Early Evolution of the Eukaryotic Ca”* Signaling Machinery:
Conservation of the CatSper Channel Complex

Xinjiang Cai,*' Xiangbing Wang,' and David E. Clapham***

'Division of Endocrinology, Metabolism and Nutrition, Department of Medicine, Rutgers Robert Wood Johnson Medical School,
New Brunswick, NJ

’Howard Hughes Medical Institute, Department of Cardiology, Boston Children’s Hospital, Boston, MA

3Department of Neurobiology, Harvard Medical School, Boston, MA

*Corresponding author: E-mail: caixinj@gmail.com; dclapham@enders.tch.harvard.edu.

Associate editor: Joel Dudley

Abstract

Calcium signaling is one of the most extensively employed signal transduction mechanisms in life. As life evolved into
increasingly complex organisms, Ca”>* acquired more extensive and varied functions. Here, we compare genes encoding
proteins that govern Ca’* entry and exit across cells or organelles within organisms of early eukaryotic evolution into
fungi, plants, and animals. Recent phylogenomics analyses reveal a complex Ca>* signaling machinery in the apusozoan
protist Thecamonas trahens, a putative unicellular progenitor of Opisthokonta. We compare T. trahens Ca’" signaling to
that in a marine bikont protist, Aurantiochytrium limacinum, and demonstrate the conservation of key Ca’* signaling
molecules in the basally diverging alga Cyanophora paradoxa. Particularly, our findings reveal the conservation of the
CatSper channel complex in Au. limacinum and C. paradoxa, suggesting that the CatSper complex likely originated from

an ancestral Ca’* signaling machinery at the root of early eukaryotic evolution prior to the unikont/bikont split.

Key words: animals, calcium channels, calcium signaling, CatSper, eukaryotes, evolution.

Calcium ions (Ca*) serve as a universal signal to modulate
almost every aspect of cellular function in bacteria
(Dominguez 2004), plants (Kudla et al. 2010), fungi (Zelter
et al. 2004), and animals (Berridge et al. 2003; Clapham 2007).
The core principles of Ca®* signaling emerged very early in the
life processes of bacteria (Case et al. 2007; Verkhratsky and
Parpura 2014). The appearance of eukaryotes with intracellu-
lar organelles and the independent evolution of multicellular
organisms from diverse ancestral unicellular lineages (Rokas
2008) prompted the refinement of versatile and complex
Ca”* signaling systems, which provide precise spatial and tem-
poral control of Ca** concentration.

Although the basic principles of Ca®* signaling appear to
be universal in eukaryotes (Shemarova and Nesterov 2005),
the components of the Ca”* signaling machinery exhibit sig-
nificant differences among distinct groups of organisms such
as animals (Clapham 2007), plants (Nagata et al. 2004; Verret
et al. 2010), and fungi (Zelter et al. 2004). In large skeletal and
cardiac muscle cells, a highly distributed intracellular Ca®*
store, released by ryanodine receptor channels, was coupled
directly or indirectly to plasma membrane voltage-gated Ca®*
(Cay) channels (Amador et al. 2013). Another specialized dis-
tribution system along the sperm flagella evolved via the
sperm-specific CatSper Ca’* channels that are critical for
sperm cell hyperactivation (Lishko et al. 2012). It has been
argued that in contrast to the complex Ca’* signaling
machinery in animals, plants and fungi have adopted more
simplified Ca** signaling cascades to suit their physiological
requirements (Nagata et al. 2004; Zelter et al. 2004). The origin
and evolution of these distinct Ca®* signaling machineries has

remained a long-standing question—they might have
evolved independently of one another, or they might share
the same evolutionary origin in the last common unicellular
ancestor with subsequent lineage-specific evolution after
divergence.

Recent phylogenomics studies of close unicellular relatives
of metazoans including two choanoflagellates Monosiga bre-
vicollis and Salpingoeca rosetta and the filasterean Capsaspora
owczarzaki have revealed the presence of ancestral signaling
molecules previously thought to be restricted to animals
(King et al. 2008; Sebe-Pedros et al. 2011; Fairclough et al.
2013; Suga et al. 2013). Monosiga brevicollis also has an exten-
sive Ca’" signaling system resembling that in animals
(Cai 2008). Animals, fungi, and their unicellular relatives
form the eukaryotic supergroup Opisthokonta (Stechmann
and Cavalier-Smith 2002; Steenkamp et al. 2006; Ruiz-Trillo
et al. 2008). The apusozoan protist, Thecamonas trahens, is a
putative unicellular progenitor of Opisthokonta (Cavalier-
Smith and Chao 2010). We recently identified a complex
ancestral Ca’" signaling network in T. trahens that thus pre-
dates the divergence of animals and fungi (Cai and Clapham
2012).

The eukaryotic root has been hypothesized to be placed
between Unikonta, the eukaryotic supergroup composed of
Opisthokonta and Amoebozoa, and Bikonta, the eukaryotic
supergroup including Archaeplastida (plants and relatives)
and Chromalveolata (fig. 1), and other groups (Stechmann
and Cavalier-Smith 2002; Burki and Pawlowski 2006; Derelle
and Lang 2012). Comparative genomics studies of several
plant, algal, and other bikont species showed the conservation
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Fic. 1. Distribution of Ca®* signaling molecules in eukaryotes. (A) Comp

trahens (Cai and Clapham 2012). Shown are representative classes of Ca®*

rehensive Ca”* signaling network in the apusozoan protist Thecamonas
signaling molecules previously known to be animal specific, such as

CatSper channels and K*-dependent Na*/Ca”* exchangers, or fungal/plant specific, such as CAXs, or ubiquitous, such as mitochondrial Letm1 Ca/H
exchangers (Tsai et al. 2014), from three recently analyzed genomes—T. trahens, the choanoflagellate Monosiga brevicollis (Cai 2008), and the basal
fungus Allomyces macrogynus (Cai and Clapham 2012), as well as genomes of Homo sapiens, Neurospora crassa, Arabidopsis thaliana, and

Cyanidioschyzon merolae (Wheeler and Brownlee 2008; Verret et al. 20

10). (B) Schematic diagram illustrating the evolutionary history of the

marine thraustochytrid protist Aurantiochytrium limacinum and the basally diverging alga Cyanophora paradoxa (Price et al. 2012) in Bikonta.
Inferred from the Tree of Life project (http://www.tolweb.org/, last accessed July 11, 2014) and recent references on the eukaryotic tree (Burki and
Pawlowski 2006; Derelle and Lang 2012). Letm1, leucine zipper-EF-hand containing transmembrane protein 1.

and divergence of many Ca®* signaling molecules such as Cay,
channels, transient receptor potential (TRP) channels, and
ligand-gated channels among animals, fungi, plants, and
many unicellular organisms (Wheeler and Brownlee 2008;
Verret et al. 2010; Chan et al. 2011). Thus, it has been dem-
onstrated that many components of the Ca”* signaling ma-
chineries in animals, plants, and fungi likely emerged from
early eukaryotic lineages before their divergence.

Several key types of Ca”* signaling molecules conserved in
T. trahens have not been extensively analyzed. For instance,
CatSper channels and Na*/Ca®* exchangers are present in T.
trahens, the basal fungus Allomyces macrogynus and most
animals but are absent in land plants such as Arabidopsis
thaliana, Cyanidioschyzon merolae (a unicellular red alga),
and most fungi (fig. 1A). To elucidate whether the ancestral
Ca”* signaling network shown in T. trahens is also preserved
in bikonts, we examined related genomic databases of organ-
isms in Bikonta to search for homologs of Ca** signaling
molecules.

An Extensive Ca’* Signaling Machinery in
Aurantiochytrium limacinum

Aurantiochytrium limacinum is a common marine thrausto-
chytrid protist within the class of labyrinthulomycetes, which
is one of the earliest diverging lineages in the phylum of
stramenopiles (Riisberg et al. 2009) (fig. 1B). We found that
the genome of Au. limacinum encodes Ca”* signaling machin-
ery as comprehensive as that in T. trahens (fig. 2 and
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Fic. 2. Ca’" signaling machinery in Aurantiochytrium limacinum. The
evolutionary relationship of A. limacinum is inferred from the Tree of
Life project (http://www.tolweb.org/) and the JGI genome portal (http://
genomejgi-psf.org/Aurli1/Aurlilhomehtml, last accessed July 11, 2014).
Aurantiochytrium limacinum life stages include colonies of vegetative
cells or zoospores with heterokont flagella (http://systbio.konan-uacjp/
labybase/Aurantiochytrium_limacinum_life_cyclehtml, last accessed
July 11, 2014). CatSper, sperm-associated cation channel; CNG, cyclic
nucleotide-gated channel; CysLoop receptors, cysteine-loop ligand-
gated receptor; IP; receptor, inositol 1,4,5-trisphosphate receptor;
Letm1, leucine zipper-EF-hand containing transmembrane protein 1;
MCU, mitochondrial Ca** uniporter; MICU, mitochondrial EF hand
Ca”* uniporter regulator; NC(K)X, Na*/Ca”* (K*-dependent) exchanger;
P2X receptor, P2X purinergic receptor; PMCA, plasma membrane Ca®*
ATPase; SERCA, sarco/endoplasmic reticulum Ca’" ATPase; SPCA, se-
cretory pathway Ca”" ATPase.

supplementary fig. 1, Supplementary Material online) includ-
ing CatSper channels, Cay channels, ligand-gated channels,
second messenger-gated channels, and TRP channels.
Components of the animal Ca’*-release-activated Ca®*
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channel complex—stromal interaction molecules (STIM) and
Orai channels—are absent in Au. limacinum and T. trahens.
Both Au. limacinum and T. trahens possess intracellular ion
channels—inositol 1,4,5-trisphosphate receptors and two-
pore channels but not ryanodine receptors. In addition, Au.
limacinum and T. trahens contain a complete set of Ca®"
exchange systems—Ca”* ATPases and three classes of the
cation/Ca’" exchangers (Cai and Lytton 2004)—the K*-inde-
pendent Na*/Ca”* exchangers, the K*-dependent Na*/Ca”*
exchangers, and the Ca’*/H* exchangers (CAXs). Here, we
focus our analysis on the early evolution of the CatSper chan-
nel complex. Description of Ca®" signaling molecules other
than the CatSper complex is discussed in Supplementary
Material online.

The CatSper Ca’* Channel Complex

The typical “9 + 2” motile flagellum in human spermatozoa is
conserved across species and likely evolved in the last
common ancestor of all eukaryotic organisms (Mitchell
2007). Studies of flagellar axonemes have focused on sperm
cells from unikont model organisms—marine invertebrates
such as sea urchins and tunicates and also in bikont protists
such as Chlamydomonas and Paramecium (Inaba 2011). Basic
flagellar motility is controlled by the active sliding of paired
outer doublet microtubules coupled with ATP hydrolysis by
axonemal dyneins, which does not require the elevation of
Ca”* concentration or even an intact plasma membrane. In
contrast, Ca>" is necessary for complex flagellar activities such
as capacitation, chemotaxis, and hyperactivated motility
(Lishko et al. 2012).

As the most biochemically complex ion channel known
to date, the CatSper complex is located in the principle
piece of the sperm flagellum (fig. 3A). Ca** influx through
CatSpers is essential for sperm cell hyperactivated motility
and male fertility in mammals (Lishko et al. 2012). CatSpers
are present in sea urchins and tunicates but have not been
identified previously in any bikonts (Cai and Clapham
2008).

Except in the basal fungus A. macrogynus (Cai and
Clapham 2012), all known CatSper channel complexes are
composed of four pore-forming « subunits. Loss of either of
the four o subunits by gene knockout results in male infertility
and the complete loss of the whole protein complex (Qi et al.
2007). Similarly, numerous cases of lineage-specific simulta-
neous loss of all four CatSper « subunit and auxiliary subunit
genes are present throughout metazoan evolution (Cai and
Clapham 2008). The mammalian CatSper complex also con-
tains at least three auxiliary subunits—CatSper- 8, CatSper-y,
and CatSper-§, all of which are sperm-specific transmem-
brane proteins (Lishko et al. 2012).

We found that Au. limacinum contains the same compo-
nents of the CatSper channel complex in T. trahens; these
include the pore-forming o subunits 1-4, auxiliary 8 and y
subunits, and a distantly related homolog of the § subunit
(figs. 2 and 3B and C, supplementary fig. S1, Supplementary
Material online). The loop regions containing the key acidic
residue aspartate are highly conserved in CatSper « subunits
from Au. limacinum to humans (fig. 3D), suggesting the high

Ca”* selectivity observed in mammalian CatSpers is likely re-
tained in Au. limacinum. The sequence regions outside the
transmembrane segments and the pore loop of CatSpers are
poorly conserved across species, which possibly indicates that
modulation of complex flagellar motility differs in a species-
specific manner.

The highly conserved composition of the CatSper complex
between Unikonta and Bikonta suggests that CatSpers might
play an important role in regulating flagellar activity in ances-
tral protists prior to the beginning of eukaryotic radiation,
much earlier than previously thought (Cai and Clapham
2008). Alternatively, it remains a possibility that the presence
of the CatSper complex in Au. limacinum might be caused by
a horizontal gene transfer event from basal fungal species. In
humans and in A. macrogynus, sperm cell motility can be
regulated by Ca’* influx in response to progesterone
(Lishko et al. 2011; Strunker et al. 2011) or sex pheromones
(Pommerville et al. 1990), respectively. Activation of
the CatSper complex by environmental signals such as pro-
gesterone and pH changes induces Ca®* influx in human
sperm.

Thraustochytrid protists reproduce solely by means of bi-
flagellate zoospores (fig. 2) (Raghukumar and Damare 2011).
It is conceivable that in thraustochytrid protists such as Au.
limacinum, modulation of cell motility by the CatSper com-
plex prompts biflagellate zoospores to move toward environ-
mental cues (Fan et al. 2002). The CatSper complex is absent
in most bikonts and fungi. Although the basic “9 + 2" flagel-
lar structure is highly conserved across bikonts and unikonts,
the protein composition of flagellar axonemes and signal-
ing cascades that regulate flagellar motility may have been
modified to fit different physiological environments (Inaba
2011).

The CatSper channel pore-forming o subunits and NC(K)X
and CAXs are believed to be closely related to their prokary-
otic counterparts, the NaChBac Na* channel (Clapham and
Garbers 2005), and the YRBG exchanger (Philipson and Nicoll
2000), respectively. The identification of these genes in Au.
limacinum and T. trahens supports a prokaryotic genesis of
ancestral eukaryotic signaling systems (Shpakov and Pertseva
2008). It is speculated that gene duplication gave rise to four
unique CatSper channel pore-forming « subunits and three
classes of exchangers—K*-dependent Na*/Ca>* exchangers,
K*-independent Na*/Ca>* exchangers, and CAXs. Indeed,
two diatom genomes contain four and three copies of
NaChBac-type channels, which are believed to have been ac-
quired through horizontal gene transfer of an ancestral
NaChBac-like channel from a prokaryote into the common
ancestor of diatoms, followed by subsequent gene
duplications (Verret et al. 2010). Notably, these diatom
NaChBac-type channels exhibit sequence divergence that
might render them more selective for Ca’*, a function
adapted for the CatSper complex. Recent phylogenetic
analyses of ion selectivity between animal and bacterial
ion channels also suggest that NaChBac-type bacterial chan-
nels are closely related to CatSper channels (Liebeskind et al.
2013).
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Fic. 3. Identification of CatSper channels in Aurantiochytrium limacinum. (A) Schematic representation of mammalian spermatozoa. The CatSper
channel complex is located at the principle piece that is critical for Ca®*-modulated sperm motility. (B) Distribution of CatSpers in select bikont species.
Aurantiochytrium limacinum contains CatSper o subunits 1-4, whereas the exact number of CatSper « subunit in Cyanophora paradoxa is unknown
due to incomplete genome assembly. (C) Phylogenetic relationship of CatSper « subunits. A maximum likelihood phylogenetic tree (LG+1+G+F
model) showing the relationship of protist and animal homologs of CatSper « subunits 1-4 from the thraustochytrid protist A. limacinum (Ali), the
amphioxus Branchiostoma floridae (Bfl), Homo sapiens (Hsa), Mus musculus (Mus), and the apusozoan protist Thecamonas trahens (Ttr). NaChBac, a
prokaryotic voltage-gated Na* channel isolated from Bacillus halodurans (Ren et al. 2001), was used as an outgroup. Bootstrap values above 60 are
shown at the nodes. (D) Sequence alignment of the pore loop regions of NaChBac and CatSper « subunits from A. limacinum (Ali) and H. sapiens (Hsa).
The asterisk symbol indicates the location of a key acidic residue important for ion selectivity. CatS, CatSper o subunit.

Conservation of Key Components of Ca>*
Signaling System in Cyanophora paradoxa

The glaucophyte Cyano. paradoxa is a basally diverging, pho-
tosynthetic freshwater alga that emerged before the diver-
gence of green plants and red algae (Price et al. 2012). The
land plant Ar. thaliana and the unicellular red alga C. merolae
are known to retain very simplified Ca”* signaling networks
(Verret et al. 2010) (fig. 1A). We found conservation of several
key Ca”* signaling molecules in the Cyano. paradoxa genome
including homologs of CatSper channels, Cay channels, and
TRP channels, all of which are absent in Ar. thaliana and C.
merolae (figs. 1A and 3B and supplementary fig. ST,
Supplementary Material online). Cyanophora paradoxa
lacks homologs of P2XRs, inositol 1,4,5-trisphosphate recep-
tors, and NC(K)X exchangers, which are all present in
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Au. limacinum and T. trahens. The identification of CatSper
homologs in two bikont groups—Archaeplastida (Cyano.
paradoxa) and Chromalveolata (Au. limacinum)—further
supports the ancestral evolution of the CatSper complex.

In summary, we have demonstrated that the bikont protist
Au. limacinum possess an extensive Ca>* signaling machinery
comparable to that in the unikont protist T. trahens.
Consistent with previous reports (Wheeler and Brownlee
2008; Verret et al. 2010), our findings also suggest that the
extensive network of Ca>* signaling molecules observed in
animals originated in ancestral protists before the eukaryotic
radiation, prior to the divergence of animals, fungi, and plants.
The ancestral Ca** signaling machinery containing the
CatSper channel complex is generally conserved in the lineage
leading to animals and can also be occasionally identified in
very few protists such as T. trahens and Au. limacinum.
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Although many ancestral Ca>* signaling molecules were sub-
sequently lost during the evolution of modern protists, plants
and fungj, traces of relatively conserved Ca®* signaling systems
harboring CatSpers can still be found in basally divergent
species, for instance, the basal chytridiomycete fungus A.
macrogynus (Cai and Clapham 2012) and the basally diverg-
ing glaucophyte Cyano. paradoxa. Characterization of the
function and regulation of these ancestral homologs will pro-
vide novel insight into the understanding of their physiolog-
ical roles and the evolution of the ancestral Ca®* signaling
machinery.

Supplementary Material

Supplementary information and figures S1 and S2 are avail-
able at Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).
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