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The sea anemone Nematostella vectensis (Anthozoa, Cnidaria) is a
powerful model for characterizing the evolution of genes func-
tioning in venom and nervous systems. Although venom has
evolved independently numerous times in animals, the evolution-
ary origin of many toxins remains unknown. In this work, we pin-
point an ancestral gene giving rise to a new toxin and functionally
characterize both genes in the same species. Thus, we report a
case of protein recruitment from the cnidarian nervous to venom
system. The ShK-like1 peptide has a ShKT cysteine motif, is lethal
for fish larvae and packaged into nematocysts, the cnidarian
venom-producing stinging capsules. Thus, ShK-like1 is a toxic
venom component. Its paralog, ShK-like2, is a neuropeptide local-
ized to neurons and is involved in development. Both peptides
exhibit similarities in their functional activities: They provoke contrac-
tion in Nematostella polyps and are toxic to fish. Because ShK-like2
but not ShK-like1 is conserved throughout sea anemone phylogeny,
we conclude that the two paralogs originated due to a Nematostella-
specific duplication of a ShK-like2 ancestor, a neuropeptide-encoding
gene, followed by diversification and partial functional specialization.
ShK-like2 is represented by two gene isoforms controlled by alterna-
tive promoters conferring regulatory flexibility throughout develop-
ment. Additionally, we characterized the expression patterns of four
other peptides with structural similarities to studied venom compo-
nents and revealed their unexpected neuronal localization. Thus, we
employed genomics, transcriptomics, and functional approaches to
reveal one venom component, five neuropeptides with two different
cysteine motifs, and an evolutionary pathway from nervous to
venom system in Cnidaria.
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he starlet sea anemone Nematostella vectensis (hereafter,
Nematostella) has developed into a model system for char-
acterizing the evolution of genes and their functions. It has a
noncentralized nervous system, which comprises morphologically
distinguishable sensory, ganglion, and nematocyte neuronal types
that develop from the same neural progenitor cells (1). From a
transcriptomic perspective, however, several dozen neuronal sub-
types were identified (2). Unlike in bilaterian animals where
neurons differentiate from and are located in the ectoderm, the
nervous system of Nematostella spans both the ectoderm and en-
doderm (3, 4). Ganglion cells are found in both germ layers while
sensory cells and nematocytes are present only in the ectoderm.
Nematocytes are highly specialized cells bearing a nematocyst, an
organelle loaded with proteinaceous venom that can be dis-
charged upon mechanical stimulation (5-8). Thus, nematocytes
function as microsyringes injecting venom into prey and predators.
Sea anemone venom is a complex mixture of toxins. Along with
nematocytes, ectodermal gland cells contribute to venom pro-
duction (9, 10). A significant portion of the venom consists of
disulfide-rich peptides of ~4-kDa molecular mass (11). Many of
these peptides possess neurotoxic activity and act through binding
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to a target receptor in the nervous system of the prey or predator
interfering with transmission of electric impulses. For example,
Nvl toxin from Nematostella inhibits inactivation of arthropod
sodium channels (12), while ShK toxin from Stichodactyla heli-
anthus is a potassium channel blocker (13). Nematostella’s nem-
atocytes produce multiple toxins with a 6-cysteine pattern of the
ShK toxin (7, 9). The ShKT superfamily is ubiquitous across sea
anemones (14); however, its evolutionary origin remains unknown.
Comparative phylogenetic analyses of various venom components
suggest several have originated through a process of gene dupli-
cation and recruitment from other physiological systems, such as
the digestive, immune, and nervous systems (15). Additionally,
new toxins may originate due to divergence from other toxins
following the recruitment to venom (16) or de novo (17).

While the general mechanism of toxin recruitment from other
cells or tissues has been suggested (15), limited studies to date
provide evidence for the function of both the ancestral physio-
logical protein and recruited venom protein. Instead, homology
is typically inferred based exclusively on sequence similarity.
Furthermore, these descriptions are generally restricted to
analyses at the protein superfamily level, which greatly limits our
ability to reconstruct the exact evolutionary pathway for venom

Significance

Although venom has evolved independently numerous times in
animals, the origin of many proteins composing venom remains
poorly characterized. We report a case of protein recruitment
from the nervous to venom system in the sea anemone Nem-
atostella. We discovered a toxin packaged in the stinging cells
and with lethal activity against fish. Surprisingly, it is similar to a
peptide from the nervous system (neuropeptide) regulating
Nematostella development. Comparisons with other sea anem-
ones showed that these two functionally different peptides
originated due to a duplication of a neuropeptide gene followed
by recruitment of one of the copies into venom. Additionally, we
characterized four other toxin-like neuropeptides, suggesting a
recurring pattern of venom recruitment from neuropeptides in
sea anemones.

Author contributions: M.Y.S., A.M.R., and Y.M. designed research; M.Y.S., M.L,, J.M.S,,
J.M,, and S.A.S. performed research; M.Y.S., J.M.S., and J.M. analyzed data; and M.Y.S.
and Y.M. wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.

"To whom correspondence may be addressed. Email: mariasachkova@gmail.com or yehu.
moran@mail.huji.ac.il.

2M.L. and J.M.S. contributed equally to this work.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2011120117/-/DCSupplemental.

First published October 15, 2020.

PNAS | November 3,2020 | vol. 117 | no.44 | 27481-27492

www.manaraa.com

=
=]
=
=)
=
o
>
w


https://orcid.org/0000-0002-1509-4332
https://orcid.org/0000-0002-9920-6206
https://orcid.org/0000-0001-9928-9294
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2011120117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:mariasachkova@gmail.com
mailto:yehu.moran@mail.huji.ac.il
mailto:yehu.moran@mail.huji.ac.il
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011120117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011120117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2011120117

Downloaded at Palestinian Territory, occupied on December 6, 2021

genes due to their high sequence divergence. This is further
confounded with some of the shared cysteine frameworks that
are potentially recruited to venom and other physiological sys-
tems independently or even possibly originating de novo (18).
Thus, the origin for many animal toxins (for example, arthropod
inhibitory cysteine knot toxins, sea anemone sodium and potas-
sium neurotoxins, conotoxins with multiple cysteine frameworks,
and so forth), particularly for understudied groups like cnidar-
ians, remains relatively unknown (11, 15).

Cnidarian neurons produce multiple neuropeptides (4, 19, 20)
that act as neurotransmitters and neuromodulators. Thirty pu-
tative neuropeptide sequences belonging to families widely rep-
resented in metazoans (such as RFamide, vasopressin, galanin,
tachykinin peptides) as well as cnidarian-specific families (for
example, Antho-RIamide, RNamide, RPamide peptides) have
been identified in the Nematostella genome (21). All of the
reported mature sequences are relatively short (3 to 15 residues)
with a C-terminal amidation signal (Gly residue) and absence of
Cys residues (apart from two RPamide peptides). Recently, an
approach based on tandem mass spectrometry and a novel bio-
informatics pipeline identified 20 new neuropeptide sequences in
Nematostella (22). Some of the new peptides were classified as
RFamide and RPamide peptides, which were reported earlier,
while others did not share similarity to any known cnidarian
neuropeptides. While disulfide-rich neuropeptides have not been
reported in cnidarians, preproinsulin-like peptide genes have
been characterized in Nematostella (23). These insulin-like pep-
tides are disulfide-rich and expressed in exocrine gland cells, with
a single member also expressed in small cells adjacent to neu-
rons. Peptides from the insulin superfamily have also been
reported in the neuroendocrine system of other animals (24-26).

Cnidarian neuropeptides affect diverse physiological processes,
such as muscle contraction, larval migration, metamorphosis, and
neural differentiation (19, 20). Nematostella GLWamide neuro-
peptide regulates timing of transition from planula to polyp (27).
Most of the studied metazoan neuropeptides act through binding
to metabotropic receptors, such as peptide gated G protein-
coupled receptors (28); however, RFamides from another cni-
darian (Hydra) directly activate ion channels from the degenerin/
epithelial Na* channel family (4).

Venom components and neuropeptides are secreted molecules.
Typically, secreted peptides are synthesized as precursor proteins
equipped with a signal peptide leading to cotranslational translo-
cation of the precursor into the endoplasmic reticulum (29). In
cnidarians, the precursor also typically includes a propeptide that
is cleaved off by maturation enzymes upon processing (30). Ma-
ture peptides are transported to their secretion sites, which can be
a neuronal synapse in case of neuropeptides or a nematocyst in
case of venom components.

Here we report two classes of neuropeptides with structural
similarity to disulfide-rich venom components. We have char-
acterized the paralogs expressed in venom and nervous systems
at the genomic, transcriptomic, and functional levels. Our work
reveals a first case of protein recruitment from the nervous to
venom system in Cnidaria.

Results

New Toxin-like Peptides. The Nematostella transcriptome remains
incompletely annotated; therefore, we expanded our search to
identify all potential toxins from this species. We used toxin se-
quences deposited in UniProt (ToxProt) as a query to identify
toxin-like sequences in Nematostella using the previously pub-
lished Transcriptome Shotgun Assembly (TSA) dataset from
mesenteries, nematosomes, and tentacles (PRJEB13676). This
search identified Class8-like peptide, a homolog of Avd8e toxin
(e-value 7 x 10™'®), and Aeq5-like1, a homolog of Acrorhagin 5a
from Actinia equina (e-value 0.005) (31). Using Transdecoder
(32), we translated the TSA sequences and obtained 1,126,514
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protein sequences, with 653 sequences with the predictive ShK-
like cysteine arrangement, 74 of which were predicted to have a
signal region. After screening for multiple ShK-like domains, ex-
cessive cysteine residues, and sorting through ToxProt BLAST
outputs, we identified transcripts encoding six uncharacterized
proteins with a cysteine arrangement typical of the potassium
channel blocker from S. helianthus known as ShK (13) (ShK-likel,
ShK-like2a, ShK-like2b, ShK-like3, ShK-like4, and Class8-like)
(Fig. 14 and Table 1). Additionally, we examined the Nematostella
single-cell RNA-sequencing (RNA-seq) data (2) where one gene,
Nve8041, was expressed in neurons and coded for a protein with
the same Cys pattern as AeqSa and Aeq5-likel; this we designated
as AeqS-like2 (Fig. 1B and Table 1).

All of the identified proteins, with the exception of Aeq5-like2,
possess structural features typical of sea anemone toxin precursor
proteins: A signal peptide (identified by SignalP) (35), a propeptide
with a dibasic processing motif (apart from Aeq5-likel), followed by
a Cys-rich mature peptide (36). ShK-like2a and ShK-like2b differ in
signal peptides and a portion of the propeptides, while their mature
peptides are identical (and is therefore referred to as ShK-like2).
ShK-likel, ShK-like2a/b, and Shk-like3 are likely closely related
homologs as their mature peptides share around 50% identical
residues (Fig. 1C). Signal peptides and propeptides are more di-
verged as their overall identity level is 36 to 40%. Aeq5-like2 has
slightly different structure; instead of a signal peptide it has a trans-
membrane domain on its N terminus, indicating that the disulfide-
rich domain is anchored on the extracellular side of the cell mem-
brane (InterProScan prediction) (33). Furthermore, the validity of
these identified transcripts as protein-coding genes was confirmed at
the protein level with tandem mass spectrometry (LC-MS/MS) data
(9, 37) detecting tryptic peptides of mature ShK-like1, ShK-like2, and
Aeq5-likel at multiple life-stages in Nematostella (SI Appendix, Figs.
S1B and S2 and Table S1). For Shk-like4, a tryptic peptide mapping
to the propeptide region was identified as the mature peptide lacks
suitable trypsin cleavage sites.

ShK-like1 biosynthesis dynamics differed from the other pro-
teins: it was the most abundant in larvae and significantly de-
creased later in the life cycle, according to transcriptomic (38)
and proteomic (9) data (SI Appendix, Fig. S1). In contrast, all of
the other genes apart from ShK-like3 were expressed early in the
life cycle and maintained expression through the adult stage. For
ShK-like3, however, no reads mapped to the transcript in the
NvERTtx database (38) (ID: NVERTx.4.119933).

ShK-like1 Is a Venom Component. We used whole-mount in situ
hybridization (ISH) in Nematostella planulae and primary polyps
to determine the expression patterns of the discovered toxin-like
genes; the experiment was performed twice with at least 50 an-
imals per sample. Surprisingly, only ShK-likel was expressed in
nematocytes of planulae and primary polyps (Fig. 24). At the
transcriptomic level [NVERtx database (38)], ShK-likel expres-
sion in planulae was comparable to the previously characterized
Nep3 toxin (9). In the primary polyps, ShK-likel was localized
predominantly in the body column nematocytes and not in the
tentacles.

Notably, in the single-cell RNA-seq data generated by others
(2), the NVE19767 gene model that covers part of the ShK-likel
locus was specifically up-regulated in the C33 and C34 metacells,
annotated as larval nematocytes. This fact provides independent
support for the nematocyte expression of ShK-likel.

To confirm that ShK-likel protein is packaged into nemato-
cysts and thus is a venom component, we analyzed soluble pro-
tein content of nematocysts by LC-MS/MS. Because abundance
of the ShK-likel protein is higher in larvae than in adults by
more than one order-of-magnitude (SI Appendix, Fig. S1B), we
used capsules from 4 d postfertilization (dpf) planulae; 138
proteins with at least 2 unique tryptic peptides were identified
(Dataset S1; (37)). ShK-likel (Maxquant score 59.7, four unique
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A . Signal peptide . Propeptide N

ShK-1likel MSRKLLAVLMVCTEF-LIAASMGTNA-—--—--—— ) FHEGIE-----——--- RR
ShK-like2a ~MTTIRCVLFAVLLFAYCALL--IKA--—---= RSIDAEAEKTWOEEETKTVAEKS PLKKKR
ShK-like2b MDVELVAILFACTLFSLSF----ANGYRLESLRNLPNDA----- LEEESEVAEKSPLKKKR
ShK-1like3 MYRKLATAVLLCSIL-FSG----GL

ShK-1liked MDTRVIAVLEVAIMV-LSS----TNA--LPKQKGSYKNMNHADFLKGLDRASS
Class8-like --MRTLVVLLIGAVL-LCS----ANA----

ShK Stichodactyla MKSHMIAARVLLIAFC-LCVV---VTA

Mature peptide

>

<
-AAKEVDKMPF-VEMR-KDIPATCKNRNHRS YAFITMDVERKTCGOCT

ShK-likel

ShK-likeZ2a ---GESDAFPV-VE-RSPSVKAACYNPNHRSHAFI TDVEKHTEHLE -
ShK-likeZb ---GESDAFPV-VC-RSPSVKAACYNPNHRSHAFI TDVEKHTEHLE -
ShK-1like3 TALLEFDAYPS-LE-RKSVARKAENNS DHRSHAFVIDVERKTEGRE -
ShK-liked ---DERDSHWS--BFFQSNYEDIBSTAQ-------| AEEEALSEGLEE
Class8-like ---ABFDKYKSNIE-GGVISPAHBVRRSGRMAKFAKENGAHFEGEE -
ShK_Stichodactyla --RSEIDTIPKSRE----- TAFQEKH----SMKYRLSFCRKTEGTC -
B . Signal peptide
Begba 00— e MNQVM”IFLVLCVIVYWEC"
BegS-likel —mmmmmm e m e MKSVIAVLVLS LVLVNETQA

Reg5-like2 MLVNARAIRQSIGIVVAQCRRDLESNRTLDYRT RVRTSLILVAMVMVQVLLPYTY—

Cytoplasmic domain “Transmembrane reglon

= ~ Mature peptide
Aegba SSTPDGTWVKCRHDCETKYKSCQMSDS -CHDEQSCHQC-HVKHTDCVNTGCP-—-——
Reg5-likel NSCIQOVYSPCFNR-CQEM-L i
Begb-like2 GCMEC-TNFAGHCREQ— CRKRJVKRR(FIRPRFHKE‘TFES

Non-cytoplasmic domain

ShK-likel mature -AARKCVDKMPEVCMRKDIPAICKNRNHRSYAFIMDVCRKTCGQCT 100%
ShK-likeZ mature ---GCSDAFPVVCRSPSVKAACYNPNHRSHAFITDVCKHTCHLC- 51%
ShK-like3_mature TALLCFDAYPSLCRKSVARKACNNSDHRSHAFVIDVCRKTCGRC- 49%

Fig. 1. Alignment of the toxin-like precursor sequences from Nematostella and characterized toxins ShKT from S. helianthus (A) and Aeg5a from A. equina
(B). The sequences were split into signal peptide, propeptide, and mature peptide fragments and corresponding fragments were aligned separately using
Muscle algorithm implemented in MEGA X and manually adjusted. Processing sites are in orange, cysteine residues making part of the cysteine motifs of the
mature peptides are in green. Identical residues are in gray, conserved substitutions are in blue. (A) Sequences with ShKT cysteine motif, disulphide bonds of
ShK toxin are shown as green brackets. The ShK residues important for blocking potassium channels are in bold (33). (B) Sequences with the same motif as in

Aeg5a. (C) Alignment of the ShK-like1, ShK-like2, and ShK-like3 mature peptides.

peptides) (SI Appendix, Fig. S3), along with other previously
characterized nematocyst toxins (Nep3, Nep3-like, Nep4, Nepo6,
Nep8-like, Nep16) (7, 9) and nematocyst structural proteins,
were among the 30 most abundant proteins (Fig. 2B and S/
Appendix, Table S2).

The mature ShK-likel peptide was produced as a recombinant
peptide (SI Appendix, Fig. S4). Electrospray ionization (ESI)-MS
showed that molecular mass of the peptide (5105.42) corre-
sponded to the calculated molecular weight of the isoform with
all of the six cysteine residues oxidized to form three disulfide
bonds (5105.14) (SI Appendix, Fig. S4B). To study the toxic ef-
fects of ShK-likel, the peptide was tested on zebrafish larvae:
Five larvae were incubated with 0.5 mg/mL ShK-likel with four
replicates. After 1-h incubation, all of the larvae (20 in total)
exhibited contraction paralysis and within 2 h they died, while all
of the larvae in BSA control survived (Fig. 2C). These results are
evidence of neurotoxic activity of ShK-likel. Alignment to ShK
toxin from S. helianthus (Fig. 14) shows that key residues re-
quired for blocking vertebrate potassium channels are missing in

ShK-likel, suggesting that it probably acts through a different
mechanism (39). Thus, ShK-likel is a nematocyst toxin highly
expressed at the planula, for which the neurotoxic target is yet to
be determined.

Expression of Toxin-like Genes in Neurons. In Nematostella, ganglion
and sensory neurons can be recognized by their morphological
features: ganglion neurons have two to four neural processes,
while sensory cells have elongated shape, possess processes at the
base, and may have a cilium at the apex (40). ISH showed that
ShK-like2a/b, ShK-like4, Class8-like, Aeq5-likel, and Aeq5-like2
were localized in various neurons in both planula and primary
polyp stages but not in nematocytes or other venom-related cells,
despite their structural similarity to toxins (Figs. 3-7). All of the
experiments were repeated at least two times with at least 50
animals per sample.

Aeq5-likel expression was first detected early in development
in ectodermal cells of the gastrula, then increased in early
planula and by the late planula had spread in expression to

Table 1. New toxin-like peptides

Name TSA ID/Nve gene model Homolog in ToxProt Activity of the ToxProt homolog Percent identity, % (ClustalO) Cys motif
ShK-like1 HADPO01047794.1/NA A. viridis Avd9a Toxin by similarity 30

ShK-like2a HADNO01006514.1/NA A. viridis Avd9a Toxin by similarity 24

ShK-like2b HADOO01001456.1/Nve11386  A. viridis Avd9a Toxin by similarity 25

ShK-like3 HADNO01040061.1/NA A. viridis Avd9c Toxin by similarity 34

ShK-liked HADOO01004651.1/Nve12327  A. viridis Avd9b Toxin by similarity 32

Class8-like HADOO01000486.1/Nve7851 A. viridis Avd8e Toxin by similarity 51 ShKT
Aeq5-likel HADOO01002561.1 /Nve8064  A. equina Aeg5a  Extracted from acrorhagi, toxic for crabs 39

Aeq5-like2 Nve8041 —

Aeqgb5a

Gene models are according to D. Fredman et al. (34).
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ShK-like1 is a venom component. (A) ShK-like1 gene is expressed in nematocytes in planula and primary polyps; note that the staining is distributed to

Fig. 2.

(77
$

the periphery of the cells and the unstained center of the cells corresponds to capsules (arrows). Magnifications: 200x (whole animals), 600x (close up). (B) The
30 most abundant proteins extracted from planula nematocysts identified by MS/MS. (C) Toxicity of recombinant ShK-like1 and ShK-like2 was tested on
zebrafish larvae in parallel to BSA control. Arrows point to kinked tails evidencing for the contraction paralysis effect of the peptides.

endodermal cells (Fig. 3-I). Early ectodermal cells may represent
neuronal precursors for sensory cells. In primary polyps, Aeg5-
likel was expressed in ectodermal sensory cells and multiple
endodermal ganglion cells that send their processes in different
directions all around the body. ShK-like4 was expressed in ec-
todermal sensory cells in planulae and oral part of polyps (Fig. 3-
II). Some of the sensory cells appeared to have cilia (Fig. 3-1I B
and F) and processes at their base (Fig. 3-I1 G and H). Class8-like
was expressed in multipolar ganglion cells with long branching
processes localized in mesoglea (Fig. 4-1). Aeq5-like2 was localized
to endodermal ganglion neurons, apparently bipolar and following
mesentery folds (Fig. 4-1I). To the best of our knowledge these
patterns are quite unique as in most cases, unlike protein-based
staining, RNA-based staining of Nematostella neurons does not
reveal neurite like structures (40, 42).

For ShK-like2 ISH, we first synthesized an RNA probe that
was relatively long (ShK-like2-long, 603 nt) and specific to the
full-length ShK-like2b, which also shared significant portion of the
sequence (66%) with the ShK-like2a mRNA (Fig. 5-1 and SI Ap-
pendix, Table S2). The resulting pattern allowed us to conclude
that ShK-like2 was predominantly expressed in ectodermal sensory
neurons in planulae and endodermal ganglion cells in primary
polyps. To determine whether ShK-like2a and ShK-like2b exhibit
different expression patterns, we produced probes that were spe-
cific for each isoform. Due to relatively short coding sequences,
the ShK-like2a probe (ShK-like2a—short, 372 nt) included 84% of
specific sequence while the ShK-like2b probe (ShK-like2b—short,
332 nt) possessed 62% of specific sequence with the rest of the
sequence shared between the two isoforms (SI Appendix, Table
S2). ISH with the specific probes showed that ShK-like2b was first
expressed in the early planula in ectodermal cells and this pattern

27484 | www.pnas.org/cgi/doi/10.1073/pnas.2011120117

persisted through the late planula stage, while ShK-like2a was first
expressed mostly in the endoderm (with rare ectodermal cells) in
the late planula. In primary polyps, expression patterns were in-
distinguishable: both isoforms were highly expressed in endoder-
mal ganglion cells in the body column and tentacles with rare
sensory ectodermal cells (Fig. 5-I and 5-III). This pattern was
confirmed by significant overlap between stained cells in double
fluorescent ISH (dFISH), especially in the tentacle and aboral
endoderm (SI Appendix, Fig. S5). ISH with a probe for ShK-like3
transcript did not show any specific staining (S Appendix, Fig. S6).
Neuronal expression patterns are summarized in SI Appendix,
Table S3.

To determine whether the neuropeptides are colocalized with
the well-studied neuronal marker ELAV (3), we employed dou-
ble ISH (dISH) in primary polyps. ShK-like2 expression (the long
probe) showed partial overlap with ELAV mostly in tentacle
endoderm. ShK-like4 expression partially colocalized with ELAV
in the ectodermal sensory cells. Aeq5-likel and ClassS-like ex-
pression did not show any overlap (SI Appendix, Figs. S7 and S8).

Single-cell RNA-seq data (2) confirmed that ShK-like2b, ShK-like4,
Aeq5-likel, Class8-like, and Aeg5-like2 are expressed in neurons in
both larvae and adult polyps (SI Appendix, Fig. S9). In larvae, ShK-
like2b and Class8-like expression were additionally up-regulated in
undifferentiated metacells that may correspond to neural precursors.
In adult polyps, these data also supported partial overlap between
ELAV and the neuropeptide expression that we observed in dISH on
primary polyps: ShK-like4 in the C32 neuronal metacell and ShK-
like2b in C34. It also suggested an overlap of Aeg5-likel and ELAV in
C30 neurons that we were not able to detect in our dISH experi-
ments. Thus, our data revealed secretory peptides with cysteine
motifs of ShK and Aeq5a toxins to be produced by neurons.
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Fig. 3. Expression pattern of Aeq5-like1 and ShK-like4 genes by ISH. (3-1) Aeq5-like1 expression starts in the ectodermal cells of gastrula (A) and early planula
(E. pl) (B), and by the late planula (L. pl) (C) it is also noticeable in the endoderm. (D) Morphology of the planula ectodermal cells is consistent with sensory
neurons. In the primary polyp, Aeq5-like1 is expressed in both ectoderm and endoderm (E) in ganglion (F and G) and sensory neurons (H). (3-11) ShK-like4 gene
is expressed in ectodermal sensory cells in planula (A and B) and primary polyp (C-H). Tent (tentacles). Magnifications: 200x (3-1 A-C, E; 3-1l A, C), 600x (3-1 D,

F-H; 3-1l, B, D-H).

ShK-like2 Gene Structure and Evolution. Alignment of the ShK-like2a
and ShK-like2b transcripts to the genome (43) showed that both
isoforms were encoded by the same gene (scaffold 260:199,854-
210,905) with alternative transcription start sites (TSS) (Fig. 64).
The ShK-like2 gene contains four coding exons, where exon 1 and
exon 2 are alternating between the isoforms. Transcription starting
from putative promoter A leads to ShK-like2a encoded by exons 1,
3, and 4, while alternative transcription activated by putative
promoter B results in ShK-like2b encoded by exons 2, 3, and 4. To
confirm that ShK-like2b expression was driven by the alternative
promoter B localized upstream of exon 2, we generated a trans-
genic construct bearing the reporter gene mOrange2 (44) under
the control of ShK-like2b regulatory elements. Injection of the
transgenic construct into Nematostella zygotes resulted in reporter
gene expression in ectodermal cells of the planulae (Fig. 6 B-E).

Reverse transcription quantitative PCR (RT-qPCR) analysis
showed that ShK-like2 was initially expressed either in early
planula (ShK-like2b isoform) or late planula (ShK-like2a iso-
form) and increased to the adult stage, with the exception of
ShK-like2a in adult females that appeared to decrease its ex-
pression level (Fig. 6F). Both isoforms were expressed in the
physa, mesentery, and tentacles of adult females; ShK-like2b had
higher expression level in the mesentery (Fig. 6G).

To confirm the differences between the expression profiles of
ShK-like2a and ShK-like2b isoforms observed in the qPCR and
ISH staining (Fig. 5-1I and 5-III), we employed DEXseq. (45).
Raw reads, generated from Nematostella across a developmental
time course (1 to 8 dpf and juveniles) (38), were mapped back to a
de novo assembled transcriptome to detect differential exon us-
age. DEXseq analysis confirmed that exon 1 (ShK-like2a) and
exon 2 (ShK-like2b) had significant differential exon usage
(false-discovery rate P < 0.001) across development. Specifically,
ShK-like2b was preferentially expressed from gastrula stage (1 dpf)

Sachkova et al.

to late planulae stage (5 dpf), with exon 2 usage having a fold-
change > 2 compared to exon 1. Following metamorphosis (6 dpf),
no significant difference in exon usage was observed (Fig. 6H).
Thus, DEXseq analysis detected that patterns of ShK-like2 exon
expression were consistent with our gPCR results.

Interestingly, structure of the genomic locus of the ShK-like2
ortholog is conserved in the sea anemones Exaiptasia pallida and
A. equina, which are distantly related to Nematostella (41, 46). In
these species, regulation of the ShK-like2 gene by alternative
TSSs also results in a protein with altering signal peptides (47).
ShK-like2 orthologs retrieved by BLAST search in other available sea
anemone transcriptomes [Calliactis pobypus, Nemanthus annamensis,
Aulactinia veratra, Actinia tenebrosa, A. equina (48), Anthopleura bud-
demeieri (49), Anthopleura elegantissima, Edwardsiella lineata (50), S.
helianthus (51)] also possessed alternative signal peptides and identical
mature parts (Fig. 74 and B), suggesting the regulatory mechanism is
widely conserved in sea anemones. Thus, it is likely that a ShK-like2
ortholog with this unique structure and regulation was present in the
last common ancestor of all sea anemones.

Gene models for ShK-likel and ShK-like3 had not been
established previously; therefore, we aligned corresponding
transcripts to the genome scaffolds. ShK-likel transcript aligned to a
region of scaffold 53, which was interrupted by a gap corresponding
to a part of the mature peptide. We PCR-amplified and sequenced
that fragment of the genomic DNA to annotate the remaining part
of this locus (SI Appendix, Table S3). Structure of the ShK-likel
(scaffold_53:491,201-496,216) and ShK-like3 (scaffold _7:1,285,234-
1,288,6605) genes was quite different: the ShK-likel gene had two
coding exons while ShK-like3 gene contained three coding exons
(Fig. 7C). The ShK-like3 gene structure was similar to ShK-like2
gene fragment encoding ShK-like2b. Orthologs of Shk-likel and
ShK-like3 were not found in other sea anemones, not even in other
members of the Edwardsiidae family. Thus, ShK-likel and ShK-like3
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Fig. 4. Expression pattern of Class8-like and Aeq5-like2 genes by ISH. (4-1) Class8-like gene is expressed in the ganglion neurons residing in the mesoglea of
planula (A-D) and primary polyp (E-H). (4-1l) Aeq5-like2 is expressed in the endodermal ganglion neurons in planula (A and B) and primary polyp (C-H).

Magnifications: 200x (4, A, E; 4-11 A, C), 600x (4-l, B-D, F-H; 4-1l, B, D-H).

probably resulted from Nematostella-specific gene duplications fol-
lowed by sequence divergence. ShK-like3 is expressed at a very low
level and ISH did not result in any staining therefore it is probably a
pseudogene.

Functional Characterization of ShK-like2. Because ShK-like2 shares
high sequence similarity with the ShK-likel toxin, we were in-
terested in characterizing its biological activity in comparison to
ShK-likel. ShK-like2 was produced as a recombinant peptide (S/
Appendix, Fig. S10). ESI-MS showed that the molecular mass of
the peptide (4470.3) corresponded to the calculated molecular
weight of the isoform with all of the six cysteine residues oxidized
to form three disulfide bonds (4470.14) (SI Appendix, Fig. S10B).
To determine whether ShK-like2 provokes any noticeable physi-
ological reaction in primary polyps, we incubated 11-dpf polyps
with recombinant ShK-like2 in parallel to ShK-likel and NvePtx1
(9) toxins (0.5 mg/mL) in addition to the BSA control (5 mg/mL).
After 2 h, length-to-width ratio of the body column was signifi-
cantly lower in the ShK-like2 sample compared to NvePtx1 and
BSA (P = 2.4 x 10° and P = 3.4 x 10% respectively; Student’s
t-test) due to body contraction; there was no difference in com-
parison to the ShK-likel sample (P = 0.3, Student’s t-test)
(Fig. 8 A and B).

To test the toxic activity of ShK-like2, we incubated five
zebrafish larvae in 0.5-mg/mL ShK-like2 solution (repeated in
triplicate) in parallel to ShK-likel and BSA control (Fig. 2C).
We observed paralysis and death in 4 of a total of 15 tested
larvae within 2 h of incubation. Similarly to ShK-like1, ShK-like2
lacks residues important for blocking vertebrate potassium
channels (Fig. 14).

ShK-like2 was first expressed at the early planula stage and
therefore we aimed to test whether it played a role in develop-
ment using gene knockdown with Morpholino oligonucleotides
(MO). We aimed to disrupt splicing for either exon 3 or exon 4,
which are shared among the isoforms (Fig. 84), using specific

27486 | www.pnas.org/cgi/doi/10.1073/pnas.2011120117

MO sequences. Animals injected by either MO targeting exon 3
(E3I3) or 4 (I3E4) had strong developmental defects (Fig. 8 C
and D), resulting in a significant proportion of larvae being un-
able to settle compared to a morpholino control (P = 0, x~ test
and P < 0.00001, Fisher exact test for E3I3 and I3E4, respec-
tively). In comparison to the control MO, injection of E3I3 and
I3E4 MOs on average reduced planulae settlement by 39.4 +
8.8% (four replicates) (SI Appendix, Table S7) and 83.4 + 9.4%
(three replicates) (SI Appendix, Table S8), respectively. The
difference in the effects may be explained by the difference in
efficiency of each MO. PCR analysis showed that I3E4 led to
nearly complete elimination of the processed mRNA, while E313
MO injection resulted in partial reduction of the processed
mRNA and correctly processed mRNA could be detected as well
(SI Appendix, Fig. S11).

Discussion

Annotation of Toxins in Cnidarians. The research reported here led
to the discovery of two neuropeptide types; however, it was ini-
tially aiming to find new toxins in Nematostella transcriptome
using UniProt sequences annotated as toxins (including “toxin by
similarity”) and a search for secreted peptides with ShKT motif.
Unexpectedly, all but one of the retrieved candidates were found
to be expressed in ganglion and sensory neurons, not in nem-
atocytes or ectodermal gland cells. This demonstrates that mol-
ecules with structural similarities to venom components have
wide expression in different cell types in cnidarians, particularly
neurons. Thus, many sequences annotated as venom components
based on the sequence similarity or toxic activity without dis-
secting their tissue localization may have different functions.
This mischaracterization is a challenge to overcome as the cni-
darian venom system is composed of sparse, dispersed cells
rather than an anatomically defined venom gland, leading to
technical difficulties in studying venom-specific transcriptomes.
Techniques enabling studies of cell-specific transcriptomes have
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Fig. 5. ShK-like2 expression pattern by ISH. (5-1) ISH with the ShK-like2-long probe reveals expression in planula’s ectodermal cells (A) with a sensory neuron

morphology (B) and in primary polyp’s endoderm (C) in ganglion neurons wi

th characteristic protrusions (D, arrows). (5-1l) ISH with ShK-like2a-short probe

reveals that ShK-like2a has no expression in early planula (A), expression starts mostly in the endoderm of late planula (B) in ganglion neurons (C). In the
primary polyp (D), it is expressed mostly in the endodermal ganglion neurons in physa (E), gut (F), and tentacles (G and H). The expression is also evident in the
smaller number of ectodermal sensory neurons in tentacles (H, arrow) and body wall (/, arrow). (5-111) ISH with ShK-like2b-short probe shows that ShK-like2b
starts expressing in the ectoderm of early planula (A) in elongated cells (B) and continues in the ectodermal sensory neurons in the late planula (C and D). In
the primary polyp (E), it is expressed in multiple endodermal ganglion neurons (F) in physa (G), gut (H), and tentacles (/). ShK-like-2b is also found in a small
number of ectodermal neurons in pharynx (J). Magnifications: 200x (5-I, A, C; 5-ll, A, B, D; 5-lll, A, C, E), 600x (5-, B, D; 5-Il, C, E-I; 5-1ll B, D, F-J).

only recently become available in cnidarians and will make this
task more manageable (2, 52).

Recruitment to Venom. To the best of our knowledge, the recruitment
of ShK-likel is unique as a case of a toxin evolving from a neuro-
peptide and evaluated at the functional level of individual genes in
an evolutionary context; it is also unique as a study of toxin re-
cruitment in cnidarians. Processes surrounding venom recruitment
nflicting findings
ion profiling and

evolutionary genomic approach (53-55). The high sequence sim-
ilarity between mature ShK-likel and ShK-like2 peptides (51%
amino acid identity) and occurrence of ShK-like1 only in Nematostella
provides evidence for recent gene duplication and recruitment events.
In cone snails, recruitment of insulin from neuroendocrine cells to
venom was suggested. While the similarity between the signaling and
venom insulins is mostly limited to the conserved cysteine framework,
conserved intron—exon boundaries (26) provide evidence for an an-
cient gene-duplication event. Thus, while in most other cases the
protein recruitment pathway was identified at the level of protein
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to the same mature peptide. (B) Scheme of the transgenic construct aimed to label cells expressing ShK-like2b isoform. (C—E) Immunostaining of transgenic
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Juv, juvenile polyp (6-wk-old).

superfamily (15), here we pinpoint an ancestral gene giving rise to a
previously undescribed toxin. This unique finding allowed us to
characterize both the toxin and the ancestral physiological protein in
the same species.

Our data provide evidence that ShK-likel, a component of
nematocyte venom, evolved via a Nematostella-specific duplica-
tion of a neuronally expressed gene followed by sequence di-
vergence and recruitment of one of the copies into the venom
system. The other copy likely retained its expression pattern,
giving rise to ShK-like2. ShK-like3 appears to result from a du-
plication of an ancestral ShK-like2 gene as well; however, unlike
ShK-likel, it became a pseudogene. We have previously de-
scribed a similar evolutionary pattern of gene gain and loss for
another family of Nematostella venom components (56). The fact
that nematocytes represent a highly specialized neuronal cell
type in Nematostella (1) may facilitate recruitment of proteins
with typical neural functions to venom, and it is plausible that
this evolutionary pathway is recurrent in sea anemones. This is
further supported by our discovery of two other neuropeptides
with ShK cysteine motif (Class8-like and ShK-like4) and multiple
venom components with ShK domains, reported earlier (7);
however, theoretically the recruitment in the opposite direction
(from venom to nervous system) is also possible (57).

27488 | www.pnas.org/cgi/doi/10.1073/pnas.2011120117

As neuropeptides affect the nervous system, it might seem plau-
sible that they will be frequently recruited to venoms. Disulfide-rich
venom components with high sequence similarity to hormone-like
peptides from the nervous system were also reported in cone snails
(58-60) and spiders (61). In other reported cases, the similarity was
mostly limited to a shared cysteine framework [e.g., snake three-
finger toxins (62, 63)] or three-dimensional structure (64). An ex-
ample of short linear neuropeptides recruited to venom in multiple
instances is invertebrate tachykinins (65). However, such events have
been rarely described and it is possible that most neuropeptides
make poor toxins because they act mainly via G protein-coupled
receptors, which deliver signal too slowly to be an effective target
for toxins (28). Additionally, linear neuropeptides might be less
proteolytically stable (66) compared to disulfide-rich peptides (67,
68), limiting their chances of being efficient venom components.
Yet, the small number of known linear neuropeptides recruited in
venoms might be partially explained by technical difficulties of their
detection by similarity search tools due to short length.

Partial Functional Specialization of ShK-like1 Compared to ShK-like2.
When we compared the toxicity of ShK-likel and ShK-like2 on
fish, it was noticeable that the latter is less effective, suggesting
that ShK-likel evolved higher pharmacological efficiency against
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fish. When new peptides are recruited into the venom system as
toxins, they may lose their original function. However, when we
tested the ability of ShK-likel to induce effects in Nematostella, it
was as effective as ShK-like2 (Fig. 84). Thus, it seems that ShK-
likel retained its ancestral activity to affect the Nematostella
nervous system, despite the increased activity on fish. This sug-
gests that increasing potency as a toxin against one species does

not necessarily result in decreasing its efficacy on another. It is
currently unknown what the pharmacological targets or recep-
tors of ShK-likel and ShK-like2 are and whether these targets
are shared between fish and sea anemones. Both ShK-likel and
ShK-like2 lack residues that have been reported to be important
for potassium channel-blocking activity of ShK (Fig. 14) (39)
and therefore they probably act through a different mechanism.
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Several examples of sea anemone peptides with an ShK fold but
lacking potassium channel blocking activity have been reported
recently (69, 70).

Cysteine-Rich Peptides in the Nervous System and Other Regulatory
Systems. Secreted peptides with ShK-like cysteine motifs have
been reported as venom components in sea anemones; however,
to the best of our knowledge, the present work shows evidence of
ShK-like peptides being components of the nervous system is
unique. The cysteine arrangement of Aeq5-likel and AeqS-like2
had been reported in Aeg5 peptide extracted from total lysate of
A. equina, where they were shown to be lethal for crabs and hence
classified as a toxin (31). Neuronal localization of peptides of this
type has not been reported before. Because multiple disulfide-rich
venom components (including ShK toxin) are neurotoxins tar-
geting neuroreceptors, the molecules may potentially act through
binding to endogenous receptors in Nematostella.

Disulfide-rich peptides from insulin superfamily are wide-
spread in both vertebrates and invertebrates (71). In insects and
mollusks, some of these peptides are produced by neurosecretory
cells and regulate a wide range of physiological functions, in-
cluding metabolism and learning (24, 25, 72). However, the in-
sulin superfamily is not restricted to the nervous system and
produced by several cell types and tissues (24, 71).

Toxin-like molecules have been reported in vertebrate, mollusk,
and insect nervous systems (25, 26, 63, 73-75), but in many cases
their sequence similarity to toxins is very low, making convergent
evolution a realistic scenario. One previously reported example is
Agatoxin-like peptides in the insect neuroendocrine system, where
the sequence similarity to the corresponding spider toxin is quite
high (74). The most characterized group of toxin-like neuro-
regulators are mammalian prototoxins with significant structural
similarity to snake three-fingered toxins (63). Members of these
family can be secreted or glycosylphosphatidylinositol-anchored
(which makes them similar to the membrane-bound Aeq5-like2).
They regulate function of nicotinic acetylcholine receptors at
multiple levels, including direct binding to the mature receptor,
leading to modulation or inhibition of its activity as well as by
affecting subunit stoichiometry during receptor assembly.

Regulation of ShK-like2 by Alternative Promoters and TSSs. ShK-like2
is regulated by alternative promoters, resulting in different dy-
namics of the transcripts encoding the two precursor isoforms in
development and probably in tissues. As our exon usage and ISH
analyses showed, ShK-like2b isoform is preferentially expressed
during the first 5 d of development with initial expression in the
ectoderm of early planula. ShK-like2a was first expressed in the late
planula and mostly in the endoderm. Additionally, qPCR analysis
suggests that the two isoforms might be expressed at different levels
in the mesentery of adult females. Thus, the ShK-like2 gene is
equipped with a sophisticated regulatory system allowing expression
flexibility.

However, ShK-like2a and -2b expression patterns largely overlap
in primary polyps. Eukaryotic promoters not only initiate transcrip-
tion but also affect mRNA stability, translation efficiency, and sub-
cellular localization (76, 77), particularly in neurons (78). Thus, even
though ShK-like2a and -2b are coexpressed in the same cells, the
regulation by different promoters may potentially result in different
abundance and localization of protein precursors. Additionally, dif-
ferent promoters might respond differently to stimuli. Regulation by
alternative promoters and TSSs is common in development (76, 79)
and has been reported for multiple neuronal proteins, such as sig-
naling molecules (80), receptors (81), and enzymes (82).

Alternative TSSs result in different preproparts in the ShK-
like2 isoforms. Propeptides are known to affect the fate of ma-
ture peptides in multiple ways, including its stability and locali-
zation (83). Different propeptide sequences may potentially
affect sorting of mature ShK-like2 and lead to different

27490 | www.pnas.org/cgi/doi/10.1073/pnas.2011120117

intracellular localization of the two isoforms. For example, in the
mammalian neuroendocrine system, prohormones are sorted
into regulated secretory pathway through binding of their pro-
peptide to a specific receptor in the frans-Golgi network (84),
and therefore different propeptide sequences might affect the
binding. Furthermore, in the sea hare Aplysia californica, neu-
ropeptides derived from processing of the same precursor are
sorted to different classes of secretory vesicles and transported to
different neural processes of the same cell, depending on the
sequences of intermediates during the stepwise maturation (85).

Thus, the structure of the ShK-like2 gene underlies regulatory
flexibility at the transcriptional level in development and may
potentially affect regulation at posttranscriptional, translational,
and posttranslational levels. The conservation of such gene
structure among ShK-like2 homologs among sea anemones
supports its functional importance. To the best of our knowl-
edge, this report of gene regulation by alternative promoters and
TSS in a cnidarian and, particularly in cnidarian neuropeptides,
is unique.

Methods

For a full description of methods used, see SI Appendix, Supplementary
Information Text.

Sequence Search and Analysis. The sequences were retrieved by a combination
of online BLAST (https:/blast.ncbi.nlm.nih.gov/Blast.cgi) in the TSA databases
in the National Center for Biotechnology Information (NCBI), tBLASTn on
Reef Genomics (reefgenomics.org/), and search for the consistent amino acid
arrangement of the last three cysteine residues in ShK domains (CXXXCXXC)
using TransDecoder (32). To resolve isoforms of the ShK-like2 ortholog in A.
equina, a de novo transcriptome was assembled using Trinity (v2.6.6) (32)
from previously published raw reads (accession no. SRR7507858) (48).

Transgenic Construct and Immunostaining. The ShK-like2 gene fragment
encoding putative promoter B, exon 2, intron 2, and exon 3, was fused to
the exon 4 and cloned into an expression plasmid (9) to be located upstream
of the mOrange2 sequence. The plasmid was injected into Nematostella
zygotes along with the yeast meganuclease to facilitate genomic integration
according to an established protocol (86). Immunostaining was performed
using a rabbit polyclonal antibody against mCherry (Abcam), as previously
described (87). Imaging was performed with an Olympus FV-1000 inverted
confocal microscope (Olympus).

ISH, dISH, and dFISH. ISH and dFISH were performed as previously described (3,
7, 88). Probe sequences are available in S/ Appendix, Table S2.

gPCR and RNA-Seq. Total RNA from Nematostella larvae, adults, and female
body parts was extracted and cDNA was synthesized as described earlier (9).
We designed gPCR primers specific to the ShK-like2a and ShK-like2b tran-
scripts (S/ Appendix, Table S3). To quantify transcripts, the StepOnePlus Real-
Time PCR System (ABI instrument, Thermo Fisher Scientific) was used.
ANOVA was used to determine if the expression of ShK-like2a and ShK-
like2b was significantly different across development and tissues. Ct values
were used to calculate relative abundance of the transcripts. DEXseq analysis
(45, 89) was performed using a Nematostella transcriptome assembled de
novo with Trinity (v2.6.6) (32), previously published raw reads (PRJIEB13676)
(90), and the Trinity SuperTranscripts pipeline (32, 89). Nematostella raw
reads (38) generated across development were downloaded from the NCBI
Sequence Read Archive (PRINA418421 and PRIJNA419631) and mapped to
the SuperTranscripts assembly using STAR (91).

Recombinant Expression, Purification, and MS. Fragments encoding ShK-like1
and ShK-like2 mature peptides were cloned into pET40 vector (Milli-
poreSigma), expressed in BL21(DE3) Escherichia coli (MilliporeSigma) and
purified by FPLC, as described previously (9). ESI-MS was employed to de-
termine the molecular weight of the purified recombinant peptides fol-
lowing an established protocol (92).

Toxicity Assay. ShK-like1 and ShK-like2 recombinant peptides were added to
0.5 mg/mL concentration to zebrafish media and incubated with 4-dpf
zebrafish (Danio rerio) larvae in 500-pL wells, five larvae per well. Next,
5 mg/mL BSA was used as a negative control. At this developmental stage
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(larvae younger than 120 hpf), any ethical permits are not required for ex-
perimental use according to the European and Israeli laws.

Analysis of Nematocyst Content. Nematocysts were purified from 4-dpf
planulae using a Percoll (MilliporeSigma) gradient. The purified nematocysts
were disrupted by ultrasonication and the soluble proteins were reduced with
DTT, alkylated with iodoacetamide, digested by trypsin, and analyzed by LC-MS/
MS with a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific). Protein
identification was performed using MaxQuant software (93) as described
earlier (9). The raw LC-MS/MS files along with MaxQuant output were sub-
mitted to ProteomeXchange Consortium via the PRIDE (94) partner repository
with identifier PXD019085 (95). Annotated spectra were obtained using Pro-
teome Discoverer v2.4.1.15 (Thermo Scientific). To rank protein abundancies,
intensity value was normalized against the number of unique and razor
peptides identified for each protein group. Uncharacterized proteins were
annotated using InterProScan (https:/www.ebi.ac.uk/interpro/).

ShK-like1 and ShK-like2 Activity on Polyps. Eleven-day-old primary polyps
were incubated with recombinant peptides (0.5 mg/mL). BSA (5 mg/mL) and
NvePtx1 toxin (9) were used for comparison. The effects were recorded every
30 min during 2 h avoiding any physical disturbance of the animals.

Knockdown with MOs. MOs (S/ Appendix, Table S4) were ordered from Gene
Tools, LLC (Philomath). MOs were designed to complement sequences
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