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Matriptase is an epithelium-derived type Il transmembrane serine protease and has been implicated in the
activation of substrates such as pro-HGF/SF and pro-uPA, which are likely involved in tumor progression
and metastasis. Through screening, we have identified bis-basic secondary amides of sulfonylated
3-amidinophenylalanine as matriptase inhibitors. X-ray analyses of anal8gaied 31 in complex with
matriptase revealed that these inhibitors occupy, in addition to part of the previously described S4-binding
site, the cleft formed by the molecular surface and the unique 60 loop of matriptase. Therefore, optimization
of the inhibitors included the incorporation of appropriate sulfonyl substituents that could improve binding
of these inhibitors into both characteristic matriptase subsites. The most potent derivatives inhibit matriptase
highly selective withK; values below 5 nM. Molecular modeling revealed that their improved affinity results
from interaction with the S4 site of matriptase. Analog8esd59 were studied in an orthotopic xenograft
mouse model of prostate cancer. Compared to control, both inhibitors reduced tumor growth, as well as
tumor dissemination.

Introduction tumor-associated serine proteases of the plasmin/plasminogen
Cancer is a leading cause of mortality worldwide. Although activator system and matrix metalloproteinases are closely
single tumors can often be removed by surgery or treated with connected in a proteolytic cascade. uPA is assigned to be the
chemotherapy or radiotherapy, the patients often die becausemajor activator of plasmin, which in turn generates more uPA
of formation of metastases. Metastasis formation includes in a feedback reaction and also activates MMPs, which are
complex processes, which also require a series of proteolytic responsible for the degradation of extracellular matrix proteins.
Steps for degradation and remodeling of the extracellular matrix. The zymogen pro_uPA can also be activated in vitro by
After penetration through the basal lamina around the primary several proteases other than plasmin, among them the cysteine
tumor, which mainly consists of collagen, glycoproteins, and proteases cathepsin B and cathepsin L, the aspartate protease
proteoglycans, the tumor cells have to migrate through extra- cathepsin D, and the trypsin-like serine proteases plasma kalli-
cellular matrix proteins in the connective tissue and intravasate krein, prostate_specific antigen or tryptase_ Recenﬂy, it was also
through a basal membrane into the blood or lymph system. After shown that matriptase, an epithelial-derived type Il transmem-
distribution over the whole bOdy, tumor cells extravasate from brane serine proteaée;onverts pro_uPA into enzymatica”y
the vascular system and form metastases at different loci. active uPA with high efficacy.In addition, matriptase is a very
Proteases of different families, such as matrix metalloproteasespotent activator of hepatocyte growth factor (HGF, also named
and aspartate, cysteine, and serine proteases, are implicated igcatter factor), which acts as a major motility factor and induces
these processes and are also responsible for growth factorscattering of cells through binding and activation of its cell sur-
activation and angiogenesis, which are required for normal tumor face receptor c-Met. A preferred cleavage sequence of matriptase
growth and progression. Therefore, the development of specific 5150 contains the protease-activated receptor-2 (PAR2), and it
inhibitors for these proteases is one possible strategy to prevenfas peen shown that a soluble form of matriptase can trigger
metastasis. During the past decade, extensive work has focuseda|cium signaling from PAR2-expressing Xenopus ooc§tes.
on the development of inhibitors for matrix metalloproteases Enzymatically active matriptase was originally isolated from

(MMP). 'I-!owever,.all' (;Iinical cancer trials with relatively human breast cancer célfsand in an inhibited form through
nggipec'fiﬁ MMPk_mhlblttors shloweq only p°°t'f eIf'Cab%]A binding to endogenous hepatocyte growth factor activator inhib-
B 011 (A1) ram uman il ndependenty. s coned
emergepd as a potentialptarget fgr antimeq[astatic d%ﬁg'EhZ as MT-SP1 (membrane-type serine protease 1) from a human
’ prostatic cancer cell lin¥. Matriptase (76 kDa) has a reduced
T Coordinates oB/matriptase an@l/matriptase have been deposited to Size W_hen_ comp_ared with MT'_SP1 (95 kDa) _because of a
the Protein Data Bank under PDB codes 2gv6 and 2gv7, respectively, andtruncation in the integral N-terminal anchor peptide. However,
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potential substrates pro-uPA and pro-HGF and due to its Scheme 1.Synthesis of Inhibito8?
overexpression in epithelial tumo¥s4 Recently it was o N\ /
demonstrated that a modest orthotopic overexpression of “\)j\ NQ_/
matriptase in transgenic mice caused spontaneous squamous cell 8. Y TOH

carcinoma and potentiated carcinogen-induced tumor formation, s ‘ c
whereas increased expression of HAI-1 completely negated the \©

oncogenic effects of matriptaePresently, only a few matriptase

inhibitors have been described, among them several bis- l ab N 7\ NH,
benzamidines with inhibition constants between 0.1 anh1% N

and a 14-amino acid peptide isolated from sunflower seeds

having aK; value of 0.92 nM” Recently, a selective arginal- b9

derived matriptase inhibitor (CVS-3988, = 3.3 nM) has been S’N\.)J\OH

used to suppress the growth of androgen-independent prostate Yo i

tumor xenograftd®

One of the archetypical inhibitors of almost all trypsin-like
serine proteases is 3-TAPAB)£° which also inhibits matriptase
with an inhibition constant of 14M. A thorough screening of
other available sulfonylated 3-amidinophenylalanine derivatives
led to the identification of racemic compouri@l from a
previously described series of uPA inhibit6FsCompound2
has aK; value of 82 nM for matriptase and reduced affinity
toward related trypsin-like serine proteases, such as the clotting
proteases thrombin and factor Xa or the fibrinolytic enzymes
plasmin and uPA.

4
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a Reagents and conditions: (a) 2.0 equiv of }HH-HCI and DIPEA in
ethanol; (b) 2 equiv of (A¢)D in acetic acid; (c) 2 equiv of NiLI in water/
iz ati inhihi intai methanol; (d) (Bog)O in ethyl acetate; (e) Hand PtQ as catalyst in 90%
F?r lfl:Jgrthet:dc.)ptlnglzatllor; Of. mhlbltoE’ we ma}[mtalr:jed IZEf d acetic acid; (f) PyBop/DIPEA in DMF; (g1 N HCI in acetic acid;
centra 'am' Inophenylalanine as a key m0|e,y and modihe (h) Hz and Pd/C in 90% acetic acid; (i) 1.5 equiv oHXpyrazole-1-
the N-terminal sulfonyl group and the C-terminal secondary carboxamidineHCI/DIPEA in DMF, preparative reversed-phase HPLC.
amide residue. These modifications resulted in a series of new
compounds, which show improved potency and selectivity as led to 4aminoethylpyridine4,2223which was Boc-protected and

matriptase inhibitors. Two analogues were selected for X-ray hydrogenated using platinium(lV) oxide as catalyst to give

analysis in complex with the catalytic domain of matriptase to
obtain information about their binding mode. This structural
information was used for further inhibitor design. In addition,
two inhibitors were investigated for their anti-invasive potential
and inhibition of tumor growth in an orthotopic xenograft mouse

intermediates. Coupling of3 and5 using PyBop/diisopropy-
lethylamine resulted i%. The intermediate obtained after Boc
cleavage was hydrogenated and treated with pyrazole-1-car-
boxamidiné* to give inhibitor 8.

Inhibitors containing a phenoxyarylsulfonyl group3( 54)

model of prostate cancer. The results are summarized in thiswere obtained alternatively by reduction of the appropriate

publication.

Results

acetylhydroxyamidino derivative with zinc powder in acetic acid
(3 h, room temperature), because of the instability of such
sulfonyl residues under catalytic hydrogenation conditions using

Chemistry. The compounds were synthesized according to Pd/C as catalyst.

published procedures. Scheme 1 exemplarily summarizes the

synthesis of inhibitor8. The cyano group of an appropriate

Inhibitors56—63were obtained by mixed-anhydride-mediated
coupling of Boc- or Cbz3-Ala-OH and its glycine and

sulfonylated 3-cyanophenylalanine was converted into an acety-y-aminobutyric acid analogues to 3- or 4-aminobenzenesulfonyl-

lated hydroxyamidine3 by the method of Judkin®. The
C-terminal part of the molecule was obtained from 4-vinylpy-

3-cyanophenylalanyl-(Boc-amidoethyl)piperidide, which was
obtained by reduction of the appropriate nitrobenzenesulfonyl

ridine as starting material. Treatment with ammonium chloride derivative with zinc powder in acetic acid. For compoue@s
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Scheme 2.Synthesis of Inhibitorl 22
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aReagents and conditions: (a) compouhdnd PyBop/DIPEA in DMF; (b) zinc powder in acetic acid, 2 h, room temp; (c) #da-OH, isobutyl
chloroformate N-methylmorpholin in DMF; (d) 2 equiv of NbDH-HCI and DIPEA in ethanol; (e) 2 equiv of (A€£) in acetic acid; (f) zinc powder in
acetic acid, 3 h, room temp; (g) 90% TFA, 1 h, room temp; (h) 1.5 equiibpirazole-1-carboxamidinelCI/DIPEA in DMF; (i) Hz and Pd/C in 90%
acetic acid, preparative reversed-phase HPLC.

and 63 the appropriate Boc-amidopropylpiperidide derivative residue 81). In contrast, the exchange of the piperazine ring
was used. The nitrile moiety was converted into an amidine by by homopiperazine has a negligible effect on the inhibition of
the procedures described in Scheme 1 for all compounds withmatriptase (e.g., inhibitot3 vs 19, and2S vs 18).

identical N- and C-terminal amino or guanidino groups (e.g.,  The elimination of the basic group in the C-terminal part of
59 and58). In contrast, the acetylhydroxyamidino group was the molecule 35, 36) reduces the potency toward matriptase.
converted to the amidine using zinc powder in acetic acid (3 h, However, the previously described nonselective uPA inhibitor
room temperature) for inhibitors with a single C-terminal 35 (WX-UK1), containing a neutral ethyloxycarbonyl group,
guanidino group 12 and 63). This strategy retained the still inhibits matriptase with an inhibition constant of 0.3®1,
N-terminal Cbz protection and allowed the selective guanylation which is comparable to the inhibition value toward uPASome

of the C-terminus using pyrazole-1-carboxamidfres shown of the described effects @5 in suppression of rat breast cancer

in Scheme 2 for the synthesis of inhibitb2. metastasis and tumor growth reduction could also possibly be
Enzyme Kinetics and X-ray Crystallography. To elucidate related to matriptase inhibition.
the binding geometry of compouri] we superimposed the In previous work with closely related thrombin inhibitors

known X-ray structure of uPA with compourikB (PDB code containing a central 3-amidinophenylalanylpiperazide, it was
1F92)25 which is closely related t@®, using the matriptase  found that the piperazine moiety could be replaced by other
structure as deposited under the PDB entry 1EAXdn the secondary amines, among them isonipecotic &ci#Therefore,
basis of this model, we hypothesized that the C-terminal isonipecotic acid analogues were synthesized, which allow for
guanidino group of inhibitoR might interact with the superficial, = a simple C-terminal elongation with basic residues derived from
solvent-exposed side chain of matriptase residue Asp96 (chy-diaminoethane or piperazine (Table 2).
motrypsinogen numberiAd, which is harbored in the 99 loop The incorporation of isonipecotic acid resulted in selective
“balcony” delimiting the active-site cleft to the north and extends and potent matriptase inhibitors. Also in this series, compounds
toward the S2 subsite. To probe this interaction, further containing a C-terminal guanidino moiety were more potent than
analogues o2 with variable lengths of the guanidinoalkyl chain  the corresponding amino analogues. In contrast to the piperazine
and different hydrophobic sulfonyl residues were prepared. Their derivatives (Table 1), the 2,4,6-triisopropylphenylsulfonyl de-
affinity was measured toward matriptase and the closely relatedrivatives are less effective than the anthraguinonsulfonyl- or
clotting proteases thrombin and factor Xa as well as toward 4-cyclohexylphenylsulfonyl analogues. Only small differences in
the fibrinolytic enzymes plasmin and uPA. matriptase affinity were found after replacement of the C-ter-
Most of the inhibitors summarized in Table 1 show a minal alkylguanidino group by a cyclic carbamidoylpiperazine.
preference for matriptase over the other enzymes. In analogyln an additional series, more simple bis-basic secondary amines
to known uPA or thrombin inhibitors, the affinity of racenfic were incorporated to eliminate one of the peptide bonds in these
could be improved by using 3-amidinophenylalanine in the molecules. The kinetic results are summarized in Table 3.
S-configuration 29). Inhibitors with a C-terminal guanidino Several inhibitorsg, 50, 52) inhibit matriptase withK; values
group have been found to be-3 times more potent than the  of approximately 50 nM and maintain some selectivity toward
analogous amino derivatives in most cases. There is only athe other enzymes. To obtain information of the binding mode,
marginal difference in matriptase affinity between compounds two inhibitors g, 31) were selected for X-ray analysis. Figure
2S and 14, containing a guanidinopropionyl or butyryl group, 1 shows the complex between matriptase and these inhibitors.
respectively. A slightly enhanced potency toward matriptase was Some characteristic interactions are very similar in both
observed after incorporation of a cychiE(amidino)isonipecotyl structures. The inhibitors adopt a compact Y-shaped conforma-
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Table 1. Inhibition Constants for Inhibitors of the General Compound SHown
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aThe asterisk#) indicates that the compound is racemic at theafm of 3-amidinophenylalanine.

tion similar to that previously found for related arylsulfonyl-
3-amidinophenylalanine-derived inhibitors in complex with uPA,
thrombin, or trypsirt>2%-30The central benzamidine moiety is
sandwiched, like the free benzamidifehetween matriptase

oxygens is in hydrogen bond distance to Gly219 NH. In both
structures, the sulfonylated aryl ring and the proximal piperidinyl
or piperazine group are folded together into a compact entity,
making intense contacts with the hydrophobic cleft formed by

segments Serl190-GIn192 and Trp215-Gly216. The two amidino Trp215, the His57 imidazole ring, and the Phe99 phenyl group.
nitrogens juxtapose the two carboxylate oxygens of Aspl189 Presumably, this conformation is close to the preferred confor-

situated at the bottom of the S1 specificity pocket under
formation of favorable twin ionic bonds and form additional
hydrogen bonds to the carbonyl of Gly219, the side chain
hydroxyl of Ser190, and a conserved water molecule.

The 3-amidinophenylalanyl moiety is positioned, similar to
that found in the complexes of inhibitdr in trypsirt! and
inhibitor 13 in UPAZ5 such that its NH and carbonyl groups
form hydrogen bonds to the carbonyl and the NH group of
Gly216, respectively. In addition, one of the two sulfonamide

mation in solution, resulting in improved binding due to
entropically favorable conditior?s.

The piperidine group of compour&i on the C-terminal side,
can adopt both a boot and a chair conformation, with the
equatorial guanidinoethyl group extending into the negatively
charged “cation cleft” formed by the initial part of the
characteristically exposed 60 insertion loop and the active-site
cleft of matriptase and lined by the Asp96 carboxylate, the
carbonyl groups of His57 and lle60, and the carboxylate group
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Table 2. Inhibition Constants for Isonipecotic Acid Containing Table 3. Inhibition Constants for Inhibitors of the General Compound

Inhibitors of the General Compound Shown Shown
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of Asp60b. With some of these hydrogen bond acceptors, the ~Orthotopic Xenograft Mouse Model of Prostate Cancer.
guanidyl group makes water-mediated hydrogen bonds. TheA nonselectlve maprpmolecu_lar |nh|b|tor_of matriptase, the
N-terminal naphthyl moiety of inhibito8 is, in contrast to the ~ Serine protease inhibitor ecotin, has previously been reported
equivalent naphthyl group of NAPAMP-thrombificuriously to |nh|b|t.the growth anq dissemination of tumors denve.d from
abducted from the active-site cleft, making only weak van der the matriptase-expressing human prostate cancer cell line PC-3
Waals contacts with Trp215. This might be due to a concerted in immune-compromised micé€.The anti-invasive potential of
movement done together with the C-terminal moiety but might the matriptase inhibitor8 and44 on PC-3 cells was previously
also be caused by the Arg60c side chain of a symmetry-relateddemonstrated in an in vitro scatter as$&ayo detect the anti-
matriptase molecule extending into the S4 subsite. Both the invasive activity of the matriptase inhibitors in vivo as well,
proximal piperazine and the distal piperidine group, located on We investigated the effects of the initial lead compo@nahd
the C-terminal side of compourglL, are confined to the chair ~ the more potent and more selective derivatb&on tumor
conformation. The distal amidino group extends into the growth and metastasis formation in nude mice bearing ortho-
aforementioned “cation cleft’, making hydrogen bonds with topically implanted PC-3 prostate carcinoma. The inhibitors
le60 O (strong), Asp60a, and Cys58 O (weak). The triisopropyl- Were administered intraperitoneally at a daily dose of 5 mg/kg
phenylsulfonyl group of inhibitoB1, on the N-terminal side, for 4 weeks to nude mice with established orthotopic prostate
is, as in the urokinase complex with the closely related inhibitor tumors that were transplanted from the invasive part of human
135 abducted from the active-site cleft, making only a weak PC-3 tumor tissue pregrown subcutaneously in nude mice. The
contact with Trp215 via one isopropy| group. Again, this loose inhibitors8 and59 were both well tolerated by the PC-3 tumor-
contact might in part be due to the extending Arg60c side chain Pearing mice and reduced the median primary tumor growth
of a neighboring matriptase molecule. by 17% and 40%, respectively, compared to a vehicle-treated
Therefore, in solution, the N-terminal sulfonyl groups might control group (Figure 2A).
further approach the S2/S4 subsite and extend into the hydro- In addition, the inhibitors further reduced substantially
phobic surface cleft formed by the side chains of Phe97, Phe99,metastasis formation. Whereas 30% of the control mice had
GIn175, and Trp215 and by the carbonyl groups of Phe97 and metastases in the thorax (heart, lung, pleura), metastases were
Thro8 of matriptase. Molecular modeling revealed that it might only found in 14% and 20% of the thoraxes of the animals
be possible to use this binding site of matriptase by incorporation treated with compound®and59, respectively. The effect was
of appropriate sulfonyl substituents. Kinetic results for the first even more pronounced with abdominal metastases. Whereas
derivatives of this type are summarized in Table 4, showing metastases were found in 50% of the abdomens of the control
that several inhibitors have improved affinity and selectivity mice, abdominal metastasis formation was completely abolished
toward matriptase. in both of the treatment groups (Figure 2B). These results
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A

Figure 1. Stereoview of inhibitors8 (A) and 31 (B) bound to the active site of matriptase. Selected matriptase residues are labeled, and strong
hydrogen bonds are shown in green. Only water molecules that are involved in strong hydrogen bonding are shown (red balls).

indicate that matriptase might be a relevant target in the (compounds shown in Tables 3 and 4) was well tolerated.

progression of prostate cancer. Although the elimination of a peptide bond should increase their
) ) conformational flexibility, which often leads to less potent
Discussion derivatives, this was not the case for these matriptase inhibitors.

Several series of matriptase inhibitors based on secondary Originally, we had assumed that the C-terminal basic group
amides of 3-amidinophenylalanine have been developed. Theirinteracts with the side chain of the matriptase residue Asp96.
structures are closely related to previously described thrombin However, in both X-ray crystal structures the C-terminal distal
or urokinase inhibitors of the 3-amidinophenylalanine t§%. guanidyl group is directed into the aforementioned “cation cleft”
In contrast to these compounds, however, the matriptasebetween the initial 60 insertion loop and the matriptase surface
inhibitors presented in this study contain an additional basic rather than to the relatively flexible Asp96 side chain carboxy-
group in the C-terminal part of the molecule, which is important late, which is placed at the outer edge of this hole. The outward
for selectivity and contributes to potency. The replacement of location of the N-terminal arylsulfonyl groups, in contrast, might
the basic acylated piperazide segment, used for all compoundsbe an artifact of the distinct matriptase crystal packing. We
summarized in Table 1, by simple basic alkylpiperidines speculate that in solution the arylsulfonyl groups might be placed
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Table 4. Inhibition Constants for Inhibitors of the General Compound A 1.6 -
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5 HQNWNO/ - 00066 36 24 7 9 Figure 2. Effect of the matriptase inhibitor8 and 59 on median
° primary tumor growth (A) and the metastatic potential (B) of PC-3-

. derived tumors in an orthotopic mouse model of pancreatic cancer.

60 H,NN\OWNU N 00039 80 25 | 23 The inhibitors were administer_ed intraperitoneally at a daily dose of 5
mg/kg for 4 weeks into nude mice with orthotopically transplanted PC-

Iy 3-derived tumors. Abdominal metastases (black) were only found in

s W B 0075 11 45 03 the vehicle-treated control group but not in the treatment groups. The
dissemination into the thorax (gray) was reduced by 53% and 33% for

i M inhibitors 8 and 59, respectively. Three mice treated with inhibi®r

62 T 000515 27 B died because of postoperative suffering during the first treatment days.

HN K JH . determined for the less selective analog8esd54, probably
© TYQT oywe 0ws 18 28 40w because of a moderate thrombin inhibition. The estimategh|C
values in the TT, aPTT, and PT assays are 0.32, 2.7, and 3.8
uM for inhibitor 8 and 0.27, 1.5, and 1,6M for analogueb4,
closer to the S4 subsite and nestle into the hydrophobic S2/S4respectively.
cleft of matriptase. The potency of matriptase inhibito8sand44 has previously

Therefore, inhibitors were synthesized that contain an aryl been demonstrated in a series of in vitro as$ag&th inhibitors
ring bridged via an oxygen or methylene to the para position are able to reduce the matriptase-catalyzed processing of pro-
of an arylsulfonyl group or that possesed an additional acyl HGF into HGF with I1Gg values between 1 andid and inhibit
residue attached to the aryl moiety via a peptide bond. Severalthe pro-HGF/SF-induced scattering of matriptase-expressing
of these inhibitors have enhanced matriptase affinity and DLD-1 and PC-3 cells at micromolar concentrations, as well
improved selectivity (see Table 4). Molecular modeling in as their subsequent invasion in a matrigel assay.
complex with matriptase revealed that the terminal phenoxy ring  Matriptase has been isolated as a major protease of the human
of inhibitor 54 and theg-Ala moiety of compounds9 may prostate carcinoma cell line PC8.Two additional recent
occupy the S4-binding site of matriptase (Figure 3). studies showed that matriptase expression is elevated in human

The binding mode of inhibitob9 may explain its improved prostate carcinoma compared to benign prostate ti§sie.
affinity and selectivity as matriptase inhibitor. As suggested Because the protein level of matriptase increases with increasing
previously, the S4 subsite of matriptase seems to be well suitedtumor grade, matriptase was suggested to be a novel predictive
to accommaodate residues containing positively charged gkdlips. biomarker for human prostate adenocarcinoma. The increase

To detect potential side effects for in vivo testing, selected of matriptase expression comes along with a progressive loss
matriptase inhibitors8, 54, 59, and63 were evaluated for their ~ of the expression of its cognate inhibitor, hepatocyte growth
influence on blood clotting. The very specific matriptase factor activator inhibitor type 1 (HAI-1), implicating that
inhibitors59 and63 did not show any significant activity (Kgo matriptase may be functionally involved in the progression of
> 10uM) in the standard coagulation assays, such as activatedprostate cancer and giving a rationale for inhibiting matriptase
partial thromboplastin time (aPTT), prothrombin time (PT), and in anticancer therapy. Therefore, we have studied the effects of
thrombin time (TT). In contrast, some anticoagulant activity was two of our inhibitors on primary tumor growth and metastasis
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Figure 3. Models of inhibitors54 (gray carbon atoms) arb (orange carbon atoms) in complex with matriptase, visualized as a surface indicating

the atom charges. The compounds were manually modeled into the active site cleft of matriptase under consideration of the known interactions
between the sulfonylated peptidic backbone of the inhibitor and the Trp215-Gly219 segment of matriptase as well as the most probable interactions
of these compounds with the S2/S4 subsite and the S1 specificity pocket, respectively. The models were generated from the X-ray structure of
inhibitor 8 in matriptase by replacement of the sulfonyl substituent in both analogues and elimination of the C-terminal carbamidine in the case of

compound59.

formation in an orthotopic xenograft model of prostate cancer
using PC-3-derived tumor tissue. The compounds were well
tolerated and inhibited both the primary growth and the

2-Naphthylsulfonyl-3-acetyloxamidinophenylalanine (2-Nas-
Phe(3-AcOxam)-OH) (3).An amount of 3.8 g (10 mmol) of 2-Nas-
Phe(3-CN)-OH, obtained by coupling of 2-Nas-Cl to 3-cyanophe-

metastatic capacity of these tumors. These results confirm ahylalanine under SchotterBaumann condition¥; was dissolved

previously published study with an arginal-derived matriptase
inhibitor, which inhibited the growth of tumors established from

human androgen independent prostate cell lines CWR22R an
CWRSAG18 Also in this study, no side effects due to matriptase
inhibition have been described, although experiments with

in 100 mL of absolute ethanol and treated with 1.39 g (20 mmol)
of hydroxylamineHCI and 3.48 mL (20 mmol) of DIPEA (diiso-

0propylethylamine). The mixture was refluxedrfé h and stirred

overnight at room temperature. The solvent was evaporated. The
remaining oil was dissolved in 50 mL of acetic acid and 2.83 mL
(30 mmol) of acetic anhydride. The mixture was stirred at room

knockout mice have demonstrated that matriptase is requiredtemperature for 30 min. The solvent was evaporated, and the

for postnatal survival, and one might argue that the inhibition
of matriptase could lead to side effects in vivo. Matriptase
exhibits its pleiotropic functions in epidermal differentiation due
to profilaggrin-processing, hair follicle development, and thymic
homeostasi$>3® Obviously, other matriptase substrates are
involved in tumor progression and invasion, such as pro-HGF
and pro-uPA.

Our data provide an additional proof of concept for the
targeting of matriptase in the design of new anti-invasive drugs.

Experimental Section

Synthesis.All reagents, solvents for synthesis, and amino acids
were purchased from Aldrich, Lancaster, Acros, Fluka, or Bachem
and were used without further purification. 3-Cyanophenylalanine

remaining oil was dissolved in ethyl acetate and washedv&h
brine. The organic layer was dried over 8@, and evaporated.
The product was crystallized from ethyl acetate/petroleum ether
(bp 40-60 °C) to give a white solid (yield, 3.02 g 6.64 mmol;
TLC, R = 0.67; HPLC, retention time 34.04 min; MS 456 (M
H)*; TH NMR (DMSO-dg) 6 2.13 (s, 3H), 2.763.05 (m, 2H), 4.01
(m, 1H), 6.68 (s, br. 2H), 7.12 (m, 1H), 7.20 (d, 1H), 7.42 (d, 1H),
7.52 (s, 1H), 7.547.69 (m, 3H), 7.96 (m, 2H), 8.04 (d, 1H), 8.24
(s, 1H), 8.34 (d, 1H), 12.67 (s, br, 1H)).

4-(2-Aminoethyl)pyridine (4). A slurry of 76.23 g (1.42 mol)
of ammonium chloride and 74.71 g (0.71 mol) of 4-vinylpyridine
in 225 mL of water and 100 mL of methanol was refluxed
overnight. The solution was cooled. At°C, an amount of 59.02
g (1.47 mol) of NaOH was added in small portions. The aqueous

was obtained from Senn Chemicals, Switzerland. The molecular layer was extracted>3 with chloroform, and the organic layer was

mass of the inhibitors was determined using a Finnigan ESI-MS
LCQ (Bremen, Germany). Analytical HPLC experiments were
performed on a Shimadzu LC-10A system (Phenomenex Lyga C
5 um column, 4.6 mmx 250 mm) with a linear gradient of
acetonitrile (16-70% in 60 min, detection at 220 nm) containing
0.1% TFA at a flow rate of 1 mL/min. The final inhibitors were
purified to more than 97% purity by preparative HPLC on a
Shimadzu LC-8A system (Phenomenex Lung, & um column,

30 mm x 250 mm) with a linear gradient of acetonitrile (45%
increase of acetonitrile within 120 min, detection at 220 nm)
containing 0.1% TFA at a flow rate of 10 mL/min and obtained as
TFA salts after lyophilization. Thin-layer chromatography was
performed on silica gel plates (silica gel 68 Merck, Darmstadt,
Germany) inn-butanol/acetic acid/water 4/1/1 (v/ivi\AH NMR

dried over NaSQ, and evaporated. The remaining oil was purified
by distillation (22 mbar, 12FC, oil; yield, 46.9 g= 0.38 mol;
TLC, R = 0.11; MS 123 [M+ H]*; *H NMR (CDCl;) 6 0.94 (s,
br, 2H), 2.53 (t, 2H), 2.78 (t, 2H), 6.90 (d, 2H), 8.30 (d, 2H)).
4-(2-Boc-amidoethyl)piperidine (5).An amount of 29.5 g (135
mmol) of ditert-butyl dicarbonate, dissolved in 50 mL tért-
butanol, was added within 30 min to 15 g (123 mmol) of 4-(2-
aminoethyl)pyridine 4) in 250 mL of tert-butanol. The mixture
was stirred at room temperature for 12 h and washed twice with
saturated NaHC@solution and once with brine. The organic layer
was dried over Ng8O, and evaporated (oil, 23.9 g, 107 mmB},
=0.43). The remaining oil was dissolved in 800 mL of 90% acetic
acid and treated with 250 mg of catalyst (PtOrhe mixture was
stirred under an atmosphere of hydrogen at’@5for 96 h. The

spectra were recorded on a Bruker DPX-300 spectrometer at 300.13Xatalyst was removed by filtration, and the solvent was evaporated.
MHz, and chemical shifts are referenced to the residual proton signal The residue was dissolved in water adjusted to pH 11 with 1 N

of the solvent.

NaOH. The aqueous layer was extracted @ith DCM. The
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organic layer was dried over B8O, and the solvent was  1.75(m, 2H), 2.23 (m, 0.5H), 2.44 (m, 0.5H), 2.66 (m, 0.5H), 2.91
evaporated. The product crystallized from the remaining oil at 4 (m, 2.5H), 3.07 (m, 2H), 3.62 (m, 1H), 4.27 (m, 1H), 4.49 (m,
°C (white solid; yield, 21.9 g= 96 mmol; TLC,R; = 0.38; MS 1H), 4.55 (m, 0.5H), 6.47 (m, 1H), 7.37 (m, 3H), 7.46 (m, 1H),
229.2 [M+ H]*; *H NMR (DMSO-dg): ¢ 1.31 (m, 4H), 1.36 (s, 7.66 (m, 1H), 8.04 (m, 1H), 8.35 (m, 1H), 8.47 (m, 1H), 8.66 (broad,
9H), 1.50 (m, 1H), 1.75 (d, 2H), 2.74 (m, 2H), 2.93 (m, 2H), 3.17 1H); one resonance hidden by the large tBu signal at 1.42 ppm).
(m, 2H) 6.75 (br, 1H)). N-(3-Chz-f-Ala)amidophenylsulfonyl-Phe(3-CN)-4-(2-Boc-
2-Nas-Phe(3-AcOxam)-4-(2-Boc-amido)ethylpiperidide (6). amido)ethylpiperidide (10). An amount é5 g of thecrude9 was
An amount of 500 mg (1.1 mmol) of 2-Nas-Phe(3-AcOxam)-OH dissolved in 100 mL of acetic acid at room temperature and treated
(3) and 251 mg (1.1 mmol) of compouriwere dissolved in 10 with zinc powder. The mixture was stirred for 1.5 h, the remaining
mL of DMF. At 0 °C 571 mg (1.1 mmol) of PyBop and 383 zinc was removed by filtration, and the solvent was evaporated.
(2.2 mmol) of DIPEA were added. The mixture was stirred for 20 The residue was dissolved in ethyl acetate and washedvidh
min at 0°C and for an additional period 8 h atroom temperature. saturated NaHC@solution and % with brine. The organic layer
The solvent was evaporated, and the remaining oil was dissolvedwas dried over Ng&5O, and evaporated (yellow foam; yield, 4.5 g;
in ethyl acetate, washedx3with 5% KHSQ, solution, Ix with TLC, R = 0.86; HPLC, retention time 40.29 min; MS [M H]~
brine, 3x with saturated NaHC@solution, and % with brine. The 554.2). An amount of 2.74 g of the crude 3-aminophenylsulfonyl-
organic layer was dried over B8O, and the solvent was  Phe(3-CN)-4(2-Boc-amido)ethylpiperidide was added to a mixed
evaporated. The remaining brown foam was purified by preparative anhydride, which was prepared from 1.0 g (4.48 mmol) of -Cbz
reversed-phase HPLC, and the product was dried in vacuo (white 5-Ala-OH, 583uL (4.48 mmol) of isobutyl chloroformate, and 493
solid; yield, 583 mg= 0.88 mmol; TLC,R; = 0.85; HPLC, retention uL (4.48 mmol) ofN-methylmorpholine in DMF at-15 °C within
time 48.07 min; MS 664.3 [M— H]~; IH NMR (CDCls-d), two 10 min. The mixture was stirred fd. h at—15 °C and at room
conformers in a relative ratio of 55:48,—0.15 (m, 1H), 0.54 (m temperature overnight. The solvent was evaporated, and the residue
0.55H), 0.64 (m, 1H), 0.981.25 (m, 4H), 1.37 (s, 4.05H), 1.39 (s, was dissolved in ethyl acetate, washedwith 5% KHSQ, solution,
4.95H), 1.50 (m, 0.45H), 2.15 (s, 3H), 2.20 (m, 2H), 2-2098 1x with brine, 3x with saturated NaHC@solution, and X with
(m, 4H), 3.26 (m, 1H), 3.964.06 (m, 1H), 4.26:4.49 (m, 1H), brine. The organic layer was dried over 488, and evaporated
5.58 (br, 2H), 6.50 (m, 1H), 7.18 (m, 2H), 748.60 (m, 4H), (brown oil). The product was obtained as a TFA salt after
7.70 (m, 1H), 7.83 (m, 3H), 8.29 (s, 1H)). preparative reversed-phase HPLC (white lyophilized powder; yield,
2-Nas-Phe(3-Am)-4-(2-aminoethyl)piperidide2TFA (7). An 2.3 g= 3.02 mmol; TLC,R: = 0.96; HPLC, retention time 51.88
amount of 5 mL 61 N HCI in glacial acetic acid was added to  min; MS 759.2 [M— H]~; *H NMR, (CDCk-d), two conformers
500 mg (0.75 mmol) of compourtiland was dissolved in 5 mL of  in a relative ratio of 0.62:0.38, multiplicity not assigned because
acetic acid. The mixture was shaken at room temperature for 1 h. of broad resonances at room temperati@21 (1H), 0.58 (0.62H),
The solvent was evaporated, and the remaining product (TRC:  0.73 (0.38H), 1.21 (2H), 1.40 (3.42H), 1.41 (5.58H), 1.50 (1H),
= 0.35; HPLC, retention time 25.66 min; MS 566.3 [ H]*) 2.17 (0.38H), 2.29 (0.62H), 2.44 (0.62H), 2.57 (2H), 2.63 (0.38H),
was dissolved in 50 mL of 90% acetic acid and treated with 15 mg 2.85 (2H), 2.98 (2H), 3.35 (1.38H), 3.49 (2.62H), 4.24 (1.62H),
of catalyst (10% Pd/C). The mixture was stirred under an 4.41 (0.38H), 4.58 (0.38H), 4.75 (0.62H), 5.05 (2H), 5.73 (1H),
atmosphere of hydrogen at £C overnight. The catalyst was  6.67 (1H), 7.23-7.45 (11.76H), 7.68 (0.62H), 7.84 (1H), 8.09
removed by filtration, and the solvent was evaporated. The crude (0.62H), 8.75 (0.38H), 9.10 (0.62H)).
product was purified by reversed-phase HPLC and lyophilized from  N-(3-Cbzf#-Ala)amidophenylsulfonyl-Phe(3-Am)-4-(2-Boc-
water (white powder; yield, 70.4 mg 0.096 mmol; TLC,R; = amido)ethylpiperidide:TFA (11). The intermediatéN-(3-Cbz-
0.34; HPLC, retention time 19.03 min; MS 508.4 [ H]*; 1H Ala)amidophenylsulfonyl-Phe(3-AcOxam)-4(2-Boc-amido)ethylpi-
NMR (DMSO-dg), two conformers in a relative ratio of 40:60, peridide, prepared from 242 mg (0.318 mmol) of the nitlikzas
—0.02 (m, 1H), 0.43 (m, 0.4H), 0.58 (m, 0.6H), 1:69.45 (m, described for compoung| was reduced with zinc powder in acetic
5H), 1.69 (m, 0.4H), 2.14 (m, 0.6H), 2.52.83 (m, 4H), 2.90 (m, acid over a periodfo3 h atroom temperature. The remaining zinc
1H), 3.70 (s, br, 2H), 3.763.94 (m, 2H), 4.53 (m, 1H), 7.37 was removed by filtration, the solvent was evaporated, and the
7.50 (m, 2H), 7.58 (d, 1H), 7.627.75 (m, 6H), 7.978.10 (m, product was obtained by preparative HPLC (white lyophilized
3H), 8.17 (d, 0.6H), 8.27 (d, 0.4H), 8.30 (s, 1H), 9.25 (s, br, 3H)). powder; yield, 121 mg= 0.135 mmol; TLC,Rs = 0.76; HPLC,

2-Nas-Phe(3-Am)-4-(2-guanidinoethyl)piperidide2TFA (8). retention time 36.41 min; MS 778.5 [M H]; *H NMR, (CDCls-
An amount of 50 mg (0.068 mmol) of compouiidvas dissolved d), two conformers in a relative ratio of 1:1, multiplicity not
in 2 mL of DMF and treated with 20 mg (0.136 mmol) oH1 assigned because of very broad resonances at room temperatur,

pyrazole-1-carboxamidinelCl and 35.5uL (0.204 mmol) of dilute samples also gave very broad signéls;0.31 (0.5H), 0.39
DIPEA. The mixture was stirred for 24 h, the solvent was (0.5H), 0.62 (1H), 1.21 (2H), 1.41 (9H), 2.15 (2H), 2.33 (0.5H),
evaporated, and the remaining crude product was purified by 2.61 (3H), 2.88 (4H), 3.49 (3H), 4.04 (0.5H), 4.22 (1H), 4.31 (0.5H),
reversed-phase HPLC and lyophilized from water (white powder; 4.52 (0.5H), 5.02 (2H), 5.87 (0.5H), 6.01 (0.5H), 7.25 (10H), 7.65
yield, 42 mg= 0.054 mmol; TLC,R; = 0.40; HPLC, retention (3H), 8.03 (1H), 8.23 (1H), 8.53 (1H), 9.38 (0.5H), 9.54 (0.5H),
time 21.19 min; MS 550.4 [M+ H]"; 'H NMR (DMSO-dg), two 10.00 (1H), 10.07 (1H)).
conformers in a relative ratio of 40:60,—0.10 (m, 0.6H), 0.08 N-(34#-Ala)amidophenylsulfonyl-Phe(3-Am)-4-(2-guanidino)-
(m, 0.4H), 0.45 (m, 1H), 0.95 (m, 1H), 1.20 (m, 3H), 1.35 (m, ethylpiperidide-3TFA (12). An amount of 120 mg of compound
1H), 1.70 (m, 0.4H), 2.12 (m, 0.6H), 2.45 (m, 0.6H), 2.66 (m, 0.4H), 11was dissolved in 3 mL of 90% TFA and shakem foh atroom
2.78 (m, 1H), 2.94 (m, 3H), 3.79 (m, 2H), 4.54 (m, 1H), 5.60 (s, temperature. The solvent was evaporated and lyophilized from water
br, 1H), 7.23 (s, br, 3H), 7.44 (m, 2H), 7.63 (m, 5H), 7.75 (s, 1H), (124 mg; TLC,R = 0.27; HPLC, retention time 21.76 min; MS
8.02 (m, 3H), 8.16 (d, 0.6H), 8.24 (d, 0.4H), 8.30 (d, 1H), 9.27 (s, 678.3 [M+ H]"). An amount of 120 mg (0.132 mmol) of the TFA
br, 2H), 9.41 (s, br, 2H)). salt was dissolved in 2 mL of DMF and treated with 38.7 mg (0.264
3-Nitrophenylsulfonyl-Phe(3-CN)-4-(2-Boc-amido)ethylpiperi- mmol) of 1H-pyrazole-1-carboxamidinelCl and 69uL (0.396
dide (9). The synthesis was performed by PyBop mediated coupling mmol) of DIPEA. The mixture was stirred for 24 h. The solvent
as described for compouné using 3.9 g (10.39 mmol) of  was evaporated, and the remaining oil (TLR,= 0.36; HPLC,
3-nitrophenylsulfonyl-Phe(3-CN)-OH and 2.37 g (10.39 mmol) of retention time 23.04 min; MS 720.3 [M- H]*) was dissolved in
5 as starting materials (orange oil; yield, 5.3 g; purity 81% based 50 mL of 90% acetic acid and treated with 10 mg of catalyst (10%
on analytical HPLC at 220 nm). A sample was purified by Pd/C). The mixture was hydrogenated at room temperature over-
preparative reversed-phase HPLC for analysis (TRC= 0.96; night. The catalyst was removed by filtration, the solvent was
HPLC, retention time 50.34 min; MS 584.3 [M H]~; 'H NMR, evaporated, and the product was purified by reversed-phase HPLC
(CDCls-d), two conformers in a relative ratio of 1:8,0.32 (m, and lyophilized from water (white powder; yield, 48 nvg0.052
0.5H), 0.68 (m, 0.5H), 0.82 (m, 1H), 1.30 (m, 2H), 1.42 (s, 9H), mmol; TLC, R = 0.04; HPLC, retention time 10.38 min; MS 586.3
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[M + H]; IH NMR (D,0O-d,), two conformers in a relative ratio
of 0,54:0,46,0 0.07 (m, 0.46H), 0.69 (m, 1.54H), 1.35 (m, 1H),
1.45 (m, 1H), 1.50 (m, 1H), 1.62 (m, 2H), 2.24 (m, 0.46H), 2.54
(m, 0.54H), 2.77 (m, 1H), 2.95 (m, 2.46H), 3.08 (m, 1.54H), 3.15
(m, 1H), 3.21 (m, 1H), 3.41 (m, 2H), 3.73 (m, 1H), 4.06 (m, 1H),
4.56 (m, 1H), 7.57 (m, 5H), 7.71 (m, 2H), 7.96 (m, 1H)).

Cloning of the Serine Protease Domain of MatriptaseThe
serine protease domain was amplified from I.M.A.G.E. clone
IMAGpP998N139560 (RZPD, Berlin, Germany) by PCR using
5'-GGCAATTCCATATGAAACATCACCATCATCACCATGT-
TGTTGGGGGCACGGATGCG-3and 3-GCATGAATTCTTA-
TACCCCAGTGTTCTCTTTGATCCA-3 as sense and antisense
primers, respectively. The primer were chosen to introduce an Ndel
site at the 5end of the protease domain followed by a MK(His)
sequence and an EcoR1 site at ther®d of matriptase. The 750
base pair long amplification product was purified, digested with
Ndel and EcoR1, and subcloned into pET24 (Novagen, Merck
Biosciences, Bad Soden, Germany) for expressioBsicherichia
coli. The catalytic domain of matriptase was expressed in inclusion

bodies and then subsequently denatured, purified, refolded, and

activated as described below.

Expression, Purification, Refolding, and Activation of the
Catalytic Domain of Matriptase. BL21(DE3) cells (Novagen)
containing the expression vector were incubated in LB andd@0
mL kanamycin at 37C and 250 rpm. The expression was induced
by the addition of 1 mM IPTG at a cell density of @fg = 0.8,
and the incubation continued for 1 h. The cells were harvested and
lysed with BugBuster protein extraction reagent (Novagen), and
the DNA was digested with Benzonase (25 U/g cell pellet,
Novagen). The inclusion bodies were washed and denatured with
denaturation buffer (6 M guanidine HCI, 10 mM Tris-HCI, 100
mM sodium phosphate, pH 8.0, 5 mL per 1 mL of pellet). The
denatured protein was freed from insoluble constituents by cen-
trifugation and filtration (0.24m), and the his-tagged matriptase
was purified by metal chelate chromatography (NiINTA Agarose,
Qiagen, Hilden, Germany). Matriptase-containing fractions were
pooled, derivatized with glutathione, and then renatured by dilution
to a final protein concentration of 5@g/mL in refolding buffer
(50 mM Tris-HCI, 0.5 Mc-arginine, 20 mM CaG| 1 mM EDTA,

0,1 M NacCl, 1 mM cysteine, pH 7,5). After 3 days of incubation
at room temperature, the refolding solution was filtered and
concentrated te-300ug/mL by ultrafiltration (Centricon Plus-80,
PL-10, Millipore, Schwabach, Germany) and the buffer was
exchanged to activation buffer (20 mM sodium phosphate, 150 mM
NaCl, pH 7.0).

Because correct processing of the N-terminus is required for the
activity of serine proteases, the refolded matriptase had to be
activated by removal of the N-terminal peptide sequence MK{His)
This was achieved by incubating the protease2fb with 2.5 mU/

mL of activated DAPase (Qiagen) and by subsequent separation
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Table 5. Refinement Statistics for the Matriptase Complexes with
Inhibitors 8 and 31 Determined by X-ray Crystallography

parameter 8 31
resolution range (A) 14:62.1 14.6-2.2
space group C222 C222
molecules per asymmetric unit 1 1
a(A) 66.84 67.07
b (A) 141.02 140.15
c(A) 51.80 51.73
o, 3,y (deg) 90, 90, 90 90, 90, 90
no. of reflections 59, 899 85, 118
completeness (%) 99.3 98.0
multiplicity 4.1 3.7
Rmerge(%) 10.6 15.8
no. of unique reflections 14,540 12,728
Riac (%) 18.19 19.69
Riree (%0) (test set, %) 22.93(4.9) 23.87 (5.1)
rmsd bonds (A) 0.008 0.008

respectively. After a treatment period of 4 weeks, animals were
sacrificed and the antitumor activity was determined as tumor
weight relative to the tumors in the vehicle control group. The
antimetastatic capacity was determined by macroscopic determi-
nation of metastases during a pathological examination.

X-ray Analysis. Structure determination and crystallographic
refinement were performed as described previotisiBriefly,
platelike crystals of the benzamidinenatriptase complex were
grown at 18°C from a solution containing 5 mg/mL matriptase,
10 mM benzamidine, 0.1 M Tris-HCI, pH 8.5, 20% PEG 8000,
and 200 mM MgCJ, using the hanging drop vapor diffusion
technique. These crystals were transferred to the same buffer lacking
benzamidine and containing 1 mM of compouar 31. After
soaking for 3 h, the crystals were transferred to the same buffer
containing 16% glycerol and were flash-frozen in a nitrogen stream
of 100 K.

Complete data sets to 2.1 and 2.2 A resolution were collected
in-house using a 345 mm MAR Research image plate (MAR
Research, Norderstedt, Germany) and monochromatic Gu K
radiation from a RIGAKU rotating anode X-ray generator (Rigaku/
MSC, Sevenoaks, U.K.). The data were evaluated with the
MOSFLM packag® and scaled using SCALA from the CCP4
program suité® (see Table 5). Starting with the matriptase
coordinates leax, the structures were crystallographically refined
using CNS, version 1.%.In between, the inhibitor compounds were
built with Sybyl 7.0 (Tripos, Inc.) and placed into the appropriate
electron density using MAIN? In the final rounds of refinement,
water molecules were added and individual restrained atd@nic
values were refined. ThBee Was calculated from 5.0% of the
reflections not used for refinement. The fifRLJ/Riee Values are
18.2/23.0 and 19.7/23.9% (see Table 5).

of activated from nonactivated matriptase and his-tagged DAPase  Acknowledgment. The authors thank Ute Altmann, Rainer

via metal chelate chromatography. The yield of this procedure was
approximately 2 mg of active catalytic domainrdeL of culture.

Enzyme Kinetics. The kinetic measurements with thrombin,
factor Xa, uPA, and plasmin were performed as described previ-
ously?® The matriptase activity was determined at 405 nM using
the chromogenic substrate Pefachrome tPA (Loxo GmbH, Dos-
senheim, Germany) in 0.05 M Tris-HCI buffer, pH 8.0, containing
0.154 M NaCl, 0.1% BSA, and 5% (v/v) ethanol.

Animal Study. An orthotopic xenograft mouse model of prostate
cancer was performed by Oncotest GmbH (Freiburg, Germany)
according to the guidelines of the German Animal Health and
Welfare Act. Small tumor fragments of 63 mm in diameter that
had been established by subcutaneous inoculation of the huma
prostate tumor cell line PC3 in nude mice were orthotopically
transplanted into 5-week-old to 6-week-old male anesthetized NMRI
nu/nu mice. After an induction period of 4 days that also allowed
healing of the surgery wound, treatment of the established tumors
was started. Animals were randomized into groups-e£@ tumor-
bearing mice and intraperitoneally treated daily, 7 days a week,
with inhibitor 8 or 59 (5 (mg/kg)/day) or vehicle (0.9% saline),
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HPLC data of all final inhibitors and3C NMR spectra of
compounds described in the Experimental Section of the manuscript.
This material is available free of charge via the Internet at http://
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