinase pathway). They perform a central role in the regulation
of cell proliferation, differentiation, and survival.' The RAF e o o
39 family kinases are activated by the heterotypic or homotypic di- TN \©\
40 merization of their kinase domains. The dysregulation of the di- N NH
41 merization and activation of RAF kinases is a potent driver of o
42 cancer and other diseases in human.? The most common onco- Sorafenib Vemuratenib
43 genic mutation V60OE, present in 8% of all human cancers,’ HZNYN\
44 constitutively activates BRAF to drive the proliferation of a va- N F
45 riety of cancers including melanoma, colorectal cancer and thy- Q NO)‘S\jQ
46 roid cancer.* In particular, nearly half of human melanomas are Sy I HoOF
47 driven by the BRAFV®°F mutant.’ H;C‘?g;
48 Small-molecule RAF inhibitors have long been pursued as po- ) . T pabratend o
49 tential anti-cancer drugs. For example, sorafenib was initially Figure 1. Chemical structures of exemplary RAF inhibitors.
50 developed as a RAF inhibitor over two decades ago (Figure 1)
7 e . . 2
51 was kf‘t,er shown to 1qh1b1t agvar1§ty ofrt?ceptor tyrosine km{f‘S?S In contrast to sorafenib, which targets the dimeric active state
52 in addltloq tq RAF kinases. Thls ntlultl-.ta.rgeted characterl.stlc of BRAF that is generally similar to other protein kinases,
53 O,f sorafenib 18 thought to underlle 1ts chnlcal. efflcacy against vemurafenib and dabrafenib exhibits higher selectivity by tar-
54 k,ldl?e,y, and hV‘?r cancers but its ,12,1Ck of Sp ccificity (and other geting the monomeric inactive conformation of RAF defined by
- liabilities) has hgmted its jbro.aQ utility against other cancers such a laterally displaced helix oC."" ™2 This exploited feature is not
as melanomas. RA,F inhibitors d.evelop ed more rec.ently, a generally shared characteristic of kinases in their inactive
56 namely .the sulfonamldes Yemurafenlb and dabrafenlb, dlglgolglEy states.'> '¥ Despite their great initial efficacy, resistance to
57 greatly improved specificity and efficacy against BRAF™™5- vemurafenib and dabrafenib develops rapidly in melanoma
59 !
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patients. Because sulfonamide inhibitors share a highly related
binding mode, resistance to one inhibitor would be predicted to
engender resistance to all related sulfonamide chemotypes.
Thus having inhibitors of RAF that are selective and yet target
alternate conformations of the kinase domain would have value
because they might overcome certain vemurafenib-resistant
mutations.

We recently developed a rigidification strategy to improve in-
hibitor selectivity for the protein kinase BRAF. The first imple-
mentation of this strategy to a class of pyrazolopyrimidine-
based (non-sulfonamide) kinase inhibitors led to a moderate in-
crease of selectivity.”” Herein, we report that a further imple-
mentation of the strategy to non-sulfonamide pyrazolo[3,4-
d|pyrimidine-based inhibitors afforded a dramatic increase in
selectivity for RAF kinases. Structural analysis of an optimized
inhibitor confirmed our design hypothesis by revealing a bind-
ing mode that engages a dimer active-like conformation of the
BRAF kinase domain. Interestingly, the optimized molecule in-
hibited the proliferation of cancer cells driven by BRAF Y6 but
also the proliferation of a cancer cell line NRAS®®'®, that is nor-
mally insensitive to sulfonamides.

We previously developed 3-alkynyl-pyrazolo[3,4-d|pyrim-
idines, exemplified as compound 1 (Figure 2), as inhibitors of
Ber-Abl.'® Although shown to be a potent inhibitor of Ber-Abl,
compound 1 inhibited many additional kinases at similar con-
centrations. Since our previous docking studies predicted that
the benzamide groups in compound 1 was largely situated in
one plane,'® we hypothesized that changing this group into an
isoquinoline ring (Figure 2) would introduce rigidity into the
inhibitor, resulting in preferential inhibition of conformation-
ally more flexible kinases within the kinome.'®

A
8
HyC CH3 1

Figure 2. Cyclization of the amidobenzene group in a previ-
ously described Ber-Abl inhibitor 1 yields compounds 2.

To further improve kinase selectivity, a new series of alkyne-
linked naphtyl, isoquinoline, or quinazoline pyrazolopyrim-
idines were designed (Figure 2) and synthesized (Scheme 1).
The precursor compounds 3a-d were either commercially avail-
able or synthesized based on previous literature methods. 3a
was synthesized via N-oxidation of 5-bromoisoquinoline with
mCPBA followed by chlorination with phosphorus oxychlo-
ride.'” 3¢ was prepared by cyclization of 2-amino-3-bromoben-
zoic acid in formamide followed by chlorination with phospho-
rus oxychloride.'® A precursor of 3d, 5-iodo-6-methylisoquino-
line, was made by a sequence of transformations including ni-
tration, reduction and diazotization-iodination of 6-methyli-
soquinoline,' and then converted into 3d using similar methods
to those used for preparing 3a (Scheme S1).

The intermediates 4, except 4f, were synthesized from com-
pounds 3 using nucleophilic aromatic substitution reactions. 3a
and 3d, the isoquinoline-containing precursors, were reacted
with different anilines in n-butanol under reflux condition to

yield intermediates 4a-e and 4i-j.>° Compound 4f was made by
coupling 3-(trifluoromethyl)phenylboronic acid with 5-bromo-
naphthalen-1-amine in the presence of cupric acetate and tri-
ethylamine in DCM.*' To prepare the quinazoline-containing
intermediate 4g, a milder condition involving isopropanol as
solvent at room temperature was used.'® The oxygen-linked in-
termediate 4h was synthesized by refluxing 3-(trifluorome-
thyl)phenol, 5-bromo-1-chloroisoquinoline and K,COs in ace-
tonitrile.*?

The precursors Sa-¢ were prepared using reported procedures
with slight modifications.”> 3-Iodo-1H-pyrazolo[3,4-d]pyrim-
idin-4-amine was first treated with alkyl halides to install alkyl
groups at the 1 position (Scheme S2). The resulting intermedi-
ates underwent Sonogashira coupling reactions with trime-
thylsilyl acetylene and then deprotection to produce Sa-c. In the
final step, coupling of the alkyne intermediates Sa-¢ with the
aryl halides 4a-j afforded the final compounds 2a-1 (Scheme
1).15
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Scheme 1. Reagents and conditions: (a) aniline (3-(trifluorome-
thyl)aniline for 4a, 4-chloroaniline for 4b, 4-chloro-3-(trifluo-
romethyl)aniline for 4¢, 3-(4-methyl-1H-imidazol-1-yl)-5-(tri-
fluoromethyl)aniline for 4d, 4-methyl-3-(trifluoromethyl)ani-
line for 4e), n-butanol, reflux; (b) 3-(trifluoromethyl)phenyl-
boronic acid, Cu(OAc),, TEA, DCM; (c) 3-(trifluorome-
thyl)aniline, isopropanol, r.t.; (d) 3-(trifluoromethyl)phenol,
K>CO3;, CH3CN, reflux; (e) aniline (3-(trifluoromethyl)aniline
for 4h and 4-chloro-aniline for 4j), n-butanol, reflux; (f)
(PPh3),PdCl,, Cul, DIPEA, DMF, 80 °C, N, (for 4a-g );
(PPhs)4Pd, Cul, TEA, DMF, r.t., N (for 4i,j).

We chose 2a as a representative of the panel of synthesized
compounds (Table 1) because of its closest structural similarity
to the parent compound 1, and evaluated its kinome inhibition
profile against 245 protein kinases in comparison with 1 (Table
S1). Consistent with our previous reported profiling results
against a smaller panel of kinases,* the selectivity of 1 was ra-
ther poor, inhibiting 42 kinases in the panel by over 85% activ-
ity at 1 uM. In contrast, compound 2a showed drastically im-
proved selectivity, inhibiting only BRAF and CRAF, by over
85% activity (Figure 3). Hence a rigidification strategy imple-
mented via ring closure here greatly improved the specificity
characteristics of the promiscuous inhibitor 1.
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Figure 3. Kinome inhibition profiles of compounds 1 and
2a illustrated in a phylogenetic tree format. The inhibitors were
screened against 245 kinases at 1 pM. The kinases that were
>85% inhibited by 1, 2a, 21 are colored blue, red, and orange,
respectively, on the kinome trees.

Since the kinome profiling experiment showed that compound
2a possessed an improved specificity profile for RAF kinases,
we next sought to explore the activity characteristics of the full
compound series 2a-1 against BRAF, with the goal of identify-
ing a specific lead with greatest potency. To this end we per-
formed dose-response analyses against BRAFYF activity in
vitro (Table 1). Vemurafenib, employed as a control, displayed
an ICsy value of 21 nM, consistent with the value reported pre-
viously.”® Compounds 2a, 2¢, 2i, and 2j inhibited BRAFV?E
with ICs values ranging between 21 nM to 140 nM while com-
pounds 2b, 2d, 2e, 2f, 2g, 2h and 2k inhibit BRAFY*"E with
ICsp values greater than 300 nM (Figure S1). The SAR analysis
indicated that a para-chloro substituent on the anilino moiety
(as in 2¢) confers a 4-fold increase in affinity relative to a meta-
trifluoromethyl substituent (as in 2a). Furthermore, a methyl
group at position 6 of the isoquinoline ring confers a 7-fold in-
crease in affinity (comparing 2a with 2i) while an ethyl group
at position 1 of the pyrazolopyrimidine relative to an iso-propyl
group confers a 3-fold increase in affinity to BRAF (comparing
2a and 2j). Gratifyingly, when the favored substituents at each
position were combined, the resulting compound 21 exhibited
the highest potency in the series with an ICs, of 8 nM against
BRAFY®E, This corresponded to an 18-fold increase in affinity
relative to 2a. Notably, the potency of 21 was over two-fold
more potent than vemurafenib in the same assay.

We next profiled 21 at 1 pM against 245 kinases as performed
for 1 and 2a, and observed a slight reduction of selectivity
against RAFs with just four kinases, specifically BRAF, CRAF,
BRK and FMS, inhibited by more than 85% (Figure 3; Table
S1). Importantly, this result demonstrated that the specificity
characteristics arising from our original rigidification strategy
were largely maintained following lead optimization.

Having shown that a few rigidified inhibitors were both specific
and potent at inhibiting BRAF in vitro, we next investigated the
effect of the five most potent inhibitors (2a, 2¢, 2i, 2j, and 21)

on the proliferation of A375 cells harboring the BRAFY**’F my-
tant (Table 1).2° Notably, 21, the most potent inhibitor of
BRAFVE of the panel in vitro, also displayed the highest po-
tency at inhibiting the proliferation of A375 cells, with an ICso
of 417 nM, only 3-fold worse than vemurafenib (ICso = 127
nM). The diminished potency of 21 relative to vemurafenib in
cells was not unexpected considering that as an FDA-approved
drug vemurafenib has been greatly optimized for permeability
and bioavailability. In conclusion, the optimized compound, 21,
was effective at suppressing the proliferation of BRAFY6%E.
driven cells, in agreement with its potent inhibition of
BRAFYE i vitro.

We next compared the effects of 21 with vemurafenib on down-
stream signaling in A375 cells. In these cells, expression of the
active mutant BRAFY%’E Jeads to constitutively elevated levels
of phospho-ERK (pERK), which provides a useful marker for
effects on pathway signaling. In agreement with a previous re-
port®, vemurafenib repressed pERK levels with an ICsq of 80
nM, whereas 21 inhibited phospho-ERK levels with an ICsy of
420 nM (Figure 4). These results were consistent with the rel-
ative potency of 21 in the A375 cell proliferation assay (Table
1). In sum, our data showed we could use a rigification strategy
to design a highly specific inhibitor that was both potent in vitro
and in A375 cells.

VEM 21
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Figure 4. Effects of vemurafenib and compound 21 on down-
stream signaling of BRAFY*"F in A375 cells. Vemurafenib and
21 inhibited the phosphorylation of ERK with ICs, values of 80
nM and 420 nM, respectively.

To determine the binding mode of 21, we solved its co-structure
in complex with the BRAF kinase domain to 3.05A resolution
(Rwor/Reee= 23.5/27.5; Table S2). Unbiased electron density in
the ATP binding pocket of each kinase domain allowed unam-
biguous modeling of 21 in BRAF (Figure 5).

The kinase domain of RAF adopted the characteristic side-to-
side dimer configuration reflective of a kinase active-like state
(Figure S2A). This configuration, defined by a productive in-
ward conformation of helix aC is also notably preferred by the
poorly selective, non-sulfonamide inhibitor sorafenib and con-
trasts with the monomeric inactive-like conformation of the
BRAF kinase domain engaged by sulfonamide inhibitors,
which display a laterally displaced helix aC (Figure 5B). 21 is
stabilized in the ATP binding pocket by a mixture of hydrogen
bonds and hydrophobic interactions (Figure 5C; D).
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Table 1: Inhibitory activity of compounds 2a-l against BRAF V600E and in vitro and in cells.

X{Aryl

N7 N
SN
Ry
ICso(nM)
Compounds Aryl R, R, X X, X; BRAF A375°
V600E (BRAFY60E)
2a 1(©\(;F3 i-Pr H NH N CH 140+28 >10,000
2b x\/ij\m:3 i-Pr H NH CH CH >300 Nd©
cl
2¢ \1/©/ i-Pr H NH N CH 29+10 >10,000
Cl
2d ‘(@ca i-Pr H NH N CH >300 Nd©
2e \/©\C|% i-Pr H NH N N >300 Nd©
CHs
N
7\
!
2f \/@ i-Pr H NH N CH >300 Nd¢
CF3
CHj
2g ﬁCF i-Pr H NH N CH >300 Nd©
3
2h vﬁ/(j\cF3 i-Pr H (0] N CH >300 Nd©
2i m(©\0F3 i-Pr CH; NH N CH 21+6 869+79
2j -L(©\CF3 Et H NH N CH 41+6 >10,000
2k H(@ca n-Pr H NH N CH >300 Nd©
cl
21 m(@/ Et CH; NH N CH 8+1 417439
Vem 21+7 127+£3

“ICso values were determined by following the in vitro kinase assay protocols. The data represent the mean values of two inde-
pendent experiments.

®Growth inhibition was determined using MTT assay. A375 cells were plated in 96-well plates at 1x10° cells per well and incu-
bated with different concentrations of the inhibitor for 96 h. The data represent the mean values of two independent experi-
ments, each carried out in triplicates.

‘Nd: not determined

ACS Paragon Plus Environment

Page 4 of 8



Page 5 of 8

oNOYTULT D WN =

ACS Medicinal Chemistry Letters

Specifically, the exocyclic amino group (M) and the N5 atom
of the pyrazolo[3,4-d]pyrimidine ring form hydrogen bonds
with the carboxyl and the amide backbone of GIn530 and
Cys532 from the hinge region, respectively. The pyrazolopy-
rimidine core is stabilized by hydrophobic interactions with the
side chain of Phe583, Phe595, Trp531, and Ala481. The ethyl
group at 1 position is poised to form hydrophobic interactions
with the side chain of [le463. The isoquinoline is stabilized by
hydrophobic interactions with the Thr529, Ala481, 1le527,
Lys483 and Leu514 as well as a hydrogen bond with the car-
boxyl backbone of Asp594 (part of the DFG loop). The aryl

Thr529,
D 830 u.s:;g 0""& LeuS05

Alad81 Lys4s3 N
'{»}J € M@m.

iaym
T'psi;%

SPMSQS
lled63

w?}l
Leu514

Asp564

BRAF:2l vs BRAF:Sorafenib

aC helix IN
(Dimer)

group of 21 occupies the hydrophobic pocket conventionally oc-
cupied by the phenyl ring of Phe595, resulting in an outward
shift of the DFG loop that is characteristic of a type-II inhibitor
binding mode (Figure 5C). The crystal structure of the
BRAF:2l complex also nicely explain the structure-activity re-
lationship for the compound 2 series observed above. For ex-
ample, the substitution of isoquinoline nitrogen by a carbon (as
in 2b) is unfavorable as it is expected to impair the hydrogen
bond with the carboxyl backbone of Asp594 based on our crys-
tal structure.

E)\"
/%

BRAF:2l vs BRAF:PLX4720

GC helix OUT r======= === === --ommmmmmy
(Monomer)

Figure 5. The X-ray crystal structures of BRAF protein in complex with 21. (A) Unbiased Fo—Fc electron density map contoured at
2.0c in green showing 21 binding in the ATP pocket of the kinase domain of BRAF. (B) Comparison of the BRAF:21 complex
structure with (on left panel) the BRAF:sorafenib complex structure (PDB:1UWH) illustrating the dimeric ON-state conformation of
the RAF kinase and with (right panel) the BRAF:PLX4720 complex structure (PDB:4WOS5) illustrating the monomeric OFF-state
conformation of the RAF kinase. Lower panel represents a close-up view of the inward and outward conformations of the oC helix.
(C) Stick representation of 21 bound to BRAF kinase domain. BRAF residues interacting with 21 are represented in stick. Yellow dash
lines represent hydrogen bonds. (D) Flat schematic representation of the binding mode of 21 with BRAF. Black sticks represent
hydrophobic interaction and yellow dash lines represent hydrogen bonds.

The binding mode of 21 revealed by our structure analysis im-
plied that, similar to other inhibitors that preferentially bind to
the dimer state of RAF, that it might also promote kinase do-
main dimerization. To test this hypothesis further, we per-
formed analytical ultracentrifugation analyses with recombi-
nant BRAF kinase in the presence or absence of 2a (Figure
S2B). We observed that at the concentration tested, recombi-
nant BRAF kinase sedimented predominantly as a monomer in
absence of inhibitor while in the presence of saturating concen-
tration of 2a, BRAF sedimented mostly as a dimer. These re-
sults showed that 2a promotes BRAF kinase dimerization. As
suggested by our crystal structure showing 21 bound to the di-
mer state of BRAF and based on the similar structure of

compounds 2a and 21, we predict that 21 also promotes BRAF
kinase domain dimerization.

To further evaluate the potency and selectivity of 21 at inhibiting
BRAF, it was screened against a collection of 57 distinct cancer
cell lines at the National Cancer Institute according to the re-
ported protocol (http://dtp.nci.nih.gov) (Table S3). Im-
portantly, among the 57 cell lines, 10 harbor the BRAF V6% mu-
tation. The profiling data showed that 21 at 10 pM inhibited the
proliferation of the diverse cell lines to various degrees. Notably
3 out of the 5 most sensitive cell lines (MALME-3M, MDA-
MB-435 and SK-MEL-5) corresponded to melanoma cells har-
boring the BRAFY*E mutation (Figure 6). Further studies con-
firmed that 21 inhibited the proliferation of these three cell lines
in a dose-dependent manner with Total Growth Inhibition (TGI)

5
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values of 7.1, 4.6, and 6.6 pM respectively. Interestingly, one
of the most sensitive cell lines in the panel, SK-MEL-2, is
known to harbor a mutant NRAS (Q61R). As it has been estab-
lished that elevated RAS activity drive RAF dimerization in
cells, these data indicate that 21 might inhibit RAF dimers under
certain cellular settings.

A DOteukemia CINon-SmallCellLung Cancer £1Colon Cancer EICNS Cancer

OMelanoma [1Ovarian Cancer ERenal Cancer DProstate Cancer [1Breast Cancer

Growth Percentage (%)

150
-~ MALME-3M

MDA-MB-435
-+ SK-MEL-5

100 —_—

8 7 5 R~_4 -
50 Log[Conc.] (M)\

-100:

Percentage Growth &

Figure 6. Compound 21 was profiled for antiproliferative ef-
fects against diverse cancer cell lines. (A) 21 at 10 uM preferen-
tially inhibited the proliferation of a few out of a collection of
57 distinct cell lines. (B) 21 inhibited dose-dependent growth
inhibition of MALME-3M, MDA-MB-435, and SK-MEL-5
cells. * indicates sensitive cell lines bearing BRAFY6%E,

In summary, we have demonstrated that using a strategy of in-
hibitor rigidification, via ring closure, can lead to a dramatic in-
crease in selectivity towards RAF kinases. Our structural and
biochemical characterizations confirm that the rigidified inhib-
itors interact with BRAF kinase domains with a type-II binding
mode that can drive RAF dimerization in vitro. The selectivity
of our inhibitors reported here for RAF kinases is unprece-
dented for non-sulfonamide RAF inhibitors. We posit that, a ri-
gidification strategy could be readily applied to other RAF in-
hibitor scaffolds as a potential means to generate second-gener-
ation targeted therapies where first-generation inhibitors fail to
function. Furthermore, rigidification could be a general strategy
for enhancing inhibitor selectivity against other protein kinases,
which may open up therapeutic opportunities not afforded by
other approaches.
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