ACSMedicjnal
Chem IStry ) tters pubs.acs.org/acsmedchemlett

Design and Synthesis of Nonpeptide Inhibitors of Hepatocyte
Growth Factor Activation

Phanindra K. M Venukadasula,” Ben]amln Y. Owusu,” Nannta Bansal,’ Larryj Ross,’ _]udlthV Hobrath,”
Donghui Bao, Jackie W. Truss, Murray Stackhouse, Troy E. Messick, - Lidija Klampfer,
and Robert A. Galemmo, Jr.*"

"Departments of Chemistry, “Oncology and *High Throughput Screening, Drug Discovery Division, and ”Toxicology and Pathology
Services, Drug Development Division, Southern Research, 2000 Ninth Avenue S., Birmingham, Alabama 35205, United States

LThe Wistar Institute, 3601 Spruce Street, Philadelphia, Pennsylvanial9104, United States

© Supporting Information

Ki (uM)

Matriptase Hepsin HGFA
6 Z=-CH; 0.53 0.54 0.48
8a 7 =-OH 0.28 0.21 0.88
8b 7 =HOCH.- 0.58 0.69 0.23
8d Z =H3COCH2- 0.85 0.92 0.16

ABSTRACT: In this letter we report first nonpeptide inhibitors of hepatocyte growth factor (HGF) activation. These
compounds inhibit the three proteases (matriptase, hepsin, and HGF activator) required for HGF maturation. We show that 6,
8a, 8b, and 8d block activation of fibroblast-derived pro-HGF, thus preventing fibroblast-induced scattering of DU145 prostate
cancer cells. Compound 6 (SRI 31215) is very soluble (91 #M) and has excellent microsome stability (human t,/, = 162 min;
mouse t;,, = 296 min). In mouse 6 has an in vivo t;,, = 5.8 h following IV administration. The high solubility of 6 and IV t,,,
make this compound a suitable prototype “triplex inhibitor” for the study of the inhibition of HGF activation in vivo.
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Hepatocyte growth factor (HGF) binds to the receptor outcomes'®"** and high plasma levels of HGF have been
tyrosine kinase MET. It activates a signaling cascade that found in patients with advanced disease.
drives the growth and survival of cancer cells and supports their The proteolytic conversion of pro-HGF to active HGF is the
metastatic spread.” HGF/MET signaling also promotes rate-limiting step in HGF/MET signaling. Several lines of
resistance to classic cytotoxic and targeted therapies, such as evidence have established that matriptase, hepsin, and HGFA
anti-EGFR therapy."” Accordingly, constitutive activation of are the most efficient pro-HGF activators. Positional scanning
the HGF/MET signaling pathway results in tumor aggressive- of a synthetic combinatorial peptide library revealed that pro-
ness, resistance to therapy, and poor patient outcomes in many HGF is the preferred substrate for matriptase,”” HGFA, and
cancers. The current approach to preventing HGF/MET hepsin,”'” and they cleave pro-HGF to HGF 104-times more
signaling is dominated by MET kinase inhibitors and biologics efficiently than urokinase plasminogen activator (uPA).""
that target HGF or MET.">* Several of these agents are To effectively control pro-HGF activation and HGF/MET
showing promise in the clinic as monotherapy or in signaling, it is our objective to develop “triplex inhibitors” of
combination with targeted therapies.” matriptase, hepsin, and HGFA that will mimic the activity of
HGEF is secreted by tumor associated fibroblasts® or in an the HAIs. Although inhibitors that target either matriptase,
autocrine fashion by some tumors®’ as the inactive precursor hepsin, or HGFA are available,24 only recently a series of
pro-HGF. The trypsin-like serine proteases matriptase, hepsin, tetrapeptide ketothiazole have been described that are triplex

and HGF activator (HGFA) are the principal proteases for protease inhibitors of HGF activation (iHGFa).”
HGF activation.*”"> The endogenous inhibitors of HGF

activation, HAI-1 and -2, inhibit these proteases, 11,1617 thereby Received: September 8, 2015
controlling the production of active HGF. Reduced expression Accepted: December 22, 2015
of the HAIs is a prognostic marker for poor patient Published: December 22, 2015
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Here we report the design and synthesis of the first
nonpeptide tetrahydropyrimidin-2(1H)-one analogues as tri-
plex protease inhibitors of HGF activation. In Figure 1A we
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Figure 1. (A) Design hypothesis for the tetrahydropyrimidin-2(1H)-
one series showing the main interactions. (B) Comparison of the
binding pose for 6 (green) from the cocrystal structure in trypsin with
the pose of 6 (orange) from the model in matriptase.

illustrate the design of these inhibitors. The presumed binding
mode is based upon (2-oxo-1,3-diazepan-1-yl)benzimidamide

inhibitors of the pro-coagulation trypsin-like serine protease
factor Xa.”*>” We developed a tetrahydropyrimidin-2(1H)-one
core to facilitate the synthesis of analogues that can access the
S; subsite. This design makes use of three conserved structural
features found in all trypsin-like serine proteases (Figure 1A):
(1) a strong ionic interaction between the carboxylate side
chain of Asp 189 in the S; subsite and phenylamidine, (2) an
H-bond interaction with Gly 216—NH— and the carbonyl of
the urea core, and (3) a lipophilic interaction with Trp 215 in
the S, subsite.

The focus of this study was to optimize the substitution
pattern of phenylamidine with the S, and N-benzylpiperidine
with the S, then explore the interaction of substituent Z with
S;. In Table 1 we summarize the structure—activity relationship
(SAR) with six proteases, the target enzymes, matriptase,
hepsin, and HGFA, the prototype for the protease family,
trypsin, and the antitargets, thrombin and factor Xa.

With compounds 1—4 we examined the substitution of the
phenylamidine (X = 0 for 1 and 2) and benzylamidine (X = 1
for 3 and 4) for an ionic interaction with the Asp 189
carboxylate of the S; subsite. Compound 1 is most active
against matriptase (K; = 0.83 uM), hepsin (K, = 3.4 uM), and
HGFA (K; = 9.8 uM) compared to 2—4. Acyclic 5 illustrates
the effect of constraining the urea with a six-membered ring;
compared to 1, cyclization improves activity against matriptase
(49-fold), hepsin (16-fold), and HGFA (6-fold). Compound 1
illustrates the challenge posed by off-target serine protease
selectivity; while 1 is selective against thrombin (K = 25.9 uM),
it is an inhibitor of factor Xa (K, = 0.24 uM). Several factors
contribute to this selectivity profile. This series originates from
inhibitors of factor Xa’**” and uses interactions common to
serine proteases. In thrombin, access to the active site is
restricted by a “60s insertion loop”, which forms a flap over the

Table 1. Protease Panel Results as K; [uM]

HN_Para_
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substitutions matriptase hepsin

1 meta X=0 0.83 34

2 para X=0 48.9 612
3 meta X=1 13.5 15.1
4 para X=1 154 20.8
S 40.5 53.1
6 Y = 1 (SRI 31215) 0.53 0.54
7 Y=2 0.51 2.12
8a Z = HO- 0.28 0.21
8b Z = HOCH,— 0.58 0.69
8c Z = H;CO—- 0.81 0.76
8d Z = H;COCH,— 0.85 0.92
8e Z = PhCH,0— 1.54 0.76
8f Z = PhCH,0CH,— 0.85 0.56
8g Z = PhC(O)NHCH,— 0.47 1.1

8h Z = PhCH,C(O)NH— 1.28 1.12
8i Z = PhCH,C(O)NHCH,— 1.51 0.31
8j Z = H;CSO,NH—- 0.33 0.72
8k Z = PhSO,NH— 0.52 0.67
8l Z = PhCH,SO,NH— 0.35 0.53

HAI-1 0.0032 0.0038
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HGFA trypsin thrombin factor Xa
9.8 0.78 35.9 0.24
46.5 354 >100 25.5
>100 4.8 >100 49.4
39.6 4.8 82.2 22.8
54.6 5.3 >100 5.4
0.48 0.43 11.6 0.38
1.11 2.77 >100 0.40
0.88 0.39 219 0.85
0.23 0.15 74 0.25
249 0.76 >100 1.23
0.16 0.21 8.1 0.20
1.92 0.55 29.7 0.92
0.43 0.10 2.13 0.18
1.1 0.33 > 100 0.75
0.38 0.5 423 0.74
1.08 0.59 >100 1.55
0.35 0.42 >100 0.51
0.52 0.34 17 0.61
0.44 0.31 13.4 0.66
0.0034 0.0008 >1.0 >1.0
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active site blocking access for most substrates.”® Compounds 6
and 7 show the effect of extending the N-benzylpiperidine
further into the S, subsite. For 6, the insertion of one
methylene unit between the tetrahydropyrimidin-2(1H)-one
and the N-benzylpiperidine leads to a more effective interaction
with Trp 215 and improved potency over 1 for matriptase (K; =
0.53 M), hepsin (K; = 0.54 4M), and HGFA (K, = 0.48 yM).
For 7, the insertion of an ethylene group gives a less effective
inhibitor. Compounds 1—7 were synthesized by the methods
outlined in Scheme 1.

Scheme 1. Synthesis of Compounds 1-7“
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“Reagents and conditions: (a) 1-benzylpiperidin-4-amine, DMF, r.t.;
(b) 3-chloro-2-(chloromethyl)prop-1-ene, NaH, THF; (c) hydroxyl-
amine hydrochloride, Et;N, EtOH; (d) Raney nickel, H,, 30—50 psi,
rt; (e) for 6 (y = 1), tertbutyl 4-(aminomethyl)piperidine-1-
carboxylate, DMF, r.t; (f) for 7 (y = 2), tert-butyl 4-(2-aminoethyl)-
piperidine-1-carboxylate, DMF, r.t.; (g) TFA; (h) benzyl bromide,
Et,N, DMF, rt.

Compound 6, SRI 31215, inhibits the targets matriptase,
hepsin, and HGFA with near equivalent potency. The off-target
enzymes, trypsin and factor Xa, are inhibited as well; however,
these enzymes are not known to be expressed in the DU14S
cell line used here. Also, while the endogenous inhibitor HAI is
an effective inhibitor of trypsin, its lack of activity against factor
Xa indicates this enzyme is not a relevant activator of HGF.
Therefore, 6 is a useful tool for studying the inhibition of HGF
activation. We have compelling data demonstrating that 6
inhibits cleavage of pro-HGF to HGF, blocks fibroblast-induced
activation of MET and its downstream effectors, prevents
epithelial-mesenchymal transition, and overcomes the resist-
ance to EGFR therapy in colon cancer cells.”’

The cocrystal structure of 6 in complex with bovine
pancreatic trypsin was obtained. From the trypsin structure
(Figure 1B), the meta-phenylamidine of 6 engages the
carboxylate side chain of Asp 189 through a bidentate ionic
interaction with nitrogen to carboxylate distances of 2.8 and 2.9
A. The carbonyl oxygen of the tetrahydropyrimidin-2(1H)-one
is within H-bonding distance (3.3 A) of the NH of Gly 216.
The N-benzylpiperidine of 6 forms an edge-to-face interaction
with Trp 215 of the S, subsite. The S-methyl group of the
tetrahydropyrimidin-2(1H)-one projects toward the S; subsite,
providing a vector to exploit interactions with this pocket. From
racemic 6, only the (S)-methyl enantiomer is found in this high
resolution (1.3 A) crystal structure. A binding model for 6 in
matriptase (PDB code 2GV6, superposition with the a-carbon
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chain of trypsin gave a root-mean-square deviation (rmsd) =
0.79 A) was developed using Glide software (Schrodinger).
The benzamidine group was constrained in the S; pocket and
minimized. This pose was superimposed on the crystal
structures of hepsin (1Z8G, rmsd = 0.93 A) and HGFA
(2WUC, rmsd = 0.90 A). The model confirmed that the (S)-5-
methyl projects toward the polar amino acids at position 217 in
the S; region of matriptase (amino acid, Asp 217), hepsin
(amino acid, Thr 217), and HGFA (amino acid, Asp 217).

We prepared the S-functionalized analogues (Table 1, 8a—8l,
and analogues in SI Table 6) to study the effect substituents at
Z directed to the S; subsite have on off-target selectivity,
especially factor Xa. We found that changes at Z yield some
discernible trends; as with 1-7, they are poor inhibitors of
thrombin and have variable inhibition activity against factor Xa.
Like HAI, 8a—8l are inhibitors of trypsin. Compared to 6,
compound 8a has improved inhibition for matriptase (K; = 0.28
uM) and hepsin (K; = 0.21 uM) but is less potent for HGFA
(K; = 0.88 M); also, 8a is the first analogue to show a 3- to 4-
fold separation between factor Xa inhibition activity and
matriptase and hepsin.

Compound 8b has a triplex inhibition profile (matriptase K;
= 0.58 uM; hepsin K; = 0.69 uM; HGFA K; = 0.23 uM).
Analogue 8d is an HGFA inhibitor (K; = 0.16 uM), but is
nonselective against factor Xa (K; = 0.20 uM). Compound 8f is
a triplex inhibitor (matriptase K, = 0.85 yM; hepsin K, = 0.56
uM; HGFA K, = 043 uM) with potency comparable to 6.
Amide 8h is an inhibitor of HGFA (K, = 0.38 M), while 8i
inhibits hepsin (K; = 0.31 M) with S-fold selectivity against
matriptase and factor Xa, and 3-fold against HGFA. We have
identified five analogues with an HAI-like triplex inhibitor
profile (6, 8b, 8f, 8j, and 8l); two compounds with a selectivity
profile favoring HGFA (8d and 8h) and a small molecule
inhibitor of hepsin (8i). We confirmed that the S-substituent is
directed toward the S; subsite by a cocrystal structure of 8f with
trypsin (see SI Figure 1) .

Compounds 6, 8a, 8b, and 8d were studied in a cell model of
HGF-driven scattering of DU14S prostate cancer cells (Figure
2), which express MET receptor and a high level of matriptase
(data not shown). The source of pro-HGF was 18Co fibroblast
conditioned media, which triggers scattering of DU14S cells.

18Co

Control fibroblasts

Compound 8d

Figure 2. Dose-dependent inhibition of fibroblast-mediated scattering
of DUI4S cells by 6, 8a, 8b, and 8d. The control image shows
untreated DU145 cells with epithelial-like morphology. 18Co
fibroblasts induce transition of DU145 cells to the mesenchymal state.
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These analogues inhibit fibroblast-mediated cell scattering in a
dose-dependent manner.

Compounds 6 and 8a—8f were examined in an in vitro
ADME assay panel. These analogues have good solubility (47
to 91 uM) and LogD < 2 at pH 7.4 due to the basic
phenylamidine functionality (pK, > 11). In human and mouse
liver microsomes, the results vary with the S-substituent (see SI
Table 1). Compound 6 is stable in mouse and human
microsomes and was examined in a mouse IV/PO
pharmacokinetics model (Figure 3). Compound 6 has

Solubility [pH 7.4] uM
Log D[pH 7.4]

&~

Human microsomes [t,;, min]

-o- Cmpd 6 [1 mglkg, IV]

Mouse microsome [t;/, min]
PAMPA, [-LogP,]

IV PK [dose: 1 mg/kg]

Ty [hr] 5.8
Clearance [mi/hr/kg]

w

=& Cmpd 6 [5 mpk PO]

Volume distribution [ml/kg]
AUC [hr(ng)/ml]

PO PK [dose: 5 mg/kg]

Co /]

15 AUC [hr(ng)/ml] 331
Time [h] %F <1

Concentration [ng/mL]
~N

Figure 3. In vitro ADME data and mouse pharmacokinetic profile for
compound 6.

moderate clearance in the mouse (2283 mL/h, <70% of
hepatic circulation) and a high volume of distribution with an in
vivo t;/, of 5.8 h. Compound 6 is not orally bioavailable (F <
1%),3gue to poor membrane permeability (PAMPA — log P, =
7.6).

In this letter we report the first nonpeptide inhibitors of
HGF activation. These compounds mimic the endogenous
inhibitors of HGF maturation, HAI-1 and -2. By blocking the
three proteases, matriptase, hepsin, and HGFA, we can prevent
the proteolysis of inactive pro-HGF to HGF and oncogenic
HGF/MET signaling. In other work? we show that 6 is an
effective inhibitor of fibroblast-induced MET activation and
downstream signaling by AKT, ERK, and STAT-3. Compound
6 inhibits fibroblast-mediated epithelial—-mesenchymal transi-
tion and cell migration and overcomes HGF-dependent
resistance to EGFR inhibitors in colon cancer cells.”
Compound 6 (SRI 31215) is currently being evaluated in in
vivo models of cancer.
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