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Dark-colored urine is one of the clinical symptoms of
nvenomation by Micropechis ikaheka (New Guinea
mall-eyed snake). We have purified a phospholipase
2, MiPLA-1, which induces dark-colored urine in ex-
erimental mice, to homogeneity. The analysis of the
ark-colored urine by electrophoresis and N-terminal
equence determination indicated that the color of
ouse urine is due to hemoglobin in the urine but not
yoglobin. MiPLA-1 is the first hemoglobinuria-induc-

ng toxin. Insignificant hemolytic activity of MiPLA-1
ndicates that hemoglobinuria is not due to lysis of
rythrocytes by MiPLA-1. This suggests that hemoglo-
inuria induced by MiPLA-1 may be due to kidney

eakage caused by unknown mechanisms. MiPLA-1
lso showed other biological effects, including myo-
oxicity as well as anticoagulant and antiplatelet ef-
ects. Structural studies show that MiPLA-1 is a basic
rotein with a molecular mass of 14041.60 6 1.78 as
etermined by electrospray mass spectrometry. We
ave determined the complete amino acid sequence of
iPLA-1. It is a 124-amino-acid protein with a “pan-

reatic loop” and belongs to group IB phospholipase
2 enzymes. Two short segments flanked by proline
rackets are found in the sequence of MiPLA-1. These
egments are on the surface of the molecule and hence
ay be involved in protein–protein recognition. © 1999

cademic Press
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The New Guinea small-eyed snake (Micropechis ika-
eka) is a dangerous elapid. It is widely distributed in
onsoon forests, rainforests, swamps, and coconut

alm plantations throughout New Guinea and adja-
ent islands. It is a much more dangerous reptile than
urrently believed. Only its secretive nocturnal nature
revents more human envenomation. There have been
any human fatalities due to their bites (1, 2). The

linical features of envenomation include peripheral
eurotoxicity, anticoagulation, generalized muscle
ain/tenderness, and dark urine (1). These symptoms
uggest the presence of several toxic factors in the
enom that interfere with neuromuscular transmis-
ion, blood coagulation, and muscle damage. Earlier,
e isolated several long-chain and short-chain neuro-

oxins from this venom (3). These toxins may be the
ain reason for peripheral neurotoxicity. The venom is

lso rich in phospholipase A2 (E.C. 3.1.1.4, PLA2
2) ac-

ivity, and the PLA2 isoenzymes are possibly responsi-
le for anticoagulant and myotoxic effects (4, 5). How-
ver, the toxins inducing dark urine have not yet been
dentified. It is also not clear whether the dark color of
he urine is due to myoglobin or hemoglobin.

Snake venom PLA2s, in addition to their probable
ole in digestion of the prey, show a wide variety of
harmacological effects, including neurotoxicity (6),
yotoxicity (7), and cardiotoxicity (8) as well as anti-

oagulant (9), antiplatelet (10), convulsant (11), hypo-
ensive (12), hemolytic (13), hemorrhagic (14), and
dema-inducing (14, 15) effects. Some of the venom
LA2s are also known to induce dark urine. Takasaki
t al. reported that several PLA2 enzymes purified from

2 Abbreviations used: PLA2, phospholipase A2; PVDF, polyvinyli-
ine difluoride; TFA, trifluoroacetic acid; PRP, platelet-rich plasma;
E, S-pyridylethylated; LM, light microscopy; CK, creatine phos-

hokinase.
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182 GAO, KINI, AND GOPALAKRISHNAKONE
seudechis australis venom induced hemoglobinuria in
ice (16). However, there was no experimental evi-

ence to show the presence of hemoglobin in the urine.
n contrast, Mulgotoxin and P. australis VIII A, PLA2

oxins isolated from P. australis venom, induce dark
rine and the dark color of the urine is due to severe
yotoxicity and myoglobinuria (17, 18). Therefore, it is

ossible that the other PLA2 enzymes from P. australis
lso induce myoglobinuria but not hemoglobinuria. It
as been shown that the myoglobinuria-inducing toxin
urified from P. australis venom causes indirect neph-
otoxic effects through myoglobin casts in kidney tubu-
ar system (19, 20). So far, no PLA2 or toxin is shown to
nduce hemoglobinuria.

In our preliminary studies, M. ikaheka venom was
ractionated by gel filtration on a Superdex 30 column
nd the fractions with PLA2 activity were found to
nduce muscle damage, antiplatelet and anticoagulant
ffects, as well as dark-colored urine. In this paper, we
eport the isolation and purification of a hemoglobin-
ria-inducing PLA2 enzyme from this venom. We have
etermined its complete amino acid sequence and its
iological effects.

ATERIALS AND METHODS

aterials

The lyophilized M. ikaheka venom was obtained from the Venom
upplies, Australia. The prepacked UNO S1 column, precast gradi-
nt gel (10–20%), lower range molecular weight markers, and the
olyvinylidine difluoride (PVDF) membrane were from Bio-Rad Lab-
ratories (U.S.A.). The prepacked Superdex 30 column (Hiload 16/60)
nd the Sephasil C8 and C18 columns were from Pharmacia (Swe-
en). Collagen for platelet aggregation was from Chrono-log (U.S.A.).
ale Swiss albino mice (18–22 g) and New Zealand Albino rabbits

2.5–3.5 kg) were from Animal Holding Centre, National University
f Singapore. Mouse hemoglobin, dog myoglobin, and horse myoglo-
in were from Sigma (U.S.A.). Acetonitrile was purchased from
isher Scientific (UK), while 4-vinlypyridine and trifluoroacetic acid

TFA) were purchased from Fluka Chemika-Biochemika (Switzer-
and). All other reagents were of analytical grade.

ssay for Phospholipase A2 Activity

The phospholipase A2 activity was determined by titration with 20
M NaOH on a 718 STAT Titrino pH-stat (Switzerland) at room

emperature and pH 8.0 following the method of Kawauchi et al. (21).
n aqueous emulsion of 20 mM phosphatidylcholine in the presence
f different concentration of CaCl2 was used as substrate.

olecular Mass Determination by Electrospray
Mass Spectrometry

Sample was dissolved in 50% acetontrile and analyzed using Per-
in–Elmer Sciex API 300 triple quadrupole instrument equipped
ith an ionspray interface. The ionspray voltage was set to 4600 V.
he orifice voltage was set at 30 V. Nitrogen gas was used as the
urtain gas with a flow rate of 0.6 liters/min, while compressed air
as used as a nebulizer gas. The masses of protein and peptide
amples were determined by flow injection analysis at a flow rate of
t
c

0 ml/min using Shimadzu 10 AD pumps as the solvent delivery
ystem.

apillary Electrophoresis
Capillary electrophoresis was performed on a BioFocus 3000 cap-

llary electrophoresis system (Bio-Rad). The sample was injected to a
5-mm 3 24-cm coated capillary using the pressure mode (5 psi/s)
nd run in 0.1 M phosphate buffer (pH 2.5) under 12.00 kV from 1
o 2 at 15°C for 10 min. Migration was monitored at 200 nm.

rine Analysis
Different doses of toxin (dissolved in 100 ml of 50 mM Tris–HCl, pH

.4 buffer) were injected into the experimental mice in the tail vein
o examine the toxic effects. Tris–HCl buffer (50 mM Tris–HCl, pH
.4) was used as control. To analyze the urine, the experimental mice
ere anesthetized and the urine samples were obtained directly from

he bladder 2 h after injection. SDS–PAGE analysis of mouse urine
as performed in a Bio-Rad precast gradient gel (10–20%). Samples
ere pretreated in 2.5% SDS and 5% b-mercaptoethanol at 100°C for
0 min. After electrophoresis, the protein bands were transferred to
VDF membrane and stained with Coomassie blue. The N-terminal
equence of specific protein was determined as described below.

ssay of Hemolytic Activity
Hemolytic activity was assayed on citrated mouse blood (collected

n 3.8% sodium citrate, 1:9, v/v) or washed erythrocytes (washed
hree times with 20 mM Tris–HCl, pH7.4, containing 1 mM CaCl2

nd 0.9% NaCl and resuspended with 10 times the same buffer). The
rythrocytes were incubated with different concentrations of toxin at
7°C for 30 min. The degree of hemolysis was determined as the
ercentage of hemoglobin released (measured at 540 nm) by the
oxin compared with a 100% hemolysis by the addition of 1% Triton
-100.

yotoxic Activity and Light Microscopy (LM)
Mice were anesthetized with ether, and a single im injection of

arious amounts of the toxin in 100 ml of 0.9% (w/v) sodium chloride
as given into the calf muscle. Control mice received 100 ml of 0.9%

w/v) sodium chloride. Blood samples were collected from the right
entricle 3 h after injection. The blood samples were incubated for

h at 37°C and centrifuged to obtain the serum. The creatine
hosphokinase (CK) activity of serum was determined using Sigma
it K520. CK activity was expressed in Units/ml, where 1 Unit is
efined as the amount of enzyme that phosphorylates 1 nmol of
reatine per minute at 25°C. To examine the morphological alter-
tions, the calf muscle was removed, postfixed overnight in 10%
ormalin, dehydrated through a series of ethanol, and finally embed-
ed in wax. Sections of 7 mm thickness were cut and stained with
ematoxylin and eosin (H&E) and examined under light microscope
Leitz Aristoplan). Areas exhibiting pathological changes were pho-
ographed with Kodak film.

ssay of Anticoagulant Effects
The anticoagulant effects of purified protein were characterized by

hree different clotting time measurements as described below.
Prothrombin time assay. To assay the prothrombin time, 100 ml

itrated rabbit plasma and 100 ml 50 mM Tris–HCl, 0.1 M NaCl, pH
.4 (containing different concentrations of toxin) were incubated at
7°C for 3 min. Clotting was initiated by the addition of 200 ml
hromboplastin with calcium (Sigma), and clotting time was re-

orded using a BBL fibrometer from Becton Dickinson (U.S.A.).
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183HEMOGLOBINURIA-INDUCING PHOSPHOLIPASE A2 FROM SNAKE VENOM
Stypven time assay. Stypven time measurements were deter-
ined according to the method of Williams and Esnouf (22) with
odification. Citrated plasma (100 ml) was incubated with 10 ml

urified Russell’s viper venom Factor-X-activating enzyme (0.04
/ml, Sigma) and various amounts of toxin (in 100 ml of 50 mM
ris–HCl, 0.1 M NaCl, pH 7.4) for 3 min. After incubation, clotting
as initiated by addition of 50 ml of 50 mM CaCl2.
Thrombin time assay. Citrated plasma (100 ml) and 100 ml of 50
M Tris–HCl, 0.1 M NaCl, pH 7.4 (containing different concentra-

ions of toxin), were incubated at 37°C for 3 min. Clotting was
nitiated by the addition of 50 ml of standard thrombin reagent (0.01
IH units).

latelet Aggregation
Platelet-rich plasma (PRP) was prepared as the supernatant from

itrated rabbit blood (in 0.38% sodium citrate) by centrifugation at
20g for 10 min at 22°C. A platelet suspension (in Tyrode’s buffer)
as prepared by following the method of Marrakchi et al. (23).
latelet aggregation was measured at 37°C by light transmission
ccording to Born (24), using a Chrono-Log Model 500-CA aggre-
ometer. PRP or washed platelets (250 ml) incubated with toxin or an
qual volume of sample buffer was stirred at 1000 rpm, 37°C, for 3
in prior to the addition of the aggregation inducer. The reaction
as monitored for 5 min, and the extent of aggregation was ex-
ressed as the percentage of control (in the absence of the toxin).

eduction and Pyridylethylation of Protein
Protein (100 mg) was dissolved in 400 ml of denature buffer (6.0 M

uanidinium hydrochloride, 0.13 M Tris, 1 mM EDTA, pH 8.0) con-
aining 0.07 M b-mercaptoethanol. The mixture was incubated at
7°C for 2 h. Then a 1.5-fold molar excess (over sulfhydryl groups) of
-vinylpyridine was added and incubated at 37°C. After 2 h, the
E-protein was desalted on the C8 column.

igestion and Separation of Degenerated Peptides
Digestion of PE-protein with endoproteinase Lys-C and Glu-C was

erformed in 100 mM Tris–HCl, pH 8.5 (containing 4 M urea), in a
olar ratio of 50:1 (PE-protein:proteinase) at 37°C for 24 h. Cyano-

en bromide treatment was performed following the method de-
cribed by Diaz et al. (25). The digests were purified on a Sephasil
18 column on a Smart System (Pharmacia) using a linear gradient
f acetonitrile in 0.1% TFA.

-Terminal Amino Acid Sequence
The N-terminal amino acid sequence of PE-protein and its pep-

ides was determined by automatic Edman degradation using an
pplied Biosystem 494 pulsed liquid-phased sequencer.

ESULTS

solation and Purification of MiPLA-1

Dark urine is one of the clinical features observed in
nake-bite victims (1). In our preliminary studies, M.
kaheka venom was found to be highly toxic to experi-
ental mice. All experimental mice died within 1 h

fter i.v. injection (1.0 mg/g body wt or higher). At these
oses of crude venom, no significant dark urine was
bserved in experimental mice. This difference could be
ue to species specificity. To identify the toxins that

nduce the dark urine, the crude venom was fraction- o
ted on a Superdex 30 column. As shown in Fig. 1A, six
eaks were obtained. Both PLA2 activity and the dark-
rine-inducing effect were found in peak 2, while neu-
otoxic activity was mainly found in peak 3 and 4. Then
eak 2 from Superdex 30 was applied on an UNO S1
olumn equilibrated with 50 mM Tris–HCl, pH 7.4,
uffer and the elution was achieved with a linear NaCl
radient. Ten protein peaks were obtained (Fig. 1B).
he proteins in peaks 1, 4, and 9 possessed higher
LA2 activity than other peaks and induced dark urine

n experimental mice with similar potency. LC-MS ex-
mination of these three peaks indicated that several
LA2 isoenzymes with similar molecular mass and hy-
rophobicity were found in peaks 1 and 4, while peak 9
as composed of one main component with a trace

ontamination (data not shown). Therefore, we se-
ected peak 9 for further purification. One PLA2 en-
yme was purified by applying peak 9 of the UNO S1
olumn to a Sephasil C8 HPLC column and designated
s MiPLA-1 (Fig. 1C). After three steps, 1.5 mg of
iPLA-1 was purified from 100 mg of crude venom.
Both capillary electrophoresis and mass spectrome-

ry indicated that MiPLA-1 was homogeneous (Fig. 2).
ll subsequent experiments on biochemical and biolog-

cal characterization were performed using only puri-
ed MiPLA-1. The molecular mass of MiPLA-1, deter-
ined by mass spectrometry analysis, was 14041.60 6

.78 with a pI . 10.4 as determined by capillary iso-
lectric focusing.

hospholipase A2 Activity

The phospholipase A2 activity of MiPLA-1 was exam-
ned under different concentrations of Ca21. In Ca21-
ree solution, MiPLA-1 did not show any significant
LA2 activity. With the addition of Ca21, the hydrolytic
ctivity increased rapidly (see Fig. 3). MiPLA-1 binds
o Ca21 with an apparent Kd of 0.12 mM. This affinity
o Ca21 is similar to the values previously described for
4-kDa secretory PLA2s (26, 27). The specific activity of
iPLA-1 was estimated to be 283 mmol/min/mg (under

0 mM CaCl2). In comparison with the PLA2 isoen-
ymes (specific activities ranging from 75 to 10,000
mol/min/mg) purified from the venom of P. ausralis

16), MiPLA-1 was a weak PLA2 enzyme.

emoglobinuria Induced by MiPLA-1

Different doses of MiPLA-1 were injected (i.v.) to
xamine toxic effects in mice. After the injection, the
ice were less active and looked ill. At doses of 7.5–10
g/g or higher, dark urine was observed for experimen-
al mice, but the urine from control mice remained
lear. The dark color could be due to either myoglobin
r hemoglobin in the urine. To determine the identity

f the colored protein, we analyzed the dark urine
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184 GAO, KINI, AND GOPALAKRISHNAKONE
sing SDS–PAGE. As shown in Fig. 4, no protein band
as found in the urine of control mice, while several
rotein bands were observed for the dark urine. The
wo main protein bands of dark urine had apparent

IG. 1. Separation and purification of MiPLA-1. (A) Gel filtration o
he column was equilibrated and eluted with 50 mM Tris–HCl buffe
ris–HCl buffer, pH 7.4, and centrifuged at 3000 rpm for 10 min. S
escribed under Materials and Methods (- - -). (B) Ion-exchange chro
1 column. Peak 2 from Superdex 30 was separated on an UNO S1 c
lution was achieved with a linear gradient of NaCl. The PLA2 activ
C) Reverse-phase chromatography of peak 9 from the UNO S1 colum

(0.1% TFA) and eluted with a linear gradient of Solution B (80% a
olecular weights of 20 and 75 kDa, respectively. The b
igration pattern of the 20-kDa band was similar to
hat of mouse hemoglobin, but very different from
hose of dog and horse myoglobin. To further confirm
he identity of the 20-kDa protein component, this

icropechis ikaheka venom on a Superdex 30 column (Hiload 16/60).
H 7.4. M. ikaheka venom (100 mg) was dissolved in 1 ml of 50 mM
rnatant was loaded onto the column. PLA2 activity was assayed as
tography of peak 2 from the Superdex 30 column on a FPLC UNO

mn, equilibrated, and run with 50 mM Tris–HCl buffer, pH 7.4. The
was mainly associated with peaks 1, 4, and 9 (indicated by arrows).
n a Sephasil C8 column. The column was equilibrated with Solution
onitrile in 0.1% TFA). The bars indicated the pooled protein peaks.
f M
r, p

upe
ma

olu
ity
n o
cet
and was transferred to a PVDF membrane and the
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185HEMOGLOBINURIA-INDUCING PHOSPHOLIPASE A2 FROM SNAKE VENOM
-terminal amino acid sequences were determined. It
howed two parallel sequences: VLSGEDKSNI and
HFTAEEKAA. The sequences are same as the N-

erminal sequences of mouse hemoglobin a and b sub-
nits, respectively. Therefore, we conclude that the
0-kDa protein band is hemoglobin and the dark color
f urine in experimental mice is due to hemoglobin.

IG. 2. Homogeneity of MiPLA-1. Electrospray mass spectrometr
harged ions, related to molecules bearing six to nine protons. (Inset)

IG. 3. Effect of Ca21
 on PLA2 activity of MiPLA-1. The hydrolytic acti
a21 concentration. (Inset) A double-reciprocal plot of the data to deter
he 75-kDa protein is most likely mouse serum albu-
in based on its molecular weight.
Since the erythrocytes are the primary source of

emoglobin, as the first step to understand the mech-
nism of hemoglobinuria induced by MiPLA-1, we ex-
mined the direct hemolytic activity of MiPLA-1. As
hown in Fig. 5, MiPLA-1 had no hemolytic effect on

f MiPLA-1. The spectrum of MiPLA-1 shows a series of multiply
e purity of MiPLA-1 as determined by capillary zone electrophoresis.
y o
vity of MiPLA-1 on phosphatidylcholine was assayed under different
mine the Kd of Ca21 binding to MiPLA-1.
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186 GAO, KINI, AND GOPALAKRISHNAKONE
ashed mouse erythrocytes. However, it showed a
eak hemolytic activity on citrated mouse blood. Weak
emolysis can be observed at lower doses and reached
bout 2% hemolysis at the dose of 10 mg/ml. These
esults suggest that MiPLA-1 induces hemolysis
hrough some plasma components, mostly the plasma

IG. 4. SDS–polyacrylamide gel electrophoresis of mouse urine.
DS–PAGE analysis of mouse urine was performed in a Bio-Rad
recast gradient gel (10–20%) under reduced conditions: lane 1,
restained molecular weight marker: (a) phosphorylase B (107 kDa),
b) bovine serum albumin (74 kDa), (c) ovalbumin (49.3 kDa), (d)
arbonic anhydrase (36.4 kDa), (e) soybean trypsin inhibitor (28.5
Da), and (f) lysozyme (20.9 kDa); lane 2, 10 ml control mouse urine;
ane 3, 10 ml mouse red urine; lane 4, 10 mg mouse hemoglobin; lane
, 10 mg dog myoglobin; lane 6, 10 mg horse myoglobin.

IG. 5. Haemolytic effect of MiPLA-1. Citrated mouse blood (■)
nd washed mouse red erythrocyte suspension (h) were incubated
ith different concentrations of MiPLA-1 at 37°C for 30 min. The

elease of hemoglobin was measured at 540 nm and expressed as
ercentages of 100% hemolysis obtained by adding 1% Triton X-100.
pesults are presented as means 6 SD (n 5 3).
hospholipid or lipoprotein. MiPLA-1 may hydrolyze
lasma phospholipid or lipoprotein and the generated
ypophospholipid induces the hemolysis. However,
here is no further increase in the hemolytic activity
ven at higher concentrations. Thus, it appears that
emoglobinuria induced by MiPLA-1 is not due to its
emolytic effects on erythrocytes.

yotoxic Activity of MiPLA-1

Purified MiPLA-1 induced a dose-dependent myone-
rosis upon i.m. injection in mice, as evidenced by the
ignificant increase in serum CK activity (Fig. 6). At
he dose of 100 mg/mouse, the serum CK level showed
n increase up to 15 times in comparison to the control
alue. Compared with PA myotoxin from P. australis
enom, which showed a 70 times increase in the serum
K level after local injection with the same dose (20),
iPLA-1 shows a weak myotoxic activity. Light micro-

copic studies also showed obvious morphological
hanges in skeletal muscle induced by MiPLA-1 (data
ot shown), including: (a) hypercontraction of myofi-
rils with shrunken dark areas of clumped material,
b) disruption of the myofibrils with delta lesions, and
c) vacuolation of the muscle cells which are normally
ound in the necrosis induced by elapid myotoxic PLA2s
28).

ffects of MiPLA-1 on Blood Coagulation and
Platelet Aggregation

Purified MiPLA-1 prolonged the clotting time of rab-
it plasma. As shown in Fig. 7A, a weak effect on

IG. 6. Serum CK level of mice injected with MiPLA-1. Change in
erum creatine kinase levels after im injection with different doses of
iPLA-1 in 100 ml 0.9% (w/v) sodium chloride. Controls were in-

ected with 100 ml of 0.9% (w/v) sodium chloride. Results are pre-
ented as means 6 SD (n 5 3).
rothrombin time was observed under the lower dose of



M
t
c
2
t
b
f
t
C

p
M
i
d

e
w
i
u
t
fi
h
t

A

s
t
d
e
m
a
m
a
s
m
l
p
i
w
c
t
l
(
1
d
a
t
n
o
e
i

w
s
M
H
s
t
t
a
p
s
p

D

i

F
M
t
0
0
r
3
r
e
A

187HEMOGLOBINURIA-INDUCING PHOSPHOLIPASE A2 FROM SNAKE VENOM
iPLA-1 (,10 mg/ml). With the increase of MiPLA-1,
he prothrombin time was rapidly prolonged and no
lotting was recorded at concentrations higher than
00 mg/ml. We also examined its effects on Stypven and
hrombin time. As expected, it failed to inhibit throm-
in time and a very weak effect on Stypven time was
ound even at high doses (.10 mg/ml). This is similar to
he effects of the weak anticoagulant PLA2 enzymes,
M-I, CM-II (29), and superbins I and II (30).
MiPLA-1 also showed a marked inhibitory effect on

latelet aggregation. We studied the dose response of
iPLA-1 on platelet aggregation induced by collagen

n rabbit PRP. The IC50 of MiPLA-1 on collagen-in-

IG. 7. Effects of MiPLA-1 on blood coagulation. (A) Effects of
iPLA-1 on prothrombin time (■), Stypven time (h), and thrombin

ime (F) of normal rabbit plasma. Control clotting times: 18.6 6
.40 s (prothrombin time), 22.2 6 0.76 s (Stypven time), and 35.2 6
.32 s (thrombin time). (B) Anti-platelet effect of MiPLA-1. Platelet-
ich plasma (■) and washed platelets (h) were incubated for 2 min at
7°C with MiPLA-1. Then, 4 mg/ml collagen was added and the
eaction was proceed for 5 min and the extent of aggregation was
xpressed as the percentage of control (in the absence of MiPLA-1).
ll results are presented as means 6 SD (n 5 3).
uced platelet aggregation was about 85.7 nM. The m
ffect of MiPLA-1 on platelet aggregation in the
ashed platelet suspension was also studied. Interest-

ngly, no antiplatelet effect of MiPLA-1 was found even
p to 1 mM of MiPLA-1 (Fig. 7B). These results indicate
hat MiPLA-1 is similar to the antiplatelet PLA2 puri-
ed from the venom of Austrelaps superba, which in-
ibited platelet aggregation through some plasma fac-
ors (31, 32).

mino Acid Sequence of MiPLA-1

MiPLA-1 was reduced and pyridylethylated prior to
equence analysis. By automated Edman degradation,
he first 50 residues of MiPLA-1 were identified. To
etermine the whole sequence of MiPLA-1, pyridyl-
thylated MiPLA-1 was treated with cyanogen bro-
ide and endoproteinase Lys-C and Glu-C. The gener-

ted peptides were purified with reverse-phase chro-
atography (Fig. 8). All peptides that were sequences

re shown in Table I. The molecular weights of the
equenced peptides were determined by mass spectro-
etric analysis and their values matched the calcu-

ated masses deduced from the sequences of respective
eptides. The complete sequence of MiPLA-1 is shown
n Fig. 9A. It is a 124-amino-acid single-chain protein,
ithout any posttranslational modification, since the

alculated molecular weight value of native, PE-pro-
ein and generated peptides corresponded to the mo-
ecular weight obtained from mass spectral analysis
Table I). The amino acid sequence and the location of
4 half-cystine residues were typical of elapid and hy-
rophid venom PLA2s, as well as mammalian pancre-
tic PLA2s. In addition, the loop between helix C and
he b-wing, which is found in pancreas PLA2 and aptly
amed the “pancreatic loop,” is found in the sequence
f MiPLA-1. This loop is generally missing in most
lapid and hydrophid venom PLA2s. Hence, MiPLA-1
s classified as a group IB PLA2 enzyme (33–35).

The amino acid sequence of MiPLA-1 was aligned
ith selected PLA2s of group IB and its similarity was

hown in Fig. 9B. Moderate similarity is found between
iPLA-1 and other group IB PLA2s (around 55–70%).
owever, the pancreatic loop region (residues 59–71)

hows much lower similarity (23–54%). Interestingly,
wo segments flanked by proline brackets are found in
he sequence of MiPLA-1: PGREP (residues 14–18)
nd PECKGILSRP (residues 59–68). According to the
redicative method described by Kini and Evans, such
hort segments may play an important role in protein–
rotein interaction (44).

ISCUSSION

Several snake venom PLA2s have been reported to
nduce dark urine in snake-bite patients and experi-
ental mice after envenomation, such as Mulgotoxin,
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. australis VIII-A (17, 18), and some PLA2 homo-
ogues purified from P. australis venom (16). Mulgo-
oxin and P. australis VIII-A induced myoglobinuria
hrough severe muscle damage. Previously, we also
ound that the nephrotoxic effects induced by P. aus-
ralis myotoxin are due to myoglobin released by se-
ere myotoxicity (19, 20). The myoglobin (released by a
yotoxic effect) precipitates to form casts resulting in

IG. 8. RP-HPLC of digested PE-MiPLA-1. PE-MiPLA-1 was treate
he generated peptides were separated on C18 column of the Smart
luted with a linear gradient of Solution B (80% acetonitrile in 0.1%
bstructive nephropathy and tubular leak. Some PLA2 e
nzymes also purified from P. australis venom were
eported to induce hemoglobinuria (16). However, the
uthors did not provide any experimental evidence to
how that dark color of the urine was due to hemoglo-
inuria. Due to the lack of direct evidence, it is possible
hat similar to Mulgotoxin and P. australis VIII-A,
hese PLA2 enzymes also induced myoglobinuria but
ot hemoglobinuria. In contrast to P. australis PLA2

ith endoproteinase Lys-C (A), Glu-C (B), and cyanogen bromide (C).
stem. The column was equilibrated with Solution A (0.1% TFA) and

A).
d w
Sy
TF
nzymes, MiPLA-1 induces hemoglobinuria but not
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189HEMOGLOBINURIA-INDUCING PHOSPHOLIPASE A2 FROM SNAKE VENOM
yoglobinuria. Thus, MiPLA-1 is the first hemoglobin-
ria-inducing toxin known from snake venom and it
ay contribute to the dark urine observed in the pa-

ient bitten by this kind of snake (1).
To elucidate the mechanism of hemoglobinuria, we

xamined the hemolytic activity of MiPLA-1. The re-
ults indicated that MiPLA-1 had no effect on washed
ouse erythrocytes but had a weak effect on whole

lood. The percentage of hemolysis can only reach 2%
ven at high concentrations (100 mg/ml). This weak
emolytic effect may depend on the hydrolysis of
lasma phospholipid or lipoprotein by MiPLA-1 and
he released lypophospholipid induces the hemolysis of
ouse erythrocytes. Most of the PLA2 enzymes exhibit

his hydrolytic activity and induce indirect hemolysis.
ut this weak hemolysis cannot explain why MiPLA-1

nduces hemoglobinuria. Currently, it is not clear
hether this phenomenon is due to a direct action of
iPLA-1 on kidney function. The presence of several

roteins, including hemoglobin and serum albumin, in
he dark-colored urine supports this contention. Ac-
ording to a hypothetical model the venom PLA2s tar-

TABLE I

Mass Analysis of Native, PE-MiPLA-1,
and Sequenced Peptides

Peptide Residues Calculateda Observedb

ative MiPLA-1 1–124 14,041.04 14,041.60 6 1.78
E-MiPLA-1 1–124 15,527.00 15,525.80 6 0.49

Lys-C-digested peptides

K1 82–88 926.05 925.80 6 0.55
K2 58–62 693.85 693.45 6 0.17
K4 109–121 1,540.68 1,540.49 6 0.53
K6 32–54 2,829.06 2,828.78 6 0.05
K7 1–7 918.10 918.00 6 0.55
K8 93–108 2,122.61 2,122.41 6 1.10
K9 63–79 2,069.33 2,071.11 6 0.68
K12 11–31 2,595.00 2,595.09 6 0.37

Glu-C-digested peptides

E1 41–60 2,697.03 2,696.68 6 0.32
E3 61–113 6,816.04 6,816.53 6 2.16
E4 1–40 4,667.38 4,667.31 6 0.38

CNBr-digested peptides

M1 104–124 2,588.02 2,588.19 6 0.86

Note. All cysteine residues were pyridylethylated except native
rotein.

a Molecular masses were calculated from the amino acid sequences
f these fragments.

b Molecular masses were determined by electrospray mass spec-
rometry.
et the specific tissue or cell due to their affinity toward d
pecific proteins rather than lipid domains (45). After
he initial binding, PLA2s induce various pharmacolog-
cal effects by mechanisms that are either dependent
n or independent of their enzymatic activity. Identifi-
ation of high-affinity receptors for PLA2s in different
issues and cultured cells (for example, Refs. 46 and 47)
trongly supports this model. We speculate that the
idney may be one target organ of MiPLA-1; after i.v.
njection, it may bind to kidney cells and induce the
idney leakage which results in hemoglobinuria. Fur-
her studies are underway to elucidate its effect on
idney function.
Beside hemoglobinuria, purified MiPLA-1 also

howed a wide range of biological effects, including
yotoxicity as well as antiplatelet and anticoagulant

ffects. MiPLA-1 strongly inhibited the platelet aggre-
ation in PRP induced by collagen, with an IC50 value
f about 85.7 nM, but its inhibitory effect totally dis-
ppeared when we examined its effect on washed
latelet suspension. This is similar to the snake venom
LA2 enzyme described by Yuan et al. (31, 32); its

nhibitory effect was dependent on hydrolysis of
lasma lipoprotein. Blood coagulation assays have
hown that it has anticoagulant effect on the prothrom-
in time, but has no significant effect on Stypven and
hrombin times of normal plasma. Hence, MiPLA-1
ay inhibit the extrinsic tenase complex but not the

rothrombinase (29). Thus, MiPLA-1 may also contrib-
te to the anticoagulant effect of M. ikaheka snake-bite
atients.
As the first step of understanding the structure–

unction relationship of MiPLA-1, its complete se-
uence was determined. The results indicated that
iPLA-1 is a 124-amino-acid protein. Based on the

omplete amino acid sequence, the residues involved in
he catalytic network (H48, D99, Y52, and Y73) (48, 49)
nd Ca21 binding (Y28, G30, G32, and D49) (49–51) are
ighly conserved in MiPLA-1. It is noteworthy that
iPLA-1 possesses the pancreatic loop at residues 62–

6, which is found in pancreas PLA2s but is missing
rom most snake venom PLA2s. Among sequenced
nake venom PLA2s, only a few enzymes from elapids
ontain residues in this pancreatic loop. They are the
-subunit of taipoxin (42), the D subunit of textilotoxin
43), OS1 (40), HTe (39), and OHV A-PLA2 (41). Like
S1, HTe, and OHV A-PLA2, neither a propeptide-like
eptide nor additional half-cystines are found in the
equence of MiPLA-1 as they are found in g-subunit of
aipoxin and D subunit of textilotoxin.

Over the past 20 years, X-ray crystallography and
rotein engineering have been widely used to study the
tructure–function relationship of PLA2. Three-dimen-
ional structures of several pancreatic and snake
enom PLA2s have been reported (51–55). All these
nzymes show a remarkable similarity in their three-

imensional structures. The results also indicate that
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190 GAO, KINI, AND GOPALAKRISHNAKONE
equence around the pancreatic loop plays an impor-
ant role in the conformation and hydrolytic activity of
LA2 (56–59). Comparison of the crystal structure of
ovine and porcine pancreatic PLA2s shows a remark-
ble conformational difference in the pancreatic loop
egion from residue 59 to residue 71 (51, 52), although
hese two enzymes have 85% identity in their amino
cid sequences. The cause of this large conformation
ifference has been attributed to a single substitution
t position 63 (56). The experiment data proved that
he single Phe 3 Val substitution at position 63 of
orcine pancreatic PLA2 caused a large conformational
hange and resulted in a conformation more close to
hat of bovine PLA2 than that of porcine PLA2 (57).
emoval of the surface loop (residues 62–66) of porcine
ancreatic PLA2 resulted in a conformation more like

IG. 9. Amino acid sequence determination of MiPLA-1 and seque
leavage sites for endoproteinases digestion and cyanogen bromide
eptides needed to support the structure are shown. (B) Comparison
he common number system defined by Renetseder et al. is used (
otechis scutatus scutatus (HTe) (39), Oxyranus scutellatus scutel
seudonaja textilis (Textilo. D) (43). N-terminal residues 1–8 of text
hat of snake venom PLA2 and enhanced activity more a
han wild-type PLA2 (58, 59). MiPLA-1 has a moderate
imilarity with other group IB PLA2s (around 55–70%),
ut the sequence around the pancreatic loop region
59–71) are very different with the similarities: bovine
ancreas PLA2 (53.8%), porcine (46.2%), HTe (46.2%),
S1 (53.8%), OHV A-PLA2 (46.2%), textilotoxin D

23.1%), and taipoxin g (46.2%). Based on this low
imilarity, we expect significant structural differences
n this region.

Recently, based on the observation that proline is the
ost common residue in the flanking segments of in-

eraction sites (60), Kini and Evans developed a unique
redictive method to determine protein–protein inter-
ction (44). These proline residues act as distinct bar-
iers between the interaction sites and their neigh-
ouring segments. Hence, they protect the integrity

comparison. (A) The sequence of MiPLA-1 is shown along with the
eatment employed to produce peptides. Only selected overlapping
the amino acid sequence of MiPLA-1 aligned with selected PLA2s.

. The PLA2s are from bovine pancreas (37), porcine pancreas (38),
s (OS1 and taipoxin g subunit) (40, 42), OHV A-PLA2 (41), and
oxin D and taipoxin g are not shown.
nce
tr
of

36)
latu
ilot
nd conformation of the active site (60). This method
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as been successfully applied to identify several pro-
ein–protein interaction sites (44, 61, 62). It is impor-
ant to note that two short segments flanked by proline
rackets are found in the sequence of MiPLA-1:PGREP
residues 14–18) and PECKGILSRP (residues 59–68).
oth of these segments are on the surface of the mol-
cule (data not shown). It will be interesting to test
hether these segments play important roles in one of

he biological activities.
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