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CaV1 and CaV2 voltage-gated calcium channels evolved from
an ancestral CaV1/2 channel via gene duplication somewhere
near the stem animal lineage. The divergence of these channel
types led to distinguishing functional properties that are
conserved among vertebrates and bilaterian invertebrates and
contribute to their unique cellular roles. One key difference
pertains to their regulation by calmodulin (CaM), wherein
bilaterian CaV1 channels are uniquely subject to pronounced,
buffer-resistant Ca2+/CaM-dependent inactivation, permitting
negative feedback regulation of calcium influx in response to
local cytoplasmic Ca2+ rises. Early diverging, nonbilaterian in-
vertebrates also possess CaV1 and CaV2 channels, but it is
unclear whether they share these conserved functional features.
The most divergent animals to possess both CaV1 and CaV2
channels are placozoans such as Trichoplax adhaerens, which
separated from other animals over 600 million years ago
shortly after their emergence. Hence, placozoans can provide
important insights into the early evolution of CaV1 and CaV2
channels. Here, we build upon previous characterization of
Trichoplax CaV channels by determining the cellular expres-
sion and ion-conducting properties of the CaV1 channel
orthologue, TCaV1. We show that TCaV1 is expressed in
neuroendocrine-like gland cells and contractile dorsal epithe-
lial cells. In vitro, this channel conducts dihydropyridine-
insensitive, high-voltage–activated Ca2+ currents with kinetics
resembling those of rat CaV1.2 but with left-shifted voltage
sensitivity for activation and inactivation. Interestingly, TCaV1,
but not TCaV2, exhibits buffer-resistant Ca

2+/CaM-dependent
inactivation, indicating that this functional divergence evolved
prior to the emergence of bilaterian animals and may have
contributed to their unique adaptation for cytoplasmic Ca2+

signaling within various cellular contexts.

Voltage-gated calcium (CaV) channels belong to a vast
eukaryotic lineage of four-domain channels, which in animals
includes voltage-gated sodium (NaV) and NALCN sodium leak
channels (1). These pore-forming proteins, also referred to as
α1 subunits, share a common transmembrane architecture of
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four homologous repeat domains (DI to DIV), each bearing six
transmembrane alpha helices (Fig. 1A). In addition to opening
with changes in membrane voltage, a key feature of CaV
channels is their selective permeability for Ca2+, which acts as
a second messenger in the cytosol. Hence, CaV channels are
able to translate electrical signals at the cell membrane into
cytoplasmic Ca2+ signals, for example at the presynaptic ter-
minal where they drive vesicle exocytosis and neurotrans-
mitter release (i.e., excitation-secretion coupling) and in
muscle where they drive contraction (excitation-contraction
coupling) (2).

Most animals possess three types of CaV channels that
separate into two ancient and phylogenetically distinct clades:
CaV3 or T-type channels, which become activated by small
membrane depolarization and are classified as low-voltage–
activated channels, and high-voltage–activated or HVA
channels, which are further classified as CaV1 or L-type
channels and CaV2 or N-, P/Q-, and R-type channels (3). CaV3
channels are present in the genomes of single-celled choano-
flagellates, our closest unicellular ancestors, and hence likely
evolved before the emergence of animals (4). CaV1 and CaV2
channels are thought to have evolved strictly in animals via
gene duplication of an ancestral CaV1/2-type channel type, still
present in choanoflagellates and poriferan animals (sponges)
(4, 5). In accordance, CaV1, CaV2, and CaV1/2 channels share
common structural features that distinguish them from CaV3
channels, including an alpha interaction domain (AID) in the
cytoplasmic linker between DI and DII, where the obligate
ancillary subunit CaVβ binds and regulates channel membrane
expression and gating (1, 6). The association of the CaV1 and
CaV2 channels with CaVβ was likely inherited from the
ancestral CaV1/2 channel, given the presence of a CaVβ gene in
choanoflagellates (4, 7) that can regulate mammalian CaV1.2
and CaV2.3 channels in vitro (8), and the unpublished obser-
vation that efficient in vitro expression of the CaV1/2 channel
cloned from the choanoflagellate Salpingoecca rosetta requires
co-expression with its cognate CaVβ subunit (9). CaV1 and
CaV2 channels also require the ancillary subunit CaVα2δ for
their membrane expression, localization, and gating charac-
teristics, which in contrast to the cytoplasmic CaVβ subunit
associates with extracellular regions of the pore-forming α1
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Figure 1. Conserved structural features of the Trichoplax CaV1 (TCaV1) channel. A, illustration of the TCaV1 channel membrane topology. Four sets of six
transmembrane segments are arranged in four repeat domains (DI–DIV), connected to each other with extracellular and cytosolic loops/linkers respectively.
The N terminus, C terminus, alpha interaction domain (AID), as well as C-terminal EF hand, pre-IQ, and IQ regions required for calmodulin-dependent
regulation are indicated and color coded with respect to panels F to J. B, top-down micrograph of Trichoplax adhaerens reveals its small, asymmetrical
body plan. C, cladogram depicting the proposed sister relationship of placozoans to bilaterians (black lines) and nonbilaterian invertebrates (gray lines). The
colors are used to code for each phylum represented in panels D and H. D, maximum likelihood phylogenetic tree of representative full-length CaV1 channel
protein sequences from major animal phyla, as well as CaV2 and CaV3 channels from the placozoans Trichoplax adhaerens and Hoilungia hongkongensis.
Branch length scale bar on the bottom left corresponds to 0.5 substitutions per site, and nodes are labeled with bootstrap values for 1000 ultrafast replicates.
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Properties of a placozoan CaV1 voltage-gated Ca2+ channel
subunit (6). Whether this subunit also interacts with and
regulates extant CaV1/2 channels is unclear, given its reported
absence in the genomes of poriferans and choanoflagellates,
the only organismal lineages known to possess CaV1/2 chan-
nels (4).

Also in accordance with their evolutionary relatedness,
CaV1, CaV2, and CaV1/2 channels share C-terminal EF-hand,
pre-IQ, and IQ domains/structures where the Ca2+ sensor
protein calmodulin (CaM) binds and regulates channel gating.
For CaV1 and CaV2 channels, Ca2+/CaM regulation is an
important feedback mechanism that permits fine tuning of
cytoplasmic Ca2+ influx in response to background Ca2+ levels.
Most often, Ca2+/CaM regulation of CaV1 and CaV2 channels
results in accelerated inactivation of macroscopic currents
recorded under voltage-clamp (i.e., Ca2+-dependent inactiva-
tion or CDI), although vertebrate CaV2.1 channels can also
exhibit Ca2+-dependent facilitation (10). Importantly, CaM
bears two Ca2+-binding lobes (N and C terminal or N- and
C-lobes), each with different Ca2+-binding properties. Specif-
ically, the N-lobe exhibits weaker Ca2+ binding affinity and
thus senses slow, global rises in cytoplasmic Ca2+, while the
C-lobe has a much higher binding affinity, optimal for
detecting transient local rises in Ca2+ emanating from the open
channel pore (11). This difference in Ca2+ binding also permits
experimental distinction between N- and C-lobe regulation,
where N-lobe processes are disrupted by strong cytoplasmic
Ca2+ buffering (e.g., 10 mM BAPTA), while C-lobe processes
are buffer-resistant. Under strong buffering conditions, C-lobe
regulation can be subsequently identified by switching the
permeating cation from Ca2+ to Ba2+, the latter weakly binding
CaM and hence unable to to triggering the CDI process (12).

In mammals, both CaV1 and CaV2 channels are subject to
N-lobe regulation by CaM. However, CaV1.2 and CaV1.3
channels exhibit altered N-lobe modulation that is buffer
resistant (i.e., local sensitivity), caused by direct interactions
between CaM and the channels’ N termini, at structures
referred to as NSCaTE (for N-terminal spatial Ca2+ trans-
forming element) and NATE (for NSCaTE associated trans-
duction element) (13, 14). Bilaterian (i.e., animals with bilateral
body symmetry) invertebrate CaV1 channels also possess an
NSCaTE motif; however, unlike CaV1.2 and CaV1.3, removal of
this motif in vitro does not impact CDI (15), suggesting that
this altered N-lobe regulation is a unique feature of mamma-
lian CaV1.2 and CaV1.3 channels. Additionally, mammalian
CaV1 channels, but not CaV2 channels, are also subject to
E, Phobius (127) transmembrane helix probability plot of the TCaV1 channel p
N terminus, C terminus, and cytoplasmic linkers are back colored red. F, EMBOS
aligned with single representative CaV1 channels from each phylum included
ments of DI to DIV (gray) and highly divergent cytoplasmic regions (red). The
respectively. G, amino acid sequence alignment of the selectivity filters from D
EEEE, indicated by black chevrons), present in all CaV1 and CaV2 channels, whe
residues in lieu of glutamate in domains DIII and DIV (i.e., EEDD). Also conserved
DII selectivity filter glutamate, thought to contribute to Ca2+ selectivity. H, align
Positively charged lysine (K) and arginine (R) residues critical for voltage sensing
the DI–DII cytoplasmic linkers of CaV1 and CaV2 channels, absent in CaV3 chan
black chevrons denote amino acid positions that interface with the CaVβ prote
for the interaction (37, 38). J, alignment revealing a highly conserved aspartate
for the interaction with the CaVα2δ1 ancillary subunit (39). CT, C terminus;
transmembrane helix.
pronounced, buffer-resistant CDI that is mediated by the
C-lobe of CaM (10). Thus, altogether, a key distinction in CaM
regulation between mammalian CaV1 and CaV2 channels is
that only CaV1 channels exhibit buffer-resistant regulation for
sensing local Ca2+ plumes, in addition to global sensitivity that
is also apparent for CaV2 channels. Importantly, a similar
distinction has been reported for the CaV1 and CaV2 channel
homologues from the snail Lymnaea stagnalis, where under
strong buffering conditions, the CaV2 channel lacks CDI when
the permeating cation is switched from Ba2+ to Ca2+, while the
CaV1 channel shows pronounced buffer-resistant CDI, that
becomes apparent when Ca2+ is replaced with Ba2+ as the
permeating cation (15, 16). Altogether, it is apparent that
differential regulation of CaV1 and CaV2 channels by CaM is
an ancestral trait that likely emerged hundreds of millions of
years ago in last common ancestor of all bilaterians. However,
the evolutionary origin of this distinction and whether it
conserved in early diverging, nonbilaterian animals is not
known.

The most early diverging animals to possess CaV1 and CaV2
channels, along with CaV3 channels, are species within the
phylum Placozoa such as Trichoplax adhaerens (4, 5, 17).
Trichoplax is a flat, disc-shaped marine invertebrate that lacks
a neuromuscular system and synapses (Fig. 1B) and possess
only six ultrastructurally distinguishable cell types (18).
Despite their morphological simplicity, placozoans possess a
large repertoire of genes associated with electrochemical
signaling in the nervous system, which in addition to CaV
channels, includes NaV and voltage-gated K+ channels (19, 20).
Accordingly, placozoans produce action potentials (APs) (21),
and it is likely that electrical and transient Ca2+ signaling play
important roles in their biology. Having diverged from other
animals over 600 MYA (22, 23), shortly after the emergence of
CaV1 and CaV2 channels via gene duplication, placozoans can
provide unique perspectives on the distinct evolutionary his-
tories of CaV1 and CaV2 channels.

Previously, we determined the cellular expression and
in vitro functional properties of the T. adhaerens CaV2 and
CaV3 channel homologues (5, 24, 25). Here, we complete the
characterization of the Trichoplax CaV channel set by similarly
chracterizing the Trichoplax CaV1 channel, and describe the
phylogenetic properties of the placozoan CaVβ and CaVα2δ
and related subunit homologues. Trichoplax CaV1 (TCaV1) is
expressed in contractile epithelial cells located on the dorsal
epithelium and neuroendocrine-like gland cells located along
rotein sequence. DI to DIV are back colored in gray, while the cytoplasmic
S Plotcon (128) running window similarity plot of the TCaV1 channel protein
in panel D, revealing strong conservation within the transmembrane seg-
AID and calmodulin-interacting domains are highlighted in green and blue,
I to DIV reveals a conserved four-glutamate selectivity filter P-loop motif (i.e.,
reas placozoan CaV3 channels resemble other CaV3 channels with aspartate
among all included calcium channels is an asparate residue adjacent to the
ment of DI to DIV segment 4 (S4) helices that make up the voltage sensors.
are highlighted in red. I, protein alignment revealing conserved AIDs within
nels, which are required for interaction with the CaVβ ancillary subunit. The
in, and red chevrons indicate amino acids positions considered most critical
in the DI S1–S2 extracellular loop of CaV1 and CaV2 channels that is essential
NT, N terminus; TCaV, T. adhaerens voltage-gated calcium channel; TMH,
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Properties of a placozoan CaV1 voltage-gated Ca2+ channel
the periphery of the animal. In vitro expression of the cloned
channel is significantly increased upon co-expression with
mammalian CaVβ1b and CaVα2δ1 subunits, in lieu of co-
expressed Trichoplax ancillary subunits. Whole-cell voltage-
clamp recording of transfected mammalian cells revealed
robust high-voltage–activated Ca2+ currents with left-shifted
voltage dependencies compared to the rat CaV1.2 channel
(rCaV1.2), especially with respect to channel inactivation,
producing a prominent window current at resting voltages
between −50 and −30 mV. Interestingly, omission of a
cotransfected CaVα2δ1 subunit resulted in significant right-
ward shifts in channel activation and inactivation, under-
scoring the significance of this subunit in regulating TCaV1
channel gating. More similar to rCaV1.2 is the recovery from
inactivation and kinetics for current activation, inactivation,
and deactivation. Altogether, the functional properties of the
Trichoplax CaV1 channel are somewhat divergent compared to
the mammalian CaV1.2 channel orthologue, in line with the
extreme phylogenetic distance between placozoans and
bilaterians.

Similar to our finding for Trichoplax CaV2 (5), TCaV1 is
insensitive to pharmacological blockers that are selective for
mammalian orthologues, with minimal sensitivity to the
dihydropyridine (DHP) blockers nifedipine, isradipine, and the
two enantiomers of Bay K8644 which either block or enhance
macroscopic currents. Considering the recent discovery of APs
in the Placozoa, we compared the Ca2+ conducting properties
of TCaV1 and TCaV2 using square voltage-clamp waveforms of
different durations and frequencies, revealing similar Ca2+

currents under most tested conditions. Where the two chan-
nels were found to differ was in their regulation by CaM.
Specifically, whereas both channels are subject to CDI medi-
ated by CaM, only TCaV1 exhibits modulation that is resistant
to strong cytoplasmic Ca2+ buffering, evident when comparing
inactivation properties when switching the permeating cation
from Ca2+ to Ba2+. Thus, like in bilaterians, the Trichoplax
CaV1 and CaV2 channels are differentially regulated by CaM,
with the CaV1 channel capable of detecting local Ca2+ plumes,
a feature that likely impacted the differential selection of CaV1
channels for specific Ca2+ signaling functions in different
cellular contexts.
Results

The Trichoplax CaV1 channel bears the distinctive structural
features of high-voltage–activated CaV channels

T. adhaerens (Fig. 1B) is the most studied species from the
phylum Placozoa (Fig. 1C), a group of simple seawater animals
that have a phylogenetic sister clade relationship with bilat-
erians, and cnidarians (e.g., jellyfish, sea anemones, and corals).
Placozoans lack a nervous system and synapses, although they
possess most genes required for electrochemical neural
signaling (19). The two most early diverging animal phyla are
the poriferans (sponges) and ctenophores (comb jellies), the
former lacking a nervous system (26) and the latter bearing the
most divergent nervous systems, proposed by some to have
evolved independently (27). Both ctenophores and sponges
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lack CaV1 and CaV3 channels (4), making placozoans the most
early diverging group to possess a complete set of CaV1 to
CaV3 channels, as well as one ancillary CaVβ and two CaVα2δ
orthologues (20). A maximum likelihood phylogenetic tree of
representative full-length CaV channel protein sequences from
select species reveals phylogenetic relationships for CaV1
channels that mostly match the species phylogeny (28), with
the orthologues from Trichoplax and the fellow placozoan
Hoilungia hongkongensis being the most divergent, followed by
those from cnidarians (Fig. 1D). Like most invertebrates (e.g.,
echinoderms, molluscs, nematodes, and most arthropods),
placozoans possess single copy genes for CaV1 to CaV3
channels, whereas independent gene duplications produced
multiple isotypes in certain lineages. For example, higher
chordates possess four CaV1 channel isotypes (CaV1.1–
CaV1.4), while more early diverging chordates such as
tunicates (e.g., the sea squirt Halocynthia roretzi) and cepha-
lochordates (e.g., the lancelet Branchiostoma belcheri) only
have single CaV1 channel genes. CaV1 channels duplicated
independently in Platyhelminthes (e.g., the planarian Dugesia
japonica) to produce two isotypes, CaV1A and CaV1B (29).
After placozoans, the next most early diverging animals to
possess CaV1 to CaV3 channels are the cnidarians such as the
starlet sea anemone Nematostella vectensis and the lion’s mane
jellyfish Cyanea capillata, which notably duplicated CaV2 and
CaV3 channels to produce three and two genes respectively,
while retaining a single CaV1 channel gene (4, 5, 30, 31).

The open reading frame of the TCaV1 α1 subunit was cloned
from a whole animal cDNA library, producing a consensus
sequence encoding a 1822 amino acid protein with a predicted
molecular weight of �208 kDa (GenBank accession number
MW915585). When comparing the three Trichoplax CaV
channels to each other, the more proximal phylogenetic rela-
tionship between TCaV1 and TCaV2 is apparent as they share
�41% sequence identity on a global protein alignment,
compared to only 29% and 26%, respectively, with the TCaV3
channel. TCaV1 is also more similar to rat CaV1.2 than it is to
TCaV2 and TCaV3, with 49% sequence identity. Structurally,
the TCaV1 channel bears the hallmark features of bilaterian
and cnidarian CaV1 and CaV2 channels (Fig. 1A), including
four homologous repeat domains (domains I to IV), each
bearing six predicted transmembrane alpha helices or seg-
ments (S1–S6) (Fig. 1E). Alignment of single representative
CaV1 channel protein sequences from each phylum included
in Figure 1D reveals that the transmembrane segments and
intervening loops within the four repeat domains are highly
conserved, while the N and C termini and cytoplasmic linkers
between domains I to IV are highly divergent (Fig. 1F).
Sequence conservation within domains I to IV includes four
glutamate (E) residues within the extracellular pore-loop
(P-loop) of each domain, located between S5 and S6, that
form a Ca2+ selectivity filter motif of EEEE common to CaV1
and CaV2 channels (Fig. 1G). In contrast, and conserved in
placozoans, CaV3 channels bear distinct selectivity filter motifs
of two glutamate and two aspartate (D) residues (i.e., EEDD;
Figs. 1G and S1). Notably, all three placozoan CaV channels
possess a ubiquitously conserved aspartate residue adjacent to
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the DII selectivity filter glutamate (Fig. 1G), suggested to
contribute to Ca2+ selectivity (32) but a reduced number of
negatively charged amino acids four positions downstream of
each selectivity filter residue which are thought to secondarily
contribute (Fig. S1) (33, 34). There is also strong conservation
of repeating positively charged arginine (R) and lysine (K)
residues within the S4 helices of all CaV channels (Figs. 1H and
S1), key for voltage sensing (35). Notable is the deep conser-
vation of proline (P) residues within DI and DIV S4 helices,
important for the contribution of these segments to channel
gating (36), and a lysine to glutamate substitution in the DII S4
helix of placozoan CaV2 channels, a unique feature that likely
affects the local electrostatic environment due a switch in
polarity and perhaps impacts gating.

An exception to the highly divergent cytoplasmic regions of
CaV1 channels across phyla is the AID located between DI and
DII (Figs. 1, A, I, F and S1), where the ancillary subunit CaVβ
binds and regulates CaV1 and CaV2 channel membrane
expression and gating. Within the AID is a highly conserved
amino acid motif of tyrosine-X-X-tryptophan-isoleucine
(YXXWI) which is critical for interactions with CaVβ (37,
38), also found in placozoan CaV1 and CaV2 channels, the
S. rosetta CaV1/2 channel, but not CaV3 channels which lack
an AID structure (Figs. 1I and S1). Placozoan CaV1 and CaV2
channels also bear a conserved, negatively charged aspartate
residue in the extracellular DI S1–S2 loop (Fig. 1J), identified
as a critical determinant for the interaction between the
CaV1.2 α1 subunit and the ancillary subunit CaVα2δ1 (39).
Lastly, we note deep conservation of C-terminal structures
adjacent to DIV S6, named the EF-hand, pre-IQ, and IQ do-
mains (Fig. 1, A and F), also present in S. rosetta CaV1/2
(Fig. S1), which are absent in CaV3 channels and are binding
loci for the Ca2+ sensor protein CaM (discussed later).
Phylogenetic and primary sequence properties of the
placozoan CaVβ and CaVα2δ ancillary subunits

Previously, T. adhaerens was reported to possess single
CaVβ and CaVα2δ subunit homologues (4). Here, we sought to
update these findings by searching for sequences within
recently improved gene datasets for Trichoplax (20, 40), as well
as H. hongkongensis (41). In accordance with the previous
report, we identified single CaVβ protein sequences for each
placozoan, both bearing predicted tandem SRC homology 3
(SH3) and guanylate kinase (GK) domains (Figs. 2A and S2 and
File S1), a hallmark feature of the CaVβ subunit and other
members of the membrane-associated guanylate kinase family
(42). In accordance with the species phylogeny, the placozoan
CaVβ subunits form a sister clade relationship with homo-
logues from cnidarians and bilaterians on a phylogenetic tree
(Fig. 2A). An exception is the highly divergent homologue
from Caenorhabditis elegans, dubbed CCB-2, which lacks a
predicted GK domain and in vivo, does not appear to regulate
CaV channel α1 subunit function (43).

Global alignment of the Trichoplax CaVβ (TCaVβ) protein
sequence with that of the rat CaVβ1 to CaVβ4 subunits, and the
functionally characterized homologues from the snail
L. stagnalis (7) and S. rosetta (8), reveals strong sequence
conservation within the SH3 and GK domains, including key
residues within the GK domain that mediate interactions with
the CaVα1 AID structure (38) (Fig. S2). This includes an
“MLHKAL” motif, similar to the “LMQRAL” sequence of
S. rosetta CaVβ shown to be essential for the ability of this
divergent subunit to regulate mammalian CaV2.3 channels
in vitro (8). Consistent with the phylogenetic relationships, the
Trichoplax CaVβ is more similar to homologues from the rat
and Lymnaea compared to S. rosetta, sharing between 41.0 and
43.4% amino acid sequence identity on a multiple alignment
(Fig. 2B). TCaVβ also more resembles the rat and Lymnaea
subunits in bearing an extended N terminus upstream of the
SH3 domain, but more resembles the S. rosetta homologue
with its shorter C terminus downstream of the GK domain
(Fig. S2). Interestingly, TCaVβ as well as the Lymnaea and
S. rosetta homologues resemble rat CaVβ2 in possessing large
sequence inserts within the HOOK region that interrupt the
SH3 domain structure, compared to the much shorter inserts
found in rat CaVβ1 to CaVβ3 subunits (Fig. S2). This is sig-
nificant because this unique feature of the mammalian CaVβ2
subunit imposes a significant rightward shift in the inactivation
properties of calcium channels (44, 45), and as such, TCaVβ
might also exert such effects on CaVα1 subunits.

In contrast to the single CaVβ subunit, we identified 4 α2δ
and related proteins for Trichoplax and Hoilungia, two of
which form a strongly supported clade with bona fide α2δ
subunits from bilaterians and cnidarians (Fig. 2C). Because of
their proximity to each other on the phylogenetic tree, the set
of Trichoplax and Hoilungia α2δ homologues likely duplicated
from a single parent gene uniquely within the Placozoa, similar
to the independent duplication apparent for arthropods which
gave rise to three subunits (i.e., Drosophila melanogaster and
Apis mellifera straightjacket, Ma2/d, and CG4587 homo-
logues). Notably, all invertebrate animals included in the
analysis possess two α2δ homologues, while mammals possess
four (e.g., rat α2δ1 to α2δ4), with unclear phylogenetic re-
lationships because of low node support values distributed
within the α2δ clade. Also with strong node support, Tricho-
plax and Hoilungia each possess single CACHD1 homologues,
shown in vertebrates to interact with and regulate CaV3
channels (46, 47), as well as a single protein falling within an
undescribed clade of α2δ-like homologues, also apparent in
L. stagnalis, N. vectensis, and S. rosetta (Fig. 2C). Domain
prediction analysis reveals that most α2δ and related proteins
share a conserved N-terminal signal peptide, von Willebrand
A-N (vWA-N) and vWA-A motifs, a calcium channel and
chemotaxis receptors (Cache) domain (also known as Per-
Arnt-Sim or PAS domains), and a C-terminal trans-
membrane helix. Most homologues also possess a conserved
divalent cation binding site, called a metal-ion–dependent
adhesion site (MIDAS), within the vWA-A domain (Figs. 2C
and S3), consisting of five polar/charged amino acids that likely
binds Mg2+ or Ca2+ in the endoplasmic reticulum to regulate
trafficking of the α1 subunit to the cell membrane (48).

A global protein alignment of the two Trichoplax α2δ sub-
units with rat α2δ1 to α2δ4 homologues reveals conservation of
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Figure 2. Phylogenetic properties of the Trichoplax adhaerens CaVβ and CaVα2δ subunits. A, maximum likelihood protein phylogeny of select CaVβ
ancillary subunits from select species, rooted on the homologue from the choanoflagellate species Salpingoeca rosetta, revealing that single homologues
from the placozoan species Trichoplax adhaerens and Hoilungia hongkongensis placozoans form a sister clade relationship with most metazoan homologues,
except the highly divergent C.elegans homologue CCB-2. The symbols on the right of the phylogenetic tree depict successful prediction of SH3 and
guanylate kinase (GK) domains using the structure prediction software InterProScan (129). Bootstrap node support values for 1000 ultrafast replicates are
also presented on the phylogenetic tree, as well as the tree presented in panel C. B, sequence identity matrix for a global alignment of the Trichoplax
adhaerens CaVβ protein sequence (Tadβ) with Rattus norvegicus CaVβ1–4 (Rnoβ1–4), Lymnaea stagnalis CaVβ (Lstβ), and Salpingoeca rosetta CaVβ (Sroβ). C,
maximum likelihood protein phylogeny of α2δ and related proteins from select species, revealing that placozoans possess two α2δ homologues, a single
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von Wildebrand Factor type A (vWA) domains. The symbols on the right of the phylogenetic tree depict successful prediction of N-terminal signal peptides,
vWA-N and vWA-A domains, PAS/cache domains, and C-terminal transmembrane helices using InterProScan (129). Also included are sequence alignments
of the conserved metal ion-dependent adhesion site important for regulation of CaV1 and CaV2 channel α1 subunits. For panels A and C, the color coding of
text refers to the different animal phyla as indicated in the legend located between the panels, and NCBI accession numbers for all sequence are included,
with the exception of the placozoan homologues that were extracted from corresponding genome/transcriptome datasets (20, 41). D, sequence identity
matrix for a global alignment of the Trichoplax adhaerens CaVα2δ protein sequences (Tadα2δA and Tadα2δB) with Rattus norvegicus CaVα2δ1–4 (Rnoα2δ1–4).
Cache; Calcium channel chemotaxis receptors; MIDAS, metal ion-dependent adhesion site; PAS, Per-Arnt-Sim; TMHs, transmembrane helices.
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a C-terminal cysteine residue just upstream of the predicted
transmembrane helix (Fig. S3), which in the mammalian
subunits is posttranslationally modified to form a glyco-
sylphosphatidylinositol anchor that tethers the subunit to the
outer leaflet of the cell membrane (49). Interestingly, the two
Trichoplax subunits share only 28.3% sequence identity with
each other, which is similar to the divergence between the two
clades of rat homologues (i.e., α2δ1/α2δ2 versus α2δ3/α2δ4;
Fig. 2D). Furthermore, the Trichoplax α2δB subunit is slightly
more similar to the rat homologues than α2δA, sharing be-
tween 25.8 and 28.2% sequence identity, compared to 24.0 to
25.1%.
TCaV1 expresses in vitro and is expressed in Trichoplax dorsal
epithelial and type II gland cells

With the intention of expressing the TCaV1 channel in
human embryonic kidney cell (HEK)-293T cells for electro-
physiological characterization, we synthesized the channel
cDNA with codon optimization for enhanced expression in
human cells. This cDNA was cloned into two mammalian
expression vectors: pIRES2-EGFP and pEGFP-C1. This pro-
duced the vectors pTCaV1-IR-EGFP and pEGFP-TCaV1
(Fig. 3A), the former allowing bicistronic expression of the
TCaV1 channel protein separately from enhanced green fluo-
rescent protein (EGFP) and the latter producing a fusion
protein of TCaV1 with EGFP at its N terminus. A qualitative
Western blot of HEK-293T cell lysates after transfection with
the pEGFP-TCaV1 vector, using anti-GFP antibodies, pro-
duced a band of �250 kDa that roughly corresponds to the
sum molecular weights of the TCaV1 channel (207.6 kDa) plus
EGFP (28.9 kDa; Fig. 3B). This band was absent in untrans-
fected cells but can be observed in all lanes that contain
pEGFP-TCaV1. Furthermore, the bands appear to increase in
intensity upon cotransfection with the rat CaVβ1b and CaVα2δ1
ancillary subunits, consistent with previous reports that these
mammalian subunits can be efficiently used for expressing
invertebrate CaV1 and CaV2 channels in vitro (50–52). To
ensure equal protein loading, we performed Ponceau staining
of the Western blot membrane, revealing similar protein levels
for all samples (Fig. 3B). The observed effect of CaVβ1b and
CaVα2δ1 co-expression on TCaV1 abundance resembles our
previous observations for the cloned Trichoplax CaV2 and
CaV3 channels, whose expression also significantly increased
upon co-expression with the two rat ancillary subunits, most
markedly for TCaV3 (5, 24). To quantify the effect of the
subunits on pEGFP-TCaV1 abundance, EGFP fluorescence
intensity of HEK-293T cells transfected with the pEGFP-
TCaV1 vector was examined and showed an additive increase
upon cotransfection with the rat CaVβ1b and CaVα2δ1 subunit
cDNAs (p ≤ 0.021 with a Holm–Sidak test after one-way
ANOVA; p < 0.001, F = 46.0; Table S1). The CaVβ1b and
CaVα2δ1 subunits increased fluorescence intensity when
cotransfected separately, but cotransfection with both subunit
cDNAs produced the greatest EGFP-TCaV1 expression, with
the pattern: no subunits < CaVα2δ1 ≤ CaVβ1b < CaVβ1b plus
CaVα2δ1 (Fig. 3, C and D). This increase in fluorescence was
not due to changes in cell confluency between the different
conditions (untransfected = 70 ± 2%; pEGFP-TCaV1 = 65 ±
4%; pEGFP-TCaV1 + α2δ1 = 68 ± 3%; pEGFP-TCaV1 + β1b =
68 ± 1%; pEGFP-TCaV1 + α2δ1+ β1b = 68 ± 4%; one-way
ANOVA p = 0.484). Thus, similar to other high-voltage–
activated CaV channels, TCaV1 expression in vitro significantly
increased upon co-expression with CaVβ and CaVα2δ ancillary
subunits (53), presumably through conserved interactions with
the AID and DI S1–S2 loop, respectively (Fig. 1, I and J). Of
note, we made efforts to characterize the in vitro properties of
the Trichoplax CaVβ subunit but were unable to detect the
ectopically expressed protein on Western blots via a hemag-
glutinin tag (not shown). As such, analysis of the functional
properties of the Trichoplax ancillary subunits will be pre-
sented in a future study, using codon optimization which has
been shown to significantly improve ectopic expression of
Trichoplax genes in mammalian cells (54).

To enable studying the untagged TCaV1 protein, we
generated rabbit polyclonal antibodies against a 121 amino
acid recombinant peptide corresponding to the II-III linker
(residues 730–850 of accession MW915585). These antibodies
could detect a band corresponding to the untagged TCaV1
channel protein in Western blots of HEK-293T cell protein
lysates after transfection with the pTCaV1-IR-EGFP vector, as
well as a heavier band that did not migrate with the protein
ladder (Fig. 3E). Both bands were absent in blots of untrans-
fected cells (not shown). The specificity of the antibodies
against the TCaV1 channel epitope was confirmed by pre-
adsorption of the antibodies with excess recombinant II-II
linker peptide, which caused both bands to disappear
(Fig. 3E). Altogether, these data indicate that the TCaV1
channel is expressed as a full-length protein in HEK-293T cells
and that a subset may be bound to other proteins, increasing
its molecular weight.

The same polyclonal antibodies were then used to detect
TCaV1 in Trichoplax whole animal protein lysates. Like the
TCaV2 channel, the TCaV1 channel is present as an endoge-
nous full-length protein but is also fragmented within the ly-
sates (5). Here, anti-TCaV1 antibodies labeled bands at �90
and 260 kDa that disappeared with peptide preincubation, as
well as a heavy molecular weight band that did not (Fig. 3F).
The antibodies raised against the channel are specific to the II-
III linker epitope sequence, and based on Basic Local Align-
ment Search Tool (BLAST) analysis of the Trichoplax genome
and whole animal mRNA transcriptome (19, 20), they are
unlikely to bind off target proteins in Trichoplax since the
epitope does not produce significant alignments other than
TCaV1. Thus, the heavy molecular weight band likely repre-
sents off-target binding by other antibodies present within the
rabbit serum. The smaller 90 kDa band on the other hand is
specifically targeted by the TCaV1 antibodies and may repre-
sent an endogenously expressed truncated variant of the
channel, akin to CaV1.2 channels in the mammalian brain that
become proteolytically cleaved at the DII-DIII linker, as a form
of age-related regulation of channel activity (55). Overall,
endogenous expression of TCaV1 is apparent, indicating an
active role for the calcium channel in Trichoplax.
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transfected with pEGFP-TCaV1 and various combinations of rat CaVβ1b and CaVα2δ1 ancillary subunits. Monoclonal anti-GFP antibodies reveal a band of
�250 kDa, corresponding to the predicted molecular weight of �237 kDa for the full-length EGFP-TCaV1 fusion protein, which is absent from untransfected
cells. The combination of both subunits appears to show the greatest intensity. Bottom, Ponceau stain of above Western blot showing equal protein content
in each lane. C, fluorescence (top) and overlaid fluorescence and transmitted light images (bottom) of cultured HEK-293T cells transfected with pEGFP-TCaV1
with various combinations of accessory subunits. Intensity of the EGFP-TCaV1 fusion protein fluorescence increased upon cotransfection with the rat CaVβ1b
and CaVα2δ1 ancillary subunits. D, plot of average EGFP fluorescence intensity ±S.D. (error bars) in micrographs of separately transfected HEK-293T cells (n =
3). Cotransfection of cells with both rat CaVβ1b and CaVα2δ1 ancillary subunits resulted in the greatest fluorescence intensity. Integrated density values were
standardized to the maximal value across all experiments. Lower case letters denote significant differences (p ≤ 0.021) in integrated density as determined by
a Holm-Sidak test (Table S1). E, Western blot of HEK-293T protein lysates expressing untagged TCaV1 protein from the pTCaV1-IR-EGFP vector. Custom rabbit
polyclonal anti-TCaV1 antibodies (directed against 121 amino acids within the TCaV1 channel II–III linker) reveals strong ectopic expression of the TCaV1
channel when co-expressed with the rat CaVβ1b and CaVα2δ1 subunits. Two bands are visible on the blots, one at �250 kDa and a heavier band that did not
migrate with the protein ladder, that disappeared after preadsorption of the anti-TCaV1 antibodies with recombinant peptide used to generate the an-
tibodies (+pep.). F, Western blot of Trichoplax whole-animal protein lysates using the anti-TCaV1 polyclonal antibodies revealed three bands. A heavy
molecular weight band that did not disappear with peptide preincubation and two bands with molecular masses of �90 and 260 kDa that did. EGFP,
enhanced green fluorescent protein; TCaV, T. adhaerens voltage-gated calcium channel.
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To examine the localization of the TCaV1 channel in Tri-
choplax, we performed whole-mount immunohistochemistry
on fixed animals. The TCaV1 antibodies labeled two cell types:
one along the outer edge that co-labeled with the cell-type
marker wheat germ agglutinin (WGA) consistent with mu-
cous secreting type II gland cells (56) and another more cen-
trally, in a region dubbed the lipophil zone where digestive
lipophil cells are expressed along the ventral/lower epithelium
(Fig. 4, A–C) (56). Preadsorption of the TCaV1 antibodies with
the II-III linker antigen caused the prominent fluorescence
signal in the lipophil zone to completely disappear, whereas
labeling of the type II gland cells was diminished but not
abolished (Fig. 4D). Possibly, this residual nonspecific labeling
corresponds to the large molecular weight protein that per-
sisted on Western blots in the antibody preadsorption exper-
iments (Fig. 3F). Thus, although the antibodies provide strong
evidence for expression of TCaV1 within the lipophil zone,
expression in gland cells was less conclusive. Three-
dimensional reconstruction of the micrograph shown in
Figure 4C reveals that TCaV1 is restricted mostly to the dorsal
epithelium (Fig. 4, E–G), a region with cells that exhibit ul-
trafast contractions upon cytoplasmic Ca2+ influx (57). A
single-cell transcriptome of Trichoplax also documented
expression of TCaV1 in epithelial cells (metacell number 35)
(58). This contrasts with the TCaV2 and TCaV3 channels,
which we previously found to be expressed in gland cells
(TCaV2 and TCaV3), but not within the dorsal or ventral
epithelia (5, 24),

The prospect that type II gland cells might resemble
neuroendocrine cells in their co-expression of CaV1 to CaV3
channels (59) prompted us to explore co-expression of TCaV1
to TCaV3 mRNAs in this cell type via fluorescence in situ
hybridization (FISH; Fig. 3, H–M). Co-labeling with RNAscope
probes complementary to the TCaV1 and TCaV2 mRNAs, and
a fluorescent WGA probe (Fig. 4H), revealed enriched
expression of TCaV1 and TCaV2 along the outer edge of Tri-
choplax, in regions harboring WGA-positive type II gland
cells, as well as regions toward the interior (Fig. 4, I–K). We
also performed FISH on dissociated Trichoplax cells, sepa-
rately revealing expression of TCaV1 and TCaV2 in WGA-
positive cells (Fig. 4, L and M). These data are consistent
with our previous immunolocalization of the TCaV2 channel
within type II gland cells (5), as well as the apparent immu-
nolocalization of TCaV1 within these cells as noted above.
Previously, immunolabeling experiments suggested that the
TCaV2 channel is weakly expressed in fiber cells, which are
located between the dorsal and ventral epithelia (5). We
therefore co-labeled dissociated Trichoplax cells with RNA-
scope probes for the fiber cell marker FoxC (60), revealing an
absence of labeling for TCaV1 (Fig. 4L) but weak labeling for
TCaV2 in a subset of fiber cells (Fig. 4M). Expression of TCaV1
and TCaV2 mRNA was also observed in subsets of dorsal and
ventral epithelial cells (Fig. 4, L andM). Lastly, in a separate set
of FISH experiments on dissociated cells, we found that 57 ±
6.7% of dissociated type II gland cells (±standard deviation or
SD) co-express all three TCaV channels (n = 99) and that
96.9 ± 3.1% express at least one of the three CaV channel
mRNAs.
TCaV1 conducts high voltage–activated Ca2+ currents with
large window currents in vitro

To determine whether the recombinant TCaV1 channel
could produce functional voltage-dependent calcium currents
in vitro, we performed whole-cell patch voltage clamp
recording of HEK-293T cells transfected with the pTCaV1-IR-
EGFP plus pMT2 vectors for co-expressing the rat CaVβ1b and
CaVα2δ1 ancillary subunits (61). Early in our experiments, we
found that the transfected cells were generally unhealthy, and
although we could record voltage-gated Ca2+ currents, these
were quite small in amplitude. Based on preliminary analysis of
the voltage properties of TCaV1, we noted large window cur-
rents and reasoned that constitutive Ca2+ influx was being
toxic to the cells (detailed below). Hence, we included in our
transfections a pcDNA3.1 plasmid expressing the mouse
Kir2.1 inward rectifying potassium channel (i.e., pKir2.1-
cDNA3) (62), to hyperpolarize the resting membrane poten-
tial below the TCaV1 window current (63). This approach
greatly enhanced our ability to record TCaV1 currents in vitro,
and hence, the Kir2.1 construct was cotransfected in all sub-
sequent electrophysiological experiments.

Depolarizing voltage steps from −100 mV to
between −80 mV and +90 mV with an external recording
solution containing 3 mM Ca2+ revealed inward Ca2+ currents
that resemble T-type/CaV3 channels in their crossing over
during the inactivation phase (Fig. 5A), indicative of acceler-
ated channel inactivation upon stronger membrane depolari-
zation. A normalized average current–voltage plot of the
TCaV1 currents revealed a peak inward current at 0 mV, which
is more depolarized than TCaV2 and TCaV3 with respective
peak currents at −10 and −45 mV (Figs. S5B, S4A and Table 1).
To compare the properties of TCaV1 with a well-studied
vertebrate CaV1 channel homologue, we conducted parallel
experiments with rat CaV1.2 (rCaV1.2) cotransfected with the
same constructs and using the same recording solutions. Un-
der these experimental conditions, the rat channel produced
maximal inward currents at 5 mV, revealing a difference in
current onset where the TCaV1 channel begins activating at
more negative voltages.

To remove the effect of driving force and visualize the
macroscopic conductance of the channel population in
response to depolarization, peak inward Ca2+ currents were
transformed into conductance values using Ohm’s law and fit
with the Boltzmann function. This revealed that TCaV1 is half-
maximally activated (V1/2) at −27.9 ± 1.99 mV compared
to −11.0 ± 1.28 mV for rCaV1.2 (Fig. 5D). The rates of acti-
vation of TCaV1 and rCaV1.2 in response to depolarization,
represented by the conductance slope factor (kact), were 8.40 ±
0.88 and 5.08 ± 0.67 mV, respectively. Both the 16.9 mV dif-
ference in V1/2 values and the 3.32 mV difference in slope
factors were significantly different between these two channels
(p < 0.001, two-tailed t test). Thus, in addition to a
J. Biol. Chem. (2022) 298(4) 101741 9



Figure 4. TCaV1 channels are expressed in dorsal cells within the central region and type II gland cells along the periphery of Trichoplax. A,
illustration of the dorsal view of Trichoplax adhaerens, indicating the relative area of animals imaged in panels B–G. Whole mount immunostaining using the
rabbit anti-TCaV1 polyclonal antibody is in green, Type II gland cells stained using fluorophore-conjugated wheat germ agglutinin (WGA) are in red, and
nuclei stained with DAPI are in blue. B, Z-projection fluorescence micrograph of a Trichoplax animal labeled with anti-TCaV1 and WGA reveals expression of
the channel toward the center of the animal and in type II gland cells located along the periphery. C, fluorescence micrograph of a separate Trichoplax
animal labeled with anti-TCaV1, WGA, and DAPI. D, control experiment where the TCaV1 antibody was preadsorbed with excess blocking peptide, revealing
a complete loss of TCaV1 label along the interior but some residual labeling in type II gland cells. E, top-down view of a three-dimensional reconstruction of
the micrograph Z-stack shown in C reveals expression of TCaV1 along the dorsal epithelium and within type II gland cells. F, side view of the three-
dimensional reconstruction, with the dorsal epithelium oriented at the top and type II gland cells on the right. G, bottom view of the three-dimensional
reconstruction showing reduced TCaV1 labeling along the ventral epithelium. H, illustration of the dorsal view of Trichoplax adhaerens, indicating the
relative area of the animal imaged in panels I and J. Whole mount fluorescence in situ hybridization signal using RNAscope probes are red for TCaV1, green
for TCaV2, and blue for type II gland cells labeled using fluorophore-conjugated WGA. I, Z-projection fluorescence micrograph (xy) of a Trichoplax animal
reveals enriched expression of TCaV1 mRNA along the outer edge of the animal, including areas that overlap with WGA-positive type II gland cells and cells
expressing the TCaV2 channel mRNA. J, enlarged view of type II gland cells as shown in panel I, revealing overlapping labeling of both TCaV1 and TCaV2. K, Z-
projection fluorescence micrograph (xz) of a 5 μm wide strip of the image stack shown in panel I, revealing expression of TCaV1 mRNA along the outer edge
and within interior regions. L, fluorescence micrograph of dissociated Trichoplax cells subjected to in situ hybridization for TCaV1 (green), the fiber cell marker
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Figure 5. TCaV1 channels conduct high-voltage–activated Ca2+ currents with large window currents in vitro. A, sample macroscopic current traces
recorded via whole-cell patch voltage clamp of HEK-293T cells transfected with pTCaV1-IR-EGFP, pKir2.1-cDNA3, rat CaVβ1b, and CaVα2δ1 subunits. The
voltage-clamp protocol used to elicit the currents is depicted above, showing depolarizing voltage steps from −80 to +90 mV. B, standardized average peak
macroscopic Ca2+ current ±SD (error bars) through TCaV1 (green) and rCaV1.2 (black) channels plotted over corresponding voltage steps reveals a
hyperpolarized current-voltage relationship of the Trichoplax channel relative to rCaV1.2. C, voltage-clamp protocol used to assess inactivation of TCaV1 and
rCaV1.2 channels (top) and sample currents recorded from the TCaV1 channel (bottom). Peak amplitudes of inward Ca2+ currents elicited by a test pulse
following a 5 s pulse to a range of inactivating voltages are compared to those elicited by a prepulse voltage step to 0 mV. D, plots of average inactivation
and conductance ±SD reveal that TCaV1 channel properties are left shifted relative to rCaV1.2. The overlap between the inactivation and activation curves
denotes window currents at voltages where a subset of channels are not inactivated and are able to become activated to constitutively conduct Ca2+

currents into the cell. The window current for TCaV1 (green fill) is 20 mV left shifted and spans a greater voltage range than the rCaV1.2 window current (gray
fill). Average values for half-maximal activation and inactivation (V1⁄2Act and V1⁄2Inact) and the slope factors kact and kinact are shown and were calculated by
fitting the activation and inactivation data with Boltzmann functions. Asterisks denote a significant difference (p < 0.001) between corresponding TCaV1 and
rCaV1.2 V1/2 and k values as determined by a two-tailed t test. E, standardized average peak macroscopic Ca2+ current ±SD through TCaV1 channels co-
expressed with the rat CaVα2δ1 and CaVβ1b subunits (green). Under the same conditions, certain cells produced currents that were right shifted with
respect to their voltage dependence (red). These currents were replicated by cotransfecting TCaV1 with CaVβ1b and omitting the CaVα2δ1 subunit (gray). F,
plots of average steady-state inactivation and conductance ±SD reveal that compared to co-expression with CaVβ1b alone, the CaVα2δ1 subunit causes a
leftward shift in the activation and inactivation curves of the TCaV1 channel. The overlap between the inactivation and activation curves denotes the
window currents. The CaVα2δ1 subunit left shifts the window current (green fill) by 20 mV and reduces its magnitude. Average values for half-maximal
activation and inactivation (V1⁄2) and the slope factors for activation (kact) and inactivation (kinact) are depicted and were calculated by fitting the activa-
tion and inactivation data with a Boltzmann function. Lowercase letters denote significant differences (p ≤ 0.015) between V1/2 and k values as determined
by Holm–Sidak tests following one-way ANOVAs (Table S1). HEK, human embryonic kidney cell; rCaV, Rattus norvegicus voltage-gated calcium channel; TCaV,
T. adhaerens voltage-gated calcium channel.

FoxC (red), and WGA type II gland cell labeling (blue). TCaV1 mRNA was detected in type II gland cell that exhibit strong WGA labeling, in ventral epithelial
cells (cell cluster near left), and in dorsal epithelial cells that exhibit weak, granular WGA staining (inset). No expression was observed in FoxC positive fiber
cells. M, fluorescence micrograph of dissociated Trichoplax cells subjected to in situ hybridization for TCaV2 (green), the fiber cell marker FoxC (red), and WGA
type II gland cell labeling (blue). TCaV2 mRNA was detected in type II gland cells, dorsal and ventral epithelial cells, and a subset of FoxC positive fiber cells.
The white scale bar in all panels is 10 μm, and the yellow scale bar in the panel L inset is 5 μm. TCaV, T. adhaerens voltage-gated calcium channel.
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Table 1
Comparison of biophysical parameters of Trichoplax CaV1 to CaV3 channels and mammalian CaV1.2 and CaV2.1 channels

Biophysical parameter TCaV3
a TCaV1 TCaV2

b rCaV1.2 hCaV2.1
b

TCaV1 versus
TCaV2

rCaV1.2 versus
hCaV2.1

Activation
Initial opening (mV) −70 −50 −30 −25 −20 Left shifted Left shifted
Peak (mV) −45 0 −10 5 5 Right shifted Similar
V1/2 (mV) −59.32 ± 0.9 −27.9 ± 2.0 −17.7 ± 2.2 −11.0 ± 1.3 −4.4 ± 2.8 Left shifted Left shifted
Slope factor (k, mV) 4.5 ± 0.3 8.4 ± 0.9 3.8 ± 0.7 5.1 ± 0.7 3.8 ± 0.4 Larger Larger

Inactivation
V1/2 (mV) −74.2 ± 0.9 −55.9 ± 2.1 −28.7 ±1.8 −28.5 ± 2.2 −34.3 ± 1.5 Left shifted Right shifted
Slope factor (k, mV) 2.7 ± 0.1 7.9 ± 1.0 3.9 ± 0.5 4.8 ± 0.47 6.7 ± 1.0 Larger Smaller

Window current
Conductance and inactivation intersect (mV) −68 −40 −22 −20 −15 Left shifted Left shifted
IWindow size at intersect (%) 1.8 3.1 4.3 2.0 0.5 Smaller Larger

Recovery from inactivation
τ1 (s) 1275.1±54.4 0.5 ± 0.1 1.6 ± 0.8 0.4 ± 0.2 0.7 ± 0.3 Faster Similar
τ 2 (s) 8.6 ± 1.9 40 ± 6.1 7.1 ± 3.3 7.5 ± 3.5 Faster Similar

Activation kinetics
τ at 0 mV (ms) 11.3 ±1.3 2.6 ±0.7 10.5 ±1.5 2.1 ±0.2 2.6 ±0.3 Faster Faster
τ at +50 mV (−50 mV for TCaV3; ms) 35.3 ± 4.6 1.3 ± 0.2 3.8 ± 0.4 0.8 ± 0.2 0.5 ±0.1 Faster Slower
Fold-change (0 to +50, or −50 to 0 mV) 3.1 1.8 2.9 2.1 5.2 Smaller Smaller

Inactivation kinetics
τ at 0 mV (ms) 52.8 ±4.8 178.8 ± 32.0b 144.6 ± 31.0 188.8 ± 33b 129.3 ± 19.5 Slower Slower
τ at +40 mV (−40 for TCaV3; ms) 59.0 ±7.2 169.3 ± 29.0b 185.2 ± 27.0 227.7 ± 45c 206.1 ± 39.2 Similar Similar
Fold-change (0 to +40, or −40 to 0 mV) 1.1 1.1 1.3 1.2 1.6 Smaller Smaller
Curve fitting Mono-exp. Bi-exp. Mono-exp. Bi-exp. Mono-exp. Bi-mono Bi-mono

Deactivation kinetics
τ at −120 mV (−110 mV for TCaV3; ms) 1.2 ± 0.2 1.1 ± 0.2d 0.5 ± 0.2 0.5 ± 0.1 0.5 ± 0.05 Slower Similar
τ at −40 mV (ms) 57.2 ± 8.8 2.1 ± 0.7d 4.0 ± 0.7 0.7 ± 0.03 0.7 ± 0.1 Faster Similar
Fold-change (−120 to −40, or −110 to −40 mV) 47.7 1.9 8.0 1.4 1.4 Smaller Similar
Curve fitting Mono-exp. Bi-exp. Mono-exp. Mono-exp. Mono-exp. Bi-mono Mono-mono

Bold text represents significant differences after a two-tailed t test (p < 0.05).
a Data for the TCaV3 channel were obtained previously using different recording solutions (i.e., 2 mM external Ca2+) (23).
b Data for TCaV2 and hCaV2.1 are from a previous publication (5).
c slow τ.
d fast τ.
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hyperpolarized activation range, TCaV1 also exhibited reduced
voltage sensitivity for activation compared to rCaV1.2. Next,
we compared the voltage-dependent inactivation (VDI) prop-
erties of TCaV1 and rCaV1.2 to approximate the fraction of
channels within a population that would be available for
activation at different resting membrane potentials. A 0 mV
depolarization step (“prepulse”) was used to determine the
peak amplitude of macroscopic Ca2+ currents before inacti-
vation (Fig. 5C). This was followed by prolonged (5 s duration)
inactivating voltage steps between −80 and +10 mV and a test
pulse to 0 mV to measure the decline in inward current
relative to the prepulse that resulted from the inactivating
voltages. Plotting the test pulse/prepulse current amplitude
ratio as a function of inactivating voltage resulted in an inac-
tivation curve for TCaV1 with a V1/2 of −55.9 ± 2.1 mV and a
slope factor (kinact) of 7.85 ± 1.04 mV (Fig. 5D). Like activation,
TCaV1 inactivation was significantly left shifted and less
voltage sensitive than rCaV1.2, the latter having a V1/2 value
of −28.5 ± 2.15 mV and a kinact of 4.81 ± 0.47 mV (p < 0.001,
two-tailed t test). Notably, the TCaV1 channel population did
not fully inactivate, even at very depolarized voltages (Fig. 5D).

An important feature of calcium channels is their ability to
conduct Ca2+ leak currents across a small range or “window”
of resting voltages, where steady-state inactivation of the
channel population is not complete, and a subset of channels
can become activated. Window currents for example can
contribute to the regulation of resting membrane potential,
where tonic Ca2+ influx serves to draw the membrane voltage
into the window current range (64). The overlap in the TCaV1
12 J. Biol. Chem. (2022) 298(4) 101741
activation and inactivation curves reveals that the Trichoplax
channel produces a prominent window current in the voltage
range between −60 and +10 mV (Fig. 4D, green fill), with a
projected maximum that is 20 mV left shifted compared to
rCaV1.2 (Fig. 4D, gray fill). This is consistent with the difficulty
we initially had in recording TCaV1 in HEK-293T cells, which
have a resting voltage of roughly −25 mV (63). At −25 mV,
roughly 7.2 ±1.6% of the TCaV1 channel population would be
in an activatable state, of which 55.7 ±8.7% could become
activated, compared to 34.9 ±9.0% and 6.7 ±2.4% for rCaV1.2,
respectively. The product of these two values estimates the
fraction of channels that would constitutively conduct calcium
into the cell, which is 4.0% for TCaV1, compared to only 2.3%
for rCaV1.2. Altogether, when comparing the activation and
inactivation properties of the three Trichoplax CaV channels, it
is apparent that TCaV1 operates in a voltage range that is
between TCaV3 and TCaV2 channels (Fig. S4B) (5, 24).
Furthermore, all three Trichoplax CaV channels, and especially
TCaV1, produce prominent window currents in vitro that
would permit Ca2+ influx across a broad range of resting
voltages (Fig. S4B).

Interestingly, a subset of cells expressing the TCaV1 channel
produced currents with right shifted current–voltage proper-
ties compared to the more typical recordings (Fig. 5E). This
population of channels exhibited half-maximal (V1/2) activa-
tion at −12.3 ± 8.4 mV and half-maximal inactivation
at −40.0 ± 3.28 mV (Fig. 5F), both of which were significantly
different from the standard currents reported above (p < 0.001
with Holm–Sidak tests after one-way ANOVAs; p < 0.001, F ≥



Properties of a placozoan CaV1 voltage-gated Ca2+ channel
36.6 for all comparisons; Table S1). The slope factors kact
(9.65 ± 1.19 mV) and kinact (14.9 ± 1.84 mV) were also
significantly larger, indicative of reduced voltage sensitivity
(p < 0.001 with Holm–Sidak tests after one-way ANOVAs; p ≤
0.015, F ≥ 6.9 for all comparisons; Table S1). Compared to the
more typical currents, these cells exhibited an even larger
window current, with an estimated 6.3% of channels con-
ducting calcium ions at a resting voltage of −25 mV, compared
to 4.0% for most other cells. Given the relative infrequency of
these atypical currents and the knowledge that CaVβ and
CaVα2δ subunits can significantly impact channel expression
and gating, we reasoned that perhaps one or both subunits
were not expressed in these cells or expressed at a lower level
and hence not interacting with a subset of channels, ac-
counting for the altered biophysical properties. Thus, we tried
recreating these currents by recording cells in which either
CaVβ1b, CaVα2δ1, or both subunits were excluded in the
transfection. Interestingly, omission of both subunits, or just
CaVβ1b, did not result in recordable TCaV1 currents. However,
omission of just CaVα2δ1 produced currents with voltage
properties that were very similar to the atypical currents, with
a peak inward current at +10 mV and a statistically indistin-
guishable inactivation curve with a V1/2 value of −43.9 ±
4.39 mV and a kinact value of 13.7 ± 2.20 (Fig. 5E and F). In the
absence of co-expressed CaVα2δ1, the activation curve was also
similar with a statistically indistinguishable kinact value of
10.2 ± 0.75 and an even more right-shifted V1/2 value
of −2.37 ± 3.64 (Fig. 5F). Altogether, the CaVα2δ1 subunit has a
net hyperpolarizing influence on TCaV1 voltage properties and
increases its sensitivity to changes in voltage. Surprisingly,
even though CaVα2δ1 increased pEGFP-TCaV1 expression
(Fig. 3, C and D), there was no significant difference in peak
current density between TCaV1 channels co-expressed with
both subunits (−6.9 ± 4.0 pA/pF) and in the absence of
CaVα2δ1 (−3.1 ± 2.1 pA/pF), although the difference was
trending on significant (p = 0.07, two-tailed t test). Further-
more, our inability to record TCaV1 currents in the absence of
the CaVβ subunit suggests that even though both subunits
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Figure 6. TCaV1 and rCaV1.2 exhibit similar bimodal recovery from inactiva
TCaV1 and rCaV1.2 channels (top) and sample current traces recorded for the TC
test pulse were measured at various intervals after a 10 s inactivating pulse. B
rCaV1.2 channels. Inset, current amplitude recovery data for the first 5 s, with
tivation for both channels. Biexponential curve fitting over the data produced s
gated calcium channel; TCaV, T. adhaerens voltage-gated calcium channel.
promote similar increases in total channel protein expression
(Fig. 3, C and D), the CaVβ subunit plays a more crucial role in
targeting TCaV1 to the plasma membrane.

Another biophysical property that was examined was the
recovery from inactivation. CaV channels with fast recovery
from inactivation tend to remain active through prolonged
bouts of excitation (e.g., AP burst firing), allowing for consis-
tent levels of cytoplasmic Ca2+ influx. In contrast, channel
populations with slow recovery are expected to accumulate
inactivation and hence contribute less and less Ca2+ with
prolonged excitation (65). To compare the recovery from
inactivation for TCaV1 and rCaV1.2, we subjected the channels
to a 10-s inactivating pulse and determined the peak current
that could be elicited by a 0 mV step at different time intervals
after inactivation (Fig. 6A). Consistent with previous reports
(66, 67), the time course for recovery of rCaV1.2 was fitted by
two time constants, with respective fast and slow components
for the recovery process of 0.39 ± 0.24 ms (τ1) and 7.10 ±
3.32 ms (τ2; Fig. 6B). The TCaV1 channel population also
exhibited bimodal recovery from inactivation and had statis-
tically indistinguishable time constants of τ1 = 0.48 ± 0.13 ms
(p = 0.441, two-tailed t test) and τ2 = 8.63 ± 1.85 ms (p = 0.424,
two-tailed t test). Notably, TCaV1 recovery from inactivation
falls between that of TCaV2, which recovers more slowly, and
TCaV3, which recovers more quickly (Fig. S4C). In this respect,
TCaV1 more resembles rCaV1.2 than its two Trichoplax
paralogues.
TCaV1 exhibits slower kinetics than rCaV1.2, with similar
voltage dependencies

To compare the kinetic properties of TCaV1 and rCaV1.2
channel activation and inactivation, we fitted monoexponential
or biexponential curves over the rise and decay phases of
macroscopic TCaV1 and rCaV1.2 currents, producing respec-
tive time constants (Fig. 7, A–C). With increasing depolari-
zation, both channels exhibited accelerating single component
τactivation values (Fig. 7A), decreasing �2.6 fold from −15 mV
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Figure 7. The activation and deactivation kinetics of TCaV1 macroscopic currents resemble those of rCaV1.2 in their voltage dependence, but the
inactivation kinetics do not. A, plot of average τActivation values ±SD (error bars) over depolarizing voltages. τActivation values were obtained by mono-
exponential curve fitting of the activation phase of macroscopic Ca2+ currents. Both TCaV1 and rCaV1.2 exhibited accelerating activation with stronger
depolarization, indicated by their decreasing τActivation values, with TCaV1 activating significantly slower at all corresponding depolarizing voltages. B, plot of
average fast component τInactivation values ±S.D. obtained by biexponential curve fitting over the inactivation phase of macroscopic Ca2+ currents elicited by
different depolarizing voltages. TCaV1 exhibited decreasing τInactivation(fast) values, whereas rCaV1.2 exhibited increasing values with stronger depolarization.
C, plot of average slow component τInactivation values ±SD obtained by biexponential curve fitting over the inactivation phase of macroscopic Ca2+ currents.
TCaV1 exhibited similar τInactivation(slow) values at most voltages, whereas the rCaV1.2 data were U-shaped. D, protocol used to assess deactivation kinetics
(top), with a brief step to 0 mV followed by hyperpolarizing pulses to varying voltages. Sample TCaV1 tail current traces are shown below. E, plot of average
τDeactivation ±SD for rCaV1.2, and the fast τDeactivation ± SD component for TCaV1 channels, revealing accelerating deactivation upon stronger hyperpolar-
ization for both channels. The rCaV1.2 τDeactivation values were obtained by monoexponential curve fitting of the tail currents, whereas TCaV1 tail currents
required biexponential curve fitting, producing fast and slow τDeactivation components. Inset, plot of the slow TCaV1 τDeactivation values ±SD. Across all
voltages, the fast TCaV1 τDeactivation exhibits slower deactivation kinetics than rCaV1.2. In panels A, B, C, and E, different letters above data points denote
statistically significant differences (p < 0.05) using a Holm–Sidak test after respective one-way repeated measures ANOVAs for TCaV1 and rCaV1.2 τ values.
Asterisks denote statistically significant differences (p < 0.05) for paired comparisons of TCaV1 versus rCaV1.2 current τ values at different voltages using
Holm–Sidak tests after two-way ANOVAs (Table S1). rCaV, Rattus norvegicus voltage-gated calcium channel; TCaV, T. adhaerens voltage-gated calcium
channel.

Properties of a placozoan CaV1 voltage-gated Ca2+ channel
to +60 mV (p < 0.05 for Holm–Sidak tests after one-way
repeated measures ANOVAs; p < 0.001 and F ≥ 68.9 for all
comparisons; Table S1). Because TCaV1 channels started
activating at more hyperpolarized voltages compared to
rCaV1.2, we could reliably curve-fit and quantify TCaV1
14 J. Biol. Chem. (2022) 298(4) 101741
activation and inactivation kinetics to −40 mV, showing an
extended trend of accelerating kinetics with stronger depo-
larization. Despite the similar trend, the activation of TCaV1
was slightly slower than rCaV1.2, with respective τactivation
values of 3.7 ± 1.1 ms and 2.5 ± 0.4 ms at −15 mV and 1.3 ±



Properties of a placozoan CaV1 voltage-gated Ca2+ channel
0.2 ms and 0.8 ± 0.2 ms at +50 mV (p ≤ 0.02 for a Holm–Sidak
test after two-way ANOVA; p < 0.001 and F ≥ 9.1 for all
comparisons; Table S1). Among TCaV channels, TCaV1 acti-
vation kinetics are very similar to those of TCaV3, and both are
considerably faster than TCaV2 (Fig. S4D) (5, 24).

The inactivation kinetics of both TCaV1 and rCaV1.2 had
two components, τinactivation(fast) and τinactivation(slow), and both
components were voltage dependent (Fig. 7, B and C). CaV1.2
channels were previously reported to also inactivate with two
time constants (66, 67), with a fast component that decelerates
with increasing membrane depolarization and a U-shaped slow
component (67). In the present study, similar statistically sig-
nificant trends were observed for the rCaV1.2 channel (p ≤ 0.04
for Holm–Sidak tests after one-way repeated measures
ANOVAs; p < 0.001 and F ≥ 18.8 for all comparisons;
Table S1). In contrast, the TCaV1 τinactivation(fast) kinetics
accelerated with increasing voltage steps, whereas τinactivation(slow)
accelerated from −30 mV to −25 mV then remained stable for
all successive voltage steps (p ≤ 0.03 for Holm–Sidak tests after
one-way repeated measures ANOVAs; p < 0.001 and F ≥ 11.0
for all comparisons; Table S1). As a result, at voltage steps
to +20 mV or greater, both the fast and slow components of
inactivation were significantly different between TCaV1 and
rCaV1.2 channels (p < 0.05 for Holm–Sidak tests after two-way
ANOVAs; p < 0.001 and F ≥ 8.9 for all comparisons; Table S1).
Despite the differences, TCaV1 and rCaV1.2 resemble each
other because both exhibit two-component inactivation, with
fast and slow inactivating components that roughly fall within
the same timescales. Compared to the other Trichoplax CaV
channels, both of which inactivated with a single time constant
(5, 24), it is notable that the fast inactivation component for
TCaV1 resembles that of TCaV3, while the slow inactivation
component resembles that of TCaV2 (Fig. S4E).

Finally, we examined the deactivation kinetics of the TCaV1
and rCaV1.2 channels. This property reflects how quickly
channels transition from an open state to a closed, activatable
state upon membrane hyperpolarization. CaV channels with
slow deactivation remain open longer, thus conducting larger
Ca2+ currents during AP repolarization (i.e., tail currents) (68).
TCaV1 and rCaV1.2 differ in that rCaV1.2 deactivation is a
single component process, whereas TCaV1 deactivation is a
double component process. Monoexponential curves were
fitted over the tail currents elicited through open rCaV1.2
channels upon hyperpolarization to voltages between −120 mV
and −30 mV, whereas biexponential curves were fitted over the
TCaV1 tail currents (Fig. 7D). For both channels, τdeactivation
exhibited voltage-dependent deceleration (Fig. 7E). Both
TCaV1 τdeactivation(fast) and rCaV1.2 τdeactivation increased �2
fold, from 1.1 ± 0.2 ms at −120 mV to 2.2 ± 1.1 ms at −30 mV
for TCaV1 and from 0.5 ± 0.1 ms at −120 mV to 1.0 ± 0.1 ms
at −30 mV for rCaV1.2 (p ≤ 0.04 for Holm–Sidak tests after
one-way repeated measures ANOVAs; p < 0.001 and F ≥ 8.7
for all comparisons; Table S1). On the other hand, TCaV1
τdeactivation(slow) was similar at most voltages, except at −30 mV,
where the τ value increased to 73.9 ± 52.0 ms (Fig. 7E, inset;
p < 0.001 for Holm–Sidak tests after a one-way repeated
measures ANOVA; p < 0.001 and F = 10.0 for all comparisons;
Table S1). At the more depolarized voltages of −40 to −30 mV,
there is a possibility that channel inactivation is contributing to
the current decay because the TCaV1 channel undergoes
activation and inactivation at these voltages. This suggests that
the deactivation time may be even slower at these voltages. At
all voltages, the fast deactivation component of TCaV1 was
slightly slower than rCaV1.2 deactivation (p ≤ 0.03 for Holm–
Sidak test after two-way ANOVA; p ≤ 0.042 and F ≥ 2 for all
comparisons; Table S1), although both remained within a
similar timescale across all voltages. Lastly, the classic
distinction that CaV3 channels tend to have slower deactivation
kinetics than CaV1 and CaV2 channels (69) seems to hold true
for the Trichoplax homologues, at least when considering the
fast deactivation component of TCaV1 (Fig. S4F).
Brief, repetitive depolarization elicits similar responses from
TCaV1 and TCaV2 channels

T. adhaerens and H. hongkongensis cells were recently
shown to exhibit APs (21). Extracellular recordings of Hoi-
lungia crystal cells, which are identified as gravity sensors in
the Placozoa (70), revealed APs ranging in duration from 1 to
3 ms and with a frequency of �130 Hz (21). In accordance
with these observations, placozoans express an array of genes
required for establishing resting membrane potential and
generating graded and APs (19, 20, 30), including a unique
expansion of NaV channels (21) and a complete repertoire of
Shab, Shal, Shaw, and Shaker voltage-gated potassium chan-
nels (71). Thus, we sought to explore how TCaV1 and TCaV2
channels will respond to simulated conditions of repeated
excitation. We therefore applied a series of short depolarizing
square pulses from −70 mV to +30 mV with a duration of 1, 2,
or 3 ms to mimic APs of varying duration and frequency over
the course of 1 s (Fig. 8A). At 100 Hz, as the duration of
stimulation increased, the initial inward current amplitude
increased with the pattern 3 ms > 2 ms > 1 ms, likely because
more channels were able to activate when the depolarizations
were longer, producing larger tail currents in response to
membrane repolarization after each pulse (Fig. 8B). However,
even though the initial current amplitude increased with pulse
duration, the tail current amplitude decayed more rapidly over
the course of 1 s. This suggests that at a frequency of 100 Hz, 2
and 3 ms-long pulses build up channel inactivation, whereas
1 ms depolarizations do not; a trend that can be seen for both
TCaV1 and TCaV2 channels. Interestingly, when the pulses
were 2 and 3 ms long, TCaV1 channels conducted Ca2+ as a
combination of inward currents upon channel activation and
tail currents, whereas Ca2+ influx through TCaV2 channels
could only be observed as tail currents (Fig. 8B). This is likely
due to the faster activation kinetics of TCaV1 channels
compared to TCaV2 (Fig. S4). To determine if the differences
in current amplitude reflect differences in cumulative Ca2+

influx, we examined the area of the inward Ca2+ currents eli-
cited by 1, 2, and 3 ms depolarization pulses at 100 Hz over 1 s
(Fig. 8C). To control for differences in channel expression
levels between cells, we normalized the cumulative area of the
Ca2+ currents to the peak amplitude of a voltage step that
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Figure 8. TCaV1 and TCaV2 channels respond similarly to short, repetitive depolarizing pulses. A, depolarization steps from −70 mV to +30 mV lasting
1 ms (black), 2 ms (pink), or 3 ms (purple) at frequencies of 20, 100, or 250 Hz were used to elicit macroscopic Ca2+ currents through TCaV1 and TCaV2
channels. The time from the start of one depolarizing pulse to another is depicted below the voltage-protocol illustrations. B, sample macroscopic Ca2+

currents through TCaV1 (green) and TCaV2 (blue) channels in response to repetitive 1, 2, or 3 ms depolarizing steps for 1 s at a frequency of 100 Hz. The
current resulting from the first pulse of each train is expanded and depicted in red (not to scale). C, average integrated Ca2+ current mediated by the TCaV1
and TCaV2 channels ±SD (error bars) at 100 Hz. Each dataset was obtained by integrating the total Ca2+ current in response to 1, 2, or 3 ms depolarizing
pulses (pC units) and then normalizing to the peak current response (pA units) of a preceding 500 ms step depolarization to 0 mV. Cumulative Ca2+ influx
was significantly lower when the depolarizing pulses were 1 ms long compared to 2 or 3 ms for both channels, but there was no difference in cumulative
current between TCaV1 and TCaV2 channels. Uppercase letters denote significant differences between average TCaV2 values and lowercase letters denote
significant differences between average TCaV1 values (p ≤ 0.01) as determined by a Holm–Sidak test after a two-way ANOVA (Table S1). D, plots of peak
current amplitudes ±SD mediated by the TCaV1 and TCaV2 channels over the course of 1 s in response to repetitive 1, 2, or 3 ms depolarizing pulses at
frequencies of 20, 100, or 250 Hz. To compare the decay of current over time from the TCaV1 and TCaV2 channels, current amplitudes were normalized to a
maximal inward current value within the 1 s depolarization train, and these were curve fitted with a monoexponential decay function starting from the
maximum inward current to determine average time constants (τ) for the decay process. The probability value reflects a statistically significant difference
(p = 0.004) in average τ values between TCaV1 and TCaV2 using a two-tailed t test. TCaV, T. adhaerens voltage-gated calcium channel.

Properties of a placozoan CaV1 voltage-gated Ca2+ channel
elicited maximal channel activation (see Experimental
procedures). For both TCaV1 and TCaV2 channels, the cu-
mulative integrated Ca2+ current was lowest with a 1 ms de-
polarization protocol (32.5 ± 18.3 pC/pA for TCaV1, 26 ± 5.8
pC/pA for TCaV2) and higher when the pulses were 2 ms
(67.5 ± 9 pC/pA for TCaV1, 70.5 ± 17.3 pC/pA for TCaV2) or
16 J. Biol. Chem. (2022) 298(4) 101741
3 ms long (88 ± 10.9 pC/pA for TCaV1, 106 ± 33.8 pC/pA for
TCaV2; p < 0.01 with a Holm–Sidak test after a two-way
ANOVA; p < 0.001 and F = 30 for all comparisons;
Table S1). Finally, we examined the effect of varying depo-
larization pulse frequency on the peak Ca2+ current decay. We
compared peak inward Ca2+ current amplitudes elicited by
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TCaV1 and TCaV2 channels with 1, 2, and 3 ms depolarization
pulses that had a frequency of 20, 100, and 250 Hz (Fig. 8, A
and D). As the duration and frequency of the depolarization
steps increased, there was a greater decay in current amplitude
for both TCaV1 and TCaV2. At 250 Hz, the current amplitudes
increased for the first few depolarization steps and then began
to decay. The only condition that produced a difference in
current decay between TCaV1 and TCaV2 channels was 3 ms
pulses at 100 Hz, where TCaV1 exhibited faster decay with a τ
value of 195 ±32 ms, compared to 264 ±39 ms for TCaV2
(Fig. 8D; p = 0.004 for two-tailed t test). Altogether, under the
experimental conditions tested, TCaV1 and TCaV2 channels
conduct similar levels of Ca2+ into the cytoplasm in response
to a wide range of high-frequency stimulations.
TCaV1 resembles rCaV1.2 in its sensitivity to the cation channel
blocker Cd2+ but is insensitive to DHPs

In vertebrates, the divalent cation cadmium (Cd2+) is
considered a general blocker of high-voltage–activated CaV
channels (72). Previously, we found the TCaV2 channel to have
a Cd2+ block IC50 of 20.6 ± 2.8 μM, which was considerably
less sensitive than human CaV2.1 with an IC50 of 1.0 ± 0.2 μM
(5). Perfusion of external Cd2+ at increasing concentrations
blocked TCaV1 and rCaV1.2 channels with a similar affinity as
TCaV2, with respective IC50 values of 11.4 ± 0.8 μM and 12.6 ±
2.5 μM that did not significantly differ from one another
(Fig. 9A; p = 0.317 after a two-tailed t test). Thus, Cd2+ blocked
the TCaV1 and TCaV2 channels with a lower affinity than the
more sensitive hCaV2.1 channel.

We next examined the effects of the DHPs, nifedipine and
isradipine, which are selective blockers of mammalian CaV1
channels (73). As expected, the rCaV1.2 channel was
completely blocked by 10 μM of nifedipine and isradipine
(99.7 ± 0.001% and 94.9 ± 0.06% block, respectively). In
contrast, TCaV1 was relatively insensitive exhibiting a 5.7 ±
0.04% block by 10 μM nifedipine and a 11.5 ± 0.02% block by
10 μM isradipine (Fig. 9, B and C). The Trichoplax channel is
therefore slightly less sensitive to DHP block than the CaV1
channel from the jellyfish C. capillata, where 10 μM nifedipine
blocked peak current by roughly 25%, and 100 μM isradipine
caused 36% block (31). The most studied invertebrate CaV1
channel with respect to DHP sensitivity is the homologue from
Lymnaea (LCaV1), which unlike TCaV1 is fully blocked by
10 μM nifedipine (50). Nevertheless, side-by-side comparison
of the snail channel with rCaV1.2 revealed a reduced sensitivity
to DHP block, where isradipine produced an IC50 value of
632 nM for LCaV1 versus 43 nM for rCaV1.2 (74). In this
particular study, comparison of known amino acids for DHP
binding that are distributed within the CaV1 channel DIII S5–
S6 helices and the DIV P-loop and S6 helices (74–80), com-
bined with structural modeling, identified three key amino
acids that differed in the Lymnaea homologue compared to
rCaV1.2 (i.e., asparagine3o18, phenylalanine3i10, and iso-
luecine4i12; Fig. 9D). Mutation of these residues in LCaV1 to
match those of rCaV1.2 (i.e., N3o18Q, F3i10Y, and I4i12 M)
increased the channel’s sensitivity to isradipine to a level that
resembled the rat channel, reducing the IC50 by an order of
magnitude to 64.5 nM (74). Analysis of the TCaV1 channel
protein sequence revealed that like LCaV1, it lacks the 3o18
glutamine (N) and 4i12 methionine (M) residues but contains
a tyrosine (Y) in position 3i10 (Fig. 9D). This is also the case for
the CaV1 channels from the cnidarians N. vectensis and Aip-
tasia pallida, but interestingly, the C. capillata homologue,
noted as less sensitive to DHP block than mammalian CaV1
channels (31), contains the same residues in these key posi-
tions as rCaV1.2. The Trichoplax and cnidarian CaV1 channels
also differ at additional positions from the vertebrate and
Lymnaea homologues (Fig. 9D), and it may be that the lowered
sensitivity for the Cyanea homologue is attributable to these
divergent sites.

Lastly, we tested the effects of the DHP stereoisomers
S(-)-BayK 8644 and R(+)BayK 8644, which respectively
enhance and block macroscopic currents through mammalian
CaV1 channels (81, 82). When applied extracellularly to the
TCaV1 channel, 5 μM of the S(-) isomer increased the
macroscopic currents elicited from a voltage step from −100 to
0 mV, but not to the same extent as rCaV1.2 (Fig. 8E). This
resulted in a 1.11 ± 0.024-fold increase in peak current for
TCaV1 versus 1.64 ± 0.32-fold increase for rCav1.2 (Fig. 9F; p =
0.004 for a two-tailed t test). The R(+) isomer blocked TCaV1
channel currents (74.2 ± 0.05% block), but only at the highest
concentration of 100 μM, whereas the rCaV1.2 channel was
blocked by 97.3 ± 0.01% (Fig. 9G; p < 0.001 for a Holm–Sidak
test after a two-way ANOVA; p < 0.001 and F ≥ 29.3 for all
comparisons; Table S1). Altogether, TCaV1 is much less sen-
sitive to DHPs compared to mammalian orthologues.
TCaV1 and TCaV2 exhibit differential regulation by CaM, like
bilaterian channels

As noted, the Trichoplax CaV1 and CaV2 channels both
possess conserved C-terminal EF-hand, pre-IQ, and IQ do-
mains where the cytoplasmic Ca2+ sensor protein binds and
generally promotes CDI (Figs. 1F and 10A) (10). Alignment of
various calcium channel protein sequences reveals the
conserved nature of the EF-hand, pre-IQ, and IQ domains in
CaV1 and placozoan CaV2 channels (Fig. 10B). We note that
key amino acids for preassociation of Ca2+−free CaM
(ApoCaM), identified in CaV1.3 channels within the EF-hand
and IQ regions (83), as well as aromatic amino acids in the
IQ domains of CaV1.2 and CaV2.1/CaV2.3 channels that an-
chor Ca2+−bound CaM in X-ray crystallography structures
(84–86), are broadly conserved (Fig. 10B). Notable is that the
placozoan CaV1 and CaV2 channels bear several amino acid
differences in these regions, more so than the early diverging
homologues from cnidarians (Fig. 10B). Also notable is that
amino acids that are deterministic for C-lobe regulation (i.e.,
C-lobe effector sites), which underlie the unique regulation of
CaV1 channels by CaM (83), are not necessarily more similar
between TCaV1 and other CaV1 channels, compared to TCaV2.
Specifically, each Trichoplax channel type differs at six of these
marked positions, occurring differentially within the EF-hand
and pre-IQ domain structures (Fig. 10B).
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Figure 9. The TCaV1 channel has similar sensitivity to cadmium (Cd2+) block as the rCaV1.2 channel but is relatively insensitive to dihydropyr-
idines. A, dose–response curve for block of average TCaV1 and rCaV1.2 peak macroscopic currents ±SD (error bars) with increasing concentrations of
perfused external Cd2+ ions. IC50 and Hill coefficients ±SD are shown and were statistically indistinguishable between the two channels. B, plot of average
percent block ±SD of peak macroscopic currents elicited by voltage steps to 0 mV for TCaV1 and rCaV1.2 upon external perfusion of 10 μM nifedipine,
revealing complete block (99.7 ± 0.1%) for the rCaV1.2 channel, as opposed to only 5.8 ± 3.6% block for TCaV1 (p = 0.029 using a two-tailed t test). C, plot of
average percent block ±SD of peak macroscopic currents at 0 mV for TCaV1 and rCaV1.2 by external perfusion of 10 μM isradipine, revealing nearly complete
block (95.0 ± 6.1%) for the rCaV1.2 channel, as opposed to only 11.5 ± 2.2% block for TCaV1 (p = 0.003 using a two-tailed t test). D, top left, illustration of CaV1
channel protein highlighting regions that bear residues associated with high-affinity dihydropyridine binding (red). Top right, color-coding of phyla cor-
responding to the aligned CaV1 channel protein sequences shown below. Bottom, protein alignment of the DIII-S5, DIII pore-loop, DIII-S6, DIV pore-loop, and
DIV-S6 regions of various CaV1 channels reveals presence/absence of key residues important for dihydropyridine binding. Blue and red chevrons reflect
positions determined to be important for dihydropyridine block of mammalian and Lymnaea stagnalis channels, whereas green chevrons denote positions
where TCaV1 and cnidarian CaV1 channels differ from the mammalian and Lymnaea homologues. E, sample TCaV1 and rCaV1.2 current traces elicited by a
voltage step from −100 mV to 0 mV with extracellular perfusion of 0 (black) or 5 μM S(-)BayK 8644 (red). F, plot of average fold-increase in current
amplitude ±SD for TCaV1 and rCaV1.2 channels after application of 5 μM extracellular S(-)BayK 8644 agonist. Current amplitudes with 5 μM S(-)BayK 8644
were normalized to currents from the same cell prior to addition of the drug. Application of S(-)BayK 8644 caused a significantly greater increase in current
for rCaV1.2 compared to TCaV1 (p = 0.004 for two-tailed t test). G, dose–response curve for change in mean TCaV1 and rCaV1.2 peak macroscopic
currents ±SD with increasing concentrations of R(+)BayK 8644, revealing that TCaV1 is only blocked by this stereoisomer at high concentrations. Current
amplitudes with R(+)BayK perfusion were normalized to currents from the same cell perfused with external solution lacking R(+)BayK. Uppercase and
lowercase letters denote within-group significant differences (p ≤ 0.003) and asterisks denote between-group (i.e., TCaV1 versus rCaV1.2) significant differ-
ences (p ≤ 0.001) as determined by Holm–Sidak tests after a two-way ANOVA (Table S1). For all experiments, the holding potential was −100 mV. DI to DIV,
domains I to IV; rCaV, Rattus norvegicus voltage-gated calcium channel; TCaV, T. adhaerens voltage-gated calcium channel.
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Figure 10. TCaV1 and TCaV2 channels undergo Ca2+/calmodulin-dependent inactivation. A, left, illustration of the CaV1 channel protein highlighting
regions that bear key residues for calmodulin regulation (red). Right, color-coding of phyla corresponding to the aligned CaV channel protein sequences
shown in panel B. B, protein alignments of the N-terminal calcium-binding protein (CaBP) region and C-terminal EF hand domain, pre-IQ motif, and IQ motif
from various CaV1 channel homologues, as well as the T. adhaerens and H. hongkongensis CaV2 channels. The pink chevron denotes a conserved cysteine
residue within the CaBP region involved in N-lobe Ca2+/calmodulin-dependent inactivation of CaV1.2 channels (14). Blue chevrons denote amino acid
positions required for preassociation of apocalmodulin (ApoCaM) to CaV1.3 channels (83), black chevrons denote amino acid positions determined to be
effector sites for calmodulin C-lobe dependent inactivation of CaV1.3 channels (83), and purple chevrons denote conserved aromatic amino acids in the IQ
regions of CaV1.2 and CaV2.1/CaV2.3 channels identified as anchor points for calmodulin binding in X-ray crystallography studies (84–86). The red box
delineates the namesake IQ motif present in the IQ region of most CaV1 channels. C, average normalized macroscopic Ca2+ and Ba2+ currents of TCaV1 and
TCaV2 channels (±SD), with either 0.5 mM EGTA or 10 mM BAPTA in the internal solution. Both TCaV1 and TCaV2 exhibited CDI with 0.5 mM EGTA that was
disrupted with 10 mM BAPTA, but only TCaV1 channels retained an additional buffer-resistant CDI that became evident after replacing external Ca2+ with
Ba2+. The location of residual current at 250 ms into the voltage step (r250) is indicated by the cyan-colored dashed lines. D, average relative r250 values ±SD
(error bars) of TCaV1 and TCaV2 channels in response to three different conditions: 5 mM external Ca2+ and 10 mM internal BAPTA (black), 5 mM external
Ca2+ and 0.5 mM internal EGTA (red), or 5 mM external Ba2+ and 10 mM BAPTA (purple). Values were normalized against the average r250 observed using
0.5 mM internal EGTA and 5 mM external Ca2+ for each channel. Uppercase and lowercase letters denote within-group significant differences (p ≤ 0.001) as
determined by Holm–Sidak tests after one-way ANOVAs (Table S1). AID, alpha interaction domain; CT, C terminus; DI to DIV, domains I to IV; NT, N terminus;
TCaV, T. adhaerens voltage-gated calcium channel.

Properties of a placozoan CaV1 voltage-gated Ca2+ channel
Also noted earlier, CaV1.2 and CaV1.3 channels bear
NSCaTE motifs at their N termini, which convert N-lobe
mediated CDI into a local, buffer-resistant process (13). This
motif is absent in vertebrate CaV1.1 and CaV1.4 channels,
conserved in bilaterian invertebrate CaV1 channels, but absent
in more early diverging CaV1 channels from cnidarians and
J. Biol. Chem. (2022) 298(4) 101741 19
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placozoans (15). Thus, NSCaTE appears to be a bilaterian
innovation. However, alignment of an N-terminal region just
downstream of the NSCaTE motif (Fig. 10, A and B) reveals
deep conservation of second motif, termed NATE, that con-
tributes to N-lobe conversion mediated by NSCaTE (14). We
note the presence of a deterministic cysteine residue in all
included bilaterian and cnidarian CaV1 channels and placo-
zoan CaV2 channels, identified as a secondary binding site for
CaM within the NATE motif. Notably however, placozoan
CaV1 channels lack this cysteine but, like most CaV1 channels,
bear conserved proline (P) residues that flank this particular
amino acid position, which would similarly impact the local
secondary structure (Fig. 10B).

We sought to determine whether the TCaV1 and TCaV2
channels are regulated by CaM and if they differ in their
regulation, like their bilaterian orthologues. In the presence of
low intracellular Ca2+ buffering (i.e., 0.5 mM EGTA) with
3 mM Ca2+ as the permeating cation, voltage steps from −100
to 0 mV produce relatively fast inactivating currents for both
TCaV1 and TCaV2 (Fig. 10C). Similar experiments, but with
strong intracellular buffering that would selectively disrupt
N-lobe modulation, resulted in decreased TCaV1 and TCaV2
channel inactivation consistent with a loss of CDI (Fig. 10C).
The decrease in channel inactivation was quantified by
determining the amplitude of residual current relative to peak
at 250 ms into the voltage step (r250), normalized against the
average r250 observed using 0.5 mM internal EGTA and 5 mM
external Ca2+ for each channel (Fig. 10D). Compared to
0.5 mM EGTA, 10 mM BAPTA caused the average r250 values
of TCaV1 and TCaV2 to increase from 1.0 ± 0.7 and 1.0 ± 0.5 to
3.5 ±0.7 and 4.1 ±0.8, respectively (Fig. 10D; p ≤ 0.001 for
Holm–Sidak tests after one-way ANOVAs; p ≤ 0.001 and F ≥
35.9 for all comparisons; Table S1). Subsequently, switching
external Ca2+ with equimolar Ba2+ caused a significant slowing
of TCaV1 current inactivation, with the average relative r250
value increasing to 6.6 ± 0.8 (p ≤ 0.001 for Holm–Sidak tests
after one-way ANOVA), while TCaV2 showed no difference,
with an r250 value of 3.6 ± 0.9. Notably, switching from Ca2+

to Ba2+ did not impact the activation properties of TCaV1, with
the current–voltage relationship showing a similar peak at
0 mV (not shown). The loss of this additional CDI component
in the presence of Ba2+ indicates that the TCaV1 channel is
uniquely subject to buffer-resistant CDI, which given the
absence of NSCaTE and NATE motifs is most likely due to
C-lobe regulation. Thus, like in bilaterians, the TCaV1 and
TCaV2 channels exhibit differential regulation by CaM, indi-
cating that this divergence in modulatory control most likely
evolved in the common ancestor of placozoans, cnidarians,
and bilaterians, shortly after the emergence of these two
channel types in early animals.

To confirm that the observed CDI processes were indeed
mediated by CaM, we conducted a series of experiments
employing a mutant CaM (CaM1234), which lacks the ability to
bind Ca2+ (12). Previously, it has been documented that HEK-
293T cells endogenously express CaM and that overexpression
of this mutant form outcompetes the WT protein to prevent
its regulation of CaV channels, disrupting the CDI process (83).
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For these experiments, we employed a classical approach that
compares the amplitude of currents elicited by a test pulse as a
function of various prepulses to different depolarizing voltages
(87). Thus, the membrane was depolarized to various voltages
ranging from −50 mV to +90 mV (i.e., the prepulses), and after
a brief repolarization to −100 mV, a subsequent test pulse was
taken to +5 mV (Fig. 11A). For TCaV1, TCaV2, and rCaV1.2
channels, the depolarizing prepulses elicited increasing
amounts of Ca2+ to enter the cell, as more channels became
activated, subsequently declining with a loss of driving force
for Ca2+ influx and saturation of channel activation (Fig. 11, B,
D and F). In the presence of endogenous (wt) CaM, the peak
current amplitude elicited by test pulses produced classic
U-shaped relationships when plotted as a function of prepulse
voltages (Fig. 11, C, E and G), attributable to a combination of
CDI caused by Ca2+ influx and VDI that increases with
stronger depolarization. At more depolarized voltages where
Ca2+ influx began to decline, test-pulse current amplitudes
recovered, attributable to a loss of the CDI effect. The smallest
test pulse currents occurred after prepulses of +20 mV for
TCaV1, 0 mV for TCaV2, and +10 mV for rCaV1.2, where the
average current amplitudes decayed to 23.5 ± 0.1%, 22 ± 0.1%,
and 27 ± 0.1% of the initial maximum current, respectively.
Importantly, cotransfection of mutant CaM1234 completely
disrupted CDI for all channels, isolating the VDI component
(Fig. 11, C, E and G). Here, the currents only decayed to 59 ±
0.01% for TCav1, 58 ± 0.1% for TCaV2, and 79 ± 0.1% of the
initial current at the noted peak prepulse voltages. In general,
the current decay was significantly greater at most voltages in
the presence of WT CaM compared to CaM1234 (p ≤ 0.025 for
Holm–Sidak tests after two-way ANOVAs; p < 0.001 and F ≥
7.0 for all comparisons; Table S1). Only when the voltage steps
reached +50 to +70 mV was the difference between mutant
and WT CaM not significant, where only VDI is apparent. This
indicates that CaM can modulate the inactivation of all three
channels in a Ca2+−dependent manner.

In addition to modulating inactivation, CaM was also able to
alter TCaV channel current density. Whereas the rCaV1.2
channel current density was not significantly different with WT
CaM (−9.3 ± 4.7 pA/pF) and CaM1234 (−6.2 ± 5.1; p = 0.233
with a two-tailed t test), TCaV1 current density increased when
CaM1234 was overexpressed (WT CaM = −5.9 ± 4.0 pA/pF;
CaM1234 = −19.4 ± 10.2 pA/pF; p < 0.001 after a two-tailed
t test), whereas TCaV2 current density decreased with
CaM1234 (WT CaM = −14 ± 5.0 pA/pF; CaM1234 = −4.5 ± 3.9
pA/pF; p = 0.002 after a two-tailed t test). The effect of CaM on
TCaV2 current density has been reported previously for other
channels (88, 89), but its effect on TCaV1, to our knowledge,
has not been observed. Whether the increased current density
with CaM1234 is due to a change in TCaV1 cell surface
expression or channel open probability will have to be followed
up in a future study.
TCaV1 is not subject to direct regulation by G proteins in vitro

Previously, we documented that the TCaV2 channel lacks a
key functional feature that is unique to its bilaterian CaV2
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Figure 11. Voltage-dependent and calcium-dependent inactivation are two separate processes in TCaV1, TCaV2, and rCaV1.2 channels. A, protocol
used to examine calcium-dependent inactivation. Prepulse voltage steps from −50 mV to +90 mV caused an influx of varying amounts of Ca2+ into the cell,
after which test pulses to +5 mV were used to measure the effect of Ca2+ influx on peak current amplitude. B, top, sample macroscopic Ca2+ current traces
from TCaV1 with endogenous, wildtype (wt) calmodulin, or bottom, co-expressed with mutant CaM (CaM1234). C, plot of average TCaV1 current
amplitudes ±SD (error bars) elicited by the test pulse expressed relative to the prepulse voltage. D, sample current traces illustrating the effect of wt
calmodulin (top) and CaM1234 (bottom) on peak inward TCaV2 Ca2+ currents. E, plot of average TCaV2 current amplitudes ±SD elicited by the test pulse over
the prepulse voltage. F, sample current traces illustrating the effect of wt calmodulin (top) and CaM1234 (bottom) on peak inward rCaV1.2 Ca2+ currents.
G, plot of average rCaV1.2 current amplitudes ±SD elicited by the test pulse over the prepulse voltage. For all plots, asterisks denote significant differences
(p < 0.03) between TCaV1, TCaV2, or rCaV1.2 current amplitudes as determined by Holm–Sidak tests after a two-way ANOVAs (Table S1). rCaV, Rattus
norvegicus voltage-gated calcium channel; TCaV, T. adhaerens voltage-gated calcium channel.
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orthologues, namely direct inhibition by G protein βγ proteins
(5). G protein regulation of CaV2 channels permits control of
Ca2+ influx at synapses and other cellular compartments
through G protein–coupled receptors and their neuro-
modulatory ligands (90). Interestingly, the cloned Trichoplax
Gβγ proteins inhibit the human CaV2.1 channel in vitro,
indicating that the absence of regulation for TCaV2 is likely
due to structural features of the α1 subunit and not the G
proteins. Here, we sought to rule out G protein regulation of
the TCaV1 channel, by conducting a similar set of in vitro
experiments as done previously for TCaV2. We find no evi-
dence for direct Gβγ inhibition of TCaV1 (Fig. S5), suggesting
that this unique form of regulation evolved strictly in
bilaterians.
Discussion

On the phylogeny and evolution of CaV channel α1 subunits

In this study, we complete the initial characterization of CaV
channel α1 subunits from T. adhaerens from the most early
diverging phylum where CaV1, CaV2, and CaV3 channels co-
exist. Trichoplax is only the third invertebrate species for
which this has been done, the other two being the mollusc
snail L. stagnalis (16, 50, 91) and the arthropod honeybee Apis
melifera (92). The two most early diverging animal phyla,
Porifera (sponges) and Ctenophora (comb jellies) (Fig. 1C),
independently lost CaV3 channels and lack CaV1 channels
(ctenophores and sponges) and CaV2 channels (sponges) (4, 5).
Sponges are therefore unique among animals in that they lack
J. Biol. Chem. (2022) 298(4) 101741 21
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CaV1 to CaV3 channels, possessing instead a CaV1/2 channel
also found in premetazoan single-celled choanoflagellates like
Salpingoeca rosetta (4). Because of its phylogenetic sister
relationship and shared structural features with CaV1 and
CaV2 channels (Fig. S1) and apparent premetazoan origin, the
CaV1/2 type channel is proposed to have given rise to CaV1
and CaV2 channel types via one or more gene duplication
events, early on in animal evolution (4, 5). Nevertheless, we
lack an understanding of precisely when and in which animal
lineages these evolutionary events took place. Confounding the
matter is the unresolved placement of either sponges or
ctenophores as the most early diverging animals on the
metazoan phylogenetic tree. That is, whereas numerous phy-
logenomic studies suggest that ctenophores are the most early
diverging (28, 93, 94), others support the classic morphology-
based view that sponges are (95, 96). Perhaps, the most
parsimonious explanation for CaV channel evolution in ani-
mals comes about if we consider sponges as the most early
diverging. Here, the duplication of a CaV1/2 channel gene that
gave rise to CaV1 and CaV2 channels could have occurred after
sponges diverged, in the common ancestor of ctenophores,
placozoans, cnidarians, and bilaterians (Fig. 1C). Since cteno-
phores lack CaV1 channels, they would have lost this gene (in
addition to CaV3 channels), retaining only a single CaV2
channel orthologue, while placozoans, cnidarians, and bilat-
erians all retained CaV1 to CaV3 channels.

Our analysis of the TCaV1 protein sequence revealed deep
conservation of hallmark structural features conserved among
CaV1, CaV2, and CaV1/2 channels (Figs. 1, 10 and S1). This
includes ion selectivity filter motifs of EEEE (EDEE for the
S. rosetta CaV1/2), voltage sensor S4 helices with positively
charged lysine and arginine amino acids, and structures for
interacting with the CaVβ (AID) and CaVα2δ subunits (domain
1 S1–S2 loop). Indeed, although transmembrane regions tend
to be well conserved when comparing CaV1 channels across
phyla, most of the cytoplasmic linkers and N and C termini are
extremely divergent (Fig. 1F), and this is also the case for CaV2
and CaV3 channels (5). This is significant because these
cytoplasmic regions, which are generally devoid of secondary
structure, are often sites for unique modulation of the α1
subunit by cytoplasmic factors including interacting proteins
and kinases (97–100). Thus, modulation at these divergent loci
might be very different among channel orthologues from
different phyla. Still, there is evidence that stretches of
intrinsically disordered, highly divergent protein sequences
might nevertheless harbor conserved functional short linear
motifs that are difficult to identify via sequence alignment
(101), or cryptic molecular signatures that are not apparent in
sequence alignments at all (e.g., length, amino acid composi-
tion, net charge) (102).

We also found the C-terminal EF-hand, pre-IQ, and IQ
domain structures to be present in the TCaV1 channel protein
(Figs. 10B and S1), indicative of regulation by the Ca2+ sensor
protein CaM. These structures are also found in CaV2 chan-
nels (5) and CaV1/2 channels from S. rosetta (Fig. S1) and the
sponge species Amphimedon queenslandica, Haliclona tubi-
fera, and Haliclona ambioensis (not shown) (103, 104). Indeed,
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the IQ domain is fairly ubiquitous among eukaryotic four-
domain channels, with few exceptions (e.g., CaV3 and so-
dium leak channels) (1), suggesting that CaM regulation and/
or signaling is an ancient invention of broad physiological
significance. Early diverging CaV1 channels from non-
bilaterians, including TCaV1, lack an NSCaTE motif (Fig. S1), a
noted secondary binding locus for CaM shared among verte-
brate and bilaterian invertebrate CaV1 channels (15). TCaV1
also lacks a key a cysteine residue in the reported NATE motif
(13), just downstream of NSCaTE, that independently medi-
ates interactions with CaM (Fig. 10B) (14). On the other hand,
the cnidarian homologues possess a NATE-like motif and so
do placozoan CaV2 channels despite some divergence a few
amino acids positions upstream (Fig. 10B). Whether CaM
binds to the NATE region in invertebrate channels has not
been determined, so the significance of this apparent conser-
vation is unclear.
TCaV1 sheds light on the distinguishing biophysical features of
CaV1 to CaV3 channels

Altogether, the functional properties of the TCaV1 to TCaV3
channels point to an early establishment of several unique
biophysical features that distinguish these three calcium
channel types from each other, the most obvious being
activation voltages where TCaV3 classifies as an low-voltage–
activated channel (24) and TCaV1 and TCaV2 as HVA chan-
nels (Fig. S4, A and B) (5). Within the literature, reported
biophysical parameters of vertebrate CaV channels come from
a multitude of studies, each employing different recording
solutions and conditions, channels cloned from different tis-
sues and subject to alternative splicing, and co-expressed with
different CaVβ and CaVα2δ subunits (vertebrates possess four
of each (105)), all of which can significantly impact biophysical
properties. Hence, a broad phylogenetic comparison of re-
ported parameters cannot be done with confidence. However,
because our characterization of TCaV1 and TCaV2 was done
alongside rat CaV1.2 and human CaV2.1 channels, using the
same subunits and recording conditions, we can compare
these channels to each other with more confidence. Table 1 is
a summary of the biophysical properties of the four channels,
revealing that comparisons between TCaV1 versus TCaV2 and
rCaV1.2 versus hCaV2.1 are similar for most parameters, except
for steady-state inactivation and deactivation. Thus, when
considering only these four homologues, it appears as though
some core biophysical distinctions between the mammalian
CaV1 and CaV2 channels hold true for the Trichoplax homo-
logues, although they are by no means striking.

In general, the most striking functional divergence of the
three Trichoplax CaV channels pertains to their voltage
sensitivity, where all three exhibit hyperpolarized voltages for
activation and inactivation compared to their mammalian
orthologues (5, 24). Thus, it is important to consider putative
structural features that might account for these differences.
For mammalian CaV1.1 to CaV1.4 channels, several disease-
causing point mutations have been identified that cause left-
shifted voltage properties (reviewed in (106)); however,
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TCaV1 does not possess any sequence differences at these
positions (Fig. S1). TCaV1 also bears a conserved signature of
two glutamate and one aspartate residues within the AID
structure, which when mutated in CaV1.2 causes hyper-
polarized gating properties (107) (Fig. S1). Notably, TCaV1
lacks an optional exon equivalent to conserved exons 29, 33,
and 32 in CaV1.1 to CaV1.3 channels, respectively, that encode
small inserts in the DIV extracellular S3–S4 loop (Figs. S1 and
S6). For all three of these mammalian channels, exclusion of
this optional exon imposes left-shifted voltage sensitivity
(108–110), for example, hyperpolarizing the activation and
inactivation of CaV1.2 by more than 10 mV. Because the
TCaV1 channel resembles the Δ exon 33 variant of rCaV1.2,
the noted differences in gating could perhaps be in part
attributable to this particular structural difference, given that
the rCaV1.2 channel used in our electrophysiology experi-
ments possessed exon 33.

Clearly, an important next step will be to explore how the
single Trichoplax CaVβ and two CaVα2δ subunits impact the
functional properties of the Trichoplax CaV channels and
furthermore, to determine whether the CACHD1 and α2δ-like
proteins also play a role in regulating the α1 subunits (Fig. 2).
Indeed, ancillary subunits can impose striking deviations from
canonical ion conducing properties, in lieu of structural or
functional alterations to the α1 subunit. For example, in vitro
expression of the CaV2a channel from the sea anemone
N. vectensis with its native CaVβ subunit produces highly
atypical macroscopic currents with extremely left-shifted
steady-state inactivation properties, such that the channel
population is completely inactivated at a typical resting
membrane potential of −60 mV (111). Because the Nem-
atostella CaVβ subunit exerts the same effect on human
CaV2.1, the observed adaptation must have occurred via
structural changes in the ancillary subunit. Similarly, the
CaVβB subunit from the parasitic flatworm Schistosoma
mansoni imposes a hyperpolarizing shift in the steady-state
inactivation of the human CaV2.3 channel (112), coupled
with significant rundown of macroscopic current amplitude
(113). Given these and other similar observations, the bio-
physical properties of the TCaV1 channel reported here should
be interpreted with caution, until the effects of cognate
ancillary subunits are determined.

Here, as we did previously for TCaV2 (5), we have shown
that TCaV1 channel protein expression is significantly
increased upon co-expression with the rat CaVβ1b and CaVα2δ1
subunits in vitro (Fig. 3, B–D), like vertebrate and bilaterian
invertebrate HVA channels (50, 51, 53). Given our inability to
record TCaV1 currents in vitro without the co-expressed
CaVβ1b subunit and the ability to do so when CaVα2δ1 was
excluded, it appears as though the CaVα2δ subunit plays a
small role in membrane trafficking of the Trichoplax channel.
This is in contrast to vertebrate CaV channels, where CaVα2δ
significantly enhances membrane expression (53). Perhaps,
this could be due to a structural divergence between the rat
and Trichoplax proteins, such that the rat CaVα2δ1 subunit has
a low affinity for the TCaV1 channel. In accordance, we found
that in some cells, the TCaV1 currents were considerably right
shifted in their voltage properties, resembling those conditions
when the rat CaVα2δ1 was excluded from the transfections
(Fig. 5, E and F). Although less common, the occurrence of
these events might suggest that the affinity between the
channel and the subunit is weak, such that cells co-expressing
low levels of CaVα2δ1 would be enriched with membrane
channels lacking this subunit. Nevertheless, comparing TCaV1
channel currents with and without rat CaVα2δ1 revealed that
the subunit caused a hyperpolarizing shift in voltage properties
and increased sensitivity to voltage changes, as is observed for
vertebrate CaV channels (53). Clearly, a more complete picture
about the comparative properties of the Trichoplax CaV
channels will emerge once the biophysical properties of the
different endogenous CaV channel complexes are known.
On the divergent modulation of CaV1 and CaV2 channels by
CaM

One key distinguishing feature of bilaterian CaV1 and CaV2
channels is their differential regulation by CaM, where only
CaV1 channels exhibit fast, buffer-resistant CDI that becomes
apparent when the permeating ion is switched from Ca2+ to
Ba2+. Here, we sought to explore whether the TCaV1 and
TCaV2 channels are subject to CaM regulation and whether
they exhibit the same functional distinction. Indeed, both
channels were found to exhibit CDI, evident in the slowing of
current inactivation when the intracellular recording solution
was switched from one containing 0.5 mM EGTA, a permis-
sive condition that does not disrupt CaM Ca2+ binding, to
10 mM BAPTA, a strong buffering condition that selectively
disrupts Ca2+ binding at the N-lobe, but not the C-lobe of
CaM (Fig. 10C). A direct role for CaM was established by co-
expression of a mutant CaM lacking the ability to bind Ca2+,
which completely abrogated the CDI process for the Tricho-
plax CaV1 and CaV2 channels, as well as the rCaV1.2 channel
(Fig. 11). Thus, CaM regulation of HVA CaV channels is likely
an ancestral feature, inherited from the parental CaV1/2
channel that gave rise to these two channel types and consis-
tent with the noted ubiquity of IQ domain structures among
eukaryotic four-domain channels, including the more distantly
related NaV channels which are subject to CaM regulation and
CDI (114).

Interestingly, switching the permeating cation from Ca2+ to
Ba2+ cased a dramatic reduction in TCaV1 inactivation, with
no effect on TCaV2 (Fig. 10C), consistent with exclusive
buffer-resistant CDI for the placozoan L-type channel. Given
the noted absence of NSCaTE and NATE motifs in the TCaV1
N terminus (Figs. 10B and S1), the most likely explanation is
that this unique component of the CDI process is mediated by
the C-lobe of CaM. In the presence of Ba2+, the TCaV1 channel
inactivation is dramatically slowed, suggesting that at least for
a voltage step to 0 mV, CDI accounts for a large portion of
channel inactivation, with a diminished contribution from VDI
compared to TCaV2. Thus, TCaV1 distinguishes itself from
TCaV2 in being less susceptible to VDI, rendering the channel
population more sensitive to Ca2+ levels in the cytoplasm,
rather than alterations in membrane voltage. Perhaps, this key
J. Biol. Chem. (2022) 298(4) 101741 23
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distinction between CaV1 and CaV2 channels, conserved in
placozoans, played a central role in their differential adaptation
for different Ca2+ signaling roles in the evolving neuromus-
cular system. Going forward, future studies on CaV1/2 chan-
nels from choanoflagellates and sponges might reveal whether
the unique regulation of CaV1 channels by CaM preceded the
emergence of CaV1 and CaV2 channels and was subsequently
lost in CaV2 channels, or rather, is a unique adaptation of CaV1
channels.
Physiological functions of CaV channels in the placozoa

In vertebrates, the different CaV channel types exhibit
notable differences in their tissue/cell-type expression pat-
terns. Generally, CaV2 channels are restricted to neurons and
neuroendocrine cells, while CaV1 and CaV3 channels are
expressed more broadly, also found in smooth and cardiac
muscle (CaV1 and CaV3) and skeletal muscle (CaV1) (2, 105,
115). In Lymnaea, similar patterns are apparent where CaV2
channel expression is restricted to the nervous system and
neuroendocrine glands, while CaV1 and CaV3 channels are
additionally expressed in the heart, as well as muscular
structures of the mouth and foot (7, 116). Thus, another
feature of bilaterian CaV channel orthologues that appears to
be deeply conserved is their differential tissue/cell-type
expression. Using a custom antibody, we show here that the
TCaV1 channel is expressed in dorsal epithelial cells within the
interior of the animal (i.e., the lipophil zone) (Fig. 4). Although
Trichoplax lacks true muscle (18), their dorsal epithelium is
made up of fast-contracting cells that require cytoplasmic Ca2+

influx for contraction, akin to myocytes (57). Accordingly,
placozoans possess most genes necessary for driving Ca2+-
dependent actin–myosin contractions in other animals (117).
Given the uncovered expression of TCaV1 in these cells, it may
be that the channel contributes to excitation–contraction
coupling, similar to its bilaterian counterparts. Similarly, we
show here that, similar to vertebrates and the snail, all three
CaV channels are co-expressed in neuroendocrine-like type II
gland cells (Fig. 4), which express the molecular machinery
required for regulated exocytosis (e.g., SNAP-25, synapsin, and
complexin) (18, 56) and a small endomorphin-like peptide that
is secreted by these cells to control ciliary locomotion
(56, 118). Additionally, gland cells are teardrop/hourglass
shaped (56), oriented longitudinally toward the outside edge of
the animal, perhaps indicative of cellular polarity with a region
specialized for vesicle exocytosis. This is certainly suggested by
the immunolocalization of TCaV2 channel along the outward
facing edge of these cells (5). We also previously documented
weak expression of TCaV2 in fiber cells, which are situated
between the dorsal and ventral epithelium of the animals,
although this was not observed in all preparations. Here, using
fluorescent probes, we also detected the TCaV2 mRNA in fiber
cells (5), and not TCaV1 (Fig. 4, L and M). However, this la-
beling was weak and infrequent, and altogether, it is difficult to
state with certainty that TCaV2 is significantly expressed in
fiber cells. Recently, fiber cells were shown to mediate innate
immunity and wound healing and to express gene markers
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homologous to macrophage cells (60). Lastly, immunofluo-
rescence and in situ hybridization experiments indicate that
TCaV1 is expressed in both dorsal and ventral epithelial cells
(Fig. 4, E, F and I–K); however, antibody staining suggests the
protein is more abundant in the dorsal epithelium. We note
that the antibody labeling was completely blocked after pre-
adsorption with the corresponding protein epitope (Fig. 4D),
which was consistent with our Western blotting experiments
(Fig. 3F), indicative of specific labeling of the TCaV1 protein. In
summary, although the expression patterns of the Trichoplax
CaV channels are suggestive of cellular transcriptional ho-
mology, more work needs to be done to better understand the
evolutionary relationship of Trichoplax cells to those of other
animals and on the transcriptional programs that controls the
expression of the Trichoplax channels in different cell types.

A key question of course is how membrane excitation and
electrical signaling serves to recruit Trichoplax CaV channel
activity and in turn influence their contributions to cellular
physiology. Placozoans have recently been demonstrated to
fire rapid, Na+-based APs lasting 1 to 3 ms at a frequency of
�130 Hz (21). These recordings were performed using extra-
cellular electrodes on immobilized whole animals and isolated
gravity-sensing crystal cells (21), indicating that there is at least
one type of excitable cell in the animal. These findings suggest
that Trichoplax CaV channels may experience, and open in
response to, high-frequency APs. Mammalian CaV1 and CaV2
channels differ in their response to high-frequency de-
polarizations (119). In vitro recordings applying voltage
waveforms that resembled hippocampal neuron APs showed
that CaV2.1 channels caused less cumulative Ca2+ entry into
the cell and greater current decay over time compared to
CaV1.2 channels (120). Thus, in mammals, there is a clear
difference in response of CaV1 and CaV2 channels to the same
repetitive AP stimulus. Here, we wanted to determine if the
TCaV1 and TCaV2 channels also differ in this respect.
Applying short, repetitive depolarizations to both channels
revealed surprisingly little difference (Fig. 8). Both the cumu-
lative Ca2+ entering the cell and the activity-dependent decay
in peak current after 1 s of 100 Hz stimulation were similar
between TCaV1 and TCaV2. Therefore, the differences in
biophysical properties and kinetics seen between TCaV1 and
TCaV2 channels with prolonged depolarizations (>100 ms) did
not translate to differences in Ca2+ influx with short, repetitive
depolarizations. Even though placozoan APs were reported to
fire at a frequency of �130 Hz, it is possible for APs to be
modulated to become slower or faster (121). Therefore, we
next examined the combined effects of different depolarization
lengths and frequencies on the TCaV1 and TCaV2 channels.
With increased depolarization frequency, both channels
exhibited a decay in current amplitude, but there was very little
difference between TCaV1 and TCaV2. The only difference in
current decay that could be observed was at 100 Hz with 3 ms-
long pulses. Perhaps, more striking differences would emerge
in experiments using varying baseline holding voltages. Indeed,
the left-shifted inactivation curve of TCaV1 relative to TCaV2
(Fig. S4B) suggests that this channel contributes minimally to
excitation-induced Ca2+ influx when the resting voltage is



Table 2
Sequences of primers used for cloning the Trichoplax CaV1 channel
cDNA

Primer name Sequence (5 - 30)

TCaV1_NT_F1 TTATTCACAGTACGTGTTTTGTAGAGC
TCaV1_NT_F2 ATGGCTGATGATAAAGTAGGCACAG
TCaV1_NT_R1 CAATAACGAAGCCAACAAATATGTTTACC
TCaV1_NT_R2 TACGAGGGGTTGGTGATTTCTACTAGG
TCaV1_CT_F1 ACGGAAGCTGGCCGAGGACCTAG
TCaV1_CT_F2 CCAACCCCTCGTAGCGATCTACTTCG
TCaV1_CT_R1 AAAGTAAGTAGATCAATCCAAGAATAGG
TCaV1_CT_R2 GATCAATTATACGACTGACACTC
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more positive than −50 mV. In this respect, the population of
available TCaV1 channels in a cell could be dynamically
regulated by altering resting membrane voltage. For example,
if co-expressed with TCaV2, the TCaV1 channel population
could be utilized as a reserve pool that only becomes available
after a bout of membrane hyperpolarization, in a process akin
to postinhibitory rebound excitation. Future studies examining
the excitability of cell types expressing TCaV1 and TCaV2
channels would help identify the voltage changes that these
channels are experiencing.
Conclusions

Duplication of an ancestral CaV1/2 channel into separate
CaV1 and CaV2 channels allowed them to acquire variations in
sequence and diverge in their biophysical properties and
protein interactions. Differences in biophysical properties may
have made these channels better suited for activating certain
Ca2+ signaling pathways, whereas the expansion of CaV
channel protein interactions may have facilitated the distinct
modulation and subcellular localization of CaV1 and CaV2
channels. Collectively, these changes likely resulted in CaV
channels taking on conserved yet distinct roles across many
extant animal phyla. Trichoplax CaV1 and CaV2 channels may
represent a more ancestral form of these channels seeing as
they have some, but not all, of the features present in CaV
channels of more derived animals. Differences in their cellular
expression, biophysical properties, and modulation suggests
that they play different roles in the animal. However, whether
they have distinct excitation-secretion or excitation-
transcription/excitation-contraction coupling capabilities as
seen in other animals will need to be investigated further.
Future work on the functions of these channels in vivo (e.g.,
through knockdown and behavioral assays) could help reveal
the roles of TCaV1 and TCaV2 channels in Trichoplax cells.
Experimental procedures

All animal studies were approved by the University of
Toronto Research Oversight and Compliance Office.
Sequencing and synthesis of full-length Trichoplax CaV1
channel cDNA for in vitro expression

A putative full-length protein-coding sequence of the Tri-
choplax CaV1 channel was identified within the T. adhaerens
mRNA transcriptome (GenBank accession number GHJI00
000000) (20). To determine a consensus coding sequence, we
used nested gene-specific primers (Table 2) to PCR amplify,
clone, and sequence the N- and C-terminal halves of the TCaV1
channel cDNA, in triplicate, from a whole-animal cDNA li-
brary. The resulting full-length TCaV1 consensus coding
sequence was submitted to GenBank with accession number
MW915585. The sequence was subsequently provided to
GenScript for gene synthesis employing codon optimization for
expression in human cells, flanked by SacII and BamHI re-
striction sites for cloning into the pIRES2-EGFP and pEGFP-
C1 mammalian expression vectors (Clontech), and a Kozak
sequence of GCCACCATGG flanking the start codon for
efficient translation of the channel in vitro (122).

In silico phylogenetic inference and sequence alignments

CaV subunit protein sequences were extracted from select
NCBI gene databases using the BLAST program (123) using
human sequences as query, with the exception of the placo-
zoan and cnidarian homologues which were extracted from
available genome and transcriptome resources (20, 40, 41). All
identified sequences that produced BLAST Expect value
alignment scores below 1E-6 were subsequently analyzed via
reciprocal BLAST of the NCBI Landmark Database, in order to
filter out sequences with higher similarity to non-CaV subunit
proteins. Accession numbers and protein sequences for all
identified CaV channels and ancillary subunits are provided in
File S1, with the exception of the CaV1 channel sequence from
A. pallida, for which an accession was not available, and
included sequences were copied directly from a published
figure (124). All protein sequence alignments were generated
with the program MUSCLE (125) using default parameters.
Alignments were visualized and annotated with JalView,
version 2.11.1.0, (126) and Adobe Illustrator CS6. Bio-
informatic prediction of transmembrane helices of the TCaV1
channel was done using the Phobius web server (127), and the
plot of sequence conservation (EBLOSUM62 score) for aligned
representative CaV1 channel protein sequences was done using
EMBOSS Plotcon (128) using a window size of 11 aligned
positions. Predictions of conserved sites and domains were
done using the software InterProScan (129). All maximum
likelihood phylogenetic trees were inferred from protein
alignments of selected protein sequences, trimmed with the
program trimAl (130) using gap thresholds of 95% (for CaVα1
subunits), 70% (for CaVβ subunits), and 60% (for CaVα2δ
subunits). Best fit model selection and phylogenetic inference
was done using IQ-Tree (131), with node support values
generated via 1000 ultrafast bootstrap replicates and the
models LG+R5 (for CaVα1 subunits), JTT+R3 (for CaVβ sub-
units), and WAG+F + R6 (for CaVα2δ subunits) selected ac-
cording to Bayesian Information Criterion.

Imaging and quantification of EGFP fluorescence

For quantification of EGFP fluorescence, HEK-293T cells
were transfected in triplicate using 1 μg of pTCaV1-IR-EGFP
with 0.5 μg of Kir2.1 cDNA with or without 1 μg of rat CaVβ1b
and CaVα2δ1 subunits. The cells were incubated at 28 �C for
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2 days and then imaged with transmitted and fluorescent light
at 20x magnification, using a Zeiss AxioCam MRm Rev3
camera mounted on a Zeiss AxioObserver A1 inverted mi-
croscope. All micrographs were taken with the Zeiss ZEN Lite
software using the same exposure settings. ImageJ software
(132) was used to measure the integrated density and the cell
confluency of the acquired fluorescence images. Integrated
density values were normalized to the highest value for all
replicate sets, averaged, and plotted.

Antibody synthesis

Polyclonal anti-TCaV1 antibodies were generated in rabbits.
The II-III linker of TCaV1 (bases 2188–2550, residues
730–850; GenBank accession number MW915585) was
expressed in BL21(DE3) E. coli as a C-terminal 6xHis fusion
protein using the expression vector pET-28b(+) (Novagen).
Transformed BL21 E. coli were grown to an optical density of
0.5 in 700 ml of Luria Bertani broth. Protein expression was
induced with 0.5 mM isopropyl β-d-1-thiogalactopyranoside
for 4 h, then cells were harvested by centrifugation at 4000g
for 30 min and sonicated in lysis buffer (500 mM NaCl, 20 mM
Tris-HCl 1 mM PMSF, 10% glycerol, 1 mg/ml lysozyme, pH
7.9). Lysed bacteria were centrifuged again at 12,000g for
30 min to separate the supernatant with soluble proteins from
the pellet. His-tagged recombinant proteins were purified by
Ni2+ affinity chromatography using Ni-NTA His-Bind Resin
(EMD Millipore) according to manufacturer instructions, us-
ing a 20 mM imidazole column wash solution and 100 mM
imidazole elution solution. After elution, the purified proteins
were dialyzed with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, and 1.8 mM KH2PO4, pH 7.4). Final yields averaged
0.5 mg/ml. Purified TCaV1 II-III linker peptides were injected
into rabbits, and rabbit serum was collected and used for
Western blotting and immunostaining experiments. All re-
agents were obtained from MilliporeSigma.

Western blotting and immunohistochemistry

For Western blotting of Trichoplax proteins, �600 animals
were lysed in 200 μl of chilled lysis buffer composed of 8 M
urea, 50 mM ammonium bicarbonate, and a protease inhibitor
cocktail (MilliporeSigma). Protein lysates of HEK-293T cells
ectopically expressing TCaV1 channels were prepared as
described previously (5). In short, pTCaV1-IR-EGFP was
cotransfected into HEK-293T cells with pKir2.1, rat CaVβ1b,
and CaVα2δ1 subunits as outlined below, and cells were
incubated at 28 �C for 2 days to increase channel expression.
HEK-293T cells were washed with PBS and lysed with 300 μl
of 1% Nonidet P-40 lysis buffer (125 mM NaCl, 50 mM Tris
base, 1.5 mM MgCl2, 5% glycerol, 1% NP-40, pH 7.4). Protein
lysates were quantified using the BCA protein assay (Thermo),
and 50 μg were electrophoretically separated on 4 to 12% Bis-
Tris Gels (Invitrogen) and transferred onto nitrocellulose
membranes. Membranes were then washed in TBS-T saline
(10 mM Tris-Cl, 150 mM NaCl, 0.05% (v/v) Tween 20, pH 7.4)
and blocked for 1 h at room temperature in TBS-T containing
5% skimmed milk powder. After blocking, the membranes
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were incubated overnight at 4 �C with either mouse mono-
clonal anti-EGFP antibodies (Cell Signaling Technologies) or
custom rabbit polyclonal anti-TCaV1 antibodies (1:4000 and
1:5000 dilution in 5% milk TBS-T, respectively). For Western
blots of Trichoplax lysates, anti-TCaV1 antibodies were used at
a 1:4000 dilution. To confirm that the antibody was recog-
nizing the protein of interest, antibodies were preadsorbed
with immunization antigen in excess (1:5 mass ratio) overnight
at 4 �C. Blots were incubated with goat anti-rabbit or goat anti-
mouse secondary antibodies conjugated to horseradish
peroxidase (Cell Signaling Technology; 1:2000 in 5% milk
TBS-T) at room temperature for 1 h. Membranes were imaged
following 1 to 5 min incubation in Clarity Western ECL
Substrate (Bio-Rad). Ponceau staining of Western blots was
done to confirm equal protein content among samples.
Western blot analyses performed using custom anti-TCaV1
antibodies were done using unpurified antibodies (terminal
bleed serum). All indicated reagents were obtained from
MilliporeSigma. Quantification of bands observed on Western
blots was performed using ImageJ (132), standardized to cor-
responding total protein on lanes of Coomassie-stained gels.

For immunohistochemistry experiments, Trichoplax were
frozen and freeze substituted as described previously (5, 18). In
short, several Trichoplax were transferred to a drop of a 1:1
mixture of artificial seawater (ASW) and 1 M mannitol placed
in the center of Superfrost Plus slides (Thermo Fisher Scien-
tific) and left to adhere for 30 min. The liquid was then
removed, and the slides were plunged into acetone on dry ice
and kept at −80 �C overnight. The next day, slides with
specimens were fixed in methanol with 1.6% paraformaldehyde
for 2 h at −20 �C, then at room temperature for 1 h. Slides
were then gradually rehydrated into PBS and blocked for
15 min in blocking buffer (3% goat serum, 2% horse serum, 1%
BSA in PBS). After rehydration, specimens were incubated
overnight at 4 �C with polyclonal rabbit anti-TCaV1 antibody
(terminal bleed serum) diluted 1:1000 in blocking buffer.
Negative controls used preimmune serum or lacked anti-
TCaV1 antibody. The slides were subsequently incubated with
a 1:500 dilution of Alexa Fluor 647 goat anti-rabbit secondary
antibody (A-21245, Thermo Fisher Scientific) in blocking
buffer for 4 h at room temperature. WGA and Alexa Fluor 555
conjugate (Themo Fisher Scientific) were added together with
the secondary antibodies at a dilution of 1:200. Finally,
slides were rinsed in PBS and mounted with ProLong Gold
antifade reagent with DAPI (Invitrogen), and fluorescence
micrographs were captured using an inverted LSM 880
confocal microscope (Zeiss) and merged using ImageJ software
(132). Volocity Software (Quorum Technologies) was used to
create three-dimensional renderings of confocal image stacks.
To confirm that the antibody was recognizing the protein of
interest, antibody was preadsorbed with immunization antigen
in excess (1:10 mass ratio) overnight at 4 �C.
Fluorescence in situ hybridization experiments

In situ hybridization was performed on whole animals and
dissociated cells with probes and reagents from Advanced Cell
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Diagnostics. Whole animals were transferred to a 200 μl drop
of ASW mixed in equal parts with 0.97 M mannitol (in water)
on Superfrost Plus Gold glass slides (Fischer). After 2 h, the
ASW/mannitol was removed, and the samples were frozen by
plunging into tetrahydrofuran on dry ice and kept overnight.
The slides were transferred to methanol containing 3% acetic
acid at −20 �C for 30 min followed by methanol with 4%
formalin, initially at −20 �C and then at room temperature,
each for 30 min. The samples were rinsed twice in methanol,
once in ethanol, dried for 5 min, and then treated with Pro-
tease IV for 30 min at room temperature.

Dissociated cells were prepared from animals incubated for
1 hr in calcium-free ASW (133) containing 2 mM EGTA
(Sigma-Aldrich) and 0.25% trypsin (Gibco). The animals were
rinsed twice in normal ASW, transferred to ASW mixed 1:1
with 0.97 M mannitol, and then triturated with a glass pipette
until the suspension appeared homogeneous. Samples of the
cell suspension were transferred to Superfrost Plus Gold glass
slides (Thermo Fisher Scientific). The sample were kept at
room temperature for 1 hr and then frozen by plunging into
tetrahydrafuran on dry ice and kept overnight. The slides were
transferred to methanol with 4% formalin initially at −20 and
then at room temperature, each for 30 min. The samples were
rinsed twice in methanol, once in ethanol, and rehydrated by
incubation in 90%, 70%, and 50% ethanol in PBS, each for
5 min. The samples were rinsed twice with PBS and then
treated with Protease III for 15 min at room temperature.

Hybridization was performed with an RNAscope Multiplex
Fluorescent assay according to supplier’s instructions using the
following RNAscope probes: TCaV1 (# 442461), TCaV2
(#442471), TCaV3 (#488711; 442481-C2), and Trichoplax
FoxC (# 30534-C2). Samples were counterstained with WGA
conjugated to CF405M (Biotium; 1:200 in PBS for 30 min) or
DAPI (2 min), mounted in ProLong Gold antifade reagent
(Invitrogen) and examined with an LSM 880 AiryScan
confocal microscope (Carl Zeiss Microscopy LLC). Labeling
with each probe was done at least twice; the results of inde-
pendently repeated experiments were similar. Cell types in
dissociated cell samples were identified based on their
distinctive features: mucocytes by intense cytoplasmic WGA
staining; dorsal epithelial cells by possession of small WGA-
stained cortical granules; ventral epithelial cells by their
columnar shapes; and fiber cells by their possession of a large
autofluorescent inclusion or by expression of FoxC.
In vitro expression of cDNAs and electrophysiological
recording

Detailed procedures for culturing and transfecting HEK-
293T cells were described previously (24, 25, 74). For elec-
trophysiological experiments, cultured cells in 25-cm2 vented
flasks were transiently transfected with either 1 μg of the
pTCaV1-IR-EGFP plasmid, 0.5 μg of the rCaV1.2 plasmid (74),
or 1 μg of the pTCaV2-IR-EGFP plasmid (5), along with 1 μg
each of the rat CaVβ1b and CaVα2δ1 subunit cDNAs cloned
into the mammalian expression vector pMT2 (61). In order to
hyperpolarize the resting membrane potential of transfected
HEK-293T cells below the window current range of the TCaV1
channel, 0.5 μg of the mouse Kir2.1 inwardly rectifying po-
tassium channel cDNA cloned into the expression vector
pcDNA3.1 was included in all transfections (62). For experi-
ments involving co-expression of the Trichoplax and rat CaV
channels with a nonfunctional CaM bearing four mutant EF
hand motifs (CaM1234), the expression plasmid pCaM1234-IR-
EGFP (Addgene) was modified to exchange and replace the
EGFP coding sequence with that of the red fluorescent protein
DsRed2 from the plasmid pIRES2-DsRed2 (Clontech), using
compatible restriction enzyme sites BamHI and NotI. The
resulting pCaM1234-IR-DsRed2 construct permitted identifi-
cation of cells co-expressing the Trichoplax CaV channels and
EGFP from the bicistronic pIRES2-EGFP plasmid and CaM1234

plus DsRed2 from the pIRES2-DsRed2 plasmid. For these ex-
periments, 1 μg of the pCaM1234-IR-dsRed2 construct was
included in transfections used for general electrophysiology
experiments as indicated above. For control conditions, this
construct was excluded, allowing for endogenously expressed
WT CaM to interact with and regulate the in vitro expressed
channels as previously documented (83). To determine the
effects of excluding either the rat CaVβ1b or CaVα2δ1 subunits,
or both, on TCaV1 channel biophysical properties, HEK-293T
cells were transfected with 1 μg of the pTCaV1-IR-EGFP,
0.5 μg of Kir2.1 cDNA, and either 1 μg of the rat CaVβ1b
subunit or CaVα2δ1 subunit. For experiments involving
G-proteins, transfections were carried out using 1 μg of
pTCaV1-IR-EGFP, 1 μg each of rat CaVβ1b and CaVα2δ1 sub-
unit cDNAs, 1.5 μg of the Trichoplax Gβ1 subunit cDNA, and
0.5 μg of each of the three Trichoplax Gγ subunit cDNAs
(Gγ1-Gγ3) previously cloned into the pIRES2-DsRed2 vector
(5). All transfections were performed using PolyJet transfection
reagent (SignaGen Laboratories), according to the manufac-
turer’s instructions for 4 to 6 h, after which cells were washed
and transferred to a 37 �C incubator overnight. The next day,
cells were treated with trypsin (Sigma-Aldrich), plated onto
tissue culture–treated 35-mm cell culture dishes (Eppendorf),
and incubated at 37 �C overnight or at 28 �C for 2 to 3 nights.
For patch clamp experiments, media were aspirated from
culture dishes, and these were washed and filled with 3 ml of
appropriate extracellular recoding solution.

For whole-cell patch clamp recording of macroscopic Ca2+

currents, an extracellular recording solution containing
140 mM tetraethylammonium chloride (TEA-Cl), 2 mM
MgCl2, 3 mM CaCl2, 10 mM glucose, and 10 mM Hepes (pH
7.4 with TEA-OH, 320 mOsM with glucose) was used. Elec-
trodes were filled with pipette solution containing 120 mM
CsCl, 1 mM MgCl2, 10 mM Hepes, 10 mM EGTA, 4 mM Mg-
ATP, and 0.3 mM Li-GTP (pH 7.2 with CsOH, 300 mOsM
with glucose). For pharmacology experiments, a 300 mM stock
solution of Cd2+ was prepared by dissolving powder in ultra-
pure water. 100 mM stocks of R(+)-BayK 8644, S(-)-BayK 8644
(Alomone Labs Ltd), and Nifedipine (Millipore Sigma), as well
as a 10 mM stock of Isradipine (MilliporeSigma) were made by
dissolving powders in dimethylsulfoxide. Stock solutions were
diluted with the 3 mM external Ca2+ solution to the final
working concentrations. The dimethylsulfoxide concentration
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in the working solutions did not exceed 0.1%. For WT CaM
and CaM1234 experiments, the external solution contained
140 mM TEA-Cl, 5 mM CaCl2 or BaCl2, and 10 mM Hepes
(pH 7.3 with TEA-OH, 300 mOsM with glucose), and the
internal solution contained 140 mM CsCl, 1 mM MgCl2,
10 mM Hepes, 4 mM Mg-ATP, as well as either 0.5 mM
EGTA or 10 mM BAPTA (pH 7.3 with CsOH, 290 mOsM with
glucose). Unless otherwise indicated, all reagents for electro-
physiological saline solutions were obtained from Milli-
poreSigma and were of >99% purity.

To perform whole-cell patch voltage-clamp recordings, an
Axopatch 200B amplifier (Axon Instruments) and a Digidata
1440A digitizer controlled with pCLAMP 10 software (Mo-
lecular Devices) were used. Pipettes were pulled using a Sutter
P-1000 micropipette puller from thick-walled borosilicate
capillary tubes (1.5-mm outer and 0.86-mm inner diameter,
Sutter) and fire polished with a Narishige MF-900 Microforge
to obtain a pipette resistance between 2 to 5 MΩ. With the
exception of the repetitive depolarization protocols (see
below), series resistance was not compensated, and recordings
were sampled at 10 kHz. The recordings were filtered offline at
500 Hz and leak-subtracted (baseline adjustment) using the
pCLAMP software. For recordings of the deactivation kinetics,
a P/4 leak subtraction protocol was performed to remove the
capacitative currents. Only recordings that had minimal access
resistance and minimal leak currents (i.e., <10% of peak in-
ward current) were used for analyses. For the repetitive de-
polarization protocols, the peak current amplitudes were
determined by depolarizing the cell membrane to 0 mV for
500 ms (i.e., the “step pulse”). For the train of depolarization
pulses, 70 % series resistance compensation was obtained, and
a P/4 leak subtraction protocol was performed for all the re-
cordings. Currents were sampled at 100 kHz and filtered off-
line at 5 kHz. To determine the charge, currents were
integrated over the 1 s period of train depolarizations (i.e., the
area under individual inward peaks was summed) using
pClamp, and the results were expressed in picocoulombs, pC.
The integral was then divided by the peak current amplitude
elicited by a 500 ms step pulse to +5 mV to obtain pC/pA.
Only the area under the tail currents was used to calculate pC/
pA to avoid any artifacts of leak subtraction.

For pharmacology experiments, the Valvelink8.2 gravity
flow Teflon perfusion system (Auto-Mate Scientific) was used.
Normalized conductance values were obtained by trans-
forming peak current–voltage data using Equation 1, where
Gion is the conductance for Ca2+ at a given command voltage
(Vcommand), Ipeak is the peak amplitude of the macroscopic
inward current, and Eion is the Ca2+ reversal potential deter-
mined by linear extrapolation of the ascending components of
the current–voltage data.

Gion ¼ Ipeak
Vcommand−Vion

(1)

Tau (τ) values for quantifying kinetics of channel activation,
inactivation, and deactivation were obtained by mono-
exponential/biexponential curve fitting of current traces with
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the pCLAMP software using Equation 2. Here, A is the
amplitude, τ is the time constant, C is the y-offset constant, n is
the number of terms, and i represents each component.

f ðtÞ¼
Xn

i¼1

Aie
− t
τiþC (2)

To quantify kinetics of channel recovery from inactivation, τ
values were obtained by fitting a biexponential function
(Equation 3) on the data using the software package Origin
2016. Here, y0 represents the offset, A1 and A2 represent
current amplitudes, and t1 and t2 represent time constants.
Tau values were calculated based on Equation 4 and averaged
to obtain τ1 ± SD and τ2 ± SD

y¼ y0þ A1e
−x=t1þ A2e

−x=t2 (3)

τ1 ¼ t1×lnð2Þ τ2 ¼ t2×lnð2Þ (4)

Boltzmann functions (Equation 5) were fitted over
conductance and inactivation curves to obtain V1/2 and the k
slope factor values. In this equation, A1 and A2 represent the
initial and final values, respectively, x0 is the center of the
curve, and dx is the time constant. Mean V1/2 ± SD was ob-
tained by averaging x0 values, and mean k ± SD was obtained
by averaging dx values.

y¼ A1−A2
1þeðx−x0Þ=dx

þA2 (5)

IC50 and Hill coefficient values for Cd2+ dose–response
curves were determined by fitting monophasic dose–
response curves over the data (Equation 6). A1 and A2
represent the bottom and top asymptotes, logx0 represents the
center of the curve, and the p value is the hill slope. The
mean ± SD of the Hill coefficients were calculated by averaging
p values, and the IC50 values were calculated using Equation 7
and averaged to obtain the mean ± SD. All V1/2, k, IC50, and
Hill coefficient values were calculated using Origin 2016
(OriginLab).

y¼ A2−A1
1þ10ðlogx0−xÞp

(6)

IC50 ¼ 10logx0 (7)

Statistical analyses

Data are expressed as mean ± SD. All statistical analyses
(ANOVAs and Student’s t tests) were performed using Sig-
maPlot 14.0 (Systat Software Inc, San Jose, CA).

Data availability

All data are contained in this manuscript with the exception
of the gene sequence for the cloned Trichoplax CaV1 channel
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cDNA that is available on GenBank with accession number
MW915585.
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