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Cysteine-rich secretory proteins (CRISPs) are expressed in spermatocytes and
granules of neutrophils in mammals, and are associated with sperm maturation
and host defense. Related proteins have recently been recovered in snake venoms,
and some of the snake venom-derived CRISPs exhibit ion channel blocking activity.
Here we isolated and identified two novel CRISPs (kaouthin-1 and kaouthin-2) from
the venom of Naja kaouthia (Elapidae), and cloned the encoding cDNAs. Kaouthin-1
and kaouthin-2 were classified into two broad sister groups of Elapidae, the Asian
species and the marine/Australian species, respectively. Sequence comparisons
reveal that the high-frequency variable regions among snake venom CRISPs define
a continuous line on the molecular surface of the N-terminal pathogenesis-related
protein-1 (PR-1) domain and the C-terminal cysteine-rich domain (CRD). Snake
venom proteins generally display efficient molecular diversity around functionally
key regions, suggesting that the PR-1 domain of CRISPs is important for the
recognition of target molecules.

Key words: CRISP, Naja kaouthia, pathogenesis-related protein, cysteine-rich
domain, ion channel.

Abbreviations: CNG, cyclic nucleotide-gated; CRD, cysteine-rich domain; CRISP, cysteine-rich secretory
protein; ELISA, enzyme-linked immunosorbent assay; PR-1, pathogenesis-related protein 1; PsTx,

pseudechetoxin; RACE, rapid amplification of cDNA ends.

INTRODUCTION

The cysteine-rich secretory protein (CRISP) family is a
large group of secreted proteins of molecular mass 20-30
kDa (I, 2). In mammals, CRISP members have been
assigned to four classes (CRISP-1 to CRISP-4) (3, 4).
CRISP-1 is secreted by proximal epididymis in an
androgen-dependent manner, associates with the sperm
surface during maturation, and is latterly involved in
gamete fusion (5). CRISP-2 is expressed only in the testis
and secreted from spermatocytes, which mediates the
interaction between spermatocytes and Sertoli cells (6).
The distribution of CRISP-3 is wider than other classes,
including saliva, granules of neutrophils, plasma and
thymus, indicating a possible role of CRISP-3 in innate
host defense (5, 7). CRISP-3 has been reported as a
specific ligand of alpha 1B-glycoprotein in human plasma
(8). CRISP-4 is expressed exclusively in the epithelium
in an androgen-dependent manner (4). Although endo-
genous CRISPs have been steadily identified, their
physiological significance is poorly understood.

We have identified and characterized snake venom-
derived CRISPs from the venoms of elapids, colubrids
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and vipers, which comprise a new group of snake venom
proteins that are widely distributed among snake venoms
(1, 2, 9, 10). Several CRISPs have also been recovered
from the venoms of lizards as well as snakes, which are
a monophyletic venom toxin exclusive of related non-
venom proteins that evolved from a single early recruit-
ment event before the separation of snakes and lizards
(11-13). Crystal structures of snake venom CRISPs
reveal that they are composed of three structurally
distinct regions: the N-terminal pathogenesis-related
protein 1 (PR-1) domain, the hinge region and the
C-terminal cysteine-rich domain (CRD) (14). Some
snake venom CRISPs have been shown to block various
cation channels such as cyclic nucleotide-gated (CNG)
channels, voltage-gated Ca®* channels, voltage-gated K*
channels and Ca®**-activated K* channels (15-18). The
CRD of snake venom CRISPs contains a structurally
flanking six-cysteine repeat motif, similar to that of
the K'-channel-blocking toxins from sea anemones and
scorpions, and is reported to be a possible site for
interaction with ion channels (14, 19, 20). In contrast
to this, we recently found that the CRD of a CNG-
channel-blocking CRISP (Pseudechetoxin, PsTx) alone
does not block CNG channels at all (21). These data
strongly indicate that the interaction between CRISPs
and ion channels is not simply mediated by CRDs.

In this report, we have identified two novel CRISPs,
kaouthin-1 and kaouthin-2 in the venom of Naja
kaouthia (Thai cobra, Elapidae). Kaouthin-1 and
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kaouthin-2, which share 63% amino-acid identity,
were divided into the two Elapidae sister clades of the
Asian species and the marine/Australian species by
phylogenetic analysis. Snake venom proteins are gener-
ally known to vary within their functionally important
regions, resulting in the rapid evolution of various
biological functions while maintaining a conserved struc-
tural scaffold. We have demonstrated that the high
frequent divergence among snake venom CRISPs occurs
along a continuous line on the molecular surface of the
protein. Our results strongly suggest that a functional
region of CRISPs should also be located on a linear
region of the PR-1 domain that recognizes and interacts
with target molecules.

MATERIALS AND METHODS

Materials—Lyophilized venom of N. kaouthia was
purchased from Kentucky Reptile Zoo (Slade, KY,
USA). Other lyophilized venoms were from the Japan
Snake Institute (Gunma, Japan), Venom Supplies Pty.
(Tanunda, South Australia), and S.A. venom Suppliers
CC. (Louis Trichardt, South Africa). The Viperidae or
Elapidae snake venom-derived CRISP-specific anti-
ablomin or anti-pseudecin antisera were prepared as
described previously; ablomin and pseudecin are CRISPs
from the venoms of Agkistrodon blomhoffi (the formal
name is Gloydius blomhoffi, viper) and Pseudechis
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Fig. 1. Purification of kaouthin-1 and kaouthin-2. (A-C)
Profiles of gel-filtration chromatography (A), cation-exchange
chromatography (B) and heparin affinity chromatography (C).
Kaouthin-1 and kaouthin-2 (denoted as k1 and k2) were detected
by ELISA using anti-ablomin (filled circle) and anti-pseudecin
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porphyriacus (elapid), respectively (15, 16). FPLC col-
umns of Superdex 75pg gel-filtration, SP Sepharose
High Performance, and Hi-Trap Heparin were obtained
from GE Healthcare (Uppsala, Sweden), and the HPLC
COSMOSIL 5C18 AR-300 column was from Nacalai
Tesque (Kyoto, Japan). Lysyl endopeptidase was pur-
chased from Seikagaku Co. (Tokyo, Japan). Other
chemicals of analytical grade were purchased from
Sigma, GE Healthcare, Wako Pure Chemical Industries
(Osaka, Japan) and Kanto Chemical Co. (Tokyo, Japan).

Purification of Kaouthin-1, Kaouthin-2 and Other
Snake Venom CRISPs—Three hundred milligrams of
lyophilized venom of N. kaouthia was dissolved in 20 ml
of 50mM Tris-HCI buffer, pH 8.0, containing 0.2M of
NaCl. After centrifugation to remove a small amount of
insoluble particulate, the supernatant was applied onto
a Superdex 75pg gel-filtration column with the same
buffer (Fig. 1A). The fractions reacted with both anti-
ablomin and anti-pseudecin antisera by enzyme-linked
immunosorbent assay (ELISA) were pooled and dialysed
with 20mM imidazole-HCl buffer, pH 6.0, and then
loaded onto a SP Sepharose High Performance column
with same buffer (Fig. 1B). Proteins were eluted with a
linear gradient of 0—1M NaCl. Subsequently, the frac-
tions reacted with anti-ablomin antiserum containing
kaouthin-1 were dialysed with 50 mM Tris—HCl buffer,
pH 8.0, and applied onto a Hi-Trap Heparin column with
same buffer (Fig. 1C). Kaouthin-1 and kaouthin-2 were
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(unfilled circle) antisera, respectively. The pooled fractions
are indicated by the bold bar at the top. (D) SDS-PAGE of
purified kaouthin-1 and kaouthin-2 was performed without
and with reducing agent (NR; non-reducing, R; reducing
conditions).
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>95% pure as judged by SDS-PAGE (Fig. 1D). Similar
purification procedure was used for the isolation of other
11 CRISPs.

Cloning of the c¢DNAs Encoding Kaouthin-1 and
Kaouthin-2—The total RNAs isolated with ISOGEN
(Wako Pure Chemical Industries, Osaka, Japan) from
the venom gland of N. kaouthia were reverse transcribed
using Super Script II Reverse Transcriptase (Gibco, MD,
USA) to obtain the cDNA. A 5" and 3'-rapid amplification
of ¢cDNA ends (RACE) method was carried out to
determine the nucleotide sequence of 5-end and 3'-end
cDNAs using the SMART RACE c¢DNA amplification
kit (Clontech, CA, USA). One degenerate sense primer
was designed based on the highly conserved nucleotide
sequences encoding the signal peptide among snake
venom CRISPs: 5-CTT GCT GCA GTG CTG C(A/GA
CAG TCT T-3 for 3-RACE, and two antisense primers
were designed based on the highly conserved nucleotide
sequences among Viperidae snake venom-derived
CRISPs or Elapidae snake venom-derived CRISPs:
5-TCC TGG CAG CTA CCT TGT TTC AAC AAA
CTG-3' (corresponding to amino acids 192-201 in
kaouthin-1) and &-CTT TTG TAC CAA ACT ATC
TG(A/G) GT(A/G) (A/T)YAA TGG CC-3' (corresponding to
amino acids 95-105 in kaouthin-2) for 5-RACE. PCR
products were subcloned into dephosphorylated pUC19
vector digested with Hincll, and transformed into E. coli
strain XL-1 Blue. Their complete nucleotide sequences
were determined by DNA sequencer LIC-4200L (Aloka,
Tokyo, Japan) (Fig. 2A and B).

Amino-Acid Sequence Analysis—Internal amino-
acid residues were identified from S-pyridylethylated
peptides digested with lysyl endopeptidase. 2.5nmol of
purified kaouthin-1 and kaouthin-2 were reduced for
5h at room temperature with 20mM dithiothreitol in
500l of buffer solution, containing 0.5M Tris—HCI,
pH 8.5, containing 6M guanidine hydrochloride and
2mM EDTA. 3ul of 4-vinylpyridine was added and
alkylated for 30 min at room temperature. After alkyla-
tion, the S-pyridylethylated proteins were dialysed in
0.1% TFA solution, and lyophilized. Then the proteins
were redissolved in 500 ul of 50mM Tris—HCI, pH 9.5,
containing 4 M urea, and digested by lysyl endopepti-
dase. The digested peptides separated by C18 reverse-
phase HPLC with a linear gradient of acetonitrile up to
30%. Eluted peptides were analysed on Applied Biosys-
tems protein sequencers (Models 473A and 477) (Fig. 2A
and B, underlined). The N-terminal amino-acid sequen-
cing of kaouthin-1, kaouthin-2 and other snake venom
CRISPs (500pmol) were performed on a Shimadzu
protein sequencer PPSQ-21A (Shimadzu, Kyoto, Japan)
(underlined in Figs 2A, B and 3).

Phylogenetic Analysis—For neighbour-joining method
phylogenetic analysis, we used multiple nucleotide
sequence alignment in open reading frame of 24
CRISPs (Fig. 4B and Supplementary Fig. S2). Multiple
sequence alignments were constructed using the
ClustalW algorithm. The distance matrix for the align-
ment sequences was calculated by wusing Kimura’s
two-parameter method as implemented in a computer
program by using Genetyx version 9. Homology search-
ing analysis at the nucleotide and amino-acid levels
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among snake venom CRISPs was performed by using
Genetyx version 9 (Supplementary Table S1). GenBank
accession numbers for the nucleotide sequences used are:
N. kaouthia kaouthin-1 (EU938339); N. atra natrin
(AY324325, first described as NA-CRVP2 which is not
in Genbank database) (17, 22); Ophiophagus hannah
ophanin (AY181984) (23); N. kaouthia kaouthin-2
(EU938340); N. atra NA-CRVP1 (AY261468) (22);
Laticauda semifasciata latisemin (AF384220) (16);
P. australis PsTx (AY072695) (24); P. porphyriacus
pseudecin (AY072696) (15); Oxyuranus microlepidotus
CRISP-OXY1 (DQ139896) (13); Leioheterodon madagas-
cariensis CRISP-LEI1 (DQ139894) (13); Philodryas
olfersii CRISP-PHI2 (DQ139898) (13); Liophis poecilo-
gyrus CRISP-LIO1 (DQ139895) (13); Enhydris polylepis
CRISP-ENH1 (DQ139892) (13); Rhabdrophis t. tigrinus
tigrin (AY093955) (16); Dispholidus typus CRISP-DIS1
(DQ139889) (13); Telescopus dhara CRISP-TEL1
(DQ139900) (13); Trimorphodon biscutatus CRISP-
TRI1 (DQ139901) (13); Trimeresurus flavoviridis (also
called Protobothrops flavoviridis) triflin (AF384219)
(16); P. mucrosquamatus TM-CRVP (PMU59447) (25);
T. jerdonii (also called P. jerdonii) TJ-CRVP (AY261467)
(22); Viridovipera stejnegeri stecrisp (AY423708) (20);
A. blomhoffi (the formal name is G. blomhoffi) ablomin
(AF384218) (16); Crotalus atrox catrin (AY181983) (23);
A. p. piscivorus piscivorin (AY181982) (23); and human
CRISP-1 (NM_001131).

Homology Modelling—The tertiary structures of
kaouthin-1, ophanin, tigrin, CRISP-ENH1, ablomin and
physiological human CRISPs were constructed by homol-
ogy modelling based on the crystal structure of triflin
(14). The tertiary structures of kaouthin-2 and latisemin
were constructed by homology modelling based on the
crystal structure of pseudecin (21). The crystal structure
of natrin has been analysed (17). All of the structures
were constructed with colour electrostatic potential levels
(red, —5.0; white, 0; blue, 5.0) by Swiss PDB Viewer
version 3.7, and drawn by POV Ray version 3.6.

WEBLOGO Analysis—The sequence logo was gener-
ated within a multiple amino-acid sequence alignment
among 24 snake venom CRISPs shown in Fig. 4B by
using the WEBLOGO program (http://weblogo.berkeley.
edu/). The overall height of each stack indicates the
sequence conservation at that position (measured in
bits), whereas the height of symbols within the stack
reflects the relative frequency of the corresponding
amino acid at that position.

RESULTS

Isolation of Kaouthin-1 and Kaouthin-2 from
N. Kaouthia Venom—Snake venom proteins have evolved
to acquire unique structures and functions unseen in
mammals. To explore the distribution and evolution
of snake venom CRISPs, we screened several species of
snake venoms using two anti-snake venom-derived
CRISP antisera: anti-ablomin and anti-pseudecin anti-
sera (Supplementary Fig. S1). Ablomin and pseudecin
are CRISPs from the venoms of A. blomhoffi (the formal
name is G. blomhoffi, viper) and P. porphyriacus (elapid),
respectively (15, 16). As a result, though most of the
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kaouthin-1

ACAATTTTCTGARAGCAATAAAGAAGSTTACCT TAAGTTTAT TCARARCAAGAGGAAGCAGTGAA
GGTATATAARACCTGETACTGTCTGTCTGACTTCCACAATTTTCTGAAAGCAATARAGAAGTTACCTTCAGGTTTATTCAGRACARAGAGRA,
ATGATTGCCTTCAGCTTGCTATGTCT TGC TGCAGTGC TGCGACAGTCTT TTGCGARATGTTGATTT TAAT TCTGAGTCAACT.

m i a £ 5 1 1 ¢ 1 a &#& v 1 r g = £ g B ¥ D N 8 E 8 T R R K

m@ﬂm&'l‘TGTTGACTTGCP..CAATTCTTTMGGAGAAGAGTGAGTCCCACTGCTAGMTGCTMTGGMTGGTAT
K K Q K E I VD L HN L R RERYV S5 FP T A S NMILIEKME®WY

CCTGAAGCTGCTTCAAATGCAGAACGTTGGGCCAATACCTGTAGTC TTAATCACAGTCCAGACAATTTGAGAGTTCTTGAAGGAATACAA
PBAhSNJ\ERWANTCSLNHSPDNLRVLEGIQ

'l‘G'I‘GG'TGMAGTATATAG\TGTCMGTMTGC(‘JEGGA.Q\TGGACTGAMTMTTCACTTATGGG\TG&TGMTMTTTTGTCTAT
C 6 E 5 I ¥ M 5 5§ N ARTWTETIIHLWHUDE Y KNF

GGCGTTGGAGCAAACCCACCAGGTTC TGT TACTGGCCAT TATACTCAGATAGT TTGGTACCARACT TACCGTGCTGGT IGTGCTGTTAGC
G VG ANPPGS V T GHTYTOQTIVWTYQTZYURAGT CAUVS

TATTGTCCTTCATC TGCATGGAGC TACTTC TATGTTTGTCAGTACTGCCCATCAGGGAACTTCCAAGGTARAACTGC TACTCCATATARS
¥ 2 P s B kR OB ¥ F YN C O ¥ CP B 6 H PQGe R ITA TP CE R

TTAGGACCACCTTGTGGEGACTGTCC TTCGGC T TGTGACAACGGAC TATGCACAMATCCTTGCACAATT TATAATAAGC TCACTAACTGC
L 6 F PC G D C€CF 8 A CDHNGILCTHNDPRPLCT I HNIEKTLTHNLGC

GACAGTTTGTTGAAACAAGGTAGC TGCCAGGATGAT TGGATCAAGTCARACTGCCCTGCTTCTTGCTTCTGCCGCAATAARATARTATAR
D 8 L L K QG 8 COQDOUDWTIZEK S HNTCUPAUSTCEFOCRDNIEKTITI®*

TGGACCTCCCATTCAATATTTGTTAC TTT TGCCAGAAAMAATATAAATCACAGCAACTTTTAGTATCGGCAAATTCTTATGTGACATTTG
ATTTCATATATTTTGCATGAGGGTCTTATGCATGAGGGCC TAAGGGAAA TG TAAGGAGGAGTAGAGGTGAGGAATGAACACTGTAAGTTC
AAAGGGTCATAGGAAAAATCACAGCC TGGGTAACATCCAAAAAATGCCACACTGTARGC TCGAT TARARGRARACACTTAATGGCCTGAA
AATAAGATCACCAAAATTCTTTGTACTCCAAC TATACCACAAGCATCTCTTARATGCTTTTACTAAATCTAATC TAGARCTGATTTGATG
CCCTTCATGCARACTATATGACGETT TTGGTAT TTTTAATGTCTTAATCGGTTGTAGTTTATAGTTTAATATGATTTTATGATTTTTAAT
TTTTGATTGGGAGCCACCCAGAGT TGETTGARAAGATGGGCAGCTTTATAAATGTTTTAAAT.

kaouthin-2
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=27
1

91
181
271
361
451

541

ACGCGGGGCTTATTCAARACAATAGAR
ATGATTGCCTTCATTGTCT TG TARGTC T TGC TGCAGTGC TGCARCAGTCTTC TGGAAC TGTTGATTTTGCTTC TGAGTCAAGTAACARR
-l a £'di'v 1 1l 1 a a v 1l g g g g tvdfaa B 88 N K

AGAGAARACCAARAGCAGATTGT TGACARGCACAATGCT TTAAGGAGATCAGTGAGACCAAC TGCCAGGAACATGT TACARATGGAATGG
R E N Q K Q I VD KHWNABILUERIERSVYUEREPETAIRWMNMILOQMTEW

AATTCTAATGCTGCTCAARAA TGCARAAACGTTGEGCAGATAGATGTTCTT TTGC TCACAGTCCACCACAC TTAAGRACTGTGGGARAMAATC
N 8 N A A Q H A KRWAZDUZRUCSGSF A HS PP HLUBERTVWVGI KI

GETTGTGETGAARATCTAT TCATGTCAAGTCAMCCTTATGCATGGAGTCGTGTAAT TCAGTC TTGGTATGATGARARCAARARATTTGTC
G C 6 E N L FM S5 5 Q P Y AW S ERVY I Q 5 W ¥ DEUVNK F V

'I‘A'l‘GGCGTTGGAGC&AAOCCACCAGG'l‘TCTGT'I‘A’I‘TGGCCATTACACCCAGATAGTTTGGTACAAEAGTCACCTTCTTGGTTGTGGTGCT
¥ G ¥ 6 AN PP G B VI GHUYTOGQTI ¥ N 8 HL L G OC G A

GCCARATGTTCTTCATCCAAATACCTCTATGTT TGTCAATAC TGCCCAGCAGGGAACATCATAGGTTCAATTGC TACTCCATATAAATCA
K & 8 K Y L Y V¥V Qg Y & P A GN I I G 81 A TZPEPTK

GGGCCACCTTGTGGGGBCTGTCCTTCGGCTTGTGTCAACGGACTATGC&CWTCC TGCAAACATCRCMTGTCTTCTCGAACTGCCM
G P FPCGDOCPSE ACVYVYNOGILTCT c &5 N C Q

'l‘C'l‘TTAGCGAAAMTGCLTGCD\GACTGAATGGATGN\GTMTGCGCAGCTTCTTGCTTCTGCCGCACTGmm’l‘ATAGGTG
5§ L A KQWNAMCOQTTEWMIEKS KCAAMSCT FCHERTTETITI

ATCTCCCATTCAATATTTGTTATCTCTGCCAGAARAATC TARATTCCTAT TARAATCATGGCATCTTTTAGTATCATCARATTCTTACGT
GACATTTGATTTCATATATTTTGCATGAGGGTCTTATGCATGAGGGCC TAAGGGAAA TG TAAGGAGGAGTAGAGGTGAGGAATGAARACT
GTAAGTTCAAAGGGTCATAGGAAAMATCACAGCCTGGGTAACATCCAARARATGCCACACTGTAAGC TCGAT TARAAGAARACAC T TART
GGCCTGAAARTAAGATCGCCAAAATTCTTTGTACTCCARCTATACCACRAGCATTTCTTARATSCTTTTACTAARTCTAATC TAGAACTG
ATTTGATGCCCTTCATGCARAC TATATGACGGTTT TGGTGT TTTTAATGTTTTAATTGGTTGTAGTTTATAGT TTAATATGATTTTATGA
TTTTTAATTTTTGAT TGGRAGCCACCCAGARCTTGET TEGAARAGATGGACACGCTTTATAAATGTTTTARAT. TATGTTTAAC
AGCG-poly<A>

kaouthin-1 -18 miafs-llclaavlrgsfgNVDFNSESTRRKKKQKEIVDLHNSLRRRVSPTASNMLEKMEW

ko dk dkhkdkhk ok ok dhkhk hdkok dhk dkhk kdk kdkk Kk kkk hhkdk dhkok

kaouthin-2 -19 miafivllslaavlggssgtvdfasESSNKRENQKQIVDKHNALRRSVRPTARNMLOMEW
A

kaouthin-1 42 YPEAASNAERWANT®SLNHSPDNLRVLEGIQ®GESIYMSSNARTWTEIIHLWHDEYKNFV

*k dkk dkkdk * *k Kk * & * * % * kK * * * kk Kk ik

kaouthin-2 42 NSNAAQNAKRWAD P.ESFJLHS PPHLETVGKI C@GENL FMSSQPYAWSEVIQSWYDENKEEFV

kaouthin-1 102 f@mpssmntmmqnm@vsrﬁpssawsynvagwﬁpssnmcmun

dhkkhkhkdhkhhhk *hkdhkhhhhd * kkkkkkhk dk * dde ko

kaouthin-2 102 rmmmsvxenzmrwmsrm@amﬁsssx-—nwﬁgrﬁpmm IGSIATPY

il ot R R e e g i
kaouthin-2 160 ksGPPEGDEPSABVNGLETNEEKHENVFSNEOS LAKONABQTEWMKSKEARSEFERTETT

Fig. 2. Nucleotide and deduced amino-acid sequences of polyadenylation signal is boxed. (C) Comparison of the amino-
and kaouthin-2
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kaouthin-1 and kaouthin-2. (A, B) The amino-acid sequences acid sequences between kaouthin-1 (top)

are shown in single-letter code beneath the nucleotide sequences
encoding kaouthin-1 (A) and kaouthin-2 (B). Nucleotide (left) and
amino-acid (right) numbers are shown in the columns at either
side. Putative signal peptides are shown in italics-style lowercase
and dashed-underlined. The residues which are not determined
by N-terminal sequencing analysis of kaouthin-2 are shown in
lowercase (B). The mature protein coding region is coloured in
blue. The underlined amino acids were identified by sequencing
S-pyridylethylated peptides from enzymatic digests and N-
terminal sequencing analyses of purified proteins. The putative

(bottom). Conserved cysteine residues are highlighted. Identical
residues of the two kaouthins are marked with asterisks. Basic
amino acids (K and R) and acidic amino acids (D and E) are
shown in blue and red, respectively. Putative signal peptide
cleavage sites and pro-peptide cleavage site are indicated by
arrow and arrowhead. Similar proteins to kaouthin-1 and
kaouthin-2 were identified by Osipov et al. (40), although they
were partially sequenced. Note that the above reported kaouthin-
2-like protein has five additional residues on its N-terminus as
compared with kaouthin-2 (40).
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CRISP N-terminal sequence of purified protein species Family Distribution

Kaouthin-1-type (Asian species clade)
1 10 29 30

kaouthin-1 NVDFNSESTRREKEQEEIVDLHNSLRRRVS  Naja kaouthia Elapidae Southeast Asia

najanajin SVDENSESTRxK Naja naja Elapidae India

annuliferin-a NVDFNSESTRREKEQEEIVDLHN<LRR=VD  Naja annulifera Elapidae South Africa

annuliferin-b NVDFNSESTRRENEQEEIVDLHNSLRR=VD  Naja annulifera Elapidae South Africa

mossambin NVDFNSESTRREKEQNEIVDLHNSLRRTVN  Naja mossambica Elapidae South Africa

hematin SVDFNSESTRREEKQEEIVDLHNxLRDxVx  Hemachatus haemachatus Elapidae South Africa

okinavin SVDFDSESPREPxIQNEIVDLHNPLERxWVN  Ovophis okinavensis Viperidae Japan/Okinawa
Kaouthin-2-type (marine/Australian species clade)

1 10 20

kaouthin-2 ~  --——---- ESSNERENQEQIVDEHNRALRRSVR  Naja kaouthia Elapidae Southeast Asia

notescatin-a @~ -------- SNEEDYQEEIVDKHNALRRSVE  Notechis scatatus Elapidae South-eastern Australia

notescatin-b ~ -—--——--—- SNEEDYQEEIVDKHNALRRSVE  Notechis scatatus Elapidae South-eastern Australia

pseuguttin - —==—===—= SNEENYQEEIVDEKHNALRRSVE  Pseudechis guttutus Elapidae South-eastern Australia

collettin-a = ———=——-- SNEENYQKETIVDKHNALRRSVE  Pseudechis colletti Elapidae East Australia

collettin-b ~ -————————- FENYQEETVDKHNALRRSVE ~ Pseudechis colletti Elapidae East Australia

Fig. 3. N-terminal amino-acid sequences of isolated CRISPs.
Residues identical with kaouthin-1 are shaded. Undetermined

venoms reacted with either anti-ablomin or anti-
pseudecin antisera, we detected two proteins in the
venom of N. kaouthia (Elapidae, Nk in Supplementary
Fig. S1) with different molecular weights (—25kDa),
suggesting that two immunologically distinct CRISP-like
proteins are contained in the venom of N. kaouthia
(Supplementary Fig. S1). Using three successive chro-
matographic runs, we isolated two proteins from the
venom of N. kaouthia, which were individually detected
by ELISA with anti-ablomin and anti-pseudecin antisera
(filled and open circles, respectively in Fig. 1A-C).
The two proteins were eluted and separated with 0.3 M
and 0.7M NaCl by a second step of cation-exchange
chromatography (Fig. 1B), and named kaouthin-1 and
kaouthin-2 (fractions k1 and k2 in Fig. 1), respectively.
Kaouthin-2, which reacted with anti-pseudecin anti-
serum, was completely purified by the second step,
while anti-ablomin reacting kaouthin-1 was further
purified by heparin affinity chromatography (Fig. 1C).
The venom content of kaouthin-1 (0.7% of total venom
peptide and protein) is higher than that of kaouthin-2
(0.2%). The purified kaouthin-1 migrated with a M, of
22kDa under non-reducing conditions and 25 kDa under
reducing conditions by pB-mercaptoethanol on SDS-
PAGE, though kaouthin-2 was a 24 kDa protein under
both non-reducing and reducing conditions (Fig. 1D).
Cloning ¢DNAs Encoding Kaouthin-1 and Kaouthin-
2—To determine the primary structures of kaouthin-1
and kaouthin-2, two distinct degenerate primer sets
specific to Viperidae snake venom and Elapidae snake
venom-derived CRISPs were designed based on the
highly conserved nucleotide sequences among Viperidae
snake venom-derived CRISPs or Elapidae snake venom-
derived CRISPs (see MATERIALS AND METHODS section). Two
c¢cDNAs encoding CRISP-like proteins were cloned from
the venom gland ¢cDNAs of N. kaouthia; they are 1,410
bp and 1,291 bp in length and encode proteins composing
239 and 238 amino acids, respectively (Fig. 2A and B).
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proteins are indicated by ‘-’. Snake venom-derived CRISPs were
classified into two types, kaouthin-1-type (upper side) and
residues are indicated by ‘x’, and undetected residues from mature kaouthin-2-type (lower side) by using their N-terminal sequences.

The two nucleotide sequences share 85% nucleotide
identity, and the encoded proteins share 63% amino-
acid identity (Supplementary Table S1), suggesting that
the snake venom CRISPs have evolved at the greater
substitution rates common for snake venom proteins (26).
The 1,410bp cDNA encodes a protein highly homologous
to ablomin, while the 1,291bp ¢cDNA encodes a protein
highly protein to pseudecin (Supplementary Table S1),
suggesting that they correspond to kaouthin-1 and
kaouthin-2 ¢DNAs, respectively. The pl of kaouthin-1
was 7.8, while that of kaouthin-2 was 8.8 using the pKa
values for the predicted amino-acid sequences of
kaouthin-1 and kaouthin-2. Number of basic amino-acid
residues of kaouthin-1 and kaouthin-2 are comparable,
while acidic amino-acid residues of kaouthin-1 is seven
residues greater than that of kaouthin-2 (Fig. 2C).
Identification of Kaouthin-1 and Kaouthin-2—
N-terminal amino-acid sequence analyses of pro-proteins
using the signal peptide prediction programs PSORT II
revealed that pro-kaouthin-1 and pro-kaouthin-2 should
be cleaved at Gly18/Asnl9 and Glyl19/Thr20 from the
initial methionine at sequences qsfg/NVDF and qssg/tvdf,
respectively (signal peptides are shown in italic-style
lowercase, and signal peptide cleavage sites are indicated
by arrows in Fig. 2C). The N-terminal amino-acid
sequence of purified kaouthin-1, Asn-Val-Asp-Phe-, was
identical to the predicted sequence, whereas that of
purified kaouthin-2, Glu-Ser-Ser-Asn-, was different from
the predicted sequence by the signal peptide prediction
programs, starting at amino acid 26 from the initial
methionine, suggesting that pro-kaouthin-2 may be
further cleaved at Ser25/Glu26 by a sequence-specific
protease after secretion, otherwise the signal peptide
cleavage site of kaouthin-2 may be different from
kaouthin-1 (the cleaved peptide is shown in lowercase,
and the putative cleavage site is indicated by an
arrowhead in Fig. 2C). The internal amino-acid residues
of purified kaouthin-1 and kaouthin-2 were identified
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v ablomin

Qal ) o2 ) B2 ) o3 ) Cad HBD

clapid-clade 1 (E) I8 1 20 40 60 6

aouthin-1 miafs-l1lclaavlrgsfg------- NVDFNSESTREEKEQKEIVDLHNS LRRRVS PTASNMLEMEWY PEAASNAERWAN' LNHSPDNLEVLE

natrm miafs-llcfaaviggsfg-- -NVDFNSESTRREKKOKEIVDLHNS LRRRVSPTASNMLEMER Y PEAASHAERWAN' LNHSPDNLEVLE

ophanin miaft-l1lslaavliggsfg-—--—--- MVDFNSESTRROKEQKEIVDLHNSLER SVSPTASNMLEMOWY PEARSHARRWAS @I LGHSPDY SRVLE
elapid-clade 2 (E2)

kaouthin-2 miafivllslaavlggesg--=-=---~- t ¥df 2 SES SNKRENQROIVDKHNALRE VR BETAR NMECMER!N S MARCNAKRWAT FAHSEPHERTVS

latisemin miafivllslaavlqggssg-- - -t ¥DERSES SHERENQRETVDFKHNALRER SVFRETARNML OMERH S DARCGNACRWAT FAHSESHLRTVS

seudecin miafivllslaavlggss —-twdfases s NEKENYQREIVDKHNALER S VEETARNMML OMERN SHARCHNAKRWAD FAHSEPNTRTVG

Tx miafivllslaavliggssg-——--——- tadfases SHEEN YQRETVDKHNALRR SV HETARNML CMERN SRARCNAKRWAN FAHSEFPNERTVG
mj'ubnd-dad‘e (C}

[ mivii-llslaavlirgsfg------- NVDFHNSES PRNEPGEQNEIVHN ITHNS FRR VR PTARNMLEMERY SEAASHNAERWA Y O™ Y IHSPRSSRILN
CRISP ENH1 mivEi-Iislaavlqgfva——————-] D¥NEESESFRETEKQTEIVOMHNS FRESVHNETARNMLEMEN Y PEAANNAERRWA Y (T YDHSANSERVIG

viper-clade (V)

[ ablomin mivEiv-pilaavlggesg------- NVDFDSESPREPEIQHUEIVDLHNSLER SWIPTASNMLEMERY PEAASNAERWA Y FEIT EDHESDD SEVLE
triflin miafivipilaavlggssg-—————— MYDFDSESPREPEIQNET I DEHNSLER S ETASNML EMERYPEAA A NARRWA Y FET FSHESRDSEVIG
hCRISP-1 malmivllflaavippsl IQDTTDENDRBLENLSTTELSVQEET INKHNOERRTVSES GESD LEEVERNDH DA'.{‘:NAQ}{WAN’F'I YNHSELOHRTTT

PR-1 domain
_,
M ) a5 —F—p——- a6 — 57 { >
?p Bi]) 10q 129
kaouthin-1 GI ESIYMSSHARTHWTEI IHLWHDEYKNEVYGVGANPPGSVTGHYTOIVWYQT VS PSSAWSY SGNFQGKTATPYK
EI |: natrin GICMGESIYMSSNARTWTEI IHLWHDEYKNEVYGVGANPEGSVTGHY TQIVWY QT FSSAWSY. SGNEQGKTATEYK
ophanin GE ENIYMSSHPRAWTEI I LWHDEYKNEVYGVGANPPGSVTGHYTOQIVWYKTYRT ESSEYSY SGNMRGSTATPYK
kaouthin-2 KE ENLFMSSCPYARSRVICSH Y DENKK VY CVGANPPGSY I GHY TOTVWENS HLL SESK——¥L AENIIES IATEYE
E2 latisemin KFSEGENLFMSSOPYARNSRVIQSHYDENKNE I ¥YDVGANPPGSV I GHYTOIVW Y KSHLLI SSSK--¥L ZENIIGS IATEYK
seudacin KLE@GENTIFMSSCOF FEPRSGYVVOARYDE IRNFVYGI GAKPPGSVI GHYTOVVWYKSHL T SSSK--¥L AGNIRGS IATEFYR
Tx KL ENIFMSSOF FENSGYVVDARYDETKNEVYGI GAKPEGSY I GHYTO VWY RSYLT L\ HESSSK——YL RGHIRGS IATPYR
c [ tigrin GT ENIFMASDPWANT S TTCOR Y DEYENEFVYGVGANP PGSVTGHY TOTVHY S YLV e PSSLYNYF AGHNTOGSTSTRYR
C%lSP—ENH‘I GI ENIYHSSNPRANTEITCSHYDET ONFEYGVGANPPGSY I GHYTOTVWYHSYRT PS5 fP‘LNY TGNMEGLTATEYT
V [ ablomin GIE ENIYMSETIPMEWTDITHIWHDEYENFHYGI GADPENAN SGHFTQIVWYE S AAYMPSSETSY AGHMEGETATPYT
triflin GIHEGENIYMATY PAKNT DI THARHGEYEDFRYGVGAVES DAV I GHY TOT VWY S ESSKYSY AGNIIGKTATEYE
hCRISP-1 -LKEEENLFHANY PASHS s VEODR Y BES LDEYFEFEPKKVEVKVERYTO VN s T FL VAR A EEED oF LKEFSVEHYEPCEN Y VER LY SEYT
PR-1 domain (continued) >
10
pII £ a'f} ’Jﬁ)(—)a!?)—@
S? 13P
kaouthin-1 ik IYNKLT SLLKCKJS DRIES! P KI af
Ei natrin T IYNELTHEDSLLECS SMODDRIKS! KII
nin SGP L¥NE Y THEDSLVKQS SMODERIKS MEII
kaouthin-2 SGEF VG {HHNVF'S SLeKON2 ERMESE T E i
E2 latisemin SGP VNG [KITENE SLVEQT! HTRIOS FMEASH TEDT
Bﬁaudach SEFR VINE. HMNDE S SLAKES ERTEKEME. NKII
sTx SGEE [V AN E'S) SLARKSE ERIEFE@PAS)
G [ ti?__\r'in wGT‘ S] HEDDYNHRISEV -~ 5T .JDWDKSH P}\'T 'N'KI I
CRISP-ENH1 "JG FITHT FTIEDSLL CON DSYIKT LKI I

SGP Ll CEDVET ISL‘ TOQS HOH N Y TKT NETE
SGE - NG I RENEFT. LVORS DN TMESE JMEIT

triflin
hCRISP-1 EGEP.DS.PG[\lE['GI.I‘NS‘E‘{E:DN'.{:;1»"_1DI.I\KM\.’SIDDPLLKEGIRASIEIEI'-KIH
< Hinge > < CRD >
B viper-clade (V)
.. ablomin
piscivorin  stecrisp
catrin ,TJ-CRVP
CRISP-LIO1 trifiin
TM-CRVP
CRISP-PHI2

CRISP-ENH1

o aphanin elapid-clade 1 (E1)

tigrin kaouthin-1 (Asian species clade)

CRISP-TEL1 natrin

CRISP-DIS1 CRISP-OXY1

PsTx
colubrid-clade (C) pseudecin
NA-CRVP1 latisemin
kaouthin-2

| 0.1 | elapid-clade 2 (E2)

(marine/Australian species clade)

Fig. 4. Primary structures and phylogenetic tree of snake
venom CRISPs. (A) Amino-acid sequence alignment of 10
representative snake venom CRISPs and human CRISP-1.
Identical residues with kaouthin-1 are shaded, and conserved
cysteine residues are highlighted. Putative signal peptides are
indicated in lowercase italics. Residues which were not detected
by N-terminal amino-acid sequencing are indicated in lowercase.
Gaps () were inserted to maximize similarity. The numbering
for kaouthin-1 is indicated above its sequence. The secondary
structural elements identified for triflin (14) are shown as arrows
for B-strands and cylinders for o-helices. The two adjacent

residues numbered as 184 and 185 of pseudecin and PsTx
are indicated by bold letters. Natrin was first described as
NA-CRVP2 (22). Kaouthin-1 was quite similar to natrin/
NA-CRVP2 at both the nucleotide and amino-acid levels (99%
and 99%, respectively, Supplementary Table S1), suggesting that
kaouthin-1 should possess similar biological activities with natrin
(17, 18). (B) The neighbour-joining method phylogenetic tree was
built by using 24 nucleotide sequences in open reading frame.
Snake venom CRISPs are divided into four clades (E1, E2, C
and V). GenBank accession numbers are listed under MATERIALS
AND METHODS section.
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using S-pyridylethylated peptides digested with lysyl
endopeptidase (Fig. 2A and B, underlined). All of the
analysed peptides completely corresponded with the
predicted amino-acid sequences deduced from the nucleo-
tide sequences encoding kaouthin-1 and kaouthin-2.
These results indicate that mature kaouthin-1 and
kouthin-2 are composed of 221 and 213 amino-acid
residues with predicted molecular weights of 24.9 and
23.7kDa, respectively.

Isolation of 11 CRISPs from the Venoms of Eight
Different Species—To further explore the distribution of
snake venom CRISPs, we also screened several species of
snake venoms that are not reported to contain CRISPs
by ELISA using anti-triflin antiserum. As a result,
a total of 11 CRISP-like proteins were isolated from
eight different snake venoms (Fig. 3). Five CRISPs,
named najanajin, annuliferin-a/annuliferin-b, mossambin
and hematin, were from the venoms of Asian or
African Elapidae snakes classified as cobra: N. naja
(Indian cobra), N. annulifera (banded Egyptain cobra),
N. mossambica (Mozambique cobra) and Hemachatus
haemachatus (ringhals). A CRISP named okinavin was
from the Japanese Viperidae venom of Ouvophis okina-
vensis (Himehabu in Japanese). The other five CRISPs,
named notescatin-a/notescatin-b, pseuguttin and collet-
tin-a/collettin-b, were isolated from the venoms of
Australian Elapidae snakes: Notechis scutatus (common
tiger snake), P. guttatus (spotted black snake) and
P. colletti (Collett’s snake). According to their N-terminal
sequences as determined by amino-acid sequencing, the
11 snake venom-derived CRISPs were classified into two
types, kaouthin-1-type and kaouthin-2-type (upper and
lower side in Fig. 3). Kaouthin-1-type CRISPs were from
the venoms of Asian and African Elapidae and a
Japanese Viperidae, and kaouthin-2-type CRISPs were
from the venoms of Australian elapids. All kaouthin-
2-type CRISPs, including kaouthin-2, lack their
N-terminal 6-10 residues predicted to compose the ol
helix. The three elapid snakes, N. haje annulifera, N.
scutatus and P. colletti, also contained two CRISPs in
their venoms: annuliferin-a/annuliferin-b, notescatin-a/
notescatin-b and collettin-a/collettin-b, which were
eluted and separated with different NaCl concentrations
by cation-exchange chromatography in a similar manner
to kaouthin-1/kaouthin-2 (Fig. 1B). However, the
N-terminal amino-acid sequences of the three pairs,
except for kaouthin-1/kaouthin-2, were highly homolo-
gous or identical to each other (Fig. 3).

DISCUSSION

Distribution of Snake Venom CRISPs—Snake venom
proteins, which possess unique structures and functions
unseen in mammals, are plentiful tools for understand-
ing the underlying the physiological mechanisms of their
targets (2, 27). Elapid snake toxins are generally known
to act on the nervous system; they inhibit synaptic
transmission by specifically and potently blocking a
variety of ion channels, including acetylcholine receptors
(28, 29). In contrast, viper and colubrid snake toxins not
only act on the nervous system, but also the blood
coagulation system and the vascular system (30, 31).
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In this study, we identified two structurally distinctive
CRISPs, kaouthin-1 and kaouthin-2, in the venom of N.
kaouthia (Thai cobra, Elapidae). Snake venom CRISPs
are distributed in the venoms of widespread species of
elapids, colubrids and vipers (Fig. 4). The primary
structures of 10 representative snake venom CRISPs
containing kaouthin-1 and kaouthin-2 are aligned in
Fig. 4A. Phylogenetic trees in Fig. 4B and Supplemen-
tary Fig. S2 using 24-nucleotide sequences revealed
that snake venom CRISPs are divided into four clades:
two elapid-clades (blue groups E1 and E2 in Fig. 4),
a colubrid-clade (yellow group C in Fig. 4), and a viper-
clade (green group V in Fig. 4). Kaouthin-1 and
kaouthin-2 fall into two elapid-clades: the Asian species
clade (group E1 in Fig. 4) and marine/Australian species
clade (group E2 in Fig. 4), respectively. Molecular
phylogenetic studies based on cytochrome b and 16S
rRNA mtDNA genes of elapid snakes agree that the
marine and the Australian-Melanesian species are col-
lectively monophyletic, similar to the elapid-clade 2
including kaouthin-2 (32). In similar phylogenetic stud-
ies, elapid snakes are broadly divisible into two sister
clades: the Asian/African/American species clade, and the
marine/Australian—Melanesian species clade, in a similar
manner to snake venom CRISPs (33). It is suggested
that snake venom CRISP would be useful for elucidating
the distribution of venomous snake species. Similar
to kaouthin-1 and kaouthin-2, two chromatography-
distinctive CRISPs were found in various snake
venoms; however, their primary structures are highly
similar or identical to each other (Fig. 3) (13, 23). Two
structurally distinctive snake venom CRISPs, NA-CRVP1
and natrin/NA-CRVP2, have been reported from the
venom of N. atra (Chinese cobra) (17, 22). These findings
suggest that genus Nagja in Asia would be the unique
species which having two sister elapid-clades CRISPs in
their venoms.

Functional Mapping in a Surface Plot of CRISPs—
Snake venom proteins are generally known to acquire
unique functions via rapid evolution of non-structural
residues (2, 9, 10, 13, 27, 34, 35). Various snake venom
CRISPs have been characterized as affecting specific
cation channels; pseudecin and PsTx block olfactory and
retinal CNG channels (15, 24, 36), ablomin and triflin
exhibit voltage-gated Ca?* channel blocker-like proper-
ties (I6), and natrin blocks the high conductance
Ca?*-activated K* (BK¢,) channel currents and voltage-
gated K* (Kv1.3) channel currents (17, 18). Tertiary
structure models of kaouthin-1, kaouthin-2, tigrin and
human CRISPs were constructed by homology modelling
based on the crystal structures of triflin and pseudecin
(Fig. 5) (14, 21). The surface charge distribution of snake
venom CRISPs was diversified and classified into four
groups similar to their phylogenetic division, whereas
those of human CRISPs were highly similar overall
despite their relatively lower amino-acid identity
(54-72%) compared to snake venom CRISPs (Fig. 5,
Supplementary Table S1), suggesting that there are
differentiated functions of snake venom CRISPs. The
C-terminal CRD of snake venom CRISPs is considered to
be the interactive site for ion channels, because the CRD
possesses a similar conserved motif with six cysteine
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A elapid-clade 1

(Asian species clade)

o

A

B elapid-clade 2
{marine/Australian
species clade)

kaouthin-2

C colubrid-clade

D viper-clade

E Homo sapiens

CRISP-1

Fig. 5. The surface electrostatic representation of
snake venom CRISPs and human CRISPs. The tertiary
structures of kaouthin-1 (A, left), natrin (A, centre) (17), ophanin
(A, right), kaouthin-2 (B, left), pseudecin (B, centre) (21),
latisemin (B, right), tigrin (C, left), CRISP-ENH1 (C, right),
triflin (D, left) (14), ablomin (D, right) and three human CRISPs
(E). Negatively charged regions are represented in red, and
positively charged regions in blue. The homology structures were

residues similar to BgK, ShK, kaliotoxin and margatoxin
(from the venoms of sea anemones and scorpions), which
are peptide blockers for voltage-gated K* channels
(14, 19-21, 37, 38). However, we recently found that a
synthesized C-terminal sub-domain corresponding to the
CRD of PsTx (Prol182 to Ile221 in Fig. 4A, Prol80 to
I1e219 in PsTx) is not sufficient for the inhibition of CNG
channels (21), indicating that other interactions between
CRISPs and ion channels are required for blockage.
In this way, although several snake venom CRISPs
have been shown to target distinct ion channels,

Y. Matsunaga et al.

pseudecin * latisemin

constructed with colour levels (red, —5.0; white, 0; blue, 5.0)
using Swiss PDB Viewer. Asterisk denotes the crystal structures
of PsTx (21) and stecrisp (20) were highly similar to the crystal
structures of pseudecin and triflin, respectively. The surface
potentials of snake venom CRISPs are diversified in a similar
manner to their phylogenetic division, whereas those of human
CRISPs are highly similar overall.

the functionally key regions that recognize and interact
with these target proteins are poorly understood. A
sequence logo depicted in Fig. 6A indicates the sequence
conservation and the relative frequency of each amino-
acid position. The sequence logo reveals that the primary
structures among snake venom CRISPs are diversified
markedly around the o4-B3-f4-05 and CRD regions
(Fig. 6A). All 16 high-frequency varied residues (orange
residues, bits <1.6 in Fig. 6A) are exposed on the
molecular surface, and compose a continuous line on
the PR-1 domain and CRD (orange area in Fig. 6B).

J. Biochem.
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Fig. 6. Variable residues of snake venom CRISPs.
(A) Amino-acid sequence diversity among 24 snake venom
CRISPs shown in Fig. 2B. Variable residues (bits <1.6) are
indicated in orange. The secondary structural elements identified
for triflin (14) are shown as arrows for fB-strands and cylinders
for o-helices. (B) Surface potential maps among snake venom
CRISPs. The tertiary structure of triflin, which is the first

In our previous report, we found that though pseudecin
and PsTx are highly homologous proteins (>97% iden-
tity), they display 30-fold different inhibitory effects on
CNG channels (15). The structure comparison reveals
that the significant amino-acid differences between
pseudecin and PsTx (N184/Y185 and K184/R185 written
in bold letters in Fig. 4A, N182/Y183 and K182/R183 in
pseudecin and PsTx) are located around the concave
surface formed between the PR-1 domain and CRD (14,
39). The two amino acids were also localized on the
diversified line structure of snake venom CRISPs
(numbered as 184 and 185 in Fig. 6B), suggesting that
the PR-1 domain should account for the role of ligand

Vol. 145, No. 3, 2009

1 B1 al

u,;"‘"""*"’"’"‘““"2:‘.-"2.‘!32':;'2933&81SG&RR&8&85%333853%33#?8#3%?335%33833

) a5 LBS > {6 )

140
141
142
143
144
145
146
147
148
149
150
151
152

185 184

discovered functional snake venom CRISP (16), is shown in the
standard orientation (left) and a 180° rotation (right) about a
vertical axis. Two adjacent residues numbered as 184 and 185
are indicated. All of the highly variable residues (bits <1.6 in
Fig. 4A) define a continuous line on the molecular surface
(orange area), suggesting that this is an important region for
recognizing and interacting with various target proteins.

recognition and interaction in the selectivity of snake
venom CRISPs in addition to CRD.

In conclusion, we demonstrated that kaouthin-1 and
kaouthin-2, which we isolated from the venom of N.
kaouthia, are classified into two different elapid-clades
CRISPs from the Asian species and the marine/
Australian species, respectively. Our results also
revealed that CRISP is the common toxin component in
several snake venoms. The diversified residues among
snake venom CRISPs define a continuous line on the
molecular surface and most likely confer the toxins with
selectivity and affinity for many target proteins. Our
findings will be useful to explore the distribution of
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venomous snakes and to elucidate the

interaction

between CRISPs and receptors.
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Supplementary data are available at JB online.
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