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Matriptase, initially isolated from human breast cancer cells in culture, is a member of the emerging class
of type II transmembrane serine proteases. Matriptase blockade could potentially modulate tumorigenesis
and metastasisin ViVo. Sunflower trypsin inhibitor-1 (1, SFTI-1), isolated from sunflower seeds, exhibits
very potent matriptase inhibitory activity. On the basis of these findings, we designed and synthesized 13
analogues of the naturally occurring peptide1 with the intention to explore the structure-activity relationships
of this type of bicyclic peptides and to improve inhibitory selectivity and metabolic stability of the disulfide-
bridge-containing peptide1. We discovered that the methylenedithioether-bridged compound14demonstrates
very potent binding affinity to matriptase. Compound8 exhibits much better selectivity for inhibition of
matriptase versus thrombin, whereas compound2 becomes a more potent thrombin inhibitor, which can be
potentially used as an anticoagulant for prophylaxis and therapy of thromboembolism.

Introduction

Protease inhibitors are widely distributed in nature; their main
role is to regulate the activities of proteolytic enzymes.1-2 These
inhibitors can be classified into a number of families based on
their active-site structures and their specificities to inhibit the
cleavage of specific peptide sequences within proteins. Among
these, inhibitors of serine proteases are being studied most
extensively. Matriptase (MT-SP1, TADG-15, epithin, ST14) is
a type II transmembrane serine protease that is found on the
surfaces of epithelial cells and certain other cell types.3-6

Although matriptase is initially synthesized as a transmembrane
serine protease, it was isolated originally from cancer cell culture
supernatants and from human milk in its activated form,
complexed with its cognate Kunitz type serine inhibitor, the
hepatocyte growth factor activator inhibitor-1 (HAI-1a). Matriptase
may function to degrade the extracellular matrix, as well as
several cellular regulatory proteins; specifically, it may activate
hepatocyte growth factor (HGF) by cleaving its inactive proform,
it may activate urokinase by cleaving its zymogen, and it may

cleave and activate the protease activated receptor-2 (PAR-2).7-9

Matriptase is also found as a large transmembrane protein in
most cancer cells including human breast cancer cells.4,5,10

Inhibition of the matriptase enzyme is a logical target for
intervention, since it was demonstrated that matriptase can
activate key prometastatic substrates, and it may function in
epithelial cell migration, cancer invasion, and metastasis.8

Specifically, matriptase expression, activation, and/or imbalance
with HAI-1 has been observed in cancers of the breast, ovary,
prostate, kidney, lung, cervix, thyroid gland, colon, and
stomach.11-18 Most recently, matriptase has shown to have
robust oncogenic activity for skin carcinogenesis in the trans-
genic mouse and HAI-1 was potently tumor suppressive.19-22

Thus, combining the available evidence, it is reasonable to
propose that matriptase blockade could have anticancer effects
in human.6,8

In 2001, our group published the synthesis of the sunflower
trypsin inhibitor1 that was originally isolated from sunflower
seeds (Figure 1).23 Three other groups published their work
related to the synthesis of compound1 around the same
time.24-26 1 was partially characterized by classical techniques,
and its structure was confirmed based on the electron density
map of compound1 cocrystallized with bovine-â-trypsin.24 1
is not only the smallest naturally occurring peptidic protease
inhibitor isolated to date, with only 14 residues, but it is also
the most potent in the Bowman-Birk family of serine protease
inhibitors (BBIs). These properties arise from the unique
structural features of1. This peptide possesses the characteristic
9-mer disulfide-cyclized loop of the BBIs, and its remaining
five residues form a second backbone-cyclized ring.27 To date,
over 100 BBIs have been described in the literature.28 Several
papers describing the biological activities of1 and its analogues
were also published.29-33 Recently, we found that peptide1
potently inhibits the extracellular matrix serine protease,
matriptase, at a nanomolar level.23 The conformationally
constrained structural feature and potent matriptase inhibitory
activity of 1 make this inhibitor an attractive template for the
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design of new protease inhibitors with the potential to be used
as therapeutic agents for the treatment of cancers.

Results and Discussion

Structure-Based Molecular Design of SFTI-1 Analogues.
Compound1 contains an extensive network of intramolecular
hydrogen bonds and also a bisecting disulfide bond, as shown
in Figure 2. Such a structural feature makes this bicyclic peptide
more rigid which is preferred for high affinity protein binding
by virtue of the consequent lowering of the unfavorable entropy
loss upon binding. Molecular modeling indicates that the amino
acid residues, Arg2, Lys5, Ile10, and Phe12, of compound1
play important roles in matriptase binding.23 These residues form
various hydrogen bonds and van der Waals interactions with
the amino acid residues located in the catalytic site of matriptase.
On the basis of this structural information, we designed a series
of compound1 analogues by rationally modifying the side
chains of these key amino acid residues of1 in order to
investigate the structure-activity relationships of this type of
compounds and to improve their inhibitory selectivity.

Lys5 in1 plays an important role in protein binding. Its basic
side chain is buried deeply inside the binding pocket of
matriptase and forms various interactions with the amino acid
residues located in the catalytic site of matriptase, as shown in
Figure 3. The terminal amino group in Lys5 forms three
hydrogen bonds with the backbone and side chain of Ser190 as
well as the side chain of Asp189 of matriptase. On the basis of
this structural information, we designed3 and6, in which Lys5
was replaced withL-homo-lysine andL-ornithine, respectively.
The adjustment of the side chain length of Lys5 is aimed at
optimally positioning the terminal amino group of Lys5 inside
the narrow and deep subpocket of matriptase to tune up the
interactions between Lys5 and the key amino acid residues of
matriptase, such as Asp189 and Ser.190 The same strategy was
adopted for the investigation of the key residue Arg2. Thus,12
was designed by replacing Arg2 withL-homo-arginine.5 was
designed by incorporating citrulline, the urea analogue of
arginine, in position 2 (Scheme 1 and Table 1). Phe(Gu)2-
containing 4 was designed with the intention to establish
additionalπ-π interactions between the side-chain phenylene
group of Phe(Gu)2 and the adjacent Phe and Trp residues of
matriptase. Phe12 of1 is positioned in a hydrophobic region of
matriptase and hasπ-π interactions with Phe97 and Phe99 of
matriptase (Figure 3). Therefore, we designed9, 10, and11 by
incorporating more hydrophobic and bulky residues,L-2-
naphthylalanine (2-Nal),L-4-biphenylalanine, (Bip) andL-
pentafluorophenylalanine (F5Phe), in position 12 of1 (Figure
2) to establish more van der Waals andπ-π interactions with
the proximal hydrophobic residues of matriptase.

To investigate the importance of the disulfide bridge and
conformational requirement of the compound1 backbone for
matriptase binding, we also designed compounds7 and 13
(Scheme 2). For compound7, two cysteines were replaced with
two serines to evaluate whether breaking the disulfide bridge
will cause a dramatic decrease of matriptase binding affinity or
not. For compound13, Cys3 was substituted with a homo-
cysteine which results in an extended disulfide bridge.

Metabolic stability of disulfide-containing compounds has
always been a major concern during the development and
applications of this type of chemicals. During the past decades,
great efforts have been made to mimic the disulfide bond with
other appropriate linkages to enhance redox stability without
losing biological activities and selectivities.34-38 Considering
the structural feature of1, which contains an intramolecular
disulfide bridge bisecting the macrocycle, we designed a more
redox-stable analogue containing a methylenedithioether bridge,
compound14 (Scheme 2). In addition to its better redox stability,
this methylenedithioether linker is also reasonably flexible,
which allows the macrocycle backbone of compound14 to adopt
a favorable conformation to form an extensive intramolecular
hydrogen bond network, as observed in1.

Chemistry. To synthesize the disulfide-bridged bicyclic
peptides,2-6 and8-12, we built the suitably protected linear
precursors by solid-phase peptide synthesis (SPPS) using Fmoc
chemistry at first and then constructed the macrocycles by head-
to-tail cyclization. The disulfide bridge was established last, as
shown in Scheme 1. Positioning Gly at the C-terminus of linear
peptide precursors eliminates the possibility of racemization
during resin anchoring and subsequent backbone cyclization.
In addition, such disconnection locates the two turn-inducing
proline residues in the middle of the linear peptide precursors,
which facilitates the N- and C-termini approach to each other,
making the head-to-tail macrocyclization more robust. These
linear peptide precursors, H-Aaa(2)Cys(Trt)Thr(tBu)Aaa(5) Ser-
(tBu)IleProProAaa(10)Cys(Trt)Aaa(12)ProAsp(OtBu)Gly-O-
Rink, were synthesized on polystyrene-based Rink resin. This
type of resin is acid labile, its stability toward bases makes it
ideal for Fmoc chemistry-based SPPS, and protected peptides
can be readily cleaved from the resin with 1% TFA in DCM,
with the overall yields ranging from 20% to 40% calculated
based upon the Rink resin. The head-to-tail macrocyclization
was achieved successfully using HATU as the coupling reagent
and HOAt as the accelerator.39 After side-chain deprotection
with the TFA-TIS-H2O cocktail, the deprotected peptides were
oxidized with oxygen to establish the disulfide bridge. The
obtained crude products were purified by a semipreparative
reversed-phase C18-HPLC. The purity of each bicyclic product
is more than 95% determined by an analytical RP-HPLC. All
macrocycles were characterized by FAB and MALDI-TOF mass
spectrometers.

The syntheses of monocyclic peptide7, hCys-containing
peptide13, and methylenedithioether-bridged peptide14 were
described in Scheme 2. The linear peptide precursors H-Arg-
(Pmc)Aaa(3)Thr(tBu)Lys(Boc)Ser(tBu)IleProProIleAaa(11)-
PheProAsp(OtBu)Gly-O-Rink were synthesized on Rink resin
by Fmoc SPPS. After the peptides were cleaved from resin,
the obtained linear peptides were cyclized using HATU/HOAt/
DIPEA and then deprotected with the TFA-TIS-H2O cocktail.
For compound13, the disulfide bridge was constructed by
oxidation using the same procedure as described in Scheme 1.
For compound14, the methylenedithioether bridge was estab-
lished by treating intermediate21 with tetrabutylammonium
fluoride (TBAF).35-37

Figure 1. Structure of the bicyclic peptide1 (SFTI-1).
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Biological Results

As shown in Figure3, the basic side chain of Lys5 forms
key hydrogen bonds with the amino acid residues located in
the catalytic site of matriptase. Asp189 and Ser190 in the

specificity pocket of matriptase can accept basic amino acids,
such as lysine and arginine. Interestingly, replacing Lys5 with
a guanidyl-containing arginine significantly changed the selec-
tivity of the resulting compound2. Compound2 actually

Figure 2. Intramolecular hydrogen bond network of1. The amino acid residues colored in red were found to have interactions with matriptase.
Structures of incorporated unnatural amino acids were shown at the bottom.

Figure 3. The active site of matriptase complexed with the bicyclic peptide1. (A) Protein matriptase is presented as a solid ribbon diagram.
Inhibitor 1 is shown in stick style. Hydrogen bonds are presented as green dotted lines. Key amino acid residues that have multiple interactions with
1 are labeled in blue. (B) Surface presentation of the active site of matriptase. The Lys5 side chain of inhibitor1 is buried deeply in the specificity
pocket of matriptase.
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becomes a more potent inhibitor of thrombin as shown in Table
1. Although the reverse of inhibitory selectivity of2 is
unexpected, this Arg5-containing compound can be possibly
used as an anticoagulant for prophylaxis and therapy of
thromboembolism.40 On the basis of the superimposition of the
published crystal structures of human matriptase and thrombin
and the sequence alignment of both proteins, we found out that
Ser190 and Gln192 in the specificity pocket of matriptase were
replaced with Ala190 and Glu192 in thrombin. For compound2,

the positive charged guanidyl-containing side chain of Arg5 is
preferred to form salt bridges with the acidic side chain of Glu192

in thrombin than with the side chain of Gln192 in matriptase.
Orn5-containing 3 is remarkably weaker than the parent
compound1, which indicates that the shortening of the Lys5
side chain disrupted the crucial hydrogen bonds formed between
Lys5 and the key residues, Asp189 and Ser190, of matriptase, as
shown in Figure 3A. Matriptase inhibitory activity decreased
280-fold if the side chain of Lys5 was lengthened by one carbon

Scheme 1.General Procedure for the Synthesis of the Bicyclic Peptides2-6 and8-12a

a Reagents and conditions: (a) 1% TFA in DCM, 2 min, 20 times; (b) (1) HATU/HOAt/DIPEA in DCM; (2) 95% TFA, 2.5% TIS and 2.5% H2O, 2 h;
(c) O2, H2O, overnight.

Table 1. Matriptase and Thrombin Inhibitory Activity of the Cyclic Peptides1-14a

compound description

compd AA2 AA5 AA10 AA12
matriptase inhibitory
activity [Ki (µM)]b

thrombin inhibitory
activity [Ki (µM)]b selectivity

1 Arg Lys Ile Phe 0.1 5 50
2 Arg Arg Ile Phe 4.75 0.86 0.18
3 Arg Orn Ile Phe >250 inactive -
4 Phe(Gu) Lys Ile Phe 90 163.6 1.8
5 Cit Lys Ile Phe 22.5 826.8 37
6 Arg hLys Ile Phe 28 45.6 1.6
7 Ser3,7, monocyclic peptide 107 40.4 0.38
8 Arg Lys Gln Phe 2.33 >2500 >1073
9 Arg Lys Ile 2-NaI 0.45 16.3 36

10 Arg Lys Ile Bip 1.0 25.6 25.6
11 Arg Lys Ile F5Phe 0.89 33.6 37.8
12 hArg Lys Ile Phe 0.857 7.63 8.9
13 hCys3, Cys11 0.38 n.d.c -
14 methylene dithioether bridge 0.16 10 62.5

a The binding assay was performed on a Hitachi F4500 instrument using the method described in the Experimental Section.b TheKi values were determined
by Dixon plots from two sets of data with different concentrations of substrate.c n.d. ) not determined.

Scheme 2.Synthesis of the Cyclic Peptides7, 13, and14a

a Reagents and conditions: (a) 1% TFA in DCM, 2 min, 20 times; (b) (1) HATU/HOAt/DIPEA in DCM; (2) 95% TFA, 2.5% TIS and 2.5% H2O, 2 h;
(c) O2, H2O, overnight; (d) TBAF, DCM/CH3CN (1:1), 20 min.
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(6 vs 1). This dramatic activity and selectivity change reflect
the importance of Lys5 on selective matriptase binding and also
indicate that the naturally occurring lysine is the optimal residue
in position 5 of compound1.

After determining the optimal side-chain length of the key
residue Lys5, we investigated another important residue of
compound1, Arg2. This residue forms a hydrogen bond with
the carbonyl group of Phe97 in matriptase, and it also has van
der Waals interactions with Trp215, as shown in Figure 3A. The
Phe(Gu)2-containing inhibitor4 was designed and synthesized
to try to establish additionalπ-π interactions between the
phenylene group of the Phe(Gu) and the indolyl group of Trp215

of matriptase. However, the inhibitory activity of compound4
is 900-fold weaker than that of the lead compound1 (Table 1).
The side chain of Phe(Gu) is less flexible than arginine, which
may not allow the terminal guanidyl group to form a hydrogen
bond with Phe97 of matriptase. The disruption of the hydrogen
bond is likely to be the major cause of the binding affinity drop
of compound4. The importance of the hydrogen bond can also
be justified by comparing the matriptase inhibitory activity of
Cit2-containing5 with that of1. Compound5 exhibits a much
weaker inhibitory activity than1, which should be attributed to
the replacing the guanidinium functional group of Arg2 with a
neutral urea moiety. If the side chain of Arg2 was lengthened
by one carbon atom, the resulting hArg2-containing12 also
showed weaker matriptase inhibitory activity than1. On the
basis of these remarkable changes of matriptase inhibitory
activity caused by the minor modifications of the Arg2 side
chain, we can conclude that the guanidinium functional group
of Arg2 plays an important role for these compounds to bind
to matriptase.

Phe12 of1 is located in a hydrophobic region of matriptase,
and it hasπ-π and van der Waals interactions with Phe97 and
Phe99 of matriptase, as shown in Figure3. Therefore, introduc-
ing a more hydrophobic amino acid into position 12 of1 is
likely to further improve these hydrophobic interactions. The
commercially available unnatural amino acids, 2-Nal, Bip, and
F5Phe, were selected to replace Phe12 since their larger
hydrophobic surface areas andπ planes may establish additional
or stronger interactions with the phenylanilines in the hydro-
phobic region of matriptase. As shown in Table 1, the matriptase
inhibitory activity of the 2-Nal-containing compound9, Bip-
containing10, and F5Phe-containing11 are 4.5, 10, and 8.9
times less potent than that of1, respectively. Molecular modeling
indicates that the phenyl ring of Phe12 cannot form preferred
parallel stacking with the phenyl rings of Phe97 and Phe99 of
matriptase. This may explain the insignificant change of the
matriptase binding affinities of these analogues. In addition,
Phe12 is partially exposed to solvent, and so the entropic penalty
for solvating more bulky and hydrophobic residues, such as
2-Nal and Bip, may be another cause for the slight decrease of
matriptase binding affinity.

Ile10 of compound1 is located in a cavity in the proximity
of the characteristic insertion loop of matriptase, and it mainly
interacts with His57 of matriptase, as shown in Figure 3. For
matriptase, the amino acid sequence composing the lid region
is HCYIDDRGFRYSD, which is quite different from the
sequence of thrombin in this region, HCLLYPPWDKNFT. In
addition, the insertion loop of matriptase is rotated away from
the catalytic site creating a more open cavity than in thrombin.
Therefore, a more bulky residue can be accommodated in this
cavity for matriptase, whereas a small and hydrophobic residue
is preferred in this region for thrombin due to the blockage of
the YPPW motif. For example, compound8, developed by

replacing the Ile10 with a more polar and bulky amino acid
residue Gln, demonstrates much weaker thrombin inhibitory
activity and better selectivity than the lead compound1. The
inhibitory selectivity of8 toward matriptaseVersusthrombin is
more than 1073-fold, as shown in Table 1. These findings
provide an encouraging starting point for the further develop-
ment of more selective and potent matriptase inhibitors by
modifying the amino acid residue in position 10 of these bicyclic
peptides.

On the basis of the fact that a disulfide bond generally is not
redox stable, we investigated the functional significance of the
disulfide bridge in1 and tried to replace it with a more stable
linkage without losing compound biological activities. At first,
we designed and synthesized7 by replacing of Cys3 and Cys11
with two serines. The matriptase inhibitory potency of the
monocyclic 7 decreased 1070-fold, as shown in Table1.
Compound7 actually becomes a relatively more potent inhibitor
of thrombin. It is very likely that the disruption of the disulfide
bridge causes overall conformational change of7 and conse-
quently leads to the dramatic change of compound biological
activities. The disulfide bridge of compound13 is one carbon
atom longer than that of1. Such a variation did not cause a
significant decrease of matriptase inhibitory activity (Table 1).
This indicates that the disulfide bridge can tolerate some minor
changes, and it also encourages us to insert a methylene group
into the disulfide bridge to develop a methylenedithioether-
bridged analogue. The methylenedithioether bridge of14 has
almost the same length with the dithiomethyl bridge of13
formed between the side chains of homoCys3 and Cys11, and
both bridges have similar dihedral angles and flexibility.
Compound14exhibits similar matriptase inhibitory potency and
selectivity with 1. In addition, the incorporated methylene-
dithioether linker has been documented to be more stable than
the redox-labile disulfide linker.41 On the basis of the SAR
studies described above, we already know that the breaking of
the disulfide bridge in1 will cause significant loss of matriptase
inhibitory activity. Therefore, compound14 should be more
promising as a drug candidate.

Conclusion

Matriptase is a transmembrane bound serine protease. It
promotes cancer onset and cancer cell metastasis through its
proteolytic function. Natural product1 is a unique bicyclic
peptide that potently inhibits matriptase at nanomolar concentra-
tions. On the basis of this lead compound, we designed and
synthesized 13 analogues to study the structure-activity
relationships of this type of compounds and develop more
promising drug candidates. We found that Arg2 and Lys5 are
two crucial amino acid residues in1, and minor to moderate
modifications will cause dramatic changes of matriptase inhibi-
tory activity and selectivity. For instance,2 becomes a more
potent inhibitor of thrombin, which can be potentially used as
an anticoagulant for prophylaxis and therapy of thromboem-
bolism. Ile10 is located in a cavity in the proximity of the
characteristic loop of matriptase, which provides an opportunity
to fine-tune matriptase inhibitory selectivity of these bicyclic
compounds by the modification of Ile10. This can be illustrated
by the 20-fold enhancement of the matriptase inhibitory
selectivity of compound8, which was obtained by replacing
the hydrophobic Ile10 with a relatively more hydrophilic and
bulky Gln10. The intramolecular disulfide bridge in1 was found
to be very important for selective matriptase binding. The
methylenedithioether-bridged14 was discovered as a more
redox-stable and potent matriptase inhibitor, which can be served
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as a promising lead for the development of therapeutic agents
targeting matriptase. Considering the structural complexity and
unique biological properties of these bicyclic compounds, the
structure-activity information collected in this work may be
useful for rationally developing the second generation of
matriptase inhibitors in this series.

Experimental Section

General Procedure for the Preparation of the Cyclic Pep-
tides: Synthesis of the Linear Peptide Precursors.Each linear
peptide precursor was synthesized with an ABI 433A Peptide
Synthesizer, starting with Fmoc-Gly-Rink resin (0.1 mmol) for
establishing the C-terminal carboxy functionality, and using the
chemical protocols based on Fmoc chemistry (coupling with HBTU/
HOBt/DIPEA in NMP). After the completion of the peptide chain
elongation, the peptide-bound resin was washed with DMF (3× 3
mL), DCM (3 × 3 mL), and MeOH (3× 3 mL), successively.
The peptide-bound resin was preswollen with DCM in a sealable
sintered glass funnel for 10 min and then the excess DCM was
removed. To this reaction funnel was added 1% TFA/DCM (10
mL) and shaken for 2 min. The solution was collected by filtration
and neutralized with 10% NMM/MeOH in an ice bath. This
cleavage procedure was repeated 10 times, and then the resin was
washed with DCM (3× 30 mL), MeOH (3× 30 mL), DCM (2×
30 mL), and MeOH (3× 30) successively. The combined filtrate
was evaporated to dryness in vacuo. The obtained crude peptide,
16 or 19, was used in the next step without further purification.

Backbone Macrocyclization. The crude side chain-protected
peptide (0.1 mmol) was dissolved in anhydrous DCM (250 mL)
under nitrogen. The solution was cooled with an ice bath, and then
DIPEA (0.6 mmol), HATU (0.3 mmol), and HOAt (0.3 mmol) were
added. The reaction mixture was vigorously stirred at ambient
temperature for 36 h. The reaction mixture was quenched and
acidified with 30% AcOH and then concentrated into thick oil under
high vacuum. The obtained intermediate was used as such in the
step.

Side Chain Deprotection. The crude protected cyclic peptide
was treated with 95% TFA containing 2.5% each of triisopropyl-
silane (TIS) and water at room temperature for 2 h, and then the
solvent was removed under reduced pressure to give backbone
cyclized peptide,17, 20, or 21. For the monocyclic compound7,
this is the final step. The obtained crude product was purified by
a semipreparative HPLC to give the final product7.

Disulfide Bridge Formation. The crude deprotected cyclic
peptide,17, 20, or 21, was dissolved in 250 mL of deionized water,
which was adjusted to pH 8.5 with ammonium acetate and
ammonium hydroxide. The reaction mixture was bubbled with
oxygen for 6 h and then stirred at room temperature overnight.
The reaction mixture was acidified by adding 30% AcOH, and the
resulting solution was lyophilized to give crude product.

Peptide Purification and Characterization. Crude products
were purified on three different types of semipreparative columns
using different HPLC methods. Method I: Vydac C4 column (22
× 250 mm); solvent system, A, 0.05% TFA in water; B, 0.05%
TFA in 90% acetonitrile in water; gradient, 10% to 80% B over
30 min; flow rate, 10.0 mL/min; wavelength, 225 nm. Method II:
Vydac C18 column (22× 250 mm); gradient, 0% to 50% B over
30 min; flow rate, 15.0 mL/min; wavelength, 225 nm. Method III:
Vydac C8 column (22× 250 mm); gradient, 10% to 80% B over
30 min; flow rate, 10.0 mL/min; wavelength, 225 nm. The purity
of products was determined by two different types of analytical
reversed-phase columns using different HPLC methods. Method
A: Merck Chromolith Performance RP-18e column (100× 4.6
mm); gradient 10% to 50% B over 9 min; flow rate, 5.0 mL/min;
wavelength, 225 nm. Method B: Agilent Zorbax 3.5µm SB-CN
column (75× 4.6 mm); gradient 10% to 60% B over 12 min; flow
rate, 2.0 mL/min; wavelength, 225 nm. Purified products were
further characterized by Kompact Axima-CFR MALDI-TOF and/
or VG Analytical 7070E-HF FAB mass spectrometers.

2. Compound was synthesized according to the general synthetic
procedure described in the above. Crude product was purified on
a semipreparative column using the HPLC method I (tR ) 18.0
min). The purity of the product was analyzed using the HPLC
method A (tR ) 5.13 min, purity 97%) and method B (tR ) 6.62
min, purity 96%). FAB-MS (M+ H+): 1542.8.

3. Crude product was purified using the semipreparative HPLC
method I (tR ) 17.5 min). The purity of the product was determined
using the analytical HPLC method A (tR ) 4.88 min, purity 98%)
and method B (tR ) 6.43 min, purity 98%). FAB-MS (M+ H+):
1500.8.

4. Crude product was purified using the semipreparative HPLC
method I (tR ) 18.2 min). The purity of the product was determined
using the analytical HPLC method A (tR ) 5.25 min, purity 98%)
and method B (tR ) 6.63 min, purity 98%). FAB-MS (M+ H+):
1562.8.

5. Crude product was purified using the semipreparative HPLC
method I (tR ) 18.9 min). The purity of the product was determined
using the analytical HPLC method A (tR ) 5.71 min, purity 99%)
and method B (tR ) 6.78 min, purity 99%). FAB-MS (M+ H+):
1515.8.

6. Crude product was purified using the semipreparative HPLC
method I (tR ) 17.9 min). The purity of the product was determined
using the analytical HPLC method A (tR ) 5.33 min, purity 97%)
and method B (tR ) 6.48 min, purity 96%). FAB-MS (M+ H+):
1528.8.

7. Crude product was purified using the semipreparative HPLC
method I (tR ) 16.0 min). The purity of the product was determined
using the analytical HPLC method A (tR ) 4.49 min, purity 95%)
and method B (tR ) 5.67 min, purity 95%). FAB-MS (M+ H+):
1484.7.

8. Crude product was purified using the semipreparative HPLC
method I (tR ) 15.1 min). The purity of the product was determined
using the analytical HPLC method A (tR ) 3.44 min, purity 96%)
and method B (tR ) 5.00 min, purity 97%). FAB-MS (M+ H+):
1529.8.

9. Crude product was purified using the semipreparative HPLC
method II (tR ) 19.8 min). The purity of the product was determined
using the analytical HPLC method A (tR ) 5.79 min, purity 99%)
and method B (tR ) 6.92 min, purity 99%). FAB-MS (M+ H+):
1564.8.

10.Crude product was purified using the semipreparative HPLC
method III (tR ) 22.0 min). The purity of the product was
determined using the analytical HPLC method A (tR ) 6.27 min,
purity 99%) and method B (tR ) 7.33 min, purity 98%). FAB-MS
(M + H+): 1590.9.

11.Crude product was purified using the semipreparative HPLC
method I (tR ) 19.4 min). The purity of the product was determined
using the analytical HPLC method A (tR ) 5.61 min, purity 99%)
and method B (tR ) 7.00 min, purity 99%). FAB-MS (M+ H+):
1604.7.

12.Crude product was purified using the semipreparative HPLC
method I (tR ) 18.2 min). The purity of the product was determined
using the analytical HPLC method A (tR ) 4.81 min, purity 98%)
and method B (tR ) 6.51 min, purity 98%). FAB-MS (M+ H+):
1528.8.

13.Crude product was purified using the semipreparative HPLC
method I (tR ) 19.0 min). The purity of the product was determined
using the analytical HPLC method A (tR ) 4.94 min, purity 95%)
and method B (tR ) 6. 39 min, purity 95%). FAB-MS (M+ H+):
1527.7.

14. The crude monocyclic peptide21 (21.6 mg, 0.0142 mmol)
was suspended in helium-purged CH2Cl2/CH3CN (30 mL, 1:1), and
then TBAF (93 mg, 0.355 mmol) was added into the suspension.
The reaction mixture was stirred at room temperature for 20 min
and then quenched with glacial acetic acid (100µL). Solvent was
removed under reduced pressure, and the remaining residue was
purified using the semipreparative HPLC method III (tR ) 17.5
min). The purity of the product was determined using the analytical
HPLC method A (tR ) 5.00 min, purity 95%) and method B (tR )
6.17 min, purity 96%). MALDI-TOF-MS (M + H+): 1527.7.
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Determination of Inhibitory Activity. The 70-kDa activated
matriptase was isolated as described previously.5,10Bovine thrombin,
Bowman-Birk inhibitor (BBI), and the fluorescent substrates were
purchased from Sigma (Sigma Chemical Co., St. Louis, MO).
Inhibitory activity of 1-14 to proteases was measured at room
temperature in two different systems. In the first assay system, a
reaction buffer of 100 mM Tris-HCl (pH 8.5) containing 100 mg/
mL of bovine serum albumin was used. To a cuvette containing
170 µL of reaction buffer were added 10µL of enzyme solution
and 10µL of inhibitor solution. After preincubation, a solution
of the fluorescent peptide substrate (10µL) was added and the
cuvette content was mixed thoroughly. The residual enzyme
activity was determined by following the change of fluorescence
released by the hydrolysis of the substrates, using a fluorescent
spectrophotometer (Hitachi F4500) with excitation wavelength of
360 nm and emission at 480 nm. Fluorescent peptide t-Boc-Gln-
Ala-Arg-AMC was used as substrate for matriptase. Peptide N-t-
Boc-Leu-Arg-Arg-AMC was used as substrate for thrombin.
Hydrolysis rates were recorded in presence of six to seven different
concentrations of inhibitor1 or its analogues. TheKi values were
determined by Dixon plots from two sets of data with different
concentrations of substrate. The second assay system produced
essentially identical results and made use of a t-Boc-Gln-Ala-Arg-
AFC peptide as the substrate for matriptase in a buffer of 100 mM
Tris (pH 8.3) containing 100 mg/mL of BSA. Assays were
conducted with purified matriptase in a total volume of 200µL in
black wall 96-well plates using a Tecan Ultra fluorometer (Tecan,
Durham, NC).
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