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The coagulation factor X activator from Russell’s viper venom (RVV-X) is
a heterotrimeric glycoprotein. In this study, its three subunits were cloned
and sequenced from the venom gland cDNAs of Daboia siamensis. The
deduced heavy chain sequence contained a C-terminal extension with four
additional residues to that published previously. Both light chains showed
77-81% 1identity to those of a homologous factor X activator from
Vipera lebetina venom. Far-western analyses revealed that RVV-X could
strongly bind protein S, in addition to factors X and IX. This might inacti-
vate protein S and potentiate the disseminated intravascular coagulation
syndrome elicited by Russell’s viper envenomation. The N-glycans released
from each subunit were profiled and sequenced by MALDI-MS and MS/
MS analyses of the permethyl derivatives. All the glycans, one on each
light chain and four on the heavy chain, showed a heterogeneous pattern,
with a combination of variable terminal fucosylation and sialylation on
multiantennary complex-type sugars. Amongst the notable features were
the presence of terminal Lewis and sialyl-Lewis epitopes, as confirmed by
western blotting analyses. As these glyco-epitopes have specific receptors in
the vascular system, they possibly contribute to the rapid homing of
RVV-X to the vascular system, as supported by the observation that slower
and fewer fibrinogen degradation products are released by desialylated
RVV-X than by native RVV-X.

Activators for zymogens of the blood coagulation cas-
cade are abundant in venoms of many Viperinae [1]
and some Elapidae [2,3]. The factor X activator from
the venom of Russell’s viper (Daboia russelli and
Daboia siamensis) (RVV-X) is a potent procoagulating
and lethal toxin [4]. Its action mechanism involves the
Ca’*-dependent hydrolysis of the peptide bond
between Arg51 and Ile52 of the heavy chain on
factor X, similar to the physiological activation by
factors IXa and VIIa [4,5]. In addition, RVV-X also
activates factor IX, but not prothrombin [6]. Given

Abbreviations

these functional specificities, RVV-X has served as a
tool for thrombosis research and as a diagnostic
reagent [7].

RVV-X is a heterotrimeric glycoprotein composed
of one heavy chain (HC) and two distinct light chains
(LCI and LC2) [8,9]. The heavy chain is a P-IIT metal-
loprotease [10], and both light chains belong to the
C-type lectin-like family. However, the light chain LC2
has yet to be fully sequenced [8]. Based on their
sequence similarity to other venom factor IX/X-bind-
ing proteins [8,11], both light chains of RVV-X have

APTT, activated partial thromboplastin time; DIC, disseminated intravascular coagulation; FDP, fibrinogen degradation product; Gla,
y-carboxyglutamic acid; PNGase F, peptide N-glycosidase F; PVDF, poly(vinylidene difluoride); RVV-X, factor X activator from Russell's viper
venom; SBHP, streptavidin-biotinylated horseradish peroxidase; TBST, Tris-buffered saline with Tween 20; VAP1, vascular apoptosis-inducing

protein 1; VLFXA, factor X activator from Vipera lebetina venom.
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been postulated to bind the y-carboxyglutamic acid
(Gla) domain of factor X and bring the heavy chain to
the Arg51 cleavage site of factor X [4]. This specula-
tion has been supported by a recent crystallographic
study of RVV-X at 2.9 A resolution [12]. In addition,
a homologous factor X activator from Vipera lebetina
venom (VLFXA) has been characterized, and its three
subunits have been cloned and fully sequenced [13,14].
Its heavy chain and light chain LCI1 share high
sequence similarity (> 77%) to those of RVV-X.

The structures of the carbohydrate moieties of
RVV-X have been investigated previously. It was
found that RVV-X contains multiantennary complex-
type N-glycans, with bisecting GIcNAc and terminal
NeuS5Aca2-3Gal sialylation. The glycan core structures
were additionally shown to be sufficient to maintain
the active conformation of RVV-X [9,15]. However,
details on the glycosylation and physiological signifi-
cance of these glycans remain to be explored. In this
study, we have cloned all the RVV-X subunits for the
first time and have solved their complete sequences.
The nucleotide sequences of HC, LC1 and LC2 have
been deposited in GenBank with accession numbers
DQI137799, AY734997 and AY734998, respectively.
The overall N-glycosylation profiles, as well as that of
the individual subunits and sites, were defined by
advanced mass spectrometry analyses. Unexpectedly,
terminal fucosylation contributing to Lewis (Le) and
sialyl-Lewis (SLe) epitopes was also identified, and
their functional implications were clarified by in vivo
studies.

Results and Discussion

Purification and characterization of RVV-X

RVV-X was purified from the crude venom of D. siam-
ensis (Flores Island, Indonesia) by two chromato-
graphic steps. The venom was separated into seven
fractions using a Superdex G-75 column (Fig. 1A).
The first peak (indicated by a bar) exhibiting strong
procoagulating activity was further purified by anion
exchange chromatography (Fig. 1B). The yield of
RVV-X was approximately 3.4% (w/w) of the crude
venom, similar to that reported previously [4]. SDS-
PAGE of the purified protein revealed a single band at
93 kDa under nonreducing conditions, and three bands
of 62, 21 and 18 kDa under reducing conditions
(Fig. 1B, inset). The molecular mass of purified RVV-X
was also determined by an analytical ultracentrifuge as
92 972 + 4356 Da  (data not shown).  After
electrophoresis and blotting, the protein band of LC2
was excised from the poly(vinylidene difluoride)
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Fig. 1. Purification of RVV-X. (A) About 20 mg of D. siamensis
venom was dissolved in buffer and separated by Superdex G-75
gel filtration. The column was equilibrated and eluted with 100 mm
ammonium acetate (pH 6.7). Fraction | (indicated by bar) possess-
ing coagulation activity was pooled and lyophilized. (B) Subsequent
purification of fraction | on a Mono Q column. The elution was
achieved by increasing (0-0.6 M) NaCl gradient in 50 mm Tris/HCI,
pH 8.0. The absorbance at 280 nm of the eluent was monitored
online. The inset shows the result of SDS-PAGE of purified RVV-X
under reducing (R) and nonreducing (NR) conditions.

(PVDF) membrane. By automatic Edman sequencing,
its N-terminal sequence 1-25 was determined as
LDXPPDSSLYRYFXYRVFKEHKT (X denotes an
unidentified residue), which differs from that of
VLFXA LC2 by three residues at positions 10, 22 and
24 [14].

The stability of RVV-X under various conditions
was studied by activated partial thromboplastin time
(APTT) coagulation assay. We first assigned a plot of
clotting time against dose of RVV-X that fitted well in
a power regression mode (Fig. 2A). On the basis of
this relationship, we determined the remaining activi-
ties after different treatments. The results showed that
RVV-X was stable in buffers of pH 6-10 and tempera-
tures below 37 °C (Fig. 2B,C), consistent with previous
studies showing that purified RVV-X was stable at
4°C in 50mmMm Tris/H;PO, buffer, pH 6.0 for
2 months [16]. These properties were also similar to
those of the P-III metalloproteinase VAP1 (vascular
apoptosis-inducing protein 1) from Crotalus atrox
venom [17].
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Fig. 2. Effects of buffer pH and temperature on the coagulation
activity of RVV-X. (A) Relationship between the clotting time and
dose of RVV-X in APTT coagulation assay. Analysing the experimen-
tal data (0.1-10 ng) with power regression gives a correlation of
R? =0.991 and a prediction equation of y = 16.624x°2"8_(B) pH
stability profile. RVV-X (1 pg-uL™") was incubated at 4 °C for 36 h in
buffers of different pH. (C) Thermal stability profile. RVV-X (1 pg-uL™
in 100 mm Hepes, pH 8.0) was incubated at various temperatures for
1 h. The remaining activities of 5 ng of RVV-X after (B) and (C) treat-
ments were evaluated by the coagulation assay. The results are
expressed as the mean + standard deviation (n = 3).

Substrate specificities studied by far-western
analysis

To investigate the binding specificity of RVV-X,
several human coagulation factors containing the Gla
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domain were subjected to SDS-PAGE (Fig. 3A) and
then electroblotted onto a PVDF membrane. The blot
was incubated with biotinylated RVV-X, and binding
was detected with the streptavidin-biotinylated horse-
radish peroxidase (SBHP) system (Fig. 3B,C). In the
presence of a millimolar concentration of Ca®>" ions,
RVV-X bound strongly to factors X and IX, whereas
its binding to prothrombin and protein C was hardly
detectable. When Ca®" ions were removed from the
solution, binding was no longer detectable (Fig. 3C),
confirming that exogenous Ca’" ions are essential for
substrate binding [18]. Furthermore, no signal could be
detected for factor X without the Gla domain (Fig. 3B,
lane 7).

kDa
118 =

2 3 4 5 6 7

Fig. 3. Analysis of the binding of RVV-X to Gla-containing plasma
factors or proteins by far-western blotting. (A) Coagulation factors
were separated by SDS-PAGE and stained by Coomassie brilliant
blue G-250. Lane 1, 3 pug of factor X; lane 2, 0.3 pg of factor X; lane
3, 3 ug of factor IX; lane 4, 3 ug of prothrombin; lane 5, 3 pg of
protein C; lane 6, 3 pg of protein S; lane 7, 3 pug of Gla-domainless
factor X. (B) Instead of staining, the protein bands were blotted on
to a PVDF membrane after PAGE. The membrane was probed with
1.5 pg'mL~" biotinylated RVV-X and detected with the SBHP sys-
tem in the presence of 5 mm CaCl,. (C) Same as (B), except Ca®*
ions were excluded. For lane 7, the arrow denotes residual factor X
present in the sample of Gla-domainless factor X.
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Thus, the far-western results reflect the substrate
specificity of RVV-X [4,6], and its binding to sub-
strates involves their Gla domains [19]. Interestingly,
we found that protein S bound strongly to RVV-X
(Fig. 3B, lane 6). If RVV-X inactivates protein S
in vivo, it will interrupt the protein C pathway [20] and
stimulate the tissue factor pathway [21], both of which
may lead to an increase in the risk of coagulation
and disseminated intravascular coagulation (DIC)
syndrome.

Cloning and sequence alignment of RVV-X
subunits

PCR amplification and cloning of the light chains of
RVV-X were carried out using cDNA prepared from
venom glands of D. siamensis (Flores Island, Indone-
sia) as template. After RT-PCR, 20 clones encoding
C-type lectin-like proteins were sequenced. Of these, 10
clones were found to encode the LC2 and LCI sub-
units. Others were found to encode other variants of
the C-lectin-like venom proteins. The amino acid
sequences of both subunits were deduced from the
nucleotide sequences, and were found to match the
N-terminal sequences of the corresponding proteins
[8]. The ORF of LC2 encodes a precursor of 158
amino acids, including a signal peptide of 23 residues
and mature protein of 135 residues. Its predicted mass
is 15983 Da, its isoelectric point is 5.44 and it has
a potential N-glycosylation site at Asn59. The LCI
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precursor contains 146 amino acids, including a signal
peptide of 23 residues, and the predicted sequence for
its mature protein matches that published previously
[8].

The amino acid sequences of LC1 and LC2, together
with those of other homologues of factor IX/X-bind-
ing lectin-like subunits, are aligned in Fig. 4. They
show the highest sequence identity (77-81%) to the
corresponding subunits of VLFXA [14]. Residues
Glul00 and Argl02 of LC2, presumably important for
interacting with the Gla domain of factor X [19], were
conserved in both LC2 subunits of RVV-X and
VLFXA. In addition to the conserved Cys residues
present in this lectin-like family, both LC2 subunits
contain an extra Cys at the extended C-terminus,
which probably forms an interchain disulfide bridge
with the heavy chain [14]. LCI is covalently linked to
LC2 but not to the heavy chain.

The crystal structures of the factor IX/X-binding
lectin-like proteins from pit viper venom revealed that
each subunit contained one Ca’"-binding site and four
corresponding residues that coordinated Ca®" ions
[22]. It was shown later that only one subunit of fac-
tor IX/X-binding protein from Echis venom had a
Ca?" -binding site; the other non-Ca’ " -binding subunit
was stabilized by C-terminal Lys/Arg residues [23]. We
found that the LC2 and LC1 sequences of RVV-X
(Fig. 4) lacked the Ca’"-binding acidic residues found
in the sequences of crotalid factor IX/X-binding
proteins; instead, they contained basic residues at these

A chain
20 30 40 50 60 70 80
RVV-X 1.C2 GLDCPPDSSLYRYFCYRVFKEHKTWEAAERFCMEHPNNGHLVS TESMEEAEFVAKLLSNTTGKE 1 T—HFWIGLMIKDKEQE
VLFXA 1LC2 ... Pl QN AD..... AR oo, Q...KL..... — .....RE.KQ
ECLV IX/X-bp ~ ——..L.GW.SHEGH. .K..N.Y...KD..K..KKQGKS.....V..S..GD..... L ENLE. SHSIDFV. T..TY. GRWKQ
Acutus X-bp  ——..SSGW.S.EGH..K...QS...AD..S..TKQV.G........SG..D..GQ. IAQKIKSAKI——. V. ... RAQN..KQ
Habu TX-bp ... SGW. S.EGH. . KP..LY...DD..... T.QAKG........AG..D...Q. VTENIQNTKS—YV....RVQG..KQ
Habu IXX-bp ~ ——..LSGW.S.EGH..KA. EKY....D...V.T.QAKGA.......SG..D...Q VTQNMKRLDF—YI. ... RVQG. VKQ
Ca”-binding
. ) ) 100 110 120 130 Tdentities (%) site
Fig. 4. Sequence alignments of RVV-X light RVV-X LC2 CSSEWSDGSSVSYDKLGKEEFRKCFVLEKESGYRMWENRNCEERYVFVCKVPPEC 100. 0 0
. . . VLEXA LC2 R N.LR..... G...GT...S...L....P.P.......N. 80.7 0
chains with other factor IX/X-binding pro ECLV IX/X-bp  .vevnn... KIK. Q. V.. QQP. . . LG. .. QTEF. K. V. LY. . . PQR. T. EI-——— 16.0 1
teins. Residues identical to those of LC2 Acutus X-bp .. T....... I..ENWIE. . SK.. LGVHL. T. FHK. E. FY. . QQDP. . . EA 45.2 1
. . Habu IX-bp  ............. ENWIEA. SKT. LG. ... T. F.K. V. IY. GRQNP. . . EA-———— 43.7 1
and LC1 are denoted with dots; gaps are Habu IXX-bp . N........... ENWIEA. SKT. LG. . .. TDF. K. V. Y. GQQNP. . . EA——— 48.1 1
marked with hyphens. Putative Ca%*-binding
sites anld potential N—glycgsylatlon 5|te§ are B chain
shown in grey and underlined, respectively. 20 30 40 50 60 70 30
A ion numbers and venom i r RVV-X LC1 VLDCPSGWLSYEQHCYKGENDLKNWTDAEKFCTEQKKGSHLVSLHSREEEERVVNLTSENLEYPATWIGLGNMWKDCRME
ccession numbers and venom species are VLFXA 1.C1 DE....D.V..D..... Ao, Noonins S...D..... AQS.Q..VA........ E..S.
as follows: VLFXA LC2 (AY57811) and LC1 ECLV IX/X-bp  ——..S...TA.GK....V.DEP.T.E S. . AN. . FR. SK. AD. .. T. TAQTK. SEIV. M. . SKI. NQ. DWG
; - Acutus X-bp  ——....D.S...G....P..EP...A CHIL FQ. T.. AD. .. K. AFQTED. GIF. M. . SKI. NQ. NWQ
(AY339163), Macrovipera lebetina; ECLV IX/ Habu_TX-bp L D.S...G....P.SEP...A...N...Q.HA.G....FQ.S..AD...K AFQTFGHSTF. M. .S. V. NQ NWQ
X-bp a subunit (AAB36401) and B subunit Habu IXX-bp oo D.S...G....P.SEP...A...N...QHA.G....FQ.S..AD...K AFQTFGHSTF. M. .S. V. NQ. NWQ
P
(AAB36402), Echis leucogaster; Acutus X-bp Ca”binding
A chain (110DA) and B chain (110DB), Dei- ¢ 100 110 120 ILdentities (%) site
. ) . RVV-X 1C1 WSDRGNVKYKALAEES—-YCLIMITHEKEWKSMTCNFTAPVVCKF 100. 0 0
nagkistrodon acutus; Habu IX/X-bp A chain VLFXA LCI G o LINC KGR NMLH L. — 77.2 0
(P23806) and B chain (P23807), Habu X-BP ECLV IX/X-bp . TNGAKLN. E.W..AES.. VWFSSTN. . ... RP. SLFGHF. . . SPAW 44. 1 0
. . Acutus X-bp .. NAAML..TDW....-.. VYFKSTNNK. R. I.. RM.. NF. . E. QA- 49.6 1
A chain (1J34A) and B chain (1J34B), Habu TX-bp ..NAAMLR...W....-..VYFKSTNNK. R. RA. RMM. QF. . E. QA 47,2 1
Protobothrops flavoviridis. Habu IXX-bp ~ ..NAAMLR...W....-..VYFKSTNNK. R. RA. RMM. QF. . E. QA- 47.2 1
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sites. This may reflect an evolutionary difference
between Viperinae and Crotalinae venoms in the struc-
ture of factor IX/X-binding protein families.

Using similar procedures, cDNA encoding the RVV-X
heavy chain (RVV-X HC) was cloned and sequenced.
Its ORF encodes a P-III precursor protein of 619
amino acids, including a 188-residue highly conserved
proenzyme domain followed by a mature protein of
431 residues (Fig. 5), consistent with its published pro-
tein sequence [8]. The proenzyme domain contains a
‘cysteine switch’ motif (PKMCGVT), which is possibly
required for its processing and activation. Notably, the
predicted RVV-X HC contains a C-terminal extension
of four additional residues (FSQI). Whether this
implies post-translational processing or geographical
variations amongst D. siamensis venoms is not clear. A
similar phenomenon has been reported for the deduced
protein sequence of HRI1b, which has an additional
seven residues (TTVFSLI) at the C-terminus, and
proteolytic processing was suggested to have occurred
[24].

Figure 5 shows the alignment of the amino acid
sequences of RVV-X HC with those of other represen-
tative P-III enzymes. It shows highest similarity (82%)
to VLFXA HC, and lower similarity to other P-III
proteases, e.g. Ecarin (63%), Daborhagin (56%),
HR1b (54%) and VAPl (53%). The proenzyme
domain, zinc-chelating motif, methionine turn and
three potential Ca’"-binding sites are all conserved
(Fig. 5). Notably, residue Cys562, which presumably
forms a disulfide bond with Cys135 of LC2, is located
within the highly variable region, which is important
for substrate recognition of the A disintegrin and
metalloproteinase (ADAM) family [25]. By this unique
linking to RVV-X HC, the light chains appear to con-
fer the substrate specificities of RVV-X [12]. Collec-
tively, the primary sequences of the three subunits of
RVV-X (Figs 4 and 5) suggest the possible presence of
three conformational Ca’*-binding sites in the heavy
chain and none in LC1 and LC2, in accordance with
the results of its crystallographic structure [12].

N-glycosylation profiles

The isolation of the individual heavy and light chains
in sufficient yield allowed a detailed structural charac-
terization of their respective N-glycosylation profiles to
be performed. Previous investigation based primarily
on lectin binding, sialidase treatment, glycosyl compo-
sition and linkage analyses has led to the conclusion
that the N-glycans of RVV-X are mostly of the com-
plex type, with bisecting GIcNAc and o2-3Neu5Ac
sialylation on a proportion of terminal B-Gal residues
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as the most notable structural features [9]. More
specifically, it was estimated that about 5% of the total
N-glycans are of high mannose type, 65% are of bian-
tennary complex type and 30% are of tri-/tetra-anten-
nary complex type. On the basis of interactions with
immobilized erythroagglutinating phytohaemagglutinin
lectin, 50-60% of the total glycans are deduced to
carry a bisecting GIcNAc, consistent with the detection
of a substantial amount of 3,4,6-Man in a ratio of
~ 2 : 1 relative to nonbisected 3,6-Man by methylation
analysis. Approximately 0.5-0.8 mol of terminal Fuc
was also detected per 3 mol of Man (1 mol of N-gly-
can), but the exact location was not defined as the
expected 4,6-linked GIcNAc residue, corresponding to
the reducing end GlcNAc in which core fucosylation is
normally attached, could not be identified. This overall
picture is mostly reproduced in our current analysis
based on MALDI-MS (Fig. 6) and advanced MS/MS
(Fig. 7) analyses of the permethylated N-glycans, but
with a few important new findings.

Overall, the salient structural characteristics of the
N-glycans released from the heavy and light chains are
similar. However, a major signal corresponding to the
high-mannose-type MansGIcNAc, structure was only
found in the heavy chain. In addition, there is a rela-
tively higher abundance of the larger size, multianten-
nary glycans carried on the heavy chain, which gave a
much more heterogeneous and complex profile. As
listed in Table 1, the assigned compositions for the
major [M + Na]* molecular ion signals detected cor-
respond to the expected complex-type N-glycans with
up to five Hex-HexNAc units. The majority carry a
variable degree of NeuSAc sialylation and an extra
HexNAc residue that is attributable to the bisecting
GIcNAc. Importantly, some of the larger structures
were found to contain more than one Fuc residue,
giving a first indication that not all fucosylation can be
ascribed to core a6-fucosylation. Core a3-fucosylation
was ruled out as these N-glycans were released by pep-
tide N-glycosidase F (PNGase F). It is thus likely that
some or all of the Fuc residues may be attached to the
terminal sequences.

As shown by MALDI-TOF/TOF MS/MS analyses
of representative Fuc-containing major N-glycans
(Fig. 7), the trimannosyl core structures are indeed
bisected by GIcNAc and are nonfucosylated. Fuc was
found to be attached to the 3-position of HexNAc of
the terminal Hex-HexNAc unit, giving rise to the Le*
epitope and SLe* when additionally sialylated. The
characteristic D ions for Le* and SLe* were detected
at m/z 472 and 833, respectively, whereas the corre-
sponding ion indicative of Le* and SLe® at m/z
442 was either not found or was too minor to allow
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Prosequence region
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-180 -170 -160 -150 -140 -130 -120 -110 -100 -90
RVV-X HC MMQVLLVTISLAVFPYQGSSTILESGNVNDYEVVYPQKVTALPKGAVQQPEQKYEDTMQYEFEVNGEPVVLHLEKNKILFSEDYSETHYYPDGREITTNPPVEDH
VLEXA HC e P ) Dvvnvnn R.S..... T..K...Q..
Ecarin D SS.Do..... S....
Daborhagin .........C......H........... ... .. .. .....M.E..K.......A K .......L......D..oooo S K.L.Q..
HRIB Lo oG M A K G S
VAP Lo Ve R P ALK G S Yoo
-80 =70 -60 -50 -40 -30 -20 -10 Tdentities (%)

RVV-X HC CYYHGRIQNDAHSSASISACNGLKGHFKLRGEMYFIEPLKLSNSEAHAVYKYENTEKEDE IIPKMCGVIQTNWESDKP IKKASQ————— 100.0
VLFXA HC 90. 4
Ecarin 85.3
Daborhagin 88.4
HR1B 86. 1
VAP1 84.5
Metalloprotease domain

10 20 30 40 50 60 70 80 90 100
RVV-X HC ———LVSTSAQFNKIFIELVITVDHSMAKKC——NSTATNTKIYEIVNSANETFNPLNIHVTLIGVEFWCDRDLINVTSSADETLNSFGEWRASDLMTRKSHDNALL
VLFXA HC -LVAT. AKRK. H. T. . ... V.. RVV..Y=——D. A .. ... V... L. RL......... Nevvveooon D..D...... G...LN..R....Q
Ecarin ——VPPHERK.E. K. ....VV..... VT.YNND...IR.W.. . ML.TV...YL.F..R. A V.L....NG....... T..D..H...oooot LN..R..H.Q
Daborhagin ~ VATSERNRYFNPYSYV..I.T.....VT.YKNDL..IR.WVF.L.. TI....KY.Y.R.P.V.L.L.KN........ A.NV..DL.....K.Y.LP.. I...SQ.
HR1b EQQR. PRRY. K. A. V... GIVT. HHG. LKKIRKW. . QL. . TT. N YRS...L.A. VYL. I. SKQNK. T. Q. ASNV. . DL. . D. .E.V.LKQR...C.Q.
VAP1 ————EQQRYLNA. KYVK. FLVA. YI. YL. YGR. L. . VR. RM. D. .. VITP. YHRM. . . . A. V. L. I. SNT. K. I. Q V..DL.AK. .. T..LS....... Q.

110 120 130 140 150 160 170 180 190 200

RVV-X HC FTDMRFDLNTLGITFLAGMCQAYRSVETVQEQGNRNFKTAV IMAHELSHNLGMYHDIGKNCTCNDSSCVMSPVLSDQPSKLFSNCSTHDYQRYLTRYKPKCTFNPP
VLFXA HC Lo KeSe Dovevinn [CHPN U (PN [CR [ S § LA .Sooot, No..R...T...... L...
Ecarin L.NVIL.HS. ..... VY...KSD....LILDYS. IT.NM. Y. L.|. . MG. S. .. L. .[T. F. T. GAKH. I.|FGKE. IP.P.E..S..YDQ.NK. . LK. N....LD
Daborhagin L. AIDLNGL. I. MAYVST. .. SKY..GV..DHSKI.LRV..T..|.. IG....LT..} VY. T.GGY.} I.[. A. . G.....Y.....YNQ.R. F. .EHN. E. . I. ..
HR1b L. TID..GP. I. KAYT. S. . DPK. .. G...DYSPI.LVV.... 1. .MG. ... IP..}. NS. T. GGFH. I.[. . MI..P. .E...... KAY..TF..DH..Q..L.A.
VAP1 L. GIN. NGP. A. LGY. G. I. NTMY. AG. . . DHSKTHHLV. TA. .[. . MG. . ... D..[KDT. T. GTRH. . .[AGA. . CEA. F. .. D.. QK. HREF. TKNM. Q. . LKK.

Linker and disintegrin domain

210 220 230 240 250
RVV-X HC LRKDIVSPPVCGNE IWEEGEECDCGSPANCQNPCCDAATCKLKPGA
VLFXA HC  ..... AL, KD............. T...
Ecarin ~  ..... AA oo DR
Daborhagin ..T...... A ..LL.R......... E..RD...... S...HSWv..
HR1b SKT. ...

VAP KTV A YFVLV. RT.RD.....T....RQ..Q.

Cys—rich domain

300 310 320 330 340

RVV-X HC NGKPCQNNRGYCYNGDCPIMRNQCISLFGSRANVAKDSCFQENLKG:
VLFXA HC Qe Novoooooon TKe oot T..E....... Q..
Ecarin QLS L....A..SPS.T..Q.....R..Q.......
Daborhagin R..LH.F...... K....YH. .HA...QNVIGVQ... .. Y. RL.
HR1b L QLLY.H.LL L K....FY..YF....N.T..E.D..NN.K..
VAP1 Q.AK..N......K....AD.../\...PGTSQA . F.RE.

400 410 420 430 Identiti
RVV-X HC VDPGTKCEDGKVCNNKRQCVDVNTAYQSTTGFSQT 100. 0
VLFXA HC B 82.1
Ecarin B LRK ....... 63. 4
Daborhagin ..H....G.....S.G-....L. I..———— 56.0
HR1b CDHeoc A SCR- L L ECLKL VLU L. 54.0
VAP1 Lo ARAS. G TP 52.9

Fig. 5. Sequence alignments of RVV-X heavy chain with other P-Ill en
and gaps are marked with hyphens. Putative Ca®*-binding sites and p
tively. Conserved cysteine switch, zinc-binding site, methionine turn a

260 270 290
ECGNGLCCYQCKTKTAGTVCRRARDECIVPEHCTGQSAECPRDQLQQ
........ ) R €1 s Y
..... E..DK...RK...E c.vevoooo. . NEF.R

ESKNRFR .R..N..V.EFHE.
.D.. ..D.. T.RFHR
QAE....D..RFG ‘..R....—T.RF.R
HVR
350 360 370 l 380 390 I

SYYGYCRKE***NGRKIPCAPQDVKCGRLFCLNNSPRNKNPCNMHYSCMDQHKGM
......... e Lo YD G KLU RUR L
T.. IGYY KRF............ Y..D..FKKNMR. KND. . YA. EN. . I
VoA oo K.E..... Y. SYK..G. QL. . LPY. IPS. EN. .
DK.F..... — EKY....QE......... -D. —=K. Y..HYN.. -E. LDF.
NH....... —QNT..A.E......... Y.FP...E...... TY..PN.ED...
Ca*-binding
es (%) N-glyc. site No. of Cys site
4 37 3
3 36 3
5 35 3
4 34 3
4 35 2
1 35 2

zymes. Residues identical to those of RVV-X HC are denoted by dots,
otential N-glycosylation sites are shown in grey or underlined, respec-
nd ECD motif are boxed. Accession numbers and venom species are

as follows: VLFXA HC (AAQ17467), Macrovipera lebetina; Ecarin (Q90495), Echis carinatus; Daborhagin (DQ137798), D. russelli HR1b
(BAB92014), Protobothrops flavoviridis; VAP1 (BAB18307), Crotalus atrox.

unambiguous identification. Other terminal epitopes
include the nonsubstituted Hex-4HexNAc (Galfl-
4GIcNAcBl-, LacNAc), NeuS5Aca2-3Hex-4HexNAc
and nonextended terminal HexNAc residues. The pres-
ence of bisecting GIcNAc was established from several
complementary ion series. First, the D ion formed at

the bisected 3,4,6-linked B-Man residue carried the
extra bisecting GIcNAc residue together with the
6-arm substituents. Second, a characteristic loss of
both the bisecting GlcNAc and the 3-arm substituents,
in concert with a 'A-type ring cleavage at the p-Man
residue, yielded an ion at 321 mass units lower than

FEBS Journal 275 (2008) 3944-3958 © 2008 The Authors Journal compilation ® 2008 FEBS 3949
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B Fig. 6. MALDI-MS profiling of the N-gly-
cans. N-glycans released from the heavy
chain (A) and LC1 (B) of RVV-X were perme-
thylated and profiled by MALDI-MS. The
N-glycans of LC1 and LC2 gave similar pro-
files, and only that of LC1 is shown here.
The molecular composition assignments of
the major signals detected are listed in
Table 1, several of which were further analy-

1600 2000 2400 2800 3200 3600 4000
Mass (m/z)

the corresponding D ion. Third, the ®*A ion would
include the 6-arm substituents, but not the extra Glc-
NAc residue, if the latter bisects the f-Man residue at
the C4 position. Finally, an H ion would be formed
through concerted loss of the substituents on the
6-arm and the bisecting GIcNAc.

The identification of Le* and SLe* by MS/MS
sequencing was further corroborated by western blot
analyses (Fig. 8) using a panel of specific monoclonal
antibodies. Unexpectedly, the data indicated that, in
addition to Le* and SLe*, the heavy chain was also
stained positive with anti-SLe* serum. Although our
MS/MS data on the major Fuc-containing biantennary
N-glycans (Fig. 7) provided only convincing evidence
for the SLe* and Le* linkages, it is possible that a very
small amount of SLe® is also present amongst the iso-
mers, particularly on the multiantennary forms which
were of low abundance and not subjected to further
analysis. However, the monoclonal antibodies employed
failed to bind both light chains, although the MS data
clearly established the presence of at least Le® and SLe*
on their N-glycans. It is possible that there is, overall, a
much higher abundance of the implicated epitopes
carried on the heavy chain, which contains five potential
N-glycosylation sites relative to one each on the two
light chains. The density of the presented epitopes would
be further amplified by a higher abundance of multian-
tennary structures on the heavy chain.

Glycopeptide analyses

To seek information on the potential N-glycosylation
site occupancies of the individual chains, tryptic

sed by MS/MS to deduce the terminal epi-
topes carried and their probable structures.

4400 4800

peptides from each of the purified HC, LC1 and LC2
chains were subjected to automated nano-LC-nESI-
MS/MS analyses, operated in a precursor ion discov-
ery mode to optimize for glycopeptide detection. For
the heavy chain, four distinct sets of glycopeptides
were detected, corresponding to glycoforms of tryptic
peptides carrying the N-glycosylated Asn28, Asn69,
Asnl63 and Asnl83 residues (data not shown). The
tryptic glycopeptide corresponding to the fifth poten-
tial site at Asn376 was not identified. The data are
therefore consistent with a previous report, which esti-
mated a total of four N-glycan chains carried on the
heavy chain, based on partial PNGase F digestion and
SDS-PAGE analysis [9,15]. There is apparently no
strict preference for any particular complex-type N-gly-
can structure to be localized on any of the four sites,
as most of the major structures found by MALDI-MS
mapping of the released N-glycans could be detected
amongst all four sets of glycopeptides observed.
A more definitive quantification of each individual
glycoform was not attempted as glycopeptides carrying
some of the larger multiantennary structures are rela-
tively minor and refractory to unambiguous identifica-
tion by direct online LC-MS/MS analysis. Interestingly
though, the single MansGIlcNAc, structure could only
be identified on Asnl8§83.

For the light chains, tryptic glycopeptides carrying a
single N-glycosylation site could be identified. Notably,
the glycoform heterogeneity for LC1 was found to be
less complex than that of LC2 (data not shown).
Larger N-glycan structures extending up to (Hex-Hex-
NAc),, with variable degrees of Fuc and Neu5Ac, were
found only on LC2 and not on LCI, despite earlier
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Fig. 7. MALDI-TOF/TOF MS/MS sequencing of Le*- and SLe*-containing N-glycans of RVV-X. The major N-glycans tentatively assigned as
carrying the Lewis and sialyl-Lewis epitopes of interest (Table 1) were further subjected to MALDI-TOF/TOF MS/MS analysis to derive link-
age-specific cleavage ions [40] for structural assignment. In general, the same molecular ion signals afforded by heavy and light chains gave
similar MS/MS spectra, indicative of similar structures. Representative MS/MS spectra for the sodiated parent ions at m/z 2490, 2647 and
2851 (Fig. 6) are shown in (A), (B) and (C), respectively. For clarity of presentation, only the most abundant linkage and/or sequence informa-
tive ions are schematically illustrated and annotated. The nomenclature for the ion series follows that proposed by Domon and Costello [42]
and Spina et al. [43], as adapted by Yu et al. [40]. Other nonannotated ions include: (1) a characteristic loss of 321 mass units from the D
ions formed at bisected B-Man; (2) oxonium ions for terminal HexNAc* (m/z 260), NeubAc™ (m/z 376) and Hex-HexNAc* (m/z 464). In (A)
and (C), the presence of alternative isomers in which the nonfucosylated LacNAc is carried on the 6-arm is indicated by the D ion at m/
z 1125. Symbols used: ¢, NeubAc; A, Fuc; @, Hex (light-shaded for Gal and dark-shaded for Man, although these cannot be distinguished
by MS analysis); B, HexNAc (GIcNAc).
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Table 1. Major RVV-X N-glycans detected by MS.

m/Z Composition® Deduced structure®
1579.5 HsN» HsN, (high mannose)
22751 HeNy (HN)4-HoNC (hybrid)
Nz, N;(HN); or (HN)s/biantennary complex

1906.9 HzNs N2-NC

2111.0 HaNs N1 (HN)-NC

2286.1 F1H4Ns F1N1(HN)4-NC
2647.2 NeuAcF1H4N5 NeuAc;F1N4(HN);-NC
2070.1 HsN4 (HN),C

22451 F1HsN4 F1(HN),-C

2316.1 HsNs (HN),-NC

2419.2 FaHsN4 F2(HN),-C

2490.3 F1HsNs F1(HN),-NC

2677.3 NeuAc HsNs NeuAc+(HN),-NC
2851.4 NeuAcF1HsN5 NeuAc;F(HN),-NC
3025.6 NeuAcF,HsN5 NeuAcF,(HN),-NC
3212.7 NeuAc,F1HsNs NeuAc,F(HN),-NC
(HN)s/triantennary complex

2520.3 HeNs (HN)3-C

2765.4 HeNe (HN)3-NC

2939.5 F1HgNg F1(HN)s-NC
3126.7 NeuAc;HeNg NeuAc;(HN)3-NC
3300.8 NeuAc F1HeNg NeuAc;F;(HN)s-NC
3474.8 NeuAc,F,HgNg NeuAc,F,(HN)3-NC
3661.9 NeuAc,F1HeNg NeuAc,F1(HN)s-NC
38356.9 NeuAc, FoHgNg NeuAc,F,(HN)3-NC
4198.1 NeuAcsF,HgNg NeuAcsF,(HN)s-NC
(HN)/tetra-antennary complex

2969.5 H;Ng (HN),4-C

3214.7 H7N5 (HN)4-NC

3388.8 FiH7N- F1(HN)4-NC
3562.9 FoH7N F2(HN),-NC
3575.9 NeuAc,H;N5 NeuAc,(HN)4-NC
3749.9 NeuAcF{H;N5 NeuAc,F;(HN),-NC
3924.0 NeuAc,F,H7N; NeuAc;F,(HN)4,-NC
3937.0 NeuAcoH7N5 NeuAc,(HN)4,-NC
41121 NeuAc,F1H7N5 NeuAc,F1(HN)s-NC
4286.1 NeuAc,FoH7N5 NeuAc,F,(HN),-NC
4299.1 NeuAczH7N5 NeuAcs(HN),-NC
4473.2 NeuAc,FzH;N5 NeuAc;F3(HN)4-NC
4647.3 NeuAcsF,H;N- NeuAcsF,(HN),-NC

(HN)s/penta-antennary complex

4026.0 NeuAc,F,HgNg NeuAcF,(HN)s-NC
4374.2 NeuAcF,HgNg NeuAcF,(HN)s-NC
4561.3 NeuAc,F1HgNg NeuAc,yF1(HN)s-NC
4736.4 NeuAc,FoHgNg NeuAc,F,(HN)s-NC

2 Only major peaks are labelled and tabulated. m/z value refers to the accu-
rate mass of the most abundant isotope peak. ® Symbols used: F, Fuc; H,
Hex (Man or Gal); N, HexNAc (GIcNAc). © Deduced structures based on
the assumption that each of the N-glycans contains a trimannosyl core
HexsHexNAc,, denoted as -C, which is mostly bisected (-NC) and not
fucosylated. MS/MS studies on selected peaks established that Fuc is
mostly on the HexNAc of the nonreducing terminal Hex-HexNAc or Lac-
NAc (Galp1-4GIcNAc) sequence, and that a HexNAc-HexNAc- or LacdiN-
Ac (GalNAcB1-4GIcNAc-) terminal sequence was not detected amongst
the major components. The LacNAc units are not fully sialylated and/or
fucosylated, and thus give rise to heterogeneity in the distribution of the
Le* and SLe* versus LacNAc and sialylated LacNAc terminal epitopes. The
assigned tri-, tetra- and penta-antennary structures have not been verified
by MS/MS, and may alternatively carry polyLacNAc sequences.
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Fig. 8. Identification of Lewis epitopes on RVV-X using western
blotting analyses. In each gel, 7 pg of RVV-X and 5 pug of BSA were
loaded. Detections were performed with: (A) the Lewis x-specific
antibody SH1; (B) the sialyl-Lewis x-specific antibody KM3; (C) the
Lewis a-specific antibody CF4C4; and (D) the sialyl-Lewis a-specific
antibody B358. Different dosages of Lewis-glycan-conjugated BSAs
or human serum albumins were used as controls; the amounts
loaded on to the gels were 3 pg in (A), 0.5 pg in (B) and 1 pg in (C)
and (D).

mapping of the released N-glycans indicating a rather
similar N-glycosylation profile for the two light chains.
It is possible that these larger N-glycan structures,
similar to those found on the heavy chain, are much
less abundant relative to the major biantennary ones,
and were not readily detectable without further glyco-
peptide purification and/or sample enrichment. The
data are consistent with previous findings, which indi-
cated that the mobility of LC2, but not of LCI, on
SDS-PAGE was shifted noticeably with sialidase treat-
ment [9]. This observation could be interpreted by the
fact that LC2 carries a more elaborate N-glycosylation,
with additional multisialylated and multiantennary
structures not found on LCI, albeit of relatively low
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abundance for each individual glycoform. In compari-
son, these larger structures occur at significantly higher
abundance on the heavy chain and, with contribution
from a total of four glycosylation sites, collectively
present a high density and multivalency of the impor-
tant terminal Le* and SLe* epitopes.

Functional significance of the glycans in venom
proteins

Previous studies have suggested that the trimannosyl
sugar cores are sufficient for the maintenance of the
conformation and in vitro enzymatic activity of RVV-X
[15], but have not addressed the in vivo contribution of
its glycans. We also added neuraminidase to remove
the terminal sialic acid residues from the glycans in
RVV-X, and the modified protein moved faster in the
electrophoresis gel, as expected (Fig. 9A). By APTT
assays, we found that the coagulating activity of RVV-X
was decreased slightly (by 5%) after sialidase treatment
(Fig. 9B). This is consistent with previous results,
which showed that RVV-X remained active after treat-
ment with various exoglycosidases [15].

Markedly elevated fibrinogen degradation product
(FDP) concentrations have been observed frequently in
the blood of patients affected by Russell’s viper bites,
indicating the activation of fibrinolysis and systemic
envenomation [26,27]. We thus compared the effects of
native and desialylated RVV-X on the plasma FDP
level in ICR mice using an immunochemical kit. As
shown in Fig. 9C, the serum FDP levels were elevated
within 1-8 h after intraperitoneal injection of a dose of
1.0 pg'g™" of native RVV-X. In contrast, mice injected
with desialylated RVV-X showed a slower and
30-40% smaller FDP increment relative to those
injected with native RVV-X. As SLe* and SLe*
epitopes present on RVV-X molecules (Figs 7 and 8)
can bind specifically to E- and P-selectins of activated
endothelial cells or platelets [28,29], removal of sialic
acid from RVV-X possibly abolishes or slows down its
homing and localization to the vascular system and
the generation of FDP.

We have also tested the lethal potency of RVV-X to
ICR mice by different routes of injection. The LDs,
value of intravenous injection (0.04 ug-g~' mouse) was
about 50 times lower than that of intraperitoneal injec-
tion (2.0 pgg”' mouse), and intravenous injection
resulted in prominent systemic haemorrhage in mice.
These results emphasize the importance of the rapid
homing of RVV-X into microvessels to exert its effect.
The glycan structures of a number of venom glycopro-
teins have been characterized previously. The L-amino
acid oxidase of Malayan pitviper venom contains
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Fig. 9. Effect of RVV-X desialylation on FDP induction. (A) SDS-
PAGE analysis of desialylated RVV-X. (B) Comparison of the in vitro
coagulation activities between native and desialylated RVV-X. (C)
Time course of induced FDP elevation. ICR mice were injected
(intraperitoneally) with either native or desialylated RVV-X at a dose
of 1.0 pg-g™' body weight. The plasma FDP level in each sample
was determined after different times. The results are expressed as
the mean + standard deviation (n = 3).

bis-sialylated N-glycans, which possibly mediate bind-
ing to the cell surface and cause subsequent interna-
lization [30,31]. For cobra venom factor, the terminal
a-galactosyl residues of its N-glycans have been shown
to prevent its Le*-dependent uptake and clearance by
the liver [32,33]. Thus, it appears that sugars play
important roles in venom toxicology, not only by
increasing the solubility and stability of venom glyco-
proteins, but also by promoting their target recogni-
tion and specific binding in vivo.

Conclusions

By far-western analyses, we have shown that RVV-X
strongly binds protein S in addition to factors X and IX
under millimolar Ca®* jon concentrations. We have
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also cloned and solved the complete sequences of the
three subunits of RVV-X from D. siamensis venom. The
newly sequenced LC2 belongs to the A-chain subfamily
of venom C-lectin-like proteins and has one N-glycosyl-
ation site and an extra Cys135 residue linking to the
RVV-X heavy chain. Moreover, N-glycan profiling
revealed the presence of Le and SLe epitopes on
RVV-X, which have specific binding receptors on plate-
lets and endothelial cells. The important role of these
glycans in pharmacokinetics has been demonstrated by
the slower and smaller increment of FDP in vivo after
the injection of desialylated RVV-X rather than intact
RVV-X. As both RVV-X and RVV-V [34] are procoag-
ulating glycoproteins in the same venom, the common
glycosylation system in the endoplasmic reticulum Golgi
of venom glands presumably generates similar multiva-
lent glycoepitopes in these glycoproteins. It is probable
that these glycoepitopes may be responsible for the
cohoming of both venom enzymes to the vascular
system of the envenomated victims and for the activa-
tion of prothrombin synergistically.

Experimental procedures

Materials

Human coagulation factor X, Gla-domainless factor X,
prothrombin, protein C and protein S were purchased from
Haematologic Technologies Inc. (Essex, VT, USA). Fac-
tor IX was obtained from Baxter Healthcare Corp.
(Fremont, CA, USA). The anti-Le* (SH1) and anti-Le*
(CF4C4) 1gG were purchased from GlycoNex Inc. (Taipei,
Taiwan). The anti-SLe* (KM93) and anti-SLe* (B358) IgM
were obtained from Chemicon (Temacula, CA, USA) and
Biomeda (Foster City, CA, USA), respectively. For immu-
nochemical detection, a horseradish peroxidase-conjugated
goat anti-mouse IgG or IgM secondary serum was pur-
chased from Bethyl Laboratories Inc. (Montgomery, TX,
USA). Le*-BSA and SLe*-BSA were obtained from Calbio-
chem (Schwalbach, Germany); SLe®-human serum albumin
was purchased from GlycoTech Corp. (Gaithersburg, MD,
USA). To prepare Le* glycan epitope (used as a positive
control for anti-Le® specific IgG), 1 mgmL™' SLe*-human
serum albumin in 50 mM sodium acetate, pH 5.5 was trea-
ted with neuraminidase (Roche Diagnostics, Mannheim,
Germany) overnight to remove terminal sialic acids.

Purification of RVV-X

RVV-X was isolated from venom as described previously
[16] with minor modifications. About 20 mg of D. siamen-
sis limitus venom (Venom Supplies, Adelaide, Australia)
was dissolved in 200 pL of 0.1 M ammonium acetate
(pH 6.7) and loaded onto a Superdex G-75 column (10/300
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GL; Pharmacia, Uppsala, Sweden) on an FPLC apparatus.
The column was eluted at a flow rate of 1.0 mL'min~"', and
fractions of 0.5 mL were collected. After assay for coagula-
tion activity, the active fractions were pooled, dialysed, and
lyophilized. The pooled fraction was further loaded onto a
Mono Q column (5/50 GL; Pharmacia) which had been
pre-equilibrated with 50 mm Tris/HCI buffer (pH 8.0), and
eluted with a two-step gradient of NaCl (0-0.6 Mm). Protein
concentrations were measured by the bicinchoninic acid
protein assay (Pierce Chemical Co., Rockford, IL, USA)
using BSA as a standard.

N-terminal sequencing of LC2

Purified RVV-X (10-20 pg per well) was subjected to SDS-
PAGE on a 1.0-mm-thick 12% gel under reducing condi-
tions. The protein bands were electroblotted to a PVDF
membrane. After staining with Amido Black (0.2% in 7%
acetic acid), the band corresponding to LC2 was excised
and sequenced using a gas-phase amino acid sequencer
Procise 492 (Applied Biosystems, Foster City, CA, USA).

Coagulation assay

APTT assays were carried out on an automatic coagulation
analyser (Hemostasis Analyzer KC-1; Sigma Diagnostics,
St Louis, MO, USA) according to the manufacturer’s pro-
tocol. Briefly, 50 pL of human plasma was incubated with
5 uL of sample at 37 °C for 1 min. Then, 50 uL of Alexin®
(purified rabbit brain cephalin) was added and incubated
for 1.5 min. Finally, a 50 pL aliquot of CaCl, (20 mMm) was
added to trigger coagulation, and the clotting time was
recorded automatically by the analyser.

Stability of RVV-X at different temperatures and
buffer pH values

Different doses of RVV-X (0.1, 0.5, 1, 5 and 10 ng) were first
tested by coagulation assay to establish a calibration curve
for data evaluation. To study its thermal stability, RVV-X
(1.0 pg-uL™"y in 100 mm Hepes (pH 8.0) was incubated at —
20, 4, 25, 37, 50, 60, 70 and 80 °C for 60 min. In addition,
RVV-X (1.0 pgpL™") was incubated at 4 °C for 36 h in
100 mMm of various buffers, including sodium acetate
(pH 3-5), Hepes (pH 6-8) and glycine/NaOH (pH 9-11).
The remaining activity of 5 ng of RVV-X was determined by
measuring the clotting time on a coagulation analyser.

Biotinylation of RVV-X and far-western blotting

The BiotinTag™ Micro-Biotinylation Kit (Sigma-Aldrich
Co., St Louis, MO, USA) was used; 0.6 mg of purified
RVV-X in 0.1 mL of 0.1 M phosphate buffer (pH 7.2) was
mixed with 10 mL of BAC-sulfoNHS solution (5 mgmL™"
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in 0.1 M phosphate buffer) and incubated with gentle
stirring for 30 min at room temperature. The biotinylated
protein was desalted by a Microspin G-50 column pre-
equilibrated with NaCl/P;, and stored at —20 °C until use.

Various human coagulation factors were subjected to
SDS-PAGE on an 8% gel under nonreducing conditions.
Protein bands in the gel were transferred to a PVDF mem-
brane, followed by incubation for 1 h in blocking solution
[1% BSA in Tris-buffered saline with Tween 20 (TBST:
20 mm  Tris/HCl, pH 8.0, 150 mm NaCl and 0.1%
Tween 20)]. Subsequently, the membrane was incubated in
TBST with 1.5 pgmL™" biotinylated RVV-X for 1h at
25 °C. After three 5 min washes with TBST, bound biotiny-
lated RVV-X was probed by the addition of a 1 : 1000-
diluted SBHP system in TBST for 1 h, and developed with
a solution containing 0.1 mgmL~' 3,3’-diaminobenzidine,
0.25% NiCl, and 0.05% H,0O, in NaCl/Tris. For experi-
ments in the presence of Ca’?t ions, 5Smm CaCl, was
included in the TBST solution in each step.

Cloning and sequencing

The venom gland mRNA and cDNA were prepared from
D. siamensis limitus, as described previously [35]. Two pairs
of primers corresponding to the conserved 5" signal peptide
and 3’ noncoding region were designed based on the cDNA
sequences of snake venom C-type lectin proteins and
metalloproteases [36,37], and used to amplify specific cDNA
by PCR. For cloning of LCland LC2, the sense primer
was 5-GGAA(C/G)GAAG(A/G)CCATGGGGCG-3" and
the antisense primer was 5-CTTC(C/T)TTGCTTCTC
CA(A/G)ACTTC-3". For cloning of the heavy chain, the
sense primer was 5-GCCAAAT(C/T)CAGCCTCCAAA
ATG-3" and the antisense primer was 5-CTGAGAGA
AGCCAGTGGTTGA-3. To clone its far 3’ noncoding
region, the sense primer (a 20-mer designed from sequence
PRDQLQQ of the disintegrin domain) and antisense primer
(an 18-mer based on its far 3" end UTR) were used. The PCR
conditions were as follows: an initial denaturation at 94 °C
for 2 min, followed by 35 cycles of extension (72 °C, 1 min),
denaturation (94 °C, 1 min) and annealing (52 °C, 1 min),
and a terminal extension at 72 °C for 10 min. After PCR, the
products were cloned into the pGEM-T easy vector (Pro-
mega Corp., Madison, WI, USA) and transformed to Escher-
ichia coli strain JM 109. The white transformants were
screened and the positives were subjected to sequencing on a
DNA Sequencing System Model 373A and Taq-Dye-Deoxy
Terminator Cycle Sequencing Kit (Applied Biosystems).

Preparation of glycopeptides and release of
N-glycans for MS analysis

RVV-X in 50 mM ammonium bicarbonate (pH 8.4) was
first reduced with dithiothreitol at 37 °C for 1 h, and then
alkylated with iodoacetamide at room temperature for 1 h
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in the dark, followed by the removal of excess reagents by
passing through a Sep-Pak C8 cartridge. For glycosylation
site analysis, the reduced alkylated sample was digested
with sequencing-grade modified trypsin (Promega Corp.),
and the resulting glycopeptide and peptide mixtures were
analysed directly by LC-MS/MS. For N-glycan analysis,
the sample was digested sequentially with trypsin (Sigma)
and chymotrypsin (Sigma) at 37 °C for 4 h each. After brief
boiling and cooling, the glycopeptide and peptide mixtures
were incubated with PNGase F (Roche Diagnostics) over-
night at 37 °C, and then passed through a CI8 Sep-Pak
cartridge (Waters Co., Milford, MA, USA) in 5% acetic
acid, as described previously [38].

Desialylation and enzyme digestion for MS
analysis

Desialylation was performed by digestion with 50 mU of
Macrobdella decora 92,3 neuraminidase (Calbiochem) in
20 uL of 50 mm sodium acetate buffer, pH 6.0, at 37 °C
overnight. Further removal of B-Gal from desialylated
N-glycans was performed with B4-specific galactosidase of
Streptococcus pneumoniae  (Calbiochem) in 100 pL  of
50 mM sodium acetate buffer, pH 5.5, at 37 °C for 12 h.

MALDI-MS and MS/MS analysis

All glycans were permethylated using a modified NaOH/
dimethylsulfoxide method [38], originally described by
Ciucanu and Kerek [39], prior to MS analysis. For MALDI-
TOF MS glycan profiling, the permethyl derivatives in ace-
tonitrile were mixed 1 :1 with 2,5-dihydroxybenzoic acid
matrix (10 mg'mL™" in acetonitrile), spotted on to the target
plate, air dried and recrystallized on the plate with acetoni-
trile. Data acquisition was performed manually on a bench-
top MALDI LR system (Micromass, Manchester, UK)
operated in the reflectron mode. MALDI-MS/MS sequenc-
ing of the permethylated glycans was performed on both a
Q-TOF Ultima MALDI (Waters Micromass, Manchester,
UK) and 4700 Proteomics Analyzer (Applied Biosystems),
exactly as described previously [40].

LC-MS/MS analysis of glycopeptides

Online nanoLC-nanoESI-MS/MS analyses of the tryptic
peptides/glycopeptides from RVV-X were performed on a
Micromass Q-TOF Ultima API mass spectrometer fitted
with a nano-LC sprayer, a PepMap C18 m-precolumn car-
tridge (5 pm, 300 um internal diameter x 5 mm; Dionex,
Sunnyvale, CA, USA) and an analytical C18 capillary col-
umn (15 cm X 75 um internal diameter, packed with 5 um
Zorbax 300 SB CI18 particles; Micro-Tech Scientific, Vista,
CA, USA) at a flow rate of 300 nL-min~" using a 60 min
gradient of 5-80% acetonitrile in 0.1% formic acid. To
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facilitate the identification of glycopeptides, automated
MS/MS data-dependent acquisition was operated under the
precursor ion discovery mode [41]. In brief, alternate low
(7eV) and high (30 eV) collision energy LC-MS survey
scans were employed to trigger MS/MS acquisition on the
five most intense parent ions observed during the low-energy
survey scans, when glycan-specific oxonium ion fragments,
m/z 204.084 for HexNAc" and mj/z 366.139 for HexHex-
NAc*, were detected at the corresponding high-energy
scans. MS/MS acquisition on false positives was limited to a
single scan if the monitored oxonium ions were not affor-
ded, so as to devote more analysis time to true positives.

Western blotting analyses of the glycan epitopes

Samples of 7 pg of RVV-X and 5 pg of BSA were analysed
by 8% SDS-PAGE under reducing conditions. Appropriate
amounts of Le*- and SLe**-conjugated BSAs and human
serum albumins were used as controls. After blotting onto
a PVDF membrane, immunoblotting was carried out using
anti-Le¥* and SLe** serum (1 : 1000 dilution) and horse-
radish peroxidase-conjugated second antibody (1 : 2000
dilution). Positive bands were detected using enhanced
chemiluminescent reagents (Pharmacia).

Desialylation and FDP measurement

To remove the terminal sialic acids, 120 pg of RVV-X was
treated with 25 mU of Vibrio cholerae 92,3 neuraminidase
(Roche) in 120 pL. of 50 mm Hepes (pH 7.0) at 37 °C for
4 h. The modification was confirmed by analysis of the
product using SDS-PAGE.

The concentration of FDP was determined using the
NANOPIA P-FDP Kit (Daiichi Pure Chemicals Co.,
Tokyo, Japan). At different times after intraperitoneal
injection of RVV-X, ICR mouse blood was collected in
sodium citrate (9 : 1, v/v) and centrifuged at 1000 g at
room temperature for 10 min. The FDP concentration in
mouse plasma was measured following the manufacturer’s
procedure. Briefly, 8 pL of the plasma was incubated with
130 pL of P-FDP buffer at 37 °C for 5 min. After mixing
with 130 pL of Latex Reagent, the absorbance was mea-
sured immediately at 570 nm. The reaction was further
incubated at 37 °C for 5 min, and the absorbance was mea-
sured at 800 nm. The FDP concentration of each sample
was determined from a calibration curve, which was estab-
lished by differences between the absorbance at 570 and
800 nm versus the different concentrations of standard
FDP products (7.5, 14.3, 30, 60 and 120 pgmL™).
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