J Mol Evol (2006) 63:815-825
DOI: 10.1007/s00239-006-0048-4

OLECULAR
EVOLUTION

© Springer Science+Business Media, Inc. 2006

JOURNAL OF

Identification of Three Distinct Phylogenetic Groups of CAX Cation/Proton

Antiporters

T. Shigaki,' I. Rees,! L. Nakhleh,? K.D. Hirschi'

! Children’s Nutrition Research Center, Department of Pediatrics, Baylor College of Medicine, Room 9016, CNRC, 1100 Bates Street,

Houston, TX 77030, USA

2 Department of Computer Science, Rice University, Houston, TX 77005, USA

Received: 26 February 2006 / Accepted: 21 July 2006 [Reviewing Editor: David Guttman]

Abstract. Ca®" /cation antiporter (CaCA) proteins
are integral membrane proteins that transport Ca>"
or other cations using the H" or Na " gradient gen-
erated by primary transporters. The CAX (for CAt-
ion eXchanger) family is one of the five families that
make up the CaCA superfamily. CAX genes have
been found in bacteria, Dictyostelium, fungi, plants,
and lower vertebrates, but only a small number of
CAXs have been functionally characterized. In this
study, we explored the diversity of CAXs and their
phylogenetic relationships. The results demonstrate
that there are three major types of CAXs: type |
(CAXs similar to Arabidopsis thaliana CAX1, found
in plants, fungi, and bacteria), type II (CAXs with a
long N-terminus hydrophilic region, found in fungi,
Dictyostelium, and lower vertebrates), and type III
(CAXs similar to Escherichia coli ChaA, found in
bacteria). Some CAXs were found to have secondary
structures that are different from the canonical six
transmembrane (TM) domains—acidic motif-five TM
domain structure. Our phylogenetic tree indicated no
evidence to support the cyanobacterial origin of plant
CAXs or the classification of Arabidopsis exchangers
CAX7 to CAXI1I1. For the first time, these results
clearly define the CAX exchanger family and its
subtypes in phylogenetic terms. The surprising
diversity of CAXs demonstrates their potential range
of biochemical properties and physiologic relevance.
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Introduction

Ca’" Jcation antiporter (CaCA) superfamily proteins
are integral membrane proteins with 10 to 11 trans-
membrane (TM) domains that transport Ca®" or
other cations using the gradient of H" or Na™ gen-
erated by energy-coupled primary transporters
(Busch and Saier 2002). CaCA proteins have been
identified in animals, plants, fungi, archaea, and
bacteria. The CaCA superfamily consists of five
families that have been identified phylogenetically
(Cai & Lytton 2004): the Na'/Ca’>" antiporters
(NCX), the K" -dependent Na*/Ca®" antiporters
(NCKX and CCX), the YRBG transporters found in
prokaryotes, and the cation exchangers (CAXs).
CAXs (for CAtion eXchangers) are a group of
proteins that export cations of the cytosol to main-
tain optimal ionic concentrations in the cell. CAXs
are energized by the pH gradient established by
proton pumps, such as H"-ATPase or H " -pyro-
phosphatase (Kamiya and Maeshima 2004). CAX
sequences have been deposited in public databases
from bacteria, Dictyostelium, fungi, plants, lower
vertebrates (fish and amphibians), and sea urchin.
The acronym “CAX’” was first used to describe the
cation antiporters CAX1 and CAX2 from the model
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plant Arabidopsis thaliana (Hirschi et al. 1996). Since
then, more antiporters have been named with a CAX
prefix but have no solid criteria for the classification.
The lack of consistent nomenclature and classifica-
tion may hinder future study regarding structure—
function relationships. Although only a small number
of CAXs have been functionally characterized (Ta-
ble 1), there is evidence to support that CAXs have a
multitude of unique biochemical properties in the
CaCA superfamily. For example, Escherichia coli
ChaA (a CAX) was functionally identified as a Na "/
H™ antiporter (Ivey et al. 1993). ChaA suppressed
the phenotype of the Na"/H" antiporter mutant.
However, it was biochemically demonstrated to have
higher H* /Ca®" activity.

All of the characterized CAXs, including bacterial
open reading frames (ORFSs), share some common
features (Table 1). They are approximately 400 amino
acids long and are predicted to have 11 TM domains,
although the predicted number of TM domains may
vary depending on the computer program used. The
polypeptide is divided into two “half proteins™ by a
short, negatively charged loop between TM6 and
TM7, termed the “acidic motif” (Ivey et al. 1993).

In eukaryotes, cellular localization is a factor that
is critical for the function of the protein. For
example, CAXs are thought to play important roles
in signal transduction. In signaling events, the basal
Ca’" concentration in the cytosol is restored by
sequestering the transient increase of free calcium
into the vacuole (Sanders et al. 2002). So far, most
of the characterized eukaryotic CAXs, such as
VCXI1 from yeast (Cunningham and Fink 1996) and
VCAXI1 from mung bean (Ueoka-Nakanishi et al.
2000), are localized to the vacuole. However, local-
ization of most plant CAXs are still unknown, and
there is no report on the localization of CAXs from
filamentous fungi species. Different isoforms of
Arabidopsis Ca>* ATPases (ACA) and Na™/H™"
(NHX) antiporters are localized to different cellular
locations (Yokoi et al. 2002; Schiott et al. 2004).
CAXs are also a multigene family in Arabidopsis
(Miéser et al. 2001) and rice (Kamiya et al. 2005). By
analogy to ACA and NHX transporters, it is pos-
sible that some CAXs are located on membranes
other than the vacuolar membrane. In fact, bio-
chemical experiments suggest that H'/Ca®>" anti-
port activity is present in the plasma membrane and
chloroplast thylakoid membrane (Kasai and Muto
1990; Ettinger et al. 1999). Recently, two plant
CAXs from rice and soybean were reported to be
localized to the plasma membrane (Luo et al., 2005;
Qi et al., 2005).

Substrate specificity of transporters is also an
important determinant of their physiological func-
tions. In this regard, it is of note that the substrate
range of CAXs may extend beyond calcium and

Summary of functionally characterized CAXs.

Table 1.

No. of
™

Length

(aa)

Physiological function Reference

Type Substrate Localization®

Source®

Protein

Cheng et al. 2003

Metal/hormone homeostasis

Vacuole
Cold acclimation

Ca2+

463 11

I-A

Arabidopsis thaliana

CAXI1 (A2g38170)

Catala et al. 2003

Hirschi et al. 2000

Metal homeostasis (?)

Unknown

Shigaki and Hirschi 2000

Cheng et al. 2002

Metal homeostasis (?)
Ca’®" homeostasis
Metal homeostasis
Salt tolerance

Ueoka-Nakanishi et al. 1999

Kamiya and Maeshima 2004

Luo et al. 2005
Qi et al., 2005

441

I-B

I-
I-

Arabidopsis thaliana

CAX2 (At3g13320)

Unknown
C dz +

11
11

459
446
444
451
449

Arabidopsis thaliana
Arabidopsis thaliana

CAX4 (At5201490)

VCAXI1

CAX3 (At3g51860)

+
a.2

C

11
11

I-A

Vigna radiata (mung bean)

Oryza sativa (rice)

Ca2+, Mn2+

OsCAXla
GmCAXI1
0OsCAX3

VCX1

Plasma membrane

Na®, K", Li" (9

2
Ca®”"

I- 11

Glycine max (soybean)
Oryza sativa (rice)

Ca®" homeostasis
2 .
Ca’" homeostasis

Plasma membrane

Vacuole

Cunningham and Fink 1996

del Pozo et al. 1999

Ca®", Mn?>* (MNRI)

11

411

I-F

Saccharomyces cerevisiae

Waditee et al. 2004

Na™ and Ca®>" homeostasis

11 Ca?*

372
373
366
333

I-

Synechocystis sp. PCC 6803

Aphanothece halophytica

Escherichia coli

synCAX
apCAX
ChaA

Waditee et al. 2004
Ivey et al. 1993

Na*t and Ca®>* homeostasis

Ca2+

=

Na™ and Ca®>" homeostasis

Ca2+

11

I11-C

Allaway et al. 2000

sequestration in LPS

n
a2

Unknown

10

I1I-A

Rhizobium leguminosarum

CpaA

“The CAXs in the upper panel are of eukaryotic (plants and a fungus) origin, and the CAXs in the lower panel are from prokaryotes.

®Membrane localization is indicated for eukaryotes only.



sodium. It has been reported that CAX2 from A.
thaliana and OsCAXla from rice transport both
calcium and manganese (Hirschi et al. 2000; Kamiya
and Maeshima 2004). A naturally occurring mutant
of the yeast vacuolar Ca?"/H" exchanger VCXI,
termed “MNRI,” can transport manganese (del
Pozo et al. 1999; Pittman et al. 2004). CAX2 also
transports cadmium (Hirschi et al. 2000), and this
may be true for CAX1 as well because in the pres-
ence of excess cadmium, calcium transport by CAX1
is significantly inhibited (Shigaki et al. 2003). Over-
all, these results may be only representative of the
large number of CAXs that transport multiple ca-
tions. Further phylogeny studies may aid rational
initial experimentation regarding CAX transport
function.

Some determinants of cation specificity in CAXs
have been characterized. For example, the nine-ami-
no-acid-long region of CAXI1 has been shown to
confer calcium transport ability to its close non-cal-
cium-transporting homologue CAX3 (Shigaki et al.
2001). The three-amino-acid-long manganese speci-
ficity determinant of CAX2 has also been identified
(Shigaki et al. 2003). In rice OsCAXla, substrate
selectivity has been shown to be specified by residues
in its repeat regions (Kamiya and Maeshima 2004).
Phylogenetic analyses should be useful to predict the
cellular localization, transport mechanism, and sub-
strate specificities of CAXs.

CAXs are now recognized as tools to engineer
plants for nutritional enrichment of food and for
phytoremediation to clean up heavy-metal contam-
inations in soils. For example, we have demon-
strated that carrots, potatoes, and tomatoes
expressing the Arabidopsis Ca®*/H" antiporter
CAXI contain higher calcium than vector controls
(Park et al. 2004; Park et al. 2005a, 2005b). In terms
of altering metal uptake, plants expressing the Ara-
bidopsis metal/H" antiporter CAX2 appear to be
slightly more tolerant to some metal stresses and
accumulate higher levels of particular metals com-
pared with controls (Hirschi et al. 2000). To maxi-
mize the efficiency and specificity for plants to
accumulate cations of interest, and to tap into the
potentially useful functions of the proteins, the
knowledge of CAXs from a wide range of organisms
will be a valuable asset.

Overall, the information accumulated so far on
the characterized CAXs points to a potential diver-
sity in their substrate range and physiological func-
tions. In plants, multiple isoforms are recognized in
the Arabidopsis genome (Méser et al. 2001), and in
rice, diverse expression patterns among CAX iso-
forms have been reported (Kamiya et al. 2005).
Evolutional relationships among the characterized
and uncharacterized CAXs will lead to a better
understanding of their potential roles. In this study,
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we wanted to explore the diversity of CAXs, to
define the CAX family, and to identify subgroups
within the family. Our study is the first compre-
hensive phylogenetic analysis of the CAX family,
and it defines a framework for future molecular and
biochemical research.

Methods

BLAST Search and Sequence Alignment

Protein BLAST searches were performed in August, 2005, using
the National Center for Biotechnology Information Web site
(http://www.ncbi.nlm.nih.gov/BLAST/) on the nonredundant
protein database. As reference sequences for BLAST, two repre-
sentative CAXs, A. thaliana CAX1 and E. coli ChaA, were used.
We identified 138 sequences (Supplementary Material) with an E
value <0.01, and these sequences were considered as phyloge-
netically related and used for further analyses. The cutoff value
0.01 was used because lowering the stringency to >0.01 returns
homologues of Ca®>*/Na™ antiporters, which belong to a separate
family. Multiple entries for identical proteins were omitted.
Multiple sequence alignments (Supplementary Material)were
performed using ClustalW, available on the European Bioinfor-
matics Institute Web site (http://www.ebi.ac.uk/clustalw/), with
additional manual adjustments. Only the homologous regions
were used for the multiple sequence alignments. PSI-BLAST was
performed to identify weak but biologically relevant sequence
similarities (Altschul et al. 1997) to Arabidopsis CAXs and the
second TM domain of the yeast CAX YNL321W. The general
absence of CAX exchanger ORFs from archaebacterial genomes,
except for one from Methanosarcina, was confirmed using the
data available from the TransportDB Web site (http://
66.93.129.133/transporter/wb/index2.html) at the Institute for
Genomic Research.

Phylogenetic Analyses and Tree Construction

The phylogenetic trees on the data sets were constructed using
heuristic searches for maximum likelihood and maximum parsi-
mony. For maximum likelihood reconstruction of trees, the RAXx-
ML tool (version 3.0) with the Jones, Taylor, and Thornton (JTT)
model of amino-acid substitution (and default settings of the pro-
gram) was used (Stamatakis et al. 2005). For maximum parsimony
reconstruction of trees, the PAUP* tool (version 4.0; Swafford
1998) was used as follows. First, a phylogenetic tree was obtained
using a fast heuristic search of random stepwise addition of se-
quences. Then, the resulting tree was used as the initial tree in an
heuristic search with tree bisection reconnection (TBR) moves.
Finally, the strict consensus tree of all optimal trees found by the
heuristic search was computed.

Topologic Analysis

Membrane topology prediction was performed using TMHMM 2.0
(Krogh et al. 2001) from the Center for Biologic Sequence Analysis
at Technical University of Denmark (available at http://
www.cbs.dtu.dk/servicess TMHMM/). Moller et al. (2001) evalu-
ated various membrane topology prediction programs using the
protein sequences with an experimentally determined topology.
The topology prediction by TMHMM was more accurate than
other popular methods, such as the program by Kyte and Doolittle
(1982) and TopPred II (Claros and von Heijne 1994).



818

Leishmania
Kluyveromyces-2

Mycobacterium-3
Mycobacterium-1

Mycobacterium-2
Streptomyces- |
Streptomyces-2

Rhizobium
Bdellovibrio

S Haemophilus

Shigella ChaA

Salmon[ﬁ]a R
Erwinia

-C ™ i

Methylococcus-3

Fig. 1.

A maximum likelihood phylogenetic tree made from 138
full-length CAXs in the public database. Three major groups and
their subgroups are indicated. The tree branches are labeled with
genera. When there are multiple CAXs from the same genus, they

Results and Discussion

The CAX Family Consists of Three Phylogenetic
Subgroups

CAXs are one of the five families that belong to the
CaCA) superfamily (Cai and Lytton 2004). We
constructed phylogenetic trees based on maximum
likelihood and maximum parsimony. These two
methods produced essentially identical results. In
both methods, the analysis of 138 full-length CAX
polypeptides identified three major groups within this
family (Fig. 1). A distant relationship between Ara-
bidopsis CAX1 and E. coli ChaA has been previously
recognized (Hirschi et al. 1996). The identification of
the third group is due primarily to the recent depo-
sition of new sequences in the databases. This third

Cryptosporidium
Plasmodium-2
Plasmodium-1

are distinguished by hyphenated numbers. The complete alignment,
species and strain names, and the GI numbers of all 138 sequences
are available as supplementary materials online.

group is phylogenetically closer to plant CAXs than
bacterial CAXs, such as ChaA. However, their
polypeptide is approximately twice as long as that of
CAX1 or ChaA. The most striking feature of the
CAXs in the new group is the presence of two unique
TM domains located in their N-terminus half.
Therefore, we regard this group as independent from
the other two.

We propose to name these three subfamilies types
I (CAXs similar to A4. thaliana CAX1), II (the new
group), and III (CAXs similar to E. coli ChaA) CAXs
(Fig. 1). The type I CAXs include all of the plant
CAXs but also include CAXs from other organisms.
The type II CAXs are found in fungi, Dictyostelium,
and lower vertebrates (fish and amphibians). Type 111
CAXs are found only in bacteria. Within the type I
CAX category, eight groups can be recognized (A



through H). Type III CAXs are further divided into
four (A through D) subgroups.

Conservation of certain residues of the CaCA
superfamily polypeptides was reported earlier (indi-
cated by stars in Fig. 2; Cai & Lytton 2004). The
alignment of 12 representative CAXs confirmed that
some of these residues are also conserved in CAX
polypeptides. However, many other residues are not
conserved in CAXs (Fig. 2), whereas many residues
are specifically conserved in CAXs, suggesting unique
protein conformations.

There is striking conservation of many glycine
residues among CAXs (G125, G129, G174, G180,
G181, G359, G409, and G412 for CAX1). Glycine is
the only achiral amino acid that occurs in natural
proteins, and therefore it allows a polypeptide many
possible conformations. Yan and Sun (1997) pro-
posed a role of glycine residues as providing flexibility
for active enzyme sites. Some of the conserved glycine
residues may be important in conferring structural
flexibility to CAX exchangers.

Two internally repeated regions, designated as -1
and o-2, are known in Na®/Ca®>" exchangers and
may be the sites of ion binding (Philipson & Nicoll
2000). The two highly conserved acidic residues that
may be involved in neutralizing the positive charges
of the cation substrate (Cai & Lytton 2004a) are also
conserved in the CAXs (indicated by arrows in
Fig. 2).

CAXs From Plants Form Two Distinct Clades
(Types I-A and -B)

Currently, there are 17 full-length CAXs from plants
in the public databases. Two plant species with se-
quenced genomes, A. thaliana and rice, have multiple
CAXs. Phylogenetic analysis divides these CAXs into
2 distinct clades. Three Arabidopsis CAXs (CAXI,
CAX3, and CAX4) and 3 rice CAXs (OsCAXla, b,
and c) belong to type I-A, and 3 Arabidopsis CAXs
(CAX2, CAXS, and CAX6) and 3 rice CAXs (Os-
CAX2, 3, and 4) belong to type I-B (Fig. 1). It is likely
that other monocot and dicot species also have CAXs
in both groups. All plant CAXs, regardless of the
group to which they are assigned, have 11 predicted
hydrophobic TM domains with an acidic motif after
TM span 6 (Fig. 3). Although there are few differences
in the a-repeats of each clade, type I-A transporters
appear to have a highly hydrophilic segment after TM
span 4. It contains multiple positively charged resi-
dues, and therefore is distinct from the acidic motif.
It is possible that the reason for the dichotomy of
plant CAXs may be different substrate specificities.
For example, CAX1 (type I-A) has been considered to
be a specialized calcium transporter, whereas CAX2
(type I-B) transports multiple cations such as Ca’",
Cd’*, and Mn?" (Hirschi et al. 2000). However,
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current substrate status may simply reflect the fact
that exhaustive tests have not been done. In fact,
OsCAXla (type I-A) has recently been shown to
transport Mn”>" as well as Ca®>", and competition
assays suggest that other plant CAXs also transport
multiple cations (Shigaki et al. 2003). Further exper-
imental work will clarify the substrate specificities of
the enzymes in the two groups.

Arabidopsis CAX7-11 Are Not CAXs

In the Arabidopsis genome, five additional putative
antiporters exist that have been named CAX7 to
CAX11 (Miser et al. 2001). These antiporters dis-
play limited primary amino-acid sequence homology
with any CAX. In fact, they have a striking se-
quence similarity to the mammalian K " -dependent
Na*/Ca?" antiporter NCKX6 (Cai and Lytton,
2004b), which is also termed “NCLX” and was re-
ported to be K *-independent by Palty et al. (2004).
The phylogenetic tree of the 13 representative
CAXs, CAX7 to CAXI1, and the human K™-
dependent Na™/Ca®>" antiporter NCKX6 clearly
indicates that CAX7 to CAXI11 are closer to the
K *-dependent Na*/Ca?" antiporter than to any of
the CAXs (Fig. 4). Specifically, CAX 7 to CAXI11
share the characteristic a-repeats GNG(A/S)PD in
o-1 and (G/S)(N/D)SxGD in a-2 with NCKX6 (Cai
and Lytton 2004); as well as a high degree of
homology immediately surrounding this region,
particularly on the N-terminus. It is therefore most
likely that this group of Arabidopsis transporters
have different biochemical properties from those of
other CAX proteins. CAXs and mammalian
NCKX6, among others, are members of the CaCA
superfamily (Cai and Lytton 2004). Arabidopsis
CAX7 to CAXI11 belong to this superfamily, but
there is no available information on function. Re-
cently, Cai and Lytton (2004) proposed a new group
that separates the mammalian NCKX6 from
NCKX1-5 and tentatively termed the group the
“Cation Calcium eXchanger” (CCX) family. Based
on sequence homology and characteristic o-repeats,
Arabidopsis CAXT through CAXI11 belong to this
new family. Therefore, we propose to rename these
genes CCX1 (CAX7) to CCX5 (CAXI11). In our
classification scheme, there are only six Arabidopsis
CAX transporters (CAX1 to CAXO6).

Plant Genomes Contain Close Relatives of CAXs

A PSI-BLAST search with CAXI1 as the reference se-
quence identified a homologous region in the C-ter-
minus of a putative transporter (Atlg53210). This
deduced antiporter has a plant CAX-type secondary
structure with 10 to 11 TM domains. Interestingly,
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The N-terminus regions of some sequences are not shown because indicate the conserved residues reported for the CaCA superfamily

their alignment is poor. The predicted 11 putative TM spans (TM1 polypeptides (Cai and Lytton 2004).
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red areas indicate predicted TM domains, and the blue and magenta lines indicate the regions that are predicted to be inside or outside of the

membrane, respectively.

At1g53210 has two EF-hand calcium-binding motifs,
suggesting its role in regulation by calcium. According
to publicly available microarray data, this gene is
highly expressed in all tissues and was recently re-
ported to be localized to the vacuole (Carter et al.
2005). Three additional putative antiporters are highly
homologous to At1g53210 in the Arabidopsis genome.
Homologues also exist in other plant genomes.

CAXs From Protozoa Form a Separate Clade
(Type I-C)

The public databases contain only four CAXs from
protozoa (from Plasmodium, Cryptosporidium, and
Leishmania), and three of them form a tight cluster
within the type-I CAX (type I-C; Fig. 1). The pro-
tozoan CAXs are similar to plant CAXs in size and
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Fig. 4. Phylogeny tree showing the distance between the 13 rep-
resentative CAXs and putative 4. thaliana antiporters CAX7 (re-
named CCX1) to CAXI1 (renamed CCX5). Human K™-
dependent Na'/Ca?' exchanger NCKX6 is also included to
demonstrate its phylogenetic proximity to CAX7 to CAXI11 (re-
named CCXI1 to CCX35).

proposed membrane topology. The CAX from
Leishmania appears to be most closely related to
fungal type I-F CAXGs.

Fungi Have Multiple Groups of CAXs That Are
Diverse in Structure (Types I-D, -E, and -F)

Like Arabidopsis and rice, fungi have multiple CAX
ORFs in their genome. Phylogenetic analysis revealed
two distinct groups in these proteins (Fig. 1). Of these
two, one clade is distant enough from plant or pro-
karyotic CAXs and appears to be an independent
phylogenetic group (type II). CAXs that form the
other clade are similar enough to plant CAXs to be
classified as type I, and we subdivide this group into
types I-D, I-E, and I-F.

The three groups of fungal type I CAXs are clearly
distinguished by their secondary structures (Fig. 3).
Type I-D CAXs are approximately 500 amino acids
long and are predicted to have 9 TMs. The size of type
I-E CAXs varies from 600 to 800 amino acids. They
have 11 predicted TMs with a long N-terminus tail
and a middle loop region after TM6. Type I-F CAXs
are approximately 400-aa long and have 11 predicted
TMs. However, they lack the N-terminus tail and
middle loop, which makes them structurally similar to
plant CAXs. Many fungal species have multiple type I
CAXs. For example, Neurospora has one type I-D and
I-F CAX and appears to have two type I-E CAXs.

Type I CAXs in Bacteria Are Classified into Two
Groups (Types I-H and -G )

Many, but not all bacterial genomes have CAXs that
belong to type I. Among these sequences, CAXs from

cyanobacteria form a tight cluster (type I-G), and no
other types of CAXs are present in cyanobacterial
genomes except for a Synechococcus CAX, which is
classified in type III-B. All other bacterial type I
CAXs form a relatively loose cluster (type I-H), and
these CAXs appear to be phylogenetically closer than
other type I CAXs to type III CAXs.

Amino-acid sequences of these proteins are highly
homologous to all other members of type I CAXs.
Recently, an attractive hypothesis was proposed on
the evolution of some plant cation transporters.
Waditee et al. (2004) reported high homologies be-
tween CAXs from cyanobacteria and plants. Song et
al. (2004) reported a similar finding between Na™/
H™ exchangers from cyanobacteria and Arabidopsis.
Both reports suggested that these plant transporters
were derived from cyanobacteria. However, CAXs
from other bacteria and fungi are similarly related to
cyanobacterial CAXs (Fig. 1). Therefore, the close
phylogenetic relationship is not specific to CAXs
from plants and cyanobacteria. We thus propose that
CAX genes already existed before the divergence of
the major kingdoms or domains.

Both groups of CAXs have 11 TM domains sep-
arated into two segments by an acidic motif (Fig. 3).
It appears that some of the bacteria having a type I
CAX also have a putative type III CAX. It is inter-
esting to note that an archaecal CAX from Methano-
sarcina also belongs to type I-H (Fig. 1). The origin
of Methanosarcina CAX 1is difficult to resolve, but
recent findings emphasize the frequent occurrence of
horizontal transfer in prokaryotic evolution (Martin
& Embley 2004).

The Type II CAXs Are Characteristic in Secondary
Structure

This group of CAXs is present in fungi, Dictyostelium,
and Xenopus (Fig. 1). There are also type II CAX
expressed sequence tags (ESTs) from fish species and
the sea urchin. However, they are absent in higher
vertebrates and other animal species, including insects
and nematodes. Most genomes appear to have only
one copy of this exchanger. The proteins in this group
consist of approximately 900 to 1150 amino acids and
are more than twice as long as E. coli ChaA or Ara-
bidopsis CAX1. The C-terminus halfis highly similar in
primary amino-acid sequence and topology to the type
I or III CAXs that contains 11 TM domains (Fig. 3).
The N-terminus half is unique to type II CAXs and
mostly hydrophilic (Fig. 3). However, there are two
putative TM domains in this region, making the total
number of TM domains 13 (Fig. 3).

The first TM span is homologous to a conserved
domain (DUF307) found in small membrane proteins
in bacteria and fungi. The function of this domain is
unknown. A PSI-BLAST search identified the



homology of the second TM span to the f subunit
proteins of the Na ™, K" -ATPase (‘“sodium pump”).
This subunit of the sodium pump is not part of the
catalytic domain and possibly plays a role in its
plasma membrane delivery (McDonough et al. 1990;
Laughery et al. 2003). Therefore, it is possible that
the type II CAXs are localized to the plasma mem-
brane and that the localization signal is located in this
second TM region, although this must be tested
experimentally.

The type 11 CAXs appear to be either approxi-
mately 900 or 1100 amino acids long (Fig. 3). The
difference is in the length of the middle loop after the
sixth  TM domain. Saccharomyces cerevisiae
YNL321W lacks such a loop (908 amino acids;
Fig. 3). However, a type I CAX from another yeast
species, Yarrowia lipolytica, has a long loop of
approximately 200 amino acids, making the total
length 1145 amino acids (Fig. 3). The loops are het-
erogeneous. The N-terminus of the Saccharomyces
YNL321W exchanger appears to be located inside the
cytosol, whereas the Yarrowia exchanger is predicted
to have its N-terminus outside of the cytosol (Fig. 3).

Additionally, type II CAXs have significantly dif-
ferent a-repeats from those of type I CAXs. Very few
of the residues Kamiya and Maeshima (2004) dem-
onstrated to be essential for Ca>* or Mn?* transport
in OsCAXla are conserved.

Type 11l CAXs Are Found Only in Bacteria

The Ca®>*/H" antiporter ChaA from E. coli and re-
lated proteins (type III CAXs) show homology to
CAXs from plants and fungi. However, it is clear that
these exchangers form a separate clade from type I or
type II CAXs (Fig. 1). Type III CAX exchangers are
found only in bacteria. Some bacterial species were
found to have both type I and type III CAXs.

Four clear clades are recognized within type III
CAXs (Fig. 1). Type III-A consists of CAXs mainly
from plant pathogenic or symbiotic bacteria but also
includes CAXs from Bordetella. Type 11I-A CAXs
are the phylogenetic group closest to type I CAXs.
Type I11-B consists of CAXs from a diverse range of
bacterial species including Gram-negative and -posi-
tive bacteria and one cyanobacterium. Type III-C
includes ChaA from E. coli, which is the only well-
characterized type III CAX to date. Type III-D in-
cludes CAXs from diverse bacterial species, including
animal and plant pathogens.

Type III CAXs are also predicted to have 11 TM
domains and approximately 400 amino acids. Types
III-B, III-C, and III-D CAXs have an acidic motif
after TM span 6. However, type III-A CAXs contain
many positively charged residues in this region and
therefore lack an acidic motif. The N-terminus of
type III CAXs is predicted to be inside the mem-
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brane, except for type III-A CAXs, which appear to
have the N-terminus outside the membrane (Fig. 3).
Some bacterial species have multiple type III CAXs
classified into different subgroups.

CAXs Are Absent in Higher Animal and Archaebac-
terial Genomes

Database searches failed to identify CAX homo-
logues in most animal species, including higher ver-
tebrates, insects, and nematodes. However, CAXs do
exist in lower vertebrates and sea urchin. The exis-
tence of CAXs in isolated groups of animals suggests
the disappearance of CAXs from other animal species
because of selection pressure. Future functional
studies of CAXs in lower animal species may identify
a fundamental role of all CAXs.

Many archaebacterial genomes have been se-
quenced and annotated completely. Archaebacterial
genomes contain 0—3 open reading frames that belong
to the CaCA superfamily. Except for the Methano-
sarcina CAX, all of these antiporters show homology
to the mammalian NCKX6/NCLX-like Na ™ /Ca*"
antiporters rather than CAXs. The absence of CAXs
from archaebacterial genomes implies that CAXs
branched off from the ancestral Ca?" /cation anti-
porters after the divergence of eubacteria and ar-
chaebacteria.

Conclusion

In conclusion, this study has defined the CAX family,
and some former plant CAXs have been reassigned to
the CCX family. The three types of CAXs show
remarkable diversity, suggesting multiple physiologic
roles.
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