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Abstract

Cellular Ca®>* homeostasis is tightly regulated and is pivotal to life. Inositol 1,4,5-trisphosphate receptors (IP;Rs) and
ryanodine receptors (RyRs) are the major ion channels that regulate Ca’* release from intracellular stores. Although these
channels have been extensively investigated in multicellular organisms, an appreciation of their evolution and the biology
of orthologs in unicellular organisms is largely lacking. Extensive phylogenetic analyses reveal that the IP;R gene super-
family is ancient and diverged into two subfamilies, IP;R-A and IP;R-B/RyR, at the dawn of Opisthokonta. IP;R-B/RyR
further diversified into IP;R-B and RyR at the stem of Filozoa. Subsequent evolution and speciation of Holozoa is
associated with duplication of IP;R-A and RyR genes, and loss of IP;R-B in the vertebrate lineages. To gain insight
into the properties of IP;R important for the challenges of multicellularity, the IP;R-A and IP;R-B family orthologs
were cloned from Capsaspora owczarzaki, a close unicellular relative to Metazoa (designated as CO.IP;R-A and CO.IP;R-
B). Both proteins were targeted to the endoplasmic reticulum. However, CO.IP;R-A, but strikingly not CO.IP;R-B, bound
IP;, exhibited robust Ca’* release activity and associated with mammalian IP;Rs. These data indicate strongly that
CO.IP;R-A as an exemplar of ancestral IP;R-A orthologs forms bona fide IP;-gated channels. Notably, however,
CO.IP;R-A appears not to be regulated by Ca®*, ATP or Protein kinase A-phosphorylation. Collectively, our findings
explore the origin, conservation, and diversification of IP;R gene families and provide insight into the functionality of

ancestral IP;Rs and the added specialization of these proteins in Metazoa.
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Introduction

Since the origin of life in the primordial ocean, calcium ions
(Ca®) have played pivotal roles in the survival, proliferation
and growth of all life forms (Case, et al. 2007; Plattner and
Verkhratsky 2013; Verkhratsky and Parpura 2014). Both pro-
karyotes and eukaryotes have evolved complex molecular
systems of buffers, channels, transporters, pumps, and ex-
changers to ensure Ca®" homeostasis and enable the regula-
tion of downstream effectors (Berridge, et al. 2000; Berridge,
et al. 2003; Verkhratsky and Parpura 2014). The appropriate
spatiotemporal activation of Ca** sensitive effectors, in turn,
is utilized to coordinate a myriad of cellular activities
(Berridge, et al. 2003; lino 2010). To control Ca®* influx and
extrusion, the plasma membrane in eukaryotes is studded
with Ca>* permeable channels including voltage-gated and
ligand-gated Ca®* channels, plasma membrane Ca®* ATPase,
store-operated Ca”* channels, and transient receptor poten-
tial (TRP) channels (Catterall 2000; Clapham 2007; Gees, et al.
2010; Brini, et al. 2012). Furthermore, the acquisition of intra-
cellular membranes and evolution of organelles have enabled

eukaryotes to sequester Ca>* and establish intracellular stores
that can be emptied and refilled as needed (Berridge, et al.
2000; Case, et al. 2007; Plattner and Verkhratsky 2013;
Verkhratsky and Parpura 2014). These Ca’* stores are
equipped with pumps which replenish the stores and thus
maintain low intracellular [Ca®*], and channels which when
gated, direct the flow of Ca”* into the cytoplasm. The inositol
1,4,5-trisphosphate receptors (IP5Rs) and ryanodine receptors
(RyRs) are the main protein families that regulate Ca** release
from intracellular stores (Fill and Copello 2002; Foskett, et al.
2007). In mammals, IP;Rs are encoded by three different
genes (ITPR1, ITPR2, and the ITPR3) and the proteins are
expressed in a distinct but overlapping manner in various
tissues. IPsRs form homo- and heterotetrameric channels,
which are predominantly localized in membranes of the en-
doplasmic reticulum (ER) (Bezprozvanny 2005; Foskett, et al.
2007). The RyR family also consists of three distinct genes
(RyR1, RyR2, and RyR3) that similarly assemble to form tetra-
meric channels and mediate Ca®" release from sarcoplasmic
reticulum and ER (Fill and Copello 2002). RyR1 is enriched in
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skeletal muscle, whereas RyR2 is primarily expressed in cardiac
muscle. RyR3 is widely expressed in various tissues but en-
riched particularly in the brain (Giannini, et al. 1995).
Although IP;R and RyR are structurally related, they are mod-
ulated differently (Fill and Copello 2002; Foskett, et al. 2007).
IP5Rs are activated by IP; produced in response to the stim-
ulation of cell surface receptors (Berridge, et al. 2000; Foskett,
et al. 2007). RyR channels are stimulated primarily by Ca**,
whereby small elevations of Ca”* in the vicinity of the RyR
channels trigger channel activation and amplification of Ca®*
signals (Fill and Copello 2002). IP;R and RyR-mediated Ca®*
release is essential to mammalian life (Futatsugi, et al. 2005)
and is involved in regulating a plethora of cellular activities
including metabolism, cell cycle, muscle contraction, fertiliza-
tion, endocytosis, exocytosis, phagocytosis, and apoptosis
(Berridge, et al. 2000; Fill and Copello 2002). Mutations of
members of IP;R and RyR families have been associated
with many debilitating human diseases (Betzenhauser and
Marks 2010; Bezprozvanny 2011).

Although the molecular components of Ca®* handling ap-
paratus have been extensively investigated in many multi-
cellular eukaryotes, very scarce information is available on
their counterparts in unicellular organisms (Bezprozvanny
2005; Zhang, et al. 2007). However, several recent bioinfor-
matics and phylogenetic studies that surveyed the sequenced
genomes of a diverse array of unicellular eukaryotic species
have revealed a rich repertoire of genes encoding proteins
predicted to be involved in Ca®* signaling and which had
previously been widely presumed to be unique to higher an-
imals (Cai 2008; Cai and Clapham 2008, 2012; Cai, et al. 2014).
Although these studies have highlighted sequence conserva-
tion of a number of components of the unicellular Ca** ma-
chinery, functional verification of the annotated genes is still
lacking. Indeed, dissecting the function of molecules from the
presumed unicellular ancestors has potential to provide
meaningful insights into how diverse organisms adapt and
respond to their environment (King 2004). In addition, given
the universality of Ca>* signaling, studying the conservation
and innovations of the Ca®* signaling machinery can shed
new light on the emergence and evolution of multicellular
organisms from unicellular ancestors. Specifically, whether the
transition from unicellularity to a multicellular existence is
accompanied by more sophisticated Ca®" systems or novel
regulatory modes is not known. More importantly, under-
standing how these pathways have functioned and shaped
early life forms will help better address many outstanding
pathophysiological questions.

Here, we have traced the evolutionary history of IP;R and
RyR by searching the complete genomes or transcriptome
sequences of 102 taxa representing all eukaryotic super-
groups. To our knowledge, this represents the most compre-
hensive phylogenetic analyses of IP;R and RyR performed to
date. Furthermore, we have cloned and characterized two
IP3R orthologs, designated CO.IP;R-A and CO.IP;R-B (belong-
ing to the IP;R-A and IP;R-B subfamilies) from the filasterean
Capsaspora owczarzaki, a close relative to Metazoa
(Ruiz-Trillo, et al. 2004; Steenkamp, et al. 2006; Ruiz-Trillo,
et al. 2008; Torruella, et al. 2012). We demonstrate that
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CO.IP;R-A, but not prominently CO.IP;R-B, is an authentic
IP;-gated Ca’* release channel. However, in contrast to meta-
zoan IP3Rs, we show that CO.IP;R-A activity is not promi-
nently modulated by the key regulators: ATP, Ca**, or Protein
kinase A (PKA) phosphorylation. These data imply that the
acquisition of these modes of regulation might be a special-
ization of metazoans. In total, our findings provide a compre-
hensive view of the evolution of IP;R and RyR channels and
offer the first glimpse to the functionality of IP3Rs that are
believed to be the relatives of animal IP3Rs, which diverged in
antiquity.

Results

Evolutionary History of IP;Rs and RyRs

We studied the evolutionary history of IP;R/RyR proteins in
eukaryotes. In particular, we searched the complete genomes
or transcriptomes of 102 taxa representing all eukaryotic su-
pergroups (supplementary table S1, Supplementary Material
online). Our phylogenetic analyses (supplementary figs. S1
and S2, Supplementary Material online) indicate that IPsRs
are an ancient eukaryotic gene family, which was secondarily
lost several times independently within eukaryotes, especially
in Bikont lineages (including Rhizaria, Glaucophyta,
Embryophyta, and Rhodophyta). The family diverged into
two paralog subfamilies (IP;R-A and IP;R-B/RyR) at the
stem of Opisthokonts (fig. 1). The family further diversified
at the stem of Filozoa, which includes Metazoa,
Choanoflagellata, and Filasterea. Thus, IP;R-B/RyR gave rise
to IP;R-B and RyR, the latter with a unique protein domain
architecture that largely differs from the canonical IP;R
domain architecture (fig. 1). Our analysis shows that the an-
cestral IP3R has a unique domain structure, shared by most
extant eukaryotic IP;Rs, including the IP;R-A and IP;R-B/RyR
subfamilies, and is composed of a recognizable N-terminal IP5-
binding domain, a MIR domain, two RYDR-ITPR domains, a
RIH-associated domain, and a C-terminal ion transport
domain. One particular Bikont group, the ciliates (repre-
sented here by Paramecium tetraurelia and Tetrahymena
thermophila), exhibits a massive expansion of IPsRs, with
tens of homologs that broadly cluster in the phylogeny into
two different groups (supplementary fig. S1, Supplementary
Material online). The independent losses observed in several
eukaryotic lineages (with the current taxon sampling) and the
great expansion of ciliates highlight the plasticity of this
family. Interestingly, all IP;R subfamilies were secondarily
lost in almost all fungi. Indeed, we could only identify a pu-
tative IP;R-B/RyR in two zygomycetes, but both IP;R-A and
IP3R-B/RyR are clearly present in Nuclearids, the sister group
to Fungi (supplementary fig. S2, Supplementary Material
online). Our findings support the premise that the three fam-
ilies are present in almost all filasterean, choanoflagellate, and
metazoan species examined, except for the ctenophore
Mnemiopsis leyidi that has lost both RyR and IP;R-B, and
Homo sapiens that has lost IP;R-B (as have all vertebrates).
We next analyzed the conservation of functional amino
acid motifs in these three gene families (supplementary table
S2, Supplementary Material online). We found that most of
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Fic. 1. Reconstruction of IP;R/RyR evolution in eukaryotes. Color lines represent the origin and presence of a particular gene and its diversification into
paralog subfamilies. Red crosses indicate secondary losses. The consensus domain architectures of IP;Rs and RyR are shown in the upper left. The tree
represented eukaryotic tree is a consensus from the studies (Derelle and Lang 2012; He, et al. 2014). "Lost in vertebrates. *Lost in most fungj, except two

Zygomyceta species (Mucor circinelloides and Phycomyces blakesleeanus).

these motifs are conserved in unicellular holozoans, including
C. owczarzaki, but the degree of conservation in nonholozo-
ans is much lower. Interestingly, many IP;R-Bs examined con-
tain only seven of the ten basic residues that are required for
IP; binding in mammalian cells (Yoshikawa, et al. 1996).
Supplementary table S2, Supplementary Material online,
also shows that many IP;R-Bs have very divergent selectivity
filter sequences. In addition, our broad taxon sampling reveals
that the amino acid motif in the putative ion conduction
pathway which is characteristic of IP;R (motif GGGVGD)
and RyR (motif GGGIGD) does not strictly separate both
subfamilies through taxa, as IP3Rs from various species, includ-
ing many invertebrates, express the GGGIGD motif instead of
the GGVGD sequence (supplementary table S2,
Supplementary Material online). The ion conduction pore is
envisaged to consist of four aspartic acid residues, one from
each subunit, forming a ring that binds calcium in the tetra-
meric channel (Boehning, et al. 2001). The four valine residues
are thought to determine the size of the pore and thus the
conductance. A valine to isoleucine mutation in mammalian
IP3R bestowed the mutant IP3R channel with higher conduc-
tance but did not change the selectivity for divalent cations
(Boehning, et al. 2001). In contrast, mutating isoleucine in the

RyR GGIGD motif to valine resulted in lower RyR conduc-
tance (Gao, et al. 2000). In any case, RyRs always have the
GGGIGD motif, except in the sponge Amphimedon queen-
slandica and the sea urchin Strongylocentrotus purpuratus,
where GGGIGD is replaced by GGGIAD. In summary, despite
sharing the general protein domain architecture (fig. 1), IP;R-
A and IP3R-B subfamilies show important differences in key
amino acid motifs (supplementary table S2, Supplementary
Material online), which likely explain the differences in func-
tion observed between these two IP5R types (see below).

Expression of CO-IPsR-A, CO-IP3R-B, and RyR in

C. owczarzaki

Capsaspora owczarzaki (fig. 2A) is a single-celled eukaryote
that lives as a symbiont in the freshwater snail, Biomphalaria
glabrata, which is the intermediate host of the human path-
ogen Schistosoma mansoni (Stibbs, et al. 1979; Owczarzak,
et al. 1980; Hertel, et al. 2002). However, the growing interest
in C. owczarzaki biology is not simply due to its medical rel-
evance but because of its phylogenetic position as closely
related to Metazoa, together with choanoflagellates (Ruiz-
Trillo, et al. 2004; Steenkamp, et al. 2006; Ruiz-Trillo, et al.
2008; Torruella, et al. 2012). Comparative genomics of these
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Fic. 2. Expression and modulation of Capsaspora owczarzaki CO.IPsR-A, CO.IP;R-B, and RyR. (A) Scanning electron microscopy micrograph of C.
owczarzaki filopodial stage amoeba. (B) Expression of COIPsR-A, CO.IPsR-B, RyR, and GAPDH genes in C. owczarzaki determined by RT-PCR. (C)
Representative semiquantitative RT-PCR of CO.IPsR-A, CO.IP;R-B, and RyR in C. owczarzaki growing under control (C) or starvation (S) conditions.
GAPDH served as a loading control. (D) Histograms generated from densitometric quantification of DNA gels as shown in (C). Values were normalized
to the controls. Data represent mean =+ SD of >3 independent experiments. (E) A schematic diagram depicting the three stages of C. owczarzaki life
cycle: Aggregative, filopodial, and cystic stages. (F) Expression of COIPsR-A, CO.IPsR-B, and RyR genes in different life stages of C. owczarzaki. Barplots
indicate the FPKM values of each gene in the different stages color-coded as in (E). Asterisks indicate that the gene is significantly differentially expressed
in both (two asterisks) or only one (one asterisk) pairwise comparison (aggregative vs. fillopodial and aggregative vs. cystic). Bars show standard error.

unicellular eukaryotes have been instrumental in illuminating
the genetic and biochemical innovations that have contrib-
uted to the rise and diversity of multicellular animals (King,
et al. 2008; Sebe-Pedros, et al. 2011; Fairclough, et al. 2013;
Suga, et al. 2013). The genome of C. owczarzaki encodes sev-
eral components of the Ca** signaling machinery (Cai and
Clapham 2012). These include two IP;R-like genes (designated
as CO.IP;R-A and CO.IPsR-B), a single ryanodine receptor
(RyR), a two-pore channel, TPR channels, Na*/K" exchanger,
and Orai. To gain insight into the biology of premetazoan
Ca”* machinery, we focused on CO.IP;R and RyR channels in
C. owczarzaki. We initially assessed the expression of these
genes using reverse transcription polymerase chain reaction
(RT-PCR) with a set of gene-specific primers and total RNA
isolated from C. owczarzaki cells harvested in log-growth
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phase. Figure 2B shows that under these conditions, C. owc-
zarzaki expressed CO.IP;R-A, CO.IP5R-B, and RyR in addition
to the house-keeping gene glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH).

Differential Expression of CO-IPsR-A, CO-IP3R-B, and RyR

IP5Rs expression levels and activity have been shown to un-
dergo significant regulation during various developmental
and metabolic conditions in numerous organisms and in dif-
ferent cell types (Taylor, et al. 1999; Hashimoto, et al. 2013).
Furthermore, although C. owczarzaki is thought to adopt a
symbiotic existence, it is not clear whether it ventures into
freshwater and lives as free-living amoeba where it might
encounter nutrient fluctuations (Stibbs, et al. 1979
Owczarzak, et al. 1980; Hertel, et al. 2002). To investigate
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whether the expression of CO-IP;R-A, CO-IP;R-B or RyR is
regulated in response to environmental cues, C. owczarzaki
cells were grown in either complete culture medium or water
for 24 h. Previous studies have indicated that C. owczarzaki
can survive in spring water up to 5 days (Stibbs, et al. 1979).
Total RNA was isolated and semiquantitative RT-PCR was
performed to determine the relative transcriptional levels of
Co.IP;R-A, CO.IP;R-B, and RyR. Figure 2C and D shows that
the expression levels of Co.IP3R-A, and RyR but not CO.IP;R-B
were significantly downregulated by nutrient deprivation. The
level of GAPDH did not change upon treatment. These data
indicate that the expression of these genes is regulated differ-
ently in response to environmental cues and thus suggest
that there might be a link between the function of these
genes and metabolic adaptation. Moreover, we have shown
previously that C. owczarzaki has three stages in its life cycle
(fig. 2E) (Sebe-Pedros, et al. 2013). The filopodial stage repre-
sents a freely motile amoeba exhibiting long filopodia extend-
ing in every direction from the cell body. Capsaspora
owczarzaki enters the cystic stage when it withdraws its filo-
podia and forms smaller round-shaped double-walled cysts
(Stibbs, et al. 1979; Sebe-Pedros, et al. 2013). In the aggregative
stage, population of cells becomes enmeshed in extracellular
matrix. The transition from one stage to the other is associ-
ated with significant transcriptional modulation. Specifically,
it has been shown that the aggregative stage is associated with
upregulation of genes implicated in metazoan multicellularity
(Sebe-Pedros, et al. 2013). To examine the expression levels of
CO.IPsR-A, CO. IP;R-B, and RyR in the three life stages of
C. owczarzaki, total RNA was isolated and RNA sequencing
libraries were constructed and sequenced using next genera-
tion sequencing. Figure 2F shows that RyR is upregulated in
the filopodial stage. C. owczarzaki IP5Rs are reciprocally ex-
pressed: CO.IP;R-A is upregulated in the filopodial and aggre-
gative stages, whereas CO.IP3R-B is upregulated in the cystic
stage only. Although this study does not address the specific
functions of CO.IP5R-A and CO.IP5R-B in C. owczarzaki, this
clear distinct expression pattern of the individual proteins
suggests a subspecialization of function of these two subfa-
milies of IPsR in C. owczarzaki.

Generation of Stable Cell Lines Expressing CO.IPsR-A
and CO.IP;R-B

As exemplars of the behavior of an important component of
the C. owczarzaki Ca®* signaling machinery, we cloned the
coding sequences of CO.IP;R-A and CO.IP3R-B. CO.IP;R-A is
9,699 bp encoding a 3,232-amino acid protein with an appar-
ent molecular weight of 352kDa, whereas CO.IP;R-B is
7,962 bp and encodes a 2,653-amino acid protein with an
estimated molecular weight of 298 kDa. Both constructs
were fused with an HA tag and expressed in DT40-3KO,
chicken B-lymphoma cell lines that are devoid of any endog-
enous IP;Rs (Sugawara, et al. 1997). Figure 3A shows an im-
munoblot analysis of cell lysates prepared from DT40-3KO
expressing the indicated constructs. HA-reactive bands of ap-
propriate molecular mobility were detected in CO.IP;R-A and

CO.IP;R-B, and as expected no HA immunoreactivity was
detected in the DT40-3KO.

CO.IP;R-A, but not CO.IP;R-B, is an IP5-Gated Ca**
Release Channel

IP5 Binds Only to CO.IP;R-A

The structure of mammalian IPsR1 can be divided into three
functional domains: The N-terminal ligand-binding domain
(amino acids 1-604), the central regulatory domain (amino
acids 605-2275), and the C-terminal channel domain (amino
acids 2276-2749) containing six membrane spanning regions
and the cytosolic tail (Bezprozvanny 2005). Multiple sequence
alignment of the deduced amino acid sequences of CO.IP;R-A
revealed 15.5% amino acid identity and 27% amino acid sim-
ilarity with CO.IP;R-B. However, rIP;R1 shares 37.4% identity
and 47.6% similarity with CO.IPsR-A, and 18.3% identity and
31.8% amino acid similarity with CO.IP3R-B. In addition, com-
paring the ligand-binding domain of rlP;R1 reveals a 61.6%
identity and 73.5% similarity with that of CO.IP;R-A, and
20.6% identity and 34.9% similarity with that of CO.IP;R-B.
The relative differences in the degree of conservation between
mammalian IP;R, representative of IP;R-A paralogs, and
CO.IP;R-A and CO.IP;R-B are again suggestive of distinct
subspecialization of IP;R-B family members.

Furthermore, there are ten basic residues in the ligand-
binding core that are proposed to form a binding pocket to
accommodate the negatively charged [P; molecule
(Yoshikawa, et al. 1996). All ten residues, constituting the
IPs-binding pocket are conserved in CO.IP3R-A; however,
only seven are present in CO.IP;R-B (supplementary fig.
S3A and table S2, Supplementary Material online). In light
of the overall amino acid conservation and in particular the
similarity of the ligand-binding domain, we sought to deter-
mine whether the C. owczarzaki IP3R proteins bind IP;. HA-
tagged CO.IP3R-A and CO.IP;R-B were immunopurified and
specific binding capacity was determined as detailed in
Materials and Methods. Figure 3A shows that CO.IPsR-A
specifically bound radioactive IP5. In contrast, radioactivity
associated with CO.IP;R-B was comparable to beads alone.
These data indicate that CO.IPsR-A, but not CO.IP5R-B,
indeed binds the natural ligand of IP3Rs. To better appreciate
the binding potency of CO.IP;R-A, the protein was immuno-
purified and incubated with increasing concentrations of cold
IP5. Figure 3B shows a competitive IPs-binding assay and in-
dicates that CO.IP3R-A exhibits an ECs, of 68 + 25 nM, com-
parable to that of mammalian IP;R1 (Cui, et al. 2004). In total,
the ability of CO.IP;R-A to bind [H]IP; is entirely consistent
with the precise conservation of structural determinants re-
quired for IP; binding between CO.IP;R-A and mammalian
IP5Rs. These findings also indicate that the absence of posi-
tively charged residues corresponding to K249, R265, and
R269 in rIP5R1 is sufficient to render the CO.IP;R-B IP; insen-
sitive (Yoshikawa, et al. 1996). Given the lack of absolute
conservation of the IP;-binding pocket in any IP;R-B family
member, it is tempting to speculate that IP;R-B family mem-
bers may not be activated by IP; and are specialized for dis-
tinct, as yet undetermined functions.
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Fic. 3. Generation of stable cells and assessing ligand binding, functionality and subcellular localization of CO.IP;R-A and CO.IP5R-B. (A) Blot: Lysates
prepared from DT40-3KO or DT40-3KO cells stably expressing HA-tagged CO.IP;R-A or CO.IPsR-B were fractionated on 5% SDS-PAGE and processed in
immunoblots with HA11 antibodies. Representative experiment is shown. Histograms: HA-tagged CO.IP;R-A and CO.IP;R-B were immunopurified and
incubated with tritiated IP; without or with cold IP;. Bound radioactivity as CPM was measured by scintillation. Protein A/G agarose beads were used as
negative control. Total specific binding was determined by subtracting CPM in the presence of cold IP; from CPM in its absence. (B) HA-tagged
CO.IPsR-A was immunopurified and incubated with tritiated IP; and increasing concentrations of cold IPs. Specific binding is determined by subtracting
CPM values obtained in the presence of 50 UM cold from the CPM values obtained with other conditions. Normalized specific binding from three to

(continued)
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IPs-Induced Ca® Release Only by CO.IP;R-A

The sequence comparison between the C-terminal regions of
CO.IP3R-A and CO.IP;R-B and mammalian IP3Rs shows a sig-
nificant conservation of certain motifs essential for mamma-
lian IPsR activity (supplementary fig. S3B, Supplementary
Material online). Even though hydropathy analyses revealed
more hydropathic stretches toward the C-terminus of both
CO.IP3R-A and CO.IP;R-B consistent with the known IP;R
structure, their topological structures could not reliably be
determined using in silico approaches. Therefore, the location
and number of transmembrane (TM) helices will await future
experimental studies. Notably, amino acid sequences corre-
sponding to the fifth TM domain, pore helix, and the pore
lining helix are very conserved (supplementary fig. S3B,
Supplementary Material online). Interestingly, sequence align-
ment reveals the presence of the characteristic selectivity filter
in the putative channel pore in CO.IP;R-A but not CO.IPsR-B.
However, CO.IP;R-A contains the motif GGIGD instead of the

signature sequence GGVGD typical of mammalian IP3Rs (sup-
plementary table S2, Supplementary Material online, but see
above). As such, the relatively high degree of amino acid
identity and structural homology between CO.IP;R-A and
CO.IP3R-B and mammalian IP3R suggest that these C. owczar-
zaki proteins might have the necessary molecular constitu-
ents to assemble and behave as genuine IP;-gated Ca”* release
channels.

We therefore next investigated whether CO.IP;R-A or
CO.IP;R-B is capable of forming functional IP;-gated Ca®*
release channels. The intracellular [Ca®*]; was measured in
DT40-3KO cells stably expressing HA-tagged CO.IP;R-A or
HA-tagged CO.IP;R-B as detailed in Materials and Methods.
Cells were stimulated with 500 nM trypsin to activate the G-
protein coupled, protease-activated receptor (PAR) and
induce IP5 formation. The resting [Ca>*] was not significantly
different in DT40-3KO or in DT40-3KO expressing CO.IP3R-A,
CO.IP3R-B or rlP3R1 suggesting that C. owczarzaki proteins do

A
i he CO.IP,RB
 Flag [T
-] CO.IP,R-A
D
0.003_
B 0.0025
WE: HA | wet == | CO.IP,R-B B
IP:HA 0.002 ]
WB: CTH
iPHA | b rP.R1 0.0015 |
Q&. f 0.001]
& ¢F
\3\0 0.0005 |
Cc 0L selieem ——

CO.IP,R-A/  CO.IP,R-B/ CO.IP.R-A/
CO.IP,R-B rlP.R1 riP.R1

Fic. 4. Oligomerization of CO.IPsR-A and CO.IP;R-B. HEK293T was transfected with flag-tagged CO.IP;R-A and HA-tagged CO.IPsR-B (A), HA-tagged
CO.IPsR-B and rlP;R1 (B) or HA-tagged CO.IP;R-A and rlP;R1 (C). Lysates were prepared from transfected cells and immunoprecipitated with the
indicated antibodies. Mock-immunoprecipitates were carried out identically but with the omission of the immunoprecipitating antibody. The input and
immunoprecipitates were processed in immunoblots and visualized by LI-COR Odyssey infrared imaging system. Representative experiments are
shown. (D) Histograms depicting quantification of coimmuoprecipitated proteins shown in (A)—(C). The relative immunoreactivities of proteins were
quantified and expressed as the ratios of coimmunoprecipitated proteins normalized to the amounts of the coimmunoprecipitated proteins in the
input and divided by the immunoprecipitated proteins. Data are presented as mean &= SD of >3 independent experiments.

Fic. 3. Continued

four experiments were averaged and used for nonlinear curve fitting. (C) DT40-3KO or DT40-3KO stably expressing various IP3R constructs were loaded
with Fura-2AM, and stimulated with 500 nM trypsin to induce IP; formation. Ca®* release was measured as a change in the 340/380 fluorescence ratios.
Ratio values were normalized to the initial baseline. Shown are representative Ca>* traces from the indicated cell lines. (D) Bar graphs depict the average
maximum change over basal 340/380 fluorescence ratios resulting from trypsin stimulation of cells expressing the indicated constructs. Experiments
were repeated at least three times with greater than 40 cells analyzed in each experiment. Data are presented as mean = SE. HEK293 cells coexpressing
Venus-UBC6 along with CO.IPsR-A-mCherry (E) or CO.IPsR-B-mCherry (F) were grown on glass coverslips, fixed with methanol, mounted on a slide.
Images were captured using two-photon confocal microscopy.
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not disrupt ER integrity or form leaky channels (data not
shown). As shown previously, DT40-3KO cells do not respond
to PAR activation being devoid of any IP;R. In contrast, stim-
ulation of rIP;R1 expressing cells elicited a marked increase in
[Ca®*]; (fig. 3C and D). Remarkably, cells expressing CO.IPsR-A
responded robustly to PAR activation. However, cells express-
ing CO.IP;R-B were not responsive, even to higher concen-
trations of trypsin (fig. 3C and D, and data not shown).
Interestingly, cells expressing CO.IPsR-A produced a very char-
acteristic spear-shaped transient that fell to a plateau before
decaying. Experiments performed in the absence of extracel-
lular Ca®* indicate that CO.P;R-A mediated Ca”* release
from internal stores (data not shown). Additional experi-
ments show that HA-tagged, Flag-tagged as well as
mCherry-tagged CO.IP;R-A mediate Ca’* release, which is
not significantly different from nontagged CO.IP;R-A suggest-
ing that these tags do not interfere with channel function
(data not shown). In total, these findings strongly demon-
strate that CO.IP;R-A binds IP; and forms bona fide IP5R-
sensitive Ca** channels like the related mammalian IP;R-As,
whereas CO.IP5R-B does not bind IP; and thus does not form
IP;R-sensitive Ca®* channels under these experimental con-
ditions. Whether CO.IPsR-A and B function as IPs-senstive
Ca”* release channels in C. owczarzaki remains formally to
be established.

Subcellular Localization CO.IP;R-A and CO.IP5R-B in
Mammalian Cells

Mammalian IPsRs are predominantly ER-resident proteins.
However, studies have shown that IP;Rs may also be targeted
to the Golgi apparatus, secretory vesicles, and plasma mem-
brane (Vermassen, et al. 2004). In addition, recent functional
and immunostaining studies have shown that IP;R in
Trypanosoma brucei is localized to acidocalcisomes and
IP;R-like proteins have been shown to reside in the various
subcompartments of the osmoregulatory system of P. tetra-
urelia (Ladenburger, et al. 2009; Huang, et al. 2013). To analyze
the subcellular distribution of CO.IP;R-A and CO.IP5R-B,
fusion proteins containing mCherry at the C-terminus of
CO.IP3R-A and CO.IP;R-B were transiently expressed in
HEK293 cells. A vector encoding mCherry protein alone
was used as a control. Supplementary figure S4,
Supplementary Material online, shows that although the
mCherry protein is homogeneously distributed in both nu-
cleus and the cytoplasm, the distribution of the fusion pro-
teins containing CO.PsR-A  and CO.P;R-B  was
predominantly perinuclear and reticular suggesting that
they were targeted to the ER. To confirm this ER localization,
CO.IP3R-A and CO.IPsR-B mCherry fusion proteins were tran-
siently expressed in HEK293 cells along with a Venus fluores-
cent protein fused to the C-terminal ER localization sequence
of UBC6 (Varnai, et al. 2005). Figure 3E and F clearly shows
colocalization of Venus-UBC6 with CO.IP5R-A and CO.IP5R-B
suggesting that the latter two constructs are targeted to the
ER membranes like their mammalian counterparts. Indeed, a
quantitative assessment of colocalization of the two fluoro-
phores using Pearson correlation coefficient yielded values
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greater than 0.93 (1.0 equates to a perfect positive correlation)
for Venus-UBC6 and either CO.IPsR-A or CO.IP5R-B, indicat-
ing strong correlation for the localization of each fluorophore-
tagged protein. Consistent with this localization, electron mi-
croscope studies have revealed that C. owczarzaki contains
typical eukaryotic intracellular organelles such as rough and
smooth ER, Golgi apparatus, phagosomes, lipid vacuoles, gly-
cogen droplets, and mitochondria (Stibbs, et al. 1979).
Therefore, whether CO.IP;R-A and CO.IP;R-B might also be
targeted to non-ER membranes will require further experi-
ments to immunolocalize these proteins in C. owczarzaki cells.

Oligomerization of CO.IP;R-A and CO.IP3R-B with
Mammalian IP5Rs

Mammalian IP3R subtypes form homo- and heterotetrameric
channels, which have been proposed to fine-tune and provide
added regulatory diversity to intracellular Ca®* signals
(Bezprozvanny 2005; Foskett, et al. 2007). It has been pro-
posed that the primary oligomerization determinants are lo-
cated in the TM domains TM5 and TM6 and secondary
oligomerization signals are located in TM1-4 (Joseph, et al.
1997). To determine whether CO.IP3R-A and CO.IP;R-B phys-
ically associate with each other or with mammalian IP5Rs,
coimmunoprecipitation experiments were performed. Total
HEK293 cell lysates containing flag-tagged CO.IP;R-A and
HA-tagged CO.IP;R-B were mock-immunoprecipitated with
protein A/G beads or immunoprecipitated with HA.11 anti-
bodies. Figure 4A and D demonstrates that CO.IP;R-A and
CO.IP;R-B only weakly interact in this cellular context. In ad-
dition, HA-tagged CO.IP;R-B did not associate with rIP;R1
(fig. 4B and D). In contrast, when coexpressed in HEK293
cells, HA-tagged CO.IPsR-A readily associated with rIP3R1
(g 4C and D) and rlPsR3 (supplementary fig. S5,
Supplementary Material online). These findings suggest
that, contrary to mammals, where heterotetramerization of
IP3R-A paralogs occurs, CO.IP;R-A and CO.IP;R-B are unlikely
to form heteromeric channels. These data emphasize the di-
vergence in structure of the IP;R-A and IP;R-B families and are
consistent with the independent expression patterns ob-
served during the C. owczarzaki life cycle. Establishing whether
CO.IP;R-A and CO.IP;R-B interact in vivo will await the de-
velopment of specific antibodies. Overall, our results indicate
that profound differences between the IP;R-A and IP;R-B
(not present in mammals) subfamilies are likely to exist.
Notably, however, these data clearly demonstrate that
COIP;R-A has conserved oligomerization interfaces compat-
ible with allowing the formation of heteromeric structures
with IP;R-A family members (represented by rIP;R1 and
rlP;R3) from distantly related mammals.

Regulation of CO.IP;R-A Activity

The central and largest region of IP;R molecule is called the
regulatory domain and it is the least conserved module
among mammalian IP;R isoforms (Bezprozvanny 2005;
Foskett, et al. 2007). This region couples ligand binding in
the N-terminus to the channel pore located at the extreme
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Fic. 5. Modulation of CO.IP;R-A by Ca”*. DT40.3KO cells expressing rIP;R1 (A) or COIPsR-A (B) were loaded with Mag-Flou4 and permeabilized.
1.5mM ATP was added to activate SERCA pumps and fill intracellular calcium stores. Cells were then stimulated with the indicated concentrations of
IP; in the absence (black traces) or presence of BAPTA (red traces). Fluorescence was normalized to the initial fluorescence intensity prior to release by
IP5. (C) Histograms depict maximum calcium release normalized and expressed as a percentage of control from experiments in (A) and (B).

C-terminus. It also serves as the binding sites for many im-
portant regulatory factors, such as ATP, Ca>*, phosphoryla-
tion, calmodulin, caspase, and phosphatases. The exact
boundaries of the regulatory domain in C. owczarzaki proteins
are not readily identifiable. In the following sections, we in-
vestigate whether a conserved structural and functional ca-
pability is present in CO.IP;R-A to participate in three modes
of regulation, which are highly important for shaping Ca**
signals through mammalian IP5Rs.

Regulation by Ca”*

It has been demonstrated that cytoplasmic Ca®" within the
physiological range provides both positive and negative feed-
back for IP;Rs and RyRs (Zucchi and Ronca-Testoni 1997;
Bezprozvanny 2005; Foskett, et al. 2007). At low [Ca®*] the
channel activity is potentiated, whereas it is inhibited at high
Ca’" concentrations. Several studies have documented that
this biphasic Ca®* regulation is a characteristic of IP;Rs from
different species representing insect, amphibian and mamma-
lian IP5Rs suggesting an evolutionary conserved mode of reg-
ulation (Bezprozvanny 2005; Foskett, et al. 2007). However,
the underlying molecular mechanism is not clearly under-
stood. Although in vitro studies have indicated that there
are several putative Ca”*-binding sites scattered throughout
the amino acid sequence of mammalian IP;R1, their roles in
mediating the receptor Ca’* sensitivity are still largely

unknown (Sienaert, et al. 1997). Nevertheless, there is a
well-conserved glutamate residue (E2100) in the regulatory
domain and its mutation dramatically alters Ca®* sensitivity
of mammalian IP5R (Tu, et al. 2003). Therefore, it has been
proposed that this glutamate is critical for the Ca®" sensor
region of IP;R. Interestingly, both C. owczarzaki IPsR proteins
contain a conserved glutamate residue homologous to the
mammalian E2100 (supplementary fig. S3C, Supplementary
Material online).

To determine whether CO.IP;R-A is modulated by Ca>* in
a manner similar to mammalian receptors, IP;-induced Ca®*
release was monitored in Mag-Fluo4-AM loaded DT40-3KO
cells expressing CO.IP;R-A or rIP;R1 as described in the
Materials and Methods. Ca®* release was initiated by exposure
to either 10 or 100 M IP; in the presence of either 50 nM or
1M [Ca’*]. These [Ca’*] were chosen as representative of
resting and maximally activated Ca®* in mammalian cells.
Figure 5A and C shows that the rate of rIP;R1-mediated
Ca”* release was inhibited by reducing extraorganellar Ca**,
suggesting that Ca”* is required for maximum channel acti-
vation consistent with previous findings (Zucchi and Ronca-
Testoni 1997; Bezprozvanny 2005; Foskett, et al. 2007).
However, under identical experimental conditions, Ca®" re-
lease mediated by CO.IP;R-A was not altered by the 20-fold
change in [Ca®*] (fig. 5B and C). These data suggest that
CO.P;R-A is not regulated by Ca®*, at least in an identical
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Fic. 6. Modulation of CO.IP;R-A by ATP. (A, B) DT40.3KO expressing CO.IP;R-A were loaded with Mag-Flou4 and permeabilized. 100 uM ATP was
added to activate SERCA pumps and fill intracellular calcium stores. Cells were then stimulated with the indicated concentrations of IP; in the presence
of 100 UM (A) or TmM ATP (B). Fluorescence was normalized to the initial fluorescence intensity prior to release by IP;. (C) Rate of calcium release
calculated from experiments in (A) and (B) by fitting the average time courses from the first 30 s of IP5 addition. (D) Rate of calcium release calculated
from experiments using cells expressing rIP;R1 performed as in (A)—(C). Rates were normalized to the maximum release rate. Three independent plates
were used. (E) DT40-3KO or DT40-3KO stably expressing wild-type CO.IP;R-A and CO.IP;R-AAATPB were loaded with Fura-2AM, and stimulated with
500 nM trypsin. Ca>* release was measured as a change in the 340/380 fluorescence ratios. Ratio values were normalized to the initial baseline. Shown

are representative traces.

manner to mammalian IPsR. This appears to occur despite
the fact that E2100 is conserved in mammalian and
Capsaspora orthologs and thus suggests that the particular
context of the binding motif is important. Further work will
be necessary to determine whether CO.IP;R-A is indeed ab-
solutely refractory to modulation by Ca>* or exhibits a shifted
sensitivity reflecting the specific cellular environment of the
organism.

Regulation by ATP

IP5Rs expressed in mammalian, amphibian, and arthopodan
lineages are regulated by ATP (Bezprozvanny 2005; Foskett,
et al. 2007; Yule, et al. 2010). It is thought that ATP binds to a
glycine rich motif (GXGXXG) termed the Walker motif.
Mammalian IP;R1 contains two such motifs termed ATPA
and ATPB. In addition, alternative splicing events can gener-
ate an additional glycine rich motif referred to as ATPC in
IP3R1 (Yule, et al. 2010). However, IP;R2 and IP3R3 contain
sequences corresponding only to ATPB. It has been shown
that although Ca’" release by mammalian IP;R1 and IP;R3 is
enhanced by ATP regardless of the IP; concentrations, IP;R2 is
regulated only at submaximum IP; concentrations (Yule, et al.
2010). CO.IP3R-A has one putative ATP-binding site corre-
sponding to the mammalian ATPB (supplementary fig. S3C,
Supplementary Material online). To investigate whether ATP
is required for CO.IP;R-A activity, Ca>* release was monitored
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in permeabilized DT40-3KO cells expressing CO.IP;R-A or
rlP;R1. Cells were loaded with Mag-Fluo4-AM. Ca®" release
was initiated by adding IP; in the absence or presence ATP.
Figure 6A—C shows that Ca’* release by CO.IP;R-A was not
potentiated in the presence of 1 mM ATP. However, rIP;R1-
mediated Ca®" release was significantly enhanced by ATP,
consistent with previous studies (fig. 6D) (Bezprozvanny
2005; Foskett, et al. 2007; Yule, et al. 2010). These data indicate
that under our experimental conditions CO.IP;R-A was not
modulated by ATP, unlike mammalian IPsRs. To confirm that
the putative ATP-binding motif is not required for Ca* re-
lease activity, the three glycines in the CO-IP;R-A putative
ATP binding (****GLGLLG****) were mutated to alanines. This
mutation has been shown to completely abrogate nucleotide
binding in mammalian IP;Rs (Yule, et al. 2010). When cells
expressing CO.IP;R-A mutant (CO.IP;R-A.AATP) were stim-
ulated with trypsin, robust Ca®* release activity was initiated
(fig. 6E). The amplitude of Ca’* release was essentially iden-
tical to that mediated by wild-type CO.IP;R-A (data not
shown). These findings suggest that this glycine-rich motif
sequence is not required for maximum CO.IP;R-A activity.

Regulation by Cyclic AMP-Dependent Protein Kinase

Mammalian IP;Rs are substrates for a wide variety of protein
kinases (Vanderheyden, et al. 2009; Yule, et al. 2010). In gen-
eral, protein phosphorylation can regulate protein
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localization, activity, stability or its interaction with other pro-
teins. PKA has been shown to enhance Ca** release activity of
both IP;R1 and IP3R2 by phosphorylating these proteins at
PKA consensus sites (Yule, et al. 2010). Scanning CO.IP;R-A
amino acid sequence for consensus PKA sites reveals a
number of putative sites located in the C-terminal half of
the protein (data not shown). Furthermore, the genome of
C. owczarzaki contains several sequences that encode puta-
tive PKA-like proteins (Suga, et al. 2013). To investigate
whether CO.IP;R-A is regulated by PKA, DT40-3KO cells ex-
pressing CO.IP3R-A or rIP;R1 were loaded with Fura-2AM and
loaded cells were preincubated with the adenylyl cyclase ac-
tivator, forskolin, or the vehicle dimethyl sulphoxide (DMSO)
DMSO. Figure 7A and B shows that PAR receptor-stimulated
Ca”* signals were significantly augmented by forskolin in cells
expressing rlP;R1 but not cells expressing CO.IP;R-A (fig. 7C).
These data demonstrate that under these conditions
CO.IPsR-A activity is not modulated by raising cellular
cAMP or PKA activation.

Discussion

The ability to strictly regulate intracellular Ca®* is essential to
the growth, development, and survival of all living organisms
(Plattner and Verkhratsky 2013). Eukaryotic cells are endowed
with complex systems controlling Ca>* entry and extrusion as
well as sequestration in intracellular stores (Verkhratsky and
Parpura 2014). Ca®* flow from internal stores is regulated by
two major intracellular release channel families, namely the
IP5Rs and RyRs (Fill and Copello 2002; Foskett, et al. 2007).
Notably, members of IP;R and RyR families are expressed
differentially in different cell types and have distinct func-
tional characteristics presumably suited to support the inte-
grated cellular networks of multicellular species (Giannini,
et al. 1995; Taylor, et al. 1999). Moreover, it is presumed
that the evolution of these intracellular Ca** release channels
coincided with the appearance of membrane-bound Ca®*
stores in early unicellular eukaryotes (Plattner and
Verkhratsky 2013; Verkhratsky and Parpura 2014). However,
the origin and history of IP;R and RyR remains poorly defined.
Nevertheless, it has recently been shown that many compo-
nents of Ca** signaling machinery are encoded in the ge-
nomes of many unicellular eukaryotes (Cai 2008; Cai and
Clapham 2008, 2012; Cai, et al. 2014). Whether, or how, uni-
cellular IP;R- and RyR-mediated signaling has contributed to
the evolution and success of multicellular organisms is pres-
ently unknown.

In this report, we have used the available genomic and
transcriptomic data from representative species along the
eukaryotic tree of life and performed phylogenetic analyses
to explore the origins of IP3R and RyR. Our data suggest that
the ancestral channels diverged into two paralogous families;
IP5R-A and IP;R-B/RyR at the dawn of Opisthokonta. At the
stem of Holozoa, IP;R-B/RyR gave rise to IP;R-B and RyR. The
signaling innovations associated with the holozoan origin
were correlated with duplication of IP;R-A and RyR genes
and loss of IP;R-B in vertebrates. However, the wide-spread
occurrence of IP;R-B alongside IP;R-A suggests that IP;R-B
may as well have vital biological functions in these extant
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Fic. 7. Modulation of CO.IP;R-A by cyclic AMP-dependent protein
kinase. (A) DT40.3KO expressing rIP;R1 were loaded with Fura-
2AM and plated into a 0.1% (w/v) polylysine coated 96-well
plate. Cells were preincubated with 5uM forskolin or DMSO fol-
lowed by the addition of the indicated amounts of PAR peptide to
activate PAR receptor. Ca’* traces were acquired and analyzed
using SoftMax Pro Microplate Software. Peak fluorescence for
each well was normalized to the baseline fluorescence and was
expressed as a percentage of the control maximum. Representative
traces are shown. (B) Quantification of Ca’* release expressed as
percent of maximum release in cells expressing rIPsR1 in response
to different PAR peptide concentrations. (C) Quantification of Ca**
release expressed as percent of maximum release in cells expressing
CO.PsR-A treated as in the (A) and (B).
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species. Indeed, the specific pattern of gene regulation of
CO.IP3R-B in C. owczarzaki and the indication that this pro-
tein may be regulated very differently from CO.IP;R-A sug-
gests distinct function for this protein.

The phylogenetic tree presented here indicates that the
IPsR/RyR gene family is present in almost all known eukary-
otes and is consistent with the view that this gene family is
pivotal for the adaptation required for the eukaryotic life style.
It is not clear why and how some eukaryotic taxa such as
terrestrial plants and most fungi do not contain any recog-
nizable IP;R/RyR gene. Nevertheless, the inability to identify
IP3R/RyR genes in plants and fungi might be due to substan-
tial divergence of these genes or incorporation of protein
domains by horizontal gene transfer. Indeed, recent studies
have shown that both plant and yeast cells exhibit IP5-evoked
Ca”" release suggesting the presence of IPs-sensing Ca”* re-
leasing channels (Tisi, et al. 2004; Krinke, et al. 2007).
Intriguingly, our phylogenetic analyses provide tantalizing ev-
idence that IP;R genes and thus IPs-induced Ca** signaling
predate RyR genes.

As an exemplar of a premetazoan species we investigated
the Ca®* signaling machinery of C. owczarzaki. It appears that C.
owczarzaki encodes two IP3R orthologs and one RyR, together
with several other proteins associated with Ca®* signaling, Our
findings demonstrate that CO.IP;R-A, CO.IP3R-B, and RyR are
expressed in C. owczarzaki and are differentially regulated both
in various stages of C. owczarzaki life cycle and under different
growth conditions. This suggests that it employs different com-
ponents of its Ca”* signaling machinery to meet metabolic and
environmental challenges. Amino acid sequence analyses of
CO.IP3R-A and CO.IP;R-B revealed a conservation of many
motifs characteristics of “modern” IPsRs. We cloned CO.IP5R-
A and CO.IP3R-B and expressed them in a heterologous cell
system. Although the two C. owczarzaki proteins appear to be
targeted to the ER, coimmunoprecipitation experiments indi-
cate that CO.IP;R-A and CO.IP5R-B do not associate with each
other and thus do not form heteromeric channels. CO.IP;R-A
association with rIP;R1 suggests that oligomerization inter-
faces are highly conserved. These results indicate conserved
molecular function between C. owczarzaki and mammalian
IP3R-A and, at the same time, suggest profound functional
differences between IP;R-A and IP5R-B.

Furthermore, our data reveal that CO.IP;R-A behaves like a
canonical IP;R in some respects. For example, CO.IP;R-A
binds IP; and is competent to mediate IP;-evoked Ca* re-
lease. In addition, although the potential impact on C. owc-
zarzaki is beyond the scope of this study, based on the motif
predicted to form the putative pore, Ca>* flux through the
pore of CO.IP;R-A would be predicted to be greater than
mammalian IPsR (Gao, et al. 2000; Boehning, et al. 2001).
On the other hand, CO.IP5R-B does not bind IP; and does
not mediate Ca’* release. That CO.IPsR-B does not support
Ca”* release may be explained by divergence in the primary
amino acid sequence at regions crucial for function. First,
CO.IP3R-B lacks three of the ten conserved basic residues
that have been shown to be critical for IP; binding and con-
sistent with this it does not bind IP5 (Yoshikawa, et al. 1996).
Second, CO.IP;R-B would be predicted to exhibit altered ion
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permeability as the sequence corresponding to the selectivity
filter is highly divergent and in fact has few similarities to any
known ion channels. However, it appears from our analysis
and published reports that multiple conserved motifs are
necessary for IP;-gated Ca®" channel activity. For example,
although CO.IP;R-B is not functional in DT40 cells, previous
studies have shown that IP5Rs from T. brucei and T. cruzi are
functional when expressed in this system (Hashimoto, et al.
2013; Huang, et al. 2013). Trypanosoma IPsRs lack many con-
served residues in their respective ligand-binding domains
however, as with mammalian IP5R and CO.IP;RA they have
a recognizable selectivity filter motif. Although the function of
CO.IP5R-B is unclear, it is tempting to speculate that CO.IP;R-
B may retain some of the other properties associated with
mammalian IP3R-A family proteins. This might include acting
as a scaffold for signaling protein complexes. Furthermore,
given that mammalian intracellular Ca>* channel activity is
modulated by a large number of cellular events including
redox state, the cytoplasmic ionic milieu, accessory proteins,
and many posttranslational modifications, it is possible that
CO-IP3R-B is specialized in the organisms that express these
proteins, to signal by predominately responding to alternative
factors other than changes in IP5.

It is presumed that IP;R serves as a signal integrator
whereby input from extracellular and intracellular stimuli is
converted into a Ca>* signal with specific temporal and spa-
tial properties (Berridge, et al. 2000; Berridge, et al. 2003;
Foskett, et al. 2007). This signal is, in turn, utilized to evoke
a specific biological response. In part, this is accomplished by
modulating IP3R channel activity. In many animal systems,
IP3R activity is modulated by the cellular pool of nucleotides,
reactive oxygen species, intracellular [Ca>*], phosphorylation,
and protein—protein interactions (Bezprozvanny 2005;
Foskett, et al. 2007; Yule, et al. 2010). As the IPsR molecule
is a premetazoan innovation, we investigated whether impor-
tant representative routes of regulation of IP3R are unique to
multicellular organisms. Experiments were conducted to in-
vestigate the regulatory activity of [ATP], [Ca**], and phos-
phorylation by PKA. Somewhat surprisingly, our data show
that although these events had predicable effects on rlP;R1,
the activity of CO.IP;R-A was unaffected. This might suggest
that regulation of IP;R by these factors is a metazoan sophis-
tication, necessary for maintaining signal fidelity in an envi-
ronment where more Ca’" effectors and regulated processes
have evolved. Nevertheless, a caveat associated with these
experiments is that the concentrations of Ca>* or ATP used
in our assays might be beyond the physiological threshold in
which CO.IP;R-A is most responsive. Further, CO.IP3R-A
phosphorylation by PKA might not lead to potentiation of
the channel activity but to some other regulatory outcome
not detected by our assay protocol.

In conclusion, our findings are consistent with the notion
that IP;R-A, IP;R-B, and RyR gene families evolved before the
rise of multicellularity. Our data suggest that although
CO.IPsR-A is gated by IP; and thus exhibits basic functionality,
it is not regulated by common cellular signals known to reg-
ulate IP5Rs in different multicellular species. Thus, CO.IP;R-A,
and perhaps ancient unicellular IP3Rs, might be functionally
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“less multifaceted” than the metazoan counterparts. The de-
velopmental and physiological requirements of multicellular
organisms might have necessitated an increase in the IP;R
responsiveness to internal and external metabolic signals.
Future studies are required to investigate the regulation of
IPsR-mediated Ca”* signaling in C. owczarzaki cells and other
unicellular species.

Materials and Methods

Reagents

Restriction enzymes were from New England Biolabs. Pfu
Ultra Il Hotstart 2X Master Mix was from Agilent.
PrimerScript First Strand c¢DNA synthesis kit was from
TaKaRa. Clone ID 1X Colony PCR Master Mix was from
Lucigen. Peptone was obtained from Bacto. Yeast extract
was from BD Transduction laboratories. KH,PO,, Na,HPO,,
yeast nucleic acid, folic acid, hemin, and monoclonal anti-Flag
M2 antibody were from Sigma. HA.11 monoclonal antibody
was purchased from Covance. Fetal bovine serum was from
Gemini Bio-products. T4 ligase and Dylight 700CW and
Dylight 800CW secondary antibodies were from Thermo
Scientific. Protein A/G Plus-agarose was from Santa
Cruz Biotechnology. DMEM (Dulbecco’s modified Eagle
medium), Roswell Park Memorial Institute (RPMI) 1640
media, chicken serum, beta mercaptoethanol, G418 sulfate,
and Trizol were from Invitrogen. Reagents used for sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) were purchased from Bio-Rad.

Phylogenetic Analyses

IP3R sequences were searched in complete genome or tran-
scriptome sequences of 102 taxa representing all known eu-
karyotic supergroups. Taxon sampling included 20 animals, 10
unicellular holozoans, 26 fungi, 2 nucleariids, 1 apusozoan,
4 amoebozoans, 7 plants, 5 chlorophytes, 3 rhodophytes, 9
heterokonts, 5 alveolates, 2 rhizarians, 1 haptophyte, 1 cryp-
tophyte, and 6 excavates (supplementary table S1,
Supplementary Material online). The identification of IP;R
sequences in all these species was done using HMMER
(Eddy 1998), searching with the hmm profiles of three Pfam
domains found in canonical IPsR: Ins145_P3_rec domain
(PF08709), RIH_assoc domain (PF08454), and RYDR_ITPR
domain (PF01365). This was in order to maximize the iden-
tification of partial sequences, which may contain only one of
these domains. A fasta file with all the identified sequences
(removing those redundantly found in the three HMMER
searches) is included in supplementary file S1,
Supplementary Material online. The identified sequences
were aligned using the Mafft L-INS-i algorithm, optimized
for local sequence homology (Katoh, et al. 2002), and manu-
ally inspected and edited. This resulted in a matrix containing
332 amino acid residues. Extremely diverging sequences were
removed from the alignment.

Maximume-likelihood phylogenetic trees were estimated by
RaxML (Stamatakis 2006) using the PROTGAMMALG model,
which uses the Le and Gascuel (LG) model of evolution (Le
and Gascuel 2008) and accounts for between-site rate

variation with a four-category discrete gamma approximation
(LG+T"). Statistical support for bipartitions was estimated by
performing 100-bootstrap replicates using RaxML with the
same model. Bayesian inference trees were calculated with
Phylobayes 3.3 (Lartillot, et al. 2009) using two parallel runs for
500,000 generations and sampling every 100 and with the
LG+I" model of evolution. Bayesian posterior probabilities
were used for assessing the statistical support of each
bipartition.

Capsaspora owczarzaki Culture and Maintenance

Capsaspora owczarzaki cells were maintained in ATCC
medium 1034 (Modified PYNFH medium). To make 11 of
complete medium, 10g peptone, 10g yeast extract, 1g
yeast nucleic acid, 15mg folic acid, and 1 mg hemin were
dissolved in 880 ml distilled H,O. After adjusting the pH to
6.5, the solution was sterilized by autoclaving at 121°C for
15 min. Before use, 100 ml of Fetal Bovine Serum (FBS) and
20 ml of buffer solution (18.1g KH,PO, and 25 g of Na,HPO,
dissolved in 11 distilled water and filter-sterilized) were added.

Semiquantitative RT-PCR

Capsaspora owczarzaki were grown in normal growth media
or under nutrient deprivation and were harvested 24 h later.
Total RNA was isolated using TRIzol (Invitorgen) following
the manufacturer’s instructions. To avoid amplifying any con-
taminating traces of genomic DNA, total RNA was treated
with DNA-free kit (Ambion). RNA was then used for first
strand synthesis using SuperScript Reverse Transcriptase |lI
(Invitrogen) according to the manufacturer’s protocol. The
relative transcriptional levels were determined using equal
amounts of cDNA and gene specific primers. PCR reactions
were carried out using Clone ID polymerase reaction mix and
were terminated during the exponential phase of the ampli-
fication. The primers are shown in supplementary table S3,
Supplementary Material online. GAPDH was used as a
control.

RNA Sequencing

The expression profiling and analyses were performed as de-
scribed previously (Sebe-Pedros, et al. 2013). In short, RNA
was extracted from three biological replicates of each of the
life stages of C. owczarzaki, using Trizol reagent. Strand-spe-
cific libraries were prepared and sequenced with HiSeq 2000
instrument (lllumina, San Diego, CA). Reads were aligned to
the reference genome using Tophat (Trapnell, et al. 2012)
with default options. Significant differential expression was
calculated by performing pairwise comparisons with DESeq
(Anders and Huber 2010) (threshold 1e-05), EdgeR
(Robinson, et al. 2010) (threshold 1e-05), CuffDiff (Trapnell,
et al. 2012) (threshold 1e-05), and NOISeq (threshold 0.8)
and only genes that appear to be significant at least in
three out of the four methods were considered as differen-
tially expressed.
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Cloning of CO.IP;R-A

Capsaspora owczarzaki cells growing in axenic conditions
were harvested by centrifugation and total RNA was isolated
using Trizol following manufacturer’s protocol. cDNA was
made using PrimerScript First Strand cDNA synthesis kit.
Cloning of CO.IP;R-A was made at two steps and using pri-
mers based on genomic data deposited in the Origins of
Multicellularity Database. A forward primer: (GATTATCGA
GATTCTCGAATTCATCAGCGATGTTCGGCTCGACTTTCGC)
(underlined is EcoRl site) and reverse primer:
(gettctagageggccgcCTAATCGTCAGCAGAAATCAGACTGTT
TCGGTTGCTGGAAGG) (Notl site underlined, stop codon in
bold) were used to amplify 6.2 kb corresponding to the c-
terminal part of the coding region of CO.IP;R-A. PCR product
was digested with EcoRl and Notl and the EcoRI-Notl frag-
ment was inserted into corresponding sites in pEGFP-N1
(Clontech) to create 62 pN1 with Enhanced Green
Fluorescent Protein (EGFP) deleted in this process. The
34kb corresponding to the N-terminal fragment of the
coding sequence was amplified using forward primer: (TAC
GTAGCTAGCGCCAGCATGAGCTCGCCTCGTTACTTGCGGC
TCGGCGATGTCGTGTC) which contains Nhel site (under-
lined) and Kozak sequence (in italic) in the context of the
start codon (in bold) to enhance expression, and reverse
primer (GCGAAAGTCGAGCCGAACATCGCTGATGAATTCG
AGAATCTCGATAATC) (EcoRl site underlined). The amplified
fragment was digested with Nhel and EcoRl and inserted into
correspondingly cut 6.2pN1 plasmid to obtain a plasmid
encoding the entire coding sequence. This construct was fur-
ther modified to insert a flag tag immediately after the initia-
tion methionine using a pair of primers: forward (CCGCTAGC
GCCACCATGGAT TACAAG GAT GAC GAT GAC AAGAGCT
CGCCTCGTTAC) and reverse (GTAACGAGGCGAGCTCTTGT
CATCGTCATCCTTGTAATCCATGGTGGCGCTAGCGG). To
create HA-tagged protein, the C-terminal end of the protein
was modified using forward: (CTGCTGACGATTAC CCA
TAC GAC GTC CCA GAC TAC GCTTAGGCGGCCGCGAC
TC) and reverse: (GAGTCGCGGCCGCCTAAGCGTAGTCTG
GGACGTCGTATGGGTAATCGTCAGCAG). To  construct
mCherry fusion protein, QuikChange mutagenesis was car-
ried out to engineer Xbal site just before the stop codon
using forward: (GATTTCTGCTGACGAtgcTCTAGATAGgcGG
CCGCGACTCTAG) and reverse: (CTAGAGTCGCGGCCgcCT
ATCTAGAgcaTCGTCAGCAGAAATC). Two extra nucleo-
tides were included so that the coding sequence is inframe
with mCherry protein. pmCherry-C1 (Clontech) was di-
gested with Nhel and Xbal, and the Nhel-Xbal fragment
encompassing mCherry coding region was inserted into
Xbal site engineered after CO.IP;R-A coding sequence
(Nhel and Xbal have compatible sticky ends). Finally, to
create CO.IP;R-AAATP, QuikChange mutagenesis protocol
was used to mutate three glycine into alanine in the po-
tential ATP-binding site (Z***GLGLLG***®) using forward: (C
TCGACCTCGGGCGCGCTCGCTCTGCTTGCCTTGTTLATCAA
Q) and reverse: (GTTGATaAACAAGGCAAGCAGAGCGAGC
GCGCCCGAGGTCGAG) (BssHII site underlined, introduced
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to facilitate screening). All constructs were verified by
sequencing.

Cloning of CO.IP;R-B

Two primers were used to amplify 2.6 kb coding for the most
C-terminal region of the coding sequence using forward (GGC
AACAAGGAATTCCAGCGCTCGTTTGAAAAGTTCT) which
contains an EcoRl site (bold) and Afel site (underlined) and
reverse (GCTTCTAGAGCGGCCGCTTAACGCCTGGCAGCAG
TGCGC) (Notl site underlined). The amplified fragment was
then digested with EcoRl and Notl site, gel-extracted, and
inserted into correspondingly digested pEGFP-N1 to generate
2.6pN1 with EGFP deleted in this process. The 5-kb fragment
corresponding to the N-terminal part of the gene was ampli-
fied using two primers: Forward (TACGTAGCTAGCGCCAGC
ATGCCGGCTGTCGCCAAGACCAAGAAGGGC), which con-
tains Nhel site (underlined) and reverse primer (CAAAAAG
AAGAATTCAAACGAGCGCTGGACTTCCTTGTTG),  which
contains EcoRl site (bold) and Afel site (underlined). The
PCR product was digested with Nhel and Afel and the purified
product was inserted into Nhel and Afel sites of 2.6pN1 to
create 7.6pN1 construct. The 277bp coding for the first
89amino acids was synthesized by GenScript and it was
flanked by Nhel sites. The pUC57 vector containing 227 bp
was digested with Nhel, and the fragment purified and in-
serted into correspondingly digested 7.6pN1 construct.
To remove extranucleotides added during this process, the
resultant construct was further modified using forward (CCA
GGCTCTCAAGAAGAAAATGCCGGCTGTCGCCAAGACCAA
G) and reverse (CTTGGTCTTGGCGACAGCCGGCATTTTCTT
CTTGAGAGCCTGG). To make HA-tagged CO.IP5R-B, the fol-
lowing primers were used to modify the 3'-end: Forward (CA
CTGCTGCCAGGCGTTACCCATACGACGTCCCAGACTACGC
TTAAGCGGCCGCGACTC) and reverse (TCTAGAGTCGCGG
CCGCTTAAGCGTAGTCTGGGACGTCGTATGGGTAACGCC

TGGCAGQ). Finally, CO.IP;R-B mCherry fusion protein was
constructed by inserting an Xbal site just before the stop
codon using a primer pair: Forward (GCTGCCAGGCGTCTA
GATAAGCGGCCGCGACTCTAG and reverse (CTAGAGTCGC
GGCCGCTTATCTAGACGCCTGGCAGC). pmCherry-C1 was
digested with Nhel and PspOMI and the Nhel-PspOMI frag-
ment encompassing mCherry coding region was inserted into
Xbal-Notl sites after CO.IP;R-B coding sequence (Notl and
PspOMI have compatible cohesive ends). All constructs were
verified by sequencing

Vertebrate Cell Culture and Transfection

DT40-3KO cell line, chicken B-lymphoid cell devoid of the
three endogenous IPsR isoforms, was maintained in RPMI
supplemented with 1% chicken serum, 10% fetal bovine
serum, 100 units/ml penicillin, 100 pg/ml streptomycin at
39°C, and 5%CO,. Cells were subcultured every 3 days.
Transfection and generation of stable cell line were performed
as described before (Alzayady, et al. 2013). Briefly, plasmids
coding for rat IP;R1 (rIP3R1), CO.IP;R-A, and CO.IP;R-B were
linearized with Nrul, Asel, and Aflll, respectively. Five million

GTOZ ‘0 aUNC U0 80US19S JO 3INHISU| ULeWZ BN T8 /610°S [euno [pJo Jxo-agu//:dny woJ) papecjumod


http://mbe.oxfordjournals.org/

Evolutionary History of IP3 Receptors - doi10.1093/molbev/msv098

MBE

cells were pelleted by centrifugation and washed once with
phosphate-buffered saline (PBS) and then electroporated
with 5-10 pg of linearized plasmid using Amaxa cell nucleo-
fector kit T (Lonza Laboratories). Cells were supplied with
fresh complete media and allowed to recover for 24h
before passaging into media containing 2 mg/ml G418 in
five 96-well plates. Immunoblot analyses were used to
screen G418-resistant clones for expression of the desired
constructs after 10-14 days.

HEK293 cells were grown at 37°C, 5% CO, in DMEM
supplemented with 100 units/ml penicillin, 100 pg/ml strep-
tomycin, and 10% fetal bovine serum. For transfection,
HEK293 cells were seeded at 500,000 cells per well in 6-well
plates. Cells were transfected next day with cDNA constructs
using lipofectamine2000 following the manufacturer’s proto-
col. Cells were harvested 24-48 h after transfection.

Cell Lysates and SDS-PAGE

Cells expressing the desired constructs were harvested by
centrifugation, washed once with PBS and lysed in Triton
X-100 lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM
Tris base,1mM ethylenediaminetetraacetic acid [EDTA],
pH8) supplemented with protease inhibitors (Roche).
Lysates were incubated on ice for 30 min with occasional
vortexing and were then cleared by centrifugation at
16,000 x g for 10 min at 4 °C. Cleared lysates were transferred
into fresh tubes and protein concentrations were determined
using D, protein assay kit (Bio-Rad). Proteins were fraction-
ated on SDS-PAGE, electroblotted on nitrocellulose and
probed with the indicated antibodies. Odyssey infrared imag-
ing system (LI-COR Biosciences) was used to visualize and
quantify protein bands.

Coimmunoprecipitation

HEK293 cells were cotransfected with the desired constructs as
described above. Forty-eight hours posttransfection, cells were
collected by scraping in PBS and pelleted by centrifugation. Cell
pellets were washed once with PBS and lysed in Igepal lysis
buffer containing: 120 mM NaCl, 50 mM Tris—HCl, 0.5% Igepal
(v/v), TmM EDTA, plus a tablet of protease inhibitor cocktail.
After clearing the lysates, proteins were immunoprecipitated
overnight with the desired antibodies plus protein A/G agarose
beads. Immunocomplexes were washed four times with lysis
buffer and resuspended in gel loading buffer, fractionated on
5% SDS-PAGE, and processed in immunoblots using the indi-
cated antibodies. The efficiency of coimmunoprecipitation was
expressed as the relative amount of coimmunoprecipitated
proteins normalized to the amounts of the same proteins in
the lysates and this value was divided by the amount of the
immunoprecipitated proteins.

Confocal Fluorescent Microscopy

To examine protein subcellular localization, the HEK293 cells
were cultured on 25-mm glass coverslips in 6-well plates and
transiently cotransfected with various mCherry-fusion con-
structs along without or with UBC6-ER targeting sequence
tagged with Venus fluorescent protein (a kind gift from P.

Kammermeier, University of Rochester). 24—48 h later, cells
were washed twice with PBS and fixed with methanol for
2min at room temperature. Coverslips were then washed
four times with PBS and mounted on glass slide using mount-
ing media. Cells were visualized using an Olympus
FluoView1000 confocal microscopy equipped with a suite
of gas and diode lasers.

Sequence Alignment and Structural Analyses

Sequence alignment was created using the Clustal Omega
Multiple sequence alignment program. Amino acid sequence
identity and similarity were calculated using Webserver
bioninoformatics.org. Signature motifs were identified by
visual inspection.

IP;-Binding Assay

DT40.3KO cells expressing HA-tagged CO.IP;R-A or CO.IP3R-
B were grown in T75 flasks until confluence. Cells were then
harvested by centrifugation and lysed in Triton X-100 lysis
buffer supplemented with a tablet of protease inhibitor cock-
tails. After clearing the lysates, proteins were immunoprecipi-
tated overnight with HA11  antibodies and
immunocomplexes were captured with protein A/G agarose
beads. Immunocomplexes were washed four times with lysis
buffer and once with IPs-binding buffer (50 mM Tris-base,
1mM EDTA, 1 mM betamercaptoethanol pH8). The binding
reaction was performed in 100 il volume containing 2.5 nM
tritiated IP3 (*H-IP;) and increasing concentrations of cold IP5
at 4°C for 1h. At the end of the incubation period, beads
were pelleted by centrifugation at 13,000 x g, and superna-
tants were removed. Afterwards, 500 | of 1% of SDS was added
to each tube and tubes were left at room temperature over-
night on the bench. Next day, tube contents were transferred
to scintillation vials and 4 ml of scintillation liquid was added
to each vial. Bound radioactivity was measured in a liquid
scintillation counter. Nonspecific binding is defined as the
amount of bound radioactivity in the presence of 50 uM
cold IP5. Specific binding is determined by subtracting the
count per minute (CPM) values obtained in the presence
of 50 UM cold from the CPM values obtained with other
conditions. Total specific binding is specific binding in the
absence of cold IPs. All values were normalized to total spe-
cific binding. Normalized specific binding from three to four
experiments was averaged and SE was determined. Fitting
curves were generated using averaged normalized specific
binding values.

Cytosolic Ca®* Measurement

Single Cell Imaging

Cytosolic Ca** changes were measured as described before
(Alzayady, et al. 2013). Briefly, DT40 cells were pelleted by
centrifugation and washed once with imaging buffer
(137mM NaCl, 5.5mM glucose, 0.56 mM MgCl, 4.7 mM
KCl, 1.26mM Ca**, 10mM HEPES, 1TmM Na,HPO, at
pH7.4). Cells were then loaded with 2 uM Fura2-AM and
were allowed to attach to a glass coverslip mounted on
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Werner chamber for 20min at room temperature.
Afterwards, loaded cells were perfused with imaging buffer
and stimulated with the desired agonists at the indicated
time points. TILLviSION software was used for image
acquisition and analyses. Experiments were repeated at least
three times.

FlexStation 3 Microplate Reader

DT40-3KO cells expressing the desired constructs were
washed with imaging buffer containing 0.1% BSA and
then loaded with 5uM Fura-2AM at room temperature
for 60 min. Loaded cells were then washed and resuspended
in imaging buffer containing 0.1% BSA and transferred
into a 0.1% (w/v) polylysine coated 96-well plate. Cells were
preincubated with 5uM forskolin or DMSO followed by
the addition of the PAR2 peptide to activate PAR and gen-
erate |IP;. Fluorescence changes were measured with
FlexStation 3 (Molecular Devices) and analyzed by using
SoftMax Pro Microplate Data Acquisition & Analysis
Software.

Permeabilized Cell Assays

DT40-3KO cells stably expressing the desired constructs were
washed twice with imaging buffer and incubated with 20 pM
Mag-Fluo4-AM for 1 h at room temperature. Cells were then
washed, resuspended in Ca** free media (140mM KCl,
20 mM NaCl, 20 mM PIPES, 1 mM EGTA, and 2 mM MgCl,,
pH7.0) and permeabilized using 10 pg/ml  saponin.
Permeabilization was confirmed by trypan blue accumula-
tion. To investigate the requirement of Ca”* for IPsR1 activity,
the permeabilized cells were washed and resuspended in
Mg”* free media (140 mM KCl, 20 mM NaCl, 20 mM PIPES,
300 UM EGTA, 220 pM CaCl,, pH7.0) with a free [Ca®*] of
1uUM. Cells were then dispersed into a black-walled flat
bottom 96-well plates (500,000 cells/well) and spun to plate
cells to the bottom of each well. Imaging was carried out using
FlexStation 3 (excitation 490nm, emission 525nm).
Briefly, stores were loaded by adding 1.5 mM Mg-ATP to
activate SERCA. Upon loading, SERCA was disabled using
cyclopiazonic acid and free [Ca®*] was either maintained at
1M or reduced to 50 nM by the addition of BAPTA. IP;Rs
were then activated at the indicated [IP5] in the presence of
5mM ATP.

To assess the influence of ATP on IP;R1 activity, after
permeabilization, the cells were washed and resuspended in
Mg”* free media (140 mM KCl, 20 mM NaCl, 20 mM PIPES,
1mM EGTA, 375 uM CaCl,, pH 7.0) with a free [Ca**] of
300 nM. Cells were then dispersed into a black-walled flat
bottom 96-well plates (500,000 cells/well) and spun to plate
cells to the bottom of each well. Imaging was carried out using
a FlexStation 3 (excitation 490 nm, emission 525 nm). Briefly,
stores were loaded by adding 100 LM Mg-ATP to activate
SERCA. Upon loading, SERCA was disabled using cyclopiazo-
nic acid and [ATP] was either maintained at 100 UM or in-
creased to 1T mM. IP;Rs were then activated at determined
[IP;] at 300 nM [Ca’"].
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Supplementary file S1, figures S1-S5, and tables S1-S3 are
available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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