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ABSTRACT: Bone morphogenetic protein (BMP) signaling is
mediated by transmembrane protein kinases that form hetero-
tetramers consisting of type-I and type-II receptors. Upon BMP
binding, the constitutively active type-II receptors activate specific
type-I receptors by transphosphorylation, resulting in the
phosphorylation of SMAD effector proteins. Drug discovery in
the receptor tyrosine kinase-like (TKL) family has largely focused
on type-I receptors, with few inhibitors that have been published
targeting type-1I receptors. BMPR2 is involved in several diseases,
most notably pulmonary arterial hypertension, but also contributes
to Alzheimer’s disease and cancer. Here, we report that
macrocyclization of the promiscuous inhibitor 1, based on a 3-
amino-1H-pyrazole hinge binding moiety, led to a selective and
potent BMPR2 inhibitor 8a.
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he human kinome encodes more than 500 kinases, which

have been subdivided into diverse groups and families
based on the sequence homology of their kinase domains."
Protein kinases catalyze the reversible phosphorylation of
specific substrates and are key regulators of cell proliferation,
differentiation, metabolism, and apoptosis..z’3 Dysregulation of
these intracellular signaling pathways is responsible for various
diseases, in particular cancer.” Inhibition of this impaired
kinase function by targeting the ATP-binding pocket of the
kinase of interest using kinase inhibitors can be used to treat
the disease of interest. The major difficulty for conventional
type-I and type-II kinase inhibitors is to achieve appropriate
selectivity. Macrocyclization of a linear pharmacophore
through a linker offers an opportunity to increase the
selectivity of the acyclic analogue and provides a relatively
new strategy for the development of selective kinase
inhibitors.” Thus, in recent years, macrocyclization has gained
increasing scientific interest in drug discovery and medicinal
chemistry. Macrocycles are limited in conformational flexi-
bility, which increases selectivity by providing a locked three-
dimensional structure that fits into a kinase of interest and not
into other kinase active sites, and this reduces the entropic
costs upon binding and provides a higher potency.’ In
addition, biological and physiochemical properties can be
tuned by cyclization compared to the acyclic counterpart.”®
Furthermore, compared to optimized conventional inhibitors,
macrocyclic inhibitors could have lower molecular weight and
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may have more favorable membrane permeability. Similarly,
improved blood—brain permeability was observed for the
macrocycle lorlatinib compared with the acyclic analogue
crizotinib.” The increasing number of drug candidates and the
numerous publications in recent years have demonstrated that
macrocyclization is an efficient strategy to improve the
potency, target selectivity, as well as biochemical properties
and oiﬁl'e(:)rslza great opportunity for the discovery of new
drugs.” "

The bone morphogenetic protein receptor type-1I (BMPR2)
is a serine/threonine receptor kinase and belongs to the
tyrosine kinase-like (TKL) group. BMPR2, together with
diverse type-I receptors, binds bone morphogenetic proteins
(BMPs), which are members of the TGF-§ superfamily.
Binding of these ligands results in the formation of
heterotetrameric complexes consisting of two type-I and two
type-1I receptor homodimers. The type-II dimer activates the
type-I complex by phosphorylation at its so-called GS-box."
The activated type-I homodimer subsequently phosphorylates
R-SMAD proteins (SMADs 1, 5, 8) and activates them, so that
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Figure 1. A. Chemical structures of JNJ-28312141, nintedanib, dorsomorphin, sunitinib, CDD-1115, and CDD-1653, with the correspondin§ Ky
and ICy, values reported for BMPR2.>*%%° B, Selectivity profile of 1 at 1 uM. The chemical structure of 1 is shown beside the dendrogram.” C.
Waterfall plot of the kinome-wide screening data measured for 1 at 1 M. D. Compound 1 cocrystallized with VRK1 (PDB: 30P5).>"** The hinge

region is colored light blue, the P-loop red, the altered DFG motif green, and the aC-helix yellow, and compound 1 is illustrated in orange. E.
Synthetic strategy used for the development of macrocyclic inhibitors based on 1.
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Scheme 1. Synthesis of the Macrocycles 8a—e*
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“Reagents and conditions: (a) Et;N, isopropanol, 72 h, 50 °C; (b) Et;N, ethanol, microwave, 5 h, 120 °C; (c) HC], ethanol, reflux, 18 h; (d) TFA,
DCM, 0 °C to rt, oN; (e) LiOH-H,0, THF, H,O, 18 h, 50 °C; (f) HATU, DIPEA, DMF, 18 h, rt to 70 °C.

they can interact with Co-SMAD (SMAD4). This SMAD
heterotrimer complex translocates into the nucleus and
regulates the transcription of BMP target genes (Id1—
1d4)."*" In addition to this canonical signaling pathway,
BMPR2 is also involved in noncanonical signaling pathways.
For example, BMPR2 is involved in activating the ERK
MAPK, LIMK, NOTCH, and Wnt signaling pathways
BMPR2 expression can be found in many different tissues.'” It
is important for vascular homeostasis, maintenance of
pulmonary artery endothelial cell barrier function, and
endothelial inflammatory response.'**" Impaired BMP signal-
ing has been associated with various diseases such as
pulmonary arterial hypertension,21 vascular pathogenesis,22
cancer,” and Alzheimer’s disease.””

To date, several inhibitors have been described for the type-I
receptors, including chemical probes for ALK4/5*° and
ALK1/2.”” Few inhibitors have been described for the type-
II receptor kinases such as BMPR2. Database searches
identified only a small number of inhibitors targeting
BMPR2 in the nanomolar range. Most of them are
promiscuous kinase inhibitors such as JNJ-28312141, sunitinib,
and nintedanib, with Kp values of 310, 570, and 56 nM,
respectively (Figure 1A).”* Dorsomorphin, an AMPK inhib-
itor, also targets BMPR2 with a potent IC;, value of 74 nM;
however, it also potently affects the type-I receptor kinases
ALK2, ALK3, and ALK6 (ICy, = 68, 95, and 235 nM,
respectively).”” In 2013, the structure—activity relationship of
pyrazolo[1,5-a]pyrimidine-based inhibitors derived from the
dorsomorphin scaffold was published. These compounds affect
BMPR2 in the low nanomolar range, but they also showed
potent inhibition of ALK1, ALK2, ALK3, TGFBR2, and
VEGFR2.” More recently, Modukuri et al. have identified
selective benzimidazole-based potent inhibitors (CDD-1115,
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CDD-1653) of BMPR2 by using a DNA-encoded chemistry
technology (Figure 1A).%°

Compound 1 is a promiscuous kinase inhibitor developed by
Statsuk et al. A kinome-wide scan against 468 recombinant
human protein kinases emphasized the promiscuous behavior
of 1, which potently inhibits 262 kinases (Figure 1B, C). In this
report, type-I and type-II BMP-receptor kinases were potently
targeted. Among others, 1 showed strong binding to ALKS
(Kp = 324 nM). The crystal structure in complex with VRK1
revealed an interaction of the 3-aminopyrazole moiety with
D132 and F134 of the ATP binding pocket, whereas the
pyrimidine faced the hydrophobic pocket (Figure 1D).*" In
this study, we report the development of macrocyclic kinase
inhibitors based on the structure of the promiscuous inhibitor
1 to target the understudied type-II receptor kinase BMPR2.
To accomplish this, functional groups for the macrocyclization
were introduced and different linker moieties were varied
(Figure 1E).

The macrocycles 8a—e were synthesized as shown in
Scheme 1. Starting material 2 reacted with 2,4-dichloropyr-
imidine (3) in a nucleophilic substitution to obtain compound
4 with a yield of 16%. Various linkers were attached by a
second nucleophilic substitution as previously described.*” The
yields were in a moderate range from 31% to 63%. Cleavage of
the Boc-group followed by a saponification with lithium
hydroxide led to the precursors 7a—e. The macrocyclization in
the last step was done via an amide coupling, using
hexafluorophosphate azabenzotriazole tetramethyl uronium
(HATU) to obtain macrocycles 8a—e.

The synthesized macrocycles were measured in a differential
scanning fluorimetry (DSF) assay to investigate their selectivity
profile.”” A positive AT,, compared to the ligand-free protein
indicates stabilization of the protein by binding of the
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Figure 2. Isothermal titration calorimetry (ITC) data for binding of 1 (panel A) and 8a (panel B) to the kinase domain of BMPR2 revealed
nanomolar binding affinity with Kp, values of 186 nM and 83.5 nM, respectively.

compound. For this purpose, an internal panel of 90 kinases
was used with staurosporine (9) as a positive control. 1 was
resynthesized, according to the synthesis published by Statsuk
et al,’’ and its selectivity was assessed using a DSF assay.
Macrocycle 8a showed an interesting profile by binding only
three kinases with AT, shifts >5 °C. While its BMP2K binding
was negligible compared to that of 9, GSK3B and BMPR2
were stabilized by 8a with 8.4 and 5.8 °C, respectively, and
were further evaluated. 8b with an exchanged attachment point
on the aromatic linker and 8c harboring an aliphatic CS linker
appeared to be less selective than compound 8a, with 17 and
10 stabilized kinases with AT, > 5 °C, respectively.
Interestingly, even a small change in the linker, from the
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aliphatic CS linker in 8c, replacing a carbon with an oxygen to
give compound 8d, resulted in an inactive compound. By
extending the linker by one carbon atom, 8e regained
selectivity compared to 8c. DSF data revealed stabilization of
BMP2K, GSK3B, and STK3 by 8e with AT, shifts >5 °C,
although the AT, shifts were lower compared to those with 9
(Table S1).

Compound 8a was selected as the most promising candidate
for further characterization due to its good stabilization and
selectivity, and together with lead structure 1, the binding
affinities were determined by ITC (Figure 2). The ITC data
revealed potent binding of compounds 1 and 8a to BMPR2,
with K, values of 186 nM and 83.5 nM, respectively. However,
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ACS Med. Chem. Lett. 2023, 14, 833—840


https://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.3c00127/suppl_file/ml3c00127_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00127?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00127?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00127?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.3c00127?fig=fig2&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://doi.org/10.1021/acsmedchemlett.3c00127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Medicinal Chemistry Letters

pubs.acs.org/acsmedchemlett

DSF Shift [°C]

ADP Glo™ ICs, [nM]

NanoBRET™ ICy,

Compound .
BMPR2 GSK3B BMPR2 GSK3A GSK3B (intact)  GSK3B (lysed)
1 9.2 £ 0.1 14 £ 0.1 36.2 £ 1.10 4.0 £ 1.0nM 3.8 £+ 0.1nM 1.2 £+ 0.1nM
8a 53 +0.1 84 £0.2 506 + 70.4 11 £ 2.3 uM 34 +1.2uM 23 £ 0.2uM
8bh 50 +£0.1 7.2 £0.1 461 £ 17.8 n.d. n.d. n.d.
8c 46 + 0.1 49 + 04 630 + 162 >45 uM >45 uM 3.5 +1.3uM
B~
% R X
= \
.\\\\‘\\ “ﬁk'\\’&”
*\‘\\\ EVA({ W(u
NGO \V/’
==2\\\/ ”
A
-
0\.\ AGC
cmcc. ,‘ b . )
GSK3B = aEC ﬁ: cK1 S oMace GSK3A1“ '
T . b i Remaining activity
- ' /. (- ATYPICAL MUTANT 0 -1 %
& BMP2K g 1-5%
AT /? W ®5-10%
DSF shifts e — » *© 10-35%
@®7-9°C /:7/ 77 = N/ © >35%
®@5-7°C )
. 3-5°C o
e <3°C

C Kinase ATm [°C] % of Reference

Kp Reference

[nM]

GSK3B 8.4 43
BMP2k 5.8 I | 30 1.0

BMPR2 5.3 1500*

FLT1 a8 [ |36 11
MARK3 42 [ | 22 0.5
MARK4 3.9 [ | 23 0.5
mapkis 3.8 [ | 26 5.5
CDK2 38 | 25 1.3
STK4 33 ] 22 1.0
MST3 3.2 | a4 120
MERTK 3.2 | 48 6.4

PATﬂ?GFN
_. 100
Eg
> 80
> 60
i)
® 40 - _
w Selectivity score (35) = 0.01
£ 20
£
g 0
& 0 100 200 300 400 500
Screened kinases
F Target Percent of control [%]
FLT3(D835V) 4.5
BMPR2 8.3
GSK3A 16
JNK1 27
RIOK2 27

Figure 3. A. Enzyme kinetic IC, values of 1, 8a, 8b, and 8c for BMPR2. The values were determined using an ADP-Glo assay. ICs, values for
GSK3A and GSK3B were determined using NanoBRET. B. Selectivity data of 8a against an in-house DSF panel of 90 kinases. C. Table
summarizing the top hits of the DSF selectivity screen of 8a as absolute values and with respect to the reference staurosporine. *Lestaurtinib was
used as a reference compound. D. Selectivity data of 8a against a panel of 468 kinases using the KINOMEscan (Eurofins/DiscoverX at 1 uM). E.
Waterfall plot illustrating the selectivity of 8a. F. Top hits of the KINOMEscan of 8a (for full list see Table S2).

thermodynamic differences between the binding of acyclic lead
structure 1 and the macrocycle 8a could be identified. The
binding of 1 was essentially enthalpy-driven (AH), balanced by
unfavorable binding entropy changes (TAS). In contrast, the
binding of 8a was changed by an advantageous entropic
contribution (TAS) resulting in an overall lower binding
constant. The thermodynamic profile suggests that the
conformational constraints together with beneficial hydro-
phobic interactions of the macrocyclic inhibitor resulted in a
favorable binding entropy change.

After confirming the binding of macrocycle 8a to BMPR2 by
two orthogonal binding assays, we were more interested in a
functional assay, using an ADP-Glo (Promega, Madison, WI,
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USA) assay to determine the enzymatic inhibition (ICj)
values for BMPR2 (Figure 3A). The IC, values of 1, 8a, 8b,
and 8c were in good agreement with the rank order of the
measured DSF assay data. Compound 1, which showed the
strongest stabilization in the DSF (9.2 °C), also has the lowest
ICy, value (36.2 nM) in the ADP-Glo assay. The ICg, values
for 8a—c ranged from 461 nM to 630 nM (Figure 3A). To
determine the potential off-target activity of compounds 1, 8a,
and 8c, we screened these compounds in a NanoBRET
(Promega, Madison, WI, USA) assay on GSK3A/B (Figure
3A). The promiscuous inhibitor 1 revealed high cellular
potency for both off-target kinases, with an ICy, value of 4.0
nM. The DSF assay also showed stabilization of GSK3B, with a

https://doi.org/10.1021/acsmedchemlett.3c00127
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AT,, of 84 °C for compound 8a, but this was much less
pronounced compared to 14.0 °C for compound 1. The
NanoBRET assay revealed only weak cellular binding for
GSK3A/B, with ECs values of 10.9 uM and 33.6 uM. Activity
on GSK3B was additionally measured in digitonin-lysed cells
to rule out potential cell penetration limitations of the
macrocycles. The ECs, value on GSK3B in the lysed mode
was 2.3 uM for 8a, while 8c did not show activity against
GSK3A/B, with ECs, values >45 uM for both kinases in intact
cells. 8c also showed only weak potency (ECs, = 3.5 uM for
GSK3B) in the lysed mode (Figure 3A).

After our in-house DSF panel revealed a promising
selectivity profile (Figure 3B) and acceptable potency for
BMPR2, 8a was selected for further selectivity profiling, using
the ScanMAX KINOMEscan assay platform (Eurofins
Scientific) (Figure 3C—E). Gratifyingly, 8a exhibited exclusive
selectivity for BMPR2 in this comprehensive panel, with a
selectivity score (Sy5) of 0.01 (screened at 1 uM). The data
confirmed the activity of 8a at BMPR2, with just a few
additional off-targets, e.g.,, oncogenic FLT mutant, and weak
activity for GSK3A, JNK1, as well as RIOK2 (Figure 3C). In
addition to the already determined weak activity of macrocycle
8a on GSK3A/B, we also examined the activity on the two
other potential off-targets using the thermal shift assay and
NanoBRET assay. Gratifyingly, only a low stabilization of
JNKI1 and RIOK2 in the thermal shift assay as well as only
weak activity in the NanoBRET assay (Table S3) was shown,
which confirmed the excellent selectivity profile of 8a.

To understand the potential binding mode, a docking study
was performed with macrocycle 8a on BMPR2. The docking
result revealed an ATP mimetic binding mode of 8a. The
pyrazole moiety formed two hydrogen bonds with the
backbone of Y282. A further hydrogen bond was observed
between the amine linking the pyrimidine moiety and the
aromatic ring with the backbone oxygen of the residue S350.
Additional hydrophobic interactions have been noticed with
1209, V217, and L340. The choice of the sterically demanding
linker in compound 8a presumably forces the three aromatic
ring systems out of planarity, leading to a strong ring strain of
the macrocycle and reducing the flexibility to adopt different
conformations (Figure 4). Unfortunately, attempts to
cocrystallize BMPR2 with 1 or 8a failed, preventing us from
determining experimental structures of 1 and 8a.

In summary, we have developed a novel series of
macrocyclic kinase inhibitors possessing a 3-amino-1H-
pyrazole scaffold, derived from the highly promiscuous kinase
inhibitor 1. Rigidization using a macrocyclic approach of the 3-
amino-1H-pyrazole scaffold with different linkers allowed us to
strongly manipulate the selectivity profile of the promiscuous
kinase inhibitor 1. With the aromatic linker in compound 8a,
we developed a potent (IC, = 506 nM) and selective BMPR2
inhibitor. Using ITC, we were able to show that the binding
was enthalpically and entropically driven, whereas compound 1
exhibited mainly enthalpically driven binding to BMPR2. A
docking study supports the result in which an ATP mimetic
interaction with the hinge was observed. The docking model
suggested that we succeeded in rotating the two heterocycles
out of the planarity expected in their open form. This
conformation was enforced by a short and rigid linker present
in compound 8a. In this study, we demonstrated that
macrocyclization is a powerful tool to enhance the selectivity
profile of unselective acyclic compounds. Compound 8a
represents a promising starting point that requires further
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Figure 4. A. Binding mode of 8a with the kinase domain of BMPR2
determined by in silico docking. Macrocycle 8a was docked into the
active conformation of BMPR2 (PDB: 6UNP). Hinge region is
highlighted in light blue, P-loop red, DFG motif green, and aC-helix
yellow, and the compound 8a is illustrated in orange. Docking poses
were viewed by PyMOL, and protein—ligand interactions were
analyzed using the PLIP.** B. Interactions between the inhibitor and
the amino acid residues of the protein kinase. Blue indicates a polar
interaction and orange a hydrophobic interaction between the
inhibitor 8a and BMPR2.

characterization to better assess its potential in the cellular
context, as the data so far are all in vitro data for BMPR2. The
recently published compounds CDD-1115 and CDD-1653 are
also very potent and selective in vitro compounds; however,
there was a large discrepancy between the in vitro ICy, values
and the in cellulo activity. Here, macrocycle 8a represents an
additional chemotype that would be worth evaluating in the
same context, to see if the discrepancy between the in vitro and
in cellulo data is related to the compounds or is a target-related
effect. Nonetheless, at this point we have identified a potent
and selective BMPR2 inhibitor that represents an encouraging
in vitro tool compound.
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