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Key points

¢ Small transmembrane proteins such as FXYDs, which interact with Na™,K*-ATPase, and the
micropeptides that interact with sarco/endoplasmic reticulum Ca?®*-ATPase play fundamental
roles in regulation of ion transport in vertebrates.

e Uncertain evolutionary origins and phylogenetic relationships among these regulators of ion
transport have led to inconsistencies in their classification across vertebrate species, thus
hampering comparative studies of their functions.

e We discovered the first FXYD homologue in sea lamprey, a basal jawless vertebrate, which
suggests small transmembrane regulators of ion transport emerged early in the vertebrate
lineage.

e Wealso identified 13 gene subfamilies of FXYDs and propose a revised, phylogeny-based FXYD
classification that is consistent across vertebrate species.

® These findings provide an improved framework for investigating physiological and
pathophysiological functions of small transmembrane regulators of ion transport.

Abstract Small transmembrane proteins are important for regulation of cellular ion trans-
port. The most prominent among these are members of the FXYD family (FXYD1-12), which
regulate Na™ ,K™-ATPase, and phospholamban, sarcolipin, myoregulin and DWORE, which
regulate the sarco/endoplasmic reticulum Ca”*"-ATPase (SERCA). FXYDs and regulators of
SERCA are present in fishes, as well as terrestrial vertebrates; however, their evolutionary
origins and phylogenetic relationships are obscure, thus hampering comparative physiological
studies. Here we discovered that sea lamprey (Petromyzon marinus), a representative of extant
jawless vertebrates (Cyclostomata), expresses an FXYD homologue, which strongly suggests that
FXYDs predate the emergence of fishes and other jawed vertebrates (Gnathostomata). Using a
combination of sequence-based phylogenetic analysis and conservation of local chromosome
context, we determined that FXYDs markedly diversified in the lineages leading to cartilaginous
fishes (Chondrichthyes) and bony vertebrates (Euteleostomi). Diversification of SERCA regulators
was much less extensive, indicating they operate under different evolutionary constraints. Finally,
we found that FXYDs in extant vertebrates can be classified into 13 gene subfamilies, which
do not always correspond to the established FXYD classification. We therefore propose a revised
classification thatis based on evolutionary history of FXYDs and that is consistent across vertebrate
species. Collectively, our findings provide an improved framework for investigating the function
of ion transport in health and disease.
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Introduction

Ion transporters play key roles in cell biology. Ion
transporter-mediated ion gradients and ion fluxes (Skou,
1957) are involved in a broad array of functions in all
living organisms, such as energy production (Mitchell,
1961), coupled transmembrane transport of various sub-
strates (Crane, 1960), intracellular signalling (Heilbrunn
& Wiercinski, 1947), as well as active movement (Manson
et al. 1977; Matsura et al. 1977). Ion fluxes also under-
lie intercellular communication (Cole & Curtis, 1939;
Hodgkin et al. 1952), thus enabling coordination of
biological responses between diverse cells and tissues in
multicellular organisms. Genes encoding ion transporters
are abundant in genomes of all living organisms (Lander
et al. 2001; Venter et al. 2001). In addition to ion trans-
porters, vertebrates have multiple families of small trans-
membrane proteins that are important for regulation
of ion transport. The most prominent among these are
phospholemman (FXYD1) (Palmer et al. 1991; Crambert
et al. 2002) and other members of the FXYD family
(Sweadner & Rael, 2000), as well as phospholamban
(Tada et al. 1979; Simmerman et al. 1986), sarcolipin
(Odermatt et al. 1997; Odermatt et al. 1998), myoregulin
(Anderson et al. 2015) and dwarf open reading frame
(DWORF) (Nelson et al. 2016).

The FXYD family, characterized by the eponymous
Phe-Xaa-Tyr-Asp (FXYD) motif (Sweadner & Rael,
2000), currently comprises seven mammalian FXYDs
(FXYD1-7) (Sweadner & Rael, 2000) and at least
nine fish FXYDs (FXYD2 and FXYD5-12) (Cornelius
et al. 2005; Tipsmark, 2008). Their major function
is regulation of Nat,K"-ATPase in excitable and
osmoregulatory tissues (Mahmmoud et al. 2003; Geering,
2008; Tipsmark ef al. 2011). Other functions include
regulation of the Na'™/Ca’" exchanger (Zhang et al.
2003) and the L-type Ca’* channels (Zhang et al.
2015) in cardiac myocytes, regulation of permeability
in kidney tubules and intestinal epithelia (Okuda et al
2010; Lubarski et al. 2011), and, possibly, regulation
of the gastric-type H" ,K"-ATPase (Crambert er al
2005). Unlike the FXYDs, which are expressed in the
plasma membrane of various cells, phospholamban,
sarcolipin, myoregulin and DWORF are expressed in
the membrane of the sarcoplasmic reticulum of muscle
cells, where they regulate the sarco/endoplasmic reticulum
Ca’"-ATPase (SERCA). Phospholamban, sarcolipin and
myoregulin inhibit SERCA, while DWOREF stimulates it
by displacing these inhibitory proteins (Nelson et al.
2016). Clearly, small transmembrane regulators of ion

transport have diversified extensively in vertebrates. In
contrast, their number is restricted in invertebrates
(Navarre et al. 1992; Magny et al. 2013), suggesting
their diversification was important for vertebrate
evolution.

The evolutionary history of FXYDs has been subjected
to different interpretations (Tipsmark, 2008; Studer et al.
2011), which has left two major questions unanswered.
Firstly, the timing of the emergence of FXYDs in
the vertebrate lineage is uncertain. The most distant
orthologue (see Box 1 for a glossary of terms) of
mammalian FXYDs was found in the spiny dogfish
(Mahmmoud et al. 2000; Cornelius et al. 2005), a
modern representative of Chondrichthyes (cartilaginous
fishes). Thus, FXYDs might be specific to Gnathostomata
(jawed vertebrates), although their expression in Cyclo-
stomata (jawless vertebrates) cannot be excluded with
certainty (Studer efal. 2011). Conversely, phospholamban
and sarcolipin are likely to have been generated by a
duplication of a pre-vertebrate ancestral gene (Magny
et al. 2013), suggesting Cyclostomata had at least one
regulator of SERCA. Consistent with this view, sequence
alignments suggest DWOREF is present in Cylostomata
(Nelson et al. 2016). These data suggest that regulators
of SERCA emerged earlier than FXYDs; however, the
ancestral pre-vertebrate gene and the timing of its
duplications in the vertebrate lineage have not been
determined.

Secondly, evolutionary relationships between the fish
and the mammalian FXYDs are unclear (Sweadner & Rael,
2000; Mahmmoud et al. 2003; Tipsmark, 2008). Some of
the supposedly fish-specific FXYDs (FXYD8-12) (Yang
et al. 2013) could be orthologous to the mammalian
FXYDs (FXYD1-7). Such uncertainties in the current
FXYD classification hamper comparative studies of FXYD
function in fishes and other lower vertebrates. This is an
important obstacle — since lower vertebrate models have
been used to study human diseases (Cai et al. 2013) — to
developing new drugs (Asnani & Peterson, 2014; MacRae
& Peterson, 2015) and to uncovering fundamental physio-
logical mechanisms (Donovan et al. 2000). Therefore, gaps
in the evolutionary history of FXYDs and regulators of
SERCA have practical ramifications that go beyond pure
academic research.

Here we provide evidence of early vertebrate origins
and diversification of FXYDs and regulators of SERCA.
In addition, we propose a revised FXYD classification,
which is based on the likely evolutionary history of
the FXYD family and is consistent across the vertebrate
species.

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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Table 1. PCR primers binding to genomic and complementary DNA

Primer name

Forward primer sequence

Reverse primer sequence

PCR primers binding to genomic DNA

Ex1-Intr2 5'-TGATAACTCCTCATAAACCTGCCTC-3’
Intr2-3 5’-ACACACAATCTCAACAGGAACCTAT-3
Intr4 5'-ACCAGTTACTAATTTGAGGCTGAGT-3’
Upstream 5'-CTGCCCTCTCTGTTTCAGTCG-3’
Downstream 5'-CTACAGCGACCCAGAGAATATCTAC-3’

gPCR primers binding to complementary DNA

5-GTGTGTGTCTTTGTGTACACATGTA-3'
5'-ACTCAGCCTCAAATTAGTAACTGGT-3'
5'-TGAATGCGTTGATGAAGGAATGAAT-3'
5-AGGCAGGTTTATGAGGAGTTATCAA-3’
5/-ATCGCCCACTAAATTATGAACAACC-3’

5'-TGTTTACTGAACACGATGAGGAGTC-3’
5'-AGGATTGACAGATTGAGAGCTCTTT-3'

IcFXYD_cDNA 5/-CTCATAAAGCAGGAAATCCCAAACA-3
Ic_18s_cDNA 5/-CGTTATCGGAATGAACCAGACAAAT-3'
Methods

Ethical approval

All experimental procedures for Petromyzon marinus were
approved (ethical approval no. 523/12) by the institutional
Ethics Committee (Norra Djurforsoksetiska Namnden,
Stockholm, Sweden) and conform to the principles and
regulations of The Journal of Physiology.

Petromyzon marinus

Petromyzon marinus (sea lamprey) was captured in
Lake Michigan, USA, and delivered by Acme Lamprey
(Harrison, ME, USA). Lampreys (fasted) were kept
in an aerated freshwater aquarium at 5°C, with a
12 h light-12 h dark cycle. They were killed by
immersion in cold water (4-8°C) containing an over-
dose of tricaine methane sulphonate anaesthetic (MS-222,
200-300 mg 17!; Sigma-Aldrich, St Louis, MO, USA).
After killing, lampries were immediately dissected. Tissues
obtained during dissection were snap-frozen in liquid
nitrogen and then kept at —80°C until further analysis.

Identification and sequencing of FXYD homologue in
Petromyzon marinus. P. marinus expressed sequence
tags (ESTs) CO551377.1 and FD714523.1 were mapped
to Lethenteron camtschaticum contig040605, which is
deposited in GenBank under the accession number
APJL01055902.1. Based on the sequence of four predicted
exons and Lethenteron camtschaticum, contig040605 PCR
primers were designed with the Primer3 algorithm
(Table 1). Genomic DNA was extracted from a
representative section of the P. marinus and isolated
using the DNeasy Blood and Tissue Kit from Qiagen
(Hilden, Germany). PCR was performed using GoTaq
Green master mix (Promega, Madison, WI, USA) at
an annealing temperature of 52°C and PCR products
were gel purified using the MiniElute kit from Qiagen.
Purified PCR products were Sanger sequenced (GATC

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society

Biotech, Konstanz, Germany) using the forward PCR
primer.

RNA extraction and quantitative real-time PCR. RNA was
extracted from the brain, eye, gills, liver, gut, heart, muscle
and tail of P. marinus using the miRNeasy Kit from
Qiagen. cDNA was synthetized from 1.5 ;g RNA per tissue
using the high capacity reverse transcription kit from
Life Technologies (Carlsbad, CA, USA). qPCR primers
were designed using Primer3 (Table 1). gPCR including
a dissociation curve was performed in duplicate on the
StepOnePlus machine using SYBR Green gene expression
master mix (Life Technologies). After amplification the
PCR product was gel purified (MiniElute Kit, Qiagen)
and analysed by Sanger sequencing (GATC Biotech)
using the reverse qPCR primer. Gene expression was
normalized to the expression of 18S rRNA and expressed
as fold change relative to the expression in brain using
the AAC; method. We performed all standard quality
controls in accordance with the Minimum Information for
Publication of Quantitative Real-Time PCR Experiments
(MIQE) guidelines (Bustin ef al. 2009). Specificity of the
PCR reaction was assessed by analysing the melt curvesand
by electrophoresis of the PCR products on a 1% agarose gel
using 6x loading buffer, GeneRuler 100 bp DNA Ladder
(both from Thermo Fisher Scientific, Waltham, MA, USA,
#SMO0241) and GelRed nucleic acid stain (Biotium, CA,
USA, #41003). qPCR products were excised from the
gel and purified using the MiniElute gel extraction kit
(Qiagen). To confirm the presence of the LTYD motif, the
purified qPCR products from the heart and liver were sent
to GATC Biotech for Sanger-sequencing analysis using the
forward and reverse qPCR primers (Table 1).

Computational analysis of FXYD family members and
other small transmembrane regulators of ion transport.
Sequences of known FXYD genes and genes for SERCA
regulators phospholamban, sarcolipin and myoregulin
from Homo sapiens, Mus musculus, Danio rerio and
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Salmo salar were used in PSI-BLAST (Altschul et al
1997) searches against the GenBank database. NCBI
RefSeq (Pruitt et al. 2014) sequences were used where
available. TBLASTN (Camacho et al. 2009) searches
against the NCBI EST database were performed to add
protein sequences not annotated in GenBank. Preliminary
alignments of FXYD core domain were obtained using
the MUSCLE program (Edgar, 2004); sequences were
grouped into subfamilies based on the clades in the trees
reconstructed using the FastTree program (Price et al
2009). Subfamilies were refined iteratively by collecting
and realigning clade-specific sequences with subsequent
tree reconstruction. FXYD core domain sequences were
extracted from the subfamily-specific alignments and
aligned together; tree was reconstructed using the
FastTree program (Abascal et al. 2005). The optimal
evolutionary model (JTT with gamma-distributed site
rates) was determined using the ProtTest program; a
phylogenetic tree for the RefSeq subset of the sequences
was reconstructed using the RAXML program to verify
the subfamily assignments. Additionally, all pairs of
subfamily-specific alignments were aligned using the
HHALIGN program (Soding, 2005) with scores recorded.
A matrix of the relative pairwise distances was constructed
using the D(A,B) = -log[S(A,B)/min(S(A,A),S(B,B))]
formula, where D(A,B) is the distance between sub-
families A and B and S(A,B) is the HHALIGN score
of the corresponding alignment between the subfamily
alignments. A neighbour-joining tree was reconstructed
from this matrix using the NEIGHBOR program of the
PHYLIP package (Felsenstein, 1996).

Sequences available in RefSeq were associated with
the corresponding chromosomes and contigs in the
NCBI Genome database; local genomic context was
recorded. Conservation of the local context was
used to verify the subfamily assignment and to
infer the evolutionary scenario. Specifically, orthology
relationships were inferred between genes, located in
the clearly similar chromosomal neighbourhoods (as
evidenced by reciprocal similarity between flanking genes)
even if the sequence-based similarity did not show such
relationships unambiguously.

Dating of evolutionary events is reported according
to the timetree.org database (using the median value of
published estimates or expert estimates where available)
(Hedges et al. 2015).

Identification and evaluation of phosphorylation sites
in FXYDs. To identify putative phosphorylation sites in
FXYD proteins, ScanSite (http://scansite.mit.edu/) and
PhosphoSite (http://www.phosphosite.org/) were used.
Predicted phosphorylation sites were evaluated against
experimentally determined phosphorylation sites. Based
on the scores generated by PhosphoSite, predicted
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phosphorylation sites were graded on a scale from 0 (the
least reliable) to 9 (the most reliable).

Results

Search for small transmembrane regulators of ion
transport in sequence databases

Annotated Cyclostomata proteins in GenBank or Ensembl
database do not contain any reliable FXYD homologues.
BLAST searches against Cyclostomata-related expressed
sequence tags (ESTs) (see Box 1) revealed two potentially
related ESTs in P. marinus (CO551377.1 and FD714523.1)
and three in hagfishes (FY411797.1, BJ653733.1 and
BJ648843.1). FXYD homologues were not identified
outside of the Craniata clade.

Phospholamban homologues are readily identified in
the majority of the genomes of Craniata lineage, including
Cyclostomata ESTs (FD715866), but was not found
outside this clade. While most vertebrate species possess
a single phospholamban homologue, bony fishes usually
have two phospholamban genes. These two copies are
surrounded by matching genome context, suggesting
that the duplication involved a large segment of the
ancestral chromosome. Possibly, these copies and the
surrounding segments were retained since the whole
genome duplication in fish (Amores ef al. 1998; Amores
et al. 2004; Jaillon et al. 2004). Myoregulin, a recently
described regulatory peptide (Anderson et al. 2015), is
annotated in several mammalian genomes and its coding
DNA sequence (CDS) (see Box 1) is confidently recognized
across all placental mammals.

Identification and sequencing of FXYD homologue in
Petromyzon marinus

To wvalidate the existence of an FXYD homologue
in modern Cyclostomata, genomic DNA from a
representative section of P marinus was extracted,
amplified and subsequently sequenced. Four sequencing
products were aligned to the L. camtschaticum
contig040605 APJL01055902.1 to create a hybrid
sequence, where missing parts of the sequences were
replaced by L. camtschaticumn DNA. When this alignment
was mapped to the predicted L. camtschaticum CDS
sequences and a piece of P. marinus cDNA, an A-G
mismatch was detected between P. marinus CDS cDNA
and L. camtschaticum genomic DNA (APJL01055902.1).
P marinus cDNA sequence was used to adjust the
hybrid sequence of P. marinus FXYD homologue. This
FXYD homologue aligns with the published P. marinus
GL488371 whole genome shotgun sequence. Comparison
with P. marinus CDS cDNA confirmed that the gene of this
FXYD homologue has four exons. The Phe in the signature
motif of the FXYD family is changed to Leu. The LTYD

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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motif spans the exon 2—3 boundary (Fig. 1) and is followed
by another Tyr (LTYDY), which is a typical characteristic
of the FXYD family (Sweadner & Rael, 2000).

Expression of FXYD homologue in Petromyzon
marinus

To determine the expression pattern of the FXYD homo-
logue in P. marinus, mRNA in samples from various
tissues and organs was measured by qPCR using SYBR
Green chemistry (Fig. 2). The FXYD homologue was most
prominently expressed in liver, but was expressed across
all tissues and organs tested (Fig. 2A and B). Analysis of
the melt curve indicated qPCR-primers generated only
specific PCR products (data not shown). This analysis
was supported by electrophoresis of PCR products from

Evolutionary history of FXYD proteins and SERCA regulators
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gills, liver, gut and heart (Fig. 2C) on a 1% agarose
gel, which produced one clear band at the expected
size (127 bp). The PCR products from liver and heart
were excised, purified, and Sanger-sequenced using the
forward and reverse qPCR primers (Table 1). Obtained
sequences were aligned to L. camtschaticum contig040605
APJL01055902.1, which confirmed the presence of the
LTYD motif in PCR products from liver and heart of
P. marinus. These data demonstrate that modern Cyclo-
stomata inherited at least one FXYD gene.

Gene neighbourhoods of small transmembrane
regulators of ion transport

The surrounding genome context of the FXYD family
gene loci tends to be at least partially conserved across all

A
S LTY D
Exon 1 Exon 2 F Exon 3 Exon 4 -
51bp 36bp | 1 78bp 75b
_____ [ 7/ T
7 7

Forward primer

Reverse primer

G CCC GAT AAG TTG ACT TAT-----intron2-----GAC TAC GAG ACG CTG CGT AAG TGG GGG CTG TCC CTC GCT TTC ATC TTC TTC GTG GCC G

Exon 1
1 | AGT CGT GGT CAC CAC GTC CAG ACC TGC GGT GCT TTG ATA ACT CCT CAT AAA> 51
1 8 R G H H VvV Q@ T €C G A L I T P H K 17
Exon 2 Exon 3
52 [ ACA GGAAAT CCT AAA CAG CCC GAT AAG TTG ACT TAT)IGAC TAC GAAACGCTG] 102
1 T G N P K Q P D K L T Y DY E T L 34
103 [CGT AAG TGG GGGCTG TCC CTC GCT TTC ATC TTC TTC GTG GCCGGACTC CTC | 153
3 R K wW G L S L A F I F F VvV A G L L 5
Exon 4
154 [ATC GTG TTC AGT AAA CAC TGC CGCTGC AGA TTC CCGCAG GACAGGTGA GAC| 204
52 1 VWV F S8 K H € R €C R F P Q D R * D 68
205 |CCT TGA GCA GGCGAG GGCCGGGAGAGA GCT CCC CTG 240
69 P * A G E G R E R A P L 80

Figure 1. Schematic overview of the coding sequence for FXYD homologue in Petromyzon marinus

A, grey boxes represent the predicted 4 exons of the proto-FXYD5 in P marinus. Hatched boxes below the exons
indicate the gPCR-primer binding sites that span the exon 1 to exon 2 (forward primer) and exon 3 to exon 4
(reverse primer) junction. The sequence between the black arrows are the results of the qPCR-product Sanger
sequencing and reveal the genomic cDNA sequence that encodes the LTYD protein motif (marked as black boxes
above exons 2 and 3). The dotted line within the LTYD coding sequence indicates the unknown sequence of intron
2 that was spliced from the cDNA. B, the predicted coding sequence of proto-FXYD5 including the predicted

amino acid translation.

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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Gnathostomata (Fig. 3). The most persistent of these is the
pair of tetrapod FXYD6 and FXYD2 and their homologues
in fishes that are flanked by TMPRSS13a and DSCAMLI
genes. Conservation of the chromosomal synteny (see
Box 1), if only lineage specific, supplements sequence
similarity for identification of orthologous genes and helps
to establish the likely evolutionary history of the family.
Phospholamban is present in only one copy in the majority
of Gnathostomata genomes in a conserved chromosomal
location next to MCM9 gene (Fig. 4). Mammalian myo-
regulin is flanked by CCDC6 and SLCI6A9 genes and is
coded by a small open reading frame in what was originally
annotated as a long non-coding RNA (Fig. 4). This pair
of genes is present in genomes of Actinopterygii and
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Figure 2. Tissue distribution of FXYD homologue in P. marinus
Expression of FXYD homologue (LTYD) mRNA was measured in
different tissues by real-time PCR. 18S rRNA was used as the
endogenous control. A, G values for LTYD and 18S rRNA. B, relative
expression levels of LTYD. Gene expression was normalized to

the expression of 18S rRNA and expressed as fold change relative to
the expression in brain using the AAC; method. C, agarose gel
electrophoresis of real-time PCR products from gills, liver, gut and
heart.
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Reptilia, with a putative long non-coding RNA annotated
between them. Distant homologues of both CCDCé6 and
SLC16A9 are present in Chondrichthyes, but in different
chromosomal neighbourhoods.

Relationships between the FXYD family genes

Establishing orthology of FXYDs across different species
hasbeen challenging (Sweadner & Rael, 2000; Mahmmoud
et al. 2003; Cornelius et al. 2005; Tipsmark, 2008). The
FXYD classification in tetrapods and fishes is therefore
not always congruent. Our protein sequence-based
phylogenetic reconstruction revealed 13 FXYD gene sub-
families (Fig. 5). Sequence similarity confidently groups
these genes into several clades that mostly correspond to
established classification of the FXYD family; however,
there are also important exceptions. One exception are
the primate FXYDS8 genes, which branch inside the
main FXYD6 clade according to our analysis. Another
exception is the complex history of the bony fish and
amphibian FXYD2and FXYD6 genes, which include genes
previously referred to as fxydI2 and fxyd8 (Tipsmark,
2008), respectively. Additionally, our analysis suggests
that tetrapod FXYD3 and FXYD4 are co-orthologous
to fish fxyd9 and fxydll (Tipsmark, 2008), as well as
fxyd10 (Mahmmoud et al. 2000; Cornelius et al. 2005).
All other relationships involve very deep branches of the
trees that are reconstructed from relatively short and
compositionally biased sequences and, therefore, cannot
be analysed with certainty.

Combined phylogenetic and chromosome context
analysis resolves the orthology relationships between the
FXYD family clades (Table 2) and allows us to propose
a classification that is based on the likely evolutionary
history of the family and is consistent between the fish and
tetrapod genes. Specifically, we propose the names FXYD2f
and FXYD2a for the fish and amphibian, respectively,
paralogues derived from FXYD?2 and the names FXYD6f
and FXYDe6p for the fish and primate, respectively,
paralogues derived from FXYD6. We also propose the
names FXYD3/4, FXYD3/4-1, and FXYD3/4-2 to indicate
the co-orthologous relationship between the fish-specific
genes, which are currently known as FXYD10, FXYDII
and FXYDY, respectively, and the tetrapod genes coding
for FXYD3 and FXYD4 (Table 2).

Phosphorylation sites in FXYDs

Phosphorylation of cytoplasmic segments is a major
regulatory mechanism that controls the interaction
of FXYDs with Nat K'-ATPase (Mahmmoud et al.
2000; Despa et al. 2005; Bibert et al. 2008), as
well as phospholamban and sarcolipin with SERCA
(Simmerman et al. 1986; James et al. 1989; Gramolini
et al. 2006; Bhupathy et al. 2009). Phosphorylation

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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sites in phospholamban and sarcolipin are relatively
well conserved across the vertebrate species (Gramolini
et al. 2006; Gorski et al. 2013, 2015). Similarly,
the C-terminal phosphorylation motif of FXYDI
[-SO2SIR(L/M)S(T/S)®°~] (Palmer et al. 1991) that
contains the three key phosphorylation sites (Ser®, Ser®®

Evolutionary history of FXYD proteins and SERCA regulators
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and Thr® or Ser®) is well conserved across the FXYD1
proteins in Tetrapoda (Fig. 6). To establish whether
other FXYD clades contain conserved phosphorylation
motifs, putative phosphorylation sites were determined in
orthologous and paralogous FXYDs using Scansite and
PhosphoSite.

TMPRSS13 FXYD6 FXYD2 DSCAML1

Homo sapiens (Chr. 11)
Mus musculus (Chr. 9)
Gallus gallus (Chr. 24)
Xenopus tropicalis (Chr. 7)

Danio rerio (Chr. 15)

FXYD6-FXYD2
gene neighbourhood

Salmo salar (Chr. ssa09)
Callorhinchus milli (Un)
HPN
Homo sapiens (Chr. 19)
Mus musculus (Chr.7)
Anolis carolinensis (Un)

Xenopus tropicalis (Chr. 7)
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Figure 3. Gene neighbourhoods of FXYDs
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FXYD?2 proteins in Tetrapoda and fishes, including the
fish-specific paralogue, designated by us as FXYD2f (aka
FXYD12) (Table 2), have no predicted phosphorylation
sites, but putative phosphorylation sites were found in all
other FXYDs (Figs 6 and 7), including the newly described

S. Pirkmajer and others

J Physiol 595.14

FXYD3/4 and FXYD6 clades (Table 2). Phosphorylation
motif [-K”'RTRSNS”’—] of EXYD3/4 (EXYDI10, aka
PLMS) (Mahmmoud et al. 2003), which contains
two phosphorylation sites (Ser’> and Ser’”), resembles
predicted phosphorylation motifs in C-terminal domain
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Figure 4. Gene neighbourhoods of phospholamban, sarcolipin and myoregulin

Neighbourhoods are presented schematically (i.e. not to scale). Black boxes denote genes for phospholamban
(PLN), sarcolipin (SLN), or myoregulin (MRLN), while grey boxes denote conserved flanking genes. Pseudogenes
are denoted by boxes with vertical lines and non-coding RNAs by boxes with dots. Two phospholamban genes are
shown for Astyanax mexicanus, a representative of bony fishes.
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of its fish paralogue FXYD3/4-2 (aka FXYD9)
(Tipsmark, 2008) (Fig. 6). FXYD3/4-1 (aka FXYDI11)
(Tipsmark, 2008), the second fish paralogue of
FXYD3/4, also contains predicted phosphorylation sites
in its C-terminal domain; however, the sequence
surrounding these sites is dissimilar from the FXYD3/4
phosphorylation motif. FXYD3, a tetrapod paralogue
of FXYD3/4, has a predicted phosphorylation motif
[-L*°ITPGS'!—] that is well-conserved across the
Tetrapoda. This motif also appears in tetrapod
FXYD4, but its predicted phosphorylation sites were
graded as less reliable than those in FXYD3
(Fig. 6).

Primate FXYD6 and its annotated primate paralogue
(a possible pseudogene) FXYD8 (Table 2) have
almost the same predicted phosphorylation motif
[-RCKCSFNQKP-] (Fig. 7). The phosphorylatable Ser
residue is not present in all fish FXYD6 and FXYDé6f
proteins, but when present it is preceded by the two Cys

FXYD4

5
o
S

=
0.05
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residues as well as two or three basic Arg or Lys residues,
which is reminiscent of the phosphorylation motif in
primate FXYD6/FXYD8 proteins.

Discussion

Regulation of ion transport by small transmembrane
proteins is likely to be an ancient fundamental
mechanism and a recurring theme in metazoan evolution.
FXYDs and regulators of SERCA are among the most
important and diverse regulators of ion transport in
vertebrates. However, their evolutionary history has been
obscure. Here we provide evidence of early vertebrate
origins and diversification of FXYDs and regulators
of SERCA. Furthermore, we propose a revised FXYD
classification, which reflects the evolutionary history
and phylogenetic proximity of FXYDs across different
vertebrate species and is consistent between the ray-finned
and cartilaginous fishes, as well as the tetrapods.

§
<
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0%
o

o

FXYD1

LAAXd

Figure 5. Neighbour-joining tree of 13 FXYD gene subfamilies
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Small transmembrane regulators of ion transport in
basal vertebrates

Our analyses indicate that FXYDs and regulators of
SERCA (phospholamban and sarcolipin) first emerged
in the Chordata lineage (Fig. 8). Our genetic analyses
were validated by identification of a new FXYD homo-
logue in sea lamprey, P. marinus, a modern representative
of Cyclostomata. Due to sequence-inferred affinity to
FXYD5, we have named it proto- FXYD5. The ubiquitous
tissue distribution of FXYD homologue in P. marinus is
broadly consistent with the expression profile of FXYD5
in Actinopterygii and mammals (Sweadner & Rael, 2000;
Ino et al. 2002; Lubarski et al. 2005; Tipsmark, 2008), thus
indirectly supportingits annotation as FXYD5. In lamprey,
the FXYD motif is mutated to LTYD. A similar form of the
motif (LSYD) is detected in hagfish ESTs (FY411797.1,
BJ653733.1 and BJ648843.1). Several similar mutations in
the key motif are also present in Actinopterygii, e.g. the
Asp is mutated to Asn (FVYN) in salmon and zebrafish

Homo sapiens

Mus musculus
Rattus norvegicus
Xenopus tropicalis
Score:

FXYD1
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FXYD3/4-1 (fxyd11) (Tipsmark, 2008; Saito et al. 2010; Hu
et al. 2014) (Fig. 6), while Tyr is mutated to Phe (FXFD)
in FXYD3/4-2 (fxyd9) of different Actinopterygii species
(Tipsmark, 2008; Yang et al. 2013; Fig. 6).

Proto-FXYD5 is composed of four exons (Fig. 1). This
resembles the structure of other FXYD genes, which
usually have five or more exons (Sweadner & Rael,
2000). In contrast, genes for regulators of SERCA have
two or three exons, with the entire coding sequence
in exon 2 (phospholamban and sarcolipin) (Fujii et al.
1991; Odermatt et al. 1997) or exon 3 (myoregulin)
(Anderson et al. 2015). Moreover, the LTYD motif in
proto-FXYD5 spans the boundary of exon 2/3, which
is another structural similarity between proto-FXYD5
and other FXYDs. Indeed, the FXYD motif is typically
positioned at the exon—exon boundaries of FXYD proteins
across the vertebrate species.

While proto- FXYD5 was the only member of the FXYD
family detected in extant Cyclostomata, our data indicate
that the common ancestor of Gnathostomata had at least
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Figure 6. Phosphorylation sites in subfamilies FXYD1, FXYD2, FXYD2f, FXYD3/4, FXYD3 and FXYD4
Phosphorylation sites, are graded on a scale from 0 (the least reliable) to 9 (the most reliable). [Colour figure can

be viewed at wileyonlinelibrary.com]
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six FXYDs (Fig. 9). At the face value this suggests that
most of the diversity of the FXYD family emerged the
Gnathostomata lineage after the split from Cyclostomata.
Alternatively, duplicated FXYD genes may have been
already presentin the Cyclostomata ancestor, but were sub-
sequently lost in extant Cyclostomata. Another intriguing
possibility is that extant Cyclostomata, lampreys and
hagfishes have more than one FXYD family gene, but only
one of them is retained in somatic cells of the tissues
studied here. Indeed, other FXYD genes might be missing
in adult somatic cells of lampreys due to developmentally
programmed genome rearrangement that might lead to
losses in somatic cells, amounting to ~20% of germline
DNA, including entire genes (Smith et al. 2009). A similar
mechanism operates in hagfish cells (Kohno et al. 1986).

Evolutionary history of the FXYD family

The evolutionary history of the FXYD family remains
largely unresolved largely due to the relatively short
sequence of FXYDs, their ancient divergence, and
low conservation outside the FXYD motif. However a
combination of sequence-based phylogenetic analysis,
the conservation of local chromosome context, and the
distinct gene expression profiles in various vertebrate
clades allowed us to infer the following evolutionary
scenario (Figs 8 and 9). The FXYD family likely emerged ca
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Mus musculus
Rattus norvegicus
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600-800 million years ago (mya) in the Chordata lineage,
leading to the Craniata common ancestor, which had at
least one FXYD gene. Modern Cyclostomata inherited
at least one FXYD gene that shows sequence-inferred
evolutionary affinity to FXYD5. In the FXYD5-like gene
in lampreys (Petromyzontidae), the FXYD motif mutated
to LTYD. The Gnathostomata ancestor (ca 525 mya) likely
possessed atleast six FXYD genes: FXYD5, FXYD6, FEXYD?7,
FXYD3/4 (the common ancestor of FXYD3 and FXYD4
in modern tetrapods) and a recently duplicated pair
FXYD2 and FXYD2f (Table 2). Modern Chondrichthyes
preserved this gene complement. There is no evidence of
any chromosome association between these genes existing
at that point, but the Euteleostomi (bony vertebrates)
ancestor (ca 455 mya) likely had the tandem arrangement
of FXYD2 and FXYDe.

Several duplications and rearrangements occurred
in the lineage leading to the Actinopterygii clade ca
300-455 mya. FXYD6 duplicated, producinga fish-specific
variant FXYD6f, aka fxyd8 (Tipsmark, 2008) (Table 2); the
latter was established upstream of FXYD7. In different
fish clades, FXYD2 and FXYD2f were probably involved
in homologous recombination, exchanging their position
downstream from FXYD6. FXYD3/4, aka FXYDIO or
PLMS (Mahmmoud et al. 2000; Cornelius et al. 2005),
duplicated in tandem, producing two fish-specific genes
FXYD3/4-1, aka fxyd11 (Tipsmark, 2008), and FXYD3/4-2,
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Figure 7. Phosphorylation sites in subfamilies FXYD5, FXYD6, FXYD6f, FXYD7 and FXYD8
Phosphorylation sites, are graded on a scale from 0 (the least reliable) to 9 (the most reliable). [Colour figure can

be viewed at wileyonlinelibrary.com]
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aka fxyd9 (Tipsmark, 2008) (Table 2). The emergence
of additional fish FXYD homologues is consistent with
the third, fish-specific, whole-genome duplication, which
occurred in ray-finned fishes prior to the emergence
of Teleostei (Amores et al. 1998, 2004; Jaillon et al.
2004).

In the Tetrapoda ancestor clade (ca 360—455 mya), the
FXYD2f gene was lost, whereas FXYD3/4 duplicated into
FXYD3 and FXYD4 proper. The FXYDI1-FXYD7-FXYD5
gene neighbourhood was established. The same
configuration was apparently inherited by the Amniota

Cyclostomata
Chondrichthyes
Actinopterygii

N
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ancestor (ca 325 mya). Evolution of Amphibia saw
the emergence of a narrowly distributed FXYD2a,
possibly by duplication of FXYD2, although the evidence
is scant. In the clade leading to Eutheria (placental
mammals) ancestor (ca 100-325 mya), FXYD3 joined
the upstream region of the EXYDI-FXYD7-FXYD5 gene
neighbourhood. Late in the primate lineage (Simiiformes
ancestor ca 30 mya), two more gene duplications occurred,
with FXYD6 producing FXYD6p and FXYDS8 variants
(Table 2). Both new genes either emerged as pseudo-
genes from the start (possibly, by retroposition of

Sauropsida

Amphibia
Mammalia

Amniota

duplication : FXYD1,
FXYDS3, FXYD4
loss: FXYD2f

Tetrapoda /

Euteleostomi
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FXYD6, FXYD7

Gnathostomata

innovation: proto-FXYD5

Vertebrata

innovation: myoregulin(?)

duplication: FXYD2, FXYD2f, FXYD3/4,

duplication: sarcolipin and phospholamban

innovation: proto-sarcolipin/phospholamban

Figure 8. Major events in the evolutionary history of small transmembrane regulators of ion transport
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mRNA-derived cDNA), or deteriorated in the Homo—Pan
clade ca 6-9 mya, turning into pseudogenes and reverting
the human genome to the standard mammalian FXYD
gene complement (FXYDI, FXYD2, FXYD3, FXYD4,
FXYD5, FXYD6 and FXYD?) (Fig. 9).

A case for revision of the current FXYD classification

A consistent phylogeny-based classification simplifies the
investigation of any physiological function of orthologous
proteins in different species. However, establishing
orthology between the fish and tetrapod FXYDs has been
challenging. Whenever a newly discovered fish FXYD
was not an obvious orthologue of a tetrapod FXYD,
it was simply assigned the next consecutive number
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(e.g. FXYD10) (Mahmmoud et al. 2003; Cornelius et al.
2005) with or without additional prefixes (e.g. OdFXYD9,
OIFXYD9) (Yang et al. 2013) and suffixes denoting
the species (e.g. FXYD9dr) (Sweadner & Rael, 2000).
Although such classification was deemed provisional in the
original descriptions of the FXYD gene family (Sweadner
& Rael, 2000) and FXYDI10 (Mahmmoud et al. 2000;
Mahmmoud etal. 2003), it has persisted for the description
of fish FXYDs. According to this current classification,
fishes lack orthologues of tetrapod FXYDI, FXYD3, and
FXYD4, but have additional FXYDs that are lacking in
mammals (FXYD8-12). Based on this classification, fish
and tetrapods share only four FXYDs (FXYD2, FXYD5,
FXYD6 and FXYD?7), while all the other FXYDs are either
fish-specific or tetrapod-specific.
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Figure 9. Schematic representation of the evolutionary history of FXYD genes
See the text for explanation of the evolutionary history of FXYDs.
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By supplementing sequence analyses with analyses of
chromosomal neighbourhoods, we show that the fish
FXYD9 and FXYD11, as well as the tetrapod FXYD3 and
FXYD4, originated from the same ancestor (FXYDI0).
Furthermore, we show that fish FXYDI2 corresponds to
the tetrapod FXYD2. Thus, the current FXYD classification
is not entirely congruent; that is FXYDs with common
phylogenetic origins are classified under different names
in fish and tetrapods. Obtaining relevant and accurate data
that can be extrapolated from fish to humans is contingent
upon having a unified FXYD classification that closely
reflects the evolutionary history of the FXYD family. We
therefore suggest a revised FXYD classification (Table 2),
which reflects the likely phylogeny of FXYDs more closely
than the current one.

Our revision is indirectly supported by previous
analyses indicating FXYDI10 (aka PLMS) might be homo-
logous with the mammalian FXYD3, as well as the
teleost FXYD9 and FXYDI1 (Mahmmoud et al. 2003;
Tipsmark, 2008; Wang et al. 2008). FXYDI2 was also
identified as a possible homologue of the tetrapod
FXYD2 (Tipsmark, 2008). However, without additional
information, sequence homology was deemed too low to
designate these fish FXYDs as orthologues of tetrapod
FXYDs (Mahmmoud et al. 2003). Our analysis of
conserved chromosomal neighbourhoods now provides
this additional information and allows for a reliable
reclassification of fish FXYDs (Table 2).

Evolutionary history of SERCA regulators

Compared with the FXYD family, the history of
other small transmembrane regulators of ion trans-
port was relatively uneventful (Fig. 8). Phospholamban,
as well as sarcolipin, to which phospholamban is
structurally related (Toyoshima et al. 2013), is not
found beyond Cyclostomata. Thus, they likely originated
at the same time frame in the common ancestor of
the Craniata lineage. Unlike FXYDs, phospholamban
is strongly conserved across the whole range of the
organisms harbouring this gene. Most vertebrate species
have only a single copy of phospholamban, which
suggests that this family evolves under evolutionary
constraints preventing its duplication and functional
diversification. The sarcolamban gene in Drosophila has
similar functional properties as phospholamban (Magny
et al. 2013) and possibly shares a common pre-vertebrate
ancestor with phospholamban. The history of the myo-
regulin peptide proper cannot be traced with confidence
beyond the Eutheria (the placental mammal) clade.
Indirect evidence, however, such as the conservation
of the CCDC6-[MRLN]-SLCI6A9 gene context across
Euteleostomi (Fig. 4), suggests the possibility that it was
already present in the common ancestor of Euteleostomi,
that is the ancestor to all Actinopterygii and Sarcopterygii.
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There is no evidence for the presence of myoregulin
in Chondrichthyes or Cyclostomata. Two copies of the
CCDC6-[ MRLN]-SLC16A9 gene neighbourhood were
retained after the whole-genome duplication event(s)
in Actinopterygii, but there is no indication of sub-
functionalization of the two putative myoregulin genes.

Phosphorylation sites in small transmembrane
regulators of ion transport

FXYDs from all clades except the FXYD2 clade contain
one or more putative phosphorylation sites in their
cytoplasmic segments. Earlier analyses of mammalian
(Sweadner & Rael, 2000; Yamaguchi ef al. 2001; Crambert
et al. 2004) and salmon FXYDs (Tipsmark, 2008)
produced a similar result. Our analysis allows for the
following conclusions. Firstly, predicted phosphorylation
motifs are not conserved across the FXYD clades,
consistent with low sequence similarity of FXYDs
outside the signature motif (Sweadner & Rael, 2000).
Secondly, orthologous or paralogous FXYDs frequently
have similar phosphorylation motifs. For instance, the
phosphorylation motif [-RSS®*IRR(L/M)S®®(T/S)*R~] is
well conserved in FXYDI across the Tetrapoda. Similarly,
the phosphorylation motif [-KRTRS”°NS’’~] of shark
FXYD3/4 resembles the predicted phosphorylation motif
in its paralogue FXYD3/4-2 in Actinopterygii. Thirdly,
although similar phosphorylation motifs suggest common
ancestry of FXYDs, different phosphorylation motifs do
not preclude it. Indeed, paralogous FXYDs can have
different phosphorylation motifs. For instance, predicted
phosphorylation motifs in FXYD3/4-1 differ from those
in FXYD3/4 and FXYD3/4-2 (Fig. 6).

Excepting FXYD1 and FXYD3/4 (FXYDI10)
(Mahmmoud et al. 2000; Mahmmoud et al. 2003;
Cornelius et al. 2005; Despa et al. 2005; Bibert et al.
2008), phosphorylation sites in FXYDs are only
predictions and would require thorough functional
characterization. Nevertheless, by extrapolating from
the role of phosphorylation in regulation of FXYDI1
(Despa et al. 2005; Bibert et al. 2008) and phospholamban
(Simmerman et al. 1986; James et al. 1989; Simmerman
& Jones, 1998), we may infer that FXYDs that contain
phosphorylation motifs are likely to be dynamically
regulated by kinases. Conversely, FXYDs that lack
phosphorylation sites or that are less likely to possess
functionally important phosphorylation sites might be
preferentially regulated by other mechanisms, including
regulation of gene expression by hormones (Attali et al.
1995; Wald et al. 1996; Capurro et al. 1997; Brennan
& Fuller, 1999; Shi et al. 2001), alternative splicing and
mRNA editing (Sweadner et al. 2011; Arystarkhova, 2016).
Taken together, differences in phosphorylation motifs of
paralogous FXYDs are likely to reflect diversification of
their physiological function and modes of regulation.



4626

Functional perspectives of early diversification of
small transmembrane regulators of ion transport

Small transmembrane regulators of ion transport
diversified early in the vertebrate lineage, which was
likely to have been one of the drivers behind acquisition
of new physiological properties in vertebrates. The
origin of multiple inhibitors of SERCA, including the
muscle-specific myoregulin (Anderson et al. 2015), as well
as DWORFE, which activates SERCA (Nelson et al. 2016),
maps to the same lineage where the excitation—contraction
coupling in skeletal muscle and heart acquired new
functional characteristics. This co-emergence probably
indicates that regulators of SERCA, which play a major role
in Ca’" homeostasis in skeletal muscle and heart, might
have been important for the evolution of this mechanism
in the vertebrate lineage. Notably, one unique feature of
vertebrates, including Cyclostomata, is that skeletal muscle
contraction depends on the release of Ca’" from the
sarcoplasmic reticulum and does not require extracellular
Ca?t (Armstrong etal. 1972;Inoue et al. 2002). Conversely,
entry of extracellular Ca’" is required for contraction
of invertebrate skeletal muscle (Hagiwara et al. 1971).
Interestingly, the vertebrate heart evolved from an organ
that is almost entirely dependent on extracellular Ca** to
generate contraction, such as in fish and amphibians, to
an organ that heavily relies on the release of Ca’" from
the sarcoplasmic reticulum, such as in birds and mammals
(Shiels & Galli, 2014), which suggests a role for regulators
of SERCA. Also, the emergence of FXYD1, which regulates
Ca’" extrusion from the cardiomyocytes by inhibiting the
Na*/Ca’" exchanger (Zhang et al. 2003), might have been
important for the evolution of cardiac Ca** homeostasis
in the tetrapod lineage.

FXYDs in fishes and mammals are regulated by
hormones (Despa et al. 2005; Tipsmark et al. 2010,
2011; Tang et al. 2012; Pirkmajer & Chibalin, 2016).
Expression of tetrapod FXYD4 is regulated by aldosterone
(Capurro et al. 1997; Brennan & Fuller, 1999; Shi ef al.
2001), a major mineralocorticoid in terrestrial vertebrates
(Rossier et al. 2015). Similarly, expression of FXYD3/4-1
(fxyd11) and FXYD3/4-2 (fxyd9) responds to salinity
changes and/or cortisol (Tipsmark et al. 2010, 2011;
Tang et al. 2012), which is a major mineralocorticoid in
Actinopterygii (Rossier ef al. 2015). Tetrapod FXYD4 is
co-orthologous to FXYD3/4 in cartilaginous fishes, which
were the first vertebrates with a separate mineralocorticoid
and glucocorticoid receptor (Baker et al. 2013; Rossier
et al. 2015). Conversely, lampreys, which have only
one corticosteroid receptor, lack FXYD3/4 (Baker et al.
2013; Rossier et al. 2015). Aldosterone first appeared in
lobe-finned fishes (Baker et al. 2013), which was probably
an important step in the evolution of terrestrial vertebrates
(Rossier et al. 2015). The duplication of FXYD3/4 into
FXYD3 and the aldosterone-responsive FXYD4 occurred
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in the Tetrapoda ancestor (Figs 8 and 9), thus apparently
coinciding with the appearance of aldosterone and the
transition from the aquatic to the terrestrial life (Rossier
et al. 2015). Taken together, diversification of the FXYD3/4
clade seems to have closely paralleled development of the
mineralocorticoid system.

Conclusions

Collectively, our study provides evidence of early
vertebrate origins and diversification of small trans-
membrane regulators of ion transport. In addition, new
insights into evolutionary history of FXYDs are provided.
We propose a revised FXYD classification, which reflects
the likely evolutionary history of the family and is
consistent between the fish and tetrapod genes. Our
findings open new avenues for investigating the evolution
of small transmembrane regulators of ion transport and
their roles in health and disease.
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Box 1: Glossary

CDS: coding DNA sequence; part of the genomic DNA that is
translated.

Clade: a taxon that includes all species descending from a
common ancestor.

Conserved synteny: synteny means on the same strand, while
conserved synteny refers to conservation of gene order on the
chromosomes of different, but related, species.

ESTs: expressed sequence tags are short reads from the cDNA
and represent genes that are expressed in a given tissue and/or
developmental stage.

Homologues (homologous genes): Genes that originate from
a common ancestor.

Orthologues (orthologous genes): Genes in different species
originating from the same ancestral gene. For instance, FXYD2
is a deeply ancestral FXYD gene, from which all FXYD2 genes in
vertebrates are derived.

Paralogues (paralogous genes): Genes originating from the
duplication of the same ancestral gene. For instance, duplication
of FXYD?2 in Actinopterygii produced fish-specific paralogue of
EXYD2 (FXYD2f).
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