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Snake Venomics of Bitis Species Reveals Large Intragenus Venom
Toxin Composition Variation: Application to Taxonomy of
Congeneric Taxa
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The protein composition of the venoms of the West African Gaboon viper (Bitis gabonica rhinoceros),
the rhinoceros viper (Bitis nasicornis), and the horned puff adder (Bitis caudalis) were analyzed by
RP-HPLC, N-terminal sequencing, SDS-PAGE, MALDI-TOF peptide mass fingerprinting, and CID—MS/
MS. In line with previous proteomic and transcriptomic analyses showing that snake venom proteins
belong to only a few major protein families, the venom proteomes of Bitis gabonica rhinoceros, Bitis
nasicornis, and Bitis caudalis comprise, respectively, toxins from 11, 9, and 8 toxin families. Dimeric
disintegrins, PLA, molecules, serine proteinases, a CRISP, C-type lectin-like proteins, L-amino acid
oxidases, and snake venom metalloproteases are present in the three Bitis snake venoms, though they
depart from each other in the composition and the relative abundance of their toxins. The venom
composition appears to keep information on the evolutionary history of congeneric taxa. Protein
similarity coefficients used to estimate the similarity of venom proteins of the Bitis taxa sampled here
and in previous studies (eg. Bitis arietans and Bitis gabonica gabonica) support the monophyly of the
three West African taxa (B.g. gabonica, B.g. rhinoceros, and B. nasicornis) based on genetic distance
reconstructions, the lack of alliances between B. arietans and any other Bitis species, and are consistent
with the taxonomic association of Bitis caudalis within the differentiated group of small Bitis species.
The low level of venom toxin composition similarity between the two conventionally recognized
subspecies of Bitis gabonica, B. g. gabonica and B. g. rhinoceros, supports the consideration by some
authors of B. g. rhinoceros as a separate species, Bitis rhinoceros. Moreover, our proteomic data fit
better to a weighted phylogram based on overall genetic distances than to an unweighted maximum-
parsimony tree.
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Introduction

The suborder of snakes (Serpentes) of the reptilian order
Squamata, named for their scaly skin, includes about 3000
extant species placed in approximately 400 genera and 18
families (http://www.reptile-database.org). The timing of major
events in snake evolution is not well understood, however,
owing in part to a relatively patchy and incomplete fossil
record.? The most generalized phylogenetic view is that the
group evolved from a family of terrestrial lizards during the
time of the dinosaurs in the Jurassic period, about 200 million
years (Myr) ago. After the end of the non-avian dinosaurs reign
on the Earth, around the Cretaceous-Tertiary boundary 65 Myr
ago,® the boids (the ancestors of boas, pythons, and anacondas)
were the dominant snake family on earth. Within the Cenozoic
era that followed, advanced snakes (Caenophidia) arose in the

* To whom correspondence should be addressed. Juan J. Calvete, Instituto
de Biomedicina de Valencia, C.S.I.C., Jaime Roig 11, 46010 Valencia, Spain.
Phone, +34 96 339 1778; Fax, +34 96 369 0800; E-mail, jcalvete@ibv.csic.es.

2732 Journal of Proteome Research 2007, 6, 2732—2745
Published on Web 06/09/2007

Oligocene epoch 35—25 Myr ago. Colubrids, the family which
we regard today as typical snakes, remained a small taxon until
the tectonic plates drifted apart from the equator and the cool
climate pushed boids to disappear from many ecological
niches. Colubrids quickly colonized these empty habitats, and
this family today comprises over two-thirds of all the living
snake species.’ Higher-level relationships of snakes inferred
from nuclear and mitochondrial genes indicate that vipers
diverged from the ancestral boid stock, underwent a rapid
radiation in their initial burst of evolution, and developed
afterward independently and in parallel.>¢

Evolutionary relationships among the true (pitless) vipers
(subfamily Viperinae of Viperidae), inferred from mitochondrial
DNA sequences, identify consistently five major monophyletic
groups: Bitis, Cerastes, Echis, the Atherini (Adenorhinos, Atheris,
Protoatheris, and Montatheris), and the Eurasian viperines
(Macrovipera, Daboia, Vipera, Pseudocerastes, and Eristicophis).”
The genus Bitis is comprised of 16 currently recognized species

10.1021/pr0701714 CCC: $37.00 O 2007 American Chemical Society



Proteomics of Bitis venoms

research articles

Table 1. Assignment of the Reverse-Phase Fractions of Bitis gabonica rhinoceros Venom, Isolated as in Figure 1A, to Protein
Families by N-Terminal Edman Sequencing, Mass Spectrometry, and Collision-Induced Fragmentation by nESI-MS/MS of Selected
Peptide lons from In-Gel Digested Protein Bands (Separated by SDS-PAGE as in Figure 1B)

HPLC
fraction N-terminal isotope-averaged  peptide MS/MS-derived
Bgr- sequencing molecular mass ionm/z z sequence protein family
1 Blocked 826.9 413.7 2 ZEDXSPR Unknown
2 440.1 2 (249.1)RPYVP Metalloprotease fragment
3 n.p
4 KKRPLFCNLPADTGP 6901.7, 7003.4, Kunitz inhibitor
7158.7
5 n.p.
6 N.D. 973.6 487.1 2 ZRPGPEXPP Bradykinin-potentiating
Blocked 4338.1 peptide (BPP)
N.D.
7 KKRPNFCYLPADPGP 7kDaY 615.7 3 FTYGGCHGNANNFETR Kunitz inhibitor-2
658.3 3 KFTYGGCHGNANNFETR
794.1 3 RPNFCYLPADPGPCMANFPR
8 KKRPNFCYLPADPGP 7023.5 615.7 3 FTYGGCHGNANNFETR Kunitz inhibitor-2
9 KKRPNFCYLPADPGP 7096.1, 7155.9 Kunitz inhibitor-2
N.D. 1286.8 644.2 2 ZWERPGPEXPP BPP
10 NSAHPCCDPVTCKPK 15183.5 Bitisgabonin-1
650.8 3 GDSLHDYCTGVTPDCPR Gabonin-1 [Q6T6T3]
553.4 2 FLRPGTVCR Metalloprotease-4 [Q6T271]
671.9 2 GDWNDDFCTGR
766.9 2 AWEHCISGPCCR
598.9 3 SSECESNPWNFWNH
636.7 3 ZNSPHPCCDPVTCKPK
22 kDa" 791.9 2 NFCESVDNXGXCR DC-fragment Metalloprotease
702.6 3 LTPGSQCDYGECCDQCR BGR-25
962.1 3 AANGECDVADLCTGQSAE-
CPLDVFQR
11 NSAHPCCDPVTCKPK 15110.7 Bitisgabonin-2
667.6 2 GEHCISGPCCR Gabonin-2 [Q6T6T2]
512.8 2 FLNAGTICK
728.8 3 TMLDGLNDYCTGVTPDCPR
553.6 2 FLRPGTVCR Metalloprotease 4 [Q6T271]
671.8 2 GDWNDDFCTGR
767.0 2 AWEHCISGPCCR
12 SPAVCGNYFVEMGEE 23 kDa" 646.6 2 PSVIVAPDACFK DC-fragment
Metalloproteinase-3
958.7 3 CPIMTDQCISLFDPSVTVAP-
DACFK
671.3 3 SYSSQDDPDYGMVDFGTK
NSAHPCCDPVTCKPK 14926.8 666.8 2 GEHCISGPCCR Gabonin-1 [Q6T6T3]
774.8 2 RGEHCISGPCCR
886.4 2 NSAHPCCDPVTCKPK
650.8 3 GDSLHDYCTGVTPDCPR
553.4 2 FLRPGTVCR Metalloprotease-4 [Q6T271]
6719 2 GDWNDDFCTGR
766.9 2 AWEHCISGPCCR
636.7 3 ZNSPHPCCDPVTCKPK
13 QLLEFGKMIKKETGF 138124 PLA,
14 SLLEFAKMIKEETGF 13891.3 PLA,
15 SVDFDSESDRKPEIQ 24973.5 CRISP
16 VIGGDECDINEHPFL 28350.3 Serine proteinase
17 KVGGLYPRKVMDPEV 13222.3 Cystatin
VIGGAECNINEHRSL 33—-36 kDa" Serine proteinase
18 VIGGAECNINEHRSL 38 kDa Serine proteinase
DQGCLPDWSSHQHCY 29337.6 C-type lectin-like a-chain?
SDCASGWTAYGWHCY C-type lectin-like B-chain?
19 DQGCLPDWSSHQHCY 29337.6 C-type lectin-like a-chain?
SDCASGWTAYGWHCY C-type lectin-like 3-chain?
5879 2 (171.3)NFVWXGXR
846.7 2 EEADFVAQLISDNIK
667.8 3 TWLNILCGDDYPFVCK
20 VIGGAECKIDGHRSL 35 kDa" Serine proteinase
21 VIGGAECDINEHPSL 30830.9 Serine proteinase
22 DFQCPFGWSAYGQHCY 90 kDa™ 587.9 2 GXNFVWSGXR C-type lectin-like
(14 kDa") 655.6 3 GSHLLSLHNIAEADFVLK
DFECPSEWRPFDQHCY (16 kDa") 940.1 2 FCSEQGNSGHLVSIQSK C-type lectin-2 [AAR06852.1]
774.1 2 NCFGLEKETEYR
656.1 2 KWTDGSNVIYK
870.1 2 SSPDYVWMGLWNQR
846.6 2 EEADFVAQLISDNIK

Journal of Proteome Research « Vol. 6, No. 7, 2007 2733



research articles

Table 1. (Continued)

Calvete et al.

HPLC
fraction N-terminal isotope-averaged  peptide MS/MS-derived
Bgr- sequencing molecular mass ionm/z  z sequence protein family
667.8 3 TWLNILCGDDYPFVCK
23 N.D. 58 kDa® 534.2 2 NPLEECFR L-amino acid oxidase
743.6 2 EADYEEFLEIAR
618.6 2 SAEGLFEESLR
748.1 3 IFFAGEYTANAHGWIDSTIK
29 kDa" 5879 2 GXNFVWSGXR C-type lectin-like
667.8 3 TWLNILCGDDYPFVCK C-type lectin-2 [AAR06852.1]
24 N.D. 56 kDa™ 538.3 2 YPVKPSEAGK L-amino acid oxidase
502.3 2 VIVLEASER
618.8 2 SAEGLFEESLR
748.1 3 IFFAGEYTANAHGWIDSTIK
874.6 3  KFGLQLNEFVQETENAWYYIK
N.D. 29 kDa"™ 475.3 2 VIYVNWR C-type lectin-3 [Q6T7B5]
731.1 3 DFQCPSEWSAYGQHCYR
995.6 3 AGHLVSIQSIQEANFVAQ-
LVSGFISGSPK
25 Blocked 52 kDa" 479.5 3 LYCFDNLPEHK PIlI-metalloproteinase
515.1 2 IPCAPQDVK
26 DQGCLPDWSSHQHCY 29 kDa" C-type lectin-like a-chain
SDCASGWTAYGWHCY C-type lectin-like b-chain
587.9 2 GXNFVWSGXR C-type lectin-like
667.8 3 TWLNILCGDDYPEFVCK C-type lectin-2 [AAR06852.1]
27 Blocked 56 kDa® 792.1 2 NFCESVDNXGXCR PIlI-metalloproteinase
702.6 3 LTPGSQCDYGECCDQCR
962.1 3 AANGECDVADLCTGQSAE-
CPLDVFQR
900.0 2 TDIVSPPVCGSPTAXER
514.9 2 IPCAPQDVK
28 N.D. 115 kDa"® 792.1 2 NFCESVDNXGXCR PIII-metalloproteinase
962.1 3 AANGECDVADLCTGQSAE-
CPLDVFQR
29,30 Blocked 110 kDa® 870.0 2 LFCVEPSTGNSIKCK PIII-metalloprotease-3
(52 kDa") 646.3 2 PSVIVAPDACFK [Q6T270]
671.3 3 SYSSQDDPDYGMVDFGTK
591.8 2 WGXXQDXXPK
724.9 2 SECDLLEHCTGK
693.3 3 LTPGSQCNHGECCDQCR
487.8 2 NGYCYNGK
472.7 2 NGQPCQNK
492.4 2 FXVDEHPK
502.7 2 IKTAGTVCR

@X, Ile or Leu; Z, pyrrolidone carboxylic acid. Unless other stated, for MS/MS analyses, cysteine residues were carbamidomethylated; molecular masses of
native proteins were determined by electrospray-ionization (£0.02%) or MALDI-TOF (*) (+0.2%) mass spectrometry. Apparent molecular mass determined by
SDS-PAGE of non-reduced (M) and reduced (v) samples; n.p., non peptidic material found. M and m, major and minor products within the same HPLC
fraction, respectively. Previously reported proteins are identified by their databank accession codes. ” N-terminal sequence similarity to an o- or a S-subunit

of C-type lectin-like proteins.

(http://en.wikipedia.org/wiki/Bitis) confined exclusively to
the continent of Africa. Bitis species (Puff adders) are
known for their behavior of inflating and deflating their
bodies while hissing and puffing loudly. Size variation within
this genus is extreme, ranging from the very small B. schneideri,
which grows to a maximum of 28 cm and is perhaps the
world’s smallest viperid, to the very large B. gabonica, which
can attain a length of over 2 m and is the heaviest viper in the
world.

Lenk and co-workers”® used molecular data (immunological
distances and mitochondrial DNA sequences) to estimate
phylogenetic relationships among species of Bitis. They identi-
fied four monophyletic groups for which they created four
subgenera: Bitis (B. arietans); Calechidna (B. albanica,
B. armata, B. atropos, B. caudalis, B. cornuta, B. heraldica,
B. inorata, B. peringueyi, B. rubida, B. schneideri, B. xeropaga);
Macrocerastes (B. gabonica, B. nasicornis, B. parviocula);
and Keniabitis (B. worthingtoni). The emergence of B. wor-
thingtoni (Kenya horned viper) as a distinct taxon reflects its
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isolated distribution in Kenya and is in congruence with
morphological® and immunological'® findings. An affinity
of B. arietans to the other large-bodied species of the B.
gabonica clade is not supported by significant bootstrap values.”
The two conventionally recognized subspecies of Bitis ga-
bonica: B. g gabonica and B. g. rhinoceros are as differentiated
from each other as each is from B. nasicornis, and some
authors® consider B. g rhinoceros to represent a separate
species, Bitis rhinoceros.

Venoms represent the critical innovation in ophidian
evolution that allowed advanced snakes to transition from a
mechanical (constriction) to a chemical (venom) means of
subduing and digesting prey larger than themselves, and as
such, venom proteins have multiple functions including
immobilizing, paralyzing, killing and digesting prey. Venom
toxins likely evolved from proteins with normal physiological
functions and appear to have been recruited into the
venom proteome before the diversification of the advanced
snakes, at the base of the Colubroid radiation.!'"!* Given
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Table 2. Assignment of the Reverse-Phase Fractions of Bitis nasicornis Venom, Isolated as in Figure 2A, to Protein Families by
N-Terminal Edman Sequencing, Mass Spectrometry, and Collision-Induced Fragmentation by nESI-MS/MS of Selected Peptide
lons from In-Gel Digested Protein Bands (separated by SDS-PAGE as in Figure 2B)?

HPLC N-terminal isotope-averaged peptide MS/MS-derived
fraction Bn- sequencing molecular mass ionm/z z sequence protein family
1 Blocked 827.0 413.7 2 ZEDXSPR Unknown
2—4 n.p.
5 Blocked 4058.1 N.D.
6 N.D. 527.3 PKDAP Fragment of PLA,
7 Blocked 672.6 2 (216.2)TAXQQDXSPR Similar to Bn-1
8,9 n.p.
10, 11 N.D. 26 kDa® 616.3 2 SAECPXDHFR DC-fragment
12 NSAHPCCDPVTCKPK 15192.8 650.6 2 GDSLHDYCTGVTPDCPR Dimeric disintegrin
15061.6 496.9 2 RGEHCISGPCCR ~ Bitisgabonin-1
520.3 2 FXNSGTXCK
628.0 2 ZNSAHPCCDPVTCKPK
553.3 2 FLRPGTVCR Metalloprotease-4
[Q6T271]
671.9 2 GDWNDDFCTGR
636.7 3 ZNSPHSCCEPVTCKPK
13 N.D. 24 kDa" 616.6 2 SAECPXDHFR DC-fragment
713.3 2 NFCEXDQNPCK
14 SLLEFAKMIKEETGF 13828.1 PLA,
15 HLTQFGNMIDKMGQS 13472.1 PLA,
16 M: SVDFDSESPRKPEIQ 24973.5 635.8 2 KPEIQNEIVDLHNSLR CRISP
569.3 2 SVDFDSESPR
581.4 2 SVNPTASNMLK
768.8 2 MEWYPEAAANAER
m: KVGGLYPRKVMDPEV 13216.6 Cystatin
17 VIGGDECNINEHR(S/F)L 58 kDa® 749.4 2 SLPSSPPRVGSVCR (Serine proteinase),
688.3 3 VPHCANNNXXDHTXCER
29612.5 749.4 2 SLPSSPPRVGSVCR Serine proteinase
610.3 3 SFETVPWXHSXXAGDR
18 KVGGLYPRKVMDPEV 13204.8 672.6 2 IVEAQSQVVSGVK Cystatin
29 kDa" 749.4 2 SLPSSPPRVGSVCR Serine proteinase
610.3 3 SFETVPWXHSXXAGDR
VIGGDECDINEHPFLV 27 kDa" 7973 2 TLCAGILEGGIDSCK Serine proteinase-1
530.3 2 LFDYSVCR [Q6T6S7]
5973 2 IMGWGSITTTK
756.8 2 VTYPDVPHCANIK
19 VIGGDECNINEHR 38 kDa" 504.8 3 VIGGDECNINEHR Serine proteinase
31kDa™ 414.8 2 NPCGQPR Serine proteinase
487.2 2 AAYPQHCK
622.3 2 VYDYNDWXR
DEGCLP(D)WSSHRHCY  29594.1 C-type lectin-like a-chain?
SDCASGWTAYGWHCL C-type lectin-like B-chain?
20 IIGGAECNINEHRFL 31 kDa" Serine proteinase
21 DQGCLPDWSSHQHCY 29337.6 C-type lectin-like a-chain?
SDCASGWTAYGWHCY C-type lectin-like B-chain?
22 VIGGDECDINEHPSL 31 kDa™ Serine proteinase
23 DFECPFGWSAYGQHCY 92151 [C-type lectin-like] x 3
CM-[16479, (16366) x 2,
15190, 15293, 15235]
(14 kDa") 587.9 2 GXNFVWSGXR C-type lectin-like a-chain?
655.6 3 GSHLLSLHNIAEADFVLK
DFECPSEWRPFDQHCY (16 kDaY) 776.9 3 DFECPSEWRPFDQHCYR  C-type lectin-2
[AAR06852.1]
774.1 2 NCFGLEKETEYR
656.1 2 KWTDGSNVIYK
869.9 2 SSPDYVWMGLWNQR
846.6 2 EEADFVAQLISDNIK
667.8 3 TWLNILCGDDYPFVCK
591.8 2 WTDGSNVIYK
24,25 DDGKNPLEECFREAD 56 kDa™ 512.2 2 TFKPPLPPK L-amino acid oxidase
743.6 2 EADYEEFLEIAR
618.6 2 SAEGLFEESLR
26 Blocked 120 kDa™® 724.8 2 (192.2)AYTFDSE(GX)VR PIII-Metalloprotease
479.3 3 LYCFDNLPEHK
514.3 2 IPCAPQDVK
566.3 2 XANDYGYCR
766.3 3 GNATVAEDACFEFNR
15 kDa” 517.2 2 TTDNQWXR C-type lectin-like
27 Blocked 52 kDa" 613.3 2 GVVQDHSQVTR PIII-Metalloprotease
742.3 3 LHSWVECESGECCEQCR
566.3 2 XANDYGYCR
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Table 2. (Continued)

Calvete et al.

HPLC N-terminal isotope-averaged peptide MS/MS-derived
fraction Bn- sequencing molecular mass ion m/z z sequence protein family
15 kDa” 517.2 2 TTDNQWXR C-type lectin-like
28 Blocked 52kDa™ 613.3 2 GVVQDHSQVTR PIII-Metalloprotease
742.3 3 LHSWVECESGECCEQCR
15 kDa" 517.2 2 TTDNQWXR C-type lectin-like
29 Heterogeneous 52 kDa" 613.3 2 GVVQDHSQVTR PIII-Metalloprotease
742.3 3 LHSWVECESGECCEQCR
566.3 2 XANDYGYCR
15 kDa” 517.2 2 TTDNQWXR C-type lectin-like
30 Heterogeneous 110 kDa™ 870.0 2 LFCVEPSTGNSIKCK PIII-metalloprotease-3
(52 kDa") 671.3 3 SYSSQDDPDYGMVDEFGTK [Q6T270]
570.2 2 SAECPSDVFK
724.9 2 SECDLLEHCTGK
487.8 2 NGYCYNGK
472.7 2 NGQPCQNK
15 kDa” 517.2 2 TTDNQWXR C-type lectin-like

@X, Ile or Leu; Z, pyrrolidone carboxylic acid. Unless other stated, for MS/MS analyses, cysteine residues were carbamidomethylated; molecular masses of
native proteins were determined by electrospray-ionization (£0.02%) or MALDI-TOF (*) (+0.2%) mass spectrometry. Apparent molecular mass determined by
SDS-PAGE of non-reduced (M) and reduced (¥) samples; CM-, carbamidomethylated; n.p., non-peptidic material found. M and m, major and minor products,
respectively, within the same HPLC fraction. Previously reported proteins are identified by their databank accession codes. » N-terminal sequence similarity

to an o- or a -subunit of C-type lectin-like proteins.

the central role that diet has played in the adaptive radiation
of snakes,'> venom thus represents a key adaptation that
has played an important role in the diversification of these
animals. On the other hand, venom composition may
retain information on its evolutionary history, and may thus
have a potential taxonomical value. In addition to understand-
ing how venoms evolve, characterization of the protein
(toxin) content of snake venoms also has a number of potential
benefits for basic research, clinical diagnosis, development
of new research tools and drugs of potential clinical use, and
for antivenom production strategies.!® To address the need
for detailed proteomic studies of snake venoms, we have
initiated a project whose long-term goal is a detailed analysis
of viperid venomes. To date, we have reported detailed
analysis of the protein composition of the venoms from the
North American rattlesnakes Sistrurus miliarius barbouri,'"'®
Sitrurus catenatus subspecies catenatus, tergeminus, and
edwasdsii,'® the Tunisian vipers Cerastes cerastes, Cerastes
vipera, and Macrovipera lebetina,'* and the Afrotropical
species Bitis arietans (Ghana)? and Bitis gabonica gabonica.?'
Here, we report the proteomic characterization of the venoms
of Bitis gabonica rhinoceros (West African gaboon viper), Bifis
nasicornis (rhinoceros viper), and Bitis caudalis (horned puff
adder).

Experimental Section

Isolation of Venom Proteins. Bitis gabonica rhinoceros
(West African gaboon viper) venom was a generous gift of
César Olmos Jiménez (EntomoZoo Fauna Arcana, S.L., Cullera,
Valencia, Spain). Lyophillized venoms of Bitis nasicornis
(rhinoceros viper) and Bitis caudalis (horned puff adder)
were purchased from Latoxan (Valence, France). For reverse-
phase HPLC separations, 2—5 mg of crude, lyophillized venom
were dissolved in 100 uL of 0.05% trifluoroacetic acid (TFA)
and 5% acetonitrile, and insoluble material was removed
by centrifugation in an Eppendorff centrifuge at 13 000x g
for 10 min at room temperature. Pelleted material was devoid
of proteins as judged by SDS-PAGE. Proteins in the soluble
material were separated using an ETTAN LC HPLC system
(Amersham Biosciences) and a Lichrosphere RP100 Cisg
column (250 x 4 mm, 5 um particle size) eluted at 1 mL/min
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with a linear gradient of 0.1% TFA in water (solution A)
and acetonitrile (solution B) (5%B for 10 min, followed by
5—15%B over 20 min, 15—45% B over 120 min, and 45—
70%B over 20 min). Protein detection was at 215 nm, and
peaks were collected manually and dried in a Speed-Vac
(Savant). The relative abundances (% of the total venom
proteins) of the different protein families in the venoms
were estimated from the relation of the sum of the areas
of the reverse-phase chromatographic peaks containing pro-
teins from the same family to the total area of venom protein
peaks.

Characterization of HPLC-Isolated Proteins. Isolated
protein fractions were subjected to N-terminal sequence
analysis (using a Procise instrument, Applied Biosystems, Foster
City, CA) following the manufacturer’s instructions. Amino
acid sequence similarity searches were performed against
the available databanks using the BLAST program?? imple-
mented in the WU-BLAST2 search engine at http://www-
.bork.embl-heidelberg.de. The molecular masses of the purified
proteins were determined by SDS-PAGE (on 15% polyacryla-
mide gels) and by electrospray ionization (ESI) mass spectrom-
etry using an Applied Biosystems QTrap mass spectrometer?
operated in Enhanced Multiple Charge mode in the range m/z
600—1700.

In-Gel Enzymatic Digestion and Mass Fingerprinting.
Reverse-phase HPLC-separated venom fractions were analyzed
on SDS 15% (non-reduced) or (reduced) polyacrylamide gels
using the Laemmli tris-glycine buffering system.?* Protein bands
of interest were excised from a Coomassie Brilliant Blue-stained
SDS-PAGE and subjected to automated reduction with DTT and
alkylation with iodoacetamide, and in-gel digestion with se-
quencing grade bovine pancreas trypsin (Roche) using a
ProGest digestor (Genomic Solutions) following the manufac-
turer’s instructions. Tryptic peptide mixtures (0.65 uL) (total
volume of ~20 uL) were spotted onto a MALDI-TOF sample
holder, mixed with an equal volume of a saturated solution of
a-cyano-4-hydroxycinnamic acid (Sigma) in 50% acetonitrile
containing 0.1% TFA, dried, and analyzed with an Applied
Biosystems Voyager-DE Pro MALDI-TOF mass spectrometer,
operated in delayed extraction and reflector modes. A tryptic
peptide mixture of Cratylia floribunda seed lectin (SwissProt
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Table 3. Assignment of the Reverse-Phase Fractions of Bitis caudalis Venom, Isolated as in Figure 3A, to Protein Families by
N-Terminal Edman Sequencing, Mass Spectrometry, and Collision-Induced Fragmentation by nESI-MS/MS of Selected Peptide
lons from In-Gel Digested Protein Bands (Separated by SDS-PAGE as in Figure 1B)?

HPLC N-terminal isotope-averaged peptide MS/MS-derived
fraction Bc- sequencing molecular mass ionm/z z sequence protein family
1 n.p.
2 n.p.
3 KNRPEFCNLPADTGP 6950.8, 7081.0 Kunitz inhibitor
4 Blocked 441.3 2 ZXDXSP(QP) Unknown
5 n.p.
6 KKRPDFCYLPADTGP 6969.3, 6840.6 Kunitz inhibitor
14.5 kDa" 582.3 2 FQTWEFECR
6374 2 FTYGGCGGNANR
701.4 2 KFTYGGCGGNANR
75kDa® 4948 2 KFTYGGCR
504.8 2 FYYDSVSK
7774 2 GNANNFETXEECR
637.4 2 FTYGGCGGNANR
7,8 n.p.
9 NSAHPCCDPVTCKP 14812.8%/ 7 kDa" 512.8 2 FLNAGTICK Dimeric disintegrin
666.3 2 GEHCISGPCCR
10 NSAHPCCDPVTCKP 14870.8"/ 7 kDa” 512.8 2 FLNAGTICK Dimeric disintegrin
666.3 2 GEHCISGPCCR
11 NSAHPCCDPVTCKP 15127.8%/ 7 kDa" 512.8 2 FLNAGTICK Dimeric disintegrin
12 NLIQFGNMISAMTGKSSLAY 13350.6 (23 kDa™)  459.2 2 MILYSYK PLA, Caudoxin [P00622]
463.3 2 CTGTAEK
483.5 2 KVCECDR
519.3 2 VAAICFAASK
575.8 2 NLWRYPSSK
609.3 2 HSYNKNLWR
631.2 2 CEFNGDIVCGDK
753.2 2 CCFVHDCCYGK
812.8 2 NLIQFGNMISAMTGK
629.2 3 SSLAYASYGCYCGWGGK
702.8 3 DDTDRCCFVHDCCYGK
13 NL{I/y)QF(G/a)(K/n)MI(S/n)(A/h)M  13350.2, 13366.1 483.5 2 KVCECDR PLA,
(38 kDa") 547.8 2 KKVCECDR
519.3 2 VAAICFAASK
575.8 2 NLWRYPSSK
631.2 2 CFNGDIVCGDK
753.2 2 CCFVHDCCYGK
629.2 3 SSLAYASYGCYCGWGGK
789.3 2 CCFVHDCCYEK
14 NLI/y)QFG(K/n)MISA(K/M)TGK 13366.3, 13916.3 PLA>
15 NLYQFGKMISYMAKS 13966.4 (48 kDa™)  483.5 2 KVCECDR PLA,
547.8 2 KKVCECDR
753.2 2 CCFVHDCCYGK
629.2 3 SSLAYASYGCYCGWGGK
16 NLYQFGKMISYMAKR 46 kDa"/ 14 kDa” 4835 2 KVCECDR PLA,
575.8 2 NLWRYPSSK
629.2 3 SSLAYASYGCYCGWGGK
17 NLYQFAKMISHVTKR Het®/ 14 kDa” 483.5 2 KVCECDR PLA,
575.8 2 NLWRYPSSK
629.2 3 SSLAYASYGCYCGWGGK
789.3 2 CCFVHDCCYEK
18 NLYQFAKMISHVTKR Het®/ 14 kDa” 483.5 2 KVCECDR PLA,
575.8 2 NLWRYPSSK
629.2 3 SSLAYASYGCYCGWGGK
789.3 2 CCFVHDCCYEK
19 NLYQFAKMISHMTKR 14 kDa” PLA>
20 NLIQFGNMI(S/R)AMTGK 14 kDa” PLA>
21 SSLAYASYGCYCGWG 14 kDa” PLA, [P00622]
22 NLNQFREMIDHVSGK 16 kDa” PLA, ~ [AY429476]
23 SVDFDSESPRKPEIQ 26 kDa"" CRISP
24 VIGGAECNIKEHRSL 32 kDa” Serine proteinase
25 VIGG(D/A)ECNINEHR(S/F)L 38 kDa®"v 756.7 2 VIGGDECNINEHR Serine proteinase
7347 2 VIGGAECNINEHR
567.6 2 VIDFTCXXR
468.7 2 FXCXNNR
32 kDa"" 459.7 2 DVPGXYTR Serine proteinase
593.7 2 VFDYTDWIK
552.2 2 VXNEDEQTR
567.6 2 VIDFTCXXR
29 kDa®"" 459.7 2 DVPGXYTR Serine proteinase
551.2 2 VXCAGVXQK
552.2 2 VXNEDEQTR
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Table 3. (Continued)
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HPLC N-terminal isotope-averaged peptide MS/MS-derived
fraction Bc- sequencing molecular mass ionm/z  z sequence protein family
26 DFECPF(G/E)W(S/T)AYGQHCY 90 kDa™ C-type lectin-like
16 kDa” 773.3 2 NCFGLEKETEYR ~ C-type lectin-2
[Q6T7B6)
860.9 2 SSPDYVWXGXWNQR
667.6 3 TWLNILCGDDYPFVCK
12 kDa" 753.3 2 GQHCYQA(237.8)YXK
668.3 2 GSHXXSXHDXAEAHYVXK
474.6 2 FCTKQHK
460.2 2 THQFVCK
26—34 ADDKNPLEECFREAD 48 kDa®"" 742.7 2 EADYEEFLEIAR L-amino acid oxidase
747.2 2 ADDKNPLEECFR
626.2 2 SAGQLYQESLR
502.2 2 VIVXEASER
455.7 2 XFXVCMK
14.6 kDa¥ 589.2 2 (157.3)DYVWXWPR C-type lectin-like
28 N.D. 28 kDa"/16 kDa” 517.3 2 IYIWIGLR C-type lectin-like
500.7 2 FDYNANTR
773.3 2 NCFGLEKETEYR
860.9 2 SSPDYVWXGXWNQR
30 N.D. 72 kDa¥ 566.3 2 XANDYGYCR
724.9 2 (263.3)YTFDSEGXVR PIII-metalloprotease
30—34 Heterogeneous 95 kDa"/42 kDa” 566.1 2 XANDYGYCR PIII-metalloprotease
540.7 2 (224.3)NXTPEQR
657.1 2 NPCQXYYTVR
718.1 2 XYCFDNXSTFR
764.1 2 ATVAQDACFQEFNR
56 kDa®" 4947 2 GNGDFYCR PIlI-metalloprotease
558.7 2 KGNGDFYCR
646.9 2 (252.2)TNHNPQCXXNQPSR
755.8 2 XFCESVANXGXCK
28 kDa"/16 kDa” 517.3 2 IYIWIGLR C-type lectin-like
500.7 2 FDYNANTR
35, 36 Blocked 98 kDa"/ 48 kDa” 562.3 2  TXNSFAEWR PIII-metalloprotease
641.3 2 AFXSGMCQPDR
7128 2 SVGXVEDYSQTAR
26 kDa"/23 kDa” 517.2 2 TTDNQWXR C-type lectin-like
775.3 2 (417.1)YQSCXXNEP PI-metalloprotease
561.1 2 SYQEFSDCSK
483.8 2 HNGDXASPR

@X, Ile or Leu; Z, pyrrolidone carboxylic acid. Amino acid sequence heterogeneity is indicated by “(X/y)”, where upper and lower case letters indicate major
and minor residue, respectively. Unless other stated, for MS/MS analyses, cysteine residues were carbamidomethylated; molecular masses of native proteins
were determined by electrospray-ionization (£0.02%) or MALDI-TOF (*) (+0.2%) mass spectrometry. Apparent molecular mass determined by SDS-PAGE of
non-reduced (M) and reduced (¥) samples; n.p., non peptidic material found. M and m, major and minor products, respectively, within the same HPLC
fraction. Het, heterogeneous. Previously reported proteins are identified by their databank accession codes.

accession code P81517) prepared and previously characterized
in our laboratory was used as mass calibration standard (mass
range, 450—3300 Da).

CID MS/MS. For peptide sequencing, the protein digest
mixture was loaded in a nanospray capillary column and
subjected to electrospray ionization mass spectrometric analy-
sis using a QTrap mass spectrometer (Applied Biosystems)??
equipped with a nanospray source (Protana, Denmark). Doubly
or triply charged ions of selected peptides from the MALDI-
TOF mass fingerprint spectra were analyzed in Enhanced
Resolution MS mode and the monoisotopic ions were frag-
mented using the Enhanced Product Ion tool with Qo trapping.
Enhanced Resolution was performed at 250 amu/s across the
entire mass range. Settings for MS/MS experiments were as
follows: Q1, unit resolution; Q1-to-Q2 collision energy, 30—40
eV; Q3 entry barrier, 8 V; LIT (linear ion trap) Q3 fill time, 250
ms; and Q3 scan rate, 1000 amu/s. CID spectra were interpreted
manually or using the on-line form of the MASCOT program
at http://www.matrixscience.com.

Variation in Venom Composition between Bitis Taxa.
We used similarity coefficients to estimate the similarity of
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venom proteins between taxa. These coefficients are
similar to the bandsharing coefficients used to compare
individual genetic profiles based on multilocus DNA
fingerprints.?> We defined the protein similarity coefficient
(PSC) between two species “a” and “b” in the following
way: PSCa, = [2 x (n° of proteins shared between a and b)/
(total number of distinct proteins in a + total number of
distinct proteins in b)] x 100. We judged two proteins
(listed in Tables 1—3) as being different when they met one
or more of these criteria: (1) Had different N-terminal se-
quences and/or distinct internal peptides sequences (derived
from MS/MS data) corresponding to homologous regions;
(2) had different peptide mass fingerprints; (3) were of dif-
ferent sizes (judged by MALDI-TOF MS or SDS-PAGE). For
these comparisons, two proteins were judged to differ in
size if they differed by more than our estimate of the
95% confidence interval for particular sizing techniques (0.01%
for ESI-QTrap MS; 0.4% for MALDI-TOF MS derived masses;
and +1.4 kDa for SDS-PAGE-determined masses); or (4)
eluted in different reverse-phase HPLC peaks. We emphasize
that these measures will give only minimum estimates of the
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similarities between the venom profiles. We suspect that
a number of the proteins that we judge to be the same
using the above criteria would be found to differ at one or
more of these criteria if more complete information were
available.

Results and Discusion

Proteomic Characterization of Bitis Venoms. The
crude venoms of Bitis gabonica rhinoceros (West African
gaboon viper), native to high rainfall areas of West, Central,
and East Africa, Bitis nasicornis (rhinoceros viper, occurring
in forested areas of West and Central Africa), and Bitis
caudalis, (horned adder), a short and stout little viper mostly
found in arid regions of South-West Africa, were fractionated
by reverse-phase HPLC (Figures 1A, 2A, and 3A), followed by
analysis of each chromatographic fraction by SDS-PAGE,
N-terminal sequencing, and nanospray-ESI-QTrap mass spec-
trometry. Several reverse-phase peaks corresponded to es-
sentially pure proteins (i.e., fractions 8—16 in Figure 1B; 12,
14, 15, 22, 25 in Figure 2B; and 9, 10, 22—24 in Figure 3B).
However, more commonly, fractions contained mixtures of
components and were thus subjected to rechromatography
using a flatter acetonitrile gradient, or their constituents
separated by SDS-PAGE followed by excision of the protein
bands, in-gel tryptic digestion, and protein identification by
combination of MALDI-TOF mass fingerprinting and CID—MS/
MS.

Despite the fact that only a few venom toxins from Bitis
species are annotated in the SwissProt/TrEMBL non-redundant
database (Knowledgebase Release 10.0 of March 2007 compris-
ing 23 partial and full-length EST-derived sequences from
Bitis gabonica gabonica®, 1 full-length PLA, sequence from
each, Bitis nasicornis (P00621)?” and Bitis caudalis (P00622),28
and no entry from Bitis gabonica rhinoceros), all HPLC
fractions yielding unambiguous N-terminal sequences could
be classified into known protein families using a BLAST amino
acid similarity search (Tables 1—3), indicating that representa-
tive members of each snake venom toxin families are
present among the 923 viperid protein sequences deposited
in the SwissProt/TrEMBL databank. Protein fractions showing
heterogeneous or blocked N-termini were analyzed by
SDS-PAGE and the bands of interest were digested in-gel. The
resulting tryptic peptides were analyzed by MALDI-TOF
mass fingerprinting followed by CID—MS/MS. As expected from
the rapid amino acid sequence divergence of venom proteins
by accelerated evolution,'?1629-34 with a few exceptions, neither
the tryptic mass fingerprints nor the product ion spectra
matched any known protein using the ProteinProspector
(http://prospector.ucsf.edu) or the MASCOT search programs.
The CID—MS/MS spectra were therefore interpreted manually
and the deduced peptide ion sequences were submitted to
BLAST sequence similarity searches. This approach allowed
us to assign unambiguously all the isolated venom toxins
representing over 0.05% of the total venom proteins to
protein families present in the non-redundant databases
(Tables 1—3).

In line with previous proteomic'’?! and transcriptomic
analyses of the venom glands of viperid (Bitis gabonica,?®
Bothrops insularis,® Bothrops jararacussu,*® Bothrops jararaca,
Agkistrodon acutus,®® Echis ocellatus,*® and Lachesis muta®®)
and colubrid (Philodryas olfersii*') snake species, showing that
snake venom proteins belong to only a few major protein
families, the venomes of Bitis gabonica rhinoceros, Bitis nasi-
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Figure 1. Bitis gabonica rhinoceros venom proteome. (A) Reverse-
phase separation of the Bitis gabonica rhinoceros venom pro-
teins. Chromatographic conditions were: isocratically (5% B) for
10 min, followed by 5—15% B for 20 min, 15—45% B for 120 min,
and 45—70% for 20 min. HPLC fractions were collected manually
and characterized by N-terminal sequencing, ESI-QTrap mass
spectrometry, and SDS-PAGE. (B) SDS-PAGE of reverse-phase
separated Bitis gabonica rhinoceros venom fractions. Protein
fractions were run on SDS-(15%) polyacrylamide gels?* under
non-reduced (upper panels, a) and reduced (lower panels, b)
conditions. Lanes S, molecular mass markers: f(-galactosidase
(116.3 kDa), phosphorylase b (97.4 kDa), BSA (66.3 kDa), glutamic
dehydrogenase (55.4 kDa), lactate dehydrogenase (36.5 kDa),
carbonic dehydrogenase (31.0 kDa), soybean trypsin inhibitor
(21.5 kDa), lysozyme (14.4 kDa), and aprotinin (6.0 kDa). Insulin
A- (3.5 kDa) and B- (2.5 kDa) chains run unresolved with the front
in this gel system. Protein bands were excised and characterized
by mass fingerprinting and CID—MS/MS of selected doubly or
triply charged peptide ions. The combined results are shown in
Table 1.

cornis, and Bitis caudalis comprise, respectively, toxins from
11, 9, and 8 toxin families (Table 4). However, these Bitis
snake venoms depart from each other in the composition and
the relative abundance of their toxins (Table 4, Figure 4). These
results appear to be consequence of the recruitment of a
restricted set of proteins into the venom proteome before
the diversification of the advanced snakes, at the base of the
radiation of Colubroideae.!!"** The occurrence of multiple
isoforms within each major toxin family in Bitis species (Tables
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Figure 2. Bitis nasicornis venom proteome. (A) Reverse-phase separation of the Bitis nasicornis venom proteins. Chromatographic
conditions were as in Figure 1A. HPLC fractions were collected manually and characterized by N-terminal sequencing, ESI-QTrap mass
spectrometry, and SDS-PAGE. (B) SDS-PAGE of reverse-phase separated Bitis nasicornis venom fractions. Protein fractions were run
on SDS-(15%) polyacryamide gels2* under non-reduced (upper panels, a) and reduced (lower panels, b) conditions. Lanes S, molecular
mass markers as in Figure 1B. Protein bands were excised and characterized by mass fingerprinting and CID—MS/MS of selected
doubly or triply charged peptide ions. The combined results are shown in Table 2. (C) Electrospray-ionization mass spectrum of protein
Bn-23 (C-type lectin-like, 92151 4+ 18 Da). (D) Electrospray-ionization mass spectrum of one of the subunits of protein Bn-23 isolated by
reverse-phase HPLC after reduction. Deconvolution of the spectrum yields an isotope-averaged molecular mass of 15978 + 2 Da).

1-3),aswellasinall other snake “venomes” investigated,!7~21:2635-40
evidences the emergence of paralogous groups of genes
across taxonomic lineages where gene duplication events
occurred prior to their divergence, and suggests an impor-
tant role for balancing selection*’ in maintaining high levels
of functional variation in venom proteins within populations.
The mechanism leading to this mode of selection is unclear
but we have speculated!® that it may be related to unpredict-
ability with which a sit-and-wait predator like a rattle-
snake encounters different types of prey, each of which are
most efficiently subdued with different venom proteins. Thus,
to deal with this uncertainty, snakes are required to have a
variety of proteins “available” in their venom at all times to
deal with different prey. The selection pressure leading to-
high levels of variation in venom genes may parallel the
birth-and-death model of protein evolution*® acting to pro-
mote high levels of variation (neofunctionalization) in the
genes involved in the vertebrate’s adaptative immune
response,* such as those which encode major histoco-
mpatibility complex proteins,** or in plant host defense
genes. %7

Comparison of the Toxin Composition of Bitis Venoms. The
venom proteomes of Bitis gabonica rhinoceros (Table 1),
Bitis nasicornis (Table 2), and Bitis caudalis (Table 3) contain,
respectively, at least 33, 28, and 30 proteins. Dimeric disinte-
grins, PLA, molecules, serine proteinases, a CRISP, C-type
lectin-like proteins, L-amino acid oxidases, and snake
venom metalloproteases are present in all these three
venoms, albeit in quite distinct relative abundances (Figure 4,
Table 4). It is worth to notice the presence in each venom
of a highly conserved multimeric (92 kDa) C-type lectin-like
molecules, i.e., Bgr-22, Bn-23, and Bc-26. The molecular
mass of the native multimeric C-type lectin-like protein of Bitis
caudalis (Bn-23, Table 2) was accurately measured by electro-
spray-ionization MS (92 151 Da, Figure 2C). The quaternary
structure of Bn-23, determined by mass spectrometry after

reduction and separation of subunits by reverse-phase
HPLC (Figure 2D), was built by the association of poly-
peptides of molecular masses (carbamidomethylated): 16 479,
16 366, 15190, 15293, and 15235 Da. All C-type lectin-like
molecules characterized to date in snake venoms are built by
different associations of o dimers. Alfa (~16 kDa) and beta
(~14 kDa) subunits are homologous polypeptides each con-
taining 7 conserved cysteine residues engaged in the formation
of 1 intersubunit disulfide bond and 3 intrasubunit disulfides.
The of dimer is the basic unit from which the different
structures of the snake C-type lectin-like family are assembled.
Higher order oligomerization is driven by the evolutionary
appearance of an extra cysteine residues at both, the C-
terminus of the a-chain and the N-terminus of the -subunit,
enabling multimerization of af-heterodimers via inter-dimer
disulfide linkages into a cyclic “head-to-tail” arrangement
[a-SS-p11-Cyscierot- CysnierB- [0-SS-B] - CyScrerdt-Cysnierf3- [ot-SS-
plh, where n is the number of intervening of units linked
between the C-terminal cysteine residue of the o-subunit and
the N-terminal cysteine of the (-subunit of the same of
heterodimer. C-type lectin-like proteins isolated to date from
a large number of viperid and crotalid venoms occur in a variety
of oligomeric forms, including af (n = 0), (0f). (n = 1), and
(0f)s (n = 3).%849 Assuming that each Bn-23 subunit may
contain 8 cysteine residues engaged in 1 intersubunit, 3
intrasubunit, and 1 interdimer disulfide linkages, the best fitting
subunit combination is [16 479 + (16 366), (o-type subunits)
+ 15190 + 15 293 + 15 235 (f-type subunits], indicating that
Bn-23 may represent a trimer of af dimers. Hence, Bn-23
represents the first reported (af)s (n = 2) C-type lectin-like
structure.

Another molecular feature conserved in the Bitis venoms
studied is the presence of dimeric snake venom PIII-metallo-
proteases (Bgr-29, Figure 1A and Table 1; Bn-30, Figure 2A
and Table 2; Bc-36, Figure 3A and Table 3). In Bitis g. rhinoceros
and B. nasicornis, the dimeric PIII-SVMP are highly homologs
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Figure 3. Bitis caudalis venom proteome. (A) Reverse-phase
separation of the Bitis caudalis venom proteins. Chromatographic
conditions were as in Figure 1A HPLC fractions were collected
manually and characterized by N-terminal sequencing, ESI-QTrap
mass spectrometry, and SDS-PAGE. (B) SDS-PAGE of reverse-
phase separated Bitis caudalis venom fractions. Protein fractions
were run on SDS-(15%) polyacryamide gels?* under non-reduced
(upper panels, a) and reduced (lower panels, b) conditions. Lanes
S, molecular mass markers as in Figure 1B. Protein bands were
excised and characterized by mass fingerprinting and CID—MS/
MS of selected doubly or triply charged peptide ions. The
combined results are shown in Table 3.

to metalloprotease 3 (Q6T270) described in the Bitis gabonica
gabonica venom transcriptome?® and proteome.?’ On the
other hand, among the nonconserved protein families, brady-
kinin-potentiating peptides, hypotensive peptides acting as
highly site-specific inhibitors of the somatic angiotensin-
converting enzyme, were only found in B.g. rhinoceros, whereas
cystatin (a cysteine protease inhibitor) and disintegrin/cysteine-
rich (DC) fragments were present in B. nasicornis and
B.g. rhinoceros, and serine-type endopeptidase Kunitz-type
inhibitors occur in B.g. rhinoceros and B. caudalis. In both
species, the Kunitz-type inhibitors exhibited apparent molec-
ular masses of 14—16 kDa and 7—8 kDa when analyzed in
non-reduced or reduced SDS-PAGE, respectively (Bgr, Figure
1B, lanes 8 and 9; Bc, Figure 3B, lane 6). However, electrospray
ionization mass spectrometry showed that these Kunitz-
type inhibitors had native (non-reduced) molecular masses of
about 7 kDa (Tables 1 and 3). Hence, the distinct electro-
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phoretic behavior of the Kunitz-type inhibitors in non-
reduced (migrating as ~14 kDa proteins) versus reduced gels
(apparent molecular masses of ~7 kDa) may be regarded as
artifactual or as a indicating the existence of noncovalent
dimers. Similar electrophoretic behavior has been previously
reported for Kunitz-type inhibitors 1 and 2 from Bitis gabonica
gabonica.?!

The venom of the small B. caudalis departs from those
of the large-bodied species of the gabonica clade in the
large amount and diversity of PLA; molecules (59.8% of the
total venom proteins versus 20.1% in B. nasicornis and 4.8%
in B.g. rhinoceros) (Table 4) and in the tendency of these
phosphatidylcholine 2-acylhydrolases to form high molecular
mass aggregates. Hence, PLA,s isolated from the venoms of
B.g. rhinoceros and B. nasicornis run as monomeric proteins
in both, non-reduced and reduced SDS-PAGE (Bgr-13 in Figure
1B, and Bn-14 and Bn-15 in Figure 2B, respectively), whereas
those from B. caudalis venom show a pattern of polydisperse
molecules in non-reduced SDS-PAGE separation (Bc-12 to Be-
18 in Figure 3B). The fact that in reducing gels the Bitis caudalis
PLA, smears yielded sharp protein bands of apparent molecular
masses of 14—15 kDa (Figure 3B panel b), whereas electrospray
ionization mass spectrometry showed molecular masses in the
range of 13 kDa (Table 3, Bcl2-Bcl5), indicated that the
apparent polydispersy of the Bitis caudalis PLA, molecules
might not be due to covalent (disulfide) linkages, but rather to
their tendency to form high molecular mass aggregates that
resist dissociation in the conditions employed for SDS-PAGE
separation.

Overall, as judged by their N-terminal sequences, molecular
masses, and MS/MS-derived tryptic peptide sequences, the
three Bitis species investigated exhibit extreme intragenus
venom toxin composition variation.

Table 5 show adults average length and venom features of
Bitis species. In line with a previous study on Sistrurus
catenatus subspecies,'® an implication of our results is that here
does not appear to be a simple relationship between levels of
venom complexity and toxicity. Bitis gabonica rhinoceros (West
African gaboon viper) is native to high rainfall areas of West,
Central, and East Africa; Bitis nasicornis (rhinoceros viper)
occurs in forested areas of West and Central Africa, rarely
venturing into woodlands, and Bitis caudalis, (horned puff
adder) is mostly found in arid regions of South-West Africa.
The high degree of differentiation in the venom proteome
among congeneric taxa emphasizes unique aspects of venom
composition of related species of Bitis snakes and points to a
strong role for adaptive diversification via natural selection as
a cause of this distinctiveness.

Snake Venomics May Aid in Taxonomy. Morphology-based
and DNA-inferred molecular trees commonly differ in the
branching orders proposed, making taxonomy and phylogeny
of viperine snakes controversial. Given the central role that diet
has played in ophidian evolution,'® we argue that comparison
of venom composition may aid in recognizing phylogenetic
relationships. The availability of detailed proteomic information
make possible estimates of the similarity and differentiation
of the venom proteomes of different Bitis species, which are
then useful in revealing broad-scale evolutionary patterns.
Using protein similarity coefficients (PSC) to estimate the
similarity of venom proteins of the Bitis taxa sampled here and
in previous studies (Bitis gabonica gabonica?® and Bitis ariet-
ans?'), we estimate that B.g. gabonica and B.g. rhinoceros
venoms share 10 venom proteins (PSC = 28), B.g. gabonica and
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Figure 4. Comparison of the protein composition of the venoms of Bitis gabonics rhinoceros, Bitis nasicornis, and Bitis caudalis.
SVMP, snake venom metalloproteinase; CTL, C-type lectin-like; PLA;, phospholipase A; SP, serine proteinase; DISI, disintegrin;
Cystatin, cysteine proteinase inhibitor; Kunitz, Kunitz-type serine proteinase inhibitor; DC-fragment, disintegrin-like and cysteine-rich
fragment derived from PIII-=SVMP; CRISP, cysteine-rich secretory protein; LAO, L-amino acid oxidase; BPP, bradykinin-potentiating

peptide.

Table 4. Overview of the Relative Occurrence of Proteins (in Percentage of the Total HPLC-Separated Proteins) of the Different
Families in the Venom of Bitis gabonica rhinoceros and Bitis nasicornis?

% of total venom proteins

protein family B. g. rhinoceros B. nasicornis B. g. gabonica B. a. arietans B. caudalis
Bradykinin-potentiating peptides 0.3 - 2.8 - -
Dimeric disintegrin 8.5 3.5 3.4 - 2.3
Long disintegrin - - - 17.8 -
Kunitz-type inhibitors 7.5 - 3.0 4.2 3.2
Cystatin 5.3 4.2 9.8 1.7 -
DC-fragment 0.6 <0.1 0.5 - -
SsVVEGF - - 1.0 - -
PLA, 4.8 20.1 11.4 4.3 59.8
Serine proteinase 23.9 21.9 26.4 19.5 15.1
CRISP 1.2 1.3 2.0 - 1.2
C-type lectin 14.1 4.2 14.3 13.2 4.9
L-amino acid oxidase 2.2 3.2 1.3 - 1.7
Zn?*-metalloproteinase 30.8 40.9 22.9 38.5 11.5
Unknown peptides 0.8 0.7 1.2 0.9 0.3

@ For comparison, the compositions of the venoms of Bitis gabonica gabonica*' and Bitis arietans® are listed.

Table 5. Adults Average Length and Venom Features of Bitis
Species?

average intravenous

length LD%® in mice  wet venom deadly for

(cm) (mg/Kg) yield (mg)  humans (mg)
B. arietans 80 0.4—2.0 100—350 100
B. gabonica 80—130 0.8—5.0 200—600 90—100
B. nasicornis 60—90 1.1 200 80
B. caudalis 30—40 1.2 85 300

4 Source, http://en.wikipedia.org/wiki/Bitis.

B. nasicornis, displaying a PSC of 12, share 5 venom compo-
nents, whereas B.g. rhinoceros and B. nasicornis share
only 2 toxins (PSC = 7). On the other hand, the venoms of
Bitis arietans and Bitis caudalis have diverged to a point
where no similarity relationships to the other species of Bitis
can be established. The distinctness of Bitis arietans among
its congeneric species is highlighted by the occurrence in
its venom of large amounts of the long disintegrin bitistatin,
whereas venoms from all the other Bitis species invest-
igated contain dimeric disintegrins (Table 4). Moreover,

Bitis arietans venom lacks both, the (af); C-type lectin-like
molecule and the dimeric snake venom PIII-metalloproteases,
which are conserved in the heavy-bodied B.g. gabonica,
B.g. rhinoceros, B. nasicornis and in the small species, Bitis
caudalis.

Our data support the monophyly of the three West
African taxa (B.g. gabonica, B.g. rhinoceros, and B. nasicornis)
based on genetic distance reconstructions, the lack of
alliances between B. arietans and any other Bitis species,
and are also consistent with the taxonomic association of
Bitis caudalis within the differentiated group of small
Bitis species’ (Figure 5). From the apparently ancient diver-
gence between the conventionally recognized subspecies of
Bitis gabonica, B. g gabonica, and B. g. rhinoceros, some
authors® consider B. g. rhinoceros as a separate species,
Bitis rhinoceros. The low level of venom toxin composition
similarity between the two B. gabonica taxa appears to be
consistent with this proposal. Moreover, our proteomic data
fit better to a weighted phylogram based on overall genetic
distances than to an unweighted maximum-parsimony tree
(Figure 5).
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Bitis rhinoceros Bitis gabonica (38)
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Bitis arietans (29)
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Bitis caudalis (32)
Bitis peringueyi

Figure 5. Phylogenetic relationships among Bitis. Details of
maximume-parsimony trees generated with Causus serving as the
outgroup.” Left, the 75% majority-rule cladogram of the un-
weighted maximum-parsimony analysis. Right, weighted maxi-
mum-parsimony phylogram based on overall genetic distance-
adjusted step matrix and the successive approximation approach.
Bootstrap values of nodes with confidence values >90% are
indicated. Bitis species for which the venom proteome has been
analyzed are underlined. The number of distinct proteins identi-
fied using a venomics approach are given in parentheses.
Compositional data from Bitis gabonica gabonica and Bitis
arietans venoms are from Juarez et al. (2006)?° and Calvete et
al. (2007).2"

Concluding Remarks

Proteomic analysis of the venoms of Afrotropical Bitis species
supports the hypothesis that snake venom proteomes are
composed of proteins belonging to only a few toxin families
exhibiting large structural divergence and distinct relative
abundances in even closely related species. A comprehensive
catalog of venom composition may serve as a starting point
for studying structure—function correlations of individual toxins
for the development of new research tools and drugs of
potential clinical use,**~5? and for structure-based antivenom
production strategies. Our study also highlights the relevance
of detailed proteomic studies for a thorough characterization
of the protein composition of snake venoms and for addressing
how venoms evolve. The venom composition appears to keep
information on the evolutionary history of congeneric taxa,
which may be useful for resolving or supporting cladogenetic
events inferred fom DNA sequence data.
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