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A novel hemorrhagic metalloprotease, halysase, isolated from the snake venom of
Gloydius halys induces apoptosis in endothelial cells. The purified metalloprotease is
a monomeric glycoprotein with an isoelectric point of 4.8. Analysis of the cDNA
sequence encoding halysase revealed that the enzyme consists of multifunctional
domains including a proprotein domain, a protease domain, a disintegrin-like
domain and a cysteine-rich domain. The metalloprotease has a DECD sequence in the
disintegrin-like domain instead of the typical RGD sequence. Halysase strongly inhib-
its proliferation of human umbilical vein endothelial cells in a dose-dependent man-
ner as well as adhesion of the cells to extracellular matrix proteins. The enzyme spe-
cifically hydrolyzes not only extracellular matrix proteins such as fibronectin,
vitronectin, and type IV collagen, but also integrins a1pl and o«5p1. The apoptosis of
endothelial cells induced by halysase is closely associated with activation of caspase-
3 and decreased level of Bcl-X;/Bax. Apohalysase, which lacks metalloprotease activ-
ity, is also able to induce the apoptosis. Several lines of experimental evidence sug-
gest that the protease domain and the disintegrin-like domain of halysase coopera-
tively contribute to the induction of endothelial cell apoptosis.

Key words: apoptosis, disintegrin-like domain, endothelial cell, hemorrhagic metallo-
protease, protease domain.

Abbreviations: ADAM, a disintegrin and metalloprotease; BSA, bovine serum albumin; bFGF, basic fibroblast
growth factor; CIM, cysteine-isoleucine-methionine; CVM, cysteine-valine-methionine; DECD, aspartate-gluta-
mate-cysteine-aspartate; ECM, extracellular matrix; EDTA, ethylenediaminetetraacetic acid; FBS, fetal bovine
serum; HUVEC, human umbilical vein endothelial cell; MDC, metalloprotease/disintegrin/cysteine-rich; NC,
nitrocellulose; NLT, asparagine-leucine-threonine; PARP, poly ADP-ribose polymerase; PAS, periodic acid-Schiff’s
reagent; PBS, phosphate-buffered saline; PMSF, phenylmethanesulfonyl fluoride; PVDF, polyvinylidine difluo-
ride; SECD, serine-glutamate-cysteine-aspartate; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis; TCA, trichloroacetic acid.

Integrin-mediated cell adhesion to extracellular matrix
(ECM) plays an important role in regulating cell survival
and proliferation of anchorage-dependent cells such as
epithelial and endothelial cells (7). Cell-cell and cell-
extracellular matrix interactions provide cells with
essential information for controlling morphogenesis, cell
migration, tissue repair and cell death (2). Binding of
integrin to the extracellular matrix has been shown to
induce various intracellular responses including
increased pH levels, transient Ca2* influxes, and activa-
tion of focal adhesion (3). Endothelial cells play a critical
part in vascular homeostasis such as blood coagulation,
vascular contraction, and the control of vascular permea-
bility. In particular, endothelial cells are important in
wound healing, tumor progression and metastasis
because of their capacity for angiogenesis (4). Integrins of
endothelial cells participate in regulating these physio-
logical processes of the cells (5, 6).

Snake venom metalloproteases, belonging to the metz-
incin family, are classified into four major groups by their
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protein domain structures or cDNA sequences (7, 8).
Class P-I enzymes consist of only the protease domain of
about 25 kDa and are designated as low molecular
weight metalloproteases. Class P-II enzymes consist of
the protease and disintegrin domains and are known as
precursor forms of disintegrins. The disintegrin domain
might be released autocatalytically or by the action of
another unknown protease activity (8, 9). Class P-III
enzymes consist of proprotein, metalloprotease, disin-
tegrin-like and cysteine-rich domains and Class P-IV
enzymes have an additional disulfide-linked C-type lec-
tin domain. Metalloproteases from various snake venoms
induce hemorrhage by digesting components of the extra-
cellular matrix and by hydrolyzing various blood coagula-
tion factors. Recently, snake venom metalloproteases
such as HV1 (10, 11), VAP-1 (12), graminelysin I (13),
and agkistin (14) were reported to induce apoptosis of
human endothelial cells. However, the molecular mecha-
nism of this apoptosis is not clearly understood. Mamma-
lian proteins homologous to snake venom metallopro-
teases are classified into a disintegrin and metallo-
protease (ADAM) family. The first identified ADAM is
fertilin o/B, which is known to be essential for integrin-
mediated sperm-egg fertilization on the surface of sperm
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cells (15). Several ADAMs have been implicated in many
important cellular processes such as the release of tumor
necrosis factor-o by ectodomain shedding (16), myoblast
fusion (17), and neural development by the activation of
Notch receptors (18).

In this study, we report the purification and cDNA
cloning of a novel snake venom metalloprotease, desig-
nated as halysase, that is capable of inducing apoptosis of
human umbilical vein endothelial cells (HUVECs) and
suppressing the cell proliferation. Metalloprotease activ-
ity of the enzyme is able to hydrolyze not only ECM pro-
teins but also their cell surface integrin receptors. This is
the first report demonstrating that two distinct domains
of halysase, the metalloprotease domain and the disin-
tegrin-like domain, cooperatively contribute to induce
apoptotic cell death of endothelial cells.

MATERIALS AND METHODS

Materials—Fresh venom of Gloydius halys was
obtained from a local snake farm in Korea. Human fibrin-
ogen, human type II, IV, V collagens, heparin, trypsin,
Tween-20, Schiff’s reagent, and bovine serum albumin
(BSA) were purchased from Sigma Chemical Co. (St.
Louis, MO). SDS-PAGE gel, isoelectric focusing gel,
molecular weight markers, M199, gelatin, and fetal
bovine serum (FBS) were purchased from Invitrogen
(Carlsbad, CA). Vitronectin was obtained from TaKaRa
(Shiga) and TCA from Fisher Scientific (Springfield, NJ).
Human fibronectin was from Upstate Biotechnology
(Lake Placid, NY). Bovine collagen Type I was obtained
from Collaborative Biomedical Products (Bedford, MA).
Human integrin a1p1, a5p1, avp3, and avp5 were pur-
chased from Chemicon (Temecula, CA). Q-Sepharose fast
flow, phenyl-Sepharose, Mono-Q HR 5/5 column and
Superdex 75 H/R 10/30 column were products of Amer-
sham Biosciences (Uppsala, Sweden).

Purification of Halysase—One gram of crude venom
diluted with 50 ml of 20 mM Tris-HCI (pH 8.0) was
loaded onto a Q-Sepharose column (2.6 x 10 cm) pre-
equilibrated in the same buffer solution, sufficiently
washed with the buffer, and then eluted with the buffer
containing 50 mM NaCl. Metalloprotease activity was
assayed by analyzing the degradation pattern of fibrino-
gen and by observing the induction of HUVEC apoptosis.
Active fractions were pooled, concentrated and separated
in a Superdex 75 HR 10/30 gel filtration column (1 x 30
cm) equilibrated with PBS. Fractions that hydrolyze
fibrinogen were collected and dialyzed against 20 mM
Tris-HC1 (pH 8.0). Dialyzed sample was loaded onto a
Mono-Q HR 5/5 column (0.5 x 5 ¢m) equilibrated in 20
mM Tris-HCI (pH 8.0), then eluted with a linear gradient
of 0-1 M NaCl. The purified metalloprotease, named
halysase, was analyzed by SDS-PAGE and isoelectric
focusing.

Characterization of Halysase—N-terminal and inter-
nal amino acid sequences of halysase were determined by
Edman degradation with protein sequencer (PE Applied
Biosystems, Foster City, CA). To analyze the internal
amino acid sequences of the protein, 7.5 pM purified
halysase was partially digested with 0.1 nM trypsin for 3
h in 20 mM Tris-HCI (pH 8.0) buffer containing 150 mM
NaCl and 5 mM CacCl,. Purified halysase and trypsinized
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halysase were subjected to SDS-PAGE, then electro-
transferred to PVDF membrane (Bio-Rad, Hercules, CA).
The protein bands were analyzed with a protein sequencer.
PAS staining was carried out as previously described
(19). To deglycosylate the protein, 1.5 uM of denatured
halysase was incubated with 0.25 unit of N-glycosidase F
(Roche Applied Science, Mannheim, Germany) for 24 h at
37°C in 20 mM sodium phosphate (pH 7.5). Deglyco-
sylated halysase was examined by PAS staining on SDS-
PAGE.

c¢DNA Cloning of Halysase—The cDNA library of Gloy-
dius halys venom gland was constructed following the
protocols of the AZAP™XR cDNA cloning kit (Stratagene,
La Jolla, CA) and an in vitro packaging kit (Amersham
Biosciences) as described in our previous report (20). A
degenerated forward primer 5-TC(A/G/T/C)CA(A/G)TC
(A/G/T/C)AA(T/C)CTTACTCC-3' and reverse primer 5'-
CC(A/G)TT(A/G)TA(A/G)CA(A/G)TAA/G/T/C)CC(A/G)TT-
3’ were designed according to the determined N-terminal
amino acid sequence and internal sequence of halysase.
The polymerase chain reaction (PCR) was performed
with the designed primers and the PCR product was sub-
cloned into pGEM-T Easy vector (Promega, Madison,
WI). The sequence of the subcloned fragment was deter-
mined with an ABI PRISM Dye Sequencing Kit (PE
Applied Biosystems). To obtain full-length ¢cDNA of the
halysase, the rapid amplification of cDNA ends (RACE)
PCR was carried out with gene-specific primers designed
on the basis of the PCR fragment sequence. For the 5’
region of the cDNA, the PCR was performed with a gene-
specific antisense primer (5'-CGCCCAAGTAACCAAGT-
CCTGC-3') and SK primer. To obtain the 3’ region of the
cDNA, PCR was performed with a specific sense primer
(5'-GGAGGTGGGAGAAGATTGTGACTGTGGC-3") and T7
primer. The full-length cDNA sequence and the deduced
amino sequence of halysase were compared in the Gen-
Bank Swiss-Prot by using the BLAST search program.

Cloning, Expression, and Purification of the Disintegrin-
Like Domain—The ¢cDNA encoding the disintegrin-like
domain was cloned from the cDNA of halysase by PCR as
described in our previous report (21). The amplified
cDNA of the disintegrin-like domain was transferred into
Pichia pastoris expression vector, pPIC9 (Invitrogen).
The pPIC9-disintegrin-like domain vector was digested
with Sall (NEB, Beverly, MA) restriction enzyme. This
linearized plasmid was transformed into electro-compe-
tent GS115 cells (Gene Pulser, Bio-Rad). Stock P. pastoris
cells were grown at 30°C in 250 ml of glycerol minimal
medium. After 24 h, cells were collected by centrifugation
and transferred into 500 ml of methanol minimal
medium. A total of 0.5% methanol was added every 24 h
to induce recombinant protein expression for 2 days.
Ammonium sulfate was added to the collected superna-
tant to reach 2 M, and the resulting solution was loaded
onto a phenyl-Sepharose column followed by protein elu-
tion with a gradient of 2-0 M ammonium sulfate. The
disintegrin-like domain expressed by P. pastoris was fur-
ther purified by Q-Sepharose ion-exchange chromatogra-
phy and Superdex 75 gel filtration chromatography.
Newly induced recombinant protein corresponding to 8
kDa was monitored by SDS-PAGE analysis throughout
the purification procedure. N-terminal sequencing analy-
sis of the recombinant disintegrin-like domain was per-
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formed by automated Edman degradation procedure, and
the obtained sequence was compared with the cDNA-
deduced polypeptide sequence.

Enzyme Activity of Halysase—Fibrinolytic activity was
measured according to the pervious method (22). Human
fibrinogen (10 pg) was incubated with 15 nM purified
halysase or apohalysase in 20 mM Tris-HCl (pH 8.0) con-
taining 150 mM NaCl and 1 mM CaCl, at 37°C for 2 h.
Apohalysase was prepared by pre-incubating halysase
with 10 mM EDTA in 20 mM Tris-HCI (pH 7.5) for 24 h at
4°C. Then the reaction buffer was changed three times
with 20 mM Tris-HCI (pH 7.5) using Microcon-10 (Milli-
pore, Bedford, MA). Each ECM protein (2.5 x 5 ng),
including vitronectin, fibronectin, collagen type I, II, IV,
and V, was incubated with 75 nM halysase or apoha-
lysase in 20 mM Tris-HC1 (pH 8.0) containing 150 mM
NaCl and 1 mM CaCl,. The enzyme reaction was allowed
to proceed for 16 h at 37°C. Human integrins (3 pg each)
were also reacted with 45 nM halysase under the same
conditions. The proteolytic reaction products were ana-
lyzed by SDS-PAGE.

Cell Culture—HUVECs were cultured as previously
described (23). The cells were maintained on gelatin-
coated plastic dishes (Nunc, Roskilde, Denmark) in M199
culture media containing 20% (v/v) heat-inactivated FBS,
10 units/ml of heparin, 3 ng/ml of bFGF (Upstate Bio-
technology), and 1% (v/v) antibiotics. The endothelial
cells used in all experiments were from passages 3-5.

HUVEC Proliferation, Adhesion, and Tube Formation—
HUVEC proliferation assay was performed by measuring
incorporated [*H]thymidine (NEN, Boston, MA) (24).
HUVECS (2.5 x 10% cells/ ml) were incubated onto gelatin-
coated 48-well culture plates (0.25 ml/well) in complete
medium with 5% CO, for 24 h at 37°C. After starvation in
the basal media containing 1% FBS for 6 h, the cells were
cultured with the complete media containing each pro-
tein sample (2.5-20 nM) for 30 min, then treated with 3
ng/ml bFGF. Following an additional 3-h incubation, the
cells were pulsed with 1 uCi of [*H] hymidine for 9 h and
washed twice with PBS on ice. The cells were fixed with
3% (v/v) formaldehyde at 4°C for 5 min and washed twice
with PBS. Then, 5% (w/v) TCA was added, and incuba-
tion was continued for 15 min at 4°C. After washing twice
with PBS, the acid-insoluble precipitate was dissolved in
0.3 N NaOH for 30 min, then radioactivity was measured
with a liquid scintillation counter (Perkin-Elmer Life Sci-
ence, Boston, MA).

HUVEC adhesion assay was performed with modified
method as previously described (25). Culture plates (96-
well) were coated with 1 pg/well of several ECM proteins
for 16 h at 4°C. The plates were washed and incubated
with 1% (w/v) BSA for 2 h at 37°C. HUVECs (2 x 10° cells/
ml) were pre-incubated with 75 nM of halysase or sal-
mosin (25) for 30 min at 37°C. After washing the plates
with PBS, the cell suspension (0.1 ml) was added to each
coated well and incubated for 1 h at 37°C. Unattached
cells were then removed by washing with PBS. Attached
cells were fixed and stained with Coomassie blue R.
Absorbance at 540 nm was measured for individual wells
to determine the relative number of cells. Data were
expressed as the mean + SEM from three separate exper-
iments. Tube formation of the endothelial cells was per-
formed as previously described (26). A 24-well culture
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plate was coated with 0.25 ml/well of Matrigel (BD, Fran-
klin Lakes, NJ) solution, then incubated at 37°C for 1 h to
allow gel formation. HUVECs (4 x 10* cells/well) were
seeded on Matrigel with 5 ng/ml bFGF in the presence or
absence of 15 nM halysase, incubated at 37°C for 24 h,
then photographed.

Analysis of HUVEC Apoptosis—HUVECs were grown
on gelatin-coated 24-well culture plates until the cells
reached 70-80% of confluence. In fresh media, the cells
were incubated with 10 nM of each protein sample for 24
h at 37°C. Then, the cells were sequentially stained with
10 uM Hoechst 33258 (Sigma) for 30 min and propidium
iodide (Sigma) for 5 min. Nuclear fragmentation was
examined by inverted fluorescence microscopy (Carl
Zeiss, Jena, Germany).

Caspase-3 activity was determined colorimetrically
using a CaspACE Assay System (Promega). HUVECs
were grown on gelatin-coated 60-mm culture dishes. The
cells were incubated for 3-9 h with 10 nM halysase, har-
vested by scraping and centrifugation at 4°C, then lysed
in the lysis buffer by freezing and thawing. Caspase-3
assay was performed with the cell lysate in a 96-well
plate according to the manufacturer’s instructions. To
detect the activated caspase-3 and cleaved PARP, a major
substrate of caspase-3, in the cell lysate, Western blot
analysis was carried out. The cell lysate (30 pg) was sub-
jected to SDS-PAGE, and transferred onto NC mem-
brane. After blocking the transferred membrane with
PBS containing 0.05% (v/v) Tween-20 and 5% (w/v) skim
milk (Difco, Sparks, MD), it was incubated with anti-
cleaved caspase-3 antibody (Cell Signaling, Beverly, MA)
or anti-cleaved PARP antibody (Chemicon) for 2 h. The
membrane was washed four times with 0.05% Tween-20
in PBS for 20 min, then incubated for 2 h with goat anti-
rabbit Ig G conjugated to horse-radish peroxidase (Accu-
rate, Westbury, NY). After extensive washing, the
immune complex was visualized using chemilumines-
cence (Amersham Biosciences).

Analysis of Apoptosis-Regulating Proteins—In the lysate
of halysase-induced apoptotic endothelial cells, apopto-
sis-regulating proteins were analyzed by Western blot
assay. An anti-Bcl-2 polyclonal antibody, anti-Bcl-X;, poly-
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Fig. 1. SDS-PAGE of purified halysase. (A) Purified halysase
was analyzed in 4-20% gradient SDS-PAGE under reducing condi-
tions (lane 1) and non-reducing conditions (lane 2). (B) Isoelectric
focusing of halysase in the range of pH 3-10. (C) Carbohydrate
staining of halysase (lane 1) and deglycosylated halysase (lane 2)
with PAS reagent in SDS gel. Halysase was deglycosylated with N-
glycosidase as described in “MATERIALS AND METHODS.” Deglyco-
sylated halysase was stained with CoomassieBblue (lane 3).
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ccagecctccaaaATGATCCAAGTTCTCTTGGTAACTATATGCTTAGCAGTTTTTCCTTATCAAGGGAGTTCTATA
M I Q v L L v T I C L A v F P Y Q G S S I
ATCCTGGAATCTGGGAACGTGAATGATTATGAAGTAGTGTATCCACGAAAAGTCCCTGCATTGCCCAAAGGAGCA
I L B S G N ' N D Y E v v Y P R K v P A L P K G A
GTTCAGCCAAAGTATGAAGACGCCATGCAATATGAATTTAAAGTGAATGGAGAGCCAGTGGTCCTTCACCTGGAA
v Q P K Y E D A M Q Y E F K A% N G E P v % L H L E
AAAAATAAAGGACTTTTITTCAGAAGATTACAGCGAGACTCATTATTCCCCTGATGGCAGAGAAATTACAACAAAC
K N XK 6 L ¥ 8 E D Y s E T H Y 8 P D G R E I T T N
CCTCCAGTTGAGGATCACTGCTATTATCATGGACGCATCCAGAATGATGCTGACTCAACTGCAAGCATCAGTGCA
P P A% E D H C Y Y H G R I Q N D A D S T A S I ) A
TGCAACGGTTTGAAAGGACATTTCACGCTTCAAGGGGAGACATACCTTATTGAACCCTTGAAACTTCCCGACAGT
¢ N ¢ L K G H F T L @ G E T Y L I E P L K L P D 8
GAAGCCCATGCAGTCTTCAAATATGAAAACGTAGAAARAAGAGGATGAGGCCCCCAARARATGTGTGGGGTAACCCAG
E A H A v F K Y E N v E K E D E A P K M c G v T Q
AATTGGGAATCATATGAGCCCATCAAAAAGGCCTCTCAGTCAAATCTTACTCCTGAACAACAAAGATACTTGAAC
N W E S Y E P I K K A 8 ©Q 8 N L T P E Q Q@ R Y L N
GCCAAAAAATACGTGAAGCTTGTCATGGTTGCAGACTACATAATGTACTTGAAATATGACCGCAATTTAACTACT
A K K Y ¥ K L V M VvV A D Y I M Y L K Y D R N L T T
GTAAGAACAAGAATGTATGATATTGTCAACGTTATAAATGTGATTTACCAACGTATGAATATTCATGTAGCACTG
\ R T R M Y D I v N v I N A% I Y Q R M N I H v A L
GTTGGCCTAGAAATTTGGTCCAACAAAGATAAATTTATCCTGCGGTCAGCAGCGGATGTTACTTTGAAGTTATTT
v G L E I W S N K D K F I L R S A A D \ T L K L B
GCAACCTGGAGAGAGACAGATTTGCTGAAGCGCAAAAGTCACGATAATGCCCAGTTACTCACGGGCATTAATTTC
A T W R E_T D L L K R X S H D N A Q L L T G I N F
AATGGACCAACTGCAGGACTTGGTTACTTGGGCGGCATATGTAACCCAATGTATTCTGCAGGAATTGTTCAGGAT
N 6 P T A G L 6 Y L 6 6 I ¢ N P M Y S A G I VvV Q D
CATAACAAAATACACCATTTGGTTGCAATTGCAATGGCCCATGAGATGGGTCATAATCTGGGCATTGATCATGAC
H N X I H H L Vv A I A M A H E M G H N L G I D H D
AAAGATACCTGTACTTGCGGGGCTAAGTCATGTGTTATGGCTGGGACACTAAGCTGTGAAGCTTCCTATCTGTTC
K D T C T c G A K S c v M A G T L S C E A S Y L F
AGCGATTGTAGTCGGAAAGAACATCAGGCGTTTCTTATTAAAGACATGCCTCAATGCATTCTCAAGAAACCCTTG
S D C S R K E H Q A F L I K D M P Q C I L K K P L
AAAACAGATGTTGTTTCACCTCCAGTTTGTGGAAATTACTTTGTGGAGGTGGGAGAAGATTGTGACTGTGGCTCT
K T D A% v S P P v C G N Y F v E v G B D C D C G S
CCTGCAACTTGTCCGAGATTCATGCTGTGATGCTGCAACCTGTAAACTGAGACAAGGAGCACAGTGTGCAGAAGGA
P A T C R D S C C D A A T C K L R Q G A Q C A E G
CTGTGTTGTGACCAATGCAGATTTAAGGGAGCAGGAACAGAATGCCGGGCAGCAACAGATGAGTGTGACATGGCT
L C C D Q C R F K G A G T E C R A A T D E C D M A
GATCTCTGCACTGGCCGATCTGCTGAGTGTACAGATCGCTTCCARAGGAATGGACAACCATGCCAAAACAACAAC
p L ¢ T G R S A E C T D R F Q R N
GGTTACTGCTACAATGGGAAGTGCCCCATCATGACAGACCAATGTATTGCT
G Y ¢ ¥y N G K ¢ P I M T D ¢© C I A L F G P N A A V
TCTGAAGATGCATGTTTTCAGTTTAATCTTGAGGGCAATCATTATGGCTACTGCAGAAAGGAACAAAATACAAAA
s E D A C F Q F N L E GG N H Y G Y C R K E © N T K
ATTGCATGTGAACCACAAAATGTAAAATGTGGCAGGTTATACTGCATAGATAGTTCACCTGCAAACAAGAATCCT
I A C E P Q N \' K C G R L Y C I D S S P A N K N P
TGCAATATCTACTATTCACCCGGTGATGAAGATAAGGGAATGGTTCTTCCTGGAACAAAATGTGCAGATGGAAAG
c N I Y Y S P G D E D K G M \'% L P G T K C A D G K
GCCTGCAGCAACGGACAGTGTGTTGATGTGAATAGAGCCTCCtaatcaacctttgacttctctcagatttgattt
A C S N G Q C \'% D v N R A S *
tggagattcttcetttcagaaggtttggettcoctecaagtecaaagagacccatcetgectgeatecttectagtaaa
tcacccttagectttettcectecacatttaatctgtttacecttttgetgtaatcaaacctttteecccaccacaaagce
tccatgggcaaacataacaccaagggcttatttgetgttaagaaaaaacaatggcecattttaccatttgeccaatt
gcaaagtacatttaatgcaacaagttectgectttagagetggtgtattecgaagtcaatgettecteteccaaaat
tttgtgctggectttccaagatgtagetgettccatcaataaactattttcattctgaaaaaaaaaaaaaaa
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Fig. 2. cDNA and deduced amino acid sequences of halysase.
cDNA coding regions are shown in capital letters, and the 5'- and 3'-
untranslated regions in small letters. The deduced amino acid
sequence is denoted by one-letter symbols. Degenerated primers for
the ¢cDNA cloning were designed on the basis of the underlined

clonal antibody, anti-Bad polyclonal antibody (Santacruz
Biotechnology, Santacruz, CA), and anti-Bax polyclonal
antibody (Delta Biolabs, Campbell, CA) were used in
Western blot analysis with anti-a-tubulin polyclonal
antibody (Accurate) as a control.

RESULTS

Purification and Characterization of Halysase—A
novel hemorrhagic metalloprotease was isolated from the
snake venom of Gloydius halys and designated as
halysase. The crude venom was initially fractionated by
anion-exchange chromatography in a column of Q-Sepha-

amino acid sequences determined by Edman degradation. Internal
amino acid sequences of trypsinized halysase determined by protein
sequence analysis are shown by dotted underline. Termination codon
and polyadenylation signal are underlined in bold-faced small let-
ters.

rose. The active fractions recovered in 50 mM NaCl were
assayed by monitoring degradation of fibrinogen as well
as induction of endothelial cell death. Superdex 75 gel fil-
tration and Mono-Q anion-exchange chromatography
were performed for further purification. Purified
halysase showed an apparent molecular mass of 66 kDa
on SDS-PAGE analysis under reducing conditions (Fig.
1A, lane 1). The protein migration pattern of the purified
enzyme in SDS-PAGE was slightly different depending
on whether or not the polypeptide chain was reduced
(Fig. 1A). Such a difference in protein mobility may be
due to the physical properties of the polypeptide chain
bearing multiple disulfide bonds.
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Fig. 3. Comparison of deduced amino acid sequences. Deduced
amino acid sequence of halysase is aligned with that of other snake
venom metalloproteases. The GenBank accession numbers of the
cDNA sequences of HR1a and MT-a are AB074143 and AF051787,
respectively. In the proprotein domain (A), the cysteine switch motifs

Proprotein domain

i 100
MIQVLLVTICLAVFPYQGSSIILESGNVNDYEVVYPRKVPALPKGAVQPKYEDAMQYEFKVNGEPVVLHLEKNKGLFSEDYSETHYSPDGREITTNPPVE
MIQVLLYTISLAVFPYQGSSVILESGNVNDYEVVYPRKVTALPKGAVQPKYEDAMQYEFKVNGEPVVLHLEKNKGLFSEDYSETHYSPDGREITTYPPVE
MIQVLLVTICLAVFPYQGSSIILESGNVNDYEVVYPRKVTALPKGAVQQKYEDAMQYEFTYNGEPVVLHLEKNKGLFSEDYSETHYSPDGREITTNPPVE
MIQVLLVTICLAAFPYQGSSIILESGNVNDYEVVYPRKVTALPKGAVQPKYEDAMQYEFKVNGEPVVLHLGKNKQLFSKDYSETHYSPDGREITTNPPVE
MIQVLLVTICLAVFPYQGSSIILGSGNVNDYEVVYPRKVTAVPKGAVQPKYEDTMQYEFKVNGEPVVLHLEKNKGLFSKDYSETHYSPDGREITTYPSVE
111 182
DHCYYHGRIQNDADSTASISACNGLKGHFTLQGETYLIEPLKLPDSEAHAVFKYENVEKEDEAPKMCGVTQ-NWESYEPIKKA
DHCYYHGRIENDADSTASISACNGLKGHFKLQGEMYLIEPLKLPDSEAHAVFKYENVEKEDEAPKMCGVTQ-NWESYEPIKKA
DICYYHGRIQNDADLTASISACDGLKGHFKLQGETYIIEPLKLPDSEAIAVFKYENVEKEDEAPKMCGVTQSNWESDESIKED
DHCYYHGRIENDADSTRSISACNGLKGHFKLQGETYLIEPLKLSDSEAHAVYKYENILKEDEAPKMCGVTQ-NWESYEPIKKA
DHCYYHGRIQNDADSTASISACNGLKGHFKLQGEMYLIEPLRFSDSEAHAVFKYENVEKEDEARPKMCGVTOTNWESDEPIKKA

Metalloprotease domain

283 282
SQSNLTPEQQRYLNAKKYVKLVMVADYIMYLKYDRNLTTVRTRMYDIVNVINVIYQRMNIHVALVGLEIWSNKDKFILRSAADVTLKLFATWRETDLLKR
SQSNLTPEQQRYLNAKKYVKLFLVADYIMYLKYGRNLTAVRTRMYDIVNVITPIYHRMNIHVALVGLEIWSNTDKIIVQSSADVTLDLFAKWRATDLLSR
SQSNLTPAQQKYLNAKKYVKFFLVADHIMYLKYGRNLTTLRTRMFDTVNIVNQILQRINIHVALIGIEZWSKEDKIIVQSVPDVTLKLFATWRESVLLKR
SQLNLTPEQQRY-NPFRFVELVLVADKGMVTKNNGDLNKIKTRMYELANNLNDIYRYMYIHVALVGVEIWSDGDKITVTPNVDDTLSSFAEWRKTHLLTR
SKLVVTAEQQRYLNNFRFIEZELVIVADYRMFTKFNSNLNEVKTWVYEIVNTLNEIYRYLYVRVALVALEVWSNGDLSSVTLSAYDTLDSFGEWRKRDLLKR

283 382
KSHDNAQLLTGINFNGPTAGLGYLGGICNPMYSAGIVQDHNKIHHLVAIAMA[HEMGHNLGIDHD|JKDTCTCGAKS CVMAGTLSCIASYLFSDCSRKEHQAF
KSHDNAQLLTGINFNGPTAGLGYLGGICNTMYSAGIVQDHSKIHHLVAIAMAHEMGHNLGMDHDKDTCTCGTRP CVMAGALSCEASFLFSDCSQKDHREF
KNHDNAHLLTGINFNGPTAGLAYLGGICKPMYSAGIVQDHNKIHHLVAIAMAHEMGENLGMDHDIKDTCTCRAKACVMAGTLS CDASYLFSDCSRQEHRAF
KKHDNAQLLTAIDFNGPTIGYAYIASMCHPKRSVGIVQDYSPINLVLSVVMAHEMGHNLGIHADHSYCSCGDYACTIMGATISHEPSTFFSNCSYIQCWDF
KSHDNAQLLTAIDFNGTIIGLAHVASMCDPKCSTGIVQODYSSRNLVVAVIMAHEMGHNLGIRHDJRENCTCHANS CIMSAVISDOPSKYFSNCSHVQYWNY
383 411
LIKDMPQCILKKPLKTDVVSPPVCGNYFV
LIKNMPQCILKKPLKTDVVSPAVCGNYFV
LIKNMPQCILKKPLKTDVVSPPVCGNYFV
IMDHNPECIVNEPLGTDIVSPPVCGNELL
INDDEPQCILNEPLRTDIVSPPVCGNELL

Disintegrin-like domain
412 487
EVGEDCDCGSPATCRDSCCDAATCKLRQGAQCAEGLCCDQCRFKGAGTECRAATDECDMADLCTGRSAEC-TDRFQR
EVGEECDCGSPRTCRDPCCDATTCKLRQGAQCAEGLCCDQCRFKGAGTECRAAKDECDMADVCTGREAEC- TDRFQR
FEVGRDCDCGSPATCRPPCCDAATCKLRQGAQCARGTCCDQURFKAAGTRECRAATDECDMADT CTGRSARC - TDRFQR
EVGEECDCGTPENCQNECCDAATCKLKSGSQCGHGDCCEQCKFSKSGTECRESMSECDPAEHCTGQSSECPADVFHK
EVGEECDCGSPATCRYPCCDAATCKLHSWVECESGECCEQCRFRTAGTECRARRSECDIAESCTGHSADCPTDRFHR

Cysteine-rich domain

488 587
NGQP QNNNGY YNGK PIMTDQ IALFGPNAAVSIDA FQFNLEGNHYGY RKEQNTKIA EPQNVK GRLY IDSSPANKNP NIYYSPGDEDKGMVL
NGOPCKNNNGYCYNGKCPIMADQCIALFGPGATVSQDACFQFNREGNHYGYCRKEQNTKIACEPQDVKCGRLYCFPKSPENKNPCNIYYSPNDEDKGMVL
NGQPCONNNGYCYNRTCPTMNNQCIALFGPKAAVSQDACFQFNRQGNYYGYCRKEQNTKIACEPQNVKCGRLYCIDSSPAKKNPCNIIYSPNDEDKGMVL
NGOPCLHNYGYCYNGNCPIMYHQCYALWGADVYEAEDSCFESNKKGNYYGYCRKENGKKIPCAPEDVKCGRLYCKDNSPGONNPCKMFYSNEDEHKGMVL
NGQPCLHNFGYCYNGNCPIMYHQCYALWGANATVAKDSCFEDNQKGNDYGYCRKENGRKIPCEPQDVKCGRLYC- - - SLGNQLPCRFFYTPTDENIGMVD
588 610
PGTK ADGKA -SNGQ VDVNRAS
PGTKCADRKAC-SNGQCVDVTTPY
PGTKCADGMACNSNGQCVDVNRTY
PGTKCGDGKVC-SNGHCVDVATAY

TGTKCGDKKVC-SNRQCVDVNTAY

are underlined. In the metalloprotease domain (B), the consensus served cysteine residues are shown by dots.
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sequence of zinc-binding site of MDC or ADAM proteins is boxed,
and the methionine-turn region is shown in italics. The putative gly-
cosylation sites of halysase are underlined. In the disintegrin-like
domain (C), the DECD or SECD sequence that is recognized by
integrin receptor is underlined. In the cysteine-rich domain (D), con-
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Fig. 4. Proteolytic degradation of fibrinogen and ECM pro-
teins by halysase. Fibrinogen (A) and ECM proteins (B) were
incubated with or without halysase, and then analyzed by 4-20%
gradient SDS-PAGE under reducing conditions. Fibrinogen was
reacted with halysase for 0-120 min at 37°C in 20 mM Tris-HCI (pH
8.0) containing 150 mM NaCl and 1 mM CaCl,. As a control, fibrin-
ogen was incubated for 120 min under the same conditions with
apohalysase prepared by EDTA treatment (Apo). Several ECM pro-
teins (lanes 1) were incubated with apohalysase (lanes 2) or
halysase (lanes 3) for 16 h under the same conditions as described
above.

Isoelectric focusing analysis revealed that halysase is a
rather acidic protein with a pl of 4.8 (Fig. 1B). PAS stain-
ing result indicated that the purified halysase is a glyco-
protein (Fig. 1C, lane 1). When the covalently attached
carbohydrate structures were removed from halysase by
N-glycosidase treatment, the protein band that gives
negative reaction with PAS (Fig. 1C, lane 2) migrated as
a smaller molecular size, corresponding to 47 kDa, than
its native form (Fig. 1C, lane 3).

c¢DNA Cloning of Halysase—Molecular cloning of cDNA
encoding halysase was carried out with oligonucleotide
primers designed on the basis of the N-terminal and
internal amino acid sequences of the protein as described
in Materials and Methods. Sequence analysis revealed
that the ¢cDNA clone consists of 2,246 bases including a
5-end non-translating region of 12 nucleotides, an open
reading frame of 1,833 nucleotides, and a 3’-end non-
translating region of 401 nucleotides containing the ter-
mination codon AATAAA and a polyadenylation site (Fig.
2). Based on the deduced polypeptide sequence, the open
reading frame of the ¢cDNA is composed of 610 amino
acids, corresponding to the calculated molecular mass of
67.65 kDa. A signal sequence of 18 amino acids was
found in the N-terminal region of the deduced polypep-
tide sequence. The signal sequence was followed by a pro-
protein domain, a metalloprotease domain, a disintegrin-
like domain and a cysteine-rich domain. The N-terminal
sequence determined directly by Edman degradation

W.-K. You et al.

indicated that the purified halysase polypeptide chain is
devoid of the proprotein domain.

A search of the GenBank database revealed that
halysase has strong sequence similarity with other mem-
bers of the apoptosis-inducing snake venom metallopro-
tease/disintegrin/cysteine-rich (MDC) family, such as
HV1 from Trimeresurus flavorviridis (11) and VAP1 from
Crotalus atrox (12). Sequence homologies of halysase
with HV1 and VAP1 were 87% and 88%, respectively
(Fig. 3). The cysteine switch motif, PKMCGVT, was con-
served in the proprotein domain (Fig. 3A) and the charac-
teristic zinc-chelating sequence of MDC or ADAM pro-
tein, HEXXHXXGXXHD, was found in the protease
domain of halysase (Fig. 3B). Residues His285, GIn289,
and I1e294, which are generally conserved in hemor-
rhagic proteases, may be responsible for binding of the
metalloprotease to the basement membrane (27). How-
ever, the methionine-turn CIM, which is involved in zinc-
binding (28), was replaced by CVM in the protease
domain of halysase. The disintegrin-like domain of
halysase contained a DECD sequence in place of the RGD
sequence (Fig. 3C).

Enzyme Activity of Halysase—Most snake venom met-
alloproteases, whether hemorrhagic or non-hemorrhagic,
hydrolyze fibrinogen. The fibrinogenolytic activity of
halysase was investigated by reacting the enzyme with
human fibrinogen at 37°C. When the enzyme reaction
products were analyzed on SDS-PAGE, halysase was able
to completely degrade the fibrinogen Aa chain in 2 h
without significant enzymatic cleavage of B and y chains
(Fig. 4A). Proteolytic activity of halysase was also exam-
ined with several ECM proteins. Type IV collagen,
fibronectin and vitronectin were good substrates for
halysase reaction, whereas the enzyme could not degrade
types I, I, and V collagens (Fig. 4B). However, the cata-
lytic activity was completely lost by pre-treatment of the
enzyme with metal chelating agent such as EDTA (Fig.
4). When apohalysase was stored in a buffer solution con-
taining 2.5 mM CaCl, and 1 mM ZnCl,, the apoenzyme
failed to regain its catalytic activity to hydrolyze fibrino-
gen (data not shown).

HUVEC Proliferation, Tube Formation, and Adhesion—
To examine the functional properties of halysase at the
cellular level, HUVEC proliferation was observed by
measuring thymidine incorporation in the presence or
absence of the enzyme. Figure 5A shows that halysase
retains potent activity to inhibit the endothelial cell pro-
liferation in a dose-dependent manner. HUVEC prolifera-
tion is well known to be highly stimulated by bFGF treat-
ment (29). In this bFGF-induced HUVEC proliferation
system, intracellular DNA synthesis was significantly
reduced in the presence of halysase. Interestingly, how-
ever, apohalysase, which is devoid of metal ions in its
metalloprotease domain, was also able to inhibit the pro-
liferation to about 50% of the extent of inhibition by
native enzyme. These experimental results demonstrate
that the proteolytic activity of halysase is partly associ-
ated with the inhibition of endothelial cell proliferation.
It is also conceivable that another functional domain
such as the disintegrin-like domain may be involved in
the suppressed proliferation. To clarify the functional
role of the independent disintegrin-like domain (Fig. 3C),
c¢DNA encoding the domain was cloned and expressed in

oJ. Biochem.
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Fig. 5. Inhibition of bFGF-induced HUVEC proliferation and
adhesion. (A) HUVECs (6.25 x 103 cells) were pretreated with 2.5—
20 nM protein sample for 3 h at 37°C in the presence of 3 ng/ml
bFGF, then incubated with 1 uCi [*H]thymidine for 9 h, followed by
radioactivity measurement in liquid scintillation counter. As a con-
trol, the cells were pretreated with 3 ng/ml bFGF alone. (B) The dis-
integrin-like domain of halysase was expressed in Pichia pastoris.
Purified recombinant protein was analyzed by 4—20% gradient
SDS-PAGE. (C) ECM proteins were immobilized onto a 96-well
plate, then incubated for 1 h with HUVECs (2 x 10 cells) pretreated
with PBS (1), BSA (2), salmosin (3), and halysase (4). Attached cell
numbers were measured as described in “MATERIALS AND METHODS.”
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Fig. 6. Inhibition of bFGF-induced HUVEC tube formation.
HUVECs (4 x 10% cells) were grown for 24 h at 37°C on Matrigel con-
taining 5 ng/ml of bFGF in the absence (A) or presence (B) of 15 nM
halysase, followed by microscopic observation.
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Fig. 7. Induction of HUVEC apoptosis by halysase. HUVEC
apoptosis was observed under a light microscope (A;—D;) and an
inverted fluorescence microscope (A,—D,). HUVECs were cultured
for 24 h at 37°C on gelatin-coated culture plate (A;, A,) with 10 nM
apohalysase (B;, By), recombinant disintegrin-like protein (C;, C,)
or halysase (D;, D,). Samples were stained with 10 uM Hoechst
33258 and propidium iodide (A;—D,). Open and closed arrows indi-
cate apoptotic cells stained with Hoechst 33258 and propidium
iodide, respectively. The percentage of apoptotic endothelial cells
(E) was measured in randomly selected microscopic fields.
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Fig. 8. Caspase-3 assay and analysis
of apoptosis-regulating proteins in
apoptotic HUVEC. HUVECs were
treated with PBS at 37°C for 9 h as a
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with 10 nM halysase for 3 h (b), 6 h (c),
and 9 h (d). Caspase-3 activity in the
cell lysate was measured by colorimet-
ric assay (A). Activated caspase-3 and
cleaved PARP were examined by West-
ern blot (B). Levels of Bcl-2 family pro-
teins were also estimated by Western
blot analysis (C). (A) The cell lysate
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substrate, Ac-DEVD-p-nitroanilide for
6 h, and absorbance 405 nm was meas-
ured during the reaction. (B) The cell
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lysate was subjected to SDS-PAGE, and the activated caspase-3 and cleaved PARP were identified with the anti-cleaved caspase-3 antibody
and the anti-cleaved PARP antibody, respectively. (C) Bcl-2 family proteins in the cell lysate were analyzed by SDS-PAGE with their corre-

sponding antibodies as described in “MATERIALS AND METHODS.”

Pichia pastoris (Fig. 5B). The recombinant disintegrin-
like protein containing a DECD sequence in the putative
integrin-binding motif was also able to inhibit the bFGF-
induced HUVEC proliferation in a dose-dependent man-
ner, and its inhibitory activity was comparable to that of
apohalysase (Fig. 5A).

To investigate the functional characteristics of the dis-
integrin-like domain in halysase, endothelial cell adhe-
sion assay was performed with several ECM proteins
(Fig. 5C). As evidenced in our previous report (25), RGD-
containing disintegrin, salmosin, significantly sup-
presses the cell adhesion to vitronectin. Unlike salmosin,
halysase remarkably inhibited adhesion of the endothe-
lial cells to fibronectin. These results imply that the dis-
integrin-like domain of halysase interacts more strongly
with Bl-containing integrins than with other integrin
species on the cell surface. The functional role of halysase
was further examined by carrying out tube formation
assay of HUVECs in Matrigel in the presence or absence
of the protein. Formation of a 3-dimensional network
structure of the cells induced by proliferation and migra-
tion can be visualized in the assay system (26). As illus-
trated in Fig. 6, halysase strongly suppressed bFGF-
stimulated tube formation of HUVECs in Matrigel con-
taining various ECM proteins.

Induction of HUVEC Apoptosis—Based on the experi-
mental results indicating that halysase inhibits HUVEC
proliferation, the endothelial cells were initially observed
under light microscope in the presence or absence of each
protein sample (Fig. 7). The endothelial cells incubated
with apohalysase, recombinant disintegrin-like domain,
and halysase generated apoptotic bodies as well as float-
ing cells with typical changes in morphology including
cell shrinkage and formation of blebs on the cell surface
(Fig. 7, By, C;, and D). Analysis of cells stained with
Hoechst 33258 and propidium iodide under fluorescence
microscope also exhibited nuclear fragmentation of apop-
totic endothelial cells (Fig. 7, B,, C,, and D,). A quantita-
tive analysis by counting the number of apoptotic cells
revealed that both apohalysase and the recombinant dis-
integrin-like domain are much less potent inducers of
apoptosis than native halysase (Fig. 7TE). These results
are consistent with the previous experimental observa-
tion that the proteolytic activity of halysase partly con-

tributes to the inhibition of cell proliferation (Fig. 5A).
Staining of fragmented DNA in the apoptotic cells with
propidium iodide indicated that the plasma membrane of
the endothelial cell was destroyed (Fig. 7, closed arrows).
DNA staining of the cells with Hoechst 33258, a mem-
brane-permeable dye, demonstrated that cells in the ini-
tial stage of apoptosis retained an intact plasma mem-
brane (Fig. 7, open arrows).

Analysis of Caspase-3 Activation and Apoptosis Regu-
lating Proteins—In an attempt to get more information
about halysase-induced HUVEC apoptosis, caspase-3
activity was monitored with a colorimetric substrate, Ac-
DEVD-p-nitroanilide. When the cells were treated with
halysase, caspase-3 activity gradually increased with
incubation time (Fig. 8A). The activated caspase-3 was
also confirmed by Western blot analysis using a specific
antibody against it (Fig. 8B, lanes ¢ and d). PARP, a 116-
kDa poly ADP-ribose polymerase, is a nuclear enzyme
implicated in the apoptosis response. This protein, which
is one of the main in vivo cleavage substrates of activated
caspase-3, is cleaved into two fragments, an N-terminal
24-kDa fragment and a C-terminal 89-kDa catalytic
domain. The cleaved 89-kDa PARP fragment also
increased with the incubation time (Fig. 8B, lanes ¢ and
d). Experimental results suggest that halysase-induced
apoptosis of endothelial cells is mediated by caspase-3,
one of the key regulators of apoptosis.

Alterations in the level of Bcl-2 family proteins that
regulate apoptosis (30) were examined by Western blot
analysis in the endothelial cells treated with halysase
(Fig. 8C). Among the anti-apoptotic Bel-2 family proteins,
Bcl-X, decreased remarkably in the apoptotic HUVECs
as incubation time with halysase increased, while Bax
was increased during the apoptosis. However, the levels
of Bcl-2 and Bad were not affected in halysase-induced
apoptosis of the endothelial cells. Taken together, these
results suggest that the characteristic apoptotic event of
HUVEC induced by halysase is principally associated
with down-regulation of Bcl-X; and decreased level of
Bcl-X;/Bax.

Degradation of Integrins by Halysase—To further
explore the metalloprotease activity, several types of
integrins were reacted with halysase in vitro, then the
enzyme activity was analyzed by SDS-PAGE. Proteolytic

oJ. Biochem.

ZT0Z ‘62 equisides uo eidsoH uensuyd enybueyd 1e /Bio'seulnolpiogxo-qli:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Endothelial Cell Apoptosis by Snake Venom Metalloprotease

olfl  a5p1 owB3 ovBs

kDa 1 2 1 2 1 2 1 2
200 —
— —
’—I -z---"
- -
116 — - - - AA .-
66 —

Fig. 9. Degradation of integrins by halysase. Each human
integrin (lanes 1) was reacted with halysase (lanes 2) at 37°C for 16
h in 20 mM Tris-HCI (pH 8.0) containing 150 mM NaCl and 1 mM
CaCl,. Proteolytic degradation of the integrins was examined by
SDS-PAGE.

activity of halysase was able to degrade integrins a1p1
and a5B1, but not integrins avp3 and avp5 (Fig. 9, lanes
2). It is interesting to note that integrins composed of f1
subunit were more susceptible to the enzymatic hydroly-
sis than other types of integrins. These observations are
correlated with those of the adhesion assay, suggesting
that halysase more strongly inhibits the endothelial cell
adhesion to fibronectin that binds to integrin o551 on the
cell surface than to other ECM proteins. It has been
reported that not only integrin avp3 but also f1-contain-
ing integrins such as integrin a2p1 and o5B1 play an
important role in anchorage-dependent cell survival (31,
32). In halysase-induced apoptosis of endothelial cells,
proteolytic degradation of integrins may result in dys-
function of integrins on the cell surface, which are closely
associated with apoptosis.

DISCUSSION

The biochemical and physiological significance of func-
tionally distinct protein modules such as the disintegrin-
like domain and the metalloprotease domain of MDC or
ADAM proteins has not yet been elucidated. In the case
of snake venom metalloprotease, it was suggested that
the two distinct protein domains are autoproteolysed
from the precursor during venom collection and protein
purification (8, 9). We also proposed in our previous
report that the disintegrin domain in a snake venom met-
alloprotease modulates the catalytic function of the
enzyme in hydrolyzing extracellular matrix proteins (20).

In this work, we report the purification and cDNA clon-
ing of a novel snake venom metalloprotease, halysase,
from Gloydius halys. The deduced amino acid sequence
from the cDNA encoding halysase revealed that the met-
alloprotease has multifunctional domains including a
proprotein domain, a protease domain, a disintegrin-like
domain and a cysteine-rich domain. Since halysase has
35 cysteines, the different mobilities of the enzyme on
SDS-PAGE under reducing and non-reducing conditions
may be due to the presence of multiple intrachain
disulfide bridges of the polypeptide chain (Fig. 1A, lane 1
and 2). Although the estimated molecular mass of
halysase, a glycoprotein, was 66 kDa in SDS-PAGE anal-
ysis (Fig. 1A, lanel), the deglycosylated polypeptide size
was determined to be 47 kDa (Fig. 1C, lane 3) which is
consistent with the calculated mass of the deduced
sequence. As indicated in Fig. 3, there is a putative glyco-
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sylation site, N218-1.-T220  in the halysase polypeptide
chain.

Since native halysase and apohalysase exhibited dis-
tinct potencies in suppressing DNA synthesis of
HUVECs (Fig. 5A), it is evident that the catalytic func-
tion of halysase is associated with proliferation of the
cell. However, it has to be considered that the metallopro-
tease activity of halysase is not the only element respon-
sible for the suppressed proliferation, because apoha-
lysase was also able to significantly inhibit the
proliferation. It is reasonable to speculate that the
observed residual activity of apohalysase to inhibit the
cell proliferation might be due to the disintegrin-like
domain of the enzyme. This was further supported by the
experimental evidence showing that the recombinant dis-
integrin-like domain inhibits the endothelial cell prolifer-
ation with comparable potency to the apohalysase (Fig.
5A). In most anchorage-dependent cells, cellular proc-
esses such as proliferation and migration are mediated
by various integrins on the cell surface. Therefore, it is
possible to suggest that the disintegrin-like domain of
halysase plays an important role in inhibiting the
endothelial cell adhesion to ECM proteins or tube forma-
tion of the cells (Figs. 5C and 6). Similar results obtained
with a typical snake venom disintegrin, salmosin (25),
strongly support the functional significance of the disin-
tegrin-like domain of halysase. It is well known that the
disintegrins interact with diverse integrin species (33,
34). Like salmosin, disintegrins containing the RGD
sequence have been reported to inhibit proliferation and
migration of endothelial cells (25, 35) and smooth muscle
cells (36) by interacting with integrin avf3, which is a
major receptor for vitronectin. On the other hand, the
disintegrin-like domain of halysase containing the DECD
sequence in place of RGD sequence appears to interact
with integrins containing the p1 subunit, such as a5p1,
which is a major receptor for fibronectin. There is a
report indicating that a snake venom metalloprotease,
jararhagin, containing the SECD sequence in its disin-
tegrin-like domain inhibits platelet aggregation by inter-
acting with o2p1 integrin, which is expressed on the
platelet surface (37, 38).

Snake venom metalloproteases, which are composed of
multifunctional domains, have been reported to induce
the endothelial cell apoptosis (10-12, 14). However, little
information is available to explain the biochemical mech-
anism of the metalloprotease-induced apoptotic event. As
demonstrated in proliferation experiments (Fig. 5A) in
this work, both metalloprotease activity and the disin-
tegrin-like domain of halysase contribute to the induction
of HUVEC apoptosis (Fig. 7). Metalloprotease activity of
halysase is capable of preferentially degrading ECM pro-
teins including type IV collagen, fibronectin and vitro-
nectin (Fig. 4). Such a substrate specificity of the enzyme
might be closely related to the induction of the endothe-
lial cell apoptosis. It is generally accepted that ECM pro-
teins play critical roles in organizing the structure and
function of the matrix (39). Several ECM proteins have
been shown to specifically interact with one another and
with anchorage-dependent cells (39). Proteolytic degra-
dation of one or more of these proteins may lead to the
destruction of structural integrity of ECM, resulting in
functional disruption. When anchorage-dependent cells
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including epithelial and endothelial cells are detached,
they undergo apoptosis, so called anoikis (40, 41). Based
on our experimental evidence, it is postulated that
enzyme activity of halysase induces the endothelial cell
apoptosis by degrading not only ECM proteins but also
cell-surface integrins, leading to the cell detachment. It
was demonstrated in a previous report that antibodies
against a3, a6, and Bl were able to inhibit the metallo-
protease-induced apoptosis of endothelial cells (42). It is
also meaningful to hypothesize that the disintegrin-like
domain of halysase is able to target the enzyme to the
cell-surface integrins. The metalloprotease domain of the
enzyme then exerts its catalytic function on the suitable
substrates including integrins and ECM proteins. Sev-
eral lines of experimental evidence suggest that the met-
alloprotease domain and the disintegrin-like domain of
halysase cooperatively contribute to the endothelial cell
apoptosis. Halysase-induced apoptosis of endothelial
cells was found to be mediated by the activation of cas-
pase-3, and the particular apoptotic event was character-
ized by a decreased level of Bel-X; and an increased level
of Bax among Bcl-2 family proteins. The Bel-2 family pro-
teins are involved in regulation of apoptosis induced by
various cellular signals. Members of the Bcl-2 family
share some structural homology, but function either to
promote (pro-apoptotic) or inhibit (anti-apoptotic) cell
death (30, 32). The relative level of pro- and anti-apop-
totic proteins plays an important role in regulating the
cell death and survival.

Experimental evidence obtained in this study will pro-
vide useful information in understanding the functional
mechanism and physiological significance of MDC or
ADAM proteins composed of functionally distinct multid-
omains.

The ¢cDNA sequence of halysase has been deposited in the
GenBank database under the accession number AY149647.
This work was supported by the Brain Korea 21 Project in
2003.
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