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An impressive biodiversity (>10,000 species) of marine snails (suborder Toxoglossa or superfamily Conoidea) have
complex venoms, each containing approximately 100 biologically active, disulfide-rich peptides. In the genus Conus,
the most intensively investigated toxoglossan lineage (~500 species), a small set of venom gene superfamilies undergo
rapid sequence hyperdiversification within their mature toxin regions. Each major lineage of Toxoglossa has its own
distinct set of venom gene superfamilies. Two recently identified venom gene superfamilies are expressed in the large
Turridae clade, but not in Conus. Thus, as major venomous molluscan clades expand, a small set of lineage-specific
venom gene superfamilies undergo accelerated evolution. The juxtaposition of extremely conserved signal sequences
with hypervariable mature peptide regions is unprecedented and raises the possibility that in these gene superfamilies,
the signal sequences are conserved as a result of an essential role they play in enabling rapid sequence evolution of

the region of the gene that encodes the active toxin.
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Introduction

Venom has evolved independently many times in
different phylogenetic lineages. The biodiversity of
venomous animals that live in diverse habitats to-
day may well exceed 10° species. Terrestrial groups
such as snakes, spiders, scorpions, bees, and wasps
are the most well known;!> however, the marine
environment has a comparable biodiversity of ven-
omous animals, with those that frequently injure
humans (such as jellyfish) being the most famil-
iar.’> Venomous marine snails, including the cone
snails (genus Conus; family Conidae), constitute a
significant fraction of the total biodiversity of all
venomous animals (>10,000 species).* Two other
groups of marine snails, the terebrids or auger snails
(family Terebridae) and the turrids (family Turridae,
s.l.) are venomous, and together with the cone snails,
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traditionally constitute the suborder Toxoglossa (or
alternatively, the superfamily Conoidea).

Marine snail venoms are complex

A noteworthy feature of marine snail venoms is their
complexity; it was estimated, based on the initial
biochemical purification of cone snail venoms, that
each cone snail species has a repertoire of between
50-200 different venom components, mostly small
disulfide-rich peptides.>® Only a subset of these are
expressed at one time in the venom of a single indi-
vidual. However, on the basis of recent mass spec-
trometry analyses, it has been suggested that a much
larger number of venom components are present,
and that ~200 is a gross underestimate.” What has
yet to be definitively established is the number of
gene products encoded by distinct genes that are
used in envenomation. Biass et al.!” suggested that
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some of the >1,000 components they detected by
mass spectrometry from Conus consors venom may
be processing intermediates, or variants in the extent
of posttranslational modification, and propeptides
encoded by the same gene, and even degradation
fragments that might be artifacts of venom collec-
tion and storage. Until the number of different genes
encoding distinct peptides has been established, this
issue remains unsettled. With the increasing num-
ber of transcriptome and genome analyses of cone
snail venoms,®1"13 a determination of the num-
ber of venom peptides encoded by different genes
used for envenomation should be forthcoming in
the near future.

Cone snail venom peptides are examples of
startlingly rapid evolution

A property of cone snail venom peptides that is now
well established is their greatly accelerated evolu-
tion; essentially, each cone snail species has its own
distinctive complement of venom peptides.

In general, only two or three gene superfamilies
account for the majority of the peptides found ex-
pressed in the venom of each Conus species; how-
ever, which gene families predominate depends on
the phylogenetic clade within the genus Conus to
which that species belongs (see Fig. 1). In the past
decade, the gene superfamilies that encode cone
snail venom peptides have become increasingly well
defined.” Most major gene superfamilies are found
across the entire genus Conus, although a few seem
to have a more restricted distribution.

The distribution of peptides in different gene
superfamilies for the six Conus species that have
yielded at least 30 different peptides from transcrip-
tome analyses is shown in Figure 1A. Three of these
are fish-hunting cone snails that belong to different
clades: C. bullatus (Textilia clade), C. consors (Piono-
conus clade), and C. geographus (Gastridium clade).
One snail hunting species, C. textile (Cylinder clade)
is shown, as well as two worm-hunting species,
C. litteratus (Strategeconus clade) and C. pulicarius
(Puncticulis clade).'® Two species in Figure 1 have
the greatest number of different peptides, C. pulicar-
ius (82 sequences) and C. geographus (62 sequences).
These peptides are from 16 different gene superfam-
ilies; while some superfamilies are well represented
in both (i.e., the O-superfamily'”:1%), peptides from
seven of the superfamilies were found in only one
of the two species.
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Dramatic juxtapostion of conserved and
hypervariable regions in Conus venom
peptide gene superfamilies

A venom peptide is first translated as a larger pre-
cursor,'”?” which can readily be divided into three
regions: the signal sequence or preregion, an in-
tervening or proregion, and, at the C-terminal
end, the mature peptide region always present
in single copy.” Throughout the genus, a su-
perfamily retains the same conserved signal se-
quence at the N-terminus, juxtaposed against a
hypervariable mature peptide (core) region at
the C-terminus. With some exceptions, the num-
ber and arrangement of Cys residues is a con-
served feature of all peptides in the same gene
superfamily.’

Hypervariability of the biologically active toxin

includes synonymous coding positions

In all major cone snail venom peptide gene super-
families, there is a juxtaposition of an extremely
conserved signal sequence region with the hyper-
variable mature toxin region; the C-terminal core
sequences undergo accelerated evolution at an un-
precedented rate. This striking feature was noted
the very first time genes encoding Conus peptides
were cloned." It is important to note that the high
rate of amino acid change that occurs in the core
region is not merely because of extremely strong se-
lection on individual toxin amino acids because the
rate of change in synonymous codons is also greatly
elevated.”

After undergoing posttranslational modification,
the mature toxin peptide is released from the pre-
cursor by proteolytic cleavage. The posttranslation-
ally modified mature peptide is the biologically ac-
tive gene product injected into a targeted animal
and binds specifically to a molecular target—an
ion channel or receptor, and therefore, it would be
this segment of the translated precursor, which is
subject to intense diversifying selection. This is the

“Recently, it has been suggested that, for all posttransla-
tionally modified but ribosomally synthesized peptides,
no matter what their origin, the proregion be referred
to as the “leader,” and that the mature peptide region,
which can be posttranslationally modified, as the “core
peptide.”?!
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A
specics:

Framework Cys pattern Superfamily C.lit Clex C.bul C.pul C.cons C.geo
| CC-C-C A 3 10 14 12
i} CC-C-C-CC M 8 1 3 4 8 2
vV CC-CC T 13 5 5 6
VI/VII c-c-cc-c-C 0 8 24 14 41 15 18
VIII C-C-C-C-C-C-C-C-C-C 5 3 5
IX Cc-C-C-C-C-C P 3 5 3 1
X1 C-C-CC-CC-C-C I 10° 1
XIv C-C-C-C J:L 2 1 5 5
XV C-C-CC-C-C-C-C v I 1
VI C-C-CC 1
XIX C-C-C-CCcC-C-C-C-C 1
Conantokin Non-disulfide-rich 3 1 2
Contryphan Non-disulfide-rich 1 1 6 1
Contulakin Non-disulfide-rich 2 1 4 1
Conkunitzin®  (Large) 1 2 7 1
Conophysin®  (Large) 1
Con-ikot-ikot” (Large) 7

Figure 1. (A) Frequency of venom peptides. Comparison of relative frequency of conotoxin gene superfamilies in various Conus
venom duct transcriptomes (Cys frameworks and superfamilies are indicated). (C. lit, C. litteratus),"* (C. tex, C. textile)," (C. bul,
C. bullatus),® (C. pul, C. pulicarius),' (C. cons, C. consors),"" (C. geo, C. geographus).">* Includes sequences with three Cys residues;
bincludes sequences with two Cys residues; “the preregion (i.e., signal peptide) sequences indicate that this peptide belongs to a
different superfamily; includes O1 and some O3 superfamily sequences; “includes I1 and 12 sequences; fincludes large peptides.
(B) Shells of the cone snails analyzed above: (left to right) C. textile, C. litteratus, C. geographus, C. bullatus, C. consors, and C.

pulicarius.

biological rationale offered for why hypermutation
is focally localized to the mature toxin region.

The propeptide region is not hypervariable

The propeptide (leader) region seems to be con-
served but undergoes a moderate degree of mu-
tation; these leader sequences are much more
conserved than the mature peptide but far less
conserved than the adjoining N-terminal signal
sequences. The propeptide regions contain bind-
ing sites for posttranslational modification en-
zymes, and thus are believed to facilitate the
proper posttranslational processing of the core pep-
tide region. Specifically, it has been demonstrated

for one posttranslational modification enzyme,
which catalyzes the carboxylation of glutamate to
v -carboxyglutamate, that the recognition sequence
within the propeptide region facilitates recruitment
of the modification enzyme.? Evidence that disul-
fide isomerases bind to the propeptide has also been
presented.?

The signal sequence is, unexpectedly, highly
conserved

In contrast to every other known gene superfam-
ily of secreted polypeptides, in Conus peptide gene
superfamilies there is a striking sequence conser-
vation of the signal sequence at the N-terminus of
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the precursor. This is unexpected because signal se-
quences do not require a specific amino acid se-
quence to function as secretion signals, but rather
only need to have a general hydrophobic character.
The unprecedented degree of sequence conservation
strongly suggests that conopeptide gene superfamily
signal sequences play additional important roles.

Specific examples of the juxtaposition of con-
served and hypervariable regions are given in
Figure 2. (Two groups of Conus venom peptides
are shown: A-superfamily peptides, which gener-
ally have two disulfide linkages—the majority of
those characterized are competitive nicotinic acetyl-
choline receptor antagonists; and S-superfamily
peptides, which in contrast, have five disulfide
bonds, and the molecular targets of these peptides
are mostly unknown.)

The signal sequence and the portion of the ma-
ture toxin sequence encompassing the five central
cysteine residues are magnified in the figure, and
the corresponding nucleic acid sequences are shown
in Figure 2B. This provides a particularly striking
juxtaposition of absolute conservation in signal se-
quences, while in the interval of the toxin region
shown, not a single amino acid is conserved ex-
cept for the cysteine residues. Thus, the problem
that remains, which has not been incisively ad-
dressed, is a mechanism of accelerated evolution
resulting in almost absolute sequence conservation
at the N-terminus, absent even a silent mutation,
but an unprecedented rate of hypermutation at the
C-terminal core region.

Rapid diversification of sequence enables
rapid access to new prey

The data set on Conus venom peptides comprises
what may be the most extensive set of rapidly di-
verging gene products for a single genus of animals.
In some cases, thousands of different peptides in the
same superfamily, from many different species, have
been elucidated. The phylogenetic relationship be-
tween various Conus species has been determined,
so that the pattern of divergence in a particular
gene superfamily can be correlated with phyloge-
netic relationships between species (see, for exam-
ple, Puillandre et al.).”® For a substantial fraction
of the peptides, there has been sufficient physiolog-
ical characterization to allow the consequences of
hypermutation to be assessed not only structurally
but also functionally. An example of this type of

Olivera et al.

functional assessment is provided by the five pep-
tides whose precursors are shown in Figure 2, and
produced by the Conus species shown in Figure 3A.

Two gene superfamilies are represented, the A-
and the S-superfamilies. The two S-superfamily
peptide sequences shown in Figure 2 are the only
examples in this superfamily where molecular tar-
gets have been identified: o-conopeptide GVIIIA,*
blocks the 5SHT3 receptor (a ligand-gated ion chan-
nel that has serotonin as the native agonist), while
aS-conopeptide RVIIIA? is a nicotinic receptor an-
tagonist.

Functionally, the peptides shown fall into two
classes: o-conopeptide GVIIIA is an inhibitor of the
serotonin 5HT3 receptor, whereas the other four,
aS-conopeptide RVIIIA, a-conotoxins MIIL*® EI,*
and CI*” are nicotinic receptor antagonists (despite
the fact that the first belongs to a different gene
superfamily from the other three). Furthermore, o-
conotoxin MII diverges functionally from the three
other nicotinic antagonists in that it is targeted to
a neuronal nicotinic receptor subtype (the a3p2
nicotinic receptor is the likely physiologically rele-
vant target). The three other peptides all inhibit the
muscle nicotinic receptor and paralyze fish.

Rapid convergent evolution across clades
Interestingly, there is an enormous sequence diver-
gence between the latter three peptides although all
come from fish-hunting cone snail venoms. There
is compelling evidence®! that the shift from an an-
cestral worm-hunting species to fish hunting took
place independently in the new world to generate
the Chelyconus clade (which includes C. ermineus,
the source of a-conotoxin EI), and in the IndoPa-
cific region (to generate the Pionoconus clade, which
includes C. catus, the source of a-conotoxin CI).
Although the selective pressure to evolve nicotinic
receptor antagonists specifically targeted to the fish
neuromuscular junction were presumably similar
for the two peptides, because these peptides evolved
from quite different worm-hunting ancestors, their
evolutionary trajectories were very different, result-
ing in considerable divergence in their amino acid
sequences, but convergence of their structures. Al-
though it inhibits the same molecular target, the
third peptide, aS-conotoxin RVIIIA is strikingly dif-
ferent structurally because an entirely different pep-
tide superfamily was recruited for the same physio-
logical purpose.
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Olivera et al. Hypermutation of venom peptide genes

A
Signal Sequence Pro Region T‘ Toxin
8 superfamily
O-GVIIIA:
GETRTEGGE
S~RVITIA:
e HGNFDKGEG
! e (:-c-c-c-c-c-i:t-(:.c-c
:
: CTGTCTCTNSSKCGC
CGESCSCEGLHSCRC
A superfamily
w-MII: KGECSHPVEHLEHSNLEGRRR
DPCCYHPTENMSNPQICS
NGRCCHPACGHHFSCGR
................. Ao
B
AU @-GWITIA
O8-RVIIIA

e T 4 T € T @ T M 8 B E € G €
TGT ACA GGT ACT TGC ACA TGC ACG AAC TOG TCC ARA TOT GGC TGC G-GVIIIA
TGT GGG GAA TCC TGC TCA TGC GAA GGT TTG CAC AGT TOT CGC TGC  OS-RVIIIA
e 6 E 8 € &8 ¢ E 6 L H 8 € R €

Figure 2. (A) Five precursor sequences from two Conus peptide gene superfamilies. The canonical organization of conopeptide
precursors is shown diagrammatically, with the arrow indicating the proteolytic cleavage site that generates the mature toxin
(“core”) peptide. Two members of the S-superfamily are shown, with mature peptides containing five disulfide linkages (10 Cys
residues). Three members of the A-superfamily are illustrated, with mature peptides that have two disulfide crosslinks (four Cys
residues). The signal sequence and a segment of the mature toxins of the S-superfamily peptides have been magnified to illustrate
the total conservation in the signal sequence region, and the absence of any conservation of non-Cys amino acids in the mature toxin
region. (B) The DNA sequences encoding the magnified aa sequences are shown; note the complete conservation of the nucleic acid
sequences for the o-GVIIIA and the «S-RVIII signal sequence regions; note the invariant cysteine codons. The molecular targets
of these peptides are discussed in the text. The species from which the venom peptides are derived are illustrated in Figure 3A.
Accession numbers: GVIIIA: FJ959110; RVIII: FJ959114; a-MII: P56636; a-EI: P50982; a-CI: FJ868069.1.

transferred to other families, such as Drillidae and
Raphitomidae. The total number of species in the
family Turridae (s.s.), as presently restricted to a
smaller number of genera by Bouchet et al.,* are
probably comparable to the number of cone snail
species. We discuss two superfamilies of turripep-
tides (as venom peptides from species in this family
are designated).”

Accelerated evolution of venom peptides
in other toxoglossan lineages

The vast majority of published studies on toxoglos-
san venoms focuses on cone snails, despite the fact
that these snails are only a minor fraction of the
total number of toxoglossan species. The venoms
of most large toxoglossan clades have not been in-
vestigated at all; the only other group, apart from
Conus, where a sufficient number of species have

been examined so venom peptide evolution can be  Turridae gene superfamilies are distinct from

assessed is the family Turridae. Anatomical data and
molecular phylogeny reveal that the classical family
Turridae (s.l.) is a polyphyletic taxonomic assem-
blage, and there have been several proposals to break
it up into multiple family groups. Many of the gen-
era previously assigned to Turridae have now been

those expressed in cone snail venom

One issue is whether the major venom gene su-
perfamilies of cone snails are also major com-
ponents of the venoms of other venomous mol-
luscs. At present, extensive transcriptome data have
been published for only one species in the family
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Figure 3. Shells of species analyzed in Figures 2 and 4. Shells are shown of cone snail and turrid species from which gene
superfamily sequences discussed in this paper were obtained. The shells are not shown to scale. (A) Conus species from which
conopeptide precursor sequences in Figure 2 were derived. Top row: C. catus (a-conotoxin CI); C. ermineus (o-conotoxin EI).
Bottom row: C. geographus (o-conotoxin GVIIIA); C. magus («-conotoxin MII); and C. radiatus («S-conotoxin RVIIIA). All of
these species are believed to be fish hunters. C. catus and C. magus belong to the Pionoconus clade; C. ermineus to the Chelyconus
clade, C. geographus to the Gastridium clade, and C. radiatus to the Phasmoconus clade. (B) Species in the family Turridae from
which the sequences in Figure 4 are derived. Top row: Xenuroturris cingulifera; X. olangoensis. Large central shell, Polystira albida.
Middle row: Gemmula lisajoni; Lophiotoma albina. Bottom row: G. sogodensis; G. speciosa. All of these species were collected in the

Philippines, except for P. albida, which was collected from trawling in deep water in the Gulf of Mexico.

Turridae, Lophiotoma olangoensis.>> L. olangoensis
venom is comparable in complexity to cone snail
venoms; some of the turripeptides in the venom
are related to each other and belong to the same
gene superfamily. However, a major conclusion was
that there was little overlap between the gene su-
perfamilies of cone snails, and the putative gene
superfamilies that encode peptides expressed in
L. olangoensis venom, suggesting that the expression
of cone snail gene superfamilies does not generally
extend to other major lineages of Toxoglossa.

Turripeptide superfamiliy expansion

An overview framework has emerged for how the
diverse peptides in the venoms of the ~500 dif-
ferent Conus species have been generated.® As new
species of cone®’ snails evolve, the type of focal hy-
permutation shown in Figure 2 occurs, primarily in
a small subset of the gene superfamilies shown in
Figure 1; the consequence is that the complement
of peptides found in the venom of each particular
Conus species diverges significantly from peptides
in all other Conus. Does this hold true for other
toxoglossan lineages as well?

Because the initial analysis of the L. olangoensis
transcriptome, other species in the family Turridae
have been analyzed,* so the similarities and dif-
ferences in peptides from multiple species can be
evaluated. Evidence for a gene superfamily subject
to accelerated evolution was previously presented
for a turripeptide gene superfamily expressed in the
genus Gemmula.** More recent results demonstrate
that a family of turripeptides that contain three
disulfide bonds is expressed in four different gen-
era of Turridae: the relevant precursor sequences
are shown in Figure 4. It is clear that the polypep-
tides shown in Figure 4A belong to the same gene
superfamily, given their highly conserved signal se-
quences. Although the mature toxin region is hyper-
variable, the arrangement of the six cysteine residues
is conserved.

Gene superfamilies distributed across the

entire Turridae undergo accelerated evolution
A preliminary molecular phylogeny of Turridae®
has revealed that a basal clade in the family is the
genus Polystira. This is a new world group, with
several exceptionally large species found in both
the Panamic region and the Caribbean. In the tree
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A
10 20

1 MKVYCLLVWWLLVGLVSQTQG!
2 MKVYCLLLVLLVGLVSQAHG/
3 MKVYCLLLVLLVGLVSQAHG!
4 MEVYCLLLVLLVGLVSQAQG/
5 MKVYCLLLVLLVGLVNQAHG/
6 MEKVYCLLLVFLVGLVSQAHG/
7T MKVYCLLLVLLVGLVSQAHG!

1 Polystira albida

2 Gemmula sogodensis

3 Gemmula speciosa

4 Xenuroturris cingulifera

5 Lophiotoma albina

6 Gemmula lisajoni

7 Xenuroturris olangoensis

30 40 50 60 70
1 CNMACTLDYRPVCGSDGKTYPNRCALTSTACESQQSITVLHDGEC
2 CQMVCTMDYRPVCGSDGRTYPNKCTLTSTACMSQRSITVFHDGEC
3 CQMVCTFDYRPVCGSDGRTYPNKCTLTSTACMSQRSITVFHDGEC
4 CQTMCTMEYLPVCGSDGTTYPNKCTLTS TACVNQMDITVLHNGEC
5 CMTICTMEYWPVCGSDGKTYPNKCHLTSTACTSQKDITVLHEGKC
6 CMTVCTMEYWPVCGSDGKTYPNKCHLTSTACTSQKDITVLHVGKC
7 CLSVCSAEYEPVCGSDGKTYANKCHLMTEACWSPTSITLVHEGKC

B
CNMACTLDYRPYVC GSDGKTYPNRCALTSTACESQQSITVLHDGEC
CLSVCSAEYEPYC GSDGKTYANKCHLMTEACWSPTSITLVHVGKC

GDPPRFCRDELCSGDGDCSVWCTAGCNHDMGKCDTL
GVPPRFCRDKNCNEDSECNQWCTGGC SSVKGNCES

Figure 4. Turripeptide gene superfamilies. (A) Turripeptide sequences from seven species are aligned. All the sequences have
a total length of 70 aa, with a conserved signal sequence of 20 aa. Predicted mature peptides have 3 disulfide linkages, in a
P-like conopeptide framework (C—C-C—C—C—C). Note that compared to most conopeptide precursors, this turripeptide gene
superfamily propeptide region is extremely short (and possibly even absent). (B) Two predicted mature peptide sequences from the
superfamily shown in A, compared to two turripeptides from the Pg superfamily previously described by Heralde et al.** from two
Gemmula species, G. sogodensis, and G. kieneri. Note that although both sets of peptides have six Cys residues, there is no alignment
between the two groups, and these define two different P-like turripeptide superfamilies. In contrast to the sequences shown in A,
the precursors of the Pg superfamily have a well-defined propeptide region of 23 aa.

presented by Heralde et al. this clade is the most dis-
tant from Indo-Pacific genera such as Lophiotoma,
Xenuroturris and the Indo-Pacific branch of Gem-
mula. Because the genus Polystira is phylogeneti-
cally distant from the other groups, the presence of
the precursor in Polystira albida venom shown in
Figure 4A is strongly indicative that this gene su-
perfamily is broadly expressed across the Turridae.
Thus, as in Conus, there seem to be gene superfami-
lies distributed across the entire family Turridae that
undergo accelerated evolution.

In Figure 4B, the predicted mature toxin from
two peptides in the Pg turripeptide superfamily**
are compared to two predicted mature peptides

from the turripeptide superfamily in Figure 4A.
Although both groups have a P-like conopeptide
framework, they share no sequence homology with
the P-conopeptide family, nor with each other.
These are distinct from any peptides from Conus
venoms.

Biological perspectives: radiation of
biodiverse lineages

Lineage-specific acceleration of gene
superfamily evolution

The biological implications of the molecular genet-
ics discussed above are briefly discussed here. The
data suggest that diversification of venom peptides
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in each major lineage of venomous toxoglossans
occurs through the accelerated evolution of a few
gene superfamilies that are characteristic of that lin-
eage. There is an unusual conservation of signal
sequences in such rapidly evolving gene superfami-
lies, compared to what is found in other families of
secreted polypeptides. In all venom peptide precur-
sors, the conserved signal sequences are strikingly
juxtaposed against a rapidly evolving mature toxin
region at the C-terminus, with only the cysteine
codons conserved. A curious feature of the pattern of
hypermutation, first pointed out by Conticello and
Fainzilber,'>® is that within the hypervariable core
region, not only are the cysteine residues conserved,
but at each specific position, the codon encoding a
Cys residue is invariant, with no mutational cycling
between the two alternative Cys codons (see Fig. 2B
for a specific example). It was suggested that muta-
tions in the toxin region were introduced through
the action of an error-prone DNA polymerase.

High conservation of signal sequence DNA
suggests an undiscovered role

The data obtained so far suggest that although there
is little overlap in the specific gene superfamilies
expressed between the different major toxoglossan
lineages, the extraordinary conservation of signal
sequences is a general feature of toxoglossan venom
peptide gene superfamilies. This sequence conserva-
tion strongly suggests additional functions besides
being a standard secretion signal; two general types
of hypotheses can be formulated.

Cell biological hypotheses: refined targeting

The first class of possibilities, which we call the cell
biological hypotheses is that there may be greater
specialization of secretory pathways in venom ducts
compared to other tissues. Thus, if conopeptide or
turripeptide precursors belonging to a particular
gene superfamily were packaged with a specific sub-
set of enzymes that promoted the correct foldingand
posttranslational modification of peptides in that
superfamily, then the conserved sequences may not
just direct a precursor polypeptide to pass through
the endoplasmic reticulum, but may specify dock-
ing at a specific locus to package the precursor with
specific chaperones, disulfide isomerase isoforms,
modification enzymes, etc. This more refined target-
ing may require that signal sequences be recognized
by sets of specific proteins. The essence of the hy-
pothesis is that the signal sequence does not interact
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just with the generic secretory system, but that addi-
tional recognition has evolved for each superfamily.
This would provide positive selection for conserving
specific amino acid sequences in each superfamily,
although it would not explain the complete conser-
vation of the DNA sequence as observed in Figure
2B. However, mechanisms similar to the conserva-
tion of sequence ribosomal RNA gene clusters could
lead to DNA sequence conservation.

Genetic metacode hypotheses: functional
constraints acting on the DNA

The other class, that we refer to as genetic metacode
hypotheses is that the signal sequence region is an
important determinant for modulating the rate of
sequence change in the mature toxin segment. Thus,
there may be some feature of the nucleic acid se-
quences encoding the signal sequence that increases
the potential for hypermutation in the mature core
sequence; one specific model would be to make the
mature peptide region a preferred locus for double
strand breaks or a hot spot for recombination. This
type of additional function could account for the
signal sequence conservation observed in some gene
superfamilies even at the nucleic acid level (such as
in the striking example of the absence of synony-
mous substitutions in the S-superfamily given in
Fig. 2B). This could be rationalized by this type of
hypothesis, first formulated by Caporale.”” In one
specific variation of these hypotheses, the require-
ment to be recognized by a biochemical mechanism
that maintains the generation of hypermutability in
the core peptide region is, paradoxically, the under-
lying explanation for signal sequence conservation.
The two general classes of explanations are not mu-
tually exclusive.

Lineage selection: favored by the rapid
evolution of exogenes

As is discussed elsewhere,?® venom genes are a read-
out of the biotic interactions of a particular tox-
oglossan species with its prey, predators, and com-
petitors. Thus, as changes in the environment oc-
cur, novel ecological opportunities arise and new
species can evolve. The ability of a lineage to oppor-
tunistically colonize new ecological niches as these
arise depends on how quickly an ancestral species
can become maximally fit for a new niche that be-
comes available. We suggest that a major component
of the genetic change that accompanies speciation
eventsin biodiverse lineages is optimization of biotic
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interactions for a new ecological niche by muta-
tionally “tuning” those gene families that determine
the fitness of a newly evolving species to deal with
novel predators, prey, and competitors. Thus, in a
specific lineage of animals, new species can be gen-
erated rapidly if the genes most relevant to success
in a new ecological niche have the potential to be
rapidly tuned to the new environment. In the ven-
omous toxoglossa, this rapid tuning potential has
apparently been achieved through the fascinating
combination of extremely rapid sequence change in
the mature toxin region accompanied by an almost
complete suppression of base changes in the sig-
nal sequence region. The challenge is understanding
what leads to this pattern—the availability of sev-
eral complete toxoglossan genome sequences could
clearly provide some useful insights.

As has been suggested elsewhere, toxoglossan
venom peptide genes belong to a larger general class
that we refer to as exogenes*®*—these are the genes
that encode gene products that do not function en-
dogenously, but that act on other organisms. We
have suggested that the accelerated evolution of ex-
ogenes generally accompanies the rapid speciation
that occurs as an explosive adaptive radiation gen-
erates a biodiverse lineage, such as has occurred for
the major lineages of venomous marine snails.
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