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Abstract

Mollusk-hunting (molluscivorous) cone snails belong to a monophyletic group in Conus, a genus of venomous marine
snails. The molluscivorous lineage evolved from ancestral worm-hunting (vermivorous) snails ~18 Ma. To enable the
shift to a molluscivorous lifestyle, molluscivorous cone snails must solve biological problems encountered when
hunting other gastropods, namely: (i) preventing prey escape and (ii) overcoming the formidable defense of the
prey in the form of the molluscan shell, a problem unique to molluscivorous Conus. Here, we show that y-conotoxins,
peptides exclusively expressed in the venoms of molluscivorous Conus, provide solutions to the above problems.
Injecting y-conotoxins into the gastropod mollusk Aplysia californica results in impaired locomotion and uncoordin-
ated hyperactivity. Impaired locomotion impedes escape, and a hyperactive snail will likely emerge from its shell,
negating the protection the shell provides. Thus, }-conotoxins are an evolutionary innovation that accompanied
the emergence of molluscivory in Conus and provide solutions to problems posed by hunting other snails.

Key words: conotoxins, mollusk-hunting cone snails, evolutionary innovation, emergence of complex phenotypes,
¥-conotoxin.
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Introduction There are ~1,000 living species of cone snails, which are

The emergence of evolutionary novelties in a particular
lineage may promote the diversification of its taxa. This
macro-evolutionary change is accompanied by genetic
and molecular innovations rarely described in detail
due to the complex multigene dependence of many of
these traits. Genotype-to-phenotype correlation in ani-
mal venoms is an ideal system for detecting genetic and
molecular innovations important for lineage diversifica-
tion. In this report, we demonstrate how a shift in prey
preference by a biodiverse lineage of predators, the
cone snails, was accompanied by genetic and molecular
level adaptations.
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conventionally divided into three broad categories based
on their prey: worm-hunting (vermivorous), fish-hunting
(piscivorous), and mollusk-hunting (molluscivorous;
Kohn 1959; Rockel et al. 1995; Terlau and Olivera 2004).
All cone snails use venom to subdue prey. This venom is
primarily composed of small, gene-encoded peptides
called conopeptides or conotoxins that can be grouped
into gene superfamilies (Terlau and Olivera 2004).
Conotoxins from piscivorous snails have been the primary
focus of research due to their therapeutic potential.
Similarly, much research has been conducted to elucidate
how certain classes of conotoxins enable these snails to
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hunt fish (Terlau et al. 1996; Olivera 1997; Olivera et al.
2015). In contrast, very little is known about the roles of
conotoxins in molluscivorous and vermivorous species.
For example, it is unclear which conotoxins address bio-
logical issues unique to molluscivory, such as the defensive
shell of their prey.

Before a predator can successfully feed on gastropods, the
prey of all molluscivorous cone snails, the following challenges
must be resolved: (i) preventing prey escape and (i) overcom-
ing their main defense, the shell. Other predatory lineages of
mollusks (e.g. Muricidae and Naticidae) solve this problem by
pinning down their prey, drilling a hole into the shell, and
sucking out the soft tissues with their proboscis
(Kowalewski 2004; Pahari et al. 2016). However, cone snails
lack such mechanisms, and must instead rely on venom.

Molluscivorous Conus, like all cone snails, uses a com-
plex venom to capture prey (Olivera et al. 1985; Olivera
2002, 2006). Most well-characterized cone snail venom
components target ion channels (voltage-gated and
ligand-gated) or receptors (G protein—coupled receptors
and receptor tyrosine kinases; Olivera 1997; Craig et al.
1999; Terlau and Olivera 2004; Lewis et al. 2012
Safavi-Hemami et al. 2015; Espino et al. 2018). The venom
of each species contains several hundred different bio-
active components, encoded by genes that are subject to
accelerated evolution (Duda and Palumbi 1999; Phuong
and Mahardika 2018). As a consequence, every cone snail
species has its distinctive complement of conotoxins that
are present in venom, with minimal overlap between con-
otoxins found in the venom of any two different species
(Barghi et al. 2015; Li et al. 2018). However, functionally
homologous conotoxins that have diverged from one an-
other at the amino acid level can be found between closely
related species (Olivera et al. 2015).

The most intensively studied venom component in the
repertoire of a mollusicvorous Conus is a peptide now
widely known as y-conotoxin Mrla (y-Mrla) of the
T-superfamily (Balaji et al. 2000; Mclntosh et al. 2000;
Sharpe et al. 2001). This conotoxin inhibits the human nor-
epinephrine transporter (hNET) and was shown to have
analgesic activity (McIntosh et al. 2000; Sharpe et al.
2001) and an analog of ¥-Mrla reached Phase Il human
clinical trials (Nielsen et al. 2005).

In this work, we provide evidence that y-conotoxins are
expressed exclusively by molluscivorous Conus. We further
investigate the rationale for such a unique expression pat-
tern, focusing primarily on the role of these conotoxins in
predation. We provide evidence that these conotoxins are
important for prey capture, specifically for solving two bio-
logical problems: preventing prey escape and forcing the
prey out of its shell. The evolution of the y-conotoxins
may have been one of the key innovations accompanying
the shift in prey type from worms to mollusks, allowing
molluscivorous Conus to successfully diversify into ~100
extant species (WoRMSEditorialBoard 2023) and colonize
the tropical waters of the Indo-Pacific.

Results

Molluscivory Evolved Once in the Evolutionary
History of Cone Snails

Previous research has shown that each of the major Conus
feeding groups falls into distinct phylogenetic lineages, of
which most have retained the ancestral worm-hunting
trait (Duda et al. 2001; Duda and Palumbi 2004). Several
analyses have shown that piscivory evolved multiple times
(Duda et al. 2001; Espiritu et al. 2001; Puillandre et al. 2014;
Lee and Park 2022). In contrast, only one lineage of mollus-
civores has been identified using traditional phylogenetic
markers (e.g. 12SrDNA, 16SrDNA, CO1; Duda et al. 2007;
Espiritu et al. 2007; Puillandre et al. 2014). Recently, we
have shown that housekeeping genes (HKGs) prove useful
in resolving the phylogenetic relationships in Conoidea, a
large superfamily of venomous gastropods that includes
cone snails (Chase et al. 2022). Here, we used the same ap-
proach to reconstruct the cone snail phylogeny and to de-
termine the number of lineages that gave rise to each of
the feeding groups.

To ensure a robust phylogenetic framework, we em-
ployed different strategies for reconstructing the evolu-
tionary history of Conus lineages: gene tree analyses
(maximum likelihood approaches, with concatenated
and partitioned by locus datasets in IQ-Tree2, and species
tree analysis using ASTRAL-III), and divergence timing ana-
lyses with a Bayesian framework (BEAST2). A concatenated
dataset provided a preliminary insight into the overall tree
topology (see supplementary fig. S1, Supplementary
Material online). We followed that analysis by conducting
individual gene tree reconstructions for each of the 86
markers (i.e. partition by locus, see supplementary fig. S2,
Supplementary Material online). However, given the rapid
radiation and complex branching patterns within the
Conus genus (Puillandre et al. 2014; Uribe et al. 2017;
Abalde et al. 2019), particularly among closely related spe-
cies (Abalde et al. 2019), addressing gene tree discordance
was crucial. ASTRAL-IIl (Zhang et al. 2018) was thus uti-
lized to generate a species tree that effectively accounts
for gene tree discordance, providing a more accurate re-
flection of cone snail evolutionary relationships
(supplementary fig. S3, Supplementary Material online).

The choice of the species tree as the primary topology
for subsequent divergence dating was based on its capacity
to coalesce complex evolutionary relationships. This tree
served as a reliable backbone for divergence dating analysis
performed using BEAST2 (Bouckaert et al. 2019), which al-
lowed us to estimate divergence times with the incorpor-
ation of fossil calibration points for all 72 taxa included in
our study. The integration of these methods ensured a
comprehensive understanding of Conus evolution, with
each strategy contributing unique strengths to the overall
analysis.

Phylogenetic reconstructions of 67 Conus species (11
molluscivores, 23 piscivores, and 33 vermivores) and 5
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Fig. 1. Reconstruction of Conus evolutionary history, highlighting the different feeding groups and divergence timing analysis. Multilocus-derived
multispecies divergence timing analysis tree to display the taxa analyzed in this study indicating a single evolution of molluscivory. Feeding
groups are highlighted: gray (vermivores), green (piscivores), and orange (molluscivores). Colored circles indicate estimated divergence times
for nodes of interest (see supplementary fig. S4, Supplementary Material online for credibility intervals) obtained with BEAST using species co-
alescent topology generated with ASTRAL-IIl as input tree (see supplementary fig. S3, Supplementary Material online for ASTRAL tree). Values
shown are in millions of years. Support values for all the nodes are found in supplementary fig. S3, Supplementary Material online (see also
supplementary figs. S1and S2, Supplementary Material online). The node corresponding to the ancestor of Tesseliconus and the mollusk-hunting
species was recovered with maximum support. Outgroup refers to Conasprella species (see supplementary figs. S1 and S2, Supplementary
Material online for additional information). Worm and fish-hunting Conus species represented in the picture are: (1) C. tribblei; (2) C. imperialis;
(3) C. pertusus; (4) C. planorbis; (5) C. quercinus; (6) C. musicus; (7) C. geographus; (8) C. dusaveli; (9) C. striatus; (10) C. rolani; (11) C. lynceus;
(12) C. tessulatus. Mollusk hunters are as follows: (1) C. cordigera; (II) C. bandanus; (IIl) C. marmoreus; (IV) C. ammiralis; (V) C. gloriamaris;
(VI) C. textile; (VII) C. crocatus; (VIII) C. omaria; (1X) C. purus; (X) C. furvus; (XI) C. thalassiarchus.

Conasprella species (outgroup), utilizing 86 HKG's derived
from transcriptomic analysis, support a single transition
to molluscivory within Conus (Fig. 1, supplementary figs.
S1 to S4, Supplementary Material online). Divergence
dating analyses revealed that the crown-group Conus
evolved ~25.7 Ma (95% highest posterior density [HPD]:
2235 to 28.02 My) during the late-Oligocene (Fig. 1,
supplementary fig. S4, Supplementary Material online).
Furthermore, a compressed backbone highlights that
most crown groups within Conus originated in the past
20 My. Compared with the other feeding groups, mollusci-
vores are the most recently evolved. The clade of

mollusk-hunting snails diverged from its sister lineage
Tesselliconus, a group of vermivorous cone snails
(Puillandre et al. 2014; Fig. 1) in the Early to Middle
Miocene (~18 Ma; HPD 16.36 to 19.67 My). Within the
clade of molluscivorous snails, the branch leading to
Eugeniconus (represented by Conus cordigera) was recov-
ered as the oldest lineage, diverging from the remaining
mollusk hunters ~15.6 Ma (HPD 14.22 to 17.12 My), while
Darioconus was recovered as the youngest lineage, diver-
ging from Calibanus ~8.8 Ma (HPD 8.03 to 9.75 My;
Fig. 1, supplementary fig. S4, Supplementary Material
online).
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Fig. 2. x-Conopeptide is highly expressed in the venom of C. aulicus and these peptides form a structurally and pharmacologically distinct family
in the T-superfamily of conotoxins. a) HPLC chromatogram showing the absorbance profile at 220 nm of crude C. aulicus venom fractionated on
a preparative C;g column using a linear gradient of 1.3% Bgo/min at a flow rate of 20 mL/min. The fraction marked by the arrow exhibited activity
against hNET, as described in the Results section. b) Analytical HPLC chromatogram profile of the subfractionation of the active component in
(a). The subfractionation was done using a linear gradient of 30% to 50% By for 20 min at a flow rate of 1 mL/min. The active peak is indicated by
the arrow. Note that the hNET active fraction is the major component of this solution. c) Analytical HPLC chromatogram profile showing the
homogeneity of the active fraction in (b). The HPLC experiment was done using the same linear gradient described in (b). The component that
inhibits hNET has the sequence: SVCCGYKLCFOC# (O = hydroxyproline, # = C-terminal amidation). This purified fraction is designated as
¥-Auld. d) Dose-dependent inhibition of hNET by y-Auld. ICs, value of x-Auld against hNET is 2.6 & 0.4 uM. This value is the average from three
experiments done in triplicate. e) Comparison of the cysteine framework between y-conotoxins and canonical T-superfamily peptides.
f) Sequence logo of x-conotoxins. Conservative substitutions in amino acids between Cys 2 and Cys 3 are observed in these peptides. The se-
quences are derived from Mr1.1: C. marmoreus; Bn1.5: C. bandanus; Lg1.1: C. legatus; Tx1.6: C. textile; Af1.3: C. ammiralis; Au1.4: C. aulicus; Pur1.1:

C. purus; Cc1.1: C. crocatus; and Fv1.5: C. furvus.

The evolutionary shift from vermivory to molluscivory
likely entailed genetic and molecular innovations specific-
ally tailored to a novel prey type. We hypothesize that
some of these evolutionary innovations would manifest
as novel conotoxins exclusively expressed by molluscivor-
ous Conus. One such component could be the
x-conotoxins. Currently, no y-conotoxins have been reli-
ably purified or sequenced from other Conus feeding
groups, suggesting that they may be exclusive to mollusci-
vores. x-Conotoxins are the only known conopeptide that
targets a transporter (Sharpe et al. 2001; Espiritu et al.
2023).

Molluscivores Express a Distinct Class of
T-Superfamily Conopeptides

Since y-conotoxins inhibit the human norepinephrine
transporter (hNET), we adapted an assay (Galli et al.
1995) to screen Conus venoms for inhibitory activity
against hNET stably expressed in human embryonic kidney
(HEK 293) cells. Using this assay, we purified a putative
x-conotoxin from Conus aulicus, a species in the
Darioconus clade (Fig. 2a to c). Venom from C. aulicus
was extracted from pooled venom ducts; thus, it is not
clear whether this is for defensive or predatory purpose.

4

N-terminal Edman sequencing resulted in the sequence
SVCCGYKLCFOC-NH, (O: hydroxyproline). This sequence
is similar to y-Mrla (Table 1, supplementary tables S1, S3 to
S5, Supplementary Material online). The synthetic peptide
with a disulfide bridge between Cys 1 and Cys 4 and be-
tween Cys 2 and Cys 3 co-eluted with the native peptide
(supplementary fig. S5, Supplementary Material online)
and inhibited the reuptake of norepinephrine via hNET
(ICso of 2.6+ 0.4 uM; n=3 independent experiments;
Fig. 2d). Evidence from the high-performance liquid chro-
matography (HPLC) experiments (Fig. 2a to c) suggested
that this peptide is a major component of the C. aulicus
venom. We propose to call this peptide y-Auld following
the standard nomenclature for conotoxins (Olivera and
Cruz 2001).

The next question we posed was whether peptides
homologous to y-Auld and y-Mrla could be identified in
the available venom gland transcriptome of snails repre-
senting five clades of molluscivores. Two groups of se-
quences with cysteine patterns CCXXXXCXXC and
CCXXXXCXC were identified. The precursor sequences
coding for these peptides displayed the canonical organ-
ization of conotoxin precursors (supplementary tables S3
and S4, Supplementary Material online), consisting of a
highly conserved signal sequence, a relatively conserved
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Table 1 y-Conotoxins are expressed by all species analyzed, representing five clades of molluscivorous Conus. These peptides define a distinct

pharmacological family in the T-superfamily.

Species Peptide Sequence Subgenus (Clade)

¥-conotoxins C. marmoreus Mr1.1? NGVCCGYKLCHPC-- Conus

C. bandanus Bn1.5 --ACCGYKLCSPC- Conus

C. legatus Lg1.1 -QTCCGYRMCVPCG- Cylinder

C. textile Tx1.6 -QTCCGYRMCVPCG— Cylinder

C. gloriamaris Gm1.2 HACCGFKLCSPCLQ Cylinder

C. ammiralis Af1.3 -QACCGFKMCVPCG- Cylinder

C. aulicus Au1.4® SVCCGYKLCFPCG- Darioconus

C. purus Pur1.1 -STCCGFKMCIPCN- Darioconus

C. crocatus Cc1.1 -~SACCGFKMCNPCG- Darioconus

C. furvus Fv1.5 -TTCCGFKMCVPCGD Calibanus

C. cordigera Cdg1.2 QLCCGYKLCW-C Eugeniconus

¥%-Mrla (Balaji et al. 2000; Mclntosh et al. 2000; Sharpe et al. 2001) and x-Auld were purified from venom. GenBank accession numbers are in supplementary table S2,

Supplementary Material online.
#x-Mrla is encoded by clone Mr1.1.
by-Auld is encoded by clone Au1.4.

propeptide, and a mature peptide region that in most
cases is hypervariable. Sequence alignment with known
T-superfamily conotoxins demonstrates that, like
¥-Mrla, these peptides belong to the T-superfamily
(supplementary table S4, Supplementary Material online).
The mature peptide sequences in supplementary table S1,
Supplementary Material online can be grouped into four
classes. The largest class (Group 1), comprises 11 out of
20 sequences and includes Mr1.1, the clone that encodes
for x-Mrla, and Au1.4, the clone that encodes for y-Auld
(Table 1 and supplementary tables S1, S3, and S4,
Supplementary Material online). Peptides in this group
are designated as y-conotoxins based on: (i) the inclusion
of y-Mrla and -Auld, the hNET inhibitors and (ii) conser-
vative substitutions of amino acids between Cys2 and Cys3
were shown to maintain inhibitory activity against hNET,
albeit changing the potency of the peptide against the
transporter (Brust et al. 2009; Espiritu et al. 2023).
GenBank accession numbers of these peptides are given
in supplementary table S2, Supplementary Material online.

The y-conotoxins are highly expressed in the
mRNA transcript of all clades of molluscivorous Conus
that we analyzed (Table 1, supplementary table S5,
Supplementary Material online). These peptides have se-
quences with conservative substitutions in the first
loop between Cys2 and Cys3 (consensus sequence: —
Cys2-G(Y/F)(R/K)(L/I/M)-Cys3; Fig. 2f). The second loop
has two amino acids and a conserved proline residue
preceding Cys4 except for Cdg1.2 in which tryptophan is
the only amino acid in the second loop. Figure 2e illus-
trates how the cysteine pattern of y-conotoxins as
well as the other peptides in supplementary table S1,
Supplementary Material online diverge from the canonical
T-superfamily conotoxin cysteine pattern (Balaji et al.
2000; Gupta et al. 2010). We propose that the division of
the T-superfamily, to which these peptides belong, be
called the 2-loop T conotoxins (2-loop T’s) in contrast to
the single intercysteine loop (Framework V) in the “stand-
ard” T-conotoxins (Walker et al. 1999; Terlau and Olivera
2004; Robinson and Norton 2014).

To investigate the evolutionary relationship of
y-conotoxins within the larger T-superfamily of conotox-
ins, we extracted T-superfamily sequences from a recent
publication (Koch et al. 2024), which include toxins from
42 phylogenetically diverse cone snails with different diet-
ary preferences. This dataset was procured by carefully re-
mapping the raw reads back to the assembled transcripts.
This process ensures that: (i) “hidden” isoforms that are
easily filtered out by assembly programs, such as Trinity,
are recaptured, and (ii) assemblies with limited support
are removed. We performed a CLANS clustering analysis,
which we have previously shown, can resolve the evolution
of contoxins (Koch et al. 2022; Hackney et al. 2023). Briefly,
this clustering approach used all-against-all blastp P-values
as attractive forces in a uniformly repulsive field, which will
cause sequences of high similarity to attract one another
and form clusters. We found that the 2-loop
T-conotoxins and its subgroup the y-conotoxins are exclu-
sively found in molluscivores and belong to a single lineage
(Fig. 3). These toxins belong to a distinct subgroup in the
T-superfamily conotoxins from vermivores, piscivores, and
molluscivores. A maximum likelihood gene tree of the se-
quences belonging to this subgroup further supports a sin-
gle origin of x-conotoxins and demonstrates that
y-conotoxins evolved in molluscivores (supplementary
fig. S6, Supplementary Material online). The adaptive
branch-site method aBSREL (Smith et al. 2015) found no
evidence of episodic diversifying evolution on the branch
leading to the 2-loop T/y¢-conotoxins.

Effects of y-Conotoxins in Mollusks

y-Conotoxins are expressed in all clades of molluscivorous
cone snails that we analyzed. Further, our transcriptomic
analysis failed to identify y-conotoxins outside of the
molluscivorous clades (Fig. 3, supplementary fig. S6,
Supplementary Material online). These data suggest that
X-conotoxins serve an important role in the hunting for
mollusks and may alter prey behavior to facilitate prey
capture.
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Fig. 3. BLOSUMG62 CLANS cluster map of y-conotoxins and other T-superfamily toxins. Colored circles represent individual toxin precursor se-
quences, and the connecting edges show the blastp P-values above 1e—20 between the connected circles. The circles are color coded according
to prey preferences (gray: vermivores, green: piscivores, orange: molluscivores). The y-conotoxins (represented by a blue prism) are all part of a

lineage of 2-loop Ts, which are exclusively found in molluscivores.

To test this, we injected ¥-Auld into the model organ-
ism Aplysia californica, a gastropod mollusk whose behav-
ior has been well characterized (Mackey and Carew 1983;
Leonard and Lukowiak 1986). Injection of 10 nmol y-Auld
resulted in increased locomotion compared with the con-
trol (Fig. 4a, ¢, and d). Distinctive symptoms occurred
~5 min postinjection (see Fig. 4d); the animals failed to
gain traction while locomoting as evidenced by the inabil-
ity of parts of the foot to stick to the tank walls. This symp-
tomatology progressed to a point where the entire foot
was detached from the tank wall, and the animal fell.
Impaired locomotion was coupled with random hyper-
active movement without any clear direction. This behav-
ioral effect is dose-dependent as 1 nmol of y-Auld neither
resulted in increased locomotion nor behavioral pheno-
type significantly different from the control, within the
15-min observation period (supplementary fig. S7,
Supplementary Material online).

Our data and previously published works (Sharpe et al.
2007; Espiritu et al. 2023) demonstrate that y-conotoxins
inhibit hNET. The prey of molluscivorous cone snails, how-
ever, does not appear to functionally express NET or the
related octopamine transporter (Adamo 2008). A BLAST
search using the hNET against the A. californica genome
showed that the closest matches are the A. californica sero-
tonin transporter (aSERT) and a sequence predicted to be
a norepinephrine transporter (aNET). SERT and NET are
closely related and belong to the same branch of the solute
carrier 6 family of Na"/Cl™ dependent transporters (Broer
and Gether 2012). It was shown that Leu469 in hNET is im-
portant for x-Mrla activity and substituting this with Phe
from an equivalent position in the human dopamine

6

transporter severely reduces activity in the L469F mutant
(Paczkowski et al. 2007). Sequence alignment of hNET
with aSERT and with the putative aNET showed that lle oc-
cupies the position equivalent to L469 in aSERT, and the
same position is occupied by Phe in the putative aNET
(supplementary fig. S8, Supplementary Material online).
The conservative substitution of Leu469 in hNET with lle
in aSERT suggests a possibility that y-conotoxins may inhibit
aSERT.

SERT is the major mechanism terminating serotonergic
neurotransmission by the reuptake of serotonin back to
the presynaptic terminal (Blakely et al. 1991). Blocking
the transporter results in increased synaptic serotonin
(5-HT) leading to a prolonged activation of post-synaptic
receptors. If y-conotoxins perturb serotonergic neuro-
transmission presumably by inhibiting aSERT, then a hy-
perlocomotive phenotype could also result from a
transient spike in serotonin resulting from the injection
of the neurotransmitter into A. californica. Injection of
0.01 nmol serotonin resulted in an immediate hyperloco-
motive phenotype (Fig. 4a, b, and d). Although A. californica
became hyperlocomotive, there is a notable inability of
the animal’s foot to completely stick to the tank wall, re-
sulting in impaired locomotion—a behavior similar to
¥-Auld injection into A. californica. A 0.001 nmol injection
of serotonin and a 0.01 nmol injection of octopamine did
not result in behavior significantly different from the saline-
injected control (supplementary fig. S7, Supplementary
Material online).

Interestingly, behavior similar to that of A. californica
upon injection with y-Auld was observed when Conus
bandanus envenomated a prey snail. Conus bandanus is
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Fig. 4. Behavioral phenotype after injecting x-Auld into A. californica and images of C. bandanus envenomation progression. Video traces of the
Aplysia body position showing the path traveled over a 15 min period after injection with: a) saline control, b) 0.01 nmol serotonin (5-HT), and c)
10 nmol y-Auld. d) Quantification of the distance traveled (in number of pixels). The bar for each treatment (n = 3, open circles) represents the
distance traveled over a 5 min period (see inset). The P-values are: x-Auld (0 to 5 min, P =0.0067; 5 to 10 min, P = 0.0459; 10 to 15 min, P =
5.7E-5), 5-HT (0 to 5 min, P =0.006; 5 to 10 min, P =0.02; 10 to 15 min, P = 0.084). Error bars represent standard deviation. e) to g) series of
photographs showing events of C. bandanus envenomation of a prey snail. €) Conus bandanus envenomates prey. f) Prey tries to withdraw
into the shell (note the operculum almost sealing off the shell). g) Minutes later, the prey emerges straight into the rostrum (false mouth)

of C. bandanus.

one of the molluscivores that expresses transcripts for
y-conotoxin (Table 1, supplementary tables S1, S3, and
S5, Supplementary Material online). Upon envenomation,
the prey appeared to withdraw into the shell; however, it
did not remain inside for long. The prey snail came out
of its shell and exhibited disorganized squirming and
twitching. This behavior continued to a point where the
foot was extended out of the shell in a presumed attempt
to crawl. Unfortunately, for the prey, the foot went straight
into the mouth of C. bandanus (Fig. 4e to g, supplementary
video S1, Supplementary Material online). In a separate
C. bandanus envenomation event, two different prey species
were able to escape the initial strike, both appeared to be-
come hyperlocomotive but were repeatedly falling from
the tank walls; behaviors that are very similar to that of
A. californica when injected with y-Auld (supplementary
videos S2 and S3, Supplementary Material online).

Discussion

The phylogenetic reconstruction presented in this study
aligns well with previous Conus phylogenies (Abalde
et al. 2019; Lee and Park 2022). Our species tree analysis,

expanding on molluscivores, confirms the monophyly of
molluscivory in Conus, consistent with prior studies
(Espiritu et al. 2001; Puillandre et al. 2014; Uribe et al.
2017; Abalde et al. 2019; Lee and Park 2022; Koch et al.
2024). However, our study provides enhanced resolution
within this clade, particularly in pinpointing the diver-
gence timing and evolutionary transitions specific to mol-
luscivory. By incorporating novel transcriptomic data, our
study sheds light on genetic adaptations, such as the emer-
gence of y-conotoxins, that were not the primary focus of
earlier reconstructions. While previous studies have pro-
vided a broad understanding of Conus evolution, our de-
tailed approach offers a deeper exploration of the
genetic innovations associated with the molluscivorous
lineage, highlighting the evolutionary processes that have
shaped this unique group within Conus. Here, we show
that the genus Conus underwent rapid diversification in
the Miocene and the lineage of molluscivorous Conus first
appeared in this geologic epoch.

The Miocene was a crucial time for the diversification of
the Indo-Pacific lineages of cone snails. Of the three major
dietary groups in Conus (vermivores, piscivores, and mol-
luscivores), molluscivores are the least diverse group,
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constituting <10% of all known Conus species (Puillandre
et al. 2014). As shown here, molluscivory evolved once in
Conus ~18 Ma in the Early Miocene. The Early Miocene
is characterized by major tectonic and oceanic events.
The Indian subcontinent had pushed far into Eurasia up-
lifting the Tibetan plateau, while the Tethys Seaway linking
the Atlantic and the Indian Oceans was increasingly re-
stricted (Bradshaw 2021). The tectonic collision of the
Australian plate with SE Eurasia (~20 to 25 Ma) led to
an increase in coral-carbonate platforms (Williams and
Duda 2008). Together, the narrowing of the Tethys
Seaway and the collision of the Australian plate with SE
Eurasia are probably linked to an increase in habitat com-
plexity and availability, factors that might have contribu-
ted to Conus diversification (Williams and Duda 2008).
Our analyses corroborate an Oligocene—Miocene burst
of diversification for the cone snails, with several Conus
lineages originating during that time (see Fig. 1 and
supplementary fig. S4, Supplementary Material online). It
is possible that a transition from vermivory to molluscivory
was facilitated once new niches became available in re-
sponse to geological events that occurred during the
Early Miocene. Such a prey shift likely involved modifica-
tion and repurposing of the arsenal of venom peptides
from the ancestral state (presumably adapted to poly-
chaete worm prey) to effectively target a new prey type.
In principle, this process explains the observations that
are documented above for the y-conotoxins.

The T-superfamily is generally expressed across the en-
tire genus Conus (Walker et al. 1999), but the subset of
¥-conotoxins appears to be predominantly expressed in
the molluscivorous lineage. This suggests that the switch
to a molluscivorous diet was accompanied by molecular
evolution in the T-superfamily giving rise to the
y-conotoxins. x-Conotoxins are among the most highly ex-
pressed gene products in the venom gland transcriptome
of C. aulicus. The high expression level of the x-Auld tran-
script in the C. aulicus transcriptome corresponds with
high abundance in the venom, as y-Auld appears as a ma-
jor peak in the HPLC fractionation of the crude C. aulicus
venom. The high transcript expression levels and peptide
abundance are consistent with these peptides playing an
important role in predation. Injection of x-Auld into A. ca-
lifornica provides support for this assertion. A 10 nmol in-
jection of x-Auld induced impaired movement manifested
by the inability to locomote, escape, and adhere to the
substrate. y-Auld resulted in a dramatic, uncoordinated
hyperactivity with the snail constantly climbing the walls
of the aquarium but quickly falling off. The observed beha-
viors in A. californica suggest a role for y-conotoxins in ad-
dressing common challenges faced by molluscivorous
Conus.

When gastropods face physiological challenges, mollus-
civorous predators encounter a dilemma: their prey’s reac-
tion is to retreat deeply into their sturdy shells for
protection. Most successful specialized predators of gas-
tropods have evolved mechanisms for drilling a hole or
breaking the shell. Our results show that molluscivorous
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Conus has evolved a pharmacological agent that prevents
prey from withdrawing deep into their shells. The uncoor-
dinated hyperactivity induced by y-Auld could lead enve-
nomated prey to ultimately emerge from the shell,
completely defenseless. Observations of molluscivorous
cone snails maintained in laboratory aquaria showed
that these predators envenomate their prey multiple
times. Thus, a hyperactive snail with impaired locomotion
is vulnerable to further envenomation attacks, allow-
ing the predatory Conus to deliver more venom,
effectively subduing their prey. A video of C. bandanus
(supplementary video S1, Supplementary Material online),
a molluscivorous Conus from which we have identified a
¥-conotoxin in its transcriptome, shows that minutes after
envenomation, the prey snail emerges from within the
shell, allowing the C. bandanus to engulf the prey, ultim-
ately extracting all the soft tissue. Since the same problem
is faced by any cone snail that specializes in gastropods as
prey, the original shift to molluscivory may have been ac-
companied by strong selection for the evolution within the
T-superfamily of y-conotoxin bioactivity. There would also
be selective pressure to retain expression of a y-conotoxin
in venom as the different lineages of molluscivorous cone
snails diverged from the original ancestral molluscivore.
We postulate that the ancestral species that gave rise to
molluscivory had a y-conotoxin-like component in its ve-
nom that was very similar in structure and sequence fea-
tures to the y-conotoxins presented here. This ancestral
peptide could serve either predatory or defensive func-
tions since the predator and prey of mollusk-hunting snails
are primarily other mollusks. Once this branch of the
T-superfamily was established, opportunities to repurpose
the basic structural motif of y-conotoxins for other func-
tional purposes may have occurred, as can be seen in the
Groups 2 to 4 peptides shown in supplementary table
S1, Supplementary Material online.

Although we did not find y-conotoxin transcripts outside
of the molluscivores and provided evidence that this peptide
family evolved in mollusk hunters, other groups have re-
ported y-conotoxins from the fish-hunting Conus magus
(Pardos-Blas et al. 2019) and Conus striatus (cDNA sequence;
Wu et al. 2013) and the worm-hunting Conus ebraeus
(Pardos-Blas et al. 2022). However, a recent work (Koch
et al. 2024) failed to identify y-conotoxin transcripts
outside the mollusk-hunting group. Consistent with this,
our analyses of T-superfamily transcripts, including those
from C. magus, C. striatus, and C. ebraeus showed that
y-conotoxins are expressed only in the molluscivorous
group. Moreover, a maximum likelihood gene tree of the se-
quences belonging to the T-superfamily further supports a
single origin of x-conotoxins and demonstrates that
y-conotoxins evolved in molluscivores. In support of these,
¥-conotoxins were not found in the C. ebraeus (894.86
tpm in one specimen; Pardos-Blas et al. 2022) and C. magus
milked predatory venom (Rogalski et al. 2023) proteomes,
whereas this work and others showed y-conotoxins are ex-
pressed in the venom of molluscivorous Conus (Balaji et al.
2000; Mclntosh et al. 2000; Sharpe et al. 2001; Gupta et al.
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2010; Dutertre et al. 2013, 2014; Abalde et al. 2021; Espiritu
et al. 2023; Ratibou et al. 2024). In contrast to the very
high expression of y-conotoxins in molluscivores, these
peptides are expressed at very low tpm values in
nonmollusk-hunting snails except for one specimen of
C. ebraeus (see supplementary table S5, Supplementary
Material online). Different specimens of the same species
in the nonmollusk-hunting snails express different
¥-conotoxin transcripts, whereas different specimens of the
same species in molluscivores, if available, express the same
¥-conotoxins (see supplementary table S5, Supplementary
Material online). Based on these observations, it is likely
that y-conotoxins identified in nonmollusk-hunting snails
originate from exogenous sources. The evidence, we present
here, indicates a single origin of y-conotoxins and the broad-
er 2-loop T-conotoxins in molluscivorous Conus. Additional
support for this could be obtained from a synteny-based
analysis which may be possible once genomes from mollus-
civorous Conus are available.

Previous work has shown that shifts in prey preference are
the main determinants of venom composition in cone snails
(Koch et al. 2024). Principal component analysis of conotoxin
transcripts from 42 Conus species representing all feeding
groups showed clear separation of each group (Koch et al.
2024). Thus, each feeding group appears to have a distinct
repertoire of peptides in their venom tailored specifically to
perturb behavioral circuits in their prey. The evidence we pro-
vide here supports the idea that y-conotoxins and the larger
2-loop T-conotoxins are exclusively expressed in mollusci-
vores and have evolved specifically within this group. The ef-
fects of y-conotoxins on the behavior of the mollusk A.
californica that we present here offer a possible rationale for
the exclusive expression of this toxin among the mollusivores.
However, it cannot be ruled out that venom components
from worm or fish-hunting snails might induce the same ef-
fect and target the same circuit in A. californica as the
¥-conotoxins. In the wild, however, this is very unlikely to be
observed since these snails are specialist hunters of worms
or fish (Kohn 1959; Rockel et al. 1995; Terlau and Olivera
2004).

In this paper, we report a possible role of y-conotoxins
in the prey capture of mollusk-hunting cone snails.
Previous work reported that x-Mrla from Conus marmoreus
serves predatory functions (Dutertre et al. 2013), while
another publication showed that the peptide is a compo-
nent of the defensive venom cocktail used by the snail to
deter predators (Dutertre et al. 2014). It should be noted
that the defensive venom was induced immediately after
the first predatory strike; however, mollusk-hunting cone
snails envenomate prey multiple times. Thus, an alterna-
tive interpretation of the data is that the venom released
in the putative defensive stinging incident following the
initial predatory strike is a part of a series of predatory
venom injections—the endpoint of which is to take
down prey. Since both the predator and prey of mollusci-
vorous Conus are typically other mollusks, the distinction
between defensive and predatory venom components be-
comes unclear. For mollusk-hunting cone snails, venom

components, such as the y-conotoxins, can serve both
predatory and defensive purposes (Abalde et al. 20271;
Ratibou et al. 2024).

Here, we show that y-conotoxins affect locomotion in
Aplysia californica. A. californica locomotion is under the
control of the neurotransmitter serotonin (Mackey and
Carew 1983; Marinesco et al. 2004; Gillette 2006;
Aonuma et al. 2020). A BLAST search using the human
NET sequence against the A. californica genome showed
that one of the closest matches is the A. californica sero-
tonin transporter (aSERT). Importantly, sequence align-
ment showed that Leu469 in hNET which was shown
to be important for y-Mrla activity (Paczkowski et al.
2007) is substituted by lle in an equivalent position
in aSERT (see supplementary fig. S8, Supplementary
Material online). This conservative substitution likely
maintains y-conotoxin activity against aSERT. SERT is the
major mechanism that terminates serotonergic signaling
via the reuptake of serotonin back into the post-synaptic
terminal (Blakely et al. 1991). Serotonin injection produced
phenotypes similar to that of y-Auld, while the same
amount of octopamine, a molluscan neutrotransmitter,
structurally similar to norepinephrine, did not alter A. ca-
lifornica behavior significantly different from control (see
supplementary fig. S7, Supplementary Material online), re-
sults consistent with previously published work (Mackey and
Carew 1983). The similarity of behavioral effects from both
¥-Auld and serotonin indicates that these compounds affect
the same circuit in A. californica. Thus, our data suggest that
¥-conotoxins affect serotonergic circuits, likely via inhibition
of aSERT. This can be rationalized from the temporal differ-
ences in the onset of effects between y-Auld and serotonin.
Since x-Auld inhibits aSERT, time is required for the neuro-
transmitter to reach an effective concentration to act on
postsynaptic receptors and produce the behavior observed,
whereas the same concentration is reached faster from sero-
tonin injection. Thus, the onset of behavioral phenotype is
observed within 1 min of serotonin injection, while x-Auld
induces behavioral effects ~5 min postinjection (see
Fig. 4d).

From the data presented here, we conclude that
¥-conotoxin is one of the biochemical innovations of mollus-
civorous cone snails adapted to address biological problems
unique to mollusk hunting. Since the major predators of these
snails are other mollusks, these peptides can easily be adapted
for defense. We propose that y-conotoxin-induced uncoordin-
ated hyperactivity solves the biological problem posed by the
shell. Hyperactive snails consistently emerge from their shells,
allowing the predator to engulf their prey or deliver more ve-
nom, as shown here when C. bandanus envenomated its prey.
Impaired locomotion resulting from the activity of the peptide
prevents escape which gives an additional advantage to the
molluscivorous Conus. Although x-conotoxin is sufficient to
phenocopy the observed behavior in prey upon envenom-
ation, it is highly possible that other components in venom
could target a different component of the locomotory circuit
in prey producing the same phenotype as the y-conotoxins. In
combination, the activity of these peptides might lead to a
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faster onset of symptoms, resulting in a more successful preda-
tion attempt. The synergistic activity of different conotoxins to
induce rapid immobilization of prey has been postulated for
piscivorous snails (Olivera 1997). The data presented here
highlights the usefulness of Conus as a model for understand-
ing how ecological pressure and the corresponding genetic
and molecular adaptations allow species to diversify and col-
onize novel ecological niches.

Materials and Methods

Transcriptome Analysis

Sequences from transcriptome libraries of molluscivorous
cone snails identified as potential T-superfamily conotoxin
sequences were scrutinized for the characteristic organiza-
tion of conopeptide precursors: a highly conserved
N-terminal signal sequence, followed by a more variable
propeptide region, and a hypervariable mature peptide re-
gion at the C-terminus sharing the typical arrangement of
Cys residues (Frameworks | and V) associated with -
and T-conotoxins, respectively. Toxin sequences were
aligned using MacVector 17.0 sequence analysis software
(MacVector, Inc, Apex, NC, USA) and refined by eye. The se-
quences described in this publication have been deposited
into GenBank (supplementary table S2, Supplementary
Material online).

Venom gland transcriptomes were generated, as
previously described (Li et al. 2018). Briefly, adapter clip-
ping and quality trimming of raw reads were performed
using fqtrim software (version 0.9.4, http://ccb.jhu.
edu/software/fqtrim/) and PRINSEQ (version 0.20.4;
Schmieder and Edwards 2011). After processing, sequences
<70 bp and those containing >5% ambiguous bases (Ns)
were discarded. De novo transcriptome assembly was per-
formed using Trinity Version 2.0.5 (Altschul et al. 1990;
Grabherr et al. 2011) with a k-mer size for building De
Bruijn Graphs of 31, a minimum k-mer coverage of 10,
and a minimum glue of 10. Assembled transcripts were an-
notated using Blastx (NCBI-Blast-2.2.28+; Altschul et al.
1990) against an in-house database compiled from
ConoServer (Kaas et al. 2008) and UniProtKB/Swiss-Prot
(RRID:SCR_004426; UniProt Consortium 2015) protein se-
quence databases. Common genes that were shared be-
tween all datasets were identified using the blast identities
(e<10™%) of assembled contigs. See supplementary figs.
S1to S3, Supplementary Material online, for the species ana-
lyzed for HKG transcript expression.

Phylogenetic Analyses

We aligned each locus (available online) using the program
MAFFT v7.130b (Katoh and Standley 2013) with optimized
parameters for each gene. We then trimmed poorly aligned
regions and gap-only columns using the program GBlocks
v.0.91b (Talavera and Castresana 2007), with reduced strin-
gency parameters (b1:0.5, b2:0.5, b3:12, b4:7). We then conca-
tenated all loci into a supermatrix and inferred a preliminary
tree using IQ-Tree v2.1.3 (Minh et al. 2020) and carried out
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multiple phylogenetic reconstructions to explore the effects
of data partitioning. We examined two different partitioning
schemes: unpartitioned and partitioned by locus. For both
schemes, we inferred phylogenetic relationships of Conus
species with 1Q-Tree v2.1.3 (Minh et al. 2020), and assessed
branch support by performing 2,000 replicates of the ultra-
fast bootstrap approximation (UFB; Hoang et al. 2018) and
2,000 replicates of the branch-based, SH-like approximate
likelihood ratio test (Guindon et al. 2010). For the unparti-
tioned dataset, we analyzed the supermatrix with GTR + G
as the model of nucleotide evolution. For the partitioning
by locus, we partitioned the supermatrix by locus and used
the partition file to run ModelFinder2 (Kalyaanamoorthy
et al. 2017) within 1Q-Tree v2.1.3. For the ModelFinder2 ana-
lysis, we used the AlICc model selection criterion. Using the
partitioning scheme, we inferred phylogenetic relationships
by selecting the “—-p” option for partitioning and the best
model of sequence evolution recovered by ModelFinder2
for each locus, and assessed branch support by performing
2,000 UFB replicates.

We quantified genealogical concordance in our top-
ology for the partitioned by locus analysis with the coales-
cent program ASTRAL-IIl (Zhang et al. 2018) to account
for gene tree discordance arising from independent lineage
sorting while inferring a species tree. For the ASTRAL-III
analyses, we first estimated individual gene trees with
IQ-Tree, using model selection for each locus and 2,000
UFB replicates. We then combined all output trees into
a single file, collapsed all nodes with <30% UFB support
using Newick Utilities (Junier and Zdobnov 2010), and es-
timated the species tree using ASTRAL-IIl (Zhang et al.
2018). Support was assessed using the default local poster-
ior probability. A list of HKGs and files used for phylogen-
etic analysis can be found in figshare (https://doi.org/10.
6084/m9.figshare.26875987.v1).

Divergence Dating

We inferred a dated time tree for Conus and its species using
BEAST2 v2.6.3 (Bouckaert et al. 2019). We selected two sec-
ondary calibrations obtained from Abalde et al. (Abalde et al.
2019) to calibrate the analyses: the crown group divergence
age of Conidae (mean set to 62 Ma, 95% confidence interval
set to 3.0 Ma) to calibrate the root (normal calibration), and
Conasprella, sister taxon to Conus (mean set to 44.25 Ma, 95%
confidence interval set to 5.4 Ma) as an additional calibration
(normal calibration). For our BEAST2 runs, we used the com-
plete dataset of 86 loci. For the input tree, we constrained the
topology following our ASTRAL-Ill output, rooted on
Conasprella. We then transformed the input tree to ultra-
metric with chronos in the R package “ape” (Paradis et al.
2004), a function that estimates the node ages of a tree using
a semi-parametric method based on penalized likelihood
(Sanderson 2002). The ultrametric tree was used for our sub-
sequent analysis. The BEAST2 analyses were run on a single
supermatrix without partitioning. We selected the HKY
model of sequence evolution, with estimated frequencies
and a strict clock model. We used a Yule model for the
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tree prior and turned off all tree topology search parameters.
For each run, we set the chain length to 30 million genera-
tions, the sampling density to every 10,000 generations,
and burn-in at 10%. We performed a total of three independ-
ent runs and assessed convergence across runs and param-
eter ESS values (>200) using the program Tracer v1.7
(Rambaut et al. 2018). Chronograms were summarized using
the program TreeAnnotator v2.6.3 (Bouckaert et al. 2019).
BEAST files are available through figshare (https://doi.org/
10.6084/m9.figshare.26875984.v1).

Clustering Analysis

We extracted T-superfamily toxin precursor sequences
from a recent paper (Koch et al. 2024) of 42 phylogenetic-
ally diverse cone snails with different prey preferences. We
appended the y-conotoxins described here that were not
already present in the file. Using these sequences, we did
CLANS clustering. This method calculates all-against-all
blast P-values using the BLOSUM62 matrix and uses the
negative log of these values as attractive forces in a uni-
formly repulsive field. This will cause sequences with
high similarity to cluster together. We used a blast
P-value cutoff at 1e—20, which identified a smaller cluster
that contains the y-conotoxins. Sequences used for the
analysis is available through figshare (https://doi.org/10.
6084/m9.figshare.26876092.v1).

Phylogenetic and Selection Analysis of T-Superfamily
Conotoxins

Using the sequences from the y-conotoxin containing
cluster identified earlier, we performed a maximum likeli-
hood gene tree reconstruction. The sequences were
aligned using mafft v7.525 (Katoh and Standley 2013)
using linsi settings. Using the PAL2NAL program
(Suyama et al. 2006), we obtained a corresponding nucleo-
tide alignment. The tree was generated using |Q-tree
v2.2.2.3 (Minh et al. 2020) with seed 837,022 and the
GTR + | + Gmodel of nucleotide evolution based on the
built-in model selection module. The UF-boot was used
with 1,000 replicates. A web version of aBSREL (https://
datamonkey.org/absrel; Smith et al. 2015) was used to de-
termine whether a proportion of sites evolved under posi-
tive selection. The nucleotide alignment used for the gene
tree was uploaded to figshare (https://doi.org/10.6084/m9.
figshare.26876092.v1).

Extraction and Fractionation of Crude Venom

Lyophilized venom (550 mg) from C. aulicus collected in
the Philippines was extracted with 40 mL of an aqueous
solution containing 40% acetonitrile (ACN) and 0.1% tri-
fluoroacetic acid (TFA). The suspension was vortexed for
1 min and homogenized in a 50 mL glass-teflon homogen-
izer. The homogenate was vortexed for 10 s and centri-
fuged at 15,000 g for 10 min. The supernatant was
diluted with a solution containing 0.1% TFA and applied
on a Vydac preparative reversed-phase C;g HPLC column
(22 X 250 mm, 10 to 15 pm, 300 A). The components of

the venom were eluted using a linear gradient of buffers
consisting of 0.1% TFA in water (Buffer A) and 0.1% TFA
in 90% aqueous ACN (Buffer Bgy). The elution gradient
was 1.3% Bgo/min at a flow rate of 20 mL/min. The absorb-
ance of the eluent was monitored at 220 and 280 nm.

Purification of Conotoxins From C. aulicus

Peptides from C. aulicus were further purified from the
corresponding fractions by analytical reversed-phase
HPLC using a Vydac C;3 monomeric column (4.6 X
250 mm, 5 pum, 300 A). Elution of the components of the
hNET-inhibiting fraction from the C. aulicus venom was
done using a linear gradient of 30% to 50% buffer By, for
20 min at a flow rate of 1 mL/min. The homogeneity of
the fractions was verified by analytical HPLC using the
same elution profile previously described.

Reduction and Alkylation of the Purified Peptides
For sequencing, the purified peptide from C. aulicus that
showed inhibitory activity against the hNET was reduced
using 1,4-dithiothreitol (DTT) and alkylated using 4-vinyl-
pyridine (4-VP). The pH of the solution containing the
peptide was buffered to pH 8 using 0.5 M Tris base.
Disulfide bonds were reduced with 10 mM DTT at 65 °C
for 30 min. After 30 min, 0.8 uL of pure 4-VP was added
to the solution containing the reduced peptide. The alkyl-
ation of the reduced peptide was performed in the dark at
room temperature for 30 min. The reduced and alkylated
peptide was purified from the reaction using an analytical
reversed-phase HPLC column (5pm, 4.6 X250 mm,
300 A)

Peptide Sequencing

Approximately 70 pmol of the alkylated peptide was se-
quenced by Edman degradation at the DNA/peptide core fa-
cility, University of Utah. The 3-phenyl-2-thiohydantoin
amino acid derivatives were identified by HPLC.

Mass Spectrometry

Matrix-assisted laser desorption ionization (MALDI) mass
analysis was performed using the Applied Biosystems
Voyager System 4,271 on reflector mode. The instrument
was scanned over the m/z range between 0.7 and 3 kDa
in positive ionization and in reflectron mode.

Peptide Synthesis

The peptide x-Auld was synthesized with an Apex 396-
automated peptide synthesizer using a standard solid-phase
Fmoc (9-fluorenylmethyloxycarbonyl) protocol. y-Auld was
synthesized on Fmoc-L-Cys(Acm)-Wang resin (substitution:
0.55 mmolg-1). All standard amino acids were purchased
from AAPPTec and N-a-Fmoc-(O-tBu)-L-trans-4-hydroxy-
proline from NovaBiochem. Side-chain protection for the
following amino acids was: Asp and Hyp: O-tert-butyl
(O-tBu); Arg:  22,4,6,7-pentamethyldihydrobenzofuran-5-
sulfonyl; Lys: tert-butyloxycarbonyl; Ser, Tyr, and Thr:
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tert-butyl (tBu); His: trityl (Trt). In order to control oxidative
folding of the cysteines, orthogonal protection was used: one
pair of Cys (Cys 1 and Cys 4) was Trt protected; the second
pair (Cys 2 and Cys 3) was protected with acetamidomethyl
group. Peptides were synthesized on 50 umol scale.
Coupling activation was achieved with one equivalent
of 0.4 M benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate and two equivalents of 2 M N,
N-diisopropylethyl amine in N-methyl-2-pyrrolidone
(NMP) and 10-fold excess of amino acid. Each coupling
reaction was conducted for 60 min. Fmoc deprotection
reaction was carried out for 20 min with 20% piperidine
in DMF.

Oxidative Folding of the Linear Peptides

The linear peptide was cleaved from 25 to 50 mg of resin
using 1 mL reagent K (11.0 M TFA, 3.0 M 1,2-ethanedithiol,
40 M thioanisole, and 5.0 M phenol) and precipitated
using ice-cold methyl tert-butyl ether (MTBE). After the re-
moval of MTBE, the precipitate was resuspended in Buffer
A (0.1% TFA) and purified using a Vydac C;5 semiprepara-
tive reversed-phase column (5 um, 10 X 250 mm, 300 A)
and using a linear gradient of 15% to 50% By, for 35 min
and a flow rate of 4 mL/min. Peptide folding was achieved
in two steps. The first disulfide bridge was formed by incu-
bating the linear peptide in a solution containing 1.0 mM
oxidized glutathione, 2.0 MM reduced glutathione,
100 mM Tris (pH =7.5) and 0.1 mM ethylenediaminete-
traacetic acid for 2 h. The folded peptide was separated
from the solution using a reversed-phase Vydac C,;g semi-
preparative HPLC column (see column details and HPLC
gradient above). The formation of the second disulfide
bridge was achieved by incubating the peptide for
10 min in a solution containing 24% ACN (v/v), 380 mM
TFA and 5 mM I,. The folded peptide was purified to at
least 95% purity in the same manner as described above.
The identity of the folded peptide was confirmed by
mass spectrometry and co-elution with the native peptide
isolated from venom. Briefly, a solution containing both
native and synthetic peptides was loaded into a Vydac ana-
lytical HPLC column and eluted using the solvent gradient
described above for the purification of the synthetic pep-
tide, except that the flow rate was at 1 mL/min for analyt-
ical HPLC. Solutions containing either the native or
synthetic peptides were also injected into an HPLC column
and eluted in the same manner described previously.
Retention times from the three HPLC runs were compared.
Similarity in the retention times and, most importantly, a
single HPLC peak resulting from the elution of the solution
containing both the native and synthetic peptides are indi-
cators of the successful folding of the synthetic peptide.

Cell Culture

Human embryonic kidney cells stably expressing the hNET
(HEK293-hNET), a gift from the Blakely Lab (Vanderbilt
University), were grown in Dulbecco’s modified Eagle’s me-
dium containing 10% (v/v) FBS, 100 units/mL penicillin,
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100 pg/mL streptomycin, 2 mM L-glutamine and 250 pig/mL
G418 at 37°C and 5% CO, in a humidity controlled
incubator.

Norepinephrine Uptake Assay

The norepinephrine uptake assay followed the protocol
described previously (Galli et al. 1995). HEK293-hNET cells
were plated at a density of ~50,000 cells/well on amine
coated 96-well tissue culture plates 1 d before the
experiment. On the day of the experiment, the medium
was aspirated and the cells washed once with Krebs-
Ringer’s-HEPES (KRH) buffer (130 mM NaCl, 1.3 mM KC|,
2.2 mM CaCl,, 1.2 mM MgSO,, 1.2 mM KH,PO, 10 mM
HEPES, 1.8 g/L dextrose, pH 7.4). The cells were preincu-
bated with the conotoxins for 10 min at 37 °C in KRH buf-
fer supplemented with 100 mM i-ascorbate, 100 mM
pargyline, and 10 mM U-0521(catechol O-methyl transfer-
ase inhibitor). The uptake assay was initiated by the add-
ition of norepinephrine, Levo-[ring—2,5,6-3H] to a final
concentration of 50 nM. The uptake assay was performed
at 37 °C for 15 min and terminated by rapid aspiration of
the uptake buffer followed by 2 washes with 200 pL ice-
cold KRH buffer. The cells were then lysed with 100 pL
of a 10% SDS solution at room temperature with gentle
shaking for 60 min. Accumulated radioactivity in the
50 pL of the lysate was measured using liquid scintilla-
tion spectrometry. The remaining 50 pL of the lysate
was used to measure protein concentration using the
DC protein assay kit (Bio-Rad), following the manufac-
turer’s protocol. A parallel experiment was performed
in the presence of 1.0 UM desipramine to account for
nonspecific uptake.

Aplysia californica Bioassay

Juvenile A. californica (1 to 20 g) was purchased from the
National Resource for Aplysia, University of Miami. Snails
were acclimated to the testing conditions for at least 1 d
prior to the experiment. Peptides were resuspended in
sterile normal saline solution (NSS) and stored overnight
at 4 °C. On the day of the experiment, snails were trans-
ferred to smaller observation tanks, and individual snails
were injected near the anterior junction of the parapodia
with 20 pL solution of the test compounds. Control ani-
mals were injected with the same volume of NSS. Test an-
imals were injected with either 1 or 10 nmol %-Auld, 0.001
and 0.01 nmol serotonin, and 0.01 nmol octopamine.
Animals were both observed and videotaped for 15 min
and observed overnight following injection. Behavioral
quantification was performed by analyzing the video using
the open-source software ZebraZoom (https://github.
com/oliviermirat/ZebraZoom; Mirat et al. 2013) to track
the center-of-mass of the snails. The quality of the tracking
was assessed visually to confirm the correct position. The
data were visualized using ggplot in R using 1 frame per se-
cond to calculate the distance traveled. For each animal,
the distance traveled was measured every 5 min giving a
total of three measurements. Each of the 5 min
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measurements was compared with the same time point in
the control. Two sided t-test was done using base R to cal-
culate significance.

Supplementary Material

Supplementary material is available at Molecular Biology
and Evolution online.
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