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The evolution of new traits enables expansion into new ecological and behavioural
niches. Nonetheless, demonstrated connections between divergence in protein
structure, function and lineage-specific behaviours remain rare. Here we show that

both octopus and squid use cephalopod-specific chemotactile receptors (CRs) to
sense their respective marine environments, but structural adaptationsin these
receptors support the sensation of specific molecules suited to distinct physiological
roles. We find that squid express ancient CRs that more closely resemble related
nicotinic acetylcholine receptors, whereas octopuses exhibit amore recent expansion
in CRs consistent with their elaborated ‘taste by touch’ sensory system. Using a
combination of genetic profiling, physiology and behavioural analyses, we identify
the founding member of squid CRs that detects soluble bitter molecules that are
relevantin ambush predation. We present the cryo-electron microscopy structure
of asquid CR and compare this with octopus CRs! and nicotinic receptors?. These
analyses demonstrate an evolutionary transition froman ancestral aromatic ‘cage’
that coordinates soluble neurotransmitters or tastants to a more recent octopus CR
hydrophobicbinding pocket that traps insoluble molecules to mediate contact-
dependent chemosensation. Thus, our study provides afoundation for understanding
how adaptation of protein structure drives the diversification of organismal traits

and behaviour.

Coleoid cephalopods, including octopus, squid and cuttlefish, are well-
known for their large distributed nervous systems that enable advanced
sensation and processing among their flexible arms. These evolution-
ary novelties support some of the most sophisticated behaviours
observed among invertebrates, including voracious foraging using
taste-by-touch chemotactile sensation. Octopuses have evolved spe-
cialized CRs in the suckers of their arms, which are used to explore
hidden seafloor crevices for prey'. In octopus, CRs arose through
gene duplication followed by divergence from ancestral nicotinic
acetylcholine receptors?. Structural adaptations in CRs facilitate
contact-dependent chemosensation of poorly soluble ligands such
asterpenes, which areadiverse class of naturally occurring molecules
produced by plants, fungi and bacteria, and often have aroleininter-
species communication*®. In contrast to octopus, squid and cuttlefish
areambush predators that strike and capture unsuspecting prey from
adistance using their eight arms and two long tentacles® (Supplemen-
tary Videos 1and 2). Here, we identify and analyse CRs from different
cephalopods to uncover adaptative features suited to distinct preda-
tory strategies. We then leveraged this unusual family of divergent
sensory receptors to investigate principles of sensory system inno-
vation. Using cryo-electron microscopy (cryo-EM) to determine the
structure of the founding member of squid CRs, we compare CRs from
squid and octopus with ancestral neurotransmitter receptorsto reveal

how subtle adaptations in protein structure support the evolution of
novel lineage-specific traits and behaviour.

Squid CRs are bitter tastant receptors

As octopuses use contact-dependent chemosensation to find prey,
we wondered whether squid might use arm chemoreception for their
distinctambush predation strategy. In contrast to octopuses (California
two-spot octopus (Octopus bimaculoides)), squid (striped dumpling
squid, Sepioloidea lineolata) suckers exhibit anatomical specializations
including sharp hooks for capturing prey (Fig. 1a,b and Extended Data
Fig.1). These morphological adaptations complement visual preda-
tion from ambush positions in which squid hide or camouflage and
rapidly strike unsuspecting prey froma distance, in contrast to active
arm exploration demonstrated by octopus (Fig. 1b and Extended Data
Fig.1). In addition to their function in physical prey capture, suckers
of'squid arms and tentacles contain putative sensory cells, suggesting
that they function as a sense organ’ (Fig. 1b,c). Although such cells were
rarein squid suckers compared within octopus, electrophysiological
analyses revealed that they similarly exhibited voltage-gated sodium
and potassium currents, generated action potentials and responded
to prey extracts (Fig.1c,d and Extended Data Fig. 2). Consistent with a
role for CRs in squid chemosensation, responses to prey extract were
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Fig.1|Squid express armand tentacle CRs. a,Image of O. bimaculoides (left).
Middle, octopuses have large smooth suckers with numerous ciliated receptor
cells.Scale bars, 500 pm (top) and 200 nm (bottom). Right, octopuses use
chemotactile taste-by-touch sensation for explorative predation. b, Image of
S.lineolata (left). Middle, squid have rough spiked tentacle suckers with putative
ciliated receptor cells. Scale bars, 500 um (top) and 200 nm (bottom). Right,
squid use ambush predation to strike and trap unsuspecting prey. c, Filtered
shrimp extract (3 kDa) elicited mecamylamine (Mec.)-sensitive (1 mM)
responses from chemosensory cellsisolated from squid sucker sensory

blocked by mecamylamine, an antagonist for octopus CRs! (Fig. 1c).
To examine whether squid sensory cells express CRs, we generated
transcriptomes from sucker sensory cells and other reference organs
and compared with transcriptomic profiles from octopus tissues. In
contrast to the 16 CRs expressed in octopus sucker sensory epithelia,
we identified only three full-length CRs in squid sucker sensory cells,
including chemotactile receptor for bitter tastants 1 (CRBI; Fig. 1e).
CRB1wasthefirst characterized squid CR and was named for its robust
sensitivity to bitter compounds (see below). As observed in octopus,
squid CRslacked key residues for acetylcholine binding, consistent with
divergence fromnicotinicreceptors (Extended Data Fig. 3aand Supple-
mentary Datal). Furthermore, transcripts encoding distinct squid CRs
colocalized withinindividual sensory cellsin the squid armand tentacle
sucker epithelium, consistent with co-expression patterns observed
in octopus CR cells' (Fig. 1f and Extended Data Fig. 3b). Although it is
unclear whether squid CRs form heteromeric complexes, octopus
CRs can co-assemble, a feature which may underlie the diversity of
signals detected and transduced throughout the complex peripheral
nervous system’.

We next heterologously expressed squid CRs to examine whether
they are sufficient to mediate chemosensory function. When expressed
in HEK293 cells, CRB1 responded to prey extracts but not acetylcho-
line (Extended Data Fig. 3c). Consistent with octopus CRs and native
sensory cells, squid CRB1was activated by 3 kDa fish or shrimp extract,
blocked by mecamylamine, and was insensitive to amino acids, sugars
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epithelium.n =4 outof8responded. Statistical analysis was performed using
apaired two-tailed Student’s t-test; P< 0.05 (inhibition). Scale bar, 5 pm.

d, Shrimp extractelicited action potentialsin 3 out of 4 chemosensory cells.

e, Octopusand squid CRmRNA transcripts were enriched in the sucker sensory
epitheliumrelative to other sampled tissues. The colour scale shows transcripts
permillion normalized (norm.) to sensory epithelium. f, Squid CRslocalized
tothesensory epithelium, as visualized by RNAscopeinsitu hybridization.
Representative of three animals. Nuclei were stained with DAPI (blue). Scale
bar,20 um.

or amines—molecules that are commonly detected by olfactory or
taste systems in other animals® (Fig. 2a and Extended Data Fig. 4c). In
contrast to a representative octopus CR (CRT1, activated by hydro-
phobic molecules that facilitate touch-taste behaviour in octopus),
squid CRB1 was insensitive to terpenes (Fig. 2a and Extended Data
Fig. 3d). Instead, CRB1 robustly responded to the bitter compound
denatonium and, to alesser extent, to chloroquine (Fig. 2a). Simi-
lar to octopus CRs!, CRB1 exhibited minimal desensitization with
moderate pore block in response to high agonist concentration
(Extended Data Fig. 3e). Importantly, denatonium elicited similar
responses in native squid sensory cells, consistent with their expres-
sion of CRBI (Fig. 2b). Furthermore, CRB1 activation by denatonium
was specific to squid as octopus CRT1 was insensitive to denatonium
(Fig. 2c).

Considering these results, we reasoned that CRB1 reflects a unique
saliency of bitter chemicals to squid compared with octopus. To test
this hypothesis, we recorded from axial nerves that innervate suck-
ers of octopus and squid arms and tentacles. Amputated octopus
armsresponded to prey extracts and terpenes but did not respond to
equivalent concentrations of denatonium (Fig. 2d and Extended Data
Fig.4a,c).Notably, isolated arms and tentacles from squid responded
to prey extracts and terpenes, but also bitter molecules with robust
neural activity, demonstrating that sensory encoding of bitter stimuli
is unique to squid (Fig.2d and Extended DataFig. 4a,c). Consistent with
conserved bitter sensationamong squid, similar results were obtained
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Fig.2|Squid useabitter CRto taste by trap.a, Patch-clamp screenin HEK293
cells expressing squid CRB1 revealed sensitivity to the bitter tastant denatonium
(Den.).n=3-8cells.1 mM of tested compound. b, Native chemoreceptor cells
were activated by 10 uM denatonium. n =5 out of 11 cells. Atr., atractylon; Cos.,
costunolide; Ntk., nootkatone; Pol., polygodial. ¢, Squid CRB1 robustly
responded to thebitter tastant denatonium but was insensitive to octopus
CRT1terpene agonists. n = 6 cells. Statistical analysis was performed using
two-way analysis of variance (ANOVA) with post hoc Bonferronitest; P< 0.0001.
d, Both octopusand squid arms responded to fish extract but only squid
responded tol mM denatonium. n=3arms. Statistical analysis was performed
using atwo-tailed Student’s t-test; P < 0.05 (denatonium versus sea water).

e, Denatonium (1mM) elicited robust autonomous movementinamputated

using longfin (Doryteuthis pealeii) and bobtail squid (Euprymna berryi)
arms (Extended Data Fig. 4d,e). During nerve recordings, we noticed
thatagonists that elicited neural activity also produced robust autono-
mous arm and tentacle movement, emphasizing the behavioural rel-
evance of these stimuliand the high degree of autonomy exhibited by
cephalopod arms (Fig. 2e and Extended Data Fig. 4b,c). To examine
whether bitter molecules elicited chemotactile responses in behav-
ingsquid, we added denatonium to the tank floor, similar to previous
assays used to assess octopus chemotactile sensation’. Squid did not
actively probe surfaces with their arms like octopus, consistent with
their distinctambush predation strategy (Fig. 2f, Extended Data Fig. 4f,g
and Supplementary Videos 3 and 4). Instead, addition of denatoniumto
moulded agarose ‘shrimp’ significantly affected the amount of time that
squid handled prey before consuming it (Fig. 2g). Occasionally, squid
even rejected denatonium-soaked shrimp, which was not observed
for control prey. Thus, the squid chemotactile sense appears more
analogous to canonical taste by mediating the acceptance or rejec-
tion of captured prey after contacting arms, in contrast to benthic
exploration by octopus.
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squid arms and tentacles, but notin octopus arms (see also Extended Data
Fig.4).n=3arms.Statistical analysis was performed using a two-tailed Student’s
t-test; P<0.05 (denatonium versus control). Scale bar, 3 cm. f, Octopuses used
taste by touch to differentially explore terpene agonist (polygodial)-infused
(100 uM) surfaces. n =18 octopus and 8 squid trials. Statistical analysis was
performed using atwo-tailed Student’s t-test; P < 0.001 (octopus touch number
and durationin polygodial versus control). Scalebar,3 cm. g, Squid did not
exploreinfused surfacesinadenatonium-dependent manner, but differentially
handled denatonium-covered (1 mM) shrimp after capturing with ambush
predation. n=9 trials. Statistical analysis was performed using a two-tailed
Student’s t-test; P< 0.05 (denatonium versus sea water). Scale bar, 3 cm. Data
aremeants.e.m.

CRB1 structural adaptations enable bitterant sensing

To probe how lineage-specific CRs sense distinct chemicals, we com-
pared structural features of squid and octopus CRs and assessed how
they diverge from ancestral nicotinic receptors. We first determined
the structure of squid CRB1 in a complex with denatonium using
single-particle cryo-EM (Fig. 3a-c and Extended Data Figs. 5 and 6).
The CRB1structure reached an overall resolution of 3.1 A and revealed
ageneral architecture common to the Cys-loop receptor superfamily.
Each subunit of the pentameric complex comprises a large extracel-
lular domain (ECD) and a transmembrane domain (TMD) that gives
risetoacation-permeable channel (Fig.3a,b and Extended Data Figs. 5
and 6). The TMD channel ismoderately asymmetricin both detergent
and lipid nanodiscs (Extended Data Figs. 5, 7 and 8). The pore has a
minimal diameter of 7 A, consistent with expectations for a conducting
state from permeation experiments and structures of related cationic
Cys-loop receptors®®™2, In the ECD, CRB1 has a unique disulfide bond
thatstaplestogether the 38 and 39 strands, in turn connecting through
ahydrophobic network to the conserved Cys-loop disulfide bond. This
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Fig.3|The structure of agonist-bound squid CRB1. a, Cryo-EM map and
atomic model of squid CRB1 withasingle subunit highlighted from the
homopentamer and denatoniumindicated in cyan. N-glycans and denatonium
areshownassticks. b, Single-subunit structure of squid CRBl oriented as in
aandrotated 90° about the pore axis. Disulfide bonds are shown as spheres.

¢, Details of the CRB1 agonist-binding site showing residues that are involved

set of interactions adds rigidity to the ECD, similar to the proposed
role for the additional disulfide bond found in CRT1 (Extended Data
Fig. 9). While both organisms’ receptors have an additional disulfide,
they arein different locations, suggesting convergent evolution after
the split from nicotinic receptors. In CRBI1, density corresponding to
denatoniumwas resolved at subunitinterfacesinaregion overlapping
with the agonist-binding sites of nicotinic receptors and CRT1 (Fig. 3¢
and Extended DataFig. 6a,b). Compared with the a7 nicotinicreceptor,
squid CRB1 hasashorterloop Candis missing akey disulfide bond and
tyrosineresidues, features that are consistent with the insensitivity of
CRBI1toacetylcholine (Extended Data Fig. 3c). However, reminiscent of
the neurotransmitter-binding interface of nicotinic receptors, denato-
niumsitsinanaromatic cage in concert with a glutamate positioned to
forman electrostatic interaction with the amide group of denatonium®
(Fig.3cand Supplementary Video 5). Mutation of this glutamate (Glu39)
or atryptophan (Trp120) forming the roof of the cage resulted in a
substantial reduction in receptor sensitivity to denatonium (Fig. 3d).
Thus, CRB1shares general structural features with ancestral nicotinic
receptorsbut is specialized as abitter tastant receptor through adapta-
tionin key regions, especially the agonist-binding site.

Diversification of CRs for distinct sensory roles

Genomic and transcriptomic analyses demonstrate that nicotinic
receptors have broadly expanded in molluscs, oftenintandem arrays
of intronless genes™. Among these expansions, we define CRs as the
most derived clade containing CRB1 and CRT1, therefore defining a
functional role for this lineage as peripheral sensory receptors. CRs are
intronless, rapidly evolving and present only among analysed coleoid
cephalopods (octopus, squid and cuttlefish), but absent in nautiloids
and other molluscs®* (Fig. 4a and Extended Data Fig.10a). Thus, the
evolution and expansion of CRs from nicotinic receptors coincides
with diverse coleoid morphological novelties, elaborate neural archi-
tecture and sophisticated behaviour associated with the emergence
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of suckersand complex arms. Indeed, we find that CRs diverged from
nicotinic receptors early in the course of cephalopod adaptive radia-
tion (around 300 million years ago) to form three key subfamilies that
cluster both in sequence homology and lineage specificity (Fig. 4a
and Extended Data Fig. 10): CRB for bitterants; CRT for terpenes;
and CRX for orphan receptors (Fig. 4b). CRBs are uniquely found in
Decapodiformes (squid and cuttlefish), CRX receptors are specific to
Octopodiformes (octopus) and CRTs are presentinboth lineages and
areover-represented inoctopus. Thus, restricted CR expression reflects
physiological properties, notably squid-specific bitter sensation. To
estimate the diversification times of the major CR subfamily members,
we measured codon degeneracy between CR sequences and found
that the Decapodiformes-specific CRB subfamily is the most ancient
(Fig.4b and Extended Data Fig.10). This finding is consistent with struc-
tural similarities between CRB1and nicotinic receptors, and the broad
expansion of CR subtypes in octopus versus earlier divergent squid.
Comparison of squid and octopus CRs together with nicotinic recep-
tor structures supports this molecular history—broadly, CR structural
evolution is characterized by conservation of global receptor archi-
tecture and ionotropic function, with adaption occurring primarily
ina common ligand-binding site. CRs share key features, including
oligomerization, binding-site location and a relatively conserved ion
permeation pathway (Extended Data Fig. 7). Both CR structures with
agonists bound adopt putative activated, conducting states, consist-
ent with the lack of substantial desensitization in electrophysiology
experiments. In CRs, as in a7, a key negatively charged residue in the
outer vestibule Qloop” forms a constriction point thatinfluencesion
permeability and conductance (Extended Data Fig. 7). Examination of
the ligand-binding pocket suggests that CRB1 represents a structural
intermediate between nicotinic receptors and more differentiated
octopus CRs, thereby reflecting CR evolutionary divergence. CRB1
preservesanotable feature found in the classical neurotransmitter site
of nicotinic receptors: while in aslightly different region compared with
nicotinicreceptors, CRB1usesa‘cage’ of aromaticresidues surrounding
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Fig.4|Structural specializations underlie an evolutionary transition
from neurotransmission to distinct chemotactile sensory functions.

a, Time-calibrated phylogeny of Cephalopodainferred from whole mitochondrion
genomes, including L. gigantea as an outgroup. Blue shading highlights coleoid
cephalopods (octopus, squid, cuttlefish) and the inferred origin of CR sensory
receptorsat the base of this clade. Node bars (blue) indicate 95% confidence
intervals for divergence time estimates at nodes. b, A phylogenetic tree of nicotinic
acetylcholine-receptor-like proteins from Octopodiformes (0. bimaculoides
and O. sinensis); Decapodiformes (S. lineolata, D. pealeii, E. berryi); nautiloids
(Nautilus pompilius); and gastropods (Lottia gigantea) shows that CRs diverged
fromacetylcholine-like receptors, are unique to coleoid cephalopods, and
comprise three major lineages: CRB (CR-bitter), CRT (CR-terpenes) and CRX

aligand that contains abasic nitrogen (Fig.4c-h). The agonist-binding
cage of a7 is highly hydrophilic; epibatidineis tucked in by alongloop
Cand stabilized by cation-tand electrostaticinteractions (Fig.4c-h).
In CRB1, aromatic residues combine with aunique electrostatic interac-
tionto formastructurally distinct cage suited to coordinate the bitter
tastant denatonium. Inthe more derived octopus CRT1, the extensive
hydrogen bonding network between [3 strands observed in CRB1 is
disrupted and abolishes the cage structure (Fig. 4c-h and Extended
DataFig.9).Instead, CRT1Tyr166inthe f8strand extends between 39
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(CRwith unknownligands). c-e, Side view of a7 (c), CRB1(d) and CRT1(e)
coloured by Coulombic electrostatic potential; negatively and positively
chargedsurfacesare colouredinred and blue, respectively. The black boxes
indicate the orthosteric bindingsite. f, Details of the a7 nicotinic receptor
neurotransmitter site with the agonist epibatidine bound. Aromatic residues
nearepibatidine (<5 A)areshown as sticks. Interactions between epibatidine
and carbonyl oxygen (Trp148) or hydroxyl oxygen (Tyrl87) are shown as green
lines. g, Details of CRB1agonist-binding site with aromatic or charged residues
near denatonium (<5 A) shown as sticks. Thegreenlineindicatesanelectrostatic
interaction between denatoniumand Glu39. The black dotted linesinfand g
indicate residues that forman aromatic cage in 7 and CRB1. h, Details of CRT1
agonist site with aromatic residues near diosgenin (<5 A) shown as sticks.

and 10, thereby breaking hydrogen bonds and tilting loop C upwards
toformamore open pocket (Extended DataFig. 9d,g). This flatter sur-
face enables the accessibility of larger hydrophobic molecules such as
terpenesimplicated in octopus taste-by-touch chemotactile sensation
(Fig.4c-h).Thus, after expansionand evolution of CRs across species,
structural features appear to diverge inthe ECD to drive new function.

Collectively, our analyses provide a framework for understanding
the molecular origins of new organismal traits. We demonstrate that
cephalopod CRs are a unique innovation that arose though two key



steps: CRevolutioninvolved (1) adaptation of anancestral neurotrans-
mitter receptortoasensory role; and (2) duplication and specialization
through structural modification of specific functional regions that
is associated with lineage-specific behaviour. As a critical interface
between ecological niche, complex neural processing and sophisticated
behaviour, CRs represent a key innovation in cephalopod evolution.
Indeed, numerous biological novelties arose in concert to synergisti-
cally drive morphological and functional specializations in octopus
and squid. These adaptations are supported by an elaborate nervous
system that is comparable in size to complex vertebrates, but with
radically different organization. Thus, cephalopods provide notable
examples of convergent and divergent evolution that can be exploited
to understand the molecular basis of novelty across levels of biological
organization.
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Methods

Animals

Adult Californiatwo-spot octopuses (0. bimaculoides) were wild-caught
male and female adults (aged 1-2 years, Aquatic Research Consultants)
and fed daily with fiddler crabs (Leptuca pugilator, Northeast Brine
Shrimp). Adult (aged 1-2 years) striped dumpling squid (S. lineolata)
and hummingbird bobtail squid (E. berryi) were laboratory cultured
(Marine Biological Laboratories) and fed twice daily with grass shrimp
(Palaemonetes pugio, Aquatic Indicators). Adult (aged 1-2 years) Long-
fininshore squid (D. pealeii) were wild caught by jigging at the MBL,
transported in aerated coolers to Harvard University and euthanized
using established methods withimmersion of 3.5% MgCl, and 15% etha-
nolfollowed by pithing for physiology and RNA extraction. All housed
animals were kept underal2 h-12 hlight-dark cycleinfiltered natural
seawater. Animal protocols were approved by the Harvard University
Animal Care and Use Committee (protocol ID 18-05-325) with further
guidance from the Marine Biological Laboratories Marine Resource
Center.

Cell culture

HEK293 cells (ATCC, authenticated and validated as negative for myco-
plasma by the vendor) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco) supplemented with 10% fetal calf serum
(Gibco) and 50 IU ml™ penicillin and 50 pg ml™ streptomycin (Gibco)
at37°C, 5% CO, using standard techniques. For transfection, HEK293
cells were washed with Opti-MEM Reduced Serum Media (Gibco) and
incubated with transfection mix containing 1 pg total of the indicated
plasmid DNA and 3 pl Lipofectamine 3000 Transfection Reagent
(Invitrogen) in Opti-MEM for 4-8 h at 37 °C. Cells were then replated
onto glass coverslips in DMEM, incubated for 2 h at 37 °C and then
incubated overnight at 30 °C.

CR construct, expression and purification

The full-length CRBI gene with a C-terminal strep-tag preceded by an
SA linker was subcloned into the pEZT Bacmam expression vector’®,
Next, CRB1 Bacmam virus was produced and titrated as described
previously™ from Sf9 cells (ATCC, CRL-1711) for large-scale protein
expression. Then, 4.8 | of suspension HEK293S GnTI' (ATCC CRL-3022)
cellswas grown at 37 °C and 8% CO, until they reached a cell density of
around 4 x 106 cells per ml. Sodium butyrate (3 mM; Sigma-Aldrich)
and viruses were added to the culture during transduction. The tem-
perature was decreased to 30 °C after transducing expression with a
multiplicity ofinfection (MOI) of 0.5. Transduced cells were collected
after 72 hby centrifugation, resuspended in a TBS buffer (20 mM Tris,
150 mMNaCl, pH 7,4) containing1 mM phenylmethanesulfonyl fluoride
(Sigma-Aldrich), then lysed using an Avestin Emulsiflex. Lysed cells
were centrifuged for 20 min at10,000g, and the supernatant was col-
lected and centrifuged again for 2 h at 186,000g. Membrane pellets
were mechanically homogenized and solubilized for 1 h at 4 °C using
ahomogenizer with TBS buffer with 40 mM n-dodecyl-f-D-maltoside
(DDM, Anatrace). Solubilized membranes were centrifuged for 40 min
at186,000g, then slowly passed over high-capacity Strep-Tactin (IBA)
affinity resin at flow rate of 0.8 ml min™. The resin was washed with
TBS buffer containing 0.1 mM glycol-diosgenin (GDN, Anatrace)
then eluted with wash buffer supplemented with 5 mM desthiobio-
tin (Sigma-Aldrich) and 100 pM denatonium. After affinity chro-
matography, the eluted fractions were combined, concentrated
and then centrifuged for 20 min at 40,000 rpm to remove aggre-
gates before size-exclusion chromatography (SEC). The resulting
supernatant was separated by SEC using the Superose 6 Increase
10/300 GL column (GE) equilibrated in TBS buffer containing 0.1 mM
GDN. SEC fractions were pooled and concentrated, and the quality
of purified receptor was assessed by analytical SEC before freezing
the grids.

Cryo-EM sample preparation and single-particle cryo-EM data
acquisition

Atotal of 3 pl of concentrated receptor protein (A, = 7.5) was applied
to copper R1.2/1.3 200 mesh holey carbon grids (Quantifoil) that
were glow-discharged at 30 mA for 80 s. The grids were immediately
blotted for 3 s under 100% humidity and 4 °C conditions, and then
plunge-frozen into liquid ethane cooled by liquid nitrogen using the
Vitrobot Mark IV (Thermo Fisher Scientific).

Cryo-EM samples were screened on the Talos Arctica system at UT
Southwestern Medical Center and large dataset collection was per-
formed at the Pacific Northwest Center for Cryo-EM (PNCC). Micro-
graphs were collected on the 300 kV Titan Krios equipped with a K3
direct-electrondetector (Gatan) and a GIF quantumenergy filter (20 eV)
in super-resolution mode. Images were collected with total electron
dose of 50 e A2 over 50 frames and a defocus range of 0.5 pum to
-2.5pum.

Single-particle cryo-EM data processing

Data processing was performed by following a general Relion 3.1
workflow”. Dose-fractionated images were gain-normalized, Fourier
binned twice, aligned, dose-weighted and summed using MotionCor22°.
The contrast transfer function correction and defocus values were
estimated using GCTF?. Particles were automatically picked using
crYOLO?, and then processed for 2D classification to remove junk
particles. A 3D reconstructed map generated from a small subset of
particles was used as a reference (low-pass filtered to 30 A) for the
first round of 3D classification using C; symmetry. The two resulting
good 3D classes were selected separately, and a second round of 3D
classification was performed for each particle class. Before combin-
ing good 3D classes from the second round of 3D classification, the
3D maps were manually rotated to align with areference class (class 1)
using UCSF Chimera® to obtain the highest correlation between two
maps. Once we determined the rotation angle of each 3D class that
resulted in subunits being superimposed, the particles from each 3D
classwere rotated by editing the angle rotation columnin the particles.
star file. The particle star files were then joined and processed for 3D
refinement, with restricted angular searches. After 3D refinement, a
third round of 3D classification with local angular search (restricted to
4 degrees) wasrun, and only one class was selected by carefully check-
inglocal TMD density. Then, 3D refinement, CTF refinement and final
TMD-focused 3D classification yielded one best 3D class. The final 3D
classwas further refined with C, symmetry; subsequently, the resulting
volume was locally sharpened in Relion® and its local resolution was
estimated using ResMap?*, yielding a final reconstruction at 3.13 A
resolution. The map quality was evaluated using Phenix mtriage®, and
the resulting FSC curve is included in Extended Data Fig. 5. Software
packages for structural biology were compiled by SBGrid®. Cryo-EM
data are summarized in Extended Data Table 1.

Model building, refinement and validation

Aninitial homology model was generated using the SwissModel” server
based on the a3 subunit of the o334 human nicotinic acetylcholine
receptor (Protein Data Bank (PDB): 6PV7) and the a7 human nicotinic
acetylcholine (PDB: 7KOO) for the M1IM2 loop conformation. This
model was fitted into the density map in UCSF Chimera®, then manu-
ally adjusted in Coot?. Density for M4 helices was strong in only two
subunits; modelling was performed firstin these subunits then applied
to the other subunits in which density was ambiguous. The chemical
structure of denatonium and refinement restraints were generated
using the Grade Web Server (Global Phasing). Subsequently, the model
was iteratively refined by manual adjustment in Coot and global real
space refinement in Phenix?**. The stereochemical statistics of the
final model, including Ramachandran analysis, were assessed using
Molprobity®, and the final refinement statistics, including model-map
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correlation and half-maps, were calculated using comprehensive vali-
dation and mtriage in Phenix***°,

Figures and graphicalillustration

UCSF Chimera®, UCSF ChimeraX*? and Pymol* were used for graphi-
calillustration of protein structures and density maps in the figures.
Protein sequences were retrieved from the UniProtKB database® and
aligned using PROMALS3D®, Pore radius profiles were calculated using
Hole*® and plotted using GraphPad Prism v.9.2.0 for Windows. Root
mean square deviation values were calculated using the MatchMaker
and Align functions in Chimera. The hydrophobicity profile along the
permeation pathway was calculated by CHAPY. The interface area
and the solvation free energy of protein-protein and protein-ligand
interactions were calculated using PDBePISA®, and the solvent acces-
sibility analysis of the ligand-binding pocket was performed using
CASTp3.0%.

Patch-clamp electrophysiology

Patch-clamp recordings were carried out at room temperature using
aMultiClamp 700B amplifier (Axon Instruments) and digitized using
aDigidata 1550B (Axon Instruments) interface and pClamp software
(Axon Instruments). Whole-cell recording data were filtered at 1 kHz
and sampled at 10 kHz. For native cell recordings, borosilicate glass
pipettes were polished to 8-10 MQ. The standard extracellular solu-
tion contained 430 mM NaCl, 10 mMKCI, 10 mM HEPES, 10 mM CacCl,,
50 mMMgCl,, pH 7.6. Two intracellular solutions were used for record-
ing. Most experiments used a Cs*-based solutionto reduce K* currents
(500 mM Cs* methanesulfonate, 4 mM MgCl,, 10 mM HEPES, 30 mM
sucrose, 10 mM CsEGTA, pH 7.6). To measure K' currents and mem-
brane voltage, we used 500 mM K' gluconate, 10 mM HEPES, 10 mM
sucrose, 4 mM MgCl,, 10 mMKEGTA, pH 7.6. For whole-cell recordings
inHEK293 cells, pipettes were 3-5 MQ. The standard extracellular solu-
tion contained 140 mM NacCl, 5 mM KCI, 10 mM HEPES, 2 mM CaCl,,
2 mM MgCl,, pH 7.4. The intracellular solution contained 140 mM Cs*
methanesulfonate, 1 mM MgCl,, 5 mM NaCl, 10 mM CsEGTA, 10 mM
HEPES, 10 mMsucrose, pH 7.2.Inion-substitution experiments, relative
permeability was determined by measuring the shiftin reversal poten-
tial (E,.,) after the substitution of equimolar monovalent cations. £,
was extracted from voltage-ramp experiments as described for meas-
uring agonist-elicited currents. The extracellular solution contained
150 mMNa*,Cs, NMDG" or100 mM Ca**, Mg** and intracellular solution
contained 150 mM CsCl and 1 mM CsEGTA. Solutions were buffered
with 10 mM HEPES. Permeability ratios were estimated using the Gold-
man-Hodgkin-Katz (GHK) equation: Py/Py, = (INa*] yminal/ [Xcytoptasmic)
(exp(ErevF/RT))r PCa/PNa = (4[Caz+]Luminal/[Na+]Cytoplasmic)(exp(ErevF/RT));
where Pis permeability, Xis the ion, F is the Faraday constant, Ris the
gas constant and T is the temperature.

The following pharmacological agents were used: 4-aminopyridine
(Tocris, 0940), acetylcholine (Sigma-Aldrich, A6625), mecamylamine
(Tocris, 2843), BAPTA (Tocris, 2786), Cd** (Sigma-Aldrich, 202908),
tetrodotoxin (Tocris, 1078), nootkatone (Sigma-Aldrich, W316620),
polygodial (Cayman Chemicals, 14979), atractylon (Carbosynth,
FA74011), threonine, arginine, alanine, serine, leucine, glutamine, his-
tidine and lysine (all Sigma-Aldrich), benzaldehyde (Sigma-Aldrich,
418099), 2-(diethylamino)ethanol (Sigma-Aldrich, 471321),isoamyl ace-
tate (Sigma-Aldrich, 112674), sucrose (Sigma-Aldrich, S7903), pyridine
(ThermoFisher Scientific,13178), 3-aminopyrrolidine (Sigma-Aldrich,
540781), triethylamine (Sigma-Aldrich, 471283), 2,5-dimethylpyrazine
(Sigma-Aldrich, W327204), tyramine (Sigma-Aldrich), chloroquine
(Sigma-Aldrich, C6628), denatonium benzoate (Sigma-Aldrich, D5765),
carvacrol (Sigma-Aldrich, W224502), eucalyptol (Fluka, 46090),
limonene (Sigma-Aldrich, 183164). Compounds were dissolved in water,
ethanol (<1%) or DMSO (<1%). Natural products (fish, crab, ink) were
flash-frozen, ground with mortar and pestle, and filtered with 3 kDa
ultracentrifugal filters (Amicon UFC500324). Fractions were generated

using C18 filters (Restek, 24051) using methanol and water to collect
hydrophilic and hydrophobic fractions, respectively.

In native cells, agonist-elicited currents were measured during
100 ms voltage ramps from -120 to 80 mV applied every 1s, which
were quantified at -110 mV. Agonist-evoked currents were measured
at -110 mV during 500 ms ramps from —-120 to 100 mV in HEK293.
All time courses displayed currents measured at —110 mV during
successive ramps. Inhibitory effects were quantified as differences
innormalized peak current from the same cell after bath application
of the drug (/iyeatment/Icontro) @aNd agonists were quantified by increases
in peak current versus basal (/,;caument//basat)- FOr CRs and chemorecep-
tor cells, effects were quantified using currents measured at =110 mV.
Desensitization and/or pore block was quantified at the end of agonist
application versus peak current (/g,q//pea)- Estimated ECs, and 95%
confidence intervals were calculated from sigmoidal dose-response
relationships established from normalizing agonist-evoked currents
to those elicited by maximal concentrations in the same cell.

Voltage-gated currents were leak-subtracted online using a p/4 pro-
tocol, and membrane potentials were corrected for liquid junction
potentials. Voltage-gated currents were measured in response to a
200 ms voltage pulse in 10 mV increments from a =110 mV holding
potential. G-Vrelationships were derived from/-Vcurves by calculating
Gasfollows: G =1I/(V,, - E,.,) and fit with aBoltzmann equation; /is cur-
rent, Gis conductance and V,,ismembrane voltage. Voltage-dependent
inactivation was measured using test pulses to-10 mV (inward currents)
or +60 mV (K’ currents) voltage pulses after a series of 1 s pre-pulses
ranging from -110 mV to +60 mV. Voltage-dependent inactivation
was quantified as //1,,,,,, with I, occurring at the voltage pulse after
a-110 mV pre-pulse. Current kinetics were quantified using single
exponential fits or the time to reach peak amplitude from activation.
Voltage-dependent K' currents were isolated by including 1 pM TTX
and 500 puM Cd* in the extracellular solution. In current-clamp record-
ings, resting membrane potential was measured without injecting
current (/=0).1s depolarizing current steps of various amplitudes
were injected to measure spikes, which were quantified by frequency
(spikes per second) or amplitude.

Two-electrode voltage clamp

Defolliculated oocytes were purchased from Ecocyte or Xenopusl
andstored in Modified Barth’s Solution (88 mM NaCl,1 mM KCI, 5 mM
Tris-HCI, 1mM MgSO0,, 0.4 mM CaCl,, 0.33 mM Ca(NO,), 2.4 mM
NaHCO,, pH 7.4) supplemented with 0.1 mg ml™ gentamycin for up
to1week at 4 °C until use. For oocyte expression, plasmid DNA was
linearized using Not1-HF (NEB, R3189) for 2 hat 37 °C. Linearized DNA
was purified using a PCR purification Kit (Qiagen, 28104) and eluted
in 30 ml RNase-free water. RNA synthesis was performed with 1-3 pg
DNA using the mMessage mMachine T7 Transcription Kit including
15 min of DNase treatment (Ambion, AM1344). RNA was treated with
the Zymo Clean & Concentrator Kit and aliquoted at a concentration
of approximately 10 pg ml™ for injection. Oocytes were injected with
25 ng RNA using the Nanoject Il (Drummond scientific) and incubated
inModified Barth’s Solutionat 17 °C overnight. Two-electrode voltage
recordings were carried out at room temperature with an Oocyte Clamp
0C-725Camplifier (Warner Instruments) and digitized using a Digidata
1550B (Axon Instruments) interface and pClamp 11 software. Data were
filtered at 1 kHz and sampled at 10 kHz. Recordings were performed
using borosilicate glass pipettes with resistances of 7-10 MQwhen filled
with3 MKCI. All chemicals were diluted inND96 extracellular solution
(96 mMNaCl,2 mMKCI, 5 mMHEPES, 1 mM MgCl,, 2 mM CaCl, adjusted
to pH 7.4 with NaOH). Insoluble chemicals were first reconstituted in
DMSO, and then diluted in ND96 to 1% final DMSO. Stimulus-evoked
currents were obtained using 200 ms voltage ramps from -120 mV to
120 mV applied every 500 ms with an interstimulus holding potential
of —40 mV. Dose-response relationships were calculated using peak
currents measured at =115 mV.
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Histology

Armsor tentacles fromtheindicated species were fixed in 4% paraform-
aldehyde in PBS for approximately 16-24 h on a rocker. Appendages
were then dissected into short lengthwise sections, washed three times
with PBST (Triton X-100 0.1%) and incubated in 30% sucrose in PBST at
4 °Conice. Afterembeddingin optimal cutting temperature compound
(OCT), thesamples were frozen and sectioned using acryostat (Leica,
CM3050S) at athickness of 35 um. After subsequent washesin PBST, the
samples were blocked for1hin 5% normal goat serum (NGS) in PBST and
antibody solution containing anti-HRP-Cy3 (1:500) (Jackson Immuno,
123-545-021) was applied for 24 h at 4 °C in 5% NGS/PBST. Finally,
the samples were washed 3-5 times in PBST, mounted in Vectash-
ield with DAPI (Vector Laboratories) and imaged using the LSM 980
Confocal Microscope with Airyscan2 (Zeiss). Images were processed
using FIJI.

Insitu hybridization

Tissues were collected from live samples and suckers were immediately
frozenin OCT. Sections (18 pM) were performed on fresh frozen tissue
using a cryostat (Leica, CM3050S). Probes were designed by ACD and
the manufacturer’s recommended protocol was followed as described
for fresh frozentissues. Pretreat 3 was used for 30 minand the fluores-
cent probes used included TSA-FITC, TSA-Cy3 and TSA-CyS5 (Perkin
Elmer, NEL744EQO1KT and NEL754001KT), samples were mounted in
ProLong Gold (Thermo Fisher Scientific, P36931) with DAPI, and imaged
using the LSM 980 Confocal Microscope with Airyscan2 (Zeiss). Images
were processed using FIJI.

Electron microscopy

Scanning electron microscopy. The samples were fixed overnight in
amixture of 1.25% formaldehyde, 2.5% glutaraldehyde and 0.03% picric
acid in 0.1 M sodium cacodylate buffer, pH 7.4. The fixed tissues were
washed with 0.1 M sodium cacodylate buffer and post-fixed with 1%
osmium tetroxide in 0.1 M sodium cacodylate buffer for 2 h. Tissues
were then rinsed in double-distilled H,0 and dehydrated through a
series of ethanol (30%, 50%, 70%, 95% and twice at 100%) for 15 min per
solution. Dehydrated tissues were dried in an autosamdri-815 critical
point dryer and mounted on aluminium stages with silver paint
and coated with platinum (10 nm). The dried tissues were observed
using the HitachiS-4700 Field Emission Scanning Electron Microscope
(FE-SEM) atan accelerating voltage of 5 kV. At least three tissue samples
were analysed per animal.

TEM. Samples were fixed overnightinamixture of 1.25% formaldehyde,
2.5% glutaraldehyde and 0.03% picric acid in 0.1 Msodium cacodylate
buffer, pH 7.4. The fixed tissues were washed with 0.1 M sodium caco-
dylate buffer and post-fixed with 1% osmium tetroxide/1.5% potassium
ferrocyanide (in H,0) for 2 h. The samples were then washed in a maleate
buffer and post-fixed in 1% uranyl acetate in maleate buffer for 1 h. Tis-
sues were thenrinsed in double-distilled H,0 and dehydrated through
a series of ethanol (50%, 70%, 95% and twice at 100%) for 15 min per
solution. Dehydrated tissues were put in propylene oxide for 5 min
before they were infiltrated in epon mixed 1:1 with propylene oxide
overnight at 4 °C. Samples were polymerized in a 60 °C oven in epon
resin for 48 h. They were then sectioned into 80 nm thin sections and
imaged ontheJEOL1200EX Transmission Electron Microscope. At least
three tissue samples were analysed per animal.

Transcriptomics

We generated tissue-specific de novo transcriptomes for S. lineolata,
D. pealeiiand E. berryi (Supplementary Table1). Tissues were dissected
and stored frozen in RNAlater until use. RNA extraction, library prep-
aration and RNA sequencing were performed by Genewiz (Azenta)
using the HiSeq (2 x 150 bp) platform. For O. bimaculoides, we used a

transcriptome that was previously assembled by our group (BioProject:
PRJNA658966). We assembled additional transcriptomes for Nauti-
lus pompilius (Sequence Read Archive: SRR11485678-SRR11485687)
and D. pealeii (Sequence Read Archive: SRR18071805-SRR18071807,
SRR18071791, SRR18071792, SRR18071794 and SRR18071795) from
raw reads available in GenBank. Adaptor trimming was performed
using trim galore, and reference transcriptomes were assembled
de novo using Trinity*®. Open reading frames were identified using
transdecoder. Reads were pseudoaligned and transcript abundance
was estimated using Kallisto* and our transcriptome assemblies as a
reference. Annotation was performed using Diamond*.

Phylogenetics and sequence divergence

To increase phylogenetic sampling and sequence representation,
we used proteins predicted from the genomes of O. sinensis (Bio-
Project: PRJNA541812), N. pompilius (BioProject: PRJINA614552) and
L. gigantea (BioProject: PRJNA175706). We used these proteomes,
along with the transcriptomes generated in this study and CRs anno-
tated from the D. pealeii genome (BioProject: PRINA641326) to mine
for acetylcholine-receptor-like genes using the sequences of CRB1
(NCBI: 0Q301567), CRT1 (NCBI: NW_014712376.1) and a7 receptor
(NCBI: U40583.2) as templates for iterative search in jackHMMER*®
with an e value of 10 x 1075, Protein sequence annotations were
confirmed using BLASTn** and clustered at 95% identity using CD-hit*
toremoveisoforms and duplicates. We aligned amino acid sequences
with MAFFT (v.7)* and curated the alignments manually in Geneious
Prime (v.2022.2; https://www.geneious.com) to obtain high-quality
alignments. We used ModelFinder* to assess the best model of substi-
tution for phylogeneticinference. We estimated maximume-likelihood
treesin IQ-TREE (v.2.0)*%, conducting ten independent runs to ensure
convergence and selected the tree with the highest likelihood. Support
for clades was calculated using ultrafast bootstrap approximation
UFBoot2*,

We retrieved whole-mitochondrion genomes of S. lineolata
(MW484944.1), D. opalescens (NC_012840.1), E. berryi (MW478823.1),
0. sinenesis (NC_052881.1), N. pompilius (NC_035715.1) and L. digitalis
(DQ238599.1) to infer a time-calibrated phylogeny of the species or
placeholders included in the sequence analysis. Alignment and phy-
logenetic inference were performed as described above. We used
MCMCtree (v.4.9)*° for divergence time estimation, incorporating
secondary node calibrations based on arecent fossil-calibrated phylog-
eny of mollusks®. The remaining node age priors were set to uniform.
We conducted a likelihood approximation with the calculation of the
gradientand Hessian matrix of the branch lengths to speed computa-
tion and ran the concatenated alignment under the F84 substitution
model and gamma with five rate parameters. Tree visualization was
implemented using the packages ggtree (v.3.4.2)*> and phytoolsinR
(v.4.2.1)and iTOL*.

Fourfold degenerate site distances (4DTv) were estimated between
all pairs of CRgenes. Amino acid sequences were aligned using MAFFT
and converted to codon alignments using Pal2Nal**. We identified four-
fold degenerate sites and calculated their rate of transversion using a
custom Python script.

Autonomous arm behaviour

Arm tips from sedated animals were transferred to a 10 cm Petri dish
containing 50 mlseawater and held in place using suction throughan
appropriately sized tygon tube. Odorants were first dissolved in DMSO
and then diluted in holding solution to 0.1-1% final DMSO. Then, 1 ml
stimulus at the indicated concentration was perfused over the arm
over 2 s using a micropipette. Arm behaviour was recorded using a
FLIR grasshopper 3 camera (Teledyne) equipped with a 35 mm Nikon
DX AF-S NIKKOR 1:1.8G lens (Nikon) at 500 ms intervals. Videos were
segmented and motion was measured using ImageJ (NIH) by stack
difference projections.
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Axial nerve recording

Armtips or tentacles from sedated animals were transferredtoa10 cm
Petridish containing 50 ml holding solution (430 mM NacCl, 10 mMKClI,
10 mM HEPES, 10 mM Cacl,, 50 mM MgCl,, 10 mM D-glucose, pH 7.6).
Nerve recordings were performed using a borosilicate glass suction
electrode shaped and polished tofit over the entire cut end of the radial
nerve. Asimilar reference electrode was placed into the bath. Gap-free
recordings were made with 10 kHz sampling at 10,000x% gain, and sig-
nals were high-pass filtered at 100 Hz and low-pass filtered at 1 kHz
using a Warner DP-311A headstage and AC/DC amplifier (Warner) and
digitized using a Digidata 1440A digitizer (Molecular Devices) using
ClampEx software (Molecular Devices). Recordings were processed
using Clampfit (Molecular Devices). For quantification of responses,
the absolute value of the signal was processed using a low-pass 25 Hz
Gaussian filter, the baseline signal was subtracted and the response
amplitude was integrated over the response area. For controls and
stimuli for which no response was observed, a similar response area
was measured as for arm agonists.

Animal behaviour

Light/dark octopus behaviour. Octopuses were placedina~1901tank
preparedinaroomwith full lighting control and filmed top-down with
aninfrared camera (SiOnyx Aurora) fitted withan 850 nminfrared filter
(Neewer). The tank was illuminated both with overhead room lights
and witha panel of SMD3528-300-IR infrared (850 nm) LED light strip
lights. After a10 min acclimation to the tank, the camerawas activated
and the animalwas filmed for 30 s. The overhead room lights were then
turned off and the room was made totally dark for an additional 30 s
before turning the overhead lights back on. This was repeated twice
with each octopus before ending the trial. Stillimages were extracted
from the videos 2 s after the overhead lights were either turned on or
turned offand imported intoImageJ. The outlines of the octopus’s body
2 safter theincidence of full overhead light and 2 s after the incidence
oftotal darkness were traced and converted into total pixel area, which
wasthen converted into square inches using aknown measurement to
calibrate the ImageJ (NIH) measurement tool.

To measure predation, first, afiddler crabwas placedinarandomly
determined corner of the tankin all cm diameter, 5 cmtall glass dish.
Then, an octopus was placed into a different, randomly determined
corner of the tank. The camera was activated when the octopus was
placed in the tank. Trials were filmed until the octopus had captured
the crab (always less than 10 min). The condition of the trial (lights on
versus lights off, and live crab versus dead crab) were also randomly
determined. Dead crabs were killed by pithing the carapace from the
seam between the top and bottom halves of the shell. A ‘pounce’ result
was quantified as a distance response to prey and use of the siphon to
swimover to the crab followed by stereotypic use of the arms and web-
bing to engulfthe prey. A ‘contact’ result was quantified asno response
to prey until the arm incidentally meets the shell of the crab through
typical exploration of the tank space, which then results in the ste-
reotypic use of the arms and webbing to engulf the prey. Trials were
analysed in Windows Media Player (Microsoft).

Squid strike distance. Three to five squid were placed into a-28 1
acrylic tank with a quarter-inch bed of fine black sand. The tank was
illuminated from the side with a panel of SMD3528-300-IR infrared
(850 nm) LED light strip lights. An infrared camera (SiOnyx Aurora)
fitted withan 850 nm infrared filter (Neewer) was mounted above the
tank to record for the full duration of the trial. Two conditions were
filmed, one with overhead room lights turned onto full brightness, and
one withtheroomintotal darkness. Trials started at10:00 and ended
onceallshrimp had beeneaten or at17:00—whichever happened first.
Fivetotenshrimpwere addedto thetankat10:00 and the camerawas
activated. Once the trial had completed, still frames of the video were

extracted into ImageJ (NIH) and analysed to measure distance to prey
and striking angle using known measurements to calibrate the ImageJ
measuringtool. Videos were also analysed in ImageJ to determine the
success and failure proportion of every strike made during the duration
of the trial for both light and dark trials.

Octopus/squid versus prey movement. Trials from squid strike dis-
tance were analysed in Image] using the Trackmate® plugin to quantify
distance travelled (in cm) of both the shrimp and the squid for15s
before a successful strike. Prey capture trials for octopus were per-
formedina-1901tank preparedinaroom with full lighting control and
filmed top-down with a GO-PRO HERO7 (GoPro) camera. A live fiddler
crabwas placed on oneside of the tank, and an octopus was placed on
the opposite side of the tank. Trials were recorded for 15 s and always
resulted in successful prey capture. Videos were analysed in Image)
(NIH) using the Trackmate plugin to quantify distance travelled (cm)
of boththe octopus and the crab.

Squid prey handling time. Squid were offered shrimp tied to fishing
line (Strenmonofilament fishing line, ~13.6 kg test weight) in their home
tank. The shrimps were soaked in a 11 solution of either seawater or
1 mMdenatonium for 2 hbefore being offered to the squids. Handling
time was measured as the time spent with arms actively manipulating
the prey item, as opposed to the stereotypic consumption behaviour
consisting of holding the armsin a resting posture entirely engulfing
the prey item. Trials were recorded using a GO-PRO HERO7 (GoPro)
in normal room lighting and analysed using Windows Media Player
(Microsoft).

Two-choice assay. A -28 | tank was prepared inaroom with full lighting
control and suspended 4 feet off the ground on a quarter-inch-thick
sheet of clear acrylic to enable bottom-up filming with an infrared
camera (SiOnyx Aurora) fitted withan 850 nminfrared filter (Neewer).
The tank was illuminated both with overhead room lights and with a
panel of SMD3528-300-IR infrared (850 nm) LED light strip lights. To
test the effects of chemicals on chemotactile sensation, 400 ml of 1.5%
concentration agarose (Agarose RA, VWR Life Science) was added and
solidified on the bottom of the tank floor. The agar floor was bisected
widthwise, and one side was removed (alternated across trials). Then,
200 ml of 1.5% agarose infused with the indicated compounds was
addedtotheempty half of the tank, resultingin a uniform depth of agar
across the tank. The tank was filled with 10 | of seawater, the animals
were added to freely explore the tank and the entire 10 min trial was
recorded from the side with a GoPro HERO7 camera (GoPro), in addi-
tionto the bottom-up recording of the IR camera. The animal was then
returned to its home tank for at least 24 h. Videos were imported into
ImageJ (NIH) and thresholded colorimetrically to allow pixel-based
analysis of the octopus arms contacting the agar floor.

Quantification and statistical analysis

Datawere analysed using Clampfit (Axon Instruments), Prism (Graph-
Pad) and represented as mean * s.e.m. nvalues representindependent
experiments for the number of cells/patches or behavioural trials. Data
were considered to be significant if P < 0.05 using paired or unpaired
two-tailed Student’s t-tests, Wilcox tests or one- or two-way ANOVAs. All
significance tests were justified considering the experimental design
and we assumed normal distribution and variance, as is common for
similar experiments. Animal behaviour experiments were randomized
and performed blinded to chemical stimulation conditions. Sample
sizes were chosen on the basis of the number of independent experi-
ments required for statistical significance and technical feasibility.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability

Deep sequencing dataare available viathe Sequence Read Archive (SRA)
repository under the BioProject accession code PRINA906054. The
CRBInucleotide sequenceisavailable under NCBlaccession 0Q301567.
Atomic model coordinates and cryo-EM density maps for the CRB1
structure have been deposited at the PDB under accession code 8EIZ
and at the Electron Microscopy Data Bank under accession code EMD-
28167, respectively.
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Extended DataFig.1|Comparative chemotactile behaviour. a, Squid have
two long tentacles for catching prey, inaddition to eight arms like octopus.
b, Octopuses explore their home tank, moving throughout recordings while

squid are stationary and often buried. n =8-9trials. ¢, Octopuses move toward

their prey for capture while squid wait for prey to approach and then strike.
n=4trials, p <0.0001for octopus versus squid movement, two-tailed
Student’st-test.d, Octopuses spread their armsinrelatively dark conditions
and contractinthelight.n=10 trials, p <0.0001for octopus versus squid
movement, two-tailed Student’s t-test. e, Octopuses pounce on and consume

live crabs fromadistanceinthe light and must first touch freshly dead crabs
before consuming. Inthe dark, octopuses must first touch live or dead crabs
before pouncing and consuming. These results suggest octopuses use
somatosensation for predationin the absence of strong visual cues.n=9-13
trials. f, Squid use ambush predation to hide and strike shrimp in light or

relatively dark conditions witha similar success rate but require that prey are at

amuchcloser distanceinthe dark. These results suggest squid primarily use
visiontostrike prey. p <0.0001 for strike distancein light versus dark,
two-tailed Student’s t-test. n = 18-24 trials. Datarepresented as mean + SEM.
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Extended DataFig.2|See next page for caption.
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Extended DataFig.2| Comparative chemosensory cell electrical
properties. a, Quantification of chemosensory cells from octopus or squid
thatresponded to3 kDafish and shrimp extractin voltage-or current-clamp.

b, Shrimp-sensitive octopus chemoreceptor cell currents were blocked by
1mM mecamylamine. p < 0.05, two-tailed Student’s t-test. n = 7 cells. Scale bar:
Spm.c,Representative fish-evoked action potentialsinan octopus chemosensory
cell.d,1pMtetrodotoxin (TTX) blocked voltage-gated inward currents (ly,,) in
octopus chemosensory cells.n=6-11cells, p<0.0001, two-way ANOVA with
posthocBonferronitest. e, Octopus chemosensory celll,, voltage dependence:
Va2=-5.1£0.7mV, V;,=-38.0 £1.8 mV, n = 4.f, Octopus chemosensory cell
Iyayactivation andinactivationkinetics.n = 6. g, 1pMtetrodotoxin (TTX)
blocked voltage-gatedinward currents (l,,) in squid chemosensory cells.

n=6-11cells,p <0.0001, two-way ANOVA with post hoc Bonferroni test.

h, Squid chemosensory cellly,, voltage dependence: V,;,,=-6.5+ 0.8 mV,

Vi, =-40.3£1.3mV,n=4cells.i, Squid chemosensory cell I, activationand
inactivationkinetics.n= 6 cells.j, Voltage-gated outward currents measured in
the presence of intracellular potassium (Iy) in squid and octopus chemosensory
cells.n=35cells forsquid and 6 for octopus. k, Both squid and octopus
chemosensory cells produced action potentialsin response to current
injection. Squid had slightly higher frequency inresponse to the same injection
step.n=>5cellsforsquid and 7 for octopus. 1, comparison of spike amplitude
andinputresistanceinsquid and octopus chemosensory cells.n =5cells for
squid and 7 for octopus. Datarepresented as mean + SEM.
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Extended DataFig. 3 |See next page for caption.



Extended DataFig.3|Squid CR properties. a, Alignment of predicted

loops A, Band C fromanalysed octopus and cuttlefish CRs and the human a7
nicotinicacetylcholinereceptor demonstrated that CRs lack most residues
that contribute to the canonical acetylcholine (ACh) binding side (highlighted
inred).b,Squid CRslocalized to the sensory epithelium of arm suckers (left,
mergeinFig.1) and tentacle suckers (right), as visualized by RNAscope in situ
hybridization. Nucleiwere stained with DAPI (blue). Representative of 3
animals. ¢, Expressed octopus (CR518, CRT1) and cuttlefish CRs (CR192, CRB1)
wereinsensitive toacetylcholine (ACh,1 mM) but robustly responded to fish or
shrimp extract. Extractresponses were blocked by mecamylamine (1mM) and

were notobserved inuntransfected cells.n=6-7 cells, p < 0.0001 for extract
responses versus mecamylamine, two-way ANOVA with post-hoc Tukey test.

d, Octopus CRT1exhibited dose-dependent sensitivity to the terpene
costunolide, while squid CRB1was insensitive. Octopus CRT1EC50 =30.8 uM,
95% Cl=30.0-33.9 uM, n=7 cells for octopus and 5 for squid. Datarepresented
asmean + SEM. e, Minimal desensitization was measured in response to low
concentration of denatonium while higher concentrations produced inhibition
with large wash-off currents that were absent at positive voltage. These
properties are consistent with moderate pore block. p < 0.0001for concentration,
two-tailed student’s t-test (n = 6). Datarepresented as mean = SEM.
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Extended DataFig. 4 | Comparative squid and octopus nerve and arm
chemosensoryresponses. a, (Top) arm and tentacle axial nerves stained with
anti-horseradish peroxidase antibody (purple) and nuclear stain (DAPI, blue).
Representative of at least 3animals. Scale bars: 1 mm. (Bottom) Corresponding
nerverecordingsinresponse to theindicated stimuli: control (seawater), 3 kDa
fish extract,1 mMnootkatone,1 mM denatonium. b, Amputated arm behaviour
inresponseto control (seawater), 3 kDa fish extract,1 mM denatonium, or ImM
nootkatone. ¢, Heat map of normalized axial nerve and arm responses. Octopus
and squid were sensitive to terpenes but only squid arms and tentacles
responded to denatonium. p < 0.05 for denatonium sensitivity insquid,n=3

arms. d, Representative axial nerve recordings fromlongfin (D. pealii) and
bobtail squid (E. berryi) armsinresponse to control (seawater), 3kDa fish
extract,1 mMdenatonium. e, Heat map of normalized axial nerve responses
inlongfinandbobtail squid. f, Normalized surface area of octopus arms
touchingagar coated floors was reduced on the side containing polygodial
(100 pM, n=7). Octopuses touched both control sides thesame. p < 0.01,
paired Student’s t test, n = 8 trials per condition. g, Squid touched agar-coated
floors with the same frequency and surface areawhenboth sides were coated
with seawater-filled agar or one side contained denatonium (also see Fig. 2).
n=7trials.
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whichisshowninbothside and top views. Density of M1-M4 for each subunit is
outlined with ablack dashed line. m, Sharpened map coloured by local
resolution. n, Half-map FSC plot for masked and unmasked maps with global
resolutionindicated at FSC = 0.143.



interface area,A%AIG,kcal/mol
(+) side (-) side
Denatonium (A) 117.5/-0.2 270.5/-0.2
Denatonium (B) 116.6/0.1 276.9/-0.2
Denatonium (C) 113.7/0.0 275.3/-0.1

Denatonium (D) 116.3/0.0 271.9/-05
Denatonium (E) 130.5/0.2 272.8/-0.3

Average pocket area(A2)/volume(A%)
440.2/329.4

Extended DataFig. 6 | Representative density map segmentation. solventaccessible areaand volume of the binding pocket for CRB1using

a, Cryo-EM density map of CRB1for representative adjacent subunits coloured CASTp3.0%.d-i, Cryo-EM density segments of Loops A-F at the orthosteric
ingold and yellow. Density map of denatonium coloured in cyan and watersin bindingsiteatathresholdlevel of 0.03.j-0, Cryo-EM density segments of

red atathresholdlevel of 0.03.b, Orthosteric binding site of CRB1boxed in Cys-loop, 38-B9-loop, B1-B2-loop, B4-B5-loop, MIM2loop,and M2M3 loop ata
a, where residues within 5 A of denatonium and negatively charged residues threshold level of 0.03. p-t, Cryo-EM density segments of M1-M3 and two M4
near waters are shown as sticks. ¢, Calculated interface areas and interaction helices (chains Cand E) ata threshold level of 0.03.

energies (A'G) for protein and denatonium using PDBePISA®. Calculated
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Extended DataFig.7|Squid CRion permeation pathway. a, Poreradiiasa
function of distance along the pore axis; CRBlis coloured inyellow and CRT1in
blue. Structures were aligned using the M2 helix Glu-1at the bottom of M2, which
isdefinedasy=0.b, CRBlion permeation pathway coloured by hydrophobicity*
with D102 and F46 indicated as spheres, the two most constricted pointsinthe
ECD; front subunit removed for clarity. ¢, Top view of CRB1 shows negatively
charged D102 points toward the channel axis. d, Representative current-voltage
(I-V) relationships of WT and D102A mutant CRB1channelsin response to
denatonium during equimolar cation substitution. e, D1I02A did not change
permeationbutdid affect currentamplitude measured at +60 mVinthe presence
ofall permeant cations. Outward currents in external NMDG" were the same
inWTversus D102A.n =7-10cells, p < 0.0001 two-way ANOVA with post-hoc
Bonferronitest. Datarepresented as mean + SEM. f, Structure-based sequence
alignment of B4-B5loop (Qloop) for CRB1, CRT1, and 5-HT,, (PDB: 6NPO).

g, Comparison of Qloop conformation of CRB1 colouredin pinkand 5-HT;,
(Q-open) colouredingrey; D102 of CRB1is shownassticks. h, Comparison of Q
loop conformation of CRT1coloured in pink and 5-HT,, (Q-open) colouredin
grey; E104 of CRT1isshown as sticks. i, Structure-based sequence alignment of
Qloop for a7 (PDB: 7KOX), a3 (PDB: 6PV7), a4 nicotinic receptor (PDB: 5KXI).

j, Comparison of Qloop conformation of a7 nicotinic receptor colouredin
light blue and 5-HT;, (Q-open) colouredingrey; E97 of a7 is shown as sticks.

k, Comparison of Qloop conformation of a7 nicotinic receptor coloured inlight
blue and a4 nicotinic receptor (Q-in) coloured in light green. m,n, Comparison
of pore shapes analysed by HOLE2%¢. o,p, Comparison of relative symmetry in
the TMD (o) and ECD (p) for CRT1and CRBL. q,r, a7 receptor electrostatics
analysed by APBS*, where ris a cutaway to show electrostatics of the permeation
pathway, calculated with140 mM NaCl. s-v, Electrostatics for CRBland CRT1,
calculated with 0.5 MNaCl.
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Extended DataFig. 8| Superposition of subunits from CRs and «7 nicotinic IDs areindicated in parentheses. f-j, Subunits of CRBlare comparedtoa
receptor. a-e, Superposition of subunits within CRB1, aligned by ECD region subunit of CRT1. k-0, Subunits of CRBlare compared toasubunit of a7
using UCSF Chimera. Ther.m.s.d valuesin Aare for Cax atoms over the whole nicotinic receptor (activated state, PDB:7KOX).

chain, calculated by secondary structure-based alignment using Coot. Chain
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Extended DataFig.9|Squid CR hydrophobic cluster and hydrogenbond
network. a, Single subunit structure of squid CR predicted by AlphaFold* and
coloured by confidence. b, Experimental cryo-EM structure of single subunit
with two disulfide bonds shown as spheres. ¢, Details of CRB1boxedinb,and a
180°rotated view. Hydrophobic residues contacting the two disulfide bonds
areshownassticks.d, Structure-based sequence alignment of 38-p9loop and
Loop C of CRB1, CRT1, and human a7 nicotinicacetylcholine receptor. A novel
disulfidebondin CRB1is highlighted inayellowbox, and the corresponding
residueonthe38-B9loopin CRTland a7 isindicated ina magenta-coloured
box.e, Hydrogenbond network between 39, 310, 37 and 6 in CRB1shown as
black dashedline.f, Hydrogen bond network between 39, 310, and 7in CRT1at
thesameviewase. The 39 strand shifts upward asindicated by the magenta
arrowduetoinsertion of the Y166 sidechain between 39 and 310, which breaks
the hydrogenbond networkin thisregion. g, Hydrogenbond network between

B9,B10,and B7ina7inthe same orientation ase. h-m, In the TMD, density

for the most peripheral M4 helix was notably absentin CRT1, inall tested
detergents, butitwas predicted tobe presentby AlphaFold.h, j, and I show
predicted structures of TMD bundles for CRB1, a7, and CRT1. i, k, and mshow
interactions as lines from PDBePISA server analysis; solid lines indicate
interactions foundinboth the experimental structures and in the AlphaFold
model; dashed linesindicate those found in only the experimental structures.
In panelm, solid lines indicate interactions found only in the AlphaFold
model. Analysis of molecular interactionsamong M1/M3/M4 helices from the
experimental and predicted models sheds light on the basis for the presence
or absence of an ordered M4 helix. In CRB1and a7, plentiful aromatic contacts
among helices stabilize M4 packingin the TMD bundle, while the most recently
diverged CRT1lacks theabundance of hydrophobic contacts.
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Extended DataFig.10 | Comparative squid and octopus CR phylogeny.

a, Phylogenetictree of acetylcholine-receptor-like protein sequences from
Octopus bimaculoides (Obim), Octopus sinensis (Osin), Sepioloidea lineolata
(Slin), Doryteuthis pealeii (Dpea), Euprymna berryi (Eber), Nautilus pompilius
(Npom), and Lottia gigantea (Lgig) showing that CRs diverged from
acetylcholine-like receptors, are unique to coleoid cephalopods, and comprise
three major lineages: CRB (CR-Bitter), CRT (CR-Terpenes), and CRX (CR with
unknown ligands). b, Density distributions of neutral genetic diversity
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(fourfold degenerate site distances, 4DTv) estimated for all pairs of genes
between CRBand CRT clades. Dotted lines correspond to the mode of
distributions for pairwise comparisons between CRTs and CRBs, suggesting
CRTs have undergone amore recent diversification. ¢, Densitree of the
distribution of bootstrap topologies for the CR clade showing that CRB is
robustly supported as the earliest divergent lineage of CRs and sister to the
CRT-CRX clade.
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Extended Data Table 1| Cryo-EM data collection, processing, and model statistics

Denatonium CRB1, GDN
(EMD-28167, PDB 8EIZ)

Data collection and processing

EM Facility PNCC
Magnification 81000
Voltage (kV) 300
Electron exposure (e/A2) 50
Defocus range (um) -0.5t0-25
Pixel size (A) 1.069
Symmetry imposed C1
Initial particle images (no.) 7,676,218
Final particle images (no.) 70,869
Map resolution (A) 3.13
FSC threshold 0.143
Map sharpening B factor (A?) -90
Refinement
Initial model used (PDB code) 6PV7
Model Composition
Non-hydrogen atoms 26415
Protein residues 1575
N-glycan 15
Denatonium 5
Water 10
B factors (A?)
Protein 81.99
Ligand 79.45
Water 39.84
R.m.s. deviations
Bond length (A?) 0.006
Bond angle (°) 0.690
Validation
Molprobity score 1.61 (100" %)
Clashscore 5.87 (100" %)
Poor rotamers (%) 0.00
Ramachandran plot
Favored (%) 95.76
Allowed (%) 4.24
Ouitliers (%) 0.00
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Deep sequencing data are available via the Sequence Read Archive (SRA) repository under the accession code PRINAS06054. Atomic model coordinates and cryo-
EM density maps for the CRB1 structure have been deposited in the Protein Data Bank with accession code 8EIZ and in the Electron Microscopy Data Bank with
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All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined based on preliminary experiments and prior experiences of the investigators.

Data exclusions  RELION-based 2D and 3D classification of single particle datasets were used to remove junk particles.

Replication All attempts at replication were successful as described in figure legends and methods.

Randomization  All experimental treatments were randomized. EM particle sets were randomly split to estimate overall resolution.

Blinding Animal behavior experiments were blinded. Due to technical reasons, electrophysiological and structural analyses were not blinded, however
results were near binary so we are confident they remain unbiased.
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Antibodies S
Antibodies used 1:500 anti-HRP-Cy3 (Jackson Immuno # 123-545-021) D
Validation This is a well established antibody for invertebrate neurons that was obtained from an established commercial source. We did not

validate it further than visualized that it stains nerves and not other tissues.




Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

HEK293: ATCC CRL-3022; Sf9: ATCC CRL-1711

Purchased from commercial supplier. Not further tested.

Mycoplasma contamination Not tested.

Commonly misidentified lines  No commonly misidentified cells lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex
Field-collected samples

Ethics oversight

Octopus bimaculoides (adult, 1-2 years), Sepioloidea lineolata (adult, 1-2 years), Euprymna berryi (adult, 1-2 years),

Doryteuthis pealeii (adult, 1-2 years) were caught by jigging at the MBL (Woods Hole, MA), transported in aerated coolers to Harvard
University, and euthanized euthanized based on established methods with immersion of 3.5% MgCl2 and 15% ethanol followed by
pithing.

Sex was not considered as a variable due to limited animal availability.

No

Animal protocols were approved by the Harvard University Animal Care and Use Committee (protocol ID 18-05-325).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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