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Abstract

Spiders, scorpions, and cone snails are remarkable for the extent and diversity of gene-encoded peptide neurotoxins that are expresse
in their venom glands. These toxins are produced in the form of structurally constrained combinatorial peptide libraries in which there is
hypermutation of essentially all residues in the mature-toxin sequence with the exception of a handful of strictly conserved cysteines that
direct the three-dimensional fold of the toxin. This gene-based combinatorial peptide library strategy appears to have been first implemented
by arachnids almost 400 million years ago, long before cone snails evolved a similar mechanism for generating peptide diversity.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction nids long before marine cone snails independently evolved a
similar mechanism for generating peptide diversity.

The range of organisms that produce toxins for prey cap-
ture, defense, or competitor deterrence is surprisingly diverse
and includes eubacteria, arthropods, molluscs, cnidarians,2. Conotoxin evolution: focal hypermutation and
plants, and numerous vertebrates. The venoms of spidersdiversifying selection
scorpions, cone snails and, to a lesser extent, snakes are par-
ticularly interesting from a pharmaceutical and agrochemical ~ Cone snails (order: Neogastropoda, gerDenug are
perspective because of the remarkable extent and diversity ofa group of predatory marine gastropods that first ap-
gene-encoded peptide toxins that are expressed in the venomeared following the massive marine extinction at the Cre-
glands of these animéall$,16,22,32,36,53,54Notably, each  taceous/Tertiary boundaf$4]. The extinction of the previ-
of these animals possesses a specialized envenomation appausly dominant ammonites, a group of predatory cephalo-
ratus that enables injection of venom into the soft tissue of pod molluscs, may have provided the ecological opportunity
prey, thus obviating the need for the toxins to be orally active for subsequent rapid speciation of cone snails. The oldest
[32]. Indeed, the vast majority of these peptides are orally Conusfossils date to the early Eocend0 million years ago
inactive neurotoxins that target specific subtypes of neuronal (Mya). Conushas subsequently diversified more rapidly than

voltage- or ligand-gated ion chann¢®2,53] any other marine gastropod, resulting in >500 extant species
The pharmacological inventory encoded in the genomes [54].

of these animals is extraordinary. It has been estimated that Most cone snails are specialist predators, dining predom-
cone snails express50,000 different toxic peptides based inantly on worms (vermivorous), fish (piscivorous), or other
on a species count 6f500 (seehttp://faculty.washington.  marine gastropods (molluscivoroysg]. All Conusspecies
edu/kohnyand atoxic repertoire of 100 peptides per venom  yse venom for prey capture; the method of envenomation has
[38]. Scorpions have been estimated to encode a similar diver-peen outlined by Oliverg87,38] Venom components are pro-
sity of peptide neurotoxins{100,000) based on a pharmaco- duced in epithelial cells lining a tubular venom duct. When
logical repertoire of~70 peptides per venom and a species a snail forages for prey, a single hollow tooth with a barbed
count of~1500([44]. However, in evolutionary terms, spi- end like a harpoon is moved into the lumen of the distensi-
ders (class: Arachnida, order: Araneae) are the most successhle proboscis. Once the proboscis makes contact with prey,
ful predatory animals and they maintain by far the largest the tooth is propelled into the victim and grasped by muscles
pool of toxic peptides. There are38,000 described species  at the anterior tip of the proboscis. Venom is then injected
[43], with an even greater number awaiting characteriza- through the hollow tooth by contraction of a muscular bulb
tion [5]. Using a conservative estimate ©60 peptides per  at the posterior end of the venom duct.
venom obtained from mass spectrometric analysis of 55 The dominant components of cone snail venoms are
tarantula venom§l6] and a conservative species count of small peptide toxins typically comprising 12-30 residues
80,000 leads to an estimated total of 4 million spider-venom and two—three disulfide bondS4]. EachConusspecies is
polypeptides. thought to express a unique profile of 50—200 conotoxins
Remarkably, despite their much larger suite of toxic pep- [40]. The toxins are initially expressed as prepropeptide pre-
tides, spider venoms have been studied much less extensivelyursors that are post-translationally processed to yield the
than venoms from scorpions and cone snails. As far as we aremature toxin Fig. 1A). Each precursor results from tran-
aware, no studies have attempted to examine the underlyingscription of a single genetic locus that encodes a single ma-
genetic mechanism by which spiders generate peptide diver-ture toxin. The canonical precursor architecture comprises
sity in their venoms. In this report we review what is known an N-terminal signal sequence 20 residues) followed by
about the molecular mechanisms used by scorpions and cone, propeptide region of variable length that precedes a sin-
snails to generate peptide toxin diversity and compare this gle downstream copy of the mature-toxin sequence. This one
with new data obtained from Australian funnel-web spiders. gene—one toxin paradigm contrasts with the tandem genetic
The data suggest that spiders, like scorpions and cone snailsarchitecture that is employed by arthropods to produce fam-
have diversified their repertoire of toxic polypeptides by du- ilies of endogenous neuropeptidid and serine protease
plication of ancestral toxin gene(s) followed by induction of inhibitors[50]; in these latter cases the C-terminal region of
a hypervariability-generating mechanism that increases thethe precursor often encodes multiple variants of the mature
rate of mutation of the mature-toxin loci. The pool of result- - neuropeptide/protease inhibitor that are released as individ-
ing paralogous genes were then subject to adaptive evolutionyal units during post-translational processing.
The chemical outcome of this underlying genetic mechanism  The majority of conotoxins are derived from a small num-
is essentially a collection of combinatorial peptide toxin li- per of gene superfamilies. Each gene superfamily is defined
braries that are conformationally constrained by the presencepy a highly conserved signal sequence in the prepropeptide
of conserved, disulfide-forming cysteine residues in the ma- precursor and a strictly conserved disulfide framework in the
ture toxins. This gene-based combinatorial peptide library mature toxin. In contrast with the well-conserved signal se-
strategy appears to have been first implemented by arachquence and cysteine scaffold, there is remarkable intra- and
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Fig. 1. Cartoon summarizing the mechanism of peptide toxin expression in (A) cone snails, (B) scorpions, and (C) spiders. Signal, propeptidte;taxthmat
regions are indicated by white, black, and gray boxes, respectively. Note that the coding sequence for the signal peptide in scorpion toxjptedshgtarr
single intron[44]. The propeptide region in cone snails is largely encoded in exon 2, but a few N- and C-terminal residues are encodeehid diegon 1
and the 5end of exon 3, respective[¢0]. No DNA sequence information is currently available for genes encoding spider toxins with ICK motifs.

interspecific divergence in the mature-toxin sequences within transcripts is the diagnostic molecular fingerprint that pro-
a gene superfamilf89,40,54] A comparison of members of  vides evidence for targeted hypermutation of the mature-
the O-superfamily ifConus abbreviatusevealed that nearly  toxin exon[6]. Remarkably, not only are the cysteine residues
every amino acid in the mature-toxin sequence, with the ex- preserved, but also there is a position-specific conservation
ception of the cysteine residues, had been substituted at leasbf cysteine codons in the conotoxin precursotls even in
once, and generally with nonconservative substitut[@8s frameshifted pseudotranscripts that are not under selection
This extraordinary variability in the mature-toxin sequence pressurg6]. This suggests that cone snails have evolved a
contrasts with most secreted polypeptides in which the sig- positive mechanism for protecting the cysteine codons in the
nal sequences are less conserved than other regions of thé&ce of the mutational onslaught on surrounding nucleotides
precursof40]. in the mature toxin-encoding ex¢,7].

Recent studies have provided insight into the underlying  Interestingly, the transversion:transition,(Ts) ratio of
molecular mechanismthat has generated this remarkable pep=-2 observed for the mature-toxin region of conotoxin tran-
tide toxin diversity in cone snail venoni6,7,13,14,17,40] scripts is similar to the in vitro transversion bias measured
The initiating event in toxin diversification appears to be the for mutagenic replication by DNA polymerase V, and the low
rapid, repeated duplication of toxin-encoding genetic loci processivity of this polymerase (6—8 nucleotides) is similar to
[13]. Analysis of complete mRNA transcripts from five dif- the typical intercysteine spacings in conotoxXiék This led
ferentConusspecies revealed that thednd 3 untranslated Fainzilber and colleagues to propose a hypermutation mech-
regions (UTRs) are almost as well conserved as the signalanism in which the cysteine codons recruit a macromolecule
sequence, and much better conserved than both the maturéhat interrupts normal DNA replication and creates a lesion
toxin and propeptide regions of the mRNB]. There areno  that acts as an attractor for a weakly processive mutagenic
reports examining the level of conservation of intronic se- polymerase that inserts a mutated tract downstream of the
quences in conotoxin genetic loci, but certain features are cysteine codof6]. At this stage, however, the molecular pro-
preserved in the single intron of duplicated genetic loci that cess that causes hypermutation of the mature-toxin exon re-
encode scorpion sodium channel toxj#4]. Thus, the cone  mains to be determined. Regardless of mechanism, the rate of
snail duplication events most likely involved complete ge- mutation is extraordinary. Duda and Palumbi calculated that
netic loci including introns and exons. This contrasts with the rate of nhonsynonymous substitutions in O-superfamily
the disulfide-reticulated arthropod defensins that evolved by toxins in C. abbreviatus(>17 per site per 1Dyears) is at
simple exon shuffling19]. least five times the highest nonsynonymous rate reported for

Gene duplication was followed by focal hypermutation mammals, and nearly three times the highest rate reported for
of the mature-toxin sequences. This process was presumablprosophila[13].
aided by the architecture of the genetic loci in which the sig-  There is strong evidence for positive Darwinian selection,
nal, pro-, and mature-toxin sequences are encoded by discretalso known as adaptive evolution or diversifying selection,
exons that are separated by much longer intrénig. (1A) following conotoxin gene duplication and focal hypermuta-
[40]. The abnormally high bias for transversional versus tran- tion. Positive selection fixes nonsynonymous substitufions
sitional mutation in the mature-toxin region of conotoxin  at a higher rate than synonymous (silent) substitutions, since

1 Atransitional mutation is a substitution in which a purine nucleotide is 2 Synonymous, or silent, substitutions are nucleotide changes that do
replaced with another purine, or a pyrimidine is substituted with a pyrimidine not alter the encoded amino acid. In contrast, nonsynonymous substitutions
(i.e.,, C&T, A« G). A transversional mutation occurs when a purine is cause either a missense mutation that alters the encoded amino acid or a
replaced with a pyrimidine, or vice versa (i.e., GATA/G). nonsense mutation that results in production of a truncated protein.
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nonsynonymous substitutions lead to amino acid changes thabridges, are less abundant and act predominantlyoari¢
are more likely to be adaptiy&1]. The characteristicmolecu-  Cl~ channel$22,45] It was recently suggested that the short-
lar fingerprint of adaptive evolution, namely a higher propor- chain toxins originated from a long-chain precursor gene viaa
tion of nonsynonymous substitutiordy( than synonymous  position-specific deletiof#], but further research is required
substitutions ds) have been reported by several groups for to validate this hypothesis. While many conotoxins and most
conotoxin multigene superfamili¢s,13,14,40] spider toxins contain an inhibitory cysteine knot (ICK) mo-
As pointed out by Olivera, the initial conotoxin gene du- tif, in which a central disulfide is threaded through a ring of
plication and focal hypermutation events can be likened to covalently bonded atoms formed by two other disulfides and
a generation of a combinatorial peptide library, while the the intervening sections of polypeptide backb{fa5], this
subsequent positive selection is akin to ‘biopanning’ of the motif is rare in scorpion toxinfs3].
library to select useful varianf88]. This combinatorial pep- Molecular evolution studies have revealed some similari-
tide library approach has enabled cone snails to perform aties in the overall process used by cone snails and scorpions
comprehensive search of pharmacophore space; this is exto evolve peptide toxin diversity. Like cone snails, each scor-
emplified by the fact that the sequences of the mature-toxin pion toxin superfamily seems to have evolved by duplication
region of paralogous conotoxin genes in extant snails are soof a common ancestral gene followed by positive Darwinian
divergent that it would be impossible to recognize them as selection[62]. However, there are significant differences at
paralogs if the highly conserved signal sequence were absentthe molecular level. First, the precursors of both short- and
long-chain toxins typically comprise an 18—-22-residue sig-
nal sequence that precedes a single downstream copy of the
3. Peptide diversity in scorpion venoms: a tale of mature toxin Fig. 1B) [20]. The conspicuous absence of a
toxic telsons pro-region contrasts with the canonical prepropeptide archi-
tecture seen in conotoxin precursoFsg. 1A). Second, the
Scorpions comprise the order: Scorpiones within the class: genetic loci for both short- and long-chain toxins have a con-
Arachnida, which also includes spiders, pseudoscorpions,served architecture in which a single intron interrupts the
ticks, and miteg28]. Arachnids differ from insects in lack-  coding sequence for the signal peptidiég( 1B) [20]. This
ing antennae and wings, and having eight legs rather thandiffers from cone snails where the signal peptide, propep-
six. Moreover, whereas insects have three distinct body seg-tide, and mature toxin are essentially encoded by three sep-
ments, most arachnids have two segments—the prosoma oarate exons that are neatly separated by two larger introns
cephalothorax (combined head and thorax) and the opistho-(Fig. 1A). The single intron is poorly conserved between dif-
soma or abdomen. The cephalothorax supports the eight legserent pharmacological classes of scorpion toxin, but highly
and a pair of leg-like pedipalps that are located between thesimilar within each gene superfamil0].
chelicerae and the first pair of legs. Scorpions are readily rec- A third major difference is that the venom of a single
ognized by the pincer-like terminal segments of the pedipalps, scorpion often contains numerous paralogous toxins with
which are used for grasping prey and for defense. In scorpi- very similar amino acid sequences (>80% sequence identity)
ons, the abdomen is subdivided into a broad pre-abdomen[20,22] Simple allelic variation cannot account for this poly-
(mesosomay) and narrow tail-like post-abdomen (metasoma).morphism. In contrast, cone snails often express two closely
Like spiders, scorpions have a complete reliance on preda-related conotoxin sequences that are most likely allelic vari-
tion as trophic strategy. Venom for prey capture is produced ants of a single locugd 4], but they rarely express more than
in two glands located in the bulb-shaped telson at the distaltwo paralogs with high sequence identity. Scorpions may
end of the metasoma. The prey is usually held by the pin- not have developed a mechanism for focal hypermutation of
cers, and then (if necessary) envenomated with the hollowtoxin loci with the result that paralogous genes evolve more
needle-like stinger (the aculeus) located at the tip of the tail. slowly than in cone snails, and thus resemble one another
Venom is delivered voluntarily via two ducts that run from more closely. Dramatically different scorpion toxin families
the venom glands to the tip of the stinger, which acts like a may only arise from rare recombinational eveifg] or rad-
hypodermic needle. Venom is used economically; small or ical episodic events, such as the proposed position-specific
non-threatening prey can either be injected with a prevenomdeletion that converted a long-chain toxin to a short-chain
that is rich in K" salts but deficient in metabolically expen- toxin [4]. It will be interesting in future studies to examine
sive peptide toxinf26] or simply crushed with the pedipalps  whether there has been a targeted hypermutation of scorpion
and chelicerae without the need for envenomajdsj. toxin loci as evidenced by a transversional mutation bias.
While disulfide-reticulated peptide toxins are the major  In summary, scorpions have employed gene duplication
components of scorpion venoms, these peptides are generallyollowed by positive Darwinian selection to evolve venoms
larger than those found in cone snails and spiders. The so-that contain optimized combinatorial peptide libraries. How-
called long-chain toxins typically comprise 60—76 residues ever, these peptide libraries do not appear to be as func-
with four conserved disulfide bridges and they mositly tar- tionally and structurally diverse as the conotoxins, despite
get voltage-gated Nachannel§22,45] The short-chaintox-  their much longer evolutionary history. As discussed be-
ins, which contain 29-41 residues with three—four disulfide low, the maintenance in scorpion venom of a pool of highly
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similar paralogous toxins might result from environmen- ary history of these toxins. Thus, we compared the prepropep-
tal pressures that do not impact significantly on conotoxin tide precursor sequences of 30 paralogs of the insect-specific
evolution. calcium channel blocke®-atracotoxin(ACTX)-Hv1a[18]

that we obtained from analysis of venom-gland cDNA li-
braries prepared from three species of Australian funnel-web
spider:Atrax robustusHadronyche infensandHadronyche
versuta(see legend t&ig. 2for experimental details).

Spiders evolved from an arachnid ancestorinthe Devonian  Logo analysig10,49]of the 30 atracotoxin precursor se-
period around 400 Mya and currently comprise over 100,000 quences Fig. 2A) reveals a striking similarity with cono-
different species in more than 3500 geni&rd3]. They pro- toxin superfamilies: the signal sequence is highly conserved,
duce venom in two glands that are located in each of the two whereas there is extensive sequence variation within both
fang bases in mygalomorphs, or just posterior to each of thethe propeptide and mature-toxin regions. The only strongly
two chelicerae in araneomorphs. Venom is injected into prey conserved portion of the propeptide region is the Arg—Arg
via a duct that runs from each gland to the tip of the proximal sequence that immediately precedes the mature-toxin se-
fang. Venom is used sparingly by optimizing the bite location quence at positions 41-42. This dibasic site is better con-
and varying the amount of venom injected according to the served than the signal peptide cleavage site at positions 22/23

4. Evolution of spider toxins: a web of intrigue

susceptibility of the prey31].

and more strongly preserved than the propeptide cleavage

The major venom components are typically small peptide site in conotoxin$6,7,13] which implies that there has been
toxins of mass 2—9 kDa that can be grouped into three cate-strong selection pressure to preserve this protease recogni-

gories[34]: (i) cytolytic peptides, typically of mass 2—4 kDa,
with no disulfide bonds; (ii) medium-sized neurotoxic pep-
tides, typically comprising 35-45 residues with three—five
disulfide bonds; (iii) larger polypeptides (5-9 kDa), mostly of
unknown function, with four or more disulfide bonds. Large
polypeptides (>9 kDa) and enzymes are typically abgijt

tion site. Within the mature-toxin sequence, there is enor-
mous sequence variation although it is striking that the cys-
teine residues that form the disulfide bridges of the ICK motif

are strictly conserved. Interestingly, there are a small num-
ber of non-cysteine positions that are reasonably well con-
served, and some of these correspond to functionally impor-

However, there are some notable exceptions to this rule: thetant residues in the-ACTX-1 toxins as determined previ-

venom of black widow spiderd trodectusspp.) contains a
high proportion of >100 kDa proteins that are life-threatening

to humans due to their ability to stimulate massive neuro-

transmitter release at vertebrate nerve termif&8$, while

ously using alanine scanning mutagengsd.

There is striking codon bias at four of the six cysteine po-
sitions in the mature-toxin region of tkeACTX-1 precursor
sequencedHg. 2B). These six cysteines form the ICK struc-

sphingomyelinase D is a major component of the venom from tural scaffold in the mature toxif18,29] In the absence of

recluse spidersLoxoscelespp.) and is responsible for the
necrotic arachnidism caused by these arachi3ids

some underlying mechanism that induces global codon bias,
one might expect there to be no preference for either of the

The medium-sized neuropeptides are the most extensivelytwo possible cysteine codons (TGC and TGT). However, we
studied spider toxins and they appear to predominate in mostfind 100% use of TGT at cysteine positions I, IV, and VI and

spider venomg34]. These toxins, almost without excep-
tion, contain an ICK motif and their precursors generally
conform to the conotoxin prepropeptide paradig21,57]

~95% at cysteine Il Fig. 2B). Intriguingly, the positions
with codon bias correspond to the I-IV and 1lI-VI disulfide
bridges in this family of toxins. There is no codon bias for the

The precursor typically comprises an N-terminal signal se- other two cysteines which form the 11-V disulfide bridge. The

quence of 15-25 residues, followed by a propeptide region of observed position-specific codon bias is not simply a man-
highly variable length (15-60 residues), which precedes a sin-ifestation of global codon bias in these spiders as we have
gle downstream copy of the 35-45-residue mature-toxin se-observed a strong preference for TGC as opposed to TGT

quencefig. 1C). The propeptide region of most spider-toxin
precursors is rich in acidic residug,30,33,41,48,57Al-

though they have not been studied in as much detail, the

for cysteine residues in other atracotoxin families (data not
shown).
We constructed a maximum likelihood tree for the 30

less abundant 5-9 kDa toxins in spider venom, like scorpion atracotoxin nucleotide sequences and used this tree to es-
toxins, appear to be produced from precursors that lack atimate the ratio of honsynonymous/synonymous substitu-

pro-region. Examples include the TalTX toxins frofage-
naria agrestig27] and the MIT-like toxins from Australian
funnel-web spiderfs8].

The results of two preliminary studig41,53] indicate
that spider toxins, like conotoxins, are probably derived from

tions (@dn/ds) for the signal peptidedgy/ds = 0.34), propeptide
(dn/ds=1.22), and mature-toxirdfy/ds = 0.65) regions sep-
arately (see legend feig. 3for details). Only in case of the
signal peptide is they/ds ratio significantly different from
unity (P<0.001, calculated using a maximum likelihood ratio

a small number of gene superfamilies. However, in contrast test); the fact thady/ds « 1 indicates that the signal peptide
with scorpion and cone snail toxins, there has been no systemdis under strong purifying selection (i.e., there is strong se-
atic study of intra- and interspecific divergence within a spider lection against deleterious mutations). We cannot make any

toxin superfamily with a view to understanding the evolution-

firm conclusions about the propeptide region as the analyses
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Fig. 2. Analysis ofw-ACTX-1 paralogs. (A) Sequence lod®0,49] from alignment of prepropeptide precursor sequences fes-ALCTX-1 paralogs from
three species of Australian funnel-web spid&tréx robustusHadronyche versuteandHadronyche infengaSequences were aligned with Clustg¥8], and

then optimized manually. The signal sequence is much better conserved than the propeptide and mature-toxin regions. However, note theatioct abnser
the cysteine residues in the mature-toxin sequence and the Arg—Arg protease recognition site that terminates the propeptide region (tedhirhgalght
Construction and RACE analyses of venom-gland cDNA libraries were performed essentially as described pfg¥io(B)yCodon usage for the six cysteine
residues in the mature toxin. Note the strong bias for TGT at positions I, ll1, IV, and VI. Shown above the histogram is the disulfide bridge arramgleenent f
six cysteines as inferred from the 3D structureseACTX-Hv1a[18].

were hampered by the short stretch of available sequencesequence variation within these regiokfg( 2A), combined
and by the many gaps that had to be inserted to produce arwith the position-specific codon bias observed for the cys-
alignment. teine residues in the mature toxiRig. 2B), hints at a hy-
The overalldy/ds ratio for the mature-toxin region does permutator mechanism as proposed for cone sf@il$. Fi-
not reveal significant purifying or diversifying selection. nally, as indicated by the analysis of atracotoxin precursor
However, spider venoms, like those of scorpions, usually con- sequences, speciation appears to be associated with positive
tain numerous paralogous toxins with very similar amino acid Darwinian selection from the pool of hypermutated toxin se-
sequences (>80% sequence identity) that presumably havejuences.
arisen from lineage-specific duplication events (e.g. note the  One intriguing difference between the arachnids and
clusters of closely related atracotoxin paralogfig. 3). If cone snails is that spiders and scorpions usually maintain
one considers only the branches that lead to the most popu-a small pool of closely related paralogs in their venom (e.g.
lated clusters of related paralogs, thdyids for the mature seeFig. 3), suggestive of lineage-specific gene duplication
toxin is significantly larger than one (sé&. 3), suggesting  events, whereas the paralogous toxins in cone snails tend to
that speciation was associated with adaptive evolution of thebe highly divergent. This may be a consequence of differ-
mature-toxin sequence. ent predatory habits. While cone snalils are typically special-
Insummary, the mechanism employed by spiders to gener-ist predators, spiders and scorpions are mostly generalists
ate peptide toxin diversity appears to be at least superficially that prey on a wide range of invertebrates and, sometimes,
similar to that employed by cone snails. Extensive gene dupli- small vertebrates. Successful predation by most cone snails
cation was probably followed by focal hypermutation of the may require only a single toxin for each specific ligand- and
propeptide and mature-toxin regions. At present, insufficient voltage-activated ion channel within the chosen prey phy-
spider toxin precursor sequences are available to unequiv-lum. In contrast, there may have been selection pressure in
ocally determine whether there is a bias for transversional arachnids to maintain a suite of different, but functionally
substitutions in the propeptide and mature-toxin regions of homologous, toxins capable of targeting a specific receptor
the precursor. However, the extensive intra- and interspecificacross a wide range of invertebrate and vertebrate phyla. The
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55/61 Hv3s4 producing combinatorial peptide libraries long before cone
Jya—Hv178 snails, which first appeared in the Eocene over 300 million
Hv166 years later. Although spiders are grouped with scorpions in
Hv170 the class Arachnida, their evolutionary relationship remains
26/0 Hv173 uncertain. The first scorpions were at least partially aquatic
* Hv179 and these arachnids were amongst the earliest terrestrial col-
Hv169 onizers, first appearing on land in the late Siluria420 Mya
Hv180 I : o
Hv183 [42]. However, there is little evidence for derivation of other
Hvi92 arachnids from the scorpion clade, making it likely that spi-
Hv201 ders and scorpions diverged before independent terrestrial-
11/25 rAr189 izations by their aquatic ancestors in the late Silurian/early
Ar208 Devonian[15]. The evolution of mechanisms for generating
Ar139 combinatorial peptide libraries in scorpion and spider venoms
30/37 SA7 Ar135 may therefore have been independent adaptations to terres-

trial life. This hypothesis is supported by several other con-
siderations. First, spider and scorpion toxins are generally
dissimilar, whether one considers their precursor architec-
ture, protein/DNA sequence, three-dimensional structure or
molecular target. Second, these arachnids produce venoms
and evenomate their prey using morphologically disparate
apparatuses (the posteriorly located telson/aculeus in scorpi-
ons and the anteriorly located chelicerae/fangs in spiders).

It appears, therefore, that spiders, scorpions, and cone
snails independently evolved genetic mechanisms for gener-
ating combinatorial peptide libraries in their venoms. While
these genetic mechanisms appear to be superficially similar,
much further study will be required to determine whether
they are comparable at the molecular level. A molecular
Fig. 3. Maximum likelihood phylogeny calculated from alignment of the nu- understanding of the mechanisms used by these venomous
cleotide sequences of atracotoxin precursors using the HKY85 el a5t res to generate structurally constrained combinatorial

with four discrete categories for among site rate variax®j and invariant . . . . . L .
sites; 10 independent replicates were performed. The tree was calculated uspept'de libraries mlght have |mpllcat|ons for the deSIgn of

ing PAUP* Version 4.0 betal[®1]. The nucleotide alignmentwas calculated ~ Pharmacophore-rich peptide libraries.
from the amino acid sequence alignment using the tranalign program in the

EMBOSS packagp!7]. Toxin precursors are identified by initials indicating

the genus and species of spider (Hv, Ar, or Hi) followed by clone number.

The tree topology was used to estimate the nonsynonymous/synonymousAcknowledgements

substitution ratio dy/ds) for the signal peptide, propeptide, and mature-

toxin regions separately; the number of nonsynonymous/synonymous sub- . .
stitutions for the mature-toxin region is indicated above each branch. The This work was supported by grants from the National

analyses were performed using PAML version 384). A dy/ds ratio >1 Science Foundation to G.F.K. (M089983242) an(_j J.P.G.
was inferred for the mature-toxin region for the two branches indicated by (MCB0237197) and a grant from the National Institute of

thick gray lines. A maximum likelihood ratio test (with a significance level Allergy and Infectious Diseases to G.F.K. (1-R41-A|51791),
of 0.025) indicated that the branch marked with an asterisk is under positive

selection. The scale bar indicates the number of substitutions per site along

each branch of the tree.
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