
Small serum protein-1 changes the susceptibility of
an apoptosis-inducing metalloproteinase HV1 to
a metalloproteinase inhibitor in habu snake
(Trimeresurus flavoviridis)

Received September 6, 2012; accepted October 9, 2012; published online October 25, 2012

Narumi Shioi1,*, Eiki Ogawa1,
Yuki Mizukami1, Shuhei Abe1,
Rieko Hayashi1,2 and Shigeyuki Terada1

1Department of Chemistry, Faculty of Science, Fukuoka University,
Fukuoka 814-0180; and 2Department of Human Genetics, Graduate
School of Medicine, University of Tokyo, 7-3-1, Hongo, Bunkyo-ku,
Tokyo, 113-0033, Japan

*Narumi Shioi, Department of Chemistry, Faculty of Science,
Fukuoka University, 8-19-1 Nanakuma, Jonan-ku, Fukuoka
814-0180, Japan. Tel: þ81-92-870-6631, Fax: þ81-92-865-6030,
email: anarumi@fukuoka-u.ac.jp

Viperidae snakes containing various venomous proteins
also have several anti-toxic proteins in their sera.
However, the physiological function of serum protein
has been elucidated incompletely. Small serum protein
(SSP)-1 is a major component of the SSPs isolated
from the serum of a Japanese viper, the habu snake
(Trimeresurus flavoviridis). It exists in the blood as a
binary complex with habu serum factor (HSF), a snake
venom metalloproteinase inhibitor. Affinity chromatog-
raphy of the venom on an SSP-1-immobilized column
identified HV1, an apoptosis-inducing metalloprotei-
nase, as the target protein of SSP-1. Biacore measure-
ments revealed that SSP-1 was bound to HV1 with a
dissociation constant of 8.2� 10�8M. However, SSP-1
did not inhibit the peptidase activity of HV1. Although
HSF alone showed no inhibitory activity or binding
affinity to HV1, the SSP-1�HSF binary complex
bound to HV1 formed a ternary complex that
non-competitively inhibited the peptidase activity of
HV1 with a inhibition constant of 5.1� 1.3� 10�9M.
The SSP-1�HSF complex also effectively suppressed
the apoptosis of vascular endothelial cells and caspase
3 activation induced by HV1. Thus, SSP-1 is a unique
protein that non-covalently attaches to HV1 and
changes its susceptibility to HSF.

Keywords: apoptosis/proteinase inhibitor/small
serum protein/snake serum/snake venom
metalloproteinase.

Abbreviations: ADAM, a disintegrin and
metalloproteinase; ADAMTS, ADAM with
thrombospondin type-1 motif; CRISP-3, cysteine-rich
secretory protein-3; Dnp, dinitrophenyl; HSF, habu
serum factor; HVR, hypervariable region; Ki,
inhibition constant; Mca, (7-methoxycoumarin-4-yl)-
acetyl; MDC, metalloproteinase/disintegrin/
cysteine-rich; MMP, matrix metalloproteinase;
PSP94, prostatic secretory protein of 94 amino acids;

SSP, small serum protein; SVMP, snake venom
metalloproteinase; VEC, vascular endothelial cell.

The venom of snakes belonging to the Viperidae family
contains metalloproteinases, many of which cause
hemorrhage (1). Although snakebites are serious prob-
lems for humans and other animals, snakes themselves
exhibit a remarkable resistance to their own venom
(2, 3). As naturally occurring factors that neutralize
hemorrhagins, three anti-hemorrhagic proteins have
been purified from the sera of venomous snakes:
habu serum factor (HSF) from the serum of
Trimeresurus flavoviridis (4), BJ46a from Bothrops
jararaca (5) and mamushi serum factor from
Gloydius blomhoffi brevicaudus (6). These compounds
are acidic glycoproteins with no proteolytic activity.
Based on their primary structures, they have been clas-
sified as members of the fetuin family that display a
double-headed cystatin-like domain and an extra
domain. HSF inhibits the protease activity of several
snake venom metalloproteinases (SVMPs) (7). It is
also resistant to heating and stable in solutions with
extreme pH.

Small serum proteins (SSPs) are low-molecular-mass
proteins isolated from T. flavoviridis serum (8). At
present, five homologues—namely SSP-1 through
SSP-5—have been isolated (9). Structural analysis
has indicated that they belong to the prostatic secre-
tory protein of 94 amino acids (PSP94) family, which is
characterized by a low molecular mass of �10 kDa and
10 conserved cysteine residues (10, 11). Although
SSP-1, SSP-2 and SSP-5 are composed of �90 amino
acids, SSP-3 and SSP-4 have only 60, as they lack the
30 C-terminal residues.

All the SSPs exist in high-molecular-mass forms in
serum (12), and because they do not self-associate in
physiological buffers, they may be present in protein
complexes. Similar to the SSPs in vipers, human PSP94
exists in complex with a specific protein (PSP94-
binding protein) in the blood and with cysteine-rich
secretory protein-3 (CRISP-3) in prostate fluid (13).
In a search for SSP-binding proteins in T. flavoviridis
serum, we isolated a novel protein called serotriflin
that shows significant sequence similarity to triflin, a
CRISP family protein in T. flavoviridis venom (14).
Although serotriflin was isolated as a binding protein
candidate for SSPs, it showed affinity only to SSP-2
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and SSP-5 (12). Recently, we have reported that HSF
is the carrier protein for all SSPs (15).

We know little about the physiological functions of
SSPs. SSP-2 and SSP-5 bind triflin and serotriflin (12).
Although SSP-1 and SSP-3 suppress the proteolytic
activity of brevilysin H6 (16), an SVMP isolated
from the venom of Chinese viper (G. blomhoffi brevi-
caudus), the inhibition is weak compared with that by
HSF (8). As SSPs and brevilysin H6 are present in
different animals, H6 cannot be a physiological
target of SSP. Furthermore, we have found no other
SVMPs that are sensitive to SSP-1 in the venom of
T. flavoviridis.

In this study, we determined the target molecules of
SSP-1 using affinity chromatography on an SSP-1-
immobilized column. We found that HV1 in T. flavo-
viridis venom is the binding protein of SSP-1. HV1 is a
homodimeric protein with a molecular mass of
110 kDa that induces apoptosis in vascular endothelial
cells (VECs) (17). Although HV1 is a typical P-III class
dimeric SVMP composed of metalloproteinase/disinte-
grin/cysteine-rich (MDC) domains (18), its biochem-
ical properties have yet to be reported. We also
examined the interaction of SSP-1 and HV1 and the
effects of SSP-1 on the proteolytic and apoptosis-
inducing activity of HV1.

Materials and Methods

Materials
Blood of habu snake T. flavoviridis from the Amami island was
collected by decapitation. The serum was separated by centrifuga-
tion and stored at �20�C. The venom of T. flavoviridis was also
collected, lyophilized and stored at �20�C. SSPs were purified as
described earlier (8, 19). Bovine trypsin and protein substrates
(bovine fibrinogen, vitronectin, collagen type IV and human
fibronectin) were obtained from Sigma Chem. Co. (St. Louis). The
peptide substrates were from Peptide Institute, Inc. (Osaka).
SP-Sepharose, Sephacryl S-200 HR and S-300 HR, N-hydro-
xysuccimide-activated HiTrap, and Superdex 75 columns were pur-
chased from GE Healthcare. EBM-2 medium was purchased from
Sanko Junyaku Co. Ltd (Tokyo). All other chemicals were pur-
chased from Wako Pure Chemical Industries Ltd (Osaka). Human
umbilical endothelial cells were obtained from Lonza (Walkersville),
and maintained on gelatin-coated plastic dishes in EBM-2 medium
supplemented with EBM-2 SingleQuots (Lonza) containing 10%
fetal bovine serum, several growth factors, hydrocortisone, ascorbic
acid and heparin.

Quantification of proteins
The concentration of pure samples was determined using a V-530
spectrophotometer (Jasco), and the molar extinction coefficients at
280 nm were calculated for SSP-1 (9,105M�1 cm�1), HSF
(23,670M�1 cm�1) and HV1 (36,965M�1 cm�1) (20).

SDS�PAGE
SDS�PAGE was carried out on 10% gels using Laemmli’s method
(21). Prestained XL-ladder broad kit (APRO Life Science Institute,
Inc., Naruto) was used for a molecular weight marker. After running
the gels under a constant current, they were stained with 0.1%
Coomassie brilliant blue R-250 and destained with 10% acetic acid.

Isolation of SSP-1 binding protein
Affinity adsorbent was prepared by reacting anN-hydroxysuccimide-
activated HiTrap column (1ml) with purified SSP-1 (5.5mg) follow-
ing the manufacturer’s instructions. Crude venom (100mg) dissolved
in 20mM phosphate buffer, 0.15M NaCl at pH 7.4 was loaded onto
the resulting SSP-1-HiTrap column and washed with the same buffer.
Absorbed materials on the column were then eluted using 0.1M

glycine-HCl buffer, 0.5M NaCl at pH 3.0, desalted by dialysis, and
purified by a reverse-phase HPLC on a SepaxBio-C8 column
(0.46�25 cm, Sepax Technologies Inc.) with a linear gradient of
acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 1.0ml/min.
Elution was monitored at 220 nm.

Identification of SSP-1 binding protein
The N-terminal and internal amino acid sequences of SSP-1 binding
protein were determined by Edman degradation with protein se-
quencer PPSQ 21 (Shimadzu). To analyse the internal sequences,
the purified protein (400 mg) was dissolved in 25 ml of 4M urea,
diluted with 100ml of 100mM NH4HCO3 and digested at 37�C for
24 h with trypsin (E/S¼ 1 : 50). The resulting peptides were purified
by reverse-phase HPLC using a YMC-Pack ODS AM-303 column
(0.46�25 cm, YMC) with a linear gradient of acetonitrile in 0.1%
trifluoroacetic acid at a flow rate of 1.0ml/min.

Purification of HV1
HV1 was purified from T. flavoviridis venom as described (17) with
some modifications. Briefly, 1.26 g of crude venom dissolved in 5ml
of 50mM Tris-HCl, 50mMNaCl, 5mM CaCl2 at pH 7.4 was loaded
onto a Sephacryl S-300 HR column (5.0�90 cm) and then eluted
with the same buffer, and 15ml fractions were collected. The pres-
ence of HV1 was assayed by fluorescein thiocarbamoyl (FTC)-case-
inolytic activity and by detecting a 110-kDa band on SDS�PAGE.
Proteins in the second peak were desalted by dialysis and subjected
to ion-exchange chromatography using a SP-Sepharose column
(2.6�15 cm) equilibrated with 10mM Tris-HCl, 1mM CaCl2,
10mM NaCl at pH 7.0. Elution was performed at 4�C with a
linear gradient of NaCl from 10 to 400mM in the same buffer,
and 10ml fractions were collected. Active fractions containing
HV1 eluted at 120mM NaCl were collected, desalted by dialysis
and subjected to gel filtration on a Sephacryl S-200 HR column
(2.6�92 cm) in 50mM phosphate buffer, 150mM NaCl at pH 7.0.
Proteins recovered from the first peak were collected, concentrated
by ultrafiltration using a ultrafiltration tube with a molecular weight
cut-off of 30,000 (Amicon Ultra-15, Millipore) and applied to a
column of Superdex 75 HiLoad (1.6�60 cm) equilibrated with
20mM Tris-HCl, 200mM NaCl at pH 8.0. Active fractions were
pooled, concentrated and stored at �20�C.

Surface plasmon resonance analysis of binding kinetics
The binding studies were performed using Biacore 3000 instrument
(Biacore BA) equipped with a CM5 sensor chip. SSP-1 in 10mM
sodium acetate buffer (pH 4.0) was covalently immobilized onto the
chip at a density of �500 resonance units (RU) using standard pri-
mary amine coupling procedure. HSF was immobilized similarly.
Albumin was used as a negative control protein. The analyte dis-
solved in running buffer (10mM HEPES buffer, 0.15M NaCl, 3mM
EDTA, 0.005% surfactant P20 at pH 7.4) was injected for 120 s and
the dissociation from the surface was monitored for 150 s.

Kinetic measurements of the interaction between SSP-1 and HV1
were performed using SSP-1 chip. The analyte (HV1) diluted to vari-
ous concentrations in running buffer was injected for 90 s during the
association phase at a constant flow rate of 20 ml/min at 25�C. The
dissociation was subsequently followed for 180 s at the same flow
rate. The surface of the sensor chip was regenerated using 10mM
Gly�HCl buffer (pH 2.0) after the binding of analyte. The sensor-
grams were corrected by subtraction of the signal from the negative
control surface and used to calculate the rate and affinity constants
by using BiaEvaluation 4.1 (Biacore AB) and Origin 5.0 (Microcal).

Measurement of proteolytic activity
Proteolytic activity was measured in 5mM CaCl2-50mM Tris-HCl
(pH 8.5) using FTC-casein as the substrate (22). The increase in
fluorescence was analysed on a fluorescence spectrophotometer
FP-750 (Jasco) at 520 nm with excitation at 490 nm. Fibrinogen,
vitronectin, collagen type IV and fibronectin were also used as the
substrates and the reaction was followed by SDS�PAGE using a
5�20% gradient gel (ATTO). Human fibrinogen (100 mg), vitronec-
tin (50 mg), collagen type IV (100 mg) or fibronectin (50mg) was incu-
bated with purified HV1 (0.2 mg) in 50 ml of 20mM Tris-HCl (pH 8.0)
containing 0.15M NaCl and 1mM CaCl2 at 37

�C for 10min to 22 h.
To terminate the reaction, 1mM EDTA (5 ml) was added to a 5ml
aliquot, and the mixture was lyophilized.
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Measurement of peptidase activity
Substrates were prepared as 2mM stock solutions in dimethyl sulf-
oxide. A typical assay was carried out by incubating 90 ml of various
concentrations of a substrate with 10 ml of HV1 (final 10 nM) in
50mM Tris-HCl, 0.1M NaCl, 0.05% Brij at pH 8.0 at 37�C for
10min. The reaction was stopped by the addition of 1,900 ml of
0.1M acetate (pH 4), and the fluorescence of the mixture was mea-
sured at 393 nm with excitation at 328 nm. The amount of substrate
hydrolysis was calculated based on the fluorescence values of the
Mca-Pro-Leu-Gly standard solution after subtraction of the reaction
blank value (stopping solution added before the enzyme). Kinetic
parameters (kcat and Km) were determined over a substrate concen-
tration range of 3�20 mM and calculated by double-reciprocal plots.
To determine the site of hydrolysis in substrate III (Table II), two
peptides produced by the action of HV1 were purified by a reversed-
phase HPLC on YMC-Pack ODS-A column (0.46�25 cm, YMC).
Their N-terminal sequences were determined as described earlier.

Apparent inhibition constant (Ki) was determined by measuring
the initial rate of hydrolysis of substrate at pH 8.0 in the presence or
absence of inhibitor. Nonlinear regression method was applied to
analyse inhibition data according to the Morrison’s equation (23).
For the non-competitive mechanism of inhibition, the true inhibition
constants are equal to the apparent Ki (24).

Analysis of VEC Apoptosis
VEC (1�105) was cultured in 24-well culture plates at 37�C in 5%
CO2 and 95% air for 24 h. The medium was replaced with EBM-2
after cells had been washed once with phosphate-buffered saline
(PBS). Cells were further treated with or without HV1, SSP-1 and
HSF for 24 h. After microscopic examination, the culture cells were
trypsinized and washed twice with PBS. Cell viability was deter-
mined by the MTT method (25). Caspase-3 activity was also deter-
mined after the cells were incubated for 24 h. Cells recovered after
trypsinization were washed twice with PBS, and solubilized in 1%
Triton X-100 and 1% NP-40 at 0�C for 30min. After centrifugation
at 4�C and 15,000 rpm for 5min, the supernatant was mixed with
Ac-DEVD-MCA (final 1mM) in 100mM HEPES, 5mM DTT, 10%
sucrose (pH 7.4) and incubated at 37�C for 1 h. The reaction was
stopped by adding 1M acetate buffer (pH 4.2) and the fluorescence
was measured at 440 nm with excitation at 360 nm. To observe nu-
clear fragmentation, cells were fixed in 70% ethanol overnight at
4�C, centrifuged, washed twice with PBS and stained with 0.05mg/
ml propidium iodide (Sigma) for 5min. One drop of stained cells was
placed on a glass slide and nuclei were examined by fluorescence
microscopy.

Results

Identification of SSP-1-binding protein
To determine the target molecules of SSP-1 in the
venom of T. flavoviridis, we used affinity chromatog-
raphy with an SSP-1-immobilized column. A 110-kDa
protein remained specifically bound on the column
when crude T. flavoviridis venom was applied (data
not shown). The absorbed material was further puri-
fied using reverse-phase HPLC (peak A). The inset in
Fig. 1 shows the SDS�PAGE analysis of peak A in
Fig. 1. The exact mass of the 110-kDa protein deter-
mined by MALDI-TOF (Matrix Assisted Laser
Desorption Ionization-Time of Flight) mass spectrom-
etry was 102,259.3Da (data not shown). As the
N-terminus of this protein seemed to be blocked, the
internal sequences were determined after tryptic diges-
tion. We could assign 12 peptides to the amino acid
sequence of HV1 (17) as shown in Table I. HV1 is a
dimeric metalloproteinase with apoptosis-inducing ac-
tivity in VECs.

Purification of HV1
To confirm that HV1 binds to SSP-1, we isolated HV1
from the venom of T. flavoviridis via gel filtration on a

Sephacryl S-300 HR column, ion exchange chromatog-
raphy on a SP-Sepharose column and two successive
gel filtrations on Sephacryl S-200 HR and Superdex 75
columns. A pure protein (0.7mg) was obtained from
1.26 g crude venom. It gave a single band at 110 kDa
on SDS�PAGE, but no N-terminal sequence was ob-
tained with direct sequencing. Tryptic digestion of the
purified sample yielded several peptide fragments that
corresponded to those of HV1 (see Table I).

Biding of SSP-1 to HV1
The interaction of SSP-1 and HV1 was examined with
surface plasmon resonance. SSP-1 was injected for
120 s into an HSF-immobilized or SSP-1-immobilized
chip and the dissociation from the surface was moni-
tored for 150 s (Fig. 2A). The sensorgrams showed the
predicted rapid binding of SSP-1 to HSF and apparent
slow dissociation rate (15). Injection of the second ana-
lyte (HV1) resulted in a resonance signal of 200 re-
sponse units, which indicated the direct binding of
HV1 to SSP-1. When HV1 was injected into an
SSP-1-bound chip with HSF as a capturing molecule,
a much higher response was observed (full line in
Fig. 2A). This result clearly indicated the formation
of a ternary complex composed of HSF, SSP-1 and
HV1. Moreover, HV1 did not bind to HSF in the ab-
sence of SSP-1 (data not shown). The binding of SSPs
other than SSP-1 was examined similarly because all
the SSPs have a high affinity to HSF. SSP-2, SSP-3 and
SSP-5 did not interact with HV1, but SSP-4 showed
weak binding (Fig. 2B).

Serially diluted HV1 (3.2�0.2mM) was injected into
SSP-1-coated sensor chips and the binding was mea-
sured (Fig. 2C). Global evaluation using the 1 : 1
Langmuir binding model yielded kinetic binding
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Fig. 1 Reverse phase HPLC of SSP-1 binding protein purified by

affinity chromatography of T. flavoviridis venom. The absorbed
protein fraction on a SSP-1-HiTrap column was applied to a
SepaxBio-C8 column (0.46�25 cm) and eluted with a linear gradient
of acetonitrile in 0.1% trifluoroacetic acid at a flow rate of 1.0ml/
min. Elution was monitored at 220 nm. Peak A was recovered. Inset,
the analysis of peak A by SDS�PAGE (10% acrylamide gel). M,
molecular weight markers.
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parameters. The rate constants for association, dissoci-
ation and Kd value were 8.7�103M�1 s�1, 7.2�
10�4 s�1 and 8.2�10�8M, respectively.

Characterization of HV1
The purified HV1 degraded casein slowly. As many
SVMPs hydrolyse fibrinogen, the fibrinogenolytic ac-
tivity of HV1 was investigated by reacting the enzyme
with human fibrinogen at 37�C. When the enzyme re-
action products were analysed using SDS�PAGE,
HV1 did not degrade the protein (data not shown).
The proteolytic activity of HV1 was also examined
with some extracellular matrix proteins. Only fibronec-
tin was slowly degraded by HV1 (Fig. 3). The enzyme
could not degrade type IV collagen or vitronectin.

Some fluorogenic substrates for matrix metallopro-
teinases (MMPs) were next examined to measure the
peptidase activity of HV1. Table II shows peptide sub-
strates with (7-methoxycoumarin-4-yl)acetyl (Mca)
as a fluorophore group and dinitrophenyl (Dnp)
as a quenching moiety (26, 27). Among nine
peptides, Mca-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-
Arg-Lys(Dnp)-NH2 (substrate III), known as a sub-
strate for MMP-3 (stromelysin 1) (27), was one of
the best substrates for HV1. A reverse-phase HPLC
of a 24-h digest followed by sequence analysis of the
resulting fragments showed that the enzyme cleaved
the Pro-Val bond of substrate III. Kinetic parameters
for the hydrolysis of substrate III were determined as
follows: Km¼ 8.2� 2.1mM; kcat¼ 1.7� 0.9 s�1; and
kcat/Km¼ 203,000M�1 s�1. The kcat/Km value was
almost equal to that of MMP-3 (27). Other peptides
listed in Table II were poor substrates for HV1.

Inhibition of the peptidase activity of HV1 by the
SSP-1�HSF complex
Using substrate III, we investigated the effect of SSP-1
on the peptidase activity of HV1 (10 nM). Despite its
high affinity to HV1, SSP-1 showed no inhibition even
at 50 nM (Fig. 4, a dotted line). HSF, an effective in-
hibitor of several SVMPs, was not inhibitory to the
enzyme either. Conversely, the SSP-1�HSF complex
showed a dose-dependent suppression of HV1 activity.
The influence of substrate concentration on apparent

Ki was measured to determine the mode of inhibition
at substrate concentrations ranging from 5 to 20 mM.
The inhibition was independent of substrate concentra-
tion, and the apparent Ki values were 6.2, 5.3 and
7.0 nM at 5, 10 and 20 mM, respectively (Fig. 4). This
indicates that HV1 inhibition by the complex is
non-competitive (24). For the non-competitive fit to
the data shown by a solid line in Fig. 4, the average
Ki values at three substrate concentrations with their
standard error were 5.1� 1.3�10�9M.

Inhibition of the apoptosis-inducing activity of HV1
by the SSP-1�HSF complex
In accordance with the results of Masuda et al. (17),
HV1 induced apoptosis in VECs (Fig. 5A and B). After
a 36-h exposure of VECs to HV1, cell viability
decreased in a dose-dependent manner with a
half-lethal dose of �0.3mg/ml which is almost identical
to the value (0.2 mg/ml) in the reference (17). When
VECs were treated with HV1 (18 nM) for 36 h, typical
apoptotic morphological changes—namely cell shrink-
age, bleb formation on cell surfaces and the generation
of apoptotic bodies—were observed under a light
microscope (Fig. 5E). In contrast, when HV1 was
mixed with various amounts of SSP-1�HSF complex
before addition to cell cultures, dose-dependent sup-
pression of apoptosis was detected (Fig. 6A). The add-
ition of 20 nM of the complex greatly enhanced cell
viability (Fig. 5C), and no morphological changes
were observed (Fig. 5F), similar to the response in con-
trol cells (Fig. 5D). Notably, SSP-1, HSF and the com-
bination of the two had no effect on the growth of
VECs in the absence of HV1 (data not shown).
Moreover, SSP-1 and HSF alone did not suppress
the apoptosis-inducing activity of HV1.

To assess the apoptotic events evoked by HV1
(50 nM) treatment, we examined the activities of
caspase-3 in VECs. After 24 h of incubation, the
caspase-3 activity in HV1-treated cells was increased
�10-fold compared with that in control cells
(see open and closed bars in Fig. 6B). This caspase-3
activation was greatly reduced by the addition of
SSP-1�HSF complex (50 nM; see a hatched bar in
Fig. 6B).

Table I. Assignment of peptide fragments to the primary structure of a vascular apoptosis-inducing protein, HV1, from T. flavoviridis.

Tryptic fragmenta Sequence Residue in Hv1b

T2 YVK 204�206
T3 YGR 219�221
T4 LR 440�441
T5 YLNAK 198�202
T8a IAXEPQNVKc 550�558
T8b QGNYYGDYXRKc 534�544
T9 ESVLLK 279�284
T10 XADGMAXNSNGQXVDVNRc 595�612
T11 IIVQSVPDVTLK 261�272
T13 LFATWR 273�278
T16a KNPXNIIYSPNDEDKGMVLPGTKc 572�594
T16b TDVVSPPVXGNYFVEVGEDXDXGSPATXRc 401�429

aThese fragments were obtained by the tryptic digestion of SSP-1-binding protein (peak A in Fig. 1).
bThe residue numbering corresponds to that of precursor protein (17).
cPeptides linked by disulfide bonds. X, unidentified residue.
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Discussion

Hemorrhagic metalloproteinases and toxic phospho-
lipase A2 are present in the venom of snakes belonging
to the Crotalidae and Viperidae families (28, 29). To
prepare for accidental self-poisoning, some snakes
have endogenous serum proteins that neutralize the
hemorrhagic factors or toxins. These proteins can be
classified as inhibitors of myotoxic/neurotoxic toxins
bearing a phospholipase A2 structure (30) and inhibi-
tors of SVMPs (6, 7). The examples of the latter are
T. flavoviridis HSF and B. jararaca BJ46a. We have
added SSPs as a third class of self-defense proteins
(8). As SSPs are small proteins with a molecular
mass of 10 kDa or less, they exist as a protein complex
of �50�70 kDa in blood. The binding protein for
SSP-2 and SSP-5 was first identified as serotriflin, a

CRISP-family glycoprotein with 65% identity to triflin
(12). Recently, we have showed that HSF is another
SSP-binding protein (15). All the SSPs bind tightly to
HSF, indicating that they are present in the com-
plex with HSF. Interestingly, HSF has a dual role in
habu serum—as a defense protein (namely, anti-
hemorrhagin) and as an SSP carrier.

A putative role for SSP-2 was suggested because it
has high affinity for triflin, a CRISP with L-type cal-
cium channel-blocking activity excreted by the venom
gland of T. flavoviridis (31). SSP-2 may thus work de-
fensively against self-poisoning, suggesting a possible
role for SSP-2 as an antidote to triflin. SSP-5 also
binds to triflin. In this study, we have proved that
SSP-1 has high affinity to HV1, an apoptosis-inducing
metalloproteinase in the venom of T. flavoviridis (17).

Although HV1 is a P-III class dimeric SVMP, its
proteolytic properties remain to be reported because
it has been isolated only through monitoring the via-
bility of cultured VECs. To examine the interaction
between HV1 and SSP-1 as well as the biochemical
nature of the enzyme, we purified native HV1 from
the crude venom of T. flavoviridis using conventional
methods. To ascertain the identity of our preparation
to the desired protein, we carried out N-terminal
sequencing. However, the purified 110-kDa protein
could not be directly sequenced via Edman degrad-
ation, presumably because it has a blocked
N-terminal residue. The blocked residue may be a pyr-
rolidone carboxylate group because most mature
SVMPs have a N-terminal glutamate residue that can
attack itself to form a cyclic pyroglutamate group.
Thus, the N-terminal sequence of HV1 might start at
the fourth residue (Gln192) of the reported sequence
T189PAQQKYL (17).

Although we used FTC caseinolytic activity to
detect proteinases during the purification of HV1, the
purified enzyme degraded casein slowly. Therefore, we
examined other proteins as substrates. Among the
extracellular matrix proteins tested, only fibronectin
was degraded. Thus, HV1 seemed to have a low
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Fig. 2 Surface plasmon resonance analysis of SSP binding to HV1.

(A) Binding property of SSP-1. The first analyte (SSP-1, 30.8mM)
was injected for 120 s to HSF-immoilized chip (full line) or
SSP-1-immoilized chip (dotted line) and the dissociation from the
surface was monitored for 150 s. Then, the second analyte (HV1,
3.8 mM) was injected similarly. (B) Binding analysis of other SSPs to
HV1. SSP-2 (11.9 mM, dotted line), SSP-3 (17.7 mM, narrow full
line), SSP-4 (14.0 mM, bold full line) or SSP-5 (34.5 mM, broken line)
was injected similarly to HSF-immoilized chip and the dissociation
from the surface was monitored. Then, the second analyte (HV1,
3.8 mM) was injected. (C) Direct binding of SSP-1 to HV1. Serially
diluted HV1 (3.2�0.2 mM) was injected at a flow rate of 20 ml/min
through flow cells with the immobilized SSP-1.
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Fig. 3 Degradation of fibronectin by HV1. Fibronectin (50 mg) was
incubated with HV1 (0.2 mg) in 50 ml of 20mM Tris-HCl (pH 8.0)
containing 0.15M NaCl and 1mM CaCl2 at 37

�C for 10min and
22 h. The reaction was stopped by the addition of 1mM EDTA (5ml)
to a 5 ml aliquot. The mixture was lyophilised and analysed by
SDS�PAGE using a 5�20% gradient gel.
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proteolytic activity. The true target molecule of VEC
apoptosis remains to be elucidated.

Fluorescence-quenched peptide substrates are
widely used for the quantification of enzymatic activity
of various endoproteinases, particularly for the meas-
urement of MMPs (32). The fluorescence-quenched
MMP substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-
NH2 (33) has been used extensively for monitoring
MMP activity (34). Because of its high kcat/Km value,
this peptide is extraordinarily useful for such measure-
ments, but it was a poor substrate for HV1 (Table II).
After screening for a better substrate, we found
that Mca-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-Arg-Ly-
s(Dnp)-NH2 (substrate III), an excellent substrate for
MMP-3 (kcat/Km¼ 65,700M�1 s�1) (27), was also the
best substrate for HV1. The kcat/Km value was
203,000M�1 s�1. HV1 cleaved substrate III at the
Pro-Val bond. Replacements of Pro-Val to Pro-Tyr
(substrate II), Pro-Ile (substrate V) and Pro-Ala (sub-
strate VIII) greatly reduced susceptibility to the
enzyme, indicating a high dependence on P1’ site
(Table II).

Using fluorescently labelled and quenched substrate
III, we investigated the effect of SSP-1 and HSF on the
peptidase activity of HV1. HSF, a SVMP inhibitor,
had no effect on the activity, which is in accord with
its inability to interact with HV1. Interestingly, SSP-1
did not suppress the activity either despite the
tight binding potency to HV1. Conversely, HSF and
SSP-1 inhibited the peptidase activity of HV1 (Fig. 4).
SSP-1 can bind HSF to form a tight binary complex
(15), which in turn interacts to form a ternary complex
as shown in Fig. 2A. These results imply that SSP-1
has a dual binding region—one for HSF and another
for HV1—that do not overlap. Moreover, the binding
affinity of the SSP-1�HSF complex to HV1 was

A D

B E

C F

Fig. 5 Effects of SSP-1�HSF complex on morphological change and

nuclear-fragmentation induced by HV1. The complete medium was
replaced by medium that had been supplemented with 1.5 mg/ml
HV1. (A, D) Control VEC; (B, E) cells incubated with HV1 (20 nM);
(C, F) cells incubated with HV1 and SSP-1�HSF (20 nM each). Left
panels (A�C): after treatment for 24 h, cells were photographed
under a light microscope. Right panels (D�F): after treatment for
34 h, cells were fixed with glutaraldehyde and stained with propidium
iodide. Nuclear fragmentation was examined using fluorescence
microscopy.

Table II. Hydrolysis of several fluorogenic peptide substrates by HV1.

Substrate Fluorogenic peptidea Hydrolysis (kM/min)b

I Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 0.0071
II Mca-Arg-Pro-Lys-Pro-Tyr-Ala-Nva-Trp-Met-Lys(Dnp)-NH2 0.052
III Mca-Arg-Pro-Lys-Pro-Val-Glu-Nva-Trp-Arg-Lys(Dnp)-NH2 0.733
IV MocAc-Asp-Glu-Val-Asp-Ala-Pro-Lys(Dnp)-NH2 0.0016
V Mca-Gly-Lys-Pro-Ile-Leu-Phe-Phe-Arg-Leu-Lys(Dnp)-D-Arg-NH2 0.040
VI MocAc-Ser-Glu-Val-Asn-Leu-Asp-Ala-Glu-Phe-Arg-Lys(Dnp)-Arg-Arg-NH2 0.000
VII Mca-Ala-Pro-Ala-Lys-Phe-Phe-Arg-Leu-Lys(Dnp)-NH2 0.0021
VIII Mca-Gly-Ser-Pro-Ala-Phe-Leu-Ala-Lys(Dnp)-D-Arg-NH2 0.026
IX Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 0.024

aDnp, 2,4-dinitrophenyl; Dpa, N-3-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl; Nva, norvaline.
bEnzyme concentration, 50 nM. Measured at 37�C in 0.1M NaCl-0.05% Brij 50mM Tris-HCl (pH 8.5).
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Fig. 4 Effect of SSP-1 and HSF on the peptidase activity of HV1.

Peptidase activity of HV1 was measured in the presence of SSP-1
(open triangles) or HSF (closed triangles) with 20 mM substrate at
pH 8.0 and 37�C for 10min. The final concentration of HV1 was
10 nM. HV1 activity was measured similarly in the presence of
SSP-1�HSF complex at various substrate concentrations; 5 mM
(open circle), 10 mM (closed circle) and 20 mM (open square).
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5.1� 1.3�10�9M, which was �10 times higher than
that of SSP-1 alone (8.2�10�8M). This result indi-
cates that the additional interaction between HV1
and HSF may be induced by the biding of SSP-1 to
HV1 and contribute to the inhibition by the metallo-
proteinase inhibitor HSF. Thus, SSP-1 is a unique
modulating protein that renders HV1 susceptible to
HSF.

Several P-III class SVMPs with apoptosis-inducing
activities have been reported (35�37). Their activity is
abolished by pretreatment with EDTA because they
are zinc-dependent proteinases. The apoptosis-
inducing activity of HV1 also depends on proteolytic
activity, and EDTA can suppress this activity as well
(17). In fact, the SSP-1�HSF complex suppressed the
apoptosis induced by HV1 and its proteolytic activity.
Addition of the complex to an HV1-containing culture
of VECs increased the viability of cells dose depend-
ently and suppressed morphological changes, nuclear

fragmentation, bleb formation and elevated caspase-3
activity—all of which are the characteristics of the
apoptosis elicited by HV1.

A disintegrin and metalloproteinase (ADAM)
family proteins belong to a class of mammalian-
membrane-bound glycoproteins with functions impli-
cated in cell�cell and cell�matrix adhesion and
signalling (38, 39). ADAMs have two additional do-
mains at the C-terminus of the complete MDC struc-
ture. They are also related to the ADAM with
thrombospondin type-1 motif (ADAMTS) family of
proteinases. Phylogenetically, SVMPs are closely
related to these families of proteins. Recent crystallo-
graphic studies of P-III SVMPs and ADAM/
ADAMTS proteins have shed new light on their struc-
ture�function properties (40). These proteins have a
common C-shaped MDC domain. The cysteine-rich
domain at the distal end points towards the catalytic
site of the metalloproteinase domain. The structures of
the peripheral loops in the cysteine-rich differ mark-
edly among these proteins, providing extended surface
areas, and this region has been designated as the
hypervariable region (HVR) (41). Each P-III SVMP
has a distinct HVR sequence, which results in distinct
surface features. They might, therefore, function in
specific protein�protein interactions, explaining the di-
versity of biological activities characteristic of P-III
SVMPs. The HVR may constitute an exosite that cap-
tures target molecules directly or through an
‘associated’ protein (40, 41).

As shown in Fig. 4, the independence of inhibition
from substrate concentration suggests that the mode
of inhibition of the SSP-1�HSF complex is non-
competitive and that SSP-1 binds to a non-catalytic
site of the enzyme. As mentioned earlier, HVR
(residues 563�583 in HV1) seems to be an exosite for
interaction with SSP-1. Figure 7 shows a schematic
model for HV1 inhibition by the complex. The binding
of SSP-1 to the HVR of the enzyme as an ‘associated’
protein (42) elicits a conformational change in a
cryptic site for HSF binding. HSF, which is brought
by SSP-1, may attack the enzyme and convert its
conformation to a non-productive form. The HSF-
binding site must reside in the metalloproteinase

SSP-1-HSF (nM) 

10 20 30 40

C
el

l v
ia

bi
lit

y 
(%

) 
100

80

60

40

20

0

VEC + + + 
HV1 - + + 
SSP-1-HSF - - + 

50

10

60

40

20

0

30

C
as

pa
se

 3
 a

ct
iv

ity
 

A

B

Fig. 6 Effects of SSP-1�HSF complex on viability and caspase-3

activation induced by HV1. (A) After VEC was treated with
SSP-1�HSF complex at the indicated concentrations in the presence
of HV1 (18 nM) for 24 h, viabilities were determined by MTT assay.
Results are shown by relative values (%). (B) Caspase 3 activity.
VEC was treated with or without 50 nM HV1 or HV1 plus
SSP-1�HSF complex (50 nM each) for 24 h. Caspase 3 activities were
assessed by cleavage of Ac-DEVDl-MCA as described in ‘Materials
and Methods’ section.
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Fig. 7 Schematic model of HV1 inhibition by SSP-1�HSF complex.

(A) Native HV1; (B) fully active intermediate; (C) non-productive
form of HV1. M, metalloproteinase domain; D, disintegrin-like
domain; C, cysteine-rich domain. A Zn2þ ion at the active site is
shown by a black circle. Note that SSP-1 plays a role of an ‘asso-
ciated’ protein (42), which binds to HVR in C domain and assists the
binding of substrate/inhibitor.
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domain because HSF inhibits P-I SVMPs and P-III
class enzymes. Regardless, HSF gains access to the
vicinity of the active site via SSP-1 and behaves like
a substrate, resulting in the inhibition.

Brevilysin H6 is an SVMP from Gloydius halys bre-
vicaudus venom (16). Initially, SSP-1 was discovered as
a weak inhibitor of this enzyme (8). Recently, we have
found that the inhibition of H6 by SSP-1 or HSF is
non-competitive (unpublished data). HSF also inhibits
many SVMPs irrespective of snake source (10), al-
though HV1 and some SVMPs are insensitive to
HSF. We speculate that these inhibitors bind to their
target enzymes through the HVR. SSP-1 is a
low-molecular weight protein that may target the exo-
sites of SVMPs. It may become a promising scaffold
for the design of specific inhibitors of SVMPs and
ADAM/ADAMTS proteins.
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