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ABSTRACT. A novel platelet aggregation inhibitor, rhodocetin, was purified from the crude venom of
Calloselasma rhodostoméH.inhibited collagen-induced platelet aggregation in a dose-dependent manner,
with an 1G5 of 41 nM. Rhodocetin has a heterodimeric structure withnd/ subunits, which could be
separated on a nonreducing denaturing gel or reverse-phase HPLC column. Individually neither subunit
inhibited platelet aggregation even at 2l concentration. Titration and reconstitution experiments showed
that, when these subunits are mixed to give a 1:1 complex, most of its biological activity was recovered.
The reconstituted complex inhibited platelet aggregation with @ndfCLl12 nM, about 3-fold less effective

than the native molecule. Circular dichroism analysis revealed that the reconstituted complex had a spectrum
similar to that of the native protein. By using surface plasmon resonance studies, we established that the
stoichiometry of binding between the two subunits is 1:1 and the subunits interact Witlofa0.14 +

0.04uM. The complete amino acid sequences ofdh@5956.16 Da, 133 residues) afid15185.10 Da,

129 residues) subunits show a high degree of homology with each other (49%) and with'tiie@endent
lectin-related proteins (CLPs) (typically 298%) isolated from other snake venoms. Unlike the other
members of the family in which the subunits are held together by an interchain disulfide bond, rhodocetin
subunits are held together only through noncovalent interactions. The cysteinyl residues forming the
intersubunit disulfide bridge in all other known CLPs are replaced by Ser-79 and Arg-75 inahej

subunits of rhodocetin, respectively. These studies support the noncovalent and synergistic interactions
between the two subunits of rhodocetin. This is the first reported CLP dimer with such a novel heterodimeric
structure.

Snake venoms contain a variety of proteins that affect leucogastervenom @); jararaca IX/X-bp fromBothrops
platelet aggregation and blood coagulation, important cellular jararaca venom @), and habu IX/X-bp and 1X-bp from
and noncellular processes, respectively, in thrombosis andTrimeresurus flaoviridis venom @, 5). In contrast, both-
hemostasisl). These proteins differ in their size and catalytic rajaracin fromBothrops jararacavenom @) is a specific
capabilities. There exists among them a group of nonenzy-inhibitor of thrombin. Several other CLPs induce varied
matic proteins that is structurally homologous to anim&@*€a  effects on platelet functions by modulating the interactions
dependent lectins. These proteins shdw~30000 and exist  between von Willebrand factor (vVWF) and platelet glyco-
as heterodimers linked by a single interchain disulfide bond. protein Ib (GPIb). For example, botrocetin froBothrops
They share a structural homology between 30% and 70%.jararaca venom binds to VWF and forms an activated
However, this group of Ca-dependent lectin-related proteins complex that induces platelet agglutinatiai. (On the other
(CLPs} exhibits different effects on blood coagulation and hand, alboaggregins fromrimeresurus albolabrisrenom
platelet aggregation. Some of these proteins exhibit antico- (8, 9), echicetin fromEchis carinatusvenom (@0), and
agulant activities by binding to the coagulant factors X and/ agkicetin fromAgkistrodon acutusenom (1) all bind to
or IX; for example, ECLV IX/X-bp fromEchis carinatus platelet GPIb and function as receptor blockers for vVWF
binding. However, alboaggregins induce platelet agglutina-
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and jararaca GPIb-bp frofBothrops jararacavenom (L4, 20
15). The structural basis for this diversity in functions is v
unknown. The question of whether tlee or g-subunit is
responsible for the biological activity of CLPs has not been
resolved 16). Thus, the elucidation of the structuriinction
relationships of this class of proteins is an interesting and
challenging biochemical problem.

In the present study, we report the isolation and charac-
terization of rhodocetin, a potent inhibitor of platelet aggre-
gation from the venom o€alloselasma rhodostom@a-
layan pit viper). It has a heterodimeric structure, and indi- 00 -
vidually botha. and subunits fail to show significant inhi- "o 20 4 60 80 100 120
bition of aggregation. We have examined the synergistic and Elution time (min)
noncovalent interaction between these subunits. Amino acid
sequence data indicates that rhodocetin is closely related to B 1.0 2 1.00
CLPs. This is the first CLP dimer which is held together by
noncovalent interactions and not an interchain disulfide bond.

>
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Materials Crude venom o€alloselasma rhodostomaas

purchased from Sigma Chemical Co. (St. Louis, MO).
Collagen, thrombin, and ATP were products of Chronolog
(Havertown, PA). Chymotrypsin was obtained from Boe-
hringer Mannheim, while endoproteinase Lys-C was from
Wako Pure Chemicals (Japan). FPLC and HPLC columns 0
were from Amersham-Pharmacia and Vydac, respectively, Elution time (min)
and peptide sequencing chemicals/reagents were from PE-
ABD (Foster City, CA). All buffer salts and organic solvents
were from standard commercial sources and of the highest
quality available.

Purification of Rhodocetin Calloselasma rhodostoma
crude venom (100 mg) was dissolved in 3.0 mL of 0.1 M
ammonium hydrogen carbonate (pH 8.0) and centrifuged at
12000 rpm for 10 min at 4C to remove particulate material.

(@) The supernatant was then fractionated by a HiLoad
Superdex 75 column (2.& 60 cm) equilibrated with the
same buffer using a FPLC system. (b) The fractions from
peak Ill (containing proteins of interest) were pooled and 0 10 20
loaded directly onto a Mono Q HR 5/5 anion exchange Elution time (min)

column pre-equilibrated with 20 mM Tris-HCI, pH 8.2. (¢) Fgure 1 Purification of rhodocetin. (A) Gel filtration chroma-
Fractions from peak 2 of Mono Q were buffer exchanged tography of C. rhodostomacrude venom on a HiLoad 26/60
with 50 mM potassium phosphate, pH 7.0, containing 1.7 Superdex 75 column. Elution was performed at 2 mL/min. (B)
M ammonium sulfate (NAP-25 column) before being loaded épg?;nesxsvg?ggguﬂéogaitorgfLE/IrF;]?r)]/ V?/ir;haal\ﬂgggrQrggei/&?g%rgn-
onto a PhenyI—Super.ose HR 5/5 column equilibrated with 0.08 M NaCl over 48 min. (C) Hydrophobic intgraction chroma-
the same buffer. Elution was performed at a flow rate of 0.5 tography on a Phenyl-Superose HR 5/5 column. (Inset) Nondena-
mL/min with a linear gradient of 1:70.85 M ammonium turing PAGE of purified rhodocetin.

sulfate in 50 mM potassium phosphate, pH 7.0, over 30 min.

Separation of SubunitSubunits of purified rhodocetin  The column was equilibrated and eluted with 0.1 M
were separated by reverse-phase HPLC using a pH stablemmonium hydrogen carbonate at a flow rate of 0.3 mL/
Cs Vydac column (4.6x 250 mm) on a Beckman System min. Molecular marker proteins used included glutamate
Gold Chromatograph. Solvents A and B were 0.1% (v/v) dehydrogenase (290 000), lactate dehydrogenase (142 000),
trifluoroacetic acid (TFA) and 0.085% (v/v) TFA in 70% enolase (67 000), adenylate kinase (32 000), and cytochrome
(v/v) acetronitrile, respectively. Elution was performed using C (12 400) (Oriental Yeast Company, Japan).

a |ine§1r gradient Of 565% B in 45 min ata ﬂOW rate Of 1 (B) E|ectrospray Mass SpectrometMass spectrometry
mL/min. was carried out using a Perkin-Elmer Sciex APl 300 LC/

Molecular Weight DeterminatiorMolecular weights of ~ MS/MS system, a triple-stage quadruple instrument equipped
the native protein and its subunits were determined by gel with an ionspray interface. The ionspray voltage was set to
filtration or electrospray mass spectrometry. 4000 V, orifice voltage at 75 V, and the interface temperature

(A) Gel Filtration. The native molecular weight of at 60°C. Nitrogen was used as a curtain gas with a flow
rhodocetin was estimated by gel filtration chromatography rate of 0.6 L/min and as a nebulizer gas at 30 psi. Shimadzu
on a Superose 12 HR 10/30 column using a FPLC system.LC-10AD series pumps were used for solvent delivery.
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Ficure 3: SDS-PAGE analysis of rhodocetin and its subunits
under nonreducing (NR) and reducing (R) conditions. SPAGE

was performed using 12.5% separating gel: lane 1, crude venom
of C. rhodostomalane 2, peak Ill from gel filtration; lanes 3 and

7, peak 2 from anion exchange chromatography; lanes 4 and 8,
peak 2 (rhodocetin) after HIC; lane B, subunit; and lane 63
subunit from HPLC. Molecular masses of the markers are indicated
on the left.

was reduced to 2 M, and subsequent incubation was
performed at 37C overnight. Each digest was fractionated
by a uRPC G/Cg column (2.1x 100 mm, 3um particle
size, with a pore diameter of 120 A) using a linear gradient
of 0.05% TFA/water (v/v) and 0.05% TFA/100% acetroni-
trile (v/v) in a Pharmacia SMART system. Detection was at
214 nm.

Peptide Sequencind@he N-terminal amino acid sequences
of the subunits of rhodocetin and their internal peptides were
determined by automated Edman degradation using an
Applied Biosystems 477A pulsed liquid-phased sequencer
equipped with an on-line PTH amino acid analyzer (120A).
The masses of selected peptides were also determined by

the a and S subunits of rhodocetin by reverse-phase HPLC (RP- above pray (ES]) P y

HPLC). The protein content was detected by absorbance at 214

nm. (B) Electrosprary mass spectrometry spectra of rhodocetin
subunits.

Polyacryamide Gel ElectrophoresidNonreducing and
reducing (5% 2-mercaptoethanol) SBBAGE experiments
were performed as described previoudly)( Nondenaturing
polyacryamide gel electrophoresis was performed in the
absence of SDS.

Determination of the Isoelectric Pointhe isoelectric point
of rhodocetin was determined using agarose IEF at a pH
range of 3-10 (Pharmalyte) on the basis of the manufac-
turer’s protocol.

Enzymatic DigestionThe oo and 3 subunits were first
reduced ands-pyridylethylated ¢-PE) on the basis of the
method of Polgar et al.1¢). Proteolytic digestions were
performed in 100 mM Tris-HCI, pH 9.2 (endoproteinase Lys
C), and 100 mM sodium hydrogen carbonate, pH %8 (
chymotrypsin), at an enzyme/substrate ratio of 1:50. Dena-

Renaturation and Reconstitution of Rhodocetin Subunits
The a and  subunits of rhodocetin from reverse-phase
HPLC were concentrated by Speedvac and renatured by gel
filtration chromatography (Superose 12 HR 10/30 column)
(18) in 100 mM ammonium hydrogen carbonate, pH 7.8.
These renatured fractions of theand subunits were then
reconstituted at different molar ratios and allowed to incubate
overnight at 4°C.

Circular Dichroism StudiesCD studies were carried out
with a Jasco J-715 spectropolarimeter. The cuvette chamber
of the spectropolarimeter was continuously purged with pure
nitrogen before and during the experiment. Measurements
were made in 20 mM Tris-HCI, pH 8.2. The spectra were
measured between 260 and 200 mmail mmpath length
cell at room temperature, using a 2.0 nm bandwidth, a 0.1
nm step, ad a 4 stime constant. The results were expressed
as the molar ellipticitiesq).

Biomolecular Interaction Analysis (BIAThe interactions

turation and solubilization of substrates were enhanced byof the a and 8 subunits of rhodocetin were monitored by

the inclusion 66 M urea and incubation at 37C for 1 h.
Prior to the addition of enzymes, the concentration of urea

surface plasmon resonance (SPR) using a BlAcore2000
instrument (Pharmacia Biosensor). Briefly, a CM5-sensor
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Ficure 4. Complete amino acid sequences of thand/ subunits of rhodocetin. (A) Determination of the complete sequences of the
andp subunits. The prefixeld andC denote peptides generated by cleavage of thecRBd PES subunits of rhodocetin with endoproteinase
Lys-C anda-chymotrypsin, respectively. (B) Sequence comparison ofrtlaed 5 subunits. The 2 amino acid residues that always form
the single intersubunit disulfide bond between themuarderlined

chip was preactivated with an amine coupling kit for 6 min tivated sites wh 1 M ethanolamine for 2 min. Approximately
at a flow rate of 5uL/min, followed by blocking of unac- 600 resonance units (RU) of renatured rhodocetsubunit
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was then immobilized by passing 1@@/mL of a subunit
diluted in a coupling buffer, pH 7.0, over the preactivated
sensor chip for 2 min at a flow rate ofiB./min. Renatured

Wang et al.

Table 1: Mass Spectrometric Analysis @fand Subunits and
Purified Peptides from Endoproteinase Lys-C Digestion of
Rhodocetin

f subunit diluted to final concentrations of 2250 ug/mL peptides residue no. calculated observed
in HEPES-buffered saline (HBS) was then passed over the o Subunit
coated sensor chip at a flow rate ofub/min for 10 min. intact 1-133 15956.16 15955.90 1.44
Dissociation was then observed by passing HBS sample §4 1111—122 %%22&2 ﬁzzgic 0'411;
buffer over the sensor chip. Association and dissociation rate Kg 123_128 82?:34 82‘%5& 8:20
constants were calculated using the BIA Evaluation program g1 11-18 1167.50 1167 .86 0.49
3.0, assuming the relationship+ B = AB. K13 129-133 659.78 660.5@- 0.13
Coagulation Assayd he effect of venom proteins on blood K15 102-113 1479.65 1480.42 0.61
: ; o Ki7a 22-35 1890.90 1891.65: 0.47
coagulation was determined by prothrombin tirh€)( Male K17b 63-71 1135.66 1136.16 0.34
rabbits weighing 3-4 kg were bled from the central artery K26 76-101 3082.37 3082.5% 0.42
of the ear. Human blood was drawn from healthy volunteers K34 36-62 3195.49 3196.02:0.43
who were not taking any medication. Blood was anticoagu- B Subunit
lated with 0.11 M trisodium citrate (1: 9, v/v). Plasma was 'lgéa‘:t lg_%g 157152518 15719%5%3 g:;‘l‘
obtained by centrifugation of the blood for 10 min at 4900 K6 119-124 799.84 799.7% 0.23
Venom proteins (5@L of 0.5 mg/mL in 0.15 M Tris-HCI K14 1-12 1503.53 1503.7% 0.38
buffer, pH 7.4) were preincubated for 2 min at 32 with K22a 64-78 1891.30 1891.5% 0.15
100 uL of rabbit plasma and 5@L of 0.15 M Tris-HCl Kazb v Vet
buffer, pH 7.4. Clot formation was initiated by the addition K29 79-97 2290 46 2290 46 0.48
of 200uL of thromboplastin with calcium (Sigma Chemical K42 35-63 3071.80 3073.12 0.65

Co.) to the mixture, and coagulation times were measured
in a BBL fibrometer.

Platelet AggregationWhole blood aggregation was mea-

2 Molecular masses calculated from the amino acid sequences of the
denoted peptide$.Molecular masses calculated from multiple charged
signals observed.

sured by the impedance method described by Cardinal and

Flower 0), using a whole-blood aggregometer (Chronolog,
Havertown, PA). Anticoagulated rabbit and human blood,

filtration (data not shown). However, in both reducing and
nonreducing SDSPAGE, rhodocetin showed two bands

collected as described above, was diluted with phosphate-With M, values of 16 000 subuint) and 15 00Q5(subunit)

buffered saline (PBS) (1:1). Diluted blood (1 mL) was
prewarmed with various concentrations of protein solution
(50uL) for 2 min at 37°C. Platelet aggregation was initiated
by the addition of platelet agonists (collagenu8/mL;
thrombin, 0.2 IU/mL; ADP, 1QuM). All aggregation tests
were performed in quadruplicate. The percent inhibition was
calculated by comparing the impedance of the aggregation
curves 5 min after the addition of platelet agonists, taking
the impedance of the control curve as 100% aggregation.

RESULTS

Purification of RhodocetinThe crude venom dtallose-

(Figure 3). After RP-HPLC, thex and  subunits, when
analyzed by electrospray mass spectrometry, yielded mo-
lecular masses of 15955.90 1.44 and 15184.5% 2.74

Da, respectively (Figure 2B). Furthermore, native rhodocetin
also showed two molecular masses of 15954:98.82 and
15185.35+ 1.41 Da, which were in agreement with the
individual molecular masses for the and § subunits,
respectively.

Amino Acid Sequence of Rhodocefihe complete amino
acid sequences of both of the subunits of rhodocetin were
determined by sequencing individual subunits and the
peptides generated by the reduced anuyridylethylated
subunits. The sequences of the overlapping peptides and other

lasma rhodostomavas separated into five main fractions getails of the sequencing strategy are summarized in Figure
by gel filtration chromatography (Figure 1A). The SDS 4a The amino acid sequence data was corroborated with
electrophoretic patterns of these fractions are shown in Figuremass spectrometric data. The calculated molecular masses
3. Fraction 1, which displayed potent inhibitory activity on  of the endoproteinase Lys-C (K-peptides), thEL33 amino
collagen-induced platelet aggregation, was thus selected foragiq residues, 15 956.16 Da), and thsubunits (129 amino
further fractionation by anion exchange chromatography acid residues, 15 185.10 Da) were in agreement with their
(Figure 1B) and hydrophobic interaction chromatography respective masses observed by mass spectrometric analyses
(Figure 1C). Peak 2 (Figure 1C), which exhibited a single (Taple 1). Moreover, the. and subunits of rhodocetin also
band on a nondenaturing gel (Figure 1C, insert) and two gpow a high degree of homology between them (49%
bands in SDSPAGE either in the presence or absence of identity) (Figure 4B).
reducing agent (DTT or 2-mercaptoethanol) (Figure 3), was Sequence Comparison of Rhodocetin with CLPs from
designated as rhodocetin. The isoelectric point of purified other Snake Venamwhen aligned with those of other
rhodocetin was determined to be 8.15 (results not shown). nown members of the CLP superfamily from snake venoms

Separation of Rhodocetin Subunitéhen subjected to RP-  (Figure 5), thex and subunits of rhodocetin showed 42
HPLC, purified rhodocetin was separated into two subunits 56% and 29-48% sequence identity to theand subunits
(Figure 2A). The first and second peaks, yvhich had molecular of botrocetin 1), alboaggregin-BZ2), echicetin 16, 23),
masses of 15 and 16 kDa, were designateqs and o ECLV IX/X-bp (2), Habu IX/X-bp @), and habu IX-bp%),
subunits, respectively (see also Figure 3). respectively.

Molecular Weight DeterminationThe native molecular All of the intramolecular half-cysteinyl residues in the
weight of rhodocetin was determined to be 35000 by gel sequences af andj subunits of rhodocetin and other CLPs
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o subunits

Rhodocetin

AL-B
Bothrajaracin
Botrocetin
Echicetin

ECLV IX/X-bp
Habu IX/X-bp
Habu IX-bp
Jararaca GPIb-bp

Rhodocetin

AL-B
Bothrajaracin
Botrocetin
Echicetin

ECLV IX/X-bp
Habu IX/X-bp
Habu IX-bp
Jararaca GPIb-bp

f3 subunits

Rhodocetin
AL-B
Bothrajaracin
Botrocetin
Echicetin
ECLV IX/X-bp
Habu IX/X-bp

Rhodocetin
AL-B
Bothrajaracin
Botrocetin
Echicetin
ECLV IX/X-bp
Habu IX/X-bp
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llO 2|0 3|O 4IO 5|O GIO 7|O 8,0 9]0 lqO
D--CPDGWSSTKSYCYRPFKEKKTWEEAERECTEQEKEAHLVSMEN~RLEAVEVIMVMENNFENKT YRS -~WIGLKI ENKGORSNLEWSDGSSTSYENLY
D--CPSDWSSFKQYCYQIFKQLKTWEDAERFCMDQVKGAHLVSTESYR-EAVEVAQQLSENVKTTKY —— DVWIGLSVVNKGOQUSSEWSDGSSVSYENLY
D--CPSDWSSHEGHCYKEFOOKMNWADAERFCSEQAKGGHLVSFQS—~DGETDEVVNLVTEKIQSTDL—~YAWIGLRVONKEKQCS SKWSDGSSVSYENVV
D--CPSGWSSYEGNCYKFFQOKMNWADAERFCSEQAKGGHLYSIKT Y SKEKDEVGDLVTKNIQSSDL-~YAWIGLRVENKEKQCSSEWS DGSSVSYENVV
DODCLSGWSFYEGHCYQLFRLLKTWDEAEKY C-NOWDGGHLVS TES-NAKAEFVAQL T SRKLPKSAT EDRVWIGLRDRSKREQCGHLWT DNSEVHYEHVV
D——CLPGWSSHEGHCYKVENEYKTWKDAEKFCKKQGKSGHLVSVES-SEEGDEVAKL I SENLEKSHS I DEVWTGLTYKGRWKQCS SEWS DGSKIKYQKWG
D~~CLSGWSSYEGHCYKAFEKYKTWEDAERVCTEQAKGAHLVS IES-SGEADEVAQLVTONMKRLDF——Y IWIGLRVOGKVKQCNSEWSDGSSVS YENWI
D~-CLSGWSSYEGHCYKPEFKLYKTWDDAERFCTEQAKGGHLV S TES-AGEADFVAQLVTENIONTKS ——-VWIGLRVQGKEKQCS SEWS DGSSVS YENWI
D--CPSDWS PYGGHCYKLFKORMNWADAENL CAQORKESHLVSFHS-SEEVDELVSLTEFPILGPDLY ——~-WIGLS --NIWNGCSFEQSDGTKVNYNAWA

lllO 12|0 13|0
EPYMEKCFLMDHQSGLPKWHTADCEEKNVEMCKFQLPR
KPLSKKCFVLKKGTEEFRKWENVACEQKHLEVCKEFLRPR
GRTVKKCFALEKEQEFFVWINIYCGQONPFVCK-SPPP
ERTVKKCFALEKDLGEVLWINLYCAQKNPFVCK-SPPP
PP-—TKCFVLERQTEFRKWIAVNCEFKEPEVCKAFIPR
KOOPRKCLGLEKQTEFRKWVNLYCEEPQRFTCET
EAESKICLGLEKETDFRKWVNI YCGOONPEVCE-A
FAESKTCLGLEKETGFRKWVNIYCGOONPEVCE-A
SE--SECVA-SKTTD-NOWWSEPCTRLQYEVCEFOA

1|0 2.0 BP 49 SP 69 710 89 9|O 10.0
DFRCPTTWSASKLYCYKPFKEKKTWIEAERFCAKQAENGHLVS IGSAREADFLDLV IVVNFDKORYRAWTGLTER - ~——NLKWINGASVSYENLYEPYTR
D-~CPSDWSSYDLYCYRVFQEKKNWEDAFKFCTQOHTDSHLYS FDSSEEVDEVASKT FPVLKHDLY--WIGLGSVWNACKLOWSDGTELKYNA--~--WSA
D--CPPDWSSYEGSCYRVEEQKMNWEDAFKFCTOQOTGGHLVS FOSSEEADEVVSLTSPILRDS FV--WIGLS DVWKECS FEWSDGSDLSYKDNYQEVES
D--CPPIWSSYEGHCYRFFKEWMHWDDAEE FCTEQQTGAHL VS FQSKEEADFVRSLTSEML KGDVV--WIGLSDVWNKCRFEWT DQMEFDY-DDY-YLIA
N--CLPDWSVYEGYCYKVFKERMNWADAEKFCMKQVKDGHLVS FRNSKEVDEMI SLAFPMLKMELV--WIGLSDYWRDCYWEWS DGAQLDYKA-——~WDN
D-—CSSGWTAYGKHCYKVFDE PKTWEDAEKFCSEQANGGHL VS FRSSKEADFVVTLTAQTKE SE IV-—WMGLSKIWNCCDWGWTNGAKLNYEA- - -WAEA,
D——CPSDWSSYEGHCYKPFSEPKNWADAFNFCTQOHAGGHLVS FQSSEEADFVVKLAFQT FGHS I F-~WMGLSNVWNQCNWOWSNAAMLR YKA-—~WAE~

11|o 12|0 13]0
KCFVVOPWEGKSKWYKADCEEKNAFLCKFPKPH
ESECITSKSTINEWLTRSCSRTYPFVCKFQ-A
EYECVASKTKNNKWRIIPCTKLEYFVCEFO-A
EYECVASKPTNNKWWI IPCTREKNEVCEFQ-A
ERHCFAAKT TDNOWMRRKCSGEFYFVCKCP-A
ESYCVWESSTNKEWKSRPCSLEGHEVCKSP-AW
ESYCVYFKSTNNKWRSRACRMMAQFVCEFD-A

Ficure 5: Sequence comparison of rhodocetin with related CLPs.al&aeds subunits of rhodocetin are aligned with those of botrocetin
(19), albboaggregin-B20), echicetin 16, 21), ECLV IX/X-bp (2), habu IX/X-bp @), and IX-bp 6), respectivelyNumbersndicate positions
of amino acid residues from the amino termini of thandg subunits of rhodocetin. Gaps ) have been introduced to maximize homology.

are also conserved, but rhodocetin is devoid of a half- 800
cysteinyl residue at positions 79 and 75 in tteand j
subunits, respectively (Figure 4). These corresponded to S
residues number 84 and 79, respectively, in Figure 5, due to %
the gaps being used to align the sequences. These two £
residues have been found to form the only intersubunit
disulfide bond in all of the other known CLPs. The lack of
cysteinyl residues forming the interchain disulfide bond
explains the ease of separation of subunits in rhodocetin.
Reconstitution of Rhodocetin Compl&econstitution of

the rhodocetin complex was achieved by simply combining
the two subunits in 100 mM ammonium hydrogen carbonate,

p: 7'8’t and irr:cubating overnigqtz at TC' GGL filtri[i(t)rr]l t th FiGURe 6: Binding curves off subunit to thea subunit coated
chromatograpny on a SUperose column showe al N€ensor chips. The binding sensorgrams were obtained by passing

retention time/volume of the reconstituted complex was ifferent concentrations of renaturgcsubunit over the sensor chip
similar to that of native rhodocetin (data not shown). The that had been immobilized with renaturedsubunit.

interaction betweent and 3 subunits and the formation of

rhodocetin complex at a molar ratio of 1:1 was further with immobilized a subunit were presented in Figure 6. It

supported by BIA and CD analyses as well as functional showed that the binding between theand 8 subunits of

assays of platelet aggregation (see below). rhodocetin had a stoichiometry of 1:1. The association and
To examine the stoichiometry and the affinity between dissociation constants, as calculated for bindings dd a

the subunits, we examined the rhodocetin complex formation subunits over a range of four different concentrations, were

using BIA analysis. The binding sensorgrams for the inter- (1.274+ 0.36)x 1°® M~'stand (1.714- 0.32) x 102M™*

action of the various amounts gfsubunit (25-250ug/mL) s 1, respectively. AKp value of 0.14+ 0.04uM was thus

600
1328 uM

400

P

&“) 200 |

1.66 uM
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ent inhibition of aggregation with an kgof 3.6 ug/mL (112
nM). Thus about a third of the inhibitory property was
regained upon reconstitution.

The synergistic interaction between theandg subunits
of rhodocetin and the role of synergism in the inhibitory ef-
fect of platelet aggregation in rabbit blood could be elegantly
demonstrated by a titration experiment (Figure 8E). In this
experiment, the concentration @fsubunit was kept constant
at 100 nM, while different concentrations Bfsubunit were
added. As expected, increasing amount8 sfibunit induced
higher inhibition of platelet aggregation. The percentage of

inhibition reached the optimum plateau when the concentra-
tion of 8 subunit was about 100 nM. The addition of higher

; amounts ofs subunit did not significantly enhance the inhi-

' / bition. Thus maximal effects were achieved only at a stoi-

\ / chiometry of 1:1. These results further support the complex
formation and synergism between the two subunits.

Molecular Ellipticity (6) (x10°)
-
X ™\

DISCUSSION

C&"-dependent lectin-related proteins (CLPs) isolated
from snake venoms are a structurally homologous group of
2+ proteins. They are heterodimers comprising cofand
subunits withM, values of about 1415000. Each subunit
has seven half-cysteinyl residues forming three intrachain
disulfide bridges, and the seventh cysteine forms an inter-
chain disulfide bond linking the two subunits. The subunits
bear a high degree of sequence homology with each other

-3 1 |

200 220 240 260 and with the other snake venom CLPs. Despite their striking
structural similarity, this group of proteins has a variety of
Wavelength (nm) biological effects (see Introduction). In addition, some of

Ficure 7: CD spectra of native rhodocetin and its reconstituted these proteins are lectins an.d they e.xhibit. miterniC activity
1:1 complex. CD spectra were measured by gisinl mmpath (24, 25). Thus structurefunction relationships of this group
length cell as described in the Experimental Procedures. The Of proteins are complicated and interesting.
concentations of e rhedocet, s Sbuns,and econsitied e report hee the purfication and characteization of a
o and 8 subunits. Native rhodocetin<); reconstituted complex ~ Unique CLP dimer, rhodocetin, from the venomGllose-
(-+-); o subunit (---);3 subunit ¢-+). lasma rhodostosman marked contrast to all the known
proteins from this superfamily, the two subunits of rhodocetin
calculated from the ratio of dissociation and association rate are not linked by any intersubunit disulfide bonds. In
constants. rhodocetin, thea subunit consists of 133 amino acids
CD analysis showed that there was no significant confor- residues I{l;, 15 956), while the5 subunit, 129 amino acid
mational change between native rhodocetin and its recon-residues ;, 15 185). However, the. and f subunits of
stitutedo. andg subunits (Figure 7). However, the CD spectra rhodocetin contain only six half-cysteinyl residues each. The
for the individualo. andf subunits exhibit some differences positions of six half-cysteinyl residues are conserved, and
(Figure 7, inset). they are present at the same locations as those of the
Effect of Rhodocetin and Its Reconstituted Complex on intrachain cysteine residues, for example, botrocetin (Figure
Blood Coagulation and Platelet Aggregatid®hodocetinand  9) and the other CLPs (Figure 5). From the known disulfide
its reconstituted 1:1 complex had no effect on blood pairings of CLPs, we could infer that the intrasubunit
coagulation as determined by the prothrombin times of rabbit disulfide bonds of rhodocetin may occur as follows:
and human plasma. However, rhodocetin showed a potentsubunit, 2-13, 30-127, and 102 119; and3 subunit, 4-15,
inhibitory effect on platelet aggregation in rabbit whole blood 32—123, and 98115 (Figure 9). However, as expected,
induced by collagen (2g/mL) (Figure 8A), but not by ADP  rhodocetin is devoid of a half-cysteinyl residue each at
(10 uM) or thrombin (0.2 IU/mL) (Figure 8C). Similar results  position 79 of thea subunit and at position 75 of the
were obtained using human whole blood (Figure 8D). For subunit (Figure 4A). Since these two half-cysteinyl residues
rabbit whole blood, the inhibition was dose-dependent with always form the only intersubunit disulfide bridge that is
an 1Gs of 1.3 ug/mL (41 nM) (Figure 8A,B). Individually found in all other CLPs, rhodocetin is thus a snake venom
neithero. nor 8 subunit exhibited any significant inhibitory ~ CLP with a unique structure in which the subunits are held
effect even at a concentration of 2«M (Figure 8B). This together only by noncovalent interaction. By using surface
indicates that both subunits are essential for the inhibition plasmon resonance (SPR) studies, we further corroborated
of platelet aggregation. Upon reconstitution and formation the interaction between the subunits; we were able to
of the 1:1 complex, the inhibition of platelet aggregation was demonstrate unequivocally that the stoichiometry between
regained. The reconstituted complex exhibited dose-depend-the renatured and$ subunits was 1:1 and th&; for this
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Ficure 8: Inhibition of collagen-induced platelet aggregation by rhodocetin, individuahd 8 subunits, and reconstituted 1:1 complex.

(A) Tracings of the inhibitory effects of rhodocetin and its reconstituted complex on platelet aggregation in rabbit whole blood: (a) rhodocetin;
and (b) reconstituted andg subunits. (B) Percentage of inhibition of platelet aggregation in rabbit whole blood by rhodocetin, individual

o and 3 subunits, and reconstituted complex®)(reconstituted complex;a) rhodocetin;(l) o subunit; ) S subunit. (C) Inhibitory

effects of rhodocetin on platelet aggregation in rabbit whole blood induced by various agoaistsollagen (2ug/mL); (®) ADP (10

uM); (O) thrombin (0.2 IU/mL). (D) Inhibitory effects of rhodocetin on platelet aggregation in human whole blood induced by various
agonists: 4) collagen (2ug/mL); (W) ADP (10xM); (O) thrombin (0.2 1U/mL). (E) Titration of rhodocetifi subunit witho subunit in

platelet aggregation in rabbit whole blood. Values are presented as mieSRsh = 4).

interaction is 0.14uM. Several specific proteinprotein act synergistically to exhibit the biological activity, and these
interactions in nature, for example, the one between coagula-subunits are held together by noncovalent interactions.

tion factors X and V,, are in the same rang2®). Confor- Two of the hurdles in understanding the structtfienction
mational analysis using CD indicates that the overall con- relationships of snake venom CLPs are to recognize whether
formation of the reconstituted 1:1 complex of rhodocetin is one or both subunits are required for biological activity and
similar to that of the native molecule (Figure 7). We have to identify which subunit plays an important role in the
also demonstrated the importance of this interaction to the activity. Rhodocetin is a potent inhibitor of platelet aggrega-
biological activity of rhodocetin (Figure 8). Thus rhodocetin tion induced by collagen. The subunits can be separated
is a first example of a CLP dimer in which both subunits easily by reverse-phase HPLC. As shown here, both subunits
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Ficure 9: Comparison of the locations of the disulfide bridges

between rhodocetin and botrocetin. Bold lines indicate peptide
chains; fine lines indicate disulfide bridges; numbers indicate
positions of amino acid residues from the amino terminitaind

B subunits; and circled numbers indicate positions of half-cysteinyl
residues.

are essential for the inhibition of platelet aggregation. Neither
o subunit norf subunit significantly inhibits the platelet
aggregation (Figure 8B). The reconstituted complex inhibits

collagen-induced aggregation. We have also demonstrated

that the formation of 1:1 complex is important for the
biological activity of rhodocetin. In contrast, some of the
earlier studies have shown that the biological activity was
attributable to itsp subunit. Peng et al. showed that the
reduced and alkylategg subunit of echicetin retained
inhibitory activity (23). In the case ofararaca GPIb-bp the
reduced but not alkylatef subunit retained its biological
activity (15). However, Polgar et al. reported that neither
reduced and alkylated andf subunits of echicetin inhibited
the platelet agglutinationlg). One of the difficulties with

these previous studies is the requirement for the CLPs to be
completely denatured, reduced, and carboxymethylated be-

fore the subunits could be isolated for subsequent binding
experiments. Thus although tifesubunit is important for
the biological effects in the above cases, it is not clear
whether the loss of activity for the. subunit is due to a
change in the conformation. Unlike the other CLPs, the two
subunits of rhodocetin act synergistically for the expression
of its biological activity. The second subunit helps to have
a close to native conformation and biological activity.
Recently, Shin and Morita2{) reported the isolation and
characterization of rhodocytin, a novel platedgonistfrom
the same snake venom. Rhodocytin has a dimeric disulfide-
linked structure, which is characteristic of the known CLPs.
In fact, we have also isolated and partially characterized a
protein with similar structural and functional properties to
rhodocytin in the course of this worR®). This CLP, present
in peak | (Figure 1A), was further purified by anion exchange
chromatography (Mono Q) at pH 8.28). The dimer, under
reducing conditions in SDSPAGE, gave two bands with
molecular masses of 18.@)and 14.7 §) kDa, respectively.
The N-terminal amino acid sequences of thend subunits
and the effects of this protein on platelets are also identical
to those of rhodocytin 27, 28). However, this protein
probably has a quaternary structure consisting of at least two
disulfide-linked dimers since it has a native molecular weight
of about 66 000 as determined by gel filtratia28). This
structural information was not evident from the work on

Wang et al.

rhodocytin 7) and the earlier publication of Huang et al.
on aggretin 29). It is interesting to note that the venouoii
Calloselasma rhodostonia the source of three novel toxins,
as exemplified by the two novel CLPs reported here, as well
as a major hemorrhagin (rhodostoxin) that contained the first
four disulfide-linked proteinases reported among all known
venom metalloproteinase8(Q).

In conclusion, we have purified and characterized a novel
CLP in which the two subunits are held together only by
noncovalent interaction and not by any interchain disulfide
bridge. Both subunits are essential for the potent inhibition
of platelet aggregation. Further studies are underway to
examine the mechanism of inhibition of platelet aggregation
and structurefunction relationships of rhodocetin.
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