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SUMMARY
Prestin (SLC26A5) is the molecular motor responsible for cochlear amplification by mammalian
cochlea outer hair cells and has the unique combined properties of energy-independent motility,
voltage sensitivity, and speed of cellular shape change. The ion transporter capability, typical of
SLC26A members, was exchanged for electromotility function and is a newly derived feature of the
therian cochlea. A putative minimal essential motif for the electromotility motor (meEM) was
identified through the amalgamation of comparative genomic, evolution, and structural
diversification approaches. Comparisons were done among nonmammalian vertebrates, eutherian
mammalian species, and the opossum and platypus. The opossum and platypus SLC26A5 proteins
were comparable to the eutherian consensus sequence. Suggested from the point-accepted mutation
analysis, the meEM motif spans all the transmembrane segments and represented residues 66–503.
Within the eutherian clade, the meEM was highly conserved with a substitution frequency of only
39/7497 (0.5%) residues, compared with 5.7% in SLC26A4 and 12.8% in SLC26A6 genes. Clade-
specific substitutions were not observed and there was no sequence correlation with low or high
hearing frequency specialists. We were able to identify that within the highly conserved meEM motif
two regions, which are unique to all therian species, appear to be the most derived features in the
SLC26A5 peptide.

INTRODUCTION
The molecular evolution of a protein family involves a combination of gene expansion events
that includes gene duplication and duplication of the whole genome (Haldane 1932; Ohno
1970, 1993; Taylor and Raes 2004; Domazet-Loso et al. 2007). The eutherian genome has
presumably undergone two rounds of whole genome duplication (2R Hypothesis) occurring
in early chordate evolution (Urochordata–Craniata) (Garcia-Fernandez and Holland 1994;
Dehal and Boore 2005; Hallbook et al. 2006). Expansion and contraction of the number of
gene family members can occur by a number of mechanisms, including but not limited to the
acquisition of transposable elements, independent gene duplication through cis- or trans-
events, and alternation of chromosomal number with subsequent deletion or translocation of
genes, chromosomal segments or whole chromosomes (Furlong and Holland 2002). After
duplication these isogenic copies, under selective pressure, can be routed along a number of
possible evolutionary pathways that diversify the isogenes through point mutations, insertions
or deletions (Indels), and/or conversion events within the coding, noncoding, and/or cis-
regulatory regions (King et al. 2007; Prud’homme et al. 2007; Roth et al. 2007; Zheng et al.
2007). These pathways are defined as nonfunctionalization, neofunctionalization, and
subfunctionalization of the evolving isogenes (Ohno 1970; Force et al. 1999; Lynch and Conery
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2000). There is evidence that formation of paralogs is often due to an initial acceleration of the
nonsynonymous substitution rate leading to functional divergence that is then followed by
purifying selection, which excludes substitutions that prevent or interfere with refinement of
the protein structure–function relationship (Li et al. 1985; Ohta 1993; Lynch and Conery
2000). Metazoan genomic comparisons have recently identified punctuated protein evolution
in metazoan lineages that identify evolutionary innovations in protein structure and function
(Domazet-Loso, Brajkovic, and Tautz 2007; Putnam et al. 2007). Comparative analysis of
proteins and their paralogs provide insights into the diversity of protein structures and,
combined with functional studies on engineered proteins, reveal structure–function
relationships that contribute to phenotypic and morphological diversification (Marsh and
Griffiths 2005). Recently, Ortlund et al. (2007) have combined phylogenic and functional
approaches with X-ray crystallography to elucidate the generation of new functional paradigms
of proteins.

Here we examined the evolution of an anion transporter molecule to a unique ATP-independent
electromotility motor protein, prestin or SLC26A5, that provides sound amplification of the
cochlea with rapid conformational changes that occur in kilohertz ranges (Dallos and Fakler
2002; Dallos et al. 2006). Prestin (SLC26A5) is a protein critical for the function of the
peripheral auditory system in mammals. Its presence results in outer hair cell (OHC)
electromotility, allowing OHCs to elongate and contract in synchronization with sound waves
to amplify sounds (Zheng et al. 2000). Electromotility in OHC is characterized by a somatic
shape change in length of up to 5%, which occurs with alterations of the membrane potential
(Brownell et al. 1985; Ashmore 1987; Santos-Sacchi and Dilger 1988). This motility is voltage
dependent and a nonlinear capacitance (NLC) is thought to initiate a bimodal conformational
change in the protein itself (Santos-Sacchi 1991; Oliver et al. 2001; Santos-Sacchi et al.
2001). Removal of prestin by targeted mutagenesis in mice (Liberman et al. 2002) results in a
40–60 dB loss of cochlear sensitivity in vivo. In humans a spontaneous 5′-noncoding region
(NCR) splice acceptor mutation (IVS2-2A>G) in prestin exon 3 is associated with congenital
nonsyndromic deafness in DFNB61 patients (Liu et al. 2003). Thus, prestin is necessary for
electromotility and mediate the active amplification, boosting cochlear sensitivity by 100–
1000-fold (40–60dB).

The SLC26A family members of anion exchangers are expressed in the luminal or apical
membranes of epithelial tissue and are primarily involved in transport of Cl− and  (Mount
and Romero 2004). However, each member has a distinctive expression distribution in
epithelial cells and anion specificity (Mount and Romero 2004; Kere 2006). Cochlear
expression analysis of the other SLC26A3–6 transporters has demonstrated that SLC26A4–6
genes are expressed, whereas SLC26A3 is not present. SLC26A4 is present in the spindle cells
of stria vascularis, spiral prominence, outer sulcus cells (along with their root processes), and
the Claudius and Deiter’s cells of the organ of Corti (Everett et al. 1999; Yoshino et al.
2004). SLC26A6 transcripts are found in the organ of Corti and likely are expressed in the
supporting cells. In comparison, SLC26A5 has a limited expression profile that is primarily
restricted to OHCs (Zheng et al. 2000), but transcripts can be detected in brain, testis, and
vestibular tissue (Adler et al. 2003; Zheng et al. 2003). The biological importance of these four
genes is further exemplified by human SLC26A inherited diseases (Kere 2006). Four genetic
diseases associated with the SLC26A family are congenital chloridorrhea (SLC26A3), Pendred
syndrome (SLC26A4), nonsyndromic deafness (SLC26A5), and calcium oxalate nephrolithiasis
(SLC26A6), and are based on their respective unique functional and expression profiles.
Genetically engineered null mutant mice exhibit similar diseases (Everett et al. 2001; Liu et
al. 2003; Wang et al. 2005b; Jiang et al. 2006; Schweinfest et al. 2006). The physiological
importance of these transporters and the integrity of their associated functional protein motifs
are demonstrated by the high frequency of pathogenic mutant alleles associated with these
functional domains (Kere 2006).
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Two major protein motifs represented in prestin were identified as the sulfate transporter and
the sulfate transporter and antisigma-factor antagonists (STAS) domains (Zheng et al. 2000).
The presence of a sulfate transporter domain placed prestin within the family of sulfate
permeases and related transporters (SUL1) and the major facilitator super-family. The SUL1
domain is highly conserved in the SLC26A gene family (Zheng et al. 2000; Weber et al.
2003; Franchini and Elgoyhen 2006; Rajagopalan et al. 2006). Unlike the other members of
the SLC26A family, mammalian SLC26A5 has the unique combined properties of the voltage-
dependent conformational changes, NLC and the absence of apparent anion transporter
capabilities (Zheng et al. 2000; Oliver et al. 2001; Dallos and Fakler 2002; Mount and Romero
2004). NLC represents the “voltage sensor” of prestin, whereas the conformational changes
are mediated by the “actuator” (Dallos and Fakler 2002). The voltage sensor was found to
interact with chloride and bicarbonate ions at the cytoplasmic side of the membrane (Oliver et
al. 2001).

The structural–functional relationship of the SLC26A5 protein with electromotility and NLC
has been explored using numerous strategies, including mutational and bioinformatics
approaches. Mutational studies have targeted nonconserved charged amino acids in the sulfate
transporter motif (Oliver et al. 2001), glycosylation sites (Matsuda et al. 2004), phosphorylation
sites (Deak et al. 2005), cysteine residues (McGuire et al. 2007), chimeric (protein segments
derived from other Slc26a family members) or domain swapping (Zheng et al. 2005), and
terminal deletions of the amino- and carboxy-cytoplasmic tails (Navaratnam et al. 2005; Zheng
et al. 2005). Protein sequence comparisons of the Slc26a5 orthologs and paralogs have also
permitted the identification of putative amino acid residues that may be involved in
electromotile and NLC characteristics (Rajagopalan et al. 2006; Albert et al. 2007). Generally,
the results of alteration of the SLC26A5 sequence falls into three categories. These are (1) little
to no change in NLC function or electrophysiological properties, (2) the maintenance of NLC
with shift in the membrane potential (V1/2) where the two conformation states are equal in
proportion, and (3) the loss of NLC (Dallos, Zheng, and Cheatham 2006). Loss of NLC was
suggested to be due to failure of SLC26A5 to insert into the plasma membrane and is observed
in mutant proteins without the carboxy-cytoplasmic tails (Zheng et al. 2005). Loss of membrane
expression is also observed with mutated STAS domains of other SLC26A family members
(Taylor et al. 2002; Karniski 2004). Truncation of either the amino- or carboxy-cytoplasmic
tails were found to eliminate NLC, in spite of the surface expression of the mutated SLC26A5
(Navaratnam et al. 2005). Attempts to document electromotility in nonmammalian hair cells
have been unsuccessful (Adler et al. 2003; He et al. 2003; Weber et al. 2003; Boekhoff-Falk
2005; Albert et al. 2007). Recently the zebrafish (Danio rerio, Dreri) slc26a5 was found to be
expressed in hair cells, but displayed a weaker voltage dependence, and slower kinetics (Albert
et al. 2007). In addition, no electromotility was observed and the subcellular immunodetection
pattern was similar to that described for rodent vestibular hair cells (Adler et al. 2003).
Therefore, it appears the evolution of SLC26A5 voltage-dependent capacitance and plasma
membrane-based electro-motility parallels that of the mammalian cochlea. This evolution
should be reflected in the associated prestin protein sequences.

Comparative genome analysis represents a powerful technique for functional inference of
genes (Domazet-Loso, Brajkovic, and Tautz 2007; Putnam et al. 2007). Its foundation is the
ability to identify orthologous genes. Several methods have been developed for mapping
orthologs through sequence comparison utilizing a combined approach of BLAST searching
followed by more accurate sequence-alignment schemes (e.g., CLUSTALW and PAML)
(Sonnhammer and Hollich 2005; Cantarel et al. 2006). One of the key issues with all these
methods is their underlying assumption that sequence similarity alone contains sufficient
information for prediction of orthologs among species. Other additional criteria are needed to
distinguish between SLC26A5 orthologs and other SLC26A family members (paralogs),
especially in evolutionarily distant nonmammalian species. Herein, we have established more

Okoruwa et al. Page 3

Evol Dev. Author manuscript; available in PMC 2009 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



stringent criteria for identification of the SLC26A5 orthologs. These were: (1) maintenance of
chromosomal linkage; (2) similar gene organization of exon and exon–intron boundaries; (3)
nucleotide and amino acid homology; and (4) maintenance of the SUL and STAS structural
motifs. Using this approach we have established the evolution of the SLC26A family of sulfate
transporters and the conservation of prestin peptide sequences within the mammalian taxa.
Using these criteria our genomic and bioinformatic research objectives were also able to
identify and sequence the prestin ortholog of the platypus (Ornithorhynchus anatinus
[Oanat]) and the opossum (Monodelphis domestica [Mdome]), belonging to monotremes and
marsupials, respectively. Because the modern marsupials and monotremes are the survivors of
early branching of the mammalian evolutionary tree (~110 Myr, respectively), we chose the
egg-laying prototherian platypus and the meta-therian oppossum as representative of the early
divergence from the eutherian mammals. Our initial steps were to identify the platypus and
opossum SlC26A5 orthologs and their associated genomic sequence and structure. With the
recent expansion of genomic sequencing to include a large number of mammalian and
nonmammalian vertebrate (NMV) species, we hypothesized that a significant degree of
homology would be preserved among the SLC26A5 orthologs and its electromotility properties
would also remain highly conserved among mammalian species, including the monotremes
and marsupials.

MATERIALS AND METHODS
Identification and characterization of SLC26A5 containing Oanat BAC clones

BAC Library OA__Bb (Platypus) filters were obtained from the Clemson University Genomics
Institute (CUGI) BAC/EST Resource Center (Clemson, SC, USA). The OA_Bb clones in the
library had an average insert size of 143 kb and represented 11 genome equivalents. Southern
blot analysis was done with the Oanat genomic BAC filters using standard conditions and
P-32-labeled probes were derived from cloned, mouse Slc26a5 coding region cDNA that were
hybridized overnight at 50°C. Following hybridization, blots were washed under moderately
stringent conditions (0.5 × SSC/0.1% SDS at 50°C for 30min) and exposed to Kodak XAR5
film at room temperature for 4–48 h with intensifying screens. Positive clones were obtained
from CUGI and BAC DNA was obtained using large-scale BAC purification kit following the
manufacturer’s protocol. All BAC genomic fragments were characterized by restriction
enzyme digestion, sequence analysis, and Southern blotting analyses. BamHI, EcoRI, and
HindIII restriction enzyme digestions were done overnight at 37°C and analyzed by agarose
gel electrophoresis.

Gene-specific oligodeoxynucleotide primers (designed with the assistance of the Oligo 4.0
program, Natl. Biosciences, Plymouth, MN, USA) were prepared so that the Oanat genomic
sequence could be confirmed. PCR reactions were performed in an MJR thermocycler using
3.0 U Taq Polymerase (PE Biosystems, Foster City, CA, USA), BAC DNA preparation for 35
cycles (94°C for 30 sec, 50–55°C for 30 sec, and 72°C for 3.5 min). The amplified products
were purified by gel electrophoresis, and subcloned pCRII-TOPO (Invitrogen Corporation,
Carlsbad, CA, USA).

SLC26A paralog identification and sequence annotation
Identification of the genomic sequences of the SLC26A5 orthologs was done using BLAST
analysis on Ensembl and NCBI genomic databases. Ortholog and paralog comparisons
(Thompson et al., 1994) were done using CLUSTALW and the Clc protein workbench (version
3 by CLC Bio, Cambridge, MA, USA). The parameters used for these alignments were: Gap
open cost 1/4 5.0, Gap extension cost 1/4 1.0, and End gap cost 1/4 cheap (all end gaps are
treated as gap extensions and any gaps past 10 were free). Additional manual annotation and
alignment were performed by the investigators. Bidirectional Blast similarity searching using
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the tBlastn algorithms was applied to find additional orthologs in the genomic sequences
obtained from NCBI (http://www.ncbi.nlm.nih.gov/Genomes/), Ensembl
(http://www.ensembl.org/index.html) and UCSC Genome Bioinformatics
(http://genome.cse.ucsc.edu/cgi-bin/hgBlat) websites. Ensembl Release 45 was used as the
primary database, except platypus and Ciona intestinalis (Cinte) genomic sequences were
derived from Release 46 (August, 2007). NCBI and Ensembl annotated SLC26A paralog
protein sequences were confirmed by manual inspection of the corresponding BLAST or Blat
searches. Unannotated or incorrectly annotated genes were manually determined. Conservation
of synteny was determined by comparing adjacent orthologous gene pairs allowing for
inversions in gene order between species. If there was a match, the two orthologous gene pairs
were considered to be part of a syntenous region. Such regions were extended by directional
scanning along the genome. Gene order and inversions were also noted.

Phylogenetic analysis
Orthologous genes were grouped using all-against-all, pairwise BLAST similarity searches at
the level of predicted proteins keeping reciprocally best-matching genes. Phylogenetic analyses
were carried out in MEGA 4.1 (Tamura et al. 2007) using maximum likelihood, neighbor-
joining, minimum evolution, maximum parsimony, and unweighted pair group method with
arithmetic mean algorithms with pairwise deletion. Comparisons were made with models using
Dayoff PAM and the James, Taylor, Thorton (JTT) matrices. Reliable bootstrap values were
obtained for all nodes of the tree except for the terminal nodes linking. Stability of clades was
evaluated by 500–1000 bootstrap rearrangements.

RESULTS
Evolution of the SLC26A gene family

We have used a comparative genomic approach to determine the evolution of SLC26A gene
family nucleotide and amino acid homologies and the maintenance of SUL and STAS motifs
(Zheng et al. 2000; Weber et al. 2003; Franchini and Elgoyhen 2006; Rajagopalan et al.
2006). Examination of the chromosomal synteny and genomic organization, including exon–
intron boundaries, was included to solidify the identification of each ortholog. Based on
genomic analysis, the mammalian SLC26A family consists of 9–11 genes (Mount and Romero
2004; Franchini and Elgoyhen 2006). As depicted in Fig. 1A, the mouse (Mus musculus,
Mmusc) genome contains 11 genes that can be generally divided into two major groups, which
are SLC26A4/11 (nine members) and SLC26A5/6 (two members). The SLC26A4/11 group
can be further subdivided into two subfamilies based on sequence homology and genomic
organization. The SLC26A4 subfamily is represented by the prototypic Slc26a4 gene and
includes a3, a4, a8, and a9, whereas, the SLC26A11 subfamily contains the prototypic
Slc26a11 along with a1, a2, and a10 genes.

Similar to the bioinformatic analyses of Franchini and Elgoyhen (2006), we were able to
determine that the initial paralogs of the SLC26A family could be separated based on their
similarity with the sulfate permeases or transporters, which were represented by the prototypic
SLC26A11 and SLC26A4 proteins, respectively. Fig. 1B summarizes the results of the
evolution of SLC26 in eukyarotes. Analysis of the yeast (Saccharomyces cerevisiae, Scere)
genome identified only one SLC26A-like gene, which had a homology with the SLC26A4
prototype. The Choanoflagellates were selected for analysis, because they are among the
closest unicellular relatives of animals (King and Carroll 2001). From the available, but limited
choanoflagellate (Monosiga brevicollis, Mbrev) genomic sequence
(http://genome.jgi-psf.org/Monbr1/Monbr1.home.html), a single SLC26A gene with 13
putative exons was identified in the Monbr1/scaffold_11:371728-374996 and encoded a 556
amino acid protein (Monbr1:25685). The deduced amino acid sequence had the greatest
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similarity with the Mmusc SLC26A11 (expected = 2e – 91). Paralogs representing the two
major grouping of SLC26A genes, SLC26A11-like and SLC26A4-like, were present in slime
molds (Dictyostelium discoideum, Ddisc), worm (Caenorhabditis elegans, Celeg), and a
variety of insects (fruit fly, Drosophila melanogaster [Dmela]; honey bee, Apis mellifera
[Amell]; mosquito, Anopheles gambiae [Agamb] and Aedes aegypti [Aaegy]; and red flour
beetle, Tribolium castaneum [Tcast]). A common feature in the genomic organization of these
SLC26A family members was the relatively small number of exons (~ 2–5 exons). BLAST
analyses using mouse SLC26A4 and SLC26A5 polypeptide sequences ascertained that the
deduced SLC26A4-like proteins in slime mold, worms, and insects have a slightly lower
homology with SLC26A5, but were not significantly different in homology with SLC26A4.
Annotation of these ancestral genes as orthologs or paralogs of Slc26a4, Slc26a5, or even
Slc26a6 genes is at best difficult. This is reflected in the inconsistencies in SLC26A orthologs
designations in both the Ensembl and NCBI databases. Variations in both the number of
paralogs and the degree of identity and similarity were observed among these species. The
degree of completion of the associated genomes also contributed to some of the observed
variations. Similar to other gene families, the number and sequence differences in paralogs
appear to expand and contract through the evolution of each of these eukaryotic species.

Distinct paralogs of the SLC26A3/4 and SLC26A5/6 ancestral genes became first apparent in
deuterostomes, as suggested by genomic analyses of sea urchin (Strongylocentrotus
purpuratus [Spurp]) (see Fig. 1B). However, in the invertebrate chordates, represented by two
species of sea squirt (Ciona intestinalis [Cinte] and Ciona savignyi [Csavi]), there is an
expansion of the SLC26A3/4 and SLC26A5/6 paralogs as well as an increase in exon numbers.
Two genes located on chromosome 7q are linked in a head to head orientation, similar to the
linkage found with vertebrate SLC26A3 and SLC26A4 loci. The other two paralogs are more
similar to the ancestral SLC26A5/6 gene. In the vertebrates the number of exons in each paralog
increased to that presently observed in all extant vertebrate species with the exon–intron
boundaries, for the most part, remaining consistent among the SLC26A3/4 and SLC26A5/6
orthologs. Distinct SLC26A3 and SLC26A6 genes first appeared in bony fish with their
associated linkage relationships. An additional feature in the bony fish was an expansion of
the number of SLC26A6-like paralogs. Because SLC26A3 has remained in close linkage with
the SLC26A4 locus in all vertebrate species, SLC26A3 gene likely arose from a tandem
duplication of the ancestral SLC26A3/4 gene. However, SLC26A6 has neither a linkage with
SCL26A5 nor a parallel chromosomal segment synteny. Therefore, genomic duplication event,
such as those reflected in other genes, may have led to the eventual divergence of these two
genes from the SLC26A5/6 ancestral gene.

In order to compare only the SLC26A5 orthologs we used chromosomal synteny as our initial
step in the classification and exclusion of other SLC26A paralogs. As shown in Fig. 2, we were
able to identify that four genes were consistently linked with SLC26A5 and retained synteny
in all vertebrates, except for bony fish. Reelin (RELN) was always 5′ to SLC26A5 and both loci
were always in the same 5′–3′ orientation. Three genes were present downstream (3′) and
retained the same relative order and orientation. The most adjacent was proteasome (prosome,
macropain) 26S subunit, ATPase, 2 (PSMC2), next was zuotin related factor 1 (ZFR1), which
is also designated as DnaJ (Hsp40) homolog, subfamily C, member 2 (DNAJC2), and peptidase
(mitochondrial processing) beta (PMPCB) being the most 3′. Both PSMC2 and PMPCB were
in an opposite orientation to SCL26A5, whereas ZFR1 had the same tail to head orientation and
in general was physically overlapping with the 5′ PSMC2 and 3′ PMPCB loci. Except for
RELN, synteny was maintained in the corresponding chromosomal segments of the Japanese
pufferfish Fugu (Takifugu rubripes, Trubr), green spotted pufferfish (Tetraodon nigroviridis,
Tnigr), Japanese medaka (Oryzias latipes, Olati) and Stickleback (Gasterosteus aculeatus,
Gacul). However, linkage of SLC26A5 with only the PSMC2 locus was observed in zebrafish
(Dreri). Chromosomal synteny made misidentification of orthologs of the aminotic SLC26A5
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impossible. There were no linkage relationships observed in either the sea urchin or sea squirt
genomes.

In general, the vertebrate SLC26A3 and SLC26A4 loci were linked with orthologs representing
the BCAP29, CBLL1 and DLD loci, whereas the SLC26A6 locus was linked with CELSR3 and
TMEM89 (data not shown). If linkage data was unavailable, then genomic organization of the
coding exons for the SLC26A3–6 genes within a BAC clone or contig was used for
identification of the respective orthologs. As such, the orthologs for each of the four vertebrate
paralogs could be readily identified by the organization and encoded sequences present at the
exon 5′ and 3′ boundaries.

Evolution of the vertebrate SLC26A5 peptide
After we had documented the orthologs of the SLC26A5 genes, the amino acid homologies
among the vertebrata were then examined. Three regions of heterogeneity were identified,
which were in the amino- and carboxy-termini and a highly negatively charged region within
or adjacent to the STAS domain. Eight NMV species were evaluated; chicken (Gallus gallus,
Ggall), frog (Xenopus tropicalis, Xtrop), zebrafish (Danio rerio, Dreri), fugu (Takifugu
rubripes, Trubr), mefugu (Takifugu obscurus, Tobsc), medaka (Oryzias latipes, Olati),
stickleback (Gasterosteus aculeatus, Gacul), and tetradon (Tetraodon nigroviridis, Tnigr). In
the NMV SLC26A5 peptides, these three regions have a higher degree of sequence variability
compared with the SUL and STAS domains (Fig. 3). Because of the increased availability of
sequenced mammalian genomes (Hubbard et al. 2007), we were able to compare full and partial
protein sequences of up to 22 eutherian species; the armadillo (Dasypus novemcinctus,
Dnove), bushbaby (Otolemur garnettii, Ogami), cat (Felis catus, Fcatu), cow (Bos taurus,
Btaru), chimpanzee (Pan troglodytes, Ptrog), dog (Canis familiaris, Cfami), elephant
(Loxodonta africana, Lafri), gerbil (Meriones unguiculatus, Mungu), guinea-pig (Cavia
porcellus, Cproc), European and Madagascar hedgehogs (Echinops telfairi, Etefa and
Erinaceus europaeus, Eeuro), horse (Equus caballus, Ecaba), human (Homo sapiens,
Hsapi), microbat (Myotis lucifugus, Mluci), mouse (Mus musculus, Mmusc), pig (Sus scrofa,
Sscro), rabbit (Oryctolagus cuniculus, Ocuni), rat (Rattus norvegicus, Rnorv), rhesus monkey
(Macaca mulatta, Mmula), European shrew (Sorex araneus, Saran), ground squirrel
(Spermophilus tridecemlineatus, Strid), and treeshrew (Tupaia belangeri, Tbela). The protein
alignment for SLC26A5 is provided in Fig. 4. The eutherian mammal isofunctional SLC26A5
family members were highly conserved (see Fig. 4). Likewise, little if any divergence was
observed in the transmembrane encompassing region (SulPtp) of the eutherian species. This
high degree of conservation in SulPtp was in stark contrast with the variability in the deduced
amino acid sequences from the chicken (Ggall), frog (Xtrop), and the six bony fish SLC26A5
(see Fig. 3). Comparison of the eutherian and NMV SLC26A5 amino acid sequences
demonstrated Indels within prestin were primarily restricted to the amino- and carboxy-termini,
two regions within SulPtp, and the negatively charged segment. As depicted in Fig. 5, the
transition of the NMV to the eutherian sequences within SulPtp differed by deletions within
coding exon 4 that reduced the length of a hydrophilic loop and by insertion of a putative
transmembrane hydrophobic α-helix within exon 6. Among the SLC26A5 orthologs, the
eutherian coding exons 6 and 7 were represented by a single exon in the NMVs (Fig. 5). Beside
single residue variations within each paralogs, Indels were observed within the coding exons,
whereas the exon boundaries remained conserved. Among the vertebrate SLC26A5 genes,
Indels were predominately confined to five coding exons: 1, 4, 6, 16, and 18 (Fig. 3–Fig. 5).
Coding exons 1 and 18 represented the amino-terminus and carboxy-terminus, respectively,
coding exons 4 and 6 were within the SulPtp region, and exon 16 represented the charged
cluster and STAS domains. Indels within coding exon 16 were primarily associated with the
charged cluster motif. The prevalence of Indels associated with exons 4 and 6 was also found
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when the eutherian SLC26A5 consensus protein was compared with the eutherian consensus
proteins of SLC26A4 and SLC26A6.

Identification of the platypus and opossum SLC26A5 orthologs
Differences in the consensus peptides of eutherian and NMV SLC26A5 clearly demonstrated
that Indels in exons 6 and 8 appear to be a mammalian innovation (see Fig. 5). We predicted
that SLC26A5 peptides from primitive prototherian (monotremes) and metatherian
(marsupials) species should also exhibit these mammalian adaptations in SLC26A5 peptide
sequences. Inner ear morphological data support monotremes as the sister group of extant
marsupials and eutherian mammals by the presence of a recognizable organ of Corti (Fernandez
and Schmidt 1963;Jorgensen and Locket 1995;Ladhams and Pickles 1996) compared with the
basilar papilla of avians, amphibians, reptiles, and bony fish. Like the latter, monotremes have
a lagena at the tip of the cochlea that is absent in eutherian cochlea (Ladhams and Pickles
1996;Fritzsch et al. 2002). This cochlear phenotype is shared by both the platypus and the
echidna (Ladhams and Pickles 1996).

In order to determine the genomic sequence of the SLC26A5 gene in the platypus
(Ornithorhynchus anatinus, Oanat), we had identified and obtained OA_Bb BAC genomic
clones that hybridized with a mouse prestin cDNA probe. Four clones, 435A11, 449F06,
506D22, and 556D19, were selected and found to containing the full complement of Oanat
SLC26A5 coding exons (see supplementary Fig. S1). Subsequent PCR and sequencing analyses
confirmed and corrected the genomic organization and sequence of the platypus prestin
provided by Ensembl.

Comparisons of the Oanat and Mdome SLC26A5 proteins showed a homology of 597/724
(82.4%) identity and 652/724 (90.0%) similarity with 3/724 gaps (Fig. 5). Both taxa were more
divergent from the NMV consensus sequence (373/743 [50.0%] identity, 483/743 [65.0%]
similarity, 70/743 gaps and 376/732 [51.4%] identity, 484/732 [65.0%] similarity, 70/743 gaps,
respectively) compared with the eutherian consensus protein (584/747 [78.2%] identity,
652/747 [87.2%] similarity, 10/747 gaps and 614/746 [82.3%] identity, 669/746 [89.7%]
similarity, 7/746 gaps, respectively). Within the SulPtp domain, an amino acid homology of
91–93% was found among Oanat, Mdome, and the eutherian consensus proteins. Gaps between
the eutherian and the Oanat and Mdome proteins were primarily associated with the amino-
and carboxy-cytoplasmic tails. Coding exon 4 has small Indels with the Oanat with one fewer
residue (DDMF-AGGMGSTN) and the Mdomi (DDIVIPGGGGNSTN) with an additional
residue compared with the shortened eutherian amino acid sequence (DDIVIPGG-VNATN).
No sequence gaps among these three proteins were found in the inserted “eutherian”
transmembrane hydrophobic α-helix of the exon 6 with Oanat and Mdome having the highest
homology and Oanat and the eutherians exhibiting the greatest diversity. A third region of
heterogeneity was also observed, but corresponded to the diverse nonhelical segment (residues
308–320) found among the eutherian clades. Based on the homology among the platypus,
opossum, and the eutherian SLC26A5 proteins, we conclude that the Indel alternations in exons
4 and 6 were the major changes that likely created the final evolutionary steps in formation of
the minimal essential motif for the electromotility motor (meEM) in the mammalian prestin.

Comparison of the mammalian SLC26A4, SLC26A5, and SLC26A6 orthologs
The opossum SLC26A5 genomic sequence was also available for analysis and provided an
excellent outgroup of eutherian mammals for phylogenic comparisons (see Fig. 5 and Fig. 6).
We selected the extant marsupial clade, since this taxon branched from the eutherian lineage
~ 124–138 Myr ago, as depicted in Fig. 6A. The opossum inner ear has similar anatomical and
physiological properties of the eutherian inner ear. The opossum cochlea exhibits a flexible
basilar membrane, parallel cellular organization of the organ of Corti (Fernandez and Schmidt
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1963), OHC electromotility (R. Hallworth, unpublished data), and an auditory upper frequency
sensitivity limit beyond those observed for NMVs (Frost and Masterton 1994;Reimer 1995).

High protein sequence conservation among orthologs corresponds with the functional motifs
or domains, whereas greater variability is observed outside of these domains (Table 1). The
proteins representing each gene were divided into six contiguous topological regions,
representing the amino-terminus, a segment containing all the putative transmembrane
spanning (TM) helices (i.e., SulPtp), the amino portion of the intracellular tail (designated as
SUL1′), a charged cluster motif within the intracellular tail, the STAS domain and the carboxy-
terminus (Zheng, et al. 2000;Oliver et al. 2001;Deak et al. 2005;Zheng et al. 2005). As
summarized in Table 1 and depicted in Fig. 6B, the total variability differed among the
mammalian orthologs of these three genes. SLC26A5 orthologs have the lowest frequency of
amino acid substitutions with a highly significant increase of 2-fold (P>0.001) in orthologs of
SLC26A4 (see supplementary Fig. S2) and 4-fold in SLC26A6 (see supplementary Fig. S3).
Of the six comparable regions, only the SUL1′ regions paralleled the increasing change in the
amino acid sequence variations among the three paralogs. The greatest variability was observed
in the charged cluster and carboxy-terminus regions. In contrast, the substitution rates in the
STAS domains were similar for all three paralogs, suggesting this motif is necessary for
function of these transporters. Most striking was the low frequency (39/7497 residues, 0.5%)
of substitution associated with the SLC26A5 SulPtp region, which was significantly lower than
the conserved SUL′ (32/1390 residues, 2.3%) and STAS (52/1411 residues, 5.1%) regions. In
addition, the SulPtp region in SLC26A4 and SLC26A6, respectively, had ~11- and 25-fold
greater substitution frequencies. Of the 39 residues differing from the consensus SLC26A5
SulPtp sequence, 16 substitutions were confined to a nonhelical stretch, residues 308–320, with
the observed K310H and N314S substitutions being primarily associated with the Glires clade
(Fig. 3), represented by Ocuni (rabbit), Strid (squirrel), Cporc (guinea-pig), Mungu (gerbil),
Rnorv (rat), and Mmusc (mouse). Three additional variants, F1206L, I132V, and L380I, were
also observed. Of the remaining substitutions 10/13 had neutral to positive PAML scores with
only 3/7497 residues (0.04%) being nonconservative substitutions. This extremely high degree
of conservation likely reflects stringent conformational and functional properties associated
the SLC26A5 SulPtp region. Of the mammalian SLC26A5 genes 9 of 21 species had
incomplete sequence data available and limited the identification of all amino acid variations
within prestin. Despite the partial protein sequence information, this sequence data set suggests
that the prestin meEM motif comprises the entire SulPtp region.

DISCUSSION
We have used the combined approaches of comparative evolutionary biology and protein
structural and functional relationships to help predict the polypeptide motif responsible for the
polypeptide motif responsible for electromotility. Evolution of OHC electromotility has
required both the molecular evolution of an ATP-independent electrical motor protein and the
structural context in which this novel protein can function, the mammalian cochlea. This
required anatomical framework includes the evolution of both the unique structure of the OHC
lateral wall and the cytoarchitecture of both the organ of Corti and the tectorial membrane. It
is within this cellular scaffolding that prestin can mediate the OHC cochlear amplifier function
(Dallos and Fakler 2002; Dallos, Zheng, and Cheatham 2006). Use of electromotility as a
mechanism for sound amplification is only found in extant eutherian mammals, which include
marsupials. The monotremes (echidna and platypus) are unique among vertebrates by sharing
many features common to the eutherian mammals and to ancestral mammals, birds and reptiles.
Although the monotreme middle ear is typically mammalian and the cochlea has a flexible
basilar membrane, it has an atypical organ of Corti. The monotreme organ of Corti has three
rows of both inner hair cells (IHCs) and pillar cells and five or more rows of OHCs. Also, it
has a comma-shaped, rather than coiled, cochlea that contains at its end a lagenar macula
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(Fernandez and Schmidt 1963; Ladhams and Pickles 1996). The ancestral mammalian cochlea
had already begun the transition from the basilar papilla to the mammalian cochlea around
163–191 Myr with the divergence of the prototherian clade (Benton and Donoghue 2007;
Nikolaev et al. 2007). The transition to a eutherian cochlea was completed during the next 39–
53 Myr as suggested by the opossum cochlea with the marsupial divergence from the eutherian
lineage by 124–138 Myr. The cladogram of the eutherian SulPtp domain demonstrated the
stability of the sequence with an extremely low substitution rate with the absence of clade-
specific substitution (Fig. 6B) compared with SulPtp domains of SLC26A4 and SLC26A6. In
addition there was no correlation in the SulPtp polypeptide sequence variation with high
(Mluci [2–120 kHz], Mmusc [1–91 kHz]) or low frequency (Lafri [0.02–12 kHz], Hsapi [0.06–
23 kHz]), Ptrog (0.04–28 kHz) specialist (Fay and Popper 1994; Heffner 2004). Our phylogenic
analysis supports the idea that two major Indel changes in the SLC26A5 SulPtp motif occurred
during the separation of the NMVs from the ancestral mammals. These sites within the SulPtp
domain were further modified by substitution mutations to become completely conserved with
no additional substitutions occurring in the eutherian lineage, which underwent rapid expansion
95–113 Myr into Afrotheria, Xenarthra, and especially the Boreoeutheria taxon, which
subsequently branched into the Laurasiatheria and Euarchontoglires clades (Benton and
Donoghue 2007).

Evolution of the meEM motif is related to the improved and subsequently unaltered molecular
function of OHC electromotility and this function is in turn directly related to the tertiary and
quaternary structure of the protein (Choi and Kim 2006; Fornasari et al. 2007; Ortlund et al.
2007; Sitbon and Pietrokovski 2007). It is our supposition that the meEM motif, because of its
structural and functional requirements, must be highly conserved and exhibit little to no
sequence variation. In the SulPtp motif of the SLC26A family members, what appears to be a
the purifying selection process (Marsh and Griffiths 2005; Choi and Kim 2006), has
incorporated both Indel changes and missense substitutions to alter the NMV SLC26A5 protein
to provide OHC fast motility. The stringency of the meEM motif is demonstrated by the
extremely low substitution rate in the putative meEM motif of eutherian SLC26A5 (see Fig.
6C). Two major functional constraints are: (1) the 10–12 membrane spanning segments in toto
that permit the fast transition between two electromotile conformations that affect the
intramembrane dimensions; and (2) the interactions among the tightly packed prestin
homooligomeric structures in the OHC lateral wall (Zheng et al. 2006; Wu et al. 2007; Zhang
et al. 2007). Thus, the major nonsynonymous evolutionary steps, represented by the two SulPtp
Indels, and the subsequent purifying selection in the therian SLC26A5 molecular structure is
based on the biophysics of its thermodynamic stability and folding to provide the necessary
electrogenic conformational changes associated with OHC electromotility (Schaechinger and
Oliver 2007; Sitbon and Pietrokovski 2007). Based on our comparisons,the meEM motif spans
the amino acid residues 66–503 and encompasses all the TM regions.

At least two topological models of the SLC26A5 have been suggested based on the predicted
TM α-helices (Oliver et al. 2001; Santos-Sacchi et al. 2001; Zheng et al. 2001; Deak et al.
2005; Rajagopalan et al. 2006). Secondary structure algorithms predicted that the number of
TM regions vary from 10 to 12 regions. Because both the amino- and carboxy-tails are
cytoplasmic (Oliver et al. 2001; Zheng et al. 2001; Navaratnam et al. 2005), an even number
of TM motifs are required. Presently, a 12 TM topology is the most prevalent model (Oliver
et al. 2001; Zheng et al. 2001; Rajagopalan et al. 2006). Deak et al. (2005) further refined this
model by proposing the presence of two short, distorted helices that intercalate into the plasma
membrane to bring the S238 residue intracellularly to permit phosphorylation by
cytoplasmically localized kinases and phosphatases. Short helices that interdigitate into the
membrane are present in many ion channels, transporter, and exchanger proteins, and are
required elements in the topological and functional properties (Durell et al. 1998; Gouaux and
Mackinnon 2005). Presently, the models of prestin topology are controversial and will require
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X-ray crystallographic analyses to elucidate the compressed and expanded structural forms
(Dallos, Zheng, and Cheatham 2006; Muallem and Ashmore 2006).

A predicted hallmark of the ancestral SLC26A4/5 gene would be regulation of Cl− and
 ion in the gastrointestinal tract or its equivalent. It appears that SLC26A3 has retained

this function and is also electrogenic (Shcheynikov et al. 2006). SLC26A4 has evolved both a
unique expression in thyrocytes and an anion specificity for iodine, chloride, formate, and
nitrate (Scott et al. 1999; Scott and Karniski 2000). Although SLC26A6 has the widest tissue
expression pattern, with the highest transcript levels in the intestine, kidney, and pancreas, this
transporter has evolved a high affinity for Cl−/oxalate anion exchange along with sulfate and
Cl−/formate transport (Jiang et al. 2002). In vitro expression analyses demonstrated that mouse
SLC26A6 exhibits electrogenic properties, whereas the human ortholog is an electroneutral
Cl−/  exchanger (Chernova et al. 2005). Human and mouse SLC26A6 have an amino acid
homology of 76% identity and 86% similarity. SLC26A5 is more highly derived, with the
functional characteristics of electrogenicity, NLC, voltage-dependent conformational
movement, and a transducer of intracellular Cl− and/or  without mediating anion
transport (Dallos and Fakler 2002). However, the supposition that prestin does not function as
a transporter is controversial and recent experimental data suggest that the mammalian
SLC26A5 is a functional anion antiporter (Muallem and Ashmore 2006; Schaechinger and
Oliver 2007).

SLC26A5 and SLC26A6 have diverged from the SLC26A5/6 ancestral gene in both their
associated functional properties and their expression profiles. Not only does this necessitate
changes in the protein sequences, with modification of the associated SulPtp and STAS
structure motifs, but would also require changes in the transcription regulation and regulatory
elements in the 5′ promoter region. The tail to head orientation and syntenic relationship of
Reln with SLC26A5 is maintained in all mammals and provides a stable platform for evolution,
likely including primary promoter elements. SLC26A5 and SLC26A6 are differentially
expressed in the organ of Corti with restricted expression in OHCs and supporting cells,
respectively (Everett et al. 1999; Yoshino et al. 2004). Because both cochlear hair cells and
their supporting cells are derived from the same cell lineage, the transcript regulatory
mechanism must provide for this dichotomy in cellular expression (Fekete et al. 1998; Fritzsch
et al. 2006). Expression of genes in cochlear hair cells is mediated through a gene network
involving the bHLH gene, Atoh1, and the other important transcription regulatory factors,
BarHL, Pou4f3, and Gfi1, which are involved in cochlear hair cell maturation and maintenance
(Bermingham et al. 1999; Keithley et al. 1999; Li et al. 2002; Hertzano et al. 2004; Matei et
al. 2005). The developmental upregulation of prestin occurring in prenatal mice (Zheng et al.
2000) parallels maturation of hair cells and suggests it is downstream of Atoh1 regulatory
proteins. An additional regulatory element would be required to eliminate SLC26A5 in IHCs.
Evidence for a negative regulatory element was the identification of a mouse Slc26a5 promoter
fragment that controlled IHC expression (Li et al. 2004). Promoter evolution of SLC26A5
should require positive regulatory elements that are mediated via Atoh1 network process and
a negative element to suppress expression in IHCs. Similarly, cochlear expression of SLC26A6
should be mediated by transcription regulatory factors associated with supporting cells cell
fate acquisition, maturation, and maintenance. The Delta/Notch/Hes signaling pathway is
known to play a prominent role in supporting cell development, maturation, and maintenance
(Adam et al. 1998; Haddon et al. 1998; Lewis et al. 1998; Fritzsch, Beisel, and Hansen
2006), but is not involved in cell fate specification (Daudet et al. 2007). Interestingly, extra
rows of hair cells are not unique to monotremes, but are found in genetically engineered mutants
affecting Delta/Notch/Hes signaling pathway, the PCP pathway for convergent extension,
Neurog1, and Foxg1 (Ma et al. 2000; Zine et al. 2001; Matei et al. 2005; Wang et al. 2005a;
Brooker et al. 2006; Pauley et al. 2006). Both the Atoh1 and Delta/Notch/Hes gene networks
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are ancient gene mechanisms involved in neurosensory systems (Fritzsch and Beisel 2001) and
it is the transcription factors and elements in which the SLC26A5 promoter evolved for OHC
expression. Bioinformatic approaches are now being employed along with promoter dissection
to identify these regulatory elements.

With the rapid increase in a plethora of genomic sequences, phylogenic analysis is now
providing a viable approach for evolutionary biology, genomic, developmental, proteomic, and
biomedical research (Birney et al. 2007; Huttley et al. 2007; Nikolaev et al. 2007). The
vertebrate inner ear represents a rich evolutionary change in the morphology and sensory
properties to form a single organ comprising of three sensory systems for detection of sound
pressure (cochlea), gravity and linear acceleration (saccular and utricular maculae), and angular
acceleration (cristae ampullares of the semicircular canals) (Fritzsch and Beisel 2001; Fritzsch
et al. 2007). Both novel and co-opted transcription regulatory factors have facilitated these
evolving morphological changes along with evolution of novel and co-opted physiological and
functional genes to facilitate mechanosensory detection apparati. The present cladogram of
SLC26A5 is still incomplete and requires the elucidation of the genomic sequences of several
extant aquatic chordates, such as hagfish (Eptatretus burgeri [Eburg]), lamprey (Petromyzon
marinus [Pmari]), and latimeria (Latimeria menadoensis [Lmend]). Sequencing efforts are
currently in progress (Danke et al. 2004; Miyake and Amemiya 2004; Suzuki et al. 2004).
Currently, Cinte is being used as the invertebrate-chordate outgroup. However, Lmena would
be the most compatible outgroup for the mammals, including the prototheria and metatheria,
because the coel-acanth genome is thought to be stable and evolving neutrally with few major
rearrangements and is the most representative of the ancestral tetrapod genomes (Danke et al.
2004; Noonan et al. 2004). In addition, latimeria has a tetrapod-like basilar papilla with hair
cells connected to a tectorial membrane like structure (Fritzsch 1988, 2003). We are presently
pursuing this avenue of phylogenetic investigation into the sequence and linkage of the Lmena
SLC26A3–6 paralogs.

In summary, our investigation suggests that there was a corresponding evolution of the
SLC26A5-associated electro-motility with the formation of the mammalian organ of Corti and
that the functional requirements of the meEM motif leads to an extraordinarily, highly
conserved polypeptide sequence. Evolution of the mammalian SLC26A5 gene was associated
with the nonsynonymous Indels alternations of coding exons 4 and 6 and the subsequent
fixation of the meEM amino acid sequence in the eutherians. An additional outcome of our
analyses is that two major Indel sites within the putative meEM motif need to be verified by
physiological investigation of the expressed platypus SLC26A5 protein. We are currently
creating a full coding cDNA construct and will use a combined approach of site-directed
mutagenesis and chimeric engineered proteins with the platypus, chicken, frog, and gerbil
prestin to recapitulate the evolution of the meEM motif. These latter studies would also be
greatly assisted by the determination of the crystallographic structure of SLC26A5.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Evolution of the SLC26A paralogs as revealed by mouse protein comparisons. (A) The
relationship of the paralogous SLC26A proteins from the nonredundant protein sequence
database from Mmusc is depicted. A distance tree was determined using the fast minimum
evolution algorithm of BLAST pairwise alignments with a maximum sequence difference of
0.75. Members of the SLC26A4/5 (red dot) and SLC26A1/11 (blue and green dots) subfamilies
are indicated. Aliases for SLC26A3–6 members are provided. (B) The evolutionary expansion
of the SLC26A4/5 paralogs is illustrated with the number of genes represented in each taxon
being provided. The difference shades of red and purple indicate a common ancestral precursor.
The number of coding exons associated with each gene is provided. The paralogs designated
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with the asterisk (*) are associated with the permease-like SLCA1/11 subfamily. The taxa
within the chordate are demarcated. The paralogs of the sea squirt (Cinte), as indicated by the
gray box, have a high-sequence homology among themselves making precise identification of
the orthologous genes difficult. There are no linkage associations to assist in the ortholog
assignments.
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Fig. 2.
Chromosomal synteny among different vertebrate SLC26A5 loci. The linkage relationship of
SLC26A5 (red) with the Reelin (RELN) (blue), proteasome (prosome, macropain) 26S subunit,
ATPase, 2 (PSMC2) (green), zuotin related factor 1 (ZFR1) (dark blue) and peptidase
(mitochondrial processing) beta (PMPCB) (purple) loci is depicted for 12 vertebrate species
with an emphasis on mammals. The chromosomal orientations (dot) and the associated physical
length of the corresponding chromosomal segments are indicated.

Okoruwa et al. Page 20

Evol Dev. Author manuscript; available in PMC 2009 April 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
SLC26A5 amino acid variations among nonmammalian vertebrates (NMV). Alignment of the
NMV prestin polypeptides are shown with the deduced polypeptide sequences being compared
with the frog (Xtrop) SLC26A5 sequence. The amino acid alignments are presented with
identical residues to the initial polypeptide being represented as dots. Background color of each
residue is presented using RasMOL colors designations (Sayle and Milner-White, 1995). Gaps
in the aligned sequences are indicated by the dashed line. The consensus sequence, residue
conservation, and utilization (Sequence logo) are provided and missing of sequence data is
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indicated by X. Residue number and the location of each exon boundary ( ) are provided at
the top of each row of sequence.
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Fig. 4.
Alignment of the eutherian SLC26A5 proteins. The deduced polypeptide sequences from
eutherian species compared with a SLC26A5 eutherian consensus sequence. The eutherian
species are arranged from high- to low-frequency specialists. The amino acid alignments are
presented with identical residues represented as dots. Background color of each residue is
presented using RasMOL colors designations (Sayle and Milner-White, 1995). Gaps in the
aligned sequences are indicated by the dashed line. The residue conservation and utilization
(Sequence logo) are provided and absence of sequence data is indicated by X. Residue number
and the location of each coding exon (➋) are provided at the top of each row of sequence.
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Fig. 5.
Alignment of the eutheria and nonmammalian vertebrate SLC26A5 consensus sequences with
opossum and platypus polypeptides. The amino acid alignments are presented with identical
residues to the initial polypeptide being shown as dots. Background color of each residue is
presented using RasMOL colors designations (Sayle and Milner-White, 1995). Gaps in the
aligned sequences are indicated by the dashed line. The residue conservation and utilization
(Sequence logo) are provided and absence of sequence data is indicated by X. The coding exon
contribution to the deduced amino acid sequences are indicated by ↕ and the number of the
exon is indicated. The protein motifs were obtained from Ensembl protein features for mouse
(Mmusc) SLC26A5. These motifs, prosites, domains are demarcated by: gray (▪)—
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hydrophobic transmembrane regions; red (▪)—SUL1 [InterPro: IPR001902], magenta (▪)—
Sulph_transpt [Pfam: PF00916; InterPro: IPR011547], orange (▪)—SulP_transpt [Prosite
patterns: PS01130; InterPro: IPR001902]; black (▪) [Pfam: PF01740; InterPro: IPR002645]
and dark blue (▪) [Prosite profiles: PS50801; InterPro: IPR002645]—STAS motifs; and brown
(▪)—Sodium:dicarboxylate symporter [PRINTS: PR00173 and InterPro: IPR001991].
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Fig. 6.
Cladograms of the evolution of the SLC26A4, 5, and 6 proteins and the corresponding SulPtp
and STAS motifs of the consensus eutherian SLC26A5 polypeptide. (A) The tree of
evolutionary relationships of mammalian species used in this analysis with the frog and chicken
serving as the outgroups as modified from (Benton and Donoghue, 2007). The branch lengths
are proportional to the length in million of years (Myr) at the time of divergence of the taxa.
The minimum age constraints are based on the oldest fossil evidence and maximum ages are
based on bracketing the ages of sister groups in the fossiliferous formation. (B) Phylogenetic
analysis of the SLC26A4 (pendrin), SLC26A5 (prestin), and SLC26A6 (CFEX) are shown
using the opossum (Mdome) as the outgroup. Trees were established using MEGA4 program
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(Tamura et al. 2007) with the following parameters: neighbor-joining, pairwise deletion,
constant substitution rate, and the amino acid JTT matrix. The sums of the branch lengths (SBL)
are given. The time scale (Myr) is based on the divergence of the marsupials from the eutherian
lineage and are represented by red line (71.2 Myr—SLC26A4), a dashed blue line (20.3 Myr
—SLC26A5), and a dotted purple line (50.2 Myr—SLC26A6). (C) Phyogenetic trees are
shown for the SLC26A5 protein motifs, STAS (red line—76.6 Myr) and SulPtp (blue dotted
line—9.0 Myr). Opossum was used as the outgroup and a time scale (Myr) and SBL are
indicated.
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