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Trine Tamberg‡1, Zebin Hong‡1, Daphné De Schepper‡, Signe Skovbjerg§, Daniel M. Dupont‡, Lars Vitved¶,
Christine R. Schar‡, Karsten Skjoedt¶, Lotte K. Vogel§, and Jan K. Jensen‡2

From the ‡Department of Molecular Biology and Genetics, Danish-Chinese Centre for Proteases and Cancer, Aarhus University,
Gustav Wieds Vej 10C, Aarhus 8000, Denmark, the ¶Department of Cancer and Inflammation, University of Southern Denmark,
Odense 5230, Denmark, and the §Department of Cellular and Molecular Medicine, University of Copenhagen,
Copenhagen 1165, Denmark

Edited by Norma M. Allewell

Matriptase is a member of the type-II transmembrane serine
protease (TTSP) family and plays a crucial role in the development
and maintenance of epithelial tissues. As all chymotrypsin-like
serine proteases, matriptase is synthesized as a zymogen (proform),
requiring a cleavage event for full activity. Recent studies suggest
that the zymogen of matriptase possesses enough catalytic activity
to not only facilitate autoactivation, but also carry out its in vivo
functions, which include activating several proteolytic and signal-
ing cascades. Inhibition of zymogen matriptase may therefore be a
highly effective approach for limiting matriptase activity. To this
end, here we sought to characterize the catalytic activity of human
zymogen matriptase and to develop mAb inhibitors against this
enzyme form. Using a mutated variant of matriptase in which the
serine protease domain is locked in the zymogen conformation, we
confirmed that the zymogen form of human matriptase has cata-
lytic activity. Moreover, the crystal structure of the catalytic
domain of zymogen matriptase was solved to 2.5 Å resolution to
characterize specific antibody-based matriptase inhibitors and to
further structure-based studies. Finally, we describe the first anti-
body-based competitive inhibitors that target both the zymogen
and activated forms of matriptase. We propose that these antibod-
ies provide a more efficient way to regulate matriptase activity by
targeting the protease both before and after its activation and may
be of value for both research and preclinical applications.

Matriptase (also known as MT-SP1) is an 855-amino acid
member of the type-II transmembrane serine protease (TTSP)3

family, characterized by a single-span transmembrane region
followed by a multidomain architecture and a C-terminal cata-
lytic domain with trypsin-like features (Fig. 1A) (1). An essential
physiological role of matriptase was established when it was
observed that matriptase knockout mice die within 48 h of birth
due to a detrimental lack of epidermal barrier function (2).
Matriptase is almost exclusively expressed by epithelial cells
and has been shown to play an important role in physiological
processes such as development of epidermis and hair follicles
(2, 3). In fact, a mutant of matriptase with reduced activity has
been shown to cause skin disease in humans (4). Matriptase is
proposed to activate several growth factors, receptors, ion
channels, and proteases responsible for the maintenance of
homeostasis and epithelial tightness. Targets include, among
others, pro-hepatocyte growth factor (pro-HGF), involved in
cellular proliferation, morphogenesis, and angiogenesis, and
protease-activated receptor-2 (PAR-2), involved in inflamma-
tory responses (5–9). In summary, based on the variety of inter-
acting proteins, matriptase is likely a central activator of multi-
ple signaling and proteolytic cascades (3).

Matriptase activity is regulated by the Kunitz-type standard
mechanism inhibitors hepatocyte growth factor activator in-
hibitor (HAI)-1 and -2 (10 –12). Unregulated matriptase activ-
ity has been shown to play a role in several pathological condi-
tions, including cancer. In several cancers, an excess of
matriptase compared with its inhibitors HAI-1 and HAI-2 is
observed, which shifts the balance in favor of protease activity,
causing detrimental pro-carcinogenic effects (13, 14). More-
over, elevated matriptase protein levels in tumors have been
shown to correlate with a poor prognosis (15).

Classically, chymotrypsin-like serine proteases are synthe-
sized as inactive precursors, termed zymogens. The zymogen is
activated by a specific cleavage in a conserved activation loop,
resulting in a well-described structural rearrangement leading
to the formation of a functional protease (16 –18). Although
zymogens are considered to be inactive, exceptions exist. The
zymogen form of tissue-type plasminogen activator has signif-
icant catalytic activity due to a unique structural feature in
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which a lysine side chain near the activation hole in the catalytic
domain is able to substitute for the hydrogen bond that is nor-
mally not formed until activation cleavage results in the inser-
tion of a newly released N terminus (19). Interestingly, the
zymogen form of rat matriptase has been shown to harbor sig-
nificant catalytic activity, although no obvious structural or
sequence-based reason has yet been proposed (20). Several
studies have also provided strong evidence for human zymogen
matriptase being able to autoactivate, suggesting a basal activity
for the matriptase zymogen (21, 22). Furthermore, we have pre-
viously shown that the zymogen form of matriptase reacts with
a peptide inhibitor biotin-Arg-Gln-Arg-Arg chloromethyl
ketone (CMK) (23). Finally, it was recently shown that a nonac-
tivatable (zymogen-locked) version of mouse matriptase was
able to support the natural function of matriptase in a trans-
genic mouse model system where natural matriptase had been
ablated, in strong support of a physiological role of zymogen
activity of matriptase (24).

As matriptase is an attractive molecular target in basic
research and pharmacological intervention, there has been
much interest in developing inhibitors. Currently, several
active-site inhibitors against matriptase have been engineered,
with varying success due to lack of affinity, specificity, or both.
Active-site inhibitors include modified naturally occurring
cyclopeptides and several monoclonal antibodies (25–27). To
date, only one set of compounds has been reported to target
the zymogen form of matriptase, the small organochemicals
termed compounds 1– 4, which all showed an improved inhib-

itory effect toward matriptase-mediated activation of prostasin
as compared with an active-site inhibitor of activated matrip-
tase. However, the reported IC50 values were in the low micro-
molar range, the best being 2.6 �M, and the information regard-
ing specificity and mechanism remains to be addressed (28).

The present study was initiated to investigate the catalytic
activity of the zymogen form of human matriptase. We show
that a zymogen-locked mutant of human matriptase has signif-
icant catalytic activity. Furthermore, two monoclonal antibod-
ies (aZ-mAb-6 and aZ-mAb-7) were developed as competitive
inhibitors of both zymogen and activated matriptase. These
antibodies bind with high affinity and specificity and represent
new tools for pharmacological intervention by targeting both
zymogen and activated matriptase to ensure efficient shutdown
of all matriptase activity. In addition, the X-ray crystal structure
of the catalytic domain of matriptase in its zymogen form was
solved. This new structure facilitated the antibody character-
ization in the present study and will provide a structural basis
for future studies of the zymogen form of matriptase.

Results

The zymogen form of matriptase displays catalytic activity

To characterize the catalytic activity of matriptase in its
zymogen form, we prepared a zymogen variant of the serine
protease domain (SPD) by recombinant expression in yeast
(Pichia pastoris). The sequence Cys604–Val855 of human
matriptase was fused to an N-terminal His tag, and the muta-

Figure 1. Matriptase protein and constructs. A, schematic drawing of full-length matriptase with the N-terminal transmembrane region (black), the SEA
domain (green), two CUB domains (orange), four LDLRa domains (blue), and the C-terminal serine protease domain (purple). The cleaved activation loop
rearranges to create the catalytically active protease. B, schematic drawing of the zymogen-locked form of matriptase characterized in this paper, consisting of
only the serine protease domain with position R614A mutated to avoid activation (zSPD). C, a Coomassie-stained SDS-PAGE (10%) shows that zSPD (consisting
of only the serine protease domain, as shown in B) is pure and the expected size (25–30 kDa). D, the sequence of the crystallized form of zSPD (zSPD-S805A) with
an additional mutation in the active site, shown with matriptase numbering (sides) and chymotrypsin numbering (top). The mutations are color-coded: R614A
(blue), N772Q (green), and S805A (blue).
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tion N164Q was introduced to avoid N-glycosylation. An addi-
tional mutation in the activation cleavage site (R614A) created
a variant of matriptase locked in the zymogen form (Fig. 1B).
The resulting 29-kDa recombinant protein was used as a rep-
resentative of the zymogen form of matriptase termed zSPD.
Zymogen purity is �95% as demonstrated by a Coomassie-
stained SDS-polyacrylamide gel (Fig. 1C). The WT SPD of
matriptase was expressed in Escherichia coli and refolded in
vitro. As this recombinant matriptase spontaneously autoacti-
vated during purification, as was observed by SDS-PAGE band
shift and verified by MS and chromogenic activity assays (data
not shown), this is henceforth used as a representative of the
activated form of matriptase termed acSPD. Hydrolysis of the
chromogenic peptide substrate, isoleucil-prolyl-arginine-p-ni-
troaniline (S-2288, Chromogenix) by either zSPD or acSPD was
measured, and the corresponding enzymatic parameters Km
and kcat were calculated (Table 1 and Fig. 2A). The catalytic
efficiencies (kcat/Km) were determined to be 3.0 � 107 � 7 �
107 M�1 s�1 and 1.01 � 109 � 217 � 109 M�1 s�1 for zSPD and
acSPD, respectively. By calculating the ratio of the catalytic effi-
ciencies, a zymogenicity factor of 33 � 11 was obtained, which
corresponds to zSPD having an apparent catalytic activity of
�3% of that of acSPD.

Characterization of mAb-based inhibitors of zymogen and
activated matriptase

Monoclonal antibodies were generated with zSPD as antigen.
A panel of nine monoclonal antibodies (aZ-mAb-1 to -7, aZ-
mAb-9, and aZ-mAb-10) was chosen for further examination.
Surface plasmon resonance (SPR) was used to analyze the bind-
ing of the antibodies to zymogen and activated matriptase. All
nine monoclonal antibodies bound both zSPD and acSPD with
affinities (KD) in the low nanomolar range (Table S1, Fig. 3, and
Figs. S1 and S2).

The nine monoclonal antibodies underwent further testing
to establish any modulatory effect on the catalytic activity of
zymogen or activated matriptase. The catalytic activity of zSPD
or acSPD toward a peptide substrate was measured in the pres-
ence of each antibody (Fig. 2B). Our initial results showed that
two antibodies, aZ-mAb-6 and aZ-mAb-7, dose-dependently
inhibited the activity of both zSPD and acSPD. The remaining
antibodies (aZ-mAb-1, -2, -3, -4, -5, -9, and -10) caused either
no inhibition or only partial inhibition.

To characterize the mode of inhibition of the antibodies, the
Vmax and Km of acSPD in the presence or absence of antibodies
were determined (Table 2 and Figs. S3 and S4). We observed
an unchanged Vmax and an increased Km in the presence of
aZ-mAb-6 and aZ-mAb-7, suggesting a competitive mecha-
nism of inhibition (24). For the antibodies aZ-mAb-1, -2, -3, -5,

-9, and -10, little change in Km and Vmax was detected (Table 2),
suggesting that they are noncompetitive or mixed inhibitors.
As no change was observed for Km and Vmax in the presence of
antibody aZ-mAb-4, the lack of inhibitory activity of this anti-
body was confirmed, and it was used as a comparative control in
subsequent experiments. Next, the equilibrium constant (Ki) of
aZ-mAb-6 and aZ-mAb-7 against activated matriptase was
determined to 21 � 2 and 9 � 2 nM, respectively (Fig. 2C). A
similar analysis was performed on zSPD, including aZ-mAb-6
and aZ-mAb-7 (Table 2). Again, we observed an unchanged
Vmax and an increased Km in support of a competitive mecha-
nism of inhibition for aZ-mAb-6 and aZ-mAb-7. As expected,
there was no significant effect of aZ-mAb-4.

Antibodies aZ-mAb-6 and aZ-mAb-7 are not substrates for
matriptase

To ensure that the difference in affinity of the antibodies
toward acSPD and zSPD is not due to antibody cleavage cata-
lyzed by matriptase, the stability of the antibodies was analyzed
following prolonged incubation with matriptase. Antibodies
aZ-mAb-6 and aZ-mAb-7 were incubated with acSPD at a 1:1
molar ratio before SDS-PAGE analysis. The gel showed no sign
of matriptase-catalyzed antibody degradation (Fig. 4).

Antibodies aZ-mAb-6 and aZ-mAb-7 target human matriptase
with high specificity

The active sites of serine proteases are generally highly con-
served, and therefore inhibitory compounds often inhibit several
related proteases. To gain insight about the inhibitory specificity of
antibodies aZ-mAb-6 and aZ-mAb-7, three human serine pro-
teases closely related to matriptase were tested: urokinase plas-
minogen activator (uPA), hepatocyte growth factor activator, and
hepsin. Even at an antibody concentration of 400 nM, a 20-fold
higher concentration than the inhibitory constant (Ki) toward
matriptase, no inhibition was observed (Fig. 5). Furthermore, no
inhibition was observed toward the mouse ortholog of matriptase
(Fig. 5), whose catalytic domain shares 87% identity to the human
protein. Together, these observations strongly suggest that anti-
bodies aZ-mAb-6 and aZ-mAb-7 have high specificity toward
human matriptase.

Antibodies aZ-mAb-6 and aZ-mAb-7 can identify and block
the activity of WT full-length matriptase in complex biological
samples

To examine the potential use of antibodies aZ-mAb-6 and
aZ-mAb-7 for the study of matriptase activity in complex bio-
logical samples, an assay was established using cultured cells.
HEK293 cells were transiently transfected with combinations
of WT full-length membrane-anchored matriptase and two
variants of its cognate inhibitor HAI-2. Matriptase needs co-ex-
pression with the inhibitors HAI-1 or HAI-2 to obtain signifi-
cant levels of plasma membrane– bound matriptase. Either WT
HAI-2 or a HAI-2 variant with compromised inhibitory activity
(HAI-2 C47F) due to a mutation in the predicted P2 position of
the inhibitory loop of Kunitz domain 1 was used (29). Tran-
siently transfected cells were lysed, and the peptidolytic activity
of the cell lysates was assayed with or without the antibodies
aZ-mAb-6 and aZ-mAb-7 or a control antibody (anti-uPA)

Table 1
The zymogenicity factor of matriptase
All values represent an average of at least three independent measurements.

Km Vmax kcat kcat/Km

Zymogenicity
factor

�M �M s�1 104 s�1 �M�1 s�1

zSPD 256 � 54 295 � 93 0.77 � 0.09 30 � 7 33 � 11
acSPD 387 � 74 391 � 38 39 � 4 1011 � 217
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(Fig. 6A). Both antibodies aZ-mAb-6 and aZ-mAb-7 but not the
control antibody inhibited the proteolytic turnover of the
broad-spectrum serine protease substrate; this activity was
interpreted as derived from unopposed matriptase in either the
active zymogen form or the activated form. Little or no back-
ground activity was observed in mock-transfected cells or cells
transfected with matriptase and WT HAI-2, suggesting that
little to no unopposed matriptase is present under these condi-
tions at our detection limit (�10 pM active sites as estimated
from in vitro enzymatic assays). When matriptase was co-ex-
pressed with HAI-2 C47F, we observed a clear proteolytic

activity, which could be silenced by aZ-mAb-6 and
aZ-mAb-7 but not by the control antibody (anti-uPA),
strongly suggesting the presence of unopposed matriptase
activity under these conditions.

Antibodies aZ-mAb-6 and aZ-mAb-7 can inhibit matriptase
catalyzed cleavage of a natural protein substrate

To examine the ability of antibodies aZ-mAb-6 and aZ-
mAb-7 to inhibit the cleavage of a natural matriptase substrate,
a pro-HGF cleavage assay was established. Pro-HGF was incu-
bated with or without zSPD or acZPD in the presence

Figure 2. The activity of acSPD and zSPD and the corresponding inhibitory effects of monoclonal antibodies on activity. A, activity of acSPD and
zSPD shown by a dose-dependent enzyme activity assay (top left and bottom left, respectively) and the corresponding Michaelis–Menten fit (right
panels) for 1 nM acSPD (top right) and 10 nM zSPD (bottom right) using 0 – 0.4 or 2 mM S-2288 substrate. Each graph is one representative experiment from
at least three independent experiments. The zSPD has a lower Km and kcat than acSPD as a consequence of the higher concentration and lower activity.
B, initial screening of inhibitory effects of the nine monoclonal antibodies toward both acSPD (left) and zSPD (right). An increasing concentration of
antibody was incubated with either acSPD (50 pM) or zSPD (20 nM), and the residual rate of substrate conversion was measured by chromogenic assays
(n � 3 for each data point of the shown curves). Antibodies aZ-mAb-6 and -7 are the most efficient inhibitors. C, Ki determinations of aZ-mAb-6 and
aZ-mAb-7. acSPD (50 pM) was preincubated with a concentration series of the antibodies for 1 h, and the conversion of the chromogenic substrate
S-2288 was monitored as the change in absorbance at 405 nm at 37 °C for 1 h (left). The Ki values for aZ-mAb-6 and -7 were 21 � 2 and 9 � 2 nM,
respectively. The values for apparent Ki were determined by fitting the calculated reaction rates to Equation 2 (right) for competitive inhibition and then
converting into the Ki value using Equation 3.
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or absence of inhibitors. Both antibodies aZ-mAb-6 and aZ-
mAb-7, but not the control antibody (anti-uPA), inhibited the
cleavage of pro-HGF by both acSPD and zSPD into its � and �
chains (Fig. 6B, top and bottom, respectively). A peptide inhibitor,
biotin-RQRR-CMK (23), was included as a positive control. These
results strongly suggest that antibodies aZ-mAb-6 and aZ-mAb-7
inhibit matriptase-catalyzed cleavage of a physiologically relevant
protein substrate.

Antibodies aZ-mAb-6 and aZ-mAb-7 bind near the active site
of matriptase

As competitive inhibitors, we expect both antibodies to bind
in or near the active site to directly compete with substrates.
We presume that the epitopes of antibodies aZ-mAb-6 and
aZ-mAb-7 are conserved between zymogen and activated
matriptase, which is why some of the following experiments
were only carried out only on activated protein. First, it was
investigated whether mutation of the nucleophilic serine 805

(Ser195) in the active site of matriptase affected binding of the
antibodies to zymogen or activated matriptase. Using SPR, no
differences were seen in the KD for binding of antibodies aZ-
mAb-6 and aZ-mAb-7 to zSPD, zSPD-S805A, or their activated
counterparts (data not shown). This suggests that antibodies
aZ-mAb-6 and aZ-mAb-7 do not interact directly with the
nucleophile serine.

Next, possible interaction between the antibodies and the
specificity pockets S2–S4 of matriptase, as S1 is not present in
the zymogen, was probed by competition with either the pep-
tide inhibitor biotin-RQRR-CMK (23) or the isolated inhibitor
domain of HAI-1 termed IK1 (30). The peptide CMK inhibitor
is a small molecule inhibitor of matriptase that binds covalently
to the reactive histidine residue in the active site of matriptase
via its CMK, whereas its peptide moiety is expected to occupy
the S1–S4 specificity pockets adjacent to the active site. Neither
aZ-mAb-6 nor aZ-mAb-7 bound to acSPD in the presence of

Figure 3. Determination of the equilibrium constant by surface plasmon resonance experiments. KD measurements where the red lines represent the
binding curves and the black lines represent the corresponding 1:1 fit were performed by the Biacore evaluation software. The individual monoclonal
antibodies were captured on an anti-mouse IgG surface before acSPD (top) or zSPD (bottom) was injected. The concentration range of acSPD was 1.56 –50 nM

for aZ-mAb-6 and -7 and 0.78 –25 nM for aZ-mAb-4. For zSPD, a concentration range of 0.94 –30 nM was used for all three antibodies. Each sensorgram
represents one representative of at least three independent experiments.

Table 2
Summary of Vmax, Km, kcat, and Ki

Vmax Km kcat Ki n

�M s�1 �M 104 s�1 nM

acSPD
No antibody 391 � 38 387 � 74 39 � 4 NAa 5
aZ-mAb-1 184 � 38b 197 � 64b 18 � 4 NA 3
aZ-mAb-2 348 � 22 489 � 45 35 � 2 NA 3
aZ-mAb-3 152 � 27b 166 � 36b 15 � 3 NA 3
aZ-mAb-4 349 � 61 347 � 87 35 � 6 NA 4
aZ-mAb-5 339 � 60 421 � 102 34 � 6 NA 3
aZ-mAb-6 371 � 35 857 � 84b 37 � 4 21 � 2 3
aZ-mAb-7 365 � 19 1172 � 255b 37 � 2 9 � 2 3
aZ-mAb-9 281 � 58b 424 � 109 28 � 6 NA 3
aZ-mAb-10 308 � 42b 451 � 102 31 � 4 NA 3

zSPD
No antibody 295 � 93 256 � 54 0.77 � 0.09 NA 10
aZ-mAb-4 445 � 14b 193 � 9 0.89 � 0.03 NA 3
aZ-mAB-6 260 � 14 901 � 39b 0.52 � 0.03 NA 3
aZ-mAb-7 346 � 8 609 � 14b 0.69 � 0.02 NA 3

a NA, not applicable.
b Statistically significant difference from “no antibody” by unpaired t test calcu-

lated using GraphPad QuickCalcs online software.
Figure 4. The monoclonal antibodies aZ-mAb-6 and aZ-mAb-7 are not
substrates for matriptase. Antibodies aZ-mAb-6 and aZ-mAb-7 were incu-
bated with or without acSPD at a 1:1 molar ratio for 1 h at 37 °C. No cleavage
of the antibodies is seen after incubation with matriptase.

Inhibition of zymogen matriptase activity
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the CMK inhibitor (Fig. 7A), whereas binding of the control
noninhibitory antibody aZ-mAb-4 was not affected. The IK1
domain of HAI-1 binds with high affinity to the active site and
covers an extended area in and around the active site and spec-
ificity pockets of matriptase (30, 31). SPR analysis showed that
IK1 blocked the binding of not only aZ-mAb-6 and aZ-mAb-7
but also aZ-mAb-4 to acSPD (Fig. 7B). This suggests that all
three epitopes must be near the active site of matriptase, as the
larger footprint of IK1 prevents binding of all three antibodies.
Finally, the three antibodies were shown to have overlapping
epitopes by SPR, as each of the three antibodies block mutual
binding of the other antibodies to zSPD (Fig. 7C).

The structure of zymogen matriptase reveals a classical
chymotrypsin-like zymogen fold

With the availability of zymogen-locked matriptase protein,
the X-ray crystal structure was pursued with the intent to pro-
vide structural insight into the unusual activity of the zymogen
as well as aid in the characterization of our antibodies. To pre-
vent unwanted proteolytic degradation during crystallization,
an additional mutation of the nucleophile Ser805 (Ser195) to ala-
nine was introduced (zSPD-S805A, Fig. 1D). The atomic coor-
dinates for the crystal structure are available in the Protein Data
Bank under accession number 5LYO. The resulting 2.5 Å struc-
ture (Table 3) was that of a classical zymogen form of a chymot-
rypsin-like serine protease (Fig. 8A), in that important struc-
tural features for activity such as the S1 specificity pocket and
oxyanion hole were absent. Interestingly, Asp804 (Asp194) is
engaged in hydrogen bonding with His639 (His40), which again
hydrogen-bonds to Ser631 (Ser32), forming what has previously
been described as the zymogen triad (19), a feature that is
observed in several catalytically inactive zymogens of this fam-
ily and effectively adds an additional stabilizing interaction to
the zymogen inactive conformation (Fig. 8C). Generally, most
structural elements accessible for protein–protein interactions
on the surface of the zSPD-S805A structure are identical to
those observed in the structure of activated matriptase, espe-

cially within the N-terminal �-barrel; however, the C-terminal
domain of zSPD-S805A contains several loop regions that devi-
ate from the structure of activated matriptase (Fig. 8D). The
electron density, although not well-defined, supports an intact
and uncleaved activation loop as expected for the zymogen
form (Fig. 8B).

Discussion

In this study, we used a zymogen-locked form of matriptase
produced by mutating arginine 614 of the activation motif in
the activation loop to an alanine (R15A), termed zSPD. This
prevents activation by proteolytic cleavage by serine proteases
with trypsin-like Arg/Lys specificity. We observed a lower but
clearly detectable activity for zSPD versus the efficient catalytic
activity of the activated matriptase (Fig. 2A, left). The zymoge-
nicity factor was calculated to be 33 � 11, equivalent to the
zymogen preparation having �3% of the activity of an activated
matriptase preparation. This result is consistent with the
reported zymogenicity factor of 27 for rat matriptase (20). Our
findings that zymogen matriptase possesses basal activity are in
support of recent studies showing that the R614A (R15A) full-
length WT matriptase variant is capable of performing its phys-
iological catalytic functions required for homeostasis (24, 32).
Besides being proposed to be at a pinnacle of cascades, matrip-
tase may be transactivating other matriptase zymogens due to
the match between the activation motif and the substrate spec-
ificity of matriptase itself, a unique feature among serine pro-
teases (21, 33). This is also in line with the matriptase SPD being
fully activated during the in vitro refolding procedure, as
observed in our previous study (30).

According to the paradigm, a zymogen is thought to be in
constant conformational transition equilibrium between two
structural states with a presumed short-lived “active-like”
conformation (34). Chymotrypsin-like serine proteases show
strong preference for the inactive state and are thus virtually
inactive (e.g. trypsinogen). For a rare subset of these proteases,

Figure 5. The monoclonal antibodies aZ-mAb-6 and -7 specifically inhibit human matriptase. The ability of aZ-mAb-4, -6, and -7 to inhibit human
matriptase and other closely related serine proteases was tested in an activity assay. For all assays, an excess of antibody (400 nM) was preincubated with the
proteases for 1 h at 37 °C before the addition of substrate. Human matriptase, acSPD (100 pM), was almost completely inhibited by aZ-mAb-6 (green line) and
aZ-mAb-7 (black line), but not by aZ-mAb-4 (red line). The activity of mouse matriptase SPD (100 pM), human uPA (1 nM), hepsin (1 nM), and HGFA (5 nM) were
not significantly inhibited by any of the monoclonal antibodies. The graphs shown are representative of three replicates.
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the equilibrium appears to be shifted toward a more active-like
zymogen population.

It is clear that many cells have zymogen matriptase on the
plasma membrane and that this may have enough catalytic
activity to control the activation of growth factors, signaling
pathways, etc. to sustain survival (24, 32). Our working hypoth-
esis is that zymogen matriptase, which is found in low concen-
trations on the cell surface, is a pinnacle protease in multiple
cascades with enough catalytic activity to perform its physio-
logical role. If the concentration of zymogen matriptase

increases on the cell surface, they will begin to encounter one
another, resulting in possible transactivation events. The acti-
vated matriptase molecules will then be immediately inhibited
by its co-expressed (co-localized) inhibitors HAI-1/HAI-2 and
targeted for endocytosis and degradation. Solid evidence sug-
gests that if the equilibrium between matriptase and HAI-1/
HAI-2 is out of balance in such a way that the total matriptase
activity (sum of activity of zymogen and activated matriptase)
becomes dominating, this accumulation of unopposed
matriptase activity results in carcinogenesis (3, 35). Studies
in mice have shown that both HAI-1 and HAI-2 can negate
the oncogenic potential of matriptase when overexpressed
together (13, 14).

In this study, we have generated two competitive antibodies
(aZ-mAb-6 and aZ-mAb-7) that target the activity of both
zymogen and activated matriptase. These inhibitory molecules
represent, to the best of our knowledge, the first macromolec-
ular inhibitors of any chymotrypsin-like serine protease in the
zymogen form. The antibodies are specific for human matrip-
tase, bind with affinities in the low nanomolar range, and are
capable of inhibiting both glycosylated (full-length matriptase
from a HEK293 cell culture system; Fig. 6A) and nonglycosy-
lated matriptase. Although our antibody-based inhibitors may
exhibit lower affinity relative to a naturally occurring Kunitz-
type inhibitor such as HAI-1 or will eventually lose in competi-
tion with a covalent CMK-based inhibitor, the unmatched
specificity of an antibody outweighs all when studying or tar-
geting the activity of matriptase in complex mixtures such as in
in vivo studies or in a clinical setting. It is likely that our anti-
bodies can be used to study the in vivo importance of the acti-
vation process, as we expect these antibodies to block transac-
tivation on the cell surface. Furthermore, aZ-mAb-6 and
aZ-mAb-7 could possibly be used in research and diagnostics to
evaluate the level of unopposed matriptase activity (matriptase
activity not inhibited by inhibitors) in complex biological samples,
as shown in Fig. 6, which has not been possible previously due to
the lack of a specific substrate and/or inhibitors. The inhibitory
antibodies described in the present study will also prove a tool to
elucidate whether inhibition of plasma membrane–bound zymo-
gen matriptase or activated matriptase is sufficient to prevent/in-
hibit cancer development.

The solved crystal structure of zymogen matriptase has an
overall conformation that resembles the classical chymot-
rypsin-like zymogen form with loops in and around the
active site deviating in conformation from that of the active
structure, a zymogen triad and no oxyanion hole or S1 spec-
ificity pocket. In all, the structure of zymogen matriptase
suggest that the crystallized form represents the inactive
form of the unactivated zymogen and that future studies
must be done to describe the apparent conformational lia-
bility of the zymogen form of matriptase that allow for its
unusually high zymogen activity.

The structural information from available structures of the
catalytic domain of active and now zymogen matriptase was
combined with the observations from the biochemical and bio-
physical analyses to propose the possible epitopes of the anti-
bodies. Comparable binding affinities of the antibodies against
both forms of matriptase suggest that the antibodies mainly

Figure 6. A, the monoclonal antibodies aZ-mAb-6 and -7 inhibit matriptase
activity in the protein extracts of transiently transfected cells. HEK293 cells
were transiently transfected with empty expression vector (mock) or expres-
sion vectors encoding WT full-length matriptase together with WT HAI-2 or
mutant HAI-2 C47F, respectively. Protein extracts were preincubated for 1 h at
room temperature with 500 ng of antibody (anti-uPA, aZ-mAb-6, aZ-mAb-7,
or no antibody), and a peptidolytic activity assay was subsequently carried
out with 300 �M chromogenic substrate S-2288. The absorbance of the reac-
tion mixture was measured at 405 nm continuously every 5 min for 5 h, and the
mean velocity of the substrate reaction (in milli-absorbance units/min) was cal-
culated. The figure shown is representative of three replicates. B, aZ-mAb-6 and
-7 inhibit matriptase-mediated pro-HGF cleavage. Pro-HGF (60 nM final concen-
tration) was incubated for 4.5 h at 37 °C with either 200 nM zSPD or 1 nM acSPD
that had been preincubated with aZ-mAb-6, aZ-mAb-7, anti-uPA, or biotin-
RQRR-CMK, as indicated above the gels. The processing of pro-HGF was visual-
ized on Western blotting using an antibody that recognizes pro-HGF as well as its
� and � chains. Antibody-only samples were prepared in parallel to show the
cross-reactivity of the antibodies themselves with the secondary antibody.
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bind in a region of the structure with a conformation that is
invariant before and after activation. Comparing the zymogen
and active structure (Fig. 8D), the N-terminal subdomain
appears to present the most promising invariant area near the
active site. The antibodies do not appear to bind directly in
the active site because binding is unaffected by mutation of the
active-site serine. However, reduced binding to acSPD in the

presence of the biotin-RQRR-CMK inhibitor showed that aZ-
mAb-6 and aZ-mAb-7 most likely bind in close proximity to the
active site. The fact that the antibodies bind zSPD to the same
response on the surface plasmon resonance sensor chip (total
associated mass) as acSPD and that both zymogen and activated
matriptase are inhibited suggests that the antibodies must bind
both the “active-like” zymogen conformation and the prevail-
ing inactive zymogen conformation. This means that inactive
zymogen can interact with the inhibitory antibodies even
before transition to the “active” zymogen form has taken place,
which makes them very efficient inhibitors. This also suggests
that binding of the antibodies does not require the presence of
the S1 pocket, which is not formed in the true zymogen form,
thus excluding the area around the S1 pocket from the epitopes.
This is a rather unusual feature for a competitive inhibitor of a
serine protease, which often relies on direct interaction with the
S1 pocket for specificity and affinity (36). Furthermore, based
on the fact that the epitope of aZ-mAb-4 overlaps the epitopes
of both aZ-mAb-6 and aZ-mAb-7 and all three antibodies com-
pete with binding of the IK1 fragment of HAI-1, we propose
that aZ-mAb-6 and aZ-mAb-7 are binding mainly to the N-ter-
minal conformationally invariant subdomain near, but not in,
the S1 pocket, effectively covering most of the noncatalytic
parts of the active site of matriptase. This is also compatible
with our observation that both antibodies inhibit matriptase
glycosylated on the �-helix adjacent to the 170 loop (Fig. 8D, top
right). During this study, an extensive attempt to map the exact

Figure 7. Epitope mapping of the monoclonal antibodies by SPR. A and B, antibodies (labeled above each panel) were captured by anti-mouse IgG directly
immobilized on a CM5 chip before injection of the active site– binding peptide biotin-RQRR-CMK (A) or the larger active site– binding protein IK1 (B) in complex
with acSPD. Both biotin-RQRR-CMK and IK1 block the binding of acSPD to aZ-mAb-6 and aZ-mAb-7. IK1 also blocks binding of acSPD to aZ-mAb-4. C, the
antibodies aZ-mAb-4, -6, and -7 (labeled above) were individually immobilized on a CM5 chip surface, and antibody alone or in complex with zSPD was injected
over the surface-bound antibodies. Antibodies injected alone as a control did not show any observable binding (not shown). Antibody was incubated with
zSPD for 1 h at room temperature. All zSPD–antibody complexes have reduced binding, indicating that aZ-mAb-4, -6, and -7 have overlapping epitopes. The
shown sensorgrams are representative of at least three replicates.

Table 3
Data collection and refinement statistics
Values in parentheses are for the highest-resolution shell.

Data collection
PDB accession code 5LYO
Wavelength (Å) 0.97625
Space group P3121
a, b, c (Å) 108.50, 108.50, 123.70
�, �, � (degrees) 90, 90, 120
Resolution (Å) 50–2.50 (2.65–2.50)
Rmeas 0.194 (1.116)
I/�I 6.08 (1.27)
Completeness (%) 97.6 (89.5)
Redundancy 2.88 (2.58)
No. of unique reflections 56,209 (8340)
CC(1/2) 0.998 (0.529)

Refinement
R factor 0.2144
Rfree 0.2629
Root mean square deviation

Bond angles (degrees) 0.020
Bond lengths (Å) 1.998

Ramachandran plot (%)
Favored 95.89
Allowed 5.31
Outliers 0.80
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epitopes was carried out; however, mutating solvent-exposed
side chains in the area surrounding the active site of matriptase
resulted in loss of either protein expression or folding efficiency
(data not shown). Future co-crystallization studies may be able
to reveal more structure-based insight into epitopes and the
inhibitory mechanism of the antibodies.

Experimental procedures

Recombinant proteins

Production of activated matriptase catalytic domain (acSPD)
in E. coli—A pT7 vector containing the human matriptase
sequence Gly596–Val855 (ST14 gene, GenBankTM accession
number NG_012132.1) and a C602S mutation to remove the
cysteine between the activation loop and SPD was transformed
into competent BL21 (DE3) E. coli cells (30). Cells were cul-
tured under agitation at 37 °C in 2xYT media supplemented
with 100 �g/ml ampicillin and 34 �g/ml chloramphenicol. A
20-ml overnight culture was transferred into 1 liter of 2xYT
medium and grown until the absorbance at 600 nm was �0.6
before induction with 1 mM isopropyl �-D-1-thiogalactopyra-
noside for 4 h. The cells were pelleted by centrifugation at
5000 � g for 20 min and frozen at �80 °C until purification.

Purification and refolding of the catalytic domain of matrip-
tase (acSPD) from E. coli—Cell pellets were resuspended in son-
ication buffer (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 10% glyc-
erol, 1 mM �-mercaptoethanol, 1 mM EDTA) and sonicated on
ice. Lysates were pelleted at 10,000 � g for 30 min, and the
insoluble fraction was washed in several steps using wash buffer
1 (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 10% glycerol, 1 mM

�-mercaptoethanol, 1 mM EDTA, 1% Triton X-100), wash
buffer 2 (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 10% glycerol, 1
mM �-mercaptoethanol, 1 mM EDTA, 0.25% Triton X-100), and
wash buffer 3 (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 10% glyc-
erol, 1 mM �-mercaptoethanol, 1 mM EDTA). After each wash,
the sample was centrifuged as described above, and the super-
natant was discarded. The insoluble matter was resuspended in

denaturing buffer (50 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10
mM �-mercaptoethanol containing 6 M urea, 1 mM EDTA) by
slowly stirring on ice for 30 min. The resuspended pellet was
then centrifuged as described above, and the supernatant was
incubated with nickel-nitrilotriacetic acid–agarose containing
20 mM imidazole by slow stirring on ice for 1 h. Elution was
performed with denaturing buffer supplemented with 400 mM

imidazole, and fractions containing protein were dialyzed
against denaturing buffer. The protein concentration was mea-
sured at an absorbance of 280 nm with an extinction coefficient
of the catalytic domain of 53,200 M�1 cm�1. The concentration
was adjusted to 0.1– 0.2 mg/ml using denaturing buffer. Pro-
tein-containing fractions were dialyzed overnight at 4 °C
against refolding buffer (50 mM Tris-HCl, pH 8, 10% glycerol, 1
mM �-mercaptoethanol, and 3 M urea). Autoactivation of the
protease occurs during the overnight dialysis against storage
buffer (50 mM Tris, pH 8.0, 10% glycerol) at 4 °C, which was
confirmed by increasing activity against a chromogenic sub-
strate and by SDS-PAGE. Activated proteins were purified over
a benzamidine-Sepharose (GE Healthcare) column that had
been equilibrated with storage buffer. Bound protease was
eluted with storage buffer supplemented with 1 M arginine. Pro-
teins were further purified by size-exclusion chromatography
(Superdex75 HR10/30 column, GE Healthcare) using storage
buffer. Protein-containing fractions were pooled, quantitated,
and stored at �80 °C.

Production of the catalytic domain of WT and mutant forms
of zymogen matriptase in P. pastoris—The catalytic domain of
WT and mutant forms of zymogen matriptase were expressed
in P. pastoris. The DNA sequence encoding the matriptase cat-
alytic domain (Cys604–Val855) was amplified from full-length
human matriptase cDNA. The two mutations R614A (R15A)
and N772Q (N164Q), with the corresponding standard chymo-
trypsin numbering given in parentheses, were introduced to
lock the zymogen conformation and to remove a potential gly-
cosylation site, respectively (zSPD). A construct with an addi-

Figure 8. The structure of zymogen matriptase, zSPD-S805A. A, the solved structure of zSPD-S805A (wheat) with the 60 loop, the 70 loop, the 170 loop, and
the activation loop specified together with the residues in the catalytic triad and the S1 pocket (PDB entry 5LYO). B, the intact activation loop for zSPD-S805A
(wheat) and the cleaved activation loop for activated matriptase (red). C, the zymogen triad for zSPD-S805A and activated matriptase, showing rearrangement
of Asp804 (Asp194). D, alignment of zSPD-S805A (wheat) and activated matriptase (gray), where the loops undergoing conformational changes are marked in red
for activated matriptase. The S1 pocket is not formed in the zymogen.
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tional mutation in S805A (S195A), which would render the
resulting protein product inactive, was also constructed for
crystallization (zSPD-S805A). The DNA constructs were sub-
cloned into the XhoI-SalI sites of the pPIC�A expression vector
(Invitrogen) with an �-factor secretion signal sequence and an
N-terminal His tag. Plasmid DNA was linearized by digestion
with SacI prior to transformation into P. pastoris strain X-33
(Invitrogen) and cultured on YPD plates at 30 °C supplemented
with 100 �g/ml zeocin for 3 days to screen for positive colonies.
A positive colony was inoculated into a starter culture of 5 ml of
YPD and grown for 24 h. The starter culture was transferred
into 200 ml of BMGY for an additional 24 h before further
transferred into 1 liter of BMMY induction medium supple-
mented daily with 1% methanol for 4 days.

Purification of the zymogen form of the catalytic domain of
matriptase

After 4 days of methanol induction, the medium was har-
vested from yeast cells by centrifugation and filtrated using
0.22-�m membranes. The filtered medium was loaded onto
a nickel-nitrilotriacetic acid column equilibrated with wash
buffer 4 (20 mM Tris-HCl, pH 7.4, 150 mM NaCl), washed with
wash buffer 4 supplemented with 20 mM imidazole, and bound
protein was eluted by increasing the imidazole concentration to
300 mM. Eluted protein was dialyzed against 20 mM Tris-HCl,
pH 7.4, 150 mM NaCl and concentrated before further purifica-
tion by size-exclusion chromatography (Superdex75 HR10/30
column, GE Healthcare) in 20 mM Tris-HCl, pH 7.4, 150 mM

NaCl. Fractions were pooled, quantitated, and stored at �80 °C.
Purity (�95%) was verified by SDS-PAGE.

Generation of monoclonal antibodies

Mice (female Naval Medical Research Institute mice) were
immunized three times with 25 �g of matriptase zymogen
adsorbed onto Al(OH)3 in Gerbu adjuvant at 2-week intervals.
An intravenous injection of 25 �g of antigen in saline was given
to the mice 3 days prior to the fusion together with adrenaline.
The fusion was performed as described (37) and later modified
as described (38) with PEG as fusogen and the SP2/0-AG14
myeloma cell line as the fusion partner. Identification of
matriptase-binding antibodies was carried out by ELISA
screening using MaxiSorp polystyrene plates (NUNC, Roskilde,
Denmark) coated with the matriptase zymogen. Ten of 40
clones positive for binding were taken out for cloning by the
limiting dilution method. Selected single clones were grown in
culture flasks in RPMI 	 10% fetal calf serum.

Purification of monoclonal antibodies aZ-mAb-4, -6, and -7

Antibodies were purified by Protein G affinity chromatogra-
phy on a column equilibrated with 20 mM Tris-HCl, pH 8, 500
mM NaCl. Bound antibody was eluted with 0.1 M glycine, pH
2.5, and fractions were pH-neutralized by adding 10% of 1 M

Tris-HCl, pH 9. The fractions with highest A280 nm were pooled
and dialyzed against 20 mM HEPES-NaOH, pH 7.4, 150 mM

NaCl, 1 mM CaCl2 overnight at 4 °C. Purity of the antibodies
was validated by SDS-PAGE, and the antibodies were stored at
4 °C in dialysis buffer supplemented with 300 �M NaN3.

SPR measurements

All SPR experiments were performed on a Biacore T200 (GE
Healthcare) at 25 °C with a flow rate of 30 �l/min unless other-
wise stated. A standard CM5 chip (GE Healthcare) was pre-
pared by immobilizing covalently �6000 response units (RU) of
anti-mouse IgG antibodies (GE Healthcare) on both the active
and reference flow cell according to the manufacturer’s proto-
col (GE Healthcare). The amine coupling protocol (Biacore, GE
Healthcare) was used. The individual monoclonal antibodies
were captured on the active flow cell anti-mouse IgG surface in
running buffer (20 mM HEPES-NaOH, pH 7.4, 150 mM NaCl, 1
mM CaCl2, 0.1% BSA) to �250 RU. To correct for bulk effects,
the signal from the reference surface was subtracted from the
data of the active flow cell. acSPD, zSPD, and mutants thereof
were injected in varying concentrations with an association
phase of 120 s and allowed to dissociate for 180 s. The anti-
mouse IgG surface was regenerated between binding cycles by a
120-s pulse of regeneration buffer (10 mM glycine-HCl, pH 1.7;
GE Healthcare).

For the KD determinations by SPR, six different concentra-
tions of SPD in a 2-fold dilution series were used. The following
concentrations of acSPD were used: 1.56 –50 nM for aZ-mAb-6
and -7 and 0.78 –25 nM aZ-mAb-4. Concentrations of zSPD
were 0.94 –30 nM for aZ-mAb-6 and -7.

To determine binding in the presence of the biotin-RQRR-
CMK inhibitor, acSPD at a concentration of either 50 nM (for
aZ-mAb-6 and -7) or 6 nM (for aZ-mAb-4) was mixed with a
high excess of biotin-RQRR-CMK (5 �M) immediately before
injection, as the biotin-RQRR-CMK has a short half-life in
aqueous solutions. The SPD–RQRR-CMK complex or SPD-
DMSO was injected over an aZ-mAb-4, -6, or -7 surface.
RQRR-CMK was stored in DMSO and was therefore added in
the reference SPD solution. Buffer was applied as control.

To determine binding in the presence of the IK1 inhibitor
fragment of HAI-1, acSPD (50 nM) was preincubated with IK1
(100 nM) at 37 °C for 2 h. Binding of the complex was measured
on either an aZ-mAb-4, -6, or -7 surface. The binding was
determined relative to acSPD (50 nM) and the two controls IK1
(100 nM) and HBS buffer supplemented with 1 mM CaCl2 and
0.1% BSA.

To test for overlapping epitopes of anti-zymogen monoclo-
nal antibodies, antibodies aZ-mAb-4, -6, and -7 and the control
anti-HAI1–31 (matriptase-independent antibody targeting
HAI-1) were immobilized on a CM5 chip at pH 4.5 following
the amine coupling protocol (GE Healthcare). The instrument
was set to aim for a capture level of 1000 RU per flow cell of
antibody (30 �g/ml). acSPD and zSPD (25 nM) were preincu-
bated with the aZ-mAb-4, -6, and -7 (100 nM) for 1 h at room
temperature. The matriptase–antibody complexes were added
to the four antibody-immobilized flow cells and were compared
against the binding of acSPD (25 nM) or zSPD (25 nM). The
controls were single-antibody solutions (100 nM) and buffer.
The dissociation time was increased to 600 s to ensure a clean
surface.
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Determination of mAb inhibition

Unless stated otherwise, all chromogenic assays were per-
formed at 37 °C in HBS-PEG buffer supplemented with CaCl2
and PEG-8000 (20 mM HEPES-NaOH, pH 7.4, 150 mM NaCl, 1
mM CaCl2, 0.05% PEG 8000). Plates were read at 405 nm in a
MultiskanTM GO microplate spectrophotometer (Thermo
Scientific).

IC50 determinations were performed by preincubating
acSPD (50 pM) or zSPD (20 nM) with aZ-mAb-4 (0 –500 nM) and
aZ-mAb-6 and -7 (0 –1000 nM) for 1 h at 37 °C. The reaction
was initiated by adding S-2288 (500 �M) and measured for 1 h
(acSPD) or 5 h (zSPD).

Determination of the Km, Vmax, and Ki for aZ-mAb

The maximal velocity rate Vmax and the Michaelis constant
Km are given by the equations,

V0 � Vmax �

S�


S� 	 Km
(Eq. 1)

V0 �
Vmax
S�

Km�1 	

I�

Ki
app� (Eq. 2)

Ki �
Ki

app

�1 	

S�

Km
� (Eq. 3)

where [S] is the substrate concentration, [I] is the inhibitor con-
centration, Ki is the inhibitor’s dissociation constant, Ki

app, is
the apparent Ki, V0 is the initial reaction rate, Vmax is the max-
imum reaction rate, and Km is the concentration of substrate
needed to reach half-maximal velocity (39). All Km and Vmax
determinations were made by fitting to Equation 1 in
GraphPad. aZ-mAb-4 (20 nM) or aZ-mAb-6 and -7 (60 nM)
were preincubated with zSPD (10 nM) or acSPD (1 nM) for 1 h
before the reactions were initiated by adding S-2288 (0 –2 mM).
The progress of substrate cleavage was measured for 1 or 5 h for
acSPD and zSPD, respectively.

Determination of aZ-mAb inhibition constants

For a competitive inhibitor, Ki
app is given by Equation 2, and

to correct for competition with the substrate, Equation 3 was
applied to obtain the actual Ki value. To determine the Ki val-
ues, aZ-mAb-4, -6, and -7 (0 – 400 nM) were preincubated with
matriptase (100 pM) for 1 h at 37 °C before the reactions were
initiated with S-2288 (500 �M). The reaction progress was mon-
itored for 1 h.

Determination of specificity of aZ-mAbs

Specificity assays were carried out in HBS-PEG buffer or
HBS-BSA buffer (10 mM HEPES-NaOH, pH 7.4, 140 mM NaCl,
0.1% BSA). The proteases and their respective chromogenic
substrates in HBS-PEG buffer were as follows: acSPD (100 pM)
and mouse matriptase catalytic domain (100 pM; R&D Systems)
with S-2288 (500 �M); full-length human uPA (1 nM; ProSpec)
with S-2444 (500 �M); full-length human HGFA (5 nM; Sino
Biological Inc.) with Spectrozyme FVIIa (500 �M), where

HGFA was activated by thrombin (1:100 molar ratio) at 37 °C
for 1 h until thrombin was blocked with 10 �g/ml Dextran
Sulfate; and human hepsin (1 nM) with S-2366 (500 �M) and in
HBS-BSA buffer. All proteins were incubated with aZ-mAb-4,
-6, or -7 (400 nM) for 1 h at 37 °C. All samples were measured for
30 min except for HGFA, which was measured for 60 min.

Zymogen matriptase crystallization and structure model
construction

The active site–mutated zymogen-locked form of matriptase
was used for crystallization, containing three mutations:
R614A, N772Q, and S805A (zSPD-S805A; Fig. 1D). Initial crys-
tallization conditions were screened using commercial kits
(Clear Strategy I, Clear Strategy II, Structure Screen I 	 II, and
JCSG-plus). 0.2 �l of protein was mixed with 0.2 or 0.1 �l of
mother liquid using a Mosquito crystallization robot by sitting-
drop vapor diffusion at 20 °C. The diffracted crystal was
obtained in 0.1 M MES, pH 6.5, 2.0 M ammonium sulfate. For
X-ray data collection, the crystal was transferred to a cryopro-
tectant solution containing 20% glycerol, 0.1 M MES, pH 6.5, 2.0
M ammonium sulfate and flash-frozen in liquid nitrogen. The
diffraction data set was collected at a Micro-focus beam line in
the European Synchrotron Radiation Facility. The data were
processed to a resolution of 2.5 Å using XDS. Data collection
statistics and cell parameters are summarized in Table 3. The
diffraction data were indexed to the space group P 3(1)21 with a
corresponding Matthews coefficient indicating that the crystals
contained three molecules in the asymmetric unit (87 kDa).
The first two molecules were found by molecular replacement
using BALBES and the active matriptase catalytic domain as
search model (PDB entry 4ISN) with initial Rfree of 0.42. Based
on the phase from the first two molecules, the missing third
molecule was found by Molrep using fast rotation function and
phased translation function. The model was built using manual
building in COOT and refined in Phenix by applying NCS and
TLS throughout the refinement cycles. The final structure was
refined to the R and Rfree values of 0.214 and 0.263 and a tight
stereochemistry with root mean square deviations of bond
lengths and bond angles of 0.02 Å and 2.00°, respectively.

Matriptase activity in cell lysates

HEK293 cells were transiently transfected with empty
expression vector (mock) or expression vectors encoding
matriptase together with WT HAI-2 or mutant HAI-2 C47F,
respectively, using Lipofectamine 2000 (Thermo Fisher Scien-
tific) according to the manufacturer’s protocol. The constructs
encoding full-length human WT matriptase and HAI-2 were
inserted into pcDNA3.1 plasmid vectors (Thermo Fisher Sci-
entific) as described previously by Nonboe et al. (29). HAI-2
was co-expressed to ensure stable matriptase expression, and
the HAI-2 C47F mutant was included to allow measurable
matriptase activity. Cells were grown for �48 h before they
were lysed on ice in 150 �l of lysis buffer (PBS including 1%
Triton X-100 and 0.5% sodium deoxycholate). Protein extracts
were prepared by centrifuging the lysates at 20,000 � g for 20
min at 4 °C to remove cell debris. 5 �g of antibody (anti-uPA,
aZ-mAB-6, aZ-mAB-7, or no antibody) was added to 60 �l of
the protein extracts and incubated at room temperature for 1 h.
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Samples were subsequently added to substrate S-2288 in HBS
including 0.1% BSA to a final concentration of 300 �M in a total
reaction volume of 200 �l. Absorbance was measured in a plate
reader at 405 nm continuously every 5 min for 5 h, and the mean
velocity of the substrate reaction (in milli-absorbance units/
min) was calculated.

Matriptase-mediated pro-HGF cleavage

zSPD (200 nM) or acSPD (1 nM) was preincubated with either
20 times the Ki of aZ-mAb-6 or -7 (420 and 180 nM, respec-
tively), 420 nM anti-uPA, or 5 �M biotin-RQRR-CMK for 1 h at
37 °C in PBS, pH 7.4, including 0.1% Triton X-100. Recombi-
nant human pro-HGF (75 ng, R&D Systems) was added, and the
samples were incubated for 4.5 h at 37 °C before the addition of
reducing loading dye (including 200 mM DTT). Samples con-
taining antibodies alone were prepared in parallel. The Western
blotting was performed as described by Nonboe et al. (29) using
anti-HGF antibody (R&D Systems, AF-294-SP) and anti-goat
horseradish peroxidase– conjugated antibody (R&D Systems,
HAF017).
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