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Cysteine-rich secretory proteins (CRISPs) are found in a wide variety of animal tissues, particu-
larly the epididymis of mammals, and most reptile venoms appear to contain at least one isoform.
Although several venom CRISPs have been assigned specific functions, many have not, and the
biological significance of this family of proteins in venoms is not clear. In many colubrid venoms,
they are major protein constituents, suggesting that they have an important role in envenomation.
Like many other families of reptile toxins, CRISPs show a highly conserved molecular scaffold, and
the sixteen cysteines and eight disulfides they form are 100% conserved. Because they are widely
distributed among reptile venoms, show structural conservation, and many have been sequenced,
they may have utility as phylogenetic markers. In general, venom CRISP relationships reflect estab-
lished phylogenetic relationships among the species from which they are derived. By analogy with
the three-finger toxins of reptile venoms, which also have a highly conserved protein scaffold sta-
bilized by disulfides, one can expect that venom CRISPs will also show myriad pharmacological
activities. Future efforts should be directed toward the elucidation of these activities, as they are an
excellent protein family for structure-activity studies.

I. INTRODUCTION

Cysteine-rich secretory proteins (CRISPs) are a widely distributed family of proteins that have
been isolated from numerous animal tissues, including reptile venoms (e.g., Hill and Mackessy,
2000; Yamazaki and Morita, 2004; Fry et al., 2006), a cone snail venom (Milne et al., 2003), tis-
sues of several other invertebrates (e.g., Schreiber et al., 1997; Ookuma et al., 2003), and a suite
of nonreptilian vertebrate tissues. Nonreptilian vertebrate tissues represent the source from which
CRISPs were originally discovered and described. The list of tissues containing CRISPs continues
to grow, and now includes tissues such as the pancreas, the mammalian male reproductive tract,
and the salivary glands (Kierszenbaum et al., 1981; Haendler et al., 1993; Kratzschmar et al., 1996;
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Schambony et al., 1998, 2003; Roberts et al., 2006). Although the function of many of the CRISPs
is not known, some venom CRISPs have shown a diverse array of biological activities, including
inhibition of several types of ion channels (Brown et al., 1999; Nobile et al., 1994, 1996; Yamazaki
et al., 2002a; Wang et al., 2005), induction of hypothermia in prey animals (Mocha-Morales, 1990),
and specific proteolysis (Milne et al., 2003). Hewever,—many-of-the-venem-CRISPs-alse-havene

CRISP proteins were originally described from the mammalian male reproductive tract (e.g.,
Kierszenbaum et al., 1981), but they have since been found in a number of vertebrate tissues such as
neutrophils, plasma, salivary gland, pancreas, ovary, thymus, and colon (Kratzschmar et al., 1996,
and references therein; Udby et al., 2002, and references therein). Several reviews (Kratzschmar
et al., 1996; Udby et al., 2002; Jalkanen et al., 2005) provide summaries of the types and expres-
sion locations of nonreptilian CRISPs. In brief, CRISPs were historically placed into one of three
primary types: CRISP-1, CRISP-2, and CRISP-3. CRISP-1, also known as sperm-coating glycopro-
tein DE or acidic epididymal glycoprotein (AEG), is expressed primarily in the epididymis and is
thought to be involved in gamete fusion. CRISP-2, also known as Tpx-1, is produced in the testes
and is likely involved in the interaction of spermatogenic and Sertoli cells. CRISP-3 is the most
widely distributed of the three types and has been hypothesized to be involved in innate immune
response. Reeently;4, fourth type of nonreptilian CRISP, known as CRISP-4, has been discovered
in the mammalian epididymis (Jalkanen et al., 2005; Nolan et al., 2006).

Previously characterized venom CRISPs have shown a wide variety of functionalities, including
inhibition of several types of ion channels (Brown et al., 1999; Nobile et al., 1994, 1996; Yamazaki
et al., 2002a; Wang et al., 2005), induction of hypothermia in prey animals (Mocha-Morales, 1990),
and specific proteolysis (Milne et al., 2003). However, for the majority of CRISPs isolated from
reptile venoms, the function and biological role in venom are unknown. "Delete? A repea

of the end of the first
paragraph in this

Il. DISTRIBUTION OF CRISPs AMONG REPTILE VENOMS

Venom CRISPs have been isolated and characterized from the venoms of all three major venomous
snake families (for a review see Yamazaki and Morita, 2004)—Colubridae (Hill and Mackessy,
2000; Mackessy, 2002; Mackessy et al., 2006; Yamazaki et al., 2002b; Fry et al., 2006), Elapidae
(Brown et al., 1999, 2003; Osipov et al., 2001, 2005; Yamazaki et al., 2002a, 2002b, 2003; Jin
et al., 2003; Wang et al., 2004a, 2004b, 2005; Fry et al., 2006), and Viperidae (Chang et al., 1997,
Yamazaki et al., 2002b, 2003; Jin et al., 2003; Wang et al., 2004b; Guo et al., 2005; Shikamoto
et al., 2005; Fry et al., 2006)—and from lizard venom and saliva (Mocha-Morales et al., 1990;
Fry et al., 2006). Interestingly, some species appear to have a suite of different CRISP isoforms that
are expressed simultaneously (Jin et al., 2003; Osipov et al., 2005; Fry et al., 2006). As mentioned in
a review by Mackessy (2002), CRISPs are likely more widely distributed in the secretory products
of venomous reptiles than has been previously recognized.

l1l. BIOLOGICAL ACTIVITY OF VENOM-DERIVED CRISPs

Venom CRISPs demonstrated a wide variety of biological effects, including blockage of potassium
currents in neurons (Nobile et al., 1994), blockage of calcium currents in neurons (Nobile et al.,
1996), binding to cyclic nucleotide-gated ion channels in both photoreceptor cells and olfactory
neurons (Brown et al., 1999, 2003; Yamazaki et al., 2002a), blockage of BK., channels (Wang
et al., 2005), blockage of Ca?* release from the sarcoplasmic reticulum (via ryanodine receptors)
of both cardiac and skeletal muscle (Morrissette et al., 1995), blockage of vascular smooth mus-
cle contraction (Yamazaki et al., 2002b), specific proteolysis (Milne et al., 2003—a cone snail
venom toxin), induction of hypothermia in prey animals (Mocha-Morales et al., 1990), and lethal-
ity (Mocha-Morales et al., 1990). Despite the diversity of functionalities listed above, many venom

9165_C016.indd 322 3/12/09 2:03:18 PM



SM
Cross-Out

SM
Cross-Out

SM
Replacement Text
A


Cysteine-rich Secretory Proteins in Reptile Venoms 323

CRISPs currently have no identifiable function and apparently no acutely toxic effects (Chang
et al., 1997; Yamazaki et al., 2002b; Jin et al., 2003; Osipov et al., 2005; Heyborne and Mackessy,
unpublished data).

Several reptile venoms have contained multiple CRISP isoforms (Jin et al., 2003, Osipov
et al., 2005; Fry et al., 2006). With this in mind, it would be interesting to examine the venom of
Heloderma horridum more thoroughly. The CRISP from the venom of this species (helothermine)
has very diverse functionalities, including the blockage of multiple types of ion channels (Nobile
et al., 1994, 1996) and the induction of hypothermia in prey (Mocha-Morales et al., 1990). Given the
diversity of biological activities reported for helothermine, one might hypothesize there to be more
than a single CRISP isoform in the venom of this species, each with a slightly different sequence
and thus biological activity.

IV. CRISP STRUCTURE

Despite the lack of functional data for many of the CRISPs, the structural chemistry of the venom
CRISPs is quite well understood, following the recent crystallization of three such molecules (Guo
et al., 2005; Shikamoto et al., 2005; Wang et al., 2005). These venom CRISP structures have shown
this family of proteins to have a highly conserved primary, secondary, and even tertiary structure.
Due to the high levels of structural conservatism, new members of this family are easily identifiable
based on their primary structure alone.

A. PRIMARY STRUCTURE

Cysteine-rich secretory proteins were first named because of the large number of cysteine residues
found in the C-terminal portion (the cysteine-rich domain—see below). However, because many
venom proteins contain numerous cysteines and disulfides, Kini et al. (2001) suggested the name
helveprin (derived from helothermine-like venom protein) to distinguish venom CRISPs from other
cysteine-rich venom proteins. Like the phospholipases A, (PLA,s) and three-finger toxins (3FTxs)
(see Chapters 5 and 10, this volume), venom CRISPs have a constrained structure defined by sixteen
cysteines participating in eight highly conserved disulfide bonds (Table 16.1).

B. CRYSTALLOGRAPHY

The first comprehensive structural analysis of a venom CRISP was conducted on the protein ste-
crisp from the venom of Trimeresurus stejnegeri (Guo et al., 2005). Crystallization of this molecule
showed stecrisp to be comprised of two distinct regions connected by a folded hinge or bridge
(Figure 16.1). The first of these regions, from the N-terminus of the molecule, was called the PR-1
domain due to its structural homology to the plant pathogenesis group 1 protein family. Known
PR-1 crystal structures, including P14a described by Ferndndez et al. (1997), have shown a char-
acteristic o/B/a sandwich element, which was also seen in stecrisp. The second region, from the
C-terminal portion of stecrisp, was called the cysteine-rich domain (CRD) due to the high propor-
tion of cysteine residues in this part of the molecule. Previous work on venom CRISPs had shown a
strictly conserved set of sixteen cysteine residues throughout the molecule (Yamazaki and Morita,
2004). Guo et al. (2005) showed these sixteen residues form eight paired disulfide bonds in stecrisp.
Three of these were found in the PR-1 domain, two in the hinge or bridge, and three in the cysteine-
rich domain. Subsequent crystallization of two additional venom CRISPs (natrin from the venom
of Naja atra, Wang et al., 2005, and triflin from Trimeresurus flavoviridis, Shikamoto et al., 2005)
confirmed the presumed structural homology of venom CRISPs, as natrin and triflin also showed
the two bridge-connected domains, as well as the o/B/ow sandwich element in the PR-1 domain and
the eight conserved disulfide bonds.
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TABLE 16.1 (continued)
Alignment (ClustalX v1.81) of 49 Cysteine-Rich Secretory Proteins from Venoms
and Other Sources

) Hinge N .
PR-1 domain region Cysteine-rich domain
Ty iy o I Iy
019010 | HORSE LEYYYVCQYCPAGNYVNEKINTPYEQGTPCARCPGNCDN---GLCTNSCEYEDLYSNCDSLFKIAG- --CEHELL----- EENCETTCQCEN-KI-Y 223

QBHIXAL | _HORSE LKYYYVCQYCPAGNYVNRINTPYEQGTPCARCPGNCDN---GLCTNSCEYEDLVSNCDSLEKIAG- --CEHELL- - - - -KENCEATCQCEN-KI-Y 223

KZ LEYFLVCQYCPGONVVGREYEPYAIGEPCAACPNNCDN- - -GLCTNPCEHENQYINCPDLTKQ - -
Q2XXP2 : VARVA LEYFQVCQYCPGGNVAGREKYEPYTIGEPCARR PEDCDN- - -GLCTNPCAYNDDYT SCPDLTKQVG- - -CHH- - -
Q91055 | HELHO YEYYQVCQYCPGGNIRSREYTPYSIGPPCGDCPDACDN- - -GLCTNPCEQNDVYNNCPDLEKQVG- - -CGHPIM-
Q2XXQ2Z | _ENHPO YNYFYVCQYCPTGNMEGLTATPYTSGPTCADCPSHCDD- - -GLCTNPCPITNTEFTNCDSLLAQQNS - - -CEDEY 1 - - - - -RTNCGASCFGRD-K- - - 21%
Q2XXQ2 | _ENHPO YNYFYVCQYCPTGNMEGLTATPYTSGPTCADCPSHCDD- - -GLCTNPCPITNTFTNCDSLLQQNS - - -CEDSY 1~ - - - -KTNCGASCFCQD-KI-1 221
Q2XXQ1l | LEIMD ¥YSYFYVCQYCPTOGNFNGLYATPYESGPPCGDCPSACVE - - -GLCTNP TV ENKE THONT LY - - - - - - - - - o e oo o 136
Q09GJ% | PHIOL YNYFYVCQYCPAGNFAGRTATPYNSGPTCGDCPSACDN- - -CLCTNPCSERNEFTNCNELVQQSS- - -CQDDWI - - - - -KSNCAATCFCEN-KI-I 221
Q2XXQ0 | _LIOPO YNYFYVCQYCPAGNFGGQTATPYNSGTTCADCPSACDN- - -GLCTNPCTSENVEFTNCNDMVEESG- - -CQDERM- - - - -KSICPASCF-------- 215
QT7ZTS8 | OPHHA YSYFYVCQYCPSGNMRGSTATPYESGPTCGDCPSACDN- - -GLCTNPCTLYNRYTNCDSLVKQSS- - -CQDEWI - - - - -KSKCPASCFCHN-KI-T 221
QTTLEE | _NAJAT WSYFYVCQYCPSGNFQGKTATPYELGPPCGDCPSACDN- - -GLCTNPCTIYNKLTNCDSLLKQSS - - -CQUDWI - - - - -KSNCPASCFCRN-KI-I 221
RENCPATCFCPN-.
RENCPATCFCPN-
Q2XXQ4 | DISTY YDYFRYVCQYCPTGNPGGLTATPYRSGPTCGDCPSACDN. RENCLATCFCPN- 21%
Q2XXP5 |_TELDH YNYFYVCQYCPTGNWNGLTATPYESGPTCGDCPSACDN- - -GLCTNPCLHENKE TNC - - = == == - = e e e e e e e
Q2XXP4 | TRIBI YSYFYVCQYCPIGNIEGSTATPYESGPTCGDCPSACDN- - -GLCTNPCLREDKFTNCESLVQQNS- - -CQHDWT - - - - -RENCPATCFCHN- - - - - 218
Q8JGTS |_RHATT YNYFYVCQYCPAGNIQGSTSTPYASGPTCADCPSNCDN- - -GLCTNPCTHEDDYNNCNSLY- - SD- - -CQSDWD- - - - - KSHCPATCFCEN-KI- I 21%
P79845| TRIMU YRYFYVCQYCPAGNMIGKTATPYTSGPPCGDCPSDCDN- - -GLCTNPCTQENTYSNCNSLVQQSS- - -CQDNNM- - - - -KTECPASCFCQN-KI-I 221
QARJIT39|_TRIFL YSYRFYVCQYCPAGNTITGETATPYESGPPCGDCPENCDN- - -GLCTNPCTRENRFTNCDELVQKEE - - -CQDNYM- - - - -KSKCPASCFOQN-KT-T 221
Q7ZZN% | _TRIJE YSYFYVCQYCPAGNMIGKTATPYTEGPPCGDCPSDCDN- - -GLCTNPCRQENKFTNCDSLVRQES - - -CQDNYM- - - - -KETNCPASCFCHN-EI-I 221
P60623 | _TRIST YSYFFVCQYCPAGNEIGKTATPYTSGTPCGDCPSDCDN- - -GLCTNPCTRENKFTNCNTMVQQSS - - -CQDNYM- - - - - KTNCPASCFCQN-KI- I 221
Q8JI40 | AGKHA YSYFYVCQYCPAGNMRGKTATPYTSGPPCGDCPSACDN- - -GLCTNPCTQEDVETNCNSLVQQSN- - -CQHNYI- - - - -KTNCPASCFCHN-EI-K 221
QTZT9% | _CROAT YSYFYVCQYCPAGNIIGKTATPYESGPPCGDCPSACDN- - -GLCTNPCTREDKYTNCESLVQQAG- - -CQDKQM- - - - -QSDCPAICFCON-KI-T 221

--K-DCMATCECLT-EI-K

Q7ZTAC | _AGRPI YSYFYVCQYCPAGNIIGRIATPYESGPPCGDCPSACVN. GLCTNPCTEEDKYTNCESLVQQYG. CQDKQN. QSECSAICFCQN-KI-I 221
BOVAVE | _SISCA YSYPYVCQYCPAGNIRGKTATPYESGPPCGDCPSACD GLCTNPCPEKIS-TQLPRFGPQAG CQDEQM. QSDCSATCFCON-KI-I 220
ATXATE|_CAURH YNYFYVCQYCPAGNFAGRTATPYESGPPCGDCPSACD! GLCTNPCRVEDEF INCKDMARSRD CQDNYM. MTNCRAFCSCHN-EI-I 116
QTZZNE |_NAJAT SKYLYVCQYCPTGNIIGSIATPYESGPPCGDCPSACY. GLCTNPCFRHHNVF SNCQS LAKQNA- CQRTEWN. ESKCARASCFCRT-EI-I 21%

Q8JI28| LATSE SKYLYVCQYCPAGNIIGSIATPYESGPPCGDCPSACVN- - -GLCTNPCEHENEFTNCQSLVKQTG- - -CQNTHI-
QBAVAY | PSEPO SKYLYVCQYCPAGNIRGSIATPYRSGPPCADCPSACVN- - -RLCTNPCNYNNDF SNCKS LAKKSR - - -CQTEWI-
Q8AVA4 | PSEAU SKYLYVCQYCPAGNIRGSIATPYRSGPPCADCPSACVN- - -KLCTNPCKRNNDF SNCKS LAKKSEK - - -CQTEWI-
QBUW11l | LAPHA TKYLYVCQYCPAGNIRSSIATPYESGPSCGDCPSACVN---GLCTNPCEYEDAYTNCNDLVKERE - - -CQTEWI-
QB8UW25 | _LAPHA TKYLYVCQYCPAGNISSSIATPYESGPSCGDCPSACVN---GLCTNPCEYEDTFSNCEALAKKTE - - -CETEWI-
Q3SB04|_55AUR TKYLYVCQYCPAGNIRGSIATPYESGPTCGDCPSACVN- - -GLCTNPCKRYEDDF SNCRALARKNSK - - -CQTEWI-
Q38BO2|_HOPST TKYLYVCQYCPAGNIRGSIATPYESGPPCADCPSACVN---GLCTNPCEHEDDF SNCEALAKNSEK - - -CQTAWI-
RBEEBE | AUSSU TKYLYVCQYCPAGNIRGSIATPYEKSGPACGDCPSACVN- - -GLCTNPCEKYEDAFTNCEKALAKKTE - - -CETEWI-
Q2XXP%|_OX¥MI TKYLYVCQYCPAGNIIGSIATPYESGPPCGDCPSACDN- - -GLCTNPCFHNNDF ENCKALAKKER - - -CQTEWI -
SS8AUR TKYLYVCQYCPACNIIGSIATPYRSGPPCGDCPSACDN- - -GLCTNPCKHNNDF SNCKALAKKEK - - -CQTEWI-
Q38BOE | _OXYMI TKYLYVCQYCPAGNIIGSIATPYKSGPPCGDCPSACDN- - -GLCTNPCEHNDDL SNCKP LAKKSK - - -CQTEWI -
Q3SBOS5 |_PSETE TKYLYVCQYCPAGNIVGSIATPYRSGPPCGDCPSACDN- - -GLCTNPCKHNDDL SNCKTLVKEHE - - -CQTEWI-
ASMFE2 | DEMVE TKYLYVCQYCPAGNIIGSQATPYESGPRCADCPSACVE---GLCTNPCEREDDYSNCKS LAEKNE - - -CHEEWN -
Q642T¢ |_XENTR YKYFYVCQYCPAGNLDSTMSTPYETGPECADCPTACDN- - -GLCTNY CPYQDLYSNCKTYASYCN---T-FPTI-----RDGCEATCLCTN-QI-I 220
Q801Z0 | XENLA YQYLYVCQYCTAGNNVNTITTPYESGPTCGDCPGACDN- - -GLCTNYCPYQDLYTGCSNFIAYCN- - -1 -IPMI- - - - -MDGCRGTCLCRNNQI-T 221
QS5BL94 |_XENTR LEFYFVCHYAPAGNY-GNVGIPYRTGKPCEDCKSSCEN- - -GLCTNGCNFONKE SNCDTPDTHCD- - -T-DPTA- - - - - ENDCPATCNCLE-EI-H 223
BOWCQO | _CULQU PYFNYVCNYCPIGNHEDELGLPYRRGEPC:
ruler ....... 160, aunns 170

--RQSKCPASCFCRT-EI-I 219
- -KFKKCPASCFCHN-KI-I 218
- -KEKCPASCFCHN-KI-I 21%
- -KSQCPATCFCHN-KI-I 21%
- -KSKCPATCFCHN-KI-I 21%
- -KSKCPAACFCHN-KI-I 219
- -KSKCPATCFCHN-EI-I 215
- -KSKCPATCFCHN-KI-I 21%
--KSKCPATCFCRT-EI-I 21%
- -KSKCPATCFCRT-EI-I 21%
- -KSKCPATCFCRT-EI-I 219
- -KSKCPATCFCRT-EI-I 21%
- -KSKCPASCFCHN-KI-I 21%

SCHQHCHSEKKIKLCTNTCSSADLWANCEE!
90

S S. YKTWPGWLCNTVTLEGLERQRNCLATCTCQG-KIHD 238
....... 180, 00002190, 0000 200, 00002l 30 2490

L
Qovnnnnn 220,000 230, 000 . 240,000

Note: Conserved (100%) cysteine residues are indicated by an arrow. The PR-1 domain, hinge region, and
cysteine-rich domain (based on stecrisp; Guo et al., 2005) are also indicated. Individual CRISPs are listed
by their GenBank accession numbers; see appendix for species names,,

C. STRUCTURE-FUNCTION RELATIONSHIPS

The broad distribution and variable functionality of CRISP proteins found in reptile venoms has
been equated with those of PLA,s (Mackessy 2002), which also have a broad range of functions
and taxonomic distribution. Kini (2003) suggested that the range in functionalities seen among the
PLA,s may be due to separate pharmacological sites and active sites on each of the molecules. The
pharmacological site is thought to be responsible for cell- or molecule-specific binding in the target
tissue, while the active site is responsible for actual catalytic activity. Perhaps a similar model would
be applicable to the venom CRISPs. Based on x-ray crystallography with a venom CRISP, Guo et al.
(2005) commented on the possibility of “functional separation” between two main domains of the
molecule, thus strengthening the argument for a similarity in diverse functionality on a conserved
structural scaffold, as seen in the PLA,s and 3FTxs.

The functional sites of venom CRISPs have not been absolutely determined for any molecule.
The wide variety of functionalities, as discussed above, would suggest that there may be multiple
functional sites or residues. Yamazaki et al. (2002a) described the CRISP toxins pseudeche-
toxin and pseudecin (both from Australian elapids) that were found to block cyclic nucleotide-
gated ion channels. Based on differences in blocking affinity between these two molecules,
the researchers contended that a string of basic residues (Lys167, Lys174, Argl75), which were
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FIGURE 16.1 (A color version of this figure follows page XXX.) Snake venom CRISP structures generated
by SWISS-MODEL, (A) Stecrisp (GenBank/EBI accession number IRC9A). (B) Triflin (IWVRA). (C) Natrin
(IXTAA). Ribbon color is used to differentiate structural domains as described by Guo et al. (2005). YeHow;
N-terminal PR-1 domain; red bridge region; blagy C-terminal cysteine-rich domain. Note the high degree of
structural homology in all three molecules.

found in pseudechetoxin but were lacking (except for Argl66) in pseudecin, may interact elec-
trostatically with the CNG channels, leading to the observed blockage. Yamazaki et al. (2003)
proposed that the region near and including residues 184-189 may be the functional region in
snake venom CRISPs found to block smooth muscle contraction (ablomin, triflin, latisemin,
piscivorin, and catrin). Based on differences in the binding affinity of these venom CRISPs,
residues Phel89 and Glul86 were considered likely candidates for the observed channel block-
ing activity. Wang et al. (2005) and Guo et al. (2005) both conducted crystallization studies of
snake venom CRISPs (natrin and stecrisp, respectively) and noted that previously suggested
functional residues (Lys175, Argl76, Glul86, and Phel89—see above) are all part of “exposed
solvent loop I’ (Wang et al., 2005) (“N-terminal loop”; Guo et al., 2005) in the cysteine-rich
domain of the molecules. They suggested that this loop may prove to be the region of interface
between CRISPs and other molecules due to the high levels of variability found here (which
would help explain the diverse functionalities observed) and its presumed ease of interaction
with other molecules because of its exposed conformation. In studies of the only known venom
CRISP protease, Milne et al. (2003) suggested that residues Ser80, Glul15, and His130 may be
part of a catalytic triad (analogous to those of known serine proteases) due to their proximity
and location within an electronegative cleft. Catalytic triads of this type not only act enzymati-
cally, but also likely charge-stabilize the intermediate stages of the molecular substrate (Carter
and Wells, 1988).

V. USES IN PHYLOGENETIC HYPOTHESIS TESTING

Due to the wide distribution of the CRISP family among reptilian oral secretions, including some
lizard species that have not previously been considered venomous (Fry et al., 2006), this protein
family may be especially useful in the study of venom evolution. Other researchers (Yamazaki
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Taxon

[emwcao| cULGU ] Invertebrate
[013040] HOR SE
[B3HAA1 | HORSE
1B5LEZ9| HUMAN
|33MJ52] HUMAN
10310551 HELHO
02 4P2) VAR
024 R0 R C
102X F1 | VARAC
02 F2 | VAR C
[B5BLS4| HENTR
gsazTel xENTR | Amphibian
0801 20] KENLA,
|07 22N N JAT
358 LATSE
JWEMF K3 | DEMVE
BEAVA3 PSERD
[B38AY PSELL
1035 E05| PSETE
iazseos)oxvni | Elapidae
B2 4PS] DY MI
I035E07| 958 UR
B3] LAPHA
103 LS| LAPHA
JEsEEs| ALSSU
[B35E04] 950 UR
[035E0Z| HOPST
A7 5478 CALRH
[BOVHVE] SISCA
07 ZTa9| CROAT
Q7 ZTA0| AGKFI o
jsomn sk, | Viperidae
IPE0G23 TRIST
0722 N3] TRIJE
[P79345( TRIM U
83.53] TRIFL
|A036.8] PHIOL
182344601 LIOPO
[B24401] LEMD .

mzsvaei enwro | Colubridae
62344681 ENHPO
3G T3] RHATT
[~ 1Q7Z7T92] OF HHL
L |g7T1kE] NoJAT
10254 P4 TRIEI
02 4P5| TELOH
jzzzay msty | Colubridae
2445 DISTY
6244 66] DISTY

Mammal

o

Lizard

il

I Elapidae

il

FIGURE 16.2 Phylogram of sequence similarity relationships between venom and other CRISPs. The
neighbor-joining tree was drawn using ClustalX v1.81 alignment gnd TreeView 1.6.6. Note that toxin clades
follow generally accepted taxonomic groups, with the exception of two elapid taxa, which cluster with the
Colubridae.

et al., 2003; Fry and Wiister, 2004) have recognized the potential use of CRISPs and have used
CRISP sequence data in phylogenetic analyses. However, the number of CRISP sequences now
available has grown significantly. A BLAST search of available sequences (2007) revealed forty-
nine CRISP sequences, most of which are derived from reptile venom gland DNA sequences (see
Table 16.1 and appendix). These forty-nine sequences were aligned and a neighbor-joining tree
was drawn using ClustalX 1.81 and TreeView 1.6.6. (Figure 16.2). In general, sequence similarities
follow phylogenetic affinities, with an exception that two elapid taxa (Ophiophagus and Naja atra)
cluster within the Colubridae.

There are two additional reports of CRISP antibody screening of crude venoms. The first of
these reports (Yamazaki et al., 2002b) gives few details regarding methodology or diversity of spe-
cies screened. However, the authors do note the detection of CRISP-like proteins in the venoms of
Agkistrodon blomhoffi, Trimeresurus flavoviridis, and Laticauda semifasciata when screened (via
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Western blotting or ELISA) with anti-tigrin antibodies. The second study, conducted by the same
group (Yamazaki et al., 2003), documents much wider screening (via ELISA) of snake venoms
using anti-triflin antibodies. A total of fifteen species were screened, with all but two (Notechis
scutatus and Oxyuranus scutellatus) showing positive reactivity. Of note is the fact that a second
Notechis species, N. ater, was screened as part of the current study and also showed no reactivity
toward anti-triflin, but did show positive activity toward anti-tigrin antibodies. Finally, because
these fifteen species were screened using ELISA, the results should be interpreted with caution due
to the high levels of apparent nonspecific interactions that we have observed.

Yamazaki et al. (2003) also performed a phylogenetic analysis of CRISP sequences known at
that time. As this analysis was performed a number of years ago, the data set they utilized was
much smaller than the data set presented here. They also utilized a different method (unweighted
pair group method) to construct a phylogenetic tree, but their results were similar to those
reported here. They reported the identification of a monophyletic viperid clade and a mono-
phyletic elapid clade. One notable exception was the genus Ophiophagus, which grouped with
the viperids instead of the elapids. Because they only used a single colubrid sequence, from
Rhabdophis tigrinus tigrinus, it was not possible to make conclusions regarding the taxonomic
status of this group.

VI. CONCLUSIONS

There has been some confusion regarding the naming of CRISP venom proteins. The name cysteine-
rich secretory protein is not specific enough to identify unambiguously members of this group, as
many other families of secreted proteins are also cysteine-rich, such as the three-finger toxins and
phospholipases A,. Some authors (Chang et al., 1997; Jin et al., 2003) have proposed calling venom
CRISPs cysteine-rich venom proteins (CRVPs), but this name is no less ambiguous for the same
reasons stated above. Kini et al. (2001) advocated the use of the term helveprins as an alternative
to either of the above. While this name is more descriptive, as it refers to the first venom CRISP
isolated (helothermine) and indicates the source (venom), it has not been adopted generally.

Ohno et al. (1998) commented on the “functional prodigality associated with a structural econ-
omy” often seen among well-characterized snake venom toxins such as PLA,s and 3FTxs. With
increasing frequency, researchers have noted that venom toxins with very different biological func-
tions often have a remarkably similar protein fold. Evolutionarily, the modification of a stable and
biologically successful molecular scaffold for additional or novel functionalities, perhaps via a
cassette-like exchange mechanism of specific toxin segments (ASSET; Paharj et al., 2008) rather
than the evolution of molecules de novo, is a more parsimonious mechanism for toxin diversifica-
tion. It is apparent that CRISP venom proteins will similarly adhere to this model of structural
conservatism. Undoubtedly, future studies of CRISP molecules will help to provide answers to
structural and functional questions regarding this family of diverse proteins.
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APPENDIX: SPECIES SOURCES OF CRISPs USED

IN ALIGNMENTS AND PHYLOGRAM

GenBank accession number, trivial name, and source species are provided for each CRISP.

INVERTEBRATES
BOWCQO Catrin

VERTEBRATES
Amphibians

Q642T6  Crisp2 protein
Q5BL94 MGCI108118 protein

QB801Z0  Cysteine-rich secretory protein

REPTILES

Lizards
Q91055  Helothermine precursor (HLTx)
Q2XXP2
Q2XXR2
Q2XXRI1
Q2XXRO

CRISP-VARI10 (fragment)
CRISP-VAR3 (fragment)
CRISP-VAR4 (fragment)
CRISP-VARS (fragment)

Snakes
Colubridae
Q8IGT9

Q2XXP4
Q2XXQ6
Q2XXQ5
Q2XXQ4
Q09GJ9

Tigrin precursor

CRISP-TRII (fragment)

CRISP-DIS1

CRISP-DIS2

CRISP-DIS3

Cysteine-rich secretory protein precursor
(CRISP-PHI1) (CRISP-PHI2)

CRISP-ENHI

CRISP-ENH2

CRISP-TELI (fragment)

CRISP-LEII (fragment)

Q2XXQ3
Q2XXQ2
Q2XXP5
Q2XXQl

Q2XXQO CRISP-LIOI (fragment)

Viperidae

A7X4T8  CRISP-Caul (fragment)
Q8JI140  Ablomin precursor
Q8J139 Triflin precursor

P60623
P79845

Cysteine-rich secretory protein precursor (Stecrisp)
Cysteine-rich venom protein precursor (TM-CRVP)

Q7ZZN9
Q7ZT99

BOVXV6
Q7ZTA0

Cysteine-rich venom protein precursor (TJ-CRVP)
Catrin-1/2 precursor
Cysteine-rich secretory protein isoform 2

Piscivorin precursor
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Culex quinquefasciatus (southern house mosquito)

Xenopus tropicalis (western clawed frog)
Xenopus tropicalis (western clawed frog)
Xenopus laevis (African clawed frog)

Heloderma horridum horridum (Mexican beaded
lizard)

Varanus varius (lace monitor)

Varanus acanthurus (ridge-tailed monitor)

Varanus acanthurus (ridge-tailed monitor)

Varanus acanthurus (ridge-tailed monitor)

Rhabdophis tigrinus tigrinus (tiger keelback snake)
Trimorphodon biscutatus (lyre snake)

Dispholidus typus (boomslang)

Dispholidus typus (boomslang)

Dispholidus typus (boomslang)

Philodryas olfersii (green snake)

Enhydris polylepis (Macleay’s water snake)

Enhydris polylepis (Macleay’s water snake)

Telescopus dhara (Egyptian catsnake)

Leioheterodon madagascariensis (Malagasy giant
hognose snake)

Liophis poecilogyrus (water snake)

Causus rhombeatus (rhombic night adder)

Agkistrodon halys blomhoffi (mamushi) (Gloydius
blomholffii)

Trimeresurus flavoviridis (Habu) (Protobothrops
Sfavoviridis)

Trimeresurus stejnegeri (Chinese green tree viper)

Trimeresurus (Protobothrops) mucrosquamatus
(Taiwan habu)

Trimeresurus (Protobothrops) jerdonii (Jerdon’s pit-viper)

Crotalus atrox (western diamondback rattlesnake)

Sistrurus catenatus edwardsii (desert massasauga)

Agkistrodon piscivorus piscivorus (eastern
cottonmouth)
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Elapidae

Q7ZT98  Ophanin precursor (Opharin)

Q7T1K6  Natrin-1 precursor (cysteine-rich venom protein 1)
(NA-CRVPI) (protein G2a)

Q8JI38 Latisemin precursor

Q3SB03  Pseudechetoxin-like protein precursor

Q8UWI11 Cysteine-rich venom protein 2 precursor (CRVP)

Q8UW?25 Cysteine-rich venom protein 1 precursor (CRVP)

Q3SB04  Pseudechetoxin-like protein precursor

Q3SB05  Pseudechetoxin-like protein precursor

Q8AVA4  Pseudechetoxin precursor (PsTx)

Q8AVA3  Pseudecin precursor

Q3SB07  Pseudechetoxin-like protein precursor

Q2XXP9 CRISP-OXY]1

Q3SB06  Pseudechetoxin-like protein precursor

A8S6B6  CRISP precursor

Q7ZZN8 Natrin-2 precursor (cysteine-rich venom protein 2)
(NA-CRVP2) (protein G2b)

A6MFK9 Cysteine-rich secretory protein precursor

MAMMALS

Q8HXAT1 Cysteine-rich secretory protein 3

019010  Cysteine-rich secretory protein 3 precursor (CRISP-3)

Q3MIJ82  Cysteine-rich secretory protein 3

Q5U8Z9  Testis-specific protein TPX1 e isoform (cysteine-rich
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secretory protein 2, isoform CRA_a) (CRISP2
protein) (testis-specific protein TPX1 d isoform)
(testis-specific protein TPX1 b isoform)
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Ophiophagus hannah (king cobra)
Naja atra (Chinese cobra)

Laticauda semifasciata (broad-banded blue sea snake)
(Erabu sea snake)

Hoplocephalus stephensii (Stephens’ banded snake)

Lapemis hardwickii (Hardwick’s sea snake)

Lapemis hardwickii (Hardwick’s sea snake)

Notechis scutatus

Pseudonaja textilis (eastern brown snake)

Pseudechis australis (mulga snake) (king brown snake)

Pseudechis porphyriacus (red-bellied black snake)

Oxyuranus scutellatus

Oxyuranus microlepidotus (Intand, taipan)

Oxyuranus microlepidotus (inland taipan)

Austrelaps superbus (Australian copperhead)

Naja atra (Chinese cobra)

Demansia vestigiata (lesser black whip snake)

Equus caballus (horse)
Equus caballus (horse)
Homo sapiens (human)

Homo sapiens (human)
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