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Congestive heart failure (HF) due to cardiac injury or insult is a complex disease associated
with ventricular remodeling, excessive neurohormonal stimulation, abnormal Ca®* handling, and

proliferation of the extracellular matrix.™? One key characteristic of HF is that the heart cannot


mailto:gxu4@its.jnj.com

effectively pump enough blood to meet the body’s needs due to its inability to produce a strong
myocardial contraction (pumping capacity). In the United States, there are 6.5 million adults
diagnosed with HF.® Current treatments including angiotensin converting enzyme (ACE)
inhibitors, angiotensin Il receptor antagonists, B-adrenergic receptor (B-AR) blockers, diuretics,
and calcium channel blockers can only lead to modest improvement in survival rates.*® There

remains an unmet need for novel and effective HF therapies.

It is well known that the sympathetic nervous system increases the levels of circulating
catecholamines (CA) such as norepinephrine and epinephrine as one of the neurohormonal
compensatory mechanisms in response to the failing heart.® These endogenous hormones bind to
[S-adrenergic receptors (SARs) on the surface of cardiomyocytes, leading to an increase in
intracellular cyclic adenosine 3’,5’-monophosphate (CAMP)levels, which in turn mediates the
positive inotropic effect manifested as enhanced myocardial contraction.” In the short term, this
will compensate for compromised myocardial contractile function and maintain the
cardiovascular homeostasis. However, continuous release of catecholamines and persistent 3-AR
activation will lead to progressive cardiac remodeling and worsening function.® G-protein
receptor kinase 2 (GRK2), an intracellular serine/threonine protein kinase and the major isoform
of GRK in cardiac myocytes, mediates the phosphorylation of the serine and threonine residues
on the cytoplasmic loops or tails of B-ARs, promotes the binding of B-arrestin to the
phosphorylated receptor, which sterically hinders the coupling between the G-proteins and the
receptor and leading to functional desensitization, as well as subsequently facilitates the
internalization of the receptor.” GRK2 expression is up-regulated in the failing human heart and
leads to downregulation and desensitization of the b-ARs, which further increases CA secretion
and drives HF progression in a deleterious feedback fashion..*

One would anticipate that inhibition of GRK2 will disrupt the internalization of B-ARs,
leading to an increase in activated B-ARs, and allow the heart to remain responsive to the
sympathetic nervous system. It has been shown that GRK2 inhibition by either overexpression of
the BARKct, the peptide inhibitor of GRK2, or cardiac specific GRK2 gene ablation, improved

cardiac function and survival with increases in f-AR density and B-AR responses in several HF



models.**™* Targeting GRK2 with orally bioavailable small molecule inhibitors represents a

potentially attractive mechanism for the treatment of HF.***°

In the past decade, significant medicinal chemistry efforts have been made to develop GRK2
inhibitors and representative compounds are shown in Figure 1. Balanol*® and Takeda 103A*
compete with ATP for binding to the GRK2 active site, although Takeda 103A exhibits greater
inhibitory activity on GRK2. Interestingly, paroxetine, a selective serotonin inhibitor, was
identified to have modest GKR?2 inhibitory activity.'®

HO,C
O,
aY,
HO
OH F F
N-
O //"N % N H HN
O N |
H NJ’J\ N
GOI‘N @OH — N)\/ \©/§O
N ﬂ
H O
Balanol Takeda 103A
H H
N O N
"'//O E ;: - INS :: /\ N. :: /\
F
Paroxetine GSK 180736A CCG-224406

Figure 1. Representative GRK?2 inhibitors in the literature

Several paroxetine-related derivatives including GSK180736A and CCG-224406 were
reported with improved GRK2 inhibitory activity.® % However, neither GSK180736A nor
CCG-224406 showed appreciable bioavailability due to poor cellular permeability.

Our GRK2 program started with high throughput screening (HTS) of the Janssen compound
collection using a thermal shift (Thermofluor™) assay. In this assay, compounds that bind to
full-length human GRK2 protein were identified by observing a positive shift in T, (the melting

point). Positive controls were paroxetine (binding constant K4 = 2.98 uM, reported ICsy = 1.4
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pHM) and Takeda 103A (Kyq = 1.99 nM). There were 36 confirmed hits with Ky values ranging
from 1.5 to 18.9 uM after the first-round of HTS. One representative hit 1 (Figure 2) displayed
micromolar affinity (Kq = 3.33 pM) in the Thermofluor™ binding assay and was further
confirmed in the enzyme activity assay with an 1Cs value of 4.1 pM.

Figure 2. Structure of HTS hit

To gain an insight into the molecular basis for its binding, 1 was co-crystalized with human
GRK2-GBy and the X-ray co-crystal structure was determined (PDB code: 7K7Z). As shown in
Figure 3, the screening hit 1 occupied the ATP binding site and was a type-I kinase inhibitor. On
the left-hand side, the pyrazole group at the C7 position forms two weak hydrogen bonds with
the hinge of the kinase domain: one interacts the backbone carbonyl oxygen of Asp272 with a
distance of 3.2A and the other interacts the backbone NH of Met274 with a distance of 3.3A. In
the middle, the quinazolin-4(3H)-one scaffold forms an additional hydrogen bond with the
backbone NH of Arg199 from the P-loop. On the right-hand side, the benzyl group sits in a
hydrophobic pocket between the P-loop and the alpha-C helix.
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Figure 3. The X-ray complex structure of the hit 1 with GRK2-GBy (PDB code: 7K7Z). Key protein residues are
represented by the stick model in cyan color. The ligand 1 is colored green. The hydrogen bonds are represented by
red dashed lines with calculated distances.

It is noteworthy that the benzyl group is very close to the P-loop and could cause severe steric
strain and result in weak binding affinity. This assumption has been validated by the electron

density map where the densities of the benzyl and the P-loop are fused together (Figure 4).



Figure 4. The electron density map shows that the densities of the benzyl group of the hit 1 and the P-loop of
GRK?2 are fused together (PDB code: 7K7Z). The electron density map is represented by the mesh grid in green. The
hit 1 is colored orange and the GRK2 protein is represented by the ribbon in grey.

Our hit-to-lead optimization strategy was to design a molecule with stronger hydrogen bonds to
the hinge region and without the steric strain with the P-loop. We envisioned that attaching
various hinge binding motifs (e.g. heteroaromatic rings) at the C6 position instead of the C7
position would provide a molecule like 2 as shown in Figure 5, in which the binding

conformation would be slightly shifted compared to 1 and lead to improved potency.
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Figure 5. Hit-to-lead design strategy

A short list of heteroaryl groups known to be hinge binders were incorporated at C6 and the

general synthesis of 2 is shown in Scheme 1. Benzylation of substituted bromoquinazolin-4-ol,
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followed by Suzuki coupling of various heteroaryl boronic acid pinacol esters afforded the

corresponding compound 2.
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Scheme 1. a) Benzylbromide, K,COs, acetonitrile, 80%; b) Heteroaryl boronic acid pinacol ester, Pd(PPhs).,
K,COs3, 1,4-dioxane, 50-60%.

The GRK2 inhibitory activity of newly synthesized compounds (2a-2f) was evaluated in a
human GRK2 LANCE Ultra assay, which was used to test inhibitors against GRK2 in its
inactive state (see supporting material for details) and is summarized in Table 1. Since there are
seven G protein-coupled receptor (GPCR) kinases (GRKs)?: visual GRK subfamily (GRK1 and
GRK?7), the B—adrenergic receptor (B-AR) kinase subfamily (GRK2 and GRK3) and GRK4
subfamily (GRK4, GRK5 and GRKG6), we also screened selected compounds 2a-2d against
GRK1 and GRKS5 in the thermal shift assay (Ky data are shown in Table 1). The 5-pyrimidine
analog (2a) and 3-pyrazole analog (2c) were inactive in the GRK2 assay up to 100 uM. The 4-
pyridine-analog 2b showed only weak GRK2 inhibition (ICsp = 25 pM). However, the 4-
pyrazole analog 2d displayed potent GRK2 inhibitory activity (ICsp = 95 nM), a 43-fold
improvement compared to the screening hit 1. More importantly, 2d showed high selectivity
against GRK1 (Ky = 14.5 uM) and GRKS5 (Ky = 34.3 uM). Additional fluorine substitution at
either C7 (2e) or C8 (2f) led to loss of activity against GRK2.



Table 1. GRK inhibitory activities of 2a-2f

0
Het j\I/\Ej
R! NG
RZ
2a-2f
Cpd Het R R? GRK2IC;  GRK1 GRK5
(UM)* Ke (UM) Ky (UM)
1 4.1 47.6 >83.3
2a NN H H >100 > 83.3 > 83.3
/E/
2b Q/ H H 25 >83.3 > 83.3
2C (3/ H H > 100 > 83.3 > 83.3
—NH
2d />/ H H 0.095 14.5 34.3
2e /j/ F H 0.278 ND ND
2f /j/ H F 0.472 ND ND

2All ICso measurements are an average of three experiments run in duplicate. ND: Not determined.

The potency improvement for 2d could be explained by a docking study using Glide?
together with the X-ray structure information for 1 (PDB code: 7K7L). As illustrated in Figure 6,
the quinazolin-4(3H)-one moiety of 2d was flipped within the ATP binding site relative to 1.
Instead of interacting with the backbone NH of Arg199 in the case of 1, the carbonyl group of 2d
formed a hydrogen bond with the side chain of Lys220. As a result, the benzyl group moved
away from the P-loop and released the conformational strain. The model (orange color) was later
validated by the X-ray co-crystal structure of 2d in complex with human GRK2-GBy (green
color, Figure 6). In this co-crystal structure, 2d formed two strong hydrogen bonds to the hinge

with distances of 2.7A and 3.0A. The observed SAR for other compounds in Table 1 were



consistent with the predicted binding poses. For example, 2c having a 3-pyrazole could only
make one weak hydrogen bond to the hinge and 2a having a 5-pyrimidine substituent cannot
form any hydrogen bonds to the hinge. Both compounds did not show detectable inhibition up to
100 pM. Interestingly, compound 2e or 2f with an additional fluorine atom at the R or the R?
position were 3- to 5-fold less potent than 2d. A plausible explanation may be that the fluorine

substituent is close to the backbone carbonyl of 1le197 resulting in electrostatic repulsion.
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Figure 6. The binding poses of the lead 2d in GRK2. The stick model in orange is the docking model, the ball-
stick model in green is the X-ray co-crystal structure (PDB code: 7K7L).

With 2d shown to form favorable interactions with the hinge, we then focused on optimizing
the right-hand side of the molecule to further improve GRK2 potency. Takeda Pharmaceuticals
has previously reported a series of potent but structurally distinct GRK2 inhibitors and the co-
crystal structure of a prototypical inhibitor Takeda 115h*" with human GRK2-Gpy (orange color,
PDB code: 3PVU, Figure 7). The structural overlay of our own lead compound 2d with Takeda
115h shows that both phenyl groups on the right-hand side (underneath the P-loop) are perfectly
aligned (Figure 7). The extra amide carbonyl of 115h forms a strong hydrogen bond with the



backbone NH of Phe202 and its additional phenyl group interacts with the hydrophobic pocket.
All these additional interactions make Takeda 115h a very potent GRK2 inhibitor (1Cso =18 nM).

Figure 7. The overlay of the X-ray structure of 2d (PDB code: 7K7L, green) with Takeda 115h *’ (PDB code:
3PVU, orange).

We therefore hypothesized that the structure-activity relationships (SAR) from the Takeda
series could be applied to the 2d scaffold. A small library of compounds (8a-8m) was designed,
synthesized, and the GRK?2 inhibitory activity determined, as summarized in Table 2.
Compounds 8a-8j were synthesized following the previous procedures shown in Scheme 1,
where the appropriate benzylbromide and 6-bromoquinazolin-4(3H)-one or 7-bromophthalazin-
1(2H)-one was used. The preparation of 8k is illustrated in Scheme 2. Mitsunobu reaction of (S)-
1-(3-methoxyphenyl)ethan-1-ol with 6-bromoquinazolin-4(3H)-one provided intermediate 4 in
37.4% isolated yield. Suzuki coupling of 4 with 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1H-pyrazole afforded 8k. Following the same protocol, 8| was obtained starting from (R)-1-(3-
methoxyphenyl)ethan-1-ol. The synthesis of 8m is also illustrated in Scheme 2. TBS protection
of 3-(3-methoxyphenyl)propan-1-ol (5), followed by N-bromosuccinimide (NBS) bromination
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provided intermediate 6. Alkylation of 6 with 6-bromoquinazolin-4(3H)-one, followed by
Suzuki coupling with 1-(tetrahydro-2H-pyran-2-yl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-1H-pyrazole, and TBAF-mediated removal of the TBS group generated the alcohol 7.
Conversion of 7 into its mesylate, followed by reaction with methylamine, and TFA-mediated

deprotection afforded 8m as a racemic mixture.

| 0 N 1
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Scheme 2. a) 6-Bromoquinazolin-4(3H)-one, PPh;, DIAD, THF, 37.4%; b) 4-(4,4,5,5-Tetramethyl-1,3,2-
dioxaborolan-2-yl)-1H-pyrazole, Pd(PPhs),, K,COs, 1,4-dioxane, 31.4%; ¢) TBDMSCI, imidazole, DMF, 72.3%; d)
NBS, BPO, CCl,, 80°C, 39.0%; e) 6-Bromoquinazolin-4(3H)-one, K,COs, acetone, 81.5%; f) 1-(Tetrahydro-2H-
pyran-2-yl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole, Pd(PPhs)s, K,COs, DMF, water, 75.4%);
g) tetrabutylammonium fluoride (TBAF), THF, 98.3%; h) MsCl, Et;N, DCM, 91.2%; i) MeNH,, MeOH, 80 °C,
67.9%; j) TFA, DCM, 23.7%.

Three analogs (8a, 8b, and 8c) with various amide moieties (R group) at the meta-position of
the phenyl ring were potent GRK2 inhibitors (ICso < 10 nM). The amide carbonyl was expected
to make a hydrogen bond with Phe202 in the P-loop, as observed in the Takeda series.
Surprisingly, 8d with a para-2,6-difluorobenzylformamide substitution was >2,000-fold less
potent than the corresponding meta-substituted 8c. The potency loss could be attributed to a
steric clash between the para-2,6-difluorobenzylformamide group and the protein surface near
the P-loop. Regardless of potency, compounds 8a~8d all exhibited poor permeability as judged
by their low A—B Py values (0.44~0.85) in the MDCK permeability assay. Interestingly, the 4-
fluorophenoxy-substituted analog 8e showed modest GRK2 potency (ICsp = 78 nM) but
improved permeability (A—B Pap: 7.73). A couple of smaller groups (8f and 8g) with an ether
linker were explored to further increase permeability and 8f indeed showed high permeability but

modest GRK2 potency (ICso = 206 nM). In contrast, 8g with a methoxy group at the meta-

11



position was a potent GRK2 inhibitor with an ICsy value of 6 nM, which was comparable to

compounds 8a~8c with much larger R? substituents.
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Table 2. GRK2 inhibitory activities and permeability data for 8a-8m?

O R!

HN
N\J\@u\

\ )
P : jR

: I
X R3

8a~8m
Cpd X/IY R! R’ R® GRK2 A—B Py,
ICso (UM)  (cm/s*10°®)°
8a N/CH H o /©/F H 0.009 0.44
* N
H
8b N/CH H 0 H <0.010 0.57
28!
H
F
8c  N/CH H o) F H <0.010 0.85
*)J\N/\/©
H
F
8d N/CH H H F 20.0 0.66
0
H
F
8e  N/CH H O H 0.078 7.73
/O F
8f  N/CH H F H 0.206 24.2
0~
*/ F
8g N/CH H 0-CHy H 0.006° 20.6
8h  CHI/N H O-CHj H 0.019 53.2
8i  N/CH H O-CHj F 0.018 10.1
8j  N/CH H F 0-CHj 2.75 12.3
8k  N/CH (R)-Me 0-CHs H 0.013 37.8
8l  N/CH (S)-Me 0-CHy H 2.11 ND
8m  N/CH | 0-CHs H 0.012 <0.34
(rac) > NH #

8All 1C5, measurements are averages of three separate experiments run in duplicate. "MDR1-MDCK permeability

assay; ‘GRK2 LANCE assay. ND: Not determined.
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Molecular modelling studies suggested that the ether oxygen is close to the backbone NH of
Phe202 and could make favorable electrostatic interactions and a water-mediated hydrogen bond
(Figure 8). The phthalazin-1(2H)-one analog 8h with a meta-methoxy group also exhibited good
GRK2 inhibitory activity (ICso =19 nM) and excellent permeability. However, introducing a
fluorine substituent next to the methoxy (8i) led to a 3-fold loss in potency. Analogous to
compound 8d with a bulky substituent at the para-position, the smaller para-methoxy-
substituted analog 8j lost considerable GRK2 inhibitory activity (ICso = 2.75 pM). Adding a
methyl group at the benzylic position (R'), as in compound 8k, did not enhance potency.
Furthermore, compound 81 with an S-methyl group lost GRK2 inhibitory activity. It is believed
that the S-methyl interferes with the hydrogen bonding interaction between the 2,3-quinazolin-

4(3H)-one and Lys220.

\xk ] ~ s ' 7 Ve S
N/ Argl99 _

Figure 8. The predicted model of 8g in which the ether is close to the backbone NH of Phe202
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Compound 8m was designed for two purposes. First, the side chain secondary amine moiety
(RY) of 8m was expected to increase aqueous solubility. Second and more importantly, the
terminal amine would be expected to form a salt-bridge with the acid group of Asp335 and make
a hydrogen bond with the backbone carbonyl of Asn322 based on molecular modelling (Figure
9, R-configuration is shown). The compound 8m (tested as a racemic mixture) displayed good
GRK?2 inhibition (ICsp = 12 nM) but did not show significant improvement due to the entropy

loss from the flexible chain and the de-solvation penalty from the binding of the charged amine

group. The drawback for 8m is that it has poor permeability in the MDCK assay.

N\

\\

Asn322

Figure 9. The predicted model of 8m interacting with GRK2. The N-methylethanamine side chain forms a salt-
bridge with Asp335 and a hydrogen bond with Asn322

With good GRK2 potency and cell permeability, compounds 8g and 8h were selected for
screening against a limited kinase panel including several closely related AGC-family kinases
and Aurora-A. The ICs, data for both 8g and 8h obtained by Eurofins Pharma Discovery
Services are summarized in Table 3. The GRK2 ICs values for 8g (10 nM) and 8h (19 nM) were
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consistent with our internal data shown in Table 2. Both compounds were quite selective for
GRK2 versus GRK1, GRK5, GRK6, GRK7, PKA, PKBao, PKCa, PKCB1, and CaMKIIp.
However, 8g was equally potent in inhibiting Aurora-A (ICso = 11 nM). Interestingly, 8h showed
improved selectivity for GRK2 versus Aurora-A (7.2-fold), ROCK-1 (67-fold), and Rsk1 (166-

fold). We therefore selected 8h for further in vitro cellular evaluation.

Table 3. Kinase selectivity of 8g and 8h

Kinase ICso (nM) for 8g ICs0 (NM) for 8h
GRK2 10 19
GRK1 >10000 >10000
GRK5 4497 >10000
GRK6 3270 >10000
GRK7 9137 >10000
PKA 855 4880
PKBa 1449 >10000
PKCua >10000 >10000
PKCB1 9068 >10000
CaMKIIB 3846 >10000
ROCK-1 246 1271
Aurora-A 11 137
Rsk1 483 3151

It has been known that stimulation of B-ARs activate the canonical adenylate cyclase pathway
via the Gs alpha subunit leading to cAMP accumulation.?® To demonstrate that GRK2 canonical
kinase activity is directly involved in regulation of B-AR mediated Gs activation,, we conducted
an isoproterenol-mediated CAMP accumulation assay in HEK293-hGRK2 cells. Pre-incubation
with 8h enhanced B-AR-mediated cCAMP accumulation in HEK293 cells stably overexpressing
GRK2 (Figure 10). This result suggests that inhibition of GRK2 kinase activity can potentiate
B-AR signaling.
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Figure 10. Compound 8h enhanced isoproterenol-mediated cCAMP production in HEK293-hGRK2 cells

Compound 8h was further evaluated in a synchronously beating human stem cell-derived
cardiomyocyte (HSC-MC) assay (Table 4). At concentrations of 0.1, 1 and 10 uM in the
presence of isoproterenol, 8h increased the beating rate of the Ca** transients measured in HSC-
CMs, compared to cells treated with isoproterenol alone. The increase in beating rate is reflecting

CAMP accumulation, a surrogate pharmacodynamic (PD) marker of GRK2 inhibition.

Table 4. Effects of 8h at 0.1, 1 or 10 uM in the presence of 1 uM isoproterenol on calcium
transient morphology of synchronously beating cardiomyocytes, expressed as a change from
baseline, measured with the FDSS (n = 8) at time point of 27 mins. Values are medians of actual
units and change from baseline in percent.

Parameter Treatment Change from baseline as %

17



Beat rate (min™) isoproterenol (1 uM) 12

8h (0.1 uM) + iso (1 uM) 18*
8h (1.0 uM) + iso (1 uM) 24>
8h (10 uM) + iso (1 uM) 24*

*Statistically significant values (p<0.01). 8h at 0.1, 1, or 10 uM plus isoproterenol (1 pLM) vs. isoproterenol (1 pLM)
alone, respectively.

Compound 8h was evaluated in a pharmacokinetic study in C57BL mice (Table 5).
Administration of a single 2 mg/kg dose intravenously or a single 10 mg/kg dose orally revealed
that 8h had moderate clearance (CL = 29.1 ml/min/kg) and distributed extensively outside the
plasma, with a volume of distribution ~2.77 times greater than total body water. Compound 8h
was notable for rapid absorption, a high oral Cn.x 0f 4.96 UM, and oral bioavailability of 65.3%.
With potent GRK2 inhibitory activity, in vitro cellular activity, and good oral PK profile, 8h will

serve as an interesting tool compound for future in vivo studies in animal models of HF.

Table 5. Pharmacokinetic parameters of 8h in C57BL Mice®

Cpd  Dosei.v./p.oP CL, Vdi  iV.ty, P0.tys,  Crax  trax  Oral AUC  F (%)
(mg/kg) (ml/min/kg) (L/kg)  (h) (h) M) (h)  (uM.h.kg)
8h 2/10 29.1 2.01 1.01 241 496 0.83 11.89 65.3

%CLp, plasma clearance; Vdss, volume of distribution at steady state; ti,; terminal half-life; Cpa, maximum
concentration; tmax, time of maximum concentration; AUC, area under plasma concentration vs time curve; F,
bioavailability. "Formulation for both intravenous (i.v.) and oral (p.o.): 20% HPbCD.
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In summary, we have successfully applied structure-based design, synthesis, and systematic
exploration of SAR to optimize a weak screening hit 1 and identify a potent and selective GRK2
inhibitor 8h, which possesses pharmacokinetics suitable for oral administration. Compound 8h
has been demonstrated to potentiate isoproterenol mediated CAMP accumulation in HEK293-
hGRK2 cells. More importantly, 8h enhances the beating rate of the Ca** transients in

synchronously beating human stem cell-derived cardiomyocytes.
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