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Abstract

Two-pore domain potassium (K,p) channels regulate resting membrane potential and neuronal
excitability by mediating background K* currents. Their modulation by physical and chemical stimuli,
including temperature, remains poorly characterized in invertebrate neuroendocrine systems. Here, we
identified, cloned, and functionally characterized PcK,p1, a thermosensitive channel from the crayfish
Procambarus clarkii. In X-organ neurons, warming from 17 to 27°C enhanced background K* currents
approximately threefold, hyperpolarized the membrane, and suppressed spontaneous firing.
Transcriptome analysis identified a sequence encoding a 417-amino-acid protein with two potassium
selectivity filter motifs and four transmembrane helices, preserving canonical K,p topology despite low
sequence identity with human TREK-2 (~ 29%). Heterologous expression in HEK293T cells produced
outwardly rectifying K* currents with reversal potentials that shifted with extracellular K* concentration.
Single-channel recordings revealed two conductance states of 40.86 and 106.6 pS. Warming from 20 to
30°C increased macroscopic currents with a Q,, of approximately 2.4 and enhanced open probability
with Q,, values of 3.3-3.6, without significantly changing mean open time. PcK,p1 was activated by
membrane stretch and arachidonic acid and inhibited by Mg?* and tetrahexylammonium, whereas
tetraethylammonium produced only modest inhibition at positive potentials. Fluorescence in situ
hybridization confirmed PcK,p1T mRNA expression in X-organ neurons. These findings identify PcK,p1 as

a thermosensitive, polymodal K,p channel with TREK-like properties and suggest a contribution to
temperature-dependent regulation of excitability in an invertebrate neuroendocrine system.

Significance statement

This study addresses an underexplored question regarding the molecular basis of thermosensation in an
invertebrate neuroendocrine system. The identification of a novel thermosensitive K,p channel extends
our understanding of leak channel function beyond vertebrate systems. The experimental approach
integrates molecular biology, bioinformatics, electrophysiology, pharmacology, and fluorescence in situ
hybridization.

Introduction

Temperature is one of the most influential environmental factors affecting the physiology of decapod
crustaceans (Payette and McGaw, 2003; Luo et al., 2022), requiring neuroendocrine adaptations to
maintain homeostasis (Wang et al, 2025). Central to this response is the X-organ-sinus gland (XO-SG)
neurosecretory system located within the eyestalks. This system is composed of discrete populations of
neurons that regulate numerous physiological functions, including metabolism, molting (ecdysis),
reproduction, ionic/osmotic balance, and pigmentation changes (Garcia and Aréchiga, 1998; Chung et al.
2010). For instance, thermal stress is known to stimulate neuroendocrine responses of the XO-SG
system, such as the secretion of crustacean hyperglycemic hormone (CHH), leading to hyperglycemia as
part of the physiological adaptation (Chung and Zmora, 2008). These observations highlight the
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importance of temperature detection in this neuroendocrine system. Although the molecular
thermosensors responsible for temperature detection in the XO-SG system remain unknown, an ortholog
of the transient receptor potential ankyrin subtype 1 (TRPA1), which contributes to heat sensing and
modulates immune responses has been described in the crayfish Procambarus clarkii (Liu et al., 2022).

Temperature governs metabolism through its effects on the rates of biochemical reactions (Gillooly et
al., 2001). The temperature dependence of biological processes is traditionally expressed as the
temperature coefficient (Qq). In fact, temperature-sensitive ion channels are characterized by a
pronounced temperature dependence, typically exhibiting Q4 values greater than 3 (Brauchi et al., 2004;
Lamas et al., 2019). Among temperature-sensitive ion channels, the TREK subfamily of two-pore domain
potassium (K,p) channels has emerged as a key regulator of neural thermosensation in mammalian

hypothalamic circuits, exhibiting Q;, values close to 7 (Maingret et al., 2000). These background

potassium channels act as tonic regulators of neuronal excitability in temperature-sensitive neurons
(Noél et al., 2009).

Kop channels differ from other K* channels in their topology, gating behavior, and functional properties.
Each subunit contains two pore-forming domains and four transmembrane segments, and functional
channels arise through dimerization (Enyedi and Czirjak, 2010; Lotshaw, 2007; Coetzee et al., 1999).
These channels function primarily as leak channels, contributing to the resting membrane potential and
dampening neural excitability by maintaining it close to the K* equilibrium potential (Honoré, 2007). In
addition, they display relatively large single-channel conductance values, with multiple conductance
states arising from isoform-specific properties and heteromeric assembly (Lotshaw, 2007; Li et al., 2006;
Simkin et al., 2008; Enyedi and Czirjak, 2010).

The TREK subfamily, comprising TREK-1, TREK-2, and TRAAK channels, is the only known K,p subfamily
that displays robust temperature-dependent activation in both the mammalian nervous system and in
heterologous expression systems (Maingret et al., 2000; Kang et al., 2005). Furthermore, TREK channel
activity is regulated by a wide variety of stimuli, acting as polymodal integrators responsive to
mechanical stretch, voltage, pH, lipids, phosphorylation pathways, polyunsaturated fatty acids, volatile
anesthetics, and temperature (Patel et al., 1998; Lesage et al., 2000; Bockenhauer et al., 2001; Maingret
et al.,, 2002; Murbartian et al., 2005; Chemin et al., 2005, 2007; Cohen et al., 2008; Sandoz et al., 2009;
Schewe et al., 2016; Lamas et al., 2019). Although this channel family is remarkably extensive in
invertebrates, it remains poorly classified, and its electrophysiological properties, as well as its
contribution to thermosensation, remain largely unexplored.

In this study, using transcriptomic data, we identified, cloned and characterized a K,p channel subunit
from the P, clarkii eyestalk with TREK-like properties. This channel, named PcK,p1, displays

thermosensitivity when heterologously expressed in HEK293T cells. Using bioinformatic analyses and
electrophysiological characterization, we demonstrate that PcK,p1 exhibits conserved K,p topology,

predicted regulatory motifs, and electrophysiological properties closely resembling those of mammalian
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TREK channels. Furthermore, we show that PcK,p1 is expressed in the neurosecretory XO-SG system,

where it could regulate neuronal excitability and contribute to temperature-dependent physiological and
behavioral responses.

Materials and Methods

Animals. P. clarkii were obtained from the dam San Luis Taxhimay (Estado de México, México). Animals
were maintained for two weeks under a 12:12 h light/dark cycle at room temperature (22-26°C) and fed
ad libitum with carrot slices and fish pellets. All procedures involving P. clarkii were approved by the
Animal Care Committee of CINVESTAV. The handling and euthanasia of experimental animals were
carried out in accordance with the guidelines established by the National Institutes of Health (NIH Guide
for the Care and Use of Laboratory Animals, Publication No. 8023, revised 1978) and the Mexican Official
Standard for Animal Care (NOM-062-Z00-1999). All experiments were performed using adult organisms.
Prior to any manipulation, animals were anesthetized on triturate ice for 20 min. The excised eyestalks
were placed in cooled crayfish saline solution with the following composition (in mM): 205 NaCl, 5.4 KCl,
13.5 CaCl,, 2.6 MgCl,, and 10 HEPES (pH 7.4, adjusted with NaOH). The exoskeleton and surrounding
connective tissue of the eyestalks were carefully removed. The X-organ was then dissected and either
transferred to a homogenizer for RNA extraction, fixed for in situ hybridization, or used for primary cell
culture, as described below.

Identification of K ,p-like subunits sequences. Using the tBLASTn algorithm and querying with the TREK-1
(Rattus norvegicus, accession number NP_742038.2) and Twk-18 (Caenorhabditis elegans, accession
number NP_509516.1) sequences in the P. clarkii Transcriptome Shotgun Assembly (TSA) (Manfrin et al.,
2015; Tom et al., 2014), the sequence Pc_6896 was identified as an RNA transcript encoding a putative
Kop subunit with similarities to other K,p sequences. The identified sequence was named PcK,p1, based
on its molecular and functional similarities to K,p subunits.

Bioinformatic analysis. Sequence analysis was performed using ApE software (UT, USA) to identify
potential open reading frames (ORFs; Davis & Jorgensen, 2022), and Clustal Omega (EMBL-EBI) to
conduct multiple sequence alignment and generate the identity matrix. Transmembrane topology was
predicted with DeepTMHMM 1.0 (Hallgren et al., 2022). Potential N- and O-glycosylation sites were
identified using NetNGlyc 1.0 (Gupta et al., 1999) and DictyOGlyc 1.1 (Gupta & Brunak, 2002),
respectively. Phosphorylation sites were predicted using the NetPhos 3.1 server (Blom et al., 1999).
Subcellular localization and membrane association of the PcK2P1 sequence were predicted with
DeepLoc 2.1 (@dum et al., 2024). Protein structure homology modeling was carried out using SWISS-
MODEL (Waterhouse et al., 2018). Phylogenetic analysis was conducted with MEGA X software
(Molecular Evolutionary Genetics Analysis; PA, USA) using the Maximum Likelihood method and the JTT
matrix-based model (Jones et al., 1992). Neighbor-Joining and BioNJ algorithms were applied to a
matrix of pairwise distances estimated with the JTT model, and the topology with the highest log-
likelihood value was selected. Amino acid sequences for K,p subunits from vertebrate and invertebrate
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organisms were obtained from the National Center for Biotechnology Information (NCBI) database and
used to construct the phylogenetic tree: Aplysia californica AcK2p1 (AAN62847.1), AcK2p2
(DQ166529.1); Caenorhabditis elegans TWK-18 (AAC32861.1); Drosophila melanogaster TASK-6
(NP_001262539.1), ORK1 (NP_727466.1); Mus musculus TASK-1 (NP_034738.1), TRESK (NP_997144.1);
and Homo sapiens TRAAK (QINYG8.2), TREK-1 (095069.2), TREK-2 (P57789.1), THIK-1 (NP_071337.2),
TWIK-1 (NP_002236.1), and TALK-1 (Q96T55.1). In this study, the name of each subunit contains the
initial letters of the species name, followed by the common name of the K,p channel.

RNA extraction, molecular cloning, and constructs. The X-organ, medulla terminalis, medulla interna, and
medulla externa ganglia were dissected from ten eyestalks, along with abdominal muscle tissue, to
extract the total RNA using the TRIzol protocol (Green and Sambrook, 2012). The above helped to
determine the expression pattern of PcK,p1 in different regions of eyestalk. Primers for PcK,p1 were
designed with Clone Manager 9 software (Scientific & Educational Software, NC, USA) (Table 1). First-
strand cDNA was synthesized using ProtoScript Il reverse transcriptase (New England Biolabs Inc., MA,
USA) in a 20 pL reaction containing the d(T),g linker reverse-1 primer (r1) primers (60 uM each), 1x
reaction buffer, RiboLock RNase inhibitor (2 U/pL), and 1.5 pg of total RNA. The reaction mixture was
incubated at 42°C for 1 h, followed by enzyme inactivation at 80°C for 5 min and cooling to 4°C. The
resulting cDNA was diluted with nuclease-free water to a final volume of 100 pL and stored at - 20°C
until use. PCR amplifications were carried out in 25 pL reactions containing 0.8 mM dNTPs, 0.4 uM
forward and reverse primers each, 0.5 U Q5 DNA polymerase (New England Biolabs Inc., MA, USA), and 5
uL of cDNA. Amplicons were verified by restriction analysis and cloned into the pJET1.2/blunt vector
(CloneJET PCR Cloning Kit, Thermo Scientific, CA, USA) for sequencing. Full-length PcK,p1 cDNA was

subcloned into the bicistronic pIRES2-EGFP vector (Clontech Laboratories, CA, USA). To evaluate
PcK,p1 differential expression in crayfish eyestalk tissues, 5 pL of cDNA obtained from each region was
used as template for PCR, following the protocol of Jiménez-Vazquez et al. (2016).

PcK2P1f2-pcK2P1r2 primer pair was used to amplify PcK,p1. The PcCGABAABf-PcGABA ,Br and
PcGAPDHf2—-PcGAPDHr2 primer pairs were used to amplify P. clarkii PcGABA,B (accession No.

KM115031) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; accession No. AB094145.1),
respectively. PCGABA,B served as a positive control, whereas GAPDH was used as a reference gene.
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Table 1
Primers designed for PcK,p1 amplification. Primers were

identified with f for forward and r for reverse, according to its
localization in the sequence.

Subunit Primers

PcKypT PcK2P1f1 - GCAGCATCAAAGACCTCTAC
PcK2P1f2 - CGGCCTACAAGTTATCCAC
PcK2P1r1 - GAATTCTGCGGGTTTATGCATTCG
PcK2P1r2 - GAATTCCACTGCACTACTTAGCTCTC

PcGABA,B PcGABA2Bf- ATGGACCGACAGCTCTGCATCAT
PcGABA2Br - CGGCGTATTCAAGCAGCGAAGC

PcGAPDH PcGAPDHf2 - TGCTCCTGTTGCGAAAGTC

PcGAPDHr2 - CCCAAACTCGTTGTCATACC

CRNA probes for in situ hybridization. cRNA probes were generated using a PCR-modified pGEM-T Easy
cloning vector (Promega) containing Xhol and Xbal restriction sites, following the protocol described by
Jiménez-Vazquez et al. (2016). A PcK,p1 fragment (493 bp), corresponding to the 5' end of the coding
sequence and flanked by Xhol and Xbal sites, was subcloned into the plasmid. The pGEM-T-PcK2P1
plasmid was linearized with the appropriate restriction enzyme and used as a template for in vitro
transcription. Digoxigenin-labeled sense and antisense riboprobes were synthesized using T7 and SP6
RNA polymerases, respectively, according to the manufacturer’s instructions (DIG RNA Labeling Kit,
SP6/T7; Roche, USA, Cat. No. 11175025910).

Fluorescent in situ hybridization (FISH). Following the procedure described by Sanchez-Jaramillo et al.
(2022), eyestalks from P, clarkii were fixed in 4% paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS, pH 7.4) for 20 h and subsequently incubated in 25% sucrose for 24 h. Longitudinal sections of the
eyestalk (20 um thick) were then obtained, rinsed in 0.1 M PBS, mounted on Fisherbrand Superfrost Plus
slides, and stored at - 80°C. Previous to hybridization, slides were rinsed in 1x PBS for 4 min, treated
with proteinase K (1 pg/mL) at 37°C for 10 min, post-fixed in 4% paraformaldehyde in 0.1 M PBS (pH 7.4)
for 5 min, acetylated in 0.25% acetic anhydride in 0.1 M triethanolamine for 10 min, dehydrated through a
graded ethanol series (80%, 95%, and 100%; 1 min each), treated with chloroform for 10 min, and partially
rehydrated in 95% ethanol. Eyestalk sections were incubated with a hybridization mix containing either
sense or antisense DIG-labeled riboprobe (100 ng/mL) in 80 pL of hybridization buffer composed of 50%
formamide, 2x standard saline citrate (SSC), 1x Denhardt’s solution, 10 mM dithiothreitol (DTT), 250
pg/mL single-stranded salmon sperm DNA, 10% dextran sulfate, and 10% sodium dodecyl sulfate (SDS).
Slides were immediately sealed with parafilm coverslips and incubated at 54°C for 15 h. After coverslip
removal, sections were rinsed in 1x SSC (0.15 M NaCl, 0.015 M sodium citrate) for 15 min at room
temperature, digested with RNase A (25 pg/mL; Sigma, USA, Cat. No. 4875) for 1 h at 37°C, rinsed again
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in 1x SSC for 15 min at room temperature, in 0.5x SSC for 15 min at 65°C, twice in 0.1x SSC for 30 min at
65°C, and once in 0.1x SSC for 5 min at room temperature. Sections were then treated with 0.5% H,0,
and 0.5% Triton X-100 in 0.1 M PBS, rinsed three times in 0.1 M PBS, incubated in 100 mM maleic acid
with 150 mM NaCl (pH 7.5) for 10 min at room temperature, and blocked in 1% blocking reagent (Roche,
USA, Cat. No. 11096176001). DIG-labeled probes were detected using a peroxidase-conjugated anti-
digoxigenin antibody (1:100 dilution in 1% blocking reagent, incubated at 4°C for 65 h). Sections were
rinsed three times with 0.1 M Tris, 0.15 M NaCl, and 0.05% Tween-20. Signal amplification was
performed using the Tyramide Signal Amplification (TSA) Plus Biotin Kit (PerkinElmer, USA, Cat. No.
NEL749B001KT) for 30 min with the biotin amplification reagent diluted 1:100 in 0.05 M Tris (pH 7.5)
containing 0.01% H,0,.Biotin signal was detected using Alexa Fluor 488-conjugated streptavidin
(1:1000 dilution in 1% blocking reagent; Invitrogen, USA, Cat. No. S32354). The fluorophore was excited
at 488 nm and emission was collected between 500-550 nm. Finally, sections were rinsed in TNT buffer
and cover slipped with Vectashield antifade mounting medium containing DAPI (Vector Laboratories,
USA, Cat. No. H-2000). To assess hybridization specificity, both antisense and sense probes were tested;
sense probes produced no detectable signal in eyestalk tissue. Confocal images were acquired with a
Leica DMi8 confocal microscope (Leica Microsystems, Wetzlar, Germany). Images were processed and
assembled using ImagedJ software (NIH, Bethesda, MD, USA).

XO primary culture, HEK293T culture and transfection. In this work, we performed electrophysiological
recordings from both X-organ cells and HEK 293T transfected cells. X-organ cells were dissociated as
follows: isolated X-organs were incubated with 80 pg/mL collagenase-dispase (Roche, Mannheim,
Germany) in modified Leibovitz L-15 medium (Gibco/BRL, Grand Island, NY) for 30 min, following the
protocol described for leech Retzius cells by Garcia et al. (1990). The enzyme was removed by rinsing
the tissue with L-15 medium, and X-organ cells were dissociated mechanically by suction using polished
glass micropipettes. Dissociated cells were plated into recording chambers precoated with concanavalin
A type lll (Sigma-Aldrich, St. Louis, MO). The modified L-15 culture medium was prepared by adding 67.5
mM NaCl, 0.8 mM MgCl,, 12.27 mM CaCl,, 5.55 mM glucose, 2 mM L-glutamine, 10 mM HEPES, 5
mg/mL streptomycin, 5 U/mL penicillin (all from Sigma-Aldrich), and 16 ug/mL gentamicin (Schering-
Plough, Mexico City, Mexico) to L-15 medium. Human Embryonic Kidney (HEK293T) cells (ATCC, CRL-
1573) were maintained in Dulbecco’s Modified Eagle Medium (DMEM,; Gibco, NY, USA, Cat. No.
12100038) supplemented with 10% fetal bovine serum (BioWest, FL, USA, Cat. No. S1810-500), 3.7 g/L
NaHCO,, and 1% (v/v) antibiotic—antimycotic solution (Gibco, NY, USA, Cat. No. 15240096). Cells were
incubated at 37°C in a 5% CO, incubator at 95% relative humidity. 35-mm culture dishes were used to
place 1-3 x 10¢ cells for at least 3 days before transfection. For transfection, cells were treated with 1 ug
of PcK,p1 cDNA (cloned into the bicistronic pIRES2-EGFP vector) and 3 pg of PEI-Prime (Sigma-Aldrich,
MO, USA, Cat. No. 919012), following the manufacturer’s instructions. Between 24 and 72 h post-
transfection, ~ 1 x 103 cells were replated into poly-L-lysine—coated recording chambers and incubated
at 37°C for at least 2 h before electrophysiological recordings. Transfected cells were identified by EGFP
fluorescence under epifluorescence microscopy.
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Electrophysiology. Whole-cell voltage- and current-clamp recordings were performed from X-organ cells.
Currents were acquired using an Axopatch 200B amplifier (Molecular Devices, CA, USA), digitized with a
Digidata 1200 series interface (Molecular Devices, CA, USA) at a sampling rate of 10 kHz, and low-pass
Bessel filtered at 5 kHz. Recording electrodes were fabricated from borosilicate glass capillaries (Sutter
Instruments, Novato, CA) using a vertical pipette puller (Model 730, David Kopf Instruments). Electrodes
were filled with internal solution containing (in mM): 207 KCI, 1 MgCl,, 2 CaCl,, 5 EGTA-Na, and 10
HEPES; the pH was adjusted to 7.4 with KOH. Pipette resistance was 5-10 MQ. The external bath
solution consisted of standard crayfish saline; (in mM): 205 NaCl, 5.4 KCI, 2.6 MgCl,, 13.5 CaCl, and 10
HEPES; the pH was adjusted to 7.4 with NaOH. For symmetrical potassium experiments, NaCl was
substituted for KCI in standard crayfish saline. Whole-cell recordings were performed using both current-
and voltage-clamp protocols. In current-clamp mode, depolarizing and hyperpolarizing square pulses (*
0.1 nA, 250 ms) were applied at three bath temperatures (17, 22, and 27°C), with cells held at a
membrane potential of - 50 mV. In voltage-clamp mode, |-V relationships were obtained using a square-
pulse protocol from - 70 to + 70 mV in 10 mV steps (1 s duration) under symmetrical K* conditions, with
a holding potential of 0 mV. In addition, cell-attached recordings were performed by applying a square
pulse to - 50 mV to assess single-channel activity at the three temperatures.

HEK293T cells were recorded under voltage-clamp using both whole-cell and cell-attached
configurations. Currents were acquired with an Axopatch 200A amplifier (Molecular Devices, CA, USA),
digitized through a Digidata 1440A acquisition system (Molecular Devices, CA, USA) at a sampling rate
of 10 kHz, and filtered with a low-pass Bessel filter at 5 kHz (whole-cell) or 2 kHz (cell-attached).
Recording electrodes were the same as described above and were filled with an internal solution
containing (in mM): 140 KCl, 2 MgCl,, 5 EGTA-Na, and 10 HEPES; pH was adjusted to 7.4 with KOH. The
standard physiological external solution contained (in mM): 140 NaCl, 5 KCI, 2 MgCl,, 1 CaCl,, and 10
HEPES; pH was adjusted to 7.4 with NaOH, although the primary external solution was symmetrical K*
and contained (in mM): 145 KCl, 2 MgCl,, 1 CaCl,, and 10 HEPES; pH was adjusted to 7.4 with KOH.
Additional intermediate K* solutions were identical to the symmetrical solution except that they
contained (in mM): 105 NaCl and 40 KCI, or 35 NaCl and 110 KCI. Solutions were perfused at a rate of 2-
3 mL/min. Currents were obtained in voltage-clamp mode using a voltage ramp either from - 140 to + 60
mV or from - 100 to 60 mV. For temperature-sensitivity recordings, the symmetrical solution was applied
at 20, 25, and 30°C, according to the thermal preference of P. clarkii. The temperature was continuously
monitored using a micro-thermistor positioned ~ 5 mm from the recorded cell. For Mg?*-sensitivity
assays, a symmetrical MgCl,-free solution supplemented with T mM EDTA was used. For arachidonic
acid (AA) modulation assays, a symmetrical solution supplemented with 10 uM AA was applied; AA was
obtained from SIGMA and prepared from a 10 mM stock solution in ethanol and stored at - 20°C.
Mechanical stimulation was applied during cell-attached recordings at - 80 mV and + 80 mV holding
potentials under symmetrical K* conditions. Negative pressure (- 100 mmHg) was delivered through the
patch-pipette to induce membrane stretch. Tetraethylammonium chloride (TEA) and
tetrahexylammonium chloride (THexA) were obtained from SIGMA. Stock solutions (100 mM and 10
mM, respectively) were stored at - 20°C and diluted into the symmetrical recording solution to their final
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concentrations. For cell-attached recordings, a square-pulse protocol from - 100 to + 100 mV in 10 mV
steps (1 s duration) under symmetrical K* conditions was used; both pipette and bath solutions
contained (in mM): 140 KCI, 2 MgCl,, 5 EGTA-Na, and 10 HEPES; pH was adjusted to 7.4 with KOH. For
single-channel analysis, the threshold for channel opening detection was set at 50%, and the filter dead
time was 100 ps (0.3/cutoff frequency), such that events shorter than 50 pys were excluded. Data were
analyzed to obtain conductance, mean open time, and open probability (Po) from amplitude and dwell-
time histograms at a single conductance level, recorded at - 80 and + 80 mV. Each dataset was obtained
from ~ 20 s of the current recording. For temperature-sensitivity experiments, temperature control of the
external solutions was applied as described for whole-cell recordings. Single-channel analysis was
performed as described above, and data were analyzed to obtain mean open time, relative open
probability, and relative activity (NPo, where N is the number of channels in the patch) from dwell-time
histograms at a single conductance level, recorded at - 80 and + 80 mV. Each dataset was obtained from
~ 10 s of the current recording per temperature. Single-channel current traces shown in the figures were
filtered at 1 kHz. Only recordings with a seal resistance > 1 GQ were used for analysis. In whole-cell
configuration, series resistance was 5-10 MQ and compensated by = 70%. Osmolarity of all HEK293T
solutions was adjusted to 295-305 mOsm. Non-transfected HEK293T cells displayed no measurable
currents under the same recording conditions. All electrophysiological data were analyzed using pClamp
10.6 software (Molecular Devices, CA, USA).

Statistical analysis. All data were analyzed and plotted using GraphPad Prism 8 (GraphPad Software, CA,
USA) and Python libraries (NumPy, Pandas, and Matplotlib; version 3.8.5, Python Software Foundation).
Values are expressed as mean = SEM. The statistical tests applied to each dataset are indicated in the
text. Whole-cell currents were normalized to the membrane capacitance of individual cells to account for
differences in cell size.

Results

Temperature response of neuroendocrine X-organ neurons

Following optic peduncle ablation, the exoskeleton, muscles and connective tissue that cover the
eyestalk were removed gently by microdissection under microscopic observation to expose the X-organ
cell bodies. The experiments were made on a group of ~ 30 cells located in the most superficial layer of
the X-organ. We previously showed that these neurons produce hyperglycemic hormone (Pérez-Polanco
et al., 2011). The eyestalk preparation was mounted in a small volume recording chamber (200 pl) and
continuously perfused with crayfish saline solution for 1 h before experimental measurements were
made. In current-clamp configuration, increase in temperature from 22°C to 27°C induced a sustained
but reversible hyperpolarization of the resting potential, suppressing the spontaneous firing. In contrast,
cooling to 17°C depolarized membrane potential and induced spontaneous firing (Fig. 1A, B).
Consistently, intracellular depolarizing current injection evoked neuronal firing, but the number of action
potentials during the depolarization was temperature dependent. Furthermore, hyperpolarizing current

injection revealed that an increase in temperature reduced the input resistance, whereas a decrease in
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temperature increased it (R;, = 733 + 63 MQ at 17°C, 633 + 25 MQ at 22°C, and 585 + 30 MQ at 27°C;

Fig. 1C). Similarly, action potential duration, measured at 0 mV, was markedly shortened from 17 + 3.5
ms at 17°Cto 7+ 3.5ms at 22°C and 5+ 2.3 ms at 27°C. The previous observations: membrane
hyperpolarization, reduction in input resistance, and shortening of action potential duration in response
to increasing temperature suggested that an increase in a background potassium leak conductance may
contribute to the temperature-dependent changes in the intrinsic electrical properties of XO neurons.

To test this possibility, membrane currents were subsequently recorded under symmetrical K*
conditions. In voltage-clamp mode, square-pulse |-V curves showed a significant increase in leak
conductance with warming under symmetrical K* conditions. Linear regression estimated a leak
conductance of 12.26 nS at 17°C, 23.77 nS at 22°C, and 39.46 nS at 27°C (n = 10), supporting the idea
that background K* conductance is suppressed at lower temperatures and enhanced at higher
temperatures (Fig. 1D). At -60 mV, mean current amplitude was - 0.60+0.12 nA at 17°C,-1.18 £0.18 nA
at 22°C,and - 2.10 £ 0.26 nA at 27°C, corresponding to a 3.5 fold increase. At + 60 mV, currents
increased from 0.86+0.12 nA at 17°C t0 2.56 £ 0.47 nA at 27°C a 3-fold increase. One-way ANOVA
revealed significant effects of temperature (F (2.27) =14.13, p<0.0001 at - 60 mV; F (2.27) = 6.06, p <
0.0067 at + 60 mV), and Tukey’s post hoc tests confirmed significant differences between 17 vs. 27°C (p
<0.00017) and 22 vs. 27°C (p = 0.0088) at - 60 mV and 17 vs. 27°C (p = 0.0047) at + 60 mV. To quantify
temperature sensitivity and highlight the increase in Q10, currents were normalized to their amplitudes at
17°C (Fig. 1E). At the single-channel level (cell-attached), in symmetrical K* solutions, channel open
probability (P,) at 50 mV also displayed strong temperature dependence (one-way ANOVA, F (2.27) =
9.512, p < 0.0007; Tukey post hoc, p<0.0001). Mean P, increased from 0.056 + 0.045 at 17°C to 0.66 +

0.055 at 22°C and 0.79 £+ 0.097 at 27°C, reflecting a Q,, of 14.1 from 17 to 27°C. These results indicate
that the macroscopic thermosensitive current in X-organ neurons arises from an increase in channel
activity (open probability), with asymmetric voltage dependence of thermal sensitivity (Fig. 1F, G).
Together, these findings revealed that warming enhances a background leak conductance through an
increase in single-channel activity, providing explanation for the temperature-dependent changes in the
electrical properties of XO neuron. Because these properties closely resemble those of thermosensitive
K,op channels, we next searched the P. clarkii transcriptome for candidate K,p channel sequences.

Identification and bioinformatics analysis of a novel K ,p subunit from P. clarkii

To identify the putative subunit responsible for the temperature-dependent potassium leak conductance,
we used as probes sequences for K,p channels from other organisms. We detected Pc_6896, a

transcribed RNA sequence with similarities to mammalian K,p subunits in the Procambarus

Transcriptomes Shotgun Assembly (TSA) (Manfrin et al., 2015; Tom et al., 2014). We detected in the
Procambarus Transcriptomes Shotgun Assembly (TSA) (Manfrin et al., 2015; Tom et al., 2014) Pc_6896,
whose translated sequence shows similarities to mammalian K,p subunits. This sequence was named

PcK,p1 (accession number: PX922273). Its open reading frame (1,254 bp) encodes a predicted protein
of 417 amino acids. This sequence was amplified and cloned using RT-PCR and total RNA isolated from
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P. clarkii eyestalk. Variant confirmation and full-length open reading frame sequencing of PcK,p1 were
carried out using the Sanger method. The amino acid sequence of PcK,p1 was analyzed using the
BLASTP algorithm against the protein database to identify the protein family to which it belongs. The
results showed that all significant alignments were with K,p channels subunits. Additionally, features of
K,p channels were found, such as the canonical topology with two selectivity filter motifs, four
transmembrane helices, a large extracellular loop between TM1 and TM2, and short and long N- and C-
terminal domains, respectively (Fig. 2A, B). Through bioinformatic analysis, we identified four
hydrophobic transmembrane domains: TM1 (V7-L27), TM2 (1147-S167), TM3 (A199-T219), and TM4
(1260-1280) (Fig. 2C). TM1 and TM2 are connected by a 120-residue segment that includes the first pore
helix, the first selectivity filter motif, and an extracellular loop containing two a-helices that likely form the
cap domain (T44-W68). We also found multiple sites linked to post-translational modifications. The
amino acid sequence contains 37 potential phosphorylation sites: 23 on Ser, 10 on Thr, and 4 on Tyr
residues (Fig. 2D). Sequence has three predicted N-linked glycosylation sites and three O-linked
glycosylation sites (Fig. 2E, F). Primary subcellular localization analysis indicates that PcK,p1 is
anchored in the plasma membrane (confidence score = 0.6868) and is likely to act as a transmembrane
protein (confidence score = 0.9880).

Finally, the three-dimensional structure was predicted using SWISS-MODEL with the human TREK-2
channel (PDB 4XDL) selected as the structural template. The template showed 33.07% sequence identity
and 62% coverage with PcK2P1, and the predicted model was consistent with a homodimeric assembly
(QSQE =0.69). Although the model exhibited moderate overall confidence (QMEANDisCo = 0.52) and
covered residues 2—-288, the sequence alignment revealed conservation of the threonine residues
associated with the K* selectivity filter of TREK-2. These conserved residues were positioned within the
predicted pore region, in a spatial arrangement corresponding to the K+ coordination site observed in the
template. (Fig. 2G). Altogether, these findings support the idea that PcK,p1 sequence has the potential to

form a functional K,p channel, exhibiting the structural features characteristic of this family.

Sequence and phylogenetic analysis

To explore the relationship between PcK,p1 and other K,p channels, we performed a multiple sequence
alignment focusing on the two pore helices and the selectivity filter motifs from both vertebrate and
invertebrate K,p sequences. The alignment revealed that these regions are highly conserved, especially
the selectivity filter motifs, which are highly conserved among all K,p family members (Fig. 3A). To

further assess sequence similarity, we generated a pairwise identity matrix based on the alignment.
PcK,p1 showed the highest identity with human TREK-2 (29.23%) and Aplysia californica AcK2p2

(26.44%) (Fig. 3B). A phylogenetic tree was then constructed using representative K,p sequences from
various species. PcK,p1 clustered within the invertebrate group, closely associated with Caenorhabditis
elegans TWK-18, Drosophila melanogaster ORK-1, and A. californica AcK2p2 (Fig. 3C). Although the
sequence identity between PcK,p1 and other K,p channels is relatively low, its conserved structural
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elements clearly classify it as a member of the K,p family. These findings suggest that PcK,p1 may
represent a P, clarkii-specific or crustacean-specific K,p channel type.

Figure 3. Sequence and phylogenetic analysis of the PcK ,p 1 subunit. A. Alignment of PcK,p1 regions.
Potassium selectivity filter motifs (P1 and P2, red boxes) and pore helices (PH1 and PH2, gray line) from
PcK,p1 and other K,p channel subunits; PcK,p1 is highlighted in red letters. P1 and P2 show high
sequence identity within both vertebrate and invertebrate K,, members, including C. elegans TWK-18

(Q18120), Aplysia californica AcK2p1 (AAN62847.1) and Ack2p2 (DQ166529.1), as well as human
TRAAK (QINYG8), TREK-1 (095069), and TREK-2 (P57789). Identical and similar residues are highlighted
in black and gray, respectively. B. Pairwise identity matrix showing sequence similarity between PcKyp1

and selected K,p subunits. Each box displays the percentage of shared identity between subunits. C.
Phylogenetic tree showing the evolutionary relationships of PcK,p1 with other K,p channels. The tree
was inferred using the Maximum Likelihood method and the JTT matrix-based model. PcK,p1 (red
circle) clusters with invertebrate K,p subunits and is part of a branch closely related to the human TREK
subfamily.

Functional expression of PcK1 in HEK293T cells

HEK293T cells were transfected with the PcK,p1 cDNA to investigate whether it forms a functional
channel. Whole-cell and cell-attached patch-clamp recordings were performed using symmetrical K*
solutions in the bath. As expected, PcK,p1 formed a functional channel. Transfected HEK293T cells

displayed significantly larger currents than non-transfected cells in response to a voltage ramp from -
140 to + 60 mV over 1 s. Linear regression estimated leak conductance of control cells was 24.42 pS,
and in transfected cells the conductance increased to 78.64 pS (Fig. 4A). Current densities increased
from - 9.52 £ 0.81 pA/pF in control cells to - 45.41 £ 3.11 pA/pF in transfected cells at - 60 mV and
23.37 +3.08 pA/pF in control cells to 65.98 + 6.44 pA/pF in transfected cells at + 60 mV (unpaired t-test
with Welch'’s correction, p < 0.0001; Fig. 4B). These results indicate that PcK,p1-expressing cells exhibit a

K* leak current with outward rectification.

The reversal potential (E,,) shifted to more positive values as extracellular [K*] increased, consistent
with the change in the established Ey,, strongly suggesting selective permeability to K*. Mean E_,, values
were 0.1+0.62 mV at 145 mMK* -7.61+0.13mV at 110 mM K*, - 28.6 £+ 2.45 mV at 40 mM K*, and -
72.03 £2.16 mV at 5 mM K* (Fig. 4C). One-way ANOVA revealed a significant effect of extracellular [K*]
on E,, (p<0.0001). Tukey's post hoc test confirmed that all pairwise comparisons were significant (p <
0.0001 for each). Linear regression of E,, as a function of log[K*] yielded a slope of 49.9 mV per decade,

indicating a dependence on extracellular potassium (Fig. 4D), although lower than the theoretical Nernst
prediction for a perfectly selective K* channel (~ 58 mV/decade at room temperature).

Page 12/37



Having established that PcK,p1 forms a functional potassium-permeable channel with distinct
macroscopic properties, we characterized its single-channel behavior in cell-attached patches in
transfected HEK293T cells under symmetrical K* conditions. No PcK,p1 activity was detected in patches
from untransfected cells (data not shown). Representative recordings (Fig. 5A) revealed robust channel
activity at both + 80 and - 80 mV, with frequent flickering and prolonged bursts of opening. Two distinct
conductance states were consistently observed within the same patch, corresponding to small (S) and
large (L) conductance states (Fig. 5B), suggesting the presence of sub-conductance states. The large-
and small-conductance states exhibited conductances of 106.6 + 0.45 and 40.86 + 0.52 pS, respectively
(Fig. 5C, D). PcK,p1 channels displayed higher voltage-dependent open probability (P,) at hyperpolarized

potentials. P, values were 0.47 + 0.08 at - 80 mV compared with 0.24 + 0.06 at + 80 mV (Fig. 5E). Dwell-

time histograms revealed a predominantly short-opening state with occasional longer events (Fig. 5F),
resulting in mean opening times of 4.11 + 0.45 ms at - 80 mV and 3.42 + 0.49 ms at + 80 mV (Fig. 5G).

The PcK1 channel is thermosensitive

Once we demonstrated that PcK,p1 forms a functional K* channel with distinct single-channel
properties, we next examined whether its activity is influenced by temperature, based on the thermal
preference of P. clarkii. Whole-cell currents were recorded at 20, 25, and 30°C using voltage-ramp
protocols from - 140 to + 60 mV (holding potential 0 mV). As shown in Fig. 6A, PcK,p1 currents were
small at 20°C, modestly increased at 25°C, and became large and with a slightly more pronounced
outward rectifying at 30°C. At - 60 mV, current amplitude was temperature dependent (Fig. 6B). One-way
ANOVA shows a significant main effect of temperature (F(2,39) = 22.81, p < 0.0001). Post hoc Tukey's
tests confirmed significant differences between all conditions (20 vs. 25°C: p =0.0016; 20 vs. 30°C: p <
0.0001; 25 vs. 30°C: p<0.0001). Mean currents were - 33.75+ 2.80 pA at 20°C, - 42.89+4.13 pA at
25°C,and - 82.12 +7.87 pA at 30°C. At + 60 mV, currents also increased significantly with temperature.
One-way ANOVA indicated a significant effect (F(2,39) = 16.63, p <0.0001), and Tukey’s multiple
comparisons showed strong differences between all pairs (20 vs. 25°C: p<0.0001; 20 vs. 30°C: p <
0.0001; 25 vs. 30°C: p = 0.0005). Average currents were 55.36 + 6.24 pA at 20°C, 74.37 + 6.37 pA at 25°C,
and 134.00 + 14.97 pA at 30°C. To further assess temperature sensitivity, current amplitudes were
normalized to their values at 20°C and expressed as fold increase (Fig. 6C). Between 20 and 30°C,
currents increased approximately 2.4-fold at both voltages (=60 mV: 2.43; +60 mV: 2.42). The
corresponding Q,, values were 2.40 (-60 mV) and 2.42 (+ 60 mV), indicating a steep temperature
dependence consistent with values reported for thermosensitive ion channels (Lamas et al., 2019).

We next assessed whether the single-channel properties of PcK,p1 are modulated by temperature in the
cell-attached configuration. Representative traces at - 80 and + 80 mV show that channel activity
increased with rising temperature, displaying more frequent openings and longer bursts at 30°C

(Fig. 6D). Data were obtained from ~ 10 s of current recording per temperature and analyzed as
described previously. Dwell-time histograms fitted with single-exponential functions revealed that the

mean open time was not significantly affected by temperature (Fig. 6E, F). At - 80 mV, the mean open
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time was 4.62 + 1.06 ms at 20°C, 5.39 + 0.82 ms at 25°C, and 4.52 + 0.24 ms at 30°C (one-way ANOVA,
F(2,29) =0.3651, p = 0.697; Tukey's test, n.s.). Similarly, at + 80 mV, mean open times were 6.77 +1.11
ms, 4.96 +1.19 ms, and 6.19 + 0.35 ms at 20, 25, and 30°C, respectively (ANOVA, F(2,29) =0.9245,p =
0.41; Tukey's test, n.s.). In contrast, open probability (P,) of PcK,p1 was profoundly modulated by
temperature (Fig. 6G). At - 80 mV, P, increased with Q;, of 3.3 from 0.16 + 0.02 at 20°C to 0.33 £ 0.02 at
25°C, and t0 0.53 £ 0.01 at 30°C (ANOVA, F(2,29) =119.1, p < 0.0001; Tukey: all pairwise comparisons, p
<0.0001). At + 80 mV, P, was increased with Q4 of 3.6 from 0.20 + 0.02 at 20°C, 0.16 + 0.02 at 25°C, and
0.73+0.01 at 30°C (ANOVA, F(2,29) =324.9, p<0.0001). Tukey's test showed no difference between
20°C and 25°C (p = n.s.), but highly significant increases at 30°C versus both lower temperatures (p <
0.0001). Taken together, these results demonstrate that although the mean opening time of PcK,p1 is
temperature-insensitive, P, increase sharply at higher temperature, showing that channel gating
underlies the thermal sensitivity of PcK,p1, indicating that warming increased PcK,p1 channel activity
without a detectable change in mean open time.

Modulation of PcK,p1 in HEK293T cells

To evaluate whether PcK,p1 behaves as a stimulus integrator, like other K,p channels (Enyedi and

Czirjak, 2010), we examined its response to different modulators and drugs. All recordings, except
mechanical pressure, were performed in symmetrical 145 mM K* solution using a voltage ramp protocol
from - 100 to + 60 mV in the presence or absence of the modulator in HEK293T cells expressing PcK,p1
(Fig. 7). First, we tested whether Mg?* blocks PcK,p1 as described for other K, channels (Maingret et
al., 2002). At both - 60 mV and + 60 mV, data distributions passed the Shapiro—Wilk normality test, so
paired t-tests were used. Mg+ (3 mM) significantly decreased current amplitude at both voltages (p =
0.0006). At - 60 mV, mean currents were - 22.67 + 2.99 pA with Mg?* and - 41.45 + 4.57 pA without
Mg?*. At + 60 mV, currents were 43.75 + 5.96 pA with Mg?+ and 57.13 + 5.37 pA without Mg?+ (n=13;

Fig. 7A). Next, we tested the effect of 10 pM arachidonic acid (AA, Patel et al., 1998; Fig. 7B). At - 60 mV,
data passed the normality test, and paired t-tests showed a significant increase in current due to AA (p =
0.0151). This effect was confirmed by a Wilcoxon signed-rank test (p = 0.0313). The mean currents were
-114.6 £ 23.8 pA with AA and - 29.86 + 1.91 pA in control cells. At + 60 mV, control values failed the
normality test, so the Wilcoxon test was used, also showing a significant increase in current amplitude
(p =0.0313). Mean currents were 128.5 + 20.7 pA with AA and 45.46 + 6.91 pA in control (n =6). To
examine PcK,p1 channel activity under atmospheric pressure (control) and during sustained membrane

stretch (- 100 mmHg) in the cell-attached configuration with symmetrical K*. Channel activity was
strongly enhanced at both - 80 mV and + 80 mV when negative pressure was applied to the patch

(Fig. 7C). At - 80 mV, NP, increased from 0.31 + 0.029 to 2.02 + 0.076 (6.4-fold), and at + 80 mV it
increased from 0.23 +0.022 to 1.55+ 0.077 (6.5-fold) (Fig. 7D). Each condition was analyzed from ~ 20 s
of current recording. An unpaired t-test with Welch’s correction confirmed a significant increase in
activity at both - 80 mV (p =0.0001) and + 80 mV (p =0.0001).
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Finally, because K,p channels are typically resistant to classical K* channel blockers due to their pore
architecture, we assessed PcK,p1 sensitivity to tetraethylammonium (TEA, 10 mM). At - 60 mV and + 60
mV, data were normally distributed, and paired t-tests were applied. At - 60 mV, TEA produced no
significant inhibition (p = 0.2652), with mean currents of - 33.57 £ 4.72 pA in TEA and - 36.33 + 5.44 pA
in control cells. At + 60 mV, however, TEA caused a small but significant reduction in macroscopic
current (p = 0.0428), with currents of 48.34+6.11 pAin TEA and 61.98 + 4.21 pA in control cells (n = §;
Fig. 7E). In contrast, we tested another quaternary ammonium (QA) ion, tetrahexylammonium (THexA, 10
pM). Data at - 60 mV and + 60 mV were also normally distributed, and paired t-tests were used. At - 60
mV, THexA produced a robust inhibition (p = 0.0013), reducing mean currents from - 31.36 + 1.69 pA in
control cellsto - 16.15+2.79 pA in THexA. At + 60 mV, THexA also significantly inhibited PcK,p1

currents (p = 0.0003), with currents of 19.38 + 2.72 pA in THexA and 63.36 + 6.25 pA in control cells (n =
8; Fig. 7F).

Differential expression and FISH of PcK ,p 1 in eyestalk of P. clarkii

To investigate the expression pattern of PcK,p1 in P, clarkii eyestalk and other regions, we performed RT-
PCR amplifications on different neural and abdominal tissues. A clear band of the expected size (1,048
bp) was detected in all tissues examined (X0, medulla terminalis, medulla interna, medulla externa
abdominal ganglia and muscle tissue; Fig. 8A). GAPDH was consistently amplified in all samples and
was used as expression control. This nervous system expression is consistent with our
electrophysiological findings and suggests a putative role of PcK,p1 in regulating neuronal excitability.

To further assess PcK,p1 expression at the cellular level, we performed fluorescent in situ hybridization
(FISH) using a digoxigenin (DIG)-labeled antisense riboprobe. Strong hybridization signal was detected in
neurons of the X-organ (X0) within the eyestalk, confirming the presence of PcK,,1T mRNA in these cells
(Fig. 8B). The sense probe used as a negative control showed no signal (Fig. 8C), validating label
specificity. The detection of PcK,p1 transcripts in XO neurons reinforces its functional presence and
potential contribution to excitability in these neurosecretory cells.

Discussion

In this study, we report PcK,p1, a novel invertebrate K,p channel identified in the neurosecretory system

of P, clarkii. This channel exhibits topological and electrophysiological properties reminiscent of
mammalian TREK channels, while also displaying unique characteristics that suggest a potential role as
a multimodal stimulus integrator within this neurosecretory system.

Electrophysiological recordings show that warming increases background K+ conductance in X-organ
neurons, consistent with a mechanism proposed for mammalian dorsal root and trigeminal
thermoreceptive neurons (Talley et al., 2003). In these systems, increased K,p-mediated leak promotes
hyperpolarization and limits excitability, whereas reduced leak favors depolarization and firing (Goldstein
et al., 2001; Enyedi and Czirjak, 2010; Renigunta et al., 2015)
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Although macroscopic currents displayed outward rectification, as reported for TREK-1 (Maingret et al.,
2000), relative thermal sensitivity was greater at hyperpolarized potentials. This behavior may reflect
temperature-dependent changes in channel gating, although changes in unitary conductance cannot be
excluded. Together, these findings support the presence of a thermosensitive K* leak current in X-organ
neurons, consistent with the participation of K,p channels.

Despite modest amino acid identity with mammalian TREK-1 and TREK-2 and invertebrate channels such
as Aplysia AcK2P2 (Jezzini et al., 2006), PcK,p1 preserves the canonical 4TM/2P K,p architecture
(Enyedi and Czirjak, 2010). Structural predictions further suggest a homodimeric organization with four
pore domains, similar to human TWIK-1 (Miller and Long., 2012) and TRAAK (Brohawn et al., 2012).

PcK,p1 contains an extended TM1-P1 extracellular linker predicted to form extracellular cap
characteristic of K,p channels, a structure implicated in mammalian channel assembly, gating, and
pharmacology (Clarke et al., 2008; Miller and Long, 2012; Vivier et al., 2016). Its P1 and P2 selectivity
filter sequences also show slight asymmetry, consistent with a proposed model in which filter flexibility
supports polymodal gating while preserving K* permeation (Bagriantsev et al., 2011; Piechotta et al.,
2011; Schewe et al., 2016). These structural features suggest conserved functional roles in PcK,p1.

PcK,p1 expression in HEK293T cells produced an outwardly rectifying K* current that persisted under
symmetrical K* conditions and did not conform to Goldman—Hodgkin—Katz predictions, as reported for
TREK-1 and TREK-2 (Fink et al., 1996; Lesage et al., 2000). lon substitution experiments supported high
K* selectivity, with reversal potential shifts approaching the Nernst prediction, like TASK-3 and TRAAK
(Kim et al., 2000; Fink et al., 1998).

Single-channel recordings revealed small- and large-conductance states in PcK,p1. Similar heterogeneity
in TREK-1 and TREK-2 has been associated with alternative translation initiation (ATI) and intracellular
signaling, with individual ATl isoforms also displaying distinct conductance levels (Li et al., 2006; Kang et
al., 2007; Thomas et al., 2008; Simkin et al., 2008). A possible explanation for this behavior is that
multiple N-terminal methionine residues and putative phosphorylation sites in PcK,p1 suggest that
analogous mechanisms may contribute to its conductance diversity, although neither ATI nor
phosphorylation-dependent modulation has been demonstrated.

PcK,p1 showed weak voltage dependence at the single-channel level, with more activity at
hyperpolarized potentials, yet displayed macroscopic outward rectification. This behavior may involve
both intrinsic voltage-dependent gating (Schewe et al., 2016) and voltage-dependent Mg?* block, as
reported for TREK-1 (Maingret et al., 2002; Bockenhauer et al., 2001). Extracellular Mg?* removal partially
linearized the current—voltage relationship, supporting a contribution of Mg?* to the observed
rectification.

PcK,p1 exhibited robust thermosensitivity; warming increased leak current and channel open probability
(Po) without significantly changing mean open time, with Q,, values comparable to those of mammalian
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TREK channels (Maingret et al., 2000; Kang et al., 2005; Lamas et al., 2019). These findings support
temperature-dependent modulation of PcK2P1 gating, although kinetic differences from TREK-2 and
TRAAK may reflect distinct underlying mechanisms (Schneider et al., 2014). Such functional divergence
is consistent with species-dependent variation in K,p thermosensitivity associated with differences in
the C-terminal domain (Kang et al., 2005; Cordeiro and Musinszki, 2025). TREK-1 thermosensitivity
requires cytoskeletal interactions and PKA-dependent phosphorylation within a C-terminal temperature-
responsive element (TRE) (Cordeiro and Musinszki, 2025). PcK,p1 contains a region with similar positive
charge and a putative PKA phosphorylation site but lacks the residues required for MAP2 binding in
TREK-1. These features suggest that PcK,p1 may retain thermosensitivity through partially distinct

molecular interactions.

Beyond temperature, K,p channels are known for being polymodal ion channels. PcK,p1 responds to
arachidonic acid and mechanical stimulation, characteristic properties of the TREK subfamily (Maingret,
et al., 2000; Meadows et al., 2000 and Lesage et al., 2000). Both stimuli increased channel activity,
consistent with lipid bilayer—-mediated gating mechanisms described for mechanosensitive K,p
channels (Patel et al., 2001; Lotshaw, 2007). PcK,p1 contains clusters of charged residues within its C-

terminal domain that may mediate interactions with membrane lipids, analogous to mechanisms
described for TRAAK channels (Patel et al., 1998; Brohawn et al., 2014).

Pharmacological analysis further supports classification of PcK,p1 as a canonical K,p channel. PcK,p1
was insensitive to tetraethylammonium but inhibited by longer-chain quaternary ammonium ions such
as tetrahexylammonium, consistent with the presence of an extracellular cap domain positioned directly
above the selectivity filter that restricts access to the pore (Piechotta et al., 2011; Braun, 2012; Concha et
al., 2018).

PcK,p1 expression in X-organ neurons, demonstrated by fluorescence in situ hybridization, provides a

physiological context for its polymodal properties. Its sensitivity to temperature, mechanical forces, and
lipid modulators suggests a role in adjusting neuronal excitability and neurosecretory output to changing
environmental conditions (Garcia and Aréchiga, 1998). This proposed role is consistent with the
regulation of neuronal excitability by mammalian TREK-1, TRAAK, TASK-1, and TASK-3 channels
(Maingret et al., 2000; Musset et al., 2006; Noél et al., 2009).

The identification of PcK,p1 expression in X-organ neurons highlights a conserved functional role for K,p
channels despite significant sequence divergence between PcK,p1 and mammalian TREK channels

(Enyedi and Czirjak, 2010). This interpretation is consistent with the deep evolutionary origin of the six
K,p channel subfamilies (Park et al., 2024).

Taking together, our findings identify PcK,p1 as a polymodal, thermosensitive K,p channel in an
invertebrate neuroendocrine system. These results extend our understanding of thermosensitive K,p
channel described in an invertebrate species and highlights an evolutionarily conserved role for
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polymodal leak channels in coupling environmental sensing to neuronal output. These results extend the
functional repertoire of K,p channels beyond vertebrate systems and provide new insight into the
molecular mechanisms underlying sensory integration in invertebrate neuroendocrine networks.
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Figure 1

Temperature activates a background K* leak conductance in X-organ neurons. A. Representative
current-clamp recording from an X-organ neuron showing hyperpolarization of the membrane potential
from —44 to —56 mV when temperature increased from 22 to 27 °C; the potential returned to baseline
when temperature was lowered back to 22 °C. B. Representative current-clamp recording showing
depolarization of the membrane potential from —50 to —44 mV when temperature was decreased from
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22 to 17 °C, promoting neuronal activity; the potential was restored upon return to 22 °C. C.
Representative voltage responses after current injection from an X-organ neuron shows the effects of
the three temperature conditions: top traces show voltage responses after depolarization pulse, and
bottom traces show corresponding changes in membrane voltage after hyperpolarization pulse. D.
Current-voltage (I-V) relationship of average whole-cell recordings from X-organ neurons at three
different temperatures. Currents were recorded in symmetrical K* solution using a square-pulse protocol
(=70 to +70 mV in 10 mV steps, 1 s duration) from 0 mV holding potential. Data are expressed as mean
+ SEM (n = 10). E. Temperature-dependent stimulation of current amplitude, expressed as fold increase
relative to 17 °C (I_T / 1_17°C) at =60 and +60 mV. From 17 to 27 °C, current amplitude increased 3.5-fold
at —60 mV and 2.97-fold at +60 mV (ns, not significant; **p < 0.01; ****p < 0.0001). F. Open probability
(Po) at 50 mV (ns, not significant; **p < 0.01; ****p < 0.0001). G. Representative single-channel
recordings from an X-organ neuron at 50 mV under the three temperature conditions.
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Figure 2

Bioinformatic analysis of PcK,p1. A. The full-length PcK,p1 ORF comprises 1,254 nucleotides and
encodes a protein of 417 amino acids. The four predicted transmembrane helices (TM1-TM4) are
underlined in blue, and the two selectivity filter motifs (P1 and P2) are boxed in red. The two predicted
extracellular helices (E1 and E2) are underlined in turquoise, and the two pore helices (PH1 and PH2) are
underlined in gray. Predicted O-linked and N-linked glycosylation sites are marked with purple and orange
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circles, respectively. Predicted phosphorylation sites for PKA, PKC, and CKII are indicated by green,
brown, and yellow squares, respectively. B. Predicted membrane topology of the PcK,p1 subunit,
showing the structural features and predicted modification sites described in A. C. Most likely
membrane topology of PcK,p1, comprising four transmembrane helices, a short cytoplasmic N-terminus,
a long cytoplasmic C-terminus, and an extended extracellular region between TM1 and TM2. D. Predicted
phosphorylation sites, with distinct colors indicating sites associated with different kinases. E. Predicted
N-linked glycosylation sites. F. Predicted O-linked glycosylation sites. G. Homology model of PcK,p1

generated using the human TREK-2 structure (PDB: 4XDL) as a template. Each subunit is colored from
blue at the N-terminus to red at TM4. The C-terminal region could not be modeled and is therefore
omitted. The K* ion is shown as a purple sphere, and horizontal lines indicate the approximate
boundaries of the lipid membrane. The central cavity lies immediately below the K* ion along the
symmetry axis. The right panel shows an orthogonal side view of the channel. The bottom panel shows
an enlarged view of the predicted pore region, highlighting conserved threonine residues corresponding
to those involved in K* coordination in the TREK-2 template.
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Figure 3

Sequence and phylogenetic analysis of the PcK,p1 subunit. A. Alignment of PcK,p1 regions. Potassium
selectivity filter motifs (P1 and P2, red boxes) and pore helices (PH1 and PH2, gray line) from PcK,p1
and other K,p channel subunits; PcK,p1 is highlighted in red letters. P1 and P2 show high sequence
identity within both vertebrate and invertebrate K,p members, including C. elegans TWK-18 (Q18120),

Aplysia californica AcK2p1 (AAN62847.1) and AcK2p2 (DQ166529.1), as well as human TRAAK
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(QINYGS8), TREK-1 (095069), and TREK-2 (P57789). Identical and similar residues are highlighted in
black and gray, respectively. B. Pairwise identity matrix showing sequence similarity between PcK,p1 and
selected K,p subunits. Each box displays the percentage of shared identity between subunits. C.
Phylogenetic tree showing the evolutionary relationships of PcK,p1 with other K, channels. The tree
was inferred using the Maximum Likelihood method and the JTT matrix-based model. PcK,p1 (red
circle) clusters with invertebrate K,p subunits and is part of a branch closely related to the human TREK

subfamily.
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Functional properties of PcK,p1 expressed in HEK293T cells. A. Current-voltage relationship in whole
cell configuration from HEK293T cells either transfected with PcK,p1 (green) or not transfected (black).

Currents were recorded in 145 mM potassium solution using a voltage ramp protocol from -140 to +60
mV, 0 mV Vh, 1 s duration. Average current values are shown as pA/pF, mean + SEM,n=21Tandn =13
for transfected and non-transfected cells, respectively. B. Quantification of normalized current amplitude
at -60 and + 60 mV in HEK293T transfected with PcK,p1 (green) and without transfection (black)

(current shown as pA/pF, mean + SEM; **** p < 0.0001). C. Current-voltage relationship of HEK293T cells
transfected with PcK,p1 under four extracellular potassium conditions: 145 mM K* (n = 9; green), 110
mM K* (n = 7; orange), 40 mM K* (n = 4; light green) and 5 mM K* (n = 9; dark green). D. Plot of reversal
potential of PcK,p1 currents obtained at various extracellular potassium concentrations.
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Figure 5

Single-channel properties of PcK,p1 expressed in HEK293T cells. A. PcK,p1 channel openings at +80
and -80 mV; S and L indicate small and large conductance levels, respectively, denoted by dotted lines.
B. Channel openings were recorded at -80 and +80 mV and analyzed to obtain amplitude histograms.
Gaussian fit of the conductance level distribution, where the colors black, brown, and orange indicate
closed, small, and large conductance, respectively. C. Current-voltage relationship of small and large
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conductance obtained from recordings of cell membrane patches maintained at pipette potentials of
+100 to -100 mV. Pipette and bath solution contained 140 mM KCI. D. Unitary conductance for PcK,p1.
E. Open probability was analyzed at -80 and +80 mV. F. Duration histograms fitted using a single
exponential function analyzed at -80 and +80 mV. G. Mean open time for PcK,p1 at -80 and +80 mV.

Data are shown as mean + SEM of 20 cells analyzed.
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Heat modulation of PcK,p1 expressed in HEK293T cells. A. Current—voltage (I-V) relationships from
whole-cell recordings of HEK293T cells transfected with PcK,p1 under three different temperature
conditions. Currents were recorded in symmetrical K* solution using a voltage-ramp protocol (=140 to
+60 mV, 1 s) at 0 mV Vh. Values are expressed as pA/pF (mean + SEM, n = 14). B. Dot plots of
normalized current amplitudes at —60 and +60 mV. Each dot represents an individual cell at the indicated
temperature (**p < 0.01, ****p < 0.0001). C. Temperature-dependent stimulation of current amplitude,
expressed as fold increase relative to 20 °C (I_T / 1_20 °C) at —60 and +60 mV. From 20 to 30 °C, current
amplitude increased 2.43-fold at —60 mV and 2.42-fold at +60 mV (**p < 0.01, ***p < 0.001, ****p <
0.0001). D. Representative single-channel recordings of PcK,p1 at +80 and —80 mV under the three
temperature conditions. A dashed line indicates the closed level. E. Open-time histograms fitted with a
single-exponential function, obtained from ~10 s of recordings at —80 and +80 mV under the three
temperature conditions. F. Mean open time of PcK,p1 at =80 and +80 mV (mean + SEM,; ns, not
significant). G. Relative open probability (P,) at =80 and +80 mV (ns, not significant; ****p < 0.0001).
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Modulation of PcK,p1 expressed in HEK293T cells. Currents were recorded in symmetrical 145 mM
potassium solution using a voltage ramp protocol from —=100 to +60 mV, from a 0 mV Vh, with a 1 s of
duration. Data are shown as pA/pF (mean = SEM). A. Left, current—voltage relationship of average
whole-cell recordings of PcK,p1 in the presence of 3 mM Mg?* (green) and in the absence of Mg2*

(peach). Right, quantification of current amplitudes normalized at =60 and +60 mV; each gray circle
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represents one recorded cell (n = 13 per condition; ***p < 0.001). B. Left, current-voltage relationship of
average whole-cell recordings of PcK,p1 in control symmetrical K* solution (green) and in the presence
of 10 uM arachidonic acid (AA, purple). Right, quantification of current amplitudes normalized at —60
and +60 mV; each gray circle represents one recorded cell (n = 6 per condition; *p < 0.1.) C.
Representative single-channel recordings of PcK,p1 at +80 and —80 mV under atmospheric pressure and
during =100 mmHg negative pressure (wine-colored bar). The dashed line indicates the closed level. D.
Relative activity (NPo) at =80 and +80 mV (****p < 0.0001). E. Left, current-voltage relationship of
average whole-cell recordings of PcK,p1 in control symmetrical solution (green) and in the presence of
10 mM tetraethylammonium (TEA, dark green). Right, quantification of normalized current amplitudes at
-60 and +60 mV; each gray circle represents one recorded cell (n = 8 per condition; ns, not significant; *p
< 0.05). F. Left, current—voltage relationship of average whole-cell recordings of PcK,p1 in control
symmetrical solution (green) and in the presence of 10 uM tetrahexylammonium (THexA, brown). Right,
quantification of normalized current amplitudes at —60 and +60 mV; each gray circle represents one
recorded cell (n = 8 per condition; ns, not significant; **p < 0.01, ***p < 0.001).
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Figure 8

Expression of PcK,p1 in the eyestalk of P. clarkii. A. Agarose gel electrophoresis showing expression of
the PcK,p1 subunit (1.0 kbp) in different tissues. PcK,p1 cDNA was detected in all tissues analyzed. XO-
MT, X-organ—medulla terminalis; MI-ME, medulla interna—medulla externa; AG, abdominal ganglia;
Musc, muscle tissue; NC, negative control. B. Fluorescent in situ hybridization (FISH) using an antisense
riboprobe against PcK,p1 revealed abundant mRNA expression in neurons of the X-organ (X0). C.

Negative control hybridization performed with the sense riboprobe showed no detectable signal.
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