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Arginine–aspartate–aspartate (RDD) family, representing a category of transmembrane
proteins containing one highly conserved arginine and two highly conserved aspartates,
has been functionally uncharacterized as yet. Here we present the characterization
of a member of this family designated RDD from the moderate halophile Halobacillus
andaensis NEAU-ST10-40T and report for the first time that RDD should function as
a novel Na+(Li+, K+)/H+ antiporter. It’s more interesting whether the highly conserved
arginine/aspartate residues among the whole family or between RDD and its selected
homologs are related to the protein function. Therefore, we analyzed their roles
in the cation-transporting activity through site-directed mutagenesis and found that
D154, R124, R129, and D158 are indispensable for Na+(Li+, K+)/H+ antiport activity
whereas neither R35 nor D42 is involved in Na+(Li+, K+)/H+ antiport activity. As
a dual representative of Na+(Li+, K+)/H+ antiporters and RDD family proteins, the
characterization of RDD and the analysis of its important residues will positively
contribute to the knowledge of the cation-transporting mechanisms of this novel
antiporter and the roles of highly conserved arginine/aspartate residues in the functions
of RDD family proteins.

Keywords: RDD family, moderate halophile, Na+(Li+,K+)/H+ antiporter, arginine/aspartate residues, site-directed
mutagenesis

INTRODUCTION

In prokaryotes, Na+/H+ antiporters are ubiquitous transmembrane proteins that mainly catalyze
the efflux of cytoplasmic Na+ and Li+ or sometimes also K+ driven by an electrochemical proton
gradient generated by distinct transporters such as ion-pumping ATPases or respiratory complexes
across cytoplasmic membranes (Padan and Schuldiner, 1994; Ito et al., 1999; Padan et al., 2005;
Slonczewski et al., 2009; Quinn et al., 2012). This category of proteins were also designated
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Na+(Li+)/H+ antiporters due to the simultaneous existence of
Na+/H+ and Li+/H+ antiport activity, some of which function
sometimes as K+/H+ antiporters (Ito et al., 1999; Padan et al.,
2005; Quinn et al., 2012). In Escherichia coli, two specific Na+/H+
antiporters, NhaA (Karpel et al., 1988) and NhaB (Pinner et al.,
1992), and a non-specific Na+(Ca2+, K+)/H+ antiporter, ChaA
(Ivey et al., 1993; Radchenko et al., 2006), were found to be
essential for the growth of the host under high saline-alkaline
stress. Therefore, E. coli mutants EP432 (1nhaA1nhaB; Padan
et al., 2001), KNabc (1nhaA1nhaB1chaA; Nozaki et al., 1996),
or TO114 (the different designation with the same genotype
as KNabc; Radchenko et al., 2006), especially the latter two
of which can’t tolerate 0.2 M NaCl or 5 mM LiCl, have been
extensively used as a heterologous host to clone and express
genes with Na+/H+ antiport activity. Due to the deficiency in
one major K+/H+ antiporter, ChaA, E. coli KNabc may be
also used for the identification of K+/H+ antiporters (Meng
et al., 2014, 2017). Na+/H+ antiporters may be mainly classified
into the monovalent Cation/Proton Antiporter 1 (CPA-1) family
including NhaA (Karpel et al., 1988; Herz et al., 2003), NhaB
(Pinner et al., 1992; Nakamura et al., 1996), NhaC (Ito et al.,
1997), NhaD (Nozaki et al., 1998; Liu et al., 2005; Kurz et al.,
2006; Zhang et al., 2014; Cui et al., 2016; Wang et al., 2017),
NheE (Sousa et al., 2013), NhaP (Utsugi et al., 1998), NhaG
(Gouda et al., 2001), and NhaH (Yang et al., 2006c), CPA-2
family (Saier et al., 1999) including NapA (Waser et al., 1992)
and GerN (Southworth et al., 2001), and CPA-3 family including
six-or-seven-gene monovalent cation/proton antiporters such
as mrp (Meng et al., 2014; Hamamoto et al., 1994; Dzioba-
Winogrodzki et al., 2009; Cheng et al., 2016), mnh (Hiramatsu
et al., 1998), pha (Putnoky et al., 1998; Jiang et al., 2004;
Yang et al., 2006a; Yamaguchi et al., 2009) or sha (Kosono
et al., 1999). Besides the above-mentioned CPA1-3 families, some
proteins in other families have also been continually reported to
possess Na+/H+ or Na+(K+)/H+ antiport activity, which include
MF (major facilitator) family multi-drug transporters, MdfA
(Lewinson et al., 2004), MdtM (Holdsworth and Law, 2013) and
TetA(L) (Cheng et al., 1994), and HCT (2-hydroxy-carboxylate
transporter) family transporter, MleN (Wei et al., 2000), and
NDH (NADH dehydrogenase) family primary Na+ pump,
Nap (Yang et al., 2006b), and PSMR (paired small multidrug
resistance) family protein pair, PsmrAB (Jiang et al., 2013a).

Most bacteria contain 5–9 genes and operons encoding
distinct putative Na+/H+ antiporters (Krulwich et al., 2009;
Mesbah et al., 2009). In contrast, we speculate that the halophilic
bacteria isolated from high saline-alkaline conditions may have
evolved higher numbers of Na+/H+ antiporters including even
novel ones that have not been reported as yet. That has been
partially established by the recent report by Meng et al. (2017)
that a pair of functionally unknown homologous DUF1538
family proteins from the moderate halophile Halomonas
zhaodongensis function as a novel two-component Na+(Li+,
K+)/H+ antiporter. As the type strain of a novel species of
Halobacillus andaensis (Wang et al., 2015), NEAU-ST10-40T is
a moderate halophile isolated from unique Na2CO3-type saline
and alkaline conditions, which can grow at the range of NaCl
concentrations of 0.5–2.5 M (optimum, 1.4 M) and pH 7.0–9.0

(optimum, pH 8.0). Therefore, this novel halophile may have
evolved profound mechanisms for the stability of its intracellular
osmotic and ionic state. Since Na+/H+ antiporters are employed
by almost all halophiles to extrude excessive Na+ in the cells
(Ventosa et al., 1998; Oren, 1999), we speculate that this novel
strain NEAU-ST10-40T, a moderate halophile which can tolerate
up to 2.5 M NaCl, may contain many important (even novel)
Na+/H+ antiporter genes.

For cloning novel Na+/H+ antiporter genes, genomic DNA
was screened from H. andaensis NEAU-ST10-40T by functional
complementation with E. coli KNabc. All screened resultant genes
have not been reported to possess Na+/H+ antiport activity as
yet. For example, a UPF0118 family protein with uncharacterized
function from this strain has recently been reported to represent
a novel class of Na+(Li+)/H+ antiporters (Dong et al., 2017). Of
other genes, one gene designated rdd showed the highest identity
of 64% with an unannotated gene encoding an uncharacterized
protein belonging to arginine–aspartate–aspartate (RDD) family
from Pontibacillus halophilus, but shares no identity with all
known genes with Na+/H+ antiport activity. In this study, we
reported the cloning and characterization of rdd and propose
that RDD should represent a novel class of Na+(Li+, K+)/H+
antiporters. More importantly, considering the conservation of
six arginine/aspartate residues among the whole RDD family
or between RDD and its selected homologs and the functional
importance of charged arginine and aspartate residues for
some identified Na+/H+ antiporters (Inoue et al., 1995; Noumi
et al., 1997; Hellmer et al., 2003; Habibian et al., 2005; Hunte
et al., 2005; Jiang et al., 2013b; Li et al., 2014), we used
site-directed mutagenesis to analyze the relationship between
conserved arginine/aspartate residues and Na+(Li+, K+)/H+
antiport activity of RDD.

MATERIALS AND METHODS

Strains, Plasmids, and Growth
Conditions
The strains and plasmids related to this study are shown
in Table 1. H. andaensis NEAU-ST10-40T was cultured in
a modified S–G liquid medium with the composition as
described by Wang et al. (2015). E. coli strain KNabc
(1nhaA1nhaB1chaA; Nozaki et al., 1996) and its transformants
were cultured in the LBK medium composed of 1.0% tryptone,
0.5% yeast extract, and 87 mM KCl as described by Karpel
et al. (1988) or KCl-removed LBO (“O” stands for 0 mM
KCl) medium solely consisting of 1.0% tryptone and 0.5% yeast
extract. E. coli KNabc transformants were pre-cultured in the
LBK or LBO media at pH 7.0, followed by incubation to the
optical density of 1.0 at 600 nm (OD600 nm = 1.0) at 37◦C. As
a preliminary growth test, 1% pre-cultures of E. coli KNabc
transformant cells carrying the recombinant plasmid pUC-SL38
or pUC18 (a negative control) were inoculated into fresh LBK
medium at pH 7.0 and the growth curves were plotted on a
semilogarithmic scale. For the salt tolerance test, 1% pre-cultures
were inoculated into fresh LBK media supplemented by NaCl,
LiCl or KCl as indicated concentrations at pH 7.0. For the
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TABLE 1 | Bacterial strains and plasmids used in this study.

Strains or
plasmids

Relevant phenotype or
genotype

The source

Strains

Halobacillus
andaensis
NEAU-ST10-40T

Type strain of Halobacillus
andaensis, a moderate
halophile

Isolated and identified
by our group (Wang
et al., 2015)

Escherichia coli
KNabc

1nhaA1nhaB1chaA Donated by Professor
Terry A. Krulwich
(Nozaki et al., 1996)

Plasmids

pUC18 Cloning vector Takara Biotechnology
(Dalian) Co. Ltd., China

pUC-SL38 pUC18 carrying a 1145-bp
DNA fragment with Na+/H+

antiport activity

This study

pET19b Over-expression vector, AmpR Novagen Ltd.,
United States

pET19b-truncated
SppA

pET19 carrying 5′-end
truncated SppA

This study

pET22b Over-expression vector, AmpR Novagen Ltd.,
United States

pET28b Over-expression vector, KanR Novagen Ltd.,
United States

pET28b-RDD pET28b carrying the rdd gene
fused in frame with an
N-terminal His6 tag followed by
a thrombin proteolytic cleavage
site and a T7 tag

This study

pET22b-RDD pET22b carrying the rdd gene
fused in frame with an
N-terminal His6 tag preceded
by a T7 promoter

This study

pET22b-PRO-RDD pET22b carrying the rdd gene
fused in frame with an
N-terminal His6 tag preceded
by its native promoter instead
of the T7 promoter

This study

growth test under alkaline pH, 1% pre-cultures were inoculated
into fresh LBK media with or without the addition of 50 mM
NaCl, or KCl-removed LBO media at indicated pHs adjusted
by a final concentration of 100 mM Hepes–Tris buffer. 50 mM
NaCl was supplemented to the medium for growth tests under
alkaline pH, because Na+(Li+)/H+ antiporters without K+/H+
antiport activity can function only in the presence of Na+ or Li+
(Padan and Schuldiner, 1994; Ito et al., 1999; Padan et al., 2005).
However, to test the function of RDD as a K+/H+ antiporter,
the growth tests were carried out in the LBK medium or even
in the LBO medium without the addition of KCl. Also, NhaD
(Wang et al., 2017) from Halomonas alkaliphila was introduced
as a positive control of the sole Na+(Li+)/H+ antiporter without
K+/H+ antiport activity whereas UmpAB (Meng et al., 2017)
from H. zhaodongensis was introduced as a positive control of
an Na+(Li+, K+)/H+ antiporter. The above-mentioned growth
tests were carried out by evaluating the values for OD600 nm after
24-h incubation at 37◦C. Ampicillin or kanamycin was used for
the selection and growth of E. coli KNabc transformants at a final
concentration of 50 µg.ml−1. Preparation and electroporation of

electrocompetent E. coli cells were carried out as described by
Dong et al. (2017).

Screening and Subcloning of the Gene
With Na+/H+ Antiport Activity
Screening of the gene with Na+/H+ antiport activity from
strain NEAU-ST10-40T was performed through a series of
routine procedures for DNA manipulation and functional
complementation with E. coli KNabc on the LBK medium
plates containing 0.2 M NaCl, as described in the study
by Dong et al. (2017). A tiny modification is that DNA
fragments with both 4–10 kb and 0–10 kb were used for the
ligation with pUC18 to increase the possibility for obtaining
genes with Na+/H+ antiport activity. Although DNA fragments
solely with 4–10 kb are screened in the routine protocols,
we speculate that it’s very likely to miss the target genes
possibly solely included in DNA fragments below 4 kb but
not in those between 4 kb and 10 kb due to random partial
digestion of genomic DNA. That was established by the
following result that a 1145-bp DNA fragment was obtained
in this study. Either ORF included in the 1145-bp DNA
fragment inserted in the recombinant plasmid pUC-SL38 was
subcloned separately to analyze which one can complement
functionally with E. coli KNabc. The subcloning strategy
for rdd gene was carried out similarly to that of upf0118
gene, as described by Dong et al. (2017). To reflect the
response of rdd gene to the change of saline-alkaline stress,
its predicted native promoter and ribosomal site (RBS) was
inserted between the corresponding BglII and NcoI sites of
pET22b (Novagen Ltd., United States) to replace DNA fragment
including the T7 promoter and RBS between the two enzymatic
sites of the expression vector through PCR amplification,
purification, double digestion, and ligation. The subcloning
of 5′-end truncated sppA was performed by being fused
with an N-terminal His6 tag in an expression vector pET19b
(Novagen Ltd., United States). The sequences of primers are
shown in Supplementary Table S1. All the resultant constructs
including pET28b-RDD, pET22b-RDD, pET22b-PRO-RDD, and
pET19b-truncated SppA (Table 1) were verified by sequencing
analysis.

Site-Directed Mutagenesis of Wild-Type
RDD
For the construction of RDD variants, site-directed mutagenesis
was carried out using pET22b-PRO-RDD as the template via a
Fast Mutagenesis System kit purchased from TransGen Biotech
Co., Ltd. (Beijing, China) including a TransStart R©FastPfu DNA
Polymerase with the high extension rate and high fidelity and
a DMT enzyme used for the digestion of parental plasmids.
Each pair of partially overlapping primers containing the target
mutagenic sites were designed according to the above-mentioned
kit instructions and synthesized by Beijing Genomics Institute
(Beijing, China), as listed in Supplementary Table S1. The
accuracy of final RDD variants in pET22b-PRO-RDD were
confirmed by re-sequencing, and each of the corresponding
plasmids was individually transformed to E. coli KNabc
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competent cells for growth tests and Na+(Li+, K+)/H+ antiport
assay.

Preparation of Cell Extract, Membrane
Fraction (Everted Membrane Vesicles)
and Cytoplasmic Fraction
Everted membrane vesicles were prepared for the following
Na+(Li+, K+)/H+ antiport assay according to the previous
method as described by Rosen (1986). The detailed protocol was
shown as follows. E. coli KNabc cells carrying pET22b-PRO-RDD
or its variants, or the empty vector pET22b (as a negative
control), were grown in the LBK medium to the same
OD600 nm around 1.0 and harvested by centrifugation at 5000 g,
4◦C for 10 min. The harvested cells were washed three
times with a buffer containing 10 mM Tris–HCl (pH 7.5),
140 mM choline chloride, 0.5 mM dithiothreitol (DTT), and
250 mM sucrose, a protease inhibitor tablet (Roche), 1 mM
phenylmethylsulfonyl fluoride (PMSF), and then lysed at 2,000
psi by using a JG-1A French pressure cell press (NingBo Scientz
Biotechnology Co., Ltd., China). The cell debris and unlysed
cells were removed from cell lysate through the centrifugation
at 5,000g, 4◦C for 10 min. The resulting supernatant including
membrane and cytoplasmic fractions was partially sampled as a
representative of cell extract and the remaining one continued
to go through 1-h ultracentrifugation at 100,000 g. Membrane
fraction (pellets) were finally separated from cytoplasmic fraction
(supernatant) and re-suspended in the same above-mentioned
buffer. It should be stressed that cytoplasmic membranes
lysed and prepared by using the above-mentioned method
exist as inside-out vesicles and therefore designated everted
membrane vesicles. A small amount of cytoplasmic fraction
was also sampled and re-suspended in the same volume of
the above-mentioned buffer as before ultracentrifugation. All
the above-mentioned prepared samples were stored at −80◦C
before use.

SDS-PAGE and Western Blot
SDS-PAGE and western blots were carried out according to the
routine protocol described by Green and Sambrook (2012). For
the localization of RDD in the cytoplasmic membranes, cell
extract, membrane fraction, and cytoplasmic fraction from E. coli
KNabc/pET22b-PRO-RDD or KNabc/pET22b were analyzed by
SDS-PAGE and western blots. To test the expression levels of
wild-type RDD or its variants, the samples as the respective
representatives of membrane fractions were guaranteed to
be prepared from the same volume of E. coli KNabc cell
cultures carrying pET22b-PRO-RDD (as a positive control) or
its variants grown to the same OD600 nm around 1.0 and the
loaded amounts equivalent to 50 µg of total membrane protein
were subjected to western blot analysis. A mouse anti-His6-tag
antibody (Beyotime Biotechnology Co., Ltd., China) and a goat
anti-mouse secondary antibody conjugated with a horseradish
peroxidase (HRP; Beyotime Biotechnology Co., Ltd., China)
were employed for the detection of RDD or its variants fused
with His6 tag. The chemiluminescence detection was performed
using Luminata crescendo western HRP substrate (Nachuan

Biotechnology Co., Ltd., Changchun, China) via a Tanon 5200
Multi chemiluminescence imaging system (Tanon Co. Ltd.,
China).

Na+(Li+, K+)/H+ Antiport Assay
A acridine orange fluorescence dequenching method was
employed for the measurement of Na+(Li+, K+)/H+ antiport
activity on the basis of everted membrane vesicles, as described by
Rosen (1986). The vesicles (equivalent of 20 µg total membrane
protein) were re-suspended in the assay mixture containing
140 mM choline chloride, 5 mM Mg2SO4, 1 µM acridine
orange at the indicated pH values from 6.5 to 9.5 adjusted
by a 10 mM BTP (Bis-Tris Propane) buffer. The fluorescence
quenching with the acridine orange as a pH indicator was
initiated by the addition of Tris–D-lactic acid at the final
concentration of 10 mM, due to the respiration-coupled proton
translocation from the outside of the vesicles into the inside.
When the fluorescence quenching reached the steady state, a
respiration-dependent proton gradient across the vesicles was
constructed. After NaCl, LiCl or Na-free KCl was added to the
final concentration of 10 mM, the fluorescence dequenching
could be caused by the influx of Na+, Li+, or K+ into the
vesicles in exchange for proton efflux. Na-free KCl with the
purity of 99.9995% (Sigma-Aldrich Co., LLC) was used in this
study to avoid the interference by traces of contaminated NaCl.
Na+(Li+, K+)/H+ antiport activity could be finally represented,
respectively, by the ratio of fluorescence dequenching extent by
the corresponding cations to the fluorescence quenching one
by Tris–D-lactic acid. Fluorescence was monitored at excitation
and emission wavelength of 492 and 526 nm, respectively, with
a Hitachi F-7000 fluorescence spectrophotometer (Hitachi Ltd.,
Tokyo, Japan).

Calculation of K0.5 Values of RDD or Its
Variants for the Transported Cations
For the analysis of the apparent affinity of RDD or its variants
for the transported cations, K0.5 values were calculated as
the representatives of half-maximal cation concentrations for
Na+(Li+, K+)/H+ antiport activity. For this purpose, the
optimal Na+(Li+, K+)/H+ antiport activities were measured,
respectively, by varying the corresponding cation concentrations
from 0 to 20 mM at pH 9.0. K0.5 values of RDD or its
variants for Na+, Li+, and K+ were finally obtained, respectively,
through the non-linear regression analysis of the plotting with
the antiport activities as functions of their corresponding cation
concentrations by Prism 5.0.

DNA Manipulation and Sequence
Analysis
DNA manipulation related to this study was carried
out according the routine protocols described by Green
and Sambrook (2012). DNA was sequenced by Beijing
Genomics Institute (Beijing, China). ORF and hydrophobicity
were analyzed using the software DNAMAN 6.0.
Protein sequence was aligned using BlastP at the NCBI
(National Center for Biotechnology Information) website
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https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAG
E_TYPE=BlastSearch&LINK_LOC=blasthome (Altschul et al.,
1990). The multiple alignments of RDD and its selected
homologs, as well as all known single-gene proteins with the
Na+/H+ antiport activity were performed by ClustalX program
(Thompson et al., 1997). A neighbor-joining phylogenetic
tree was constructed (Saitou and Nei, 1987), followed by
a bootstrap analysis (1000 replications) for the stability of
clusters. Promoter sequence was predicted at the website
http://www.fruitfly.org/seq_tools/promoter.html (Reese, 2001).
Transmembrane segments (TMSs) were predicted at the website
http://www.tcdb.org/progs/TMS.php (Saier et al., 2016). An
amino acid sequence logo was carried out by using the website
http://weblogo.berkeley.edu/ (Crooks et al., 2004).

Protein Content Determination
Protein concentration was analyzed using bovine serum albumin
as a standard according to the method described by Lowry et al.
(1951).

Nucleotide Sequence Accession Number
The nucleotide sequence related to this study has been deposited
with the accession number KY575967 to GenBank database.

RESULTS

Cloning and Sequence Analysis of the
Gene With Na+/H+ Antiport Activity
For the cloning of Na+/H+ antiporter genes, genomic DNA
from strain NEAU-ST10-40T was partially digested by Sau3AI
and its ligation mixture with a cloning vector pUC18 was
electroporated into E. coli KNabc, followed by the screening
of its transformants by functional complementation on the
LBK medium plates containing 0.2 M NaCl. As a result, one
recombinant plasmid designated pUC-SL38 was found to succeed
in complementing with E. coli KNabc. On the basis of sequence
analysis, a 1145-bp DNA fragment was found to contain one
5′-end truncated open reading frame (ORF1) and one intact
ORF2 (Figure 1), both of which were inserted in the opposite
orientation just downstream from the lac promoter of pUC18.
The sole ORF2, but not the 5′-end truncated ORF1, is preceded
by a promoter-like sequence and a SD sequence (Figure 1).
The 5′-end truncated ORF1 shares the highest identity of 81.8%
with the amino acid sequence from No. 155 residue to No. 329
residue of a putative signal peptide peptidase A consisting of 329
residues (SppA, accession version No. WP_082235112.1) from
Halobacillus massiliensis, and ORF2 shares the highest identity
of 73.6% with an RDD family protein (accession.version No.
WP_082235113.1, the corresponding gene is unannotated in its
genome) from H. massiliensis (Figure 2A). Also, ORF2 shares
the higher identities of 66.7%, 64.6%, 62.9%, 58.4%, 57.9%,
57.3%, and 56.7% with RDD family proteins from Halobacillus
hunanensis, Pontibacillus yanchengensis, Halobacillus dabanensis,
Halobacillus halophilus, Halobacillus alkaliphilus, Halobacillus
kuroshimensis, and Pontibacillus litoralis (Figure 2A).

The above-mentioned two ORFs were aligned, respectively,
with all known specific Na+/H+ antiporters and proteins with
Na+/H+ antiport activity, even putative Na+/H+ antiporters,
but either one showed no identity with each of them. However,
ORF2, an RDD family protein with uncharacterized function,
is predicted to be the sole transmembrane protein consisting
of three putative TMSs including TMS I (36–54), TMS II
(72–96), and TMS III (126–146) (Figure 2A). The molecular
weight and pI of ORF2 were calculated to be 20, 419.5 Dalton
and 9.72, respectively. More importantly, ORF2 is found to be
composed of 178 amino acid residues, of which 105 residues were
hydrophobic, and ORF2 is therefore of low polarity. Considering
Na+/H+ antiporters must be transmembrane proteins of low
polarity (Padan and Schuldiner, 1994; Ito et al., 1999; Padan et al.,
2005; Quinn et al., 2012), we speculate that ORF2 may possess
Na+/H+ antiport activity and designate this gene rdd for the
description related to its following identification.

Identification of ORF With Na+/H+

Antiport Activity
For the identification of the exact ORF with Na+/H+ antiport
activity, rdd gene was constructed as the priority into an
expression vector pET22b through the fusion of the sole ORF
of RDD in frame with an N-terminal His6 tag and the resultant
construct was designated pET22b-RDD (Table 1). To reflect
the response of rdd gene to the change of saline-alkaline
stress, the T7 promoter of pET22b was further replaced by the
predicted native promoter of rdd gene and the resultant construct
was designated pET22b-PRO-RDD (Table 1). Although 5′-end
truncated ORF1 without the aid of promoter or SD sequences
can’t be theoretically transcribed or translated in E. coli, it
was also subcloned by being fused with an N-terminal His6
tag of pET19b and the resultant construct was designated
pET19b-truncated SppA (Table 1). Either subclone was tested
by functional complementation of its transformant with E. coli
KNabc. As shown in Figure 3A, all E. coli KNabc transformants
showed the normal growth in the absence of NaCl or LiCl. In
contrast, E. coli KNabc/pET22b-PRO-RDD exhibited the similar
growth with KNabc/pUC-SL38 on the LBK medium plates
containing 0.2 M NaCl or 5 mM LiCl whereas the negative
controls KNabc/pET22b, KNabc/pUC18, or KNabc/pET19b, as
well as KNabc/pET19b-truncated SppA, showed no growth under
the same stress conditions (Figure 3A). Therefore, RDD is
exactly likely to function as a Na+/H+ antiporter, since Na+/H+
antiporters can catalyze the efflux of cytoplasmic Na+ and Li+
(Padan and Schuldiner, 1994; Ito et al., 1999; Padan et al., 2005).

Resistance of RDD to the Salts and
Alkaline pH
Na+/H+ antiporters can extrude cytoplasmic Na+ and Li+ by
exchanging with external protons (Padan and Schuldiner, 1994;
Ito et al., 1999; Padan et al., 2005). Therefore, Na+(Li+)/H+
antiporters or proteins with the sole Na+(Li+)/H+ antiport
activity must possess the ability of the tolerance to NaCl
or LiCl and also exhibit the Na+/Li+-dependent alkaline pH
resistance. As a preliminary growth test, the growth curves of
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FIGURE 1 | Mapping of the inserted DNA fragment in the recombinant plasmid pUC-SL38. One 5′-end truncated ORF1 designated SppA and one intact ORF2
designated RDD are included in a 1145-bp DNA fragment (GenBank accession No. KY575967) inserted into the recombinant plasmid pUC-SL38, the latter of which
is preceded by a respective promoter-like sequence and a respective Shine–Dalgarno (SD) sequence. The predicted promoter sequence (−35 region and −10
region), the SD sequence, the ribosomal binding site (RBS) and the initiation codon ATG of RDD are underlined. The transcription initiation site (TIS) is highlighted in
bold and also marked with the leftward arrow. The stop codon TAA of ORF2 is indicated by the asterisk and a possible terminator following RDD indicated by the
inverted solid arrows.

E. coli KNabc/pUC-SL38 and KNabc/pUC18 were plotted as
the priority on a semilogarithmic scale. The growth of E. coli
KNabc/pUC-SL38 was found to increase significantly after 12 h
and reach the stationary phase at 24 h in the presence of
0.2 M NaCl whereas KNabc/pUC18 could not grow under the
same stress conditions (Figure 3B). Therefore, the following
growth tests were ended on the time point of 24 h. Further salt
tolerance test showed that E. coli KNabc/pUC-SL38 could grow
in the presence of 0.2 M NaCl or 5 mM LiCl, but not E. coli
KNabc/pUC18 (Figures 3C,D). Alkaline pH resistance test in
the presence of 50 mM NaCl showed that the growth of E. coli
KNabc/pUC18 was significantly inhibited as pH increased from
the neutral to the alkaline, in contrast, the expression of rdd
conferred alkaline pH resistance to E. coli KNabc (Figure 3E).

It should be stressed that the expression of rdd conferred
E. coli KNabc cells a significantly higher resistance to alkaline
pH at 8.0 and even 8.5 in the LBK media without the addition
of NaCl (Figure 3F) than in the same media with the addition
of 50 mM NaCl (Figure 3E). We speculate that the presence
of K+ in the LBK media may lead to this difference. Since
Na+/H+ antiporters have been reported to sometimes possess
K+/H+ antiport activity to support K+-dependent intracellular
pH homeostasis under alkaline conditions (Putnoky et al., 1998;
Ito et al., 1999; Lewinson et al., 2004; Padan et al., 2005;
Quinn et al., 2012; Holdsworth and Law, 2013; Cheng et al.,
2016), it’s very likely that RDD may also function as a K+/H+
antiporter and it can therefore employ limited K+ (87 mM)
in the LBK medium to maintain cytoplasmic pH homeostasis.
E. coli KNabc/pUC-SL38, KNabc/pUC18 as a negative control,
KNabc/pUC-nhaD as a positive control of the sole Na+(Li+)/H+

antiporter (Wang et al., 2017), and KNabc/pUC-umpAB as a
positive control of a Na+(Li+, K+)/H+ antiporter (Meng et al.,
2017) were grown in the LBK media for the establishment
of this hypothesis, or KCl-removed LBO media at the pH
values from 7.0 to 9.0. As shown in Figures 4A,B, there is no
significant difference between all E. coli KNabc transformants in
the LBK media or LBO media at pH 7.0 and 7.5. In contrast,
E. coli KNabc/pUC-SL38 and KNabc/pUC-umpAB could, but
KNabc/pUC18 or KNabc/pUC-nhaD could not grow in the
LBO medium at pH 8.0 (Figure 4A). More importantly, E. coli
KNabc/pUC-SL38, similarly to KNabc/pUC-umpAB, showed the
significantly higher growth in the LBK medium at pH 8.0 than
KNabc/pUC18, similarly to KNabc/pUC-nhaD (Figure 4B). Even
E. coli KNabc/pUC-SL38 could grow in the LBK medium at pH
8.5 while none of other E. coli KNabc transformants could grow
under the same condition (Figure 4B). It should be pointed out
that E. coli KNabc/pUC18 and KNabc/pUC-nhaD could grow at
pH 8.0 in LBK medium containing 87 mM KCl (Figure 4B), but
not at the same pH in the LBO medium without the addition
of KCl (Figure 4A). That may be because that other K+/H+
antiporters such as MdtM (Holdsworth and Law, 2013) with
the limited ability of maintaining alkaline pH homeostasis can’t
support the growth of the host E. coli KNabc in the LBO medium
only containing traces of contaminated K+ from 1.0% tryptone
or 0.5% yeast extract when pH was increased to 8.0. In contrast,
RDD and UmpAB with their stronger abilities of maintaining
alkaline pH homeostasis could offer E. coli KNabc the growth
under the same alkaline pH condition (Figure 4A). To more
directly demonstrate that RDD may also function as a K+/H+
antiporter, the growth test was also carried out for KCl tolerance
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FIGURE 2 | Alignment of RDD with all its selected holomogs and its web-based amino acid sequence logo. (A) Alignment of RDD with all its selected holomogs.
RDD was aligned with all its selected homologs with 26–74% identities within the neighbor-joining phylogenetic tree (Figure 9) to show its conserved amino acid
residues. Accession.version numbers and hosts of the selected homologs are shown in the neighbor-joining phylogenetic tree of Figure 9. Shading homology
corresponds to 100% (black), ≥75% (gray), ≥50% (light gray), and <50% (white) amino acid identity, respectively. The three putative transmembrane segments are
marked with bold lines above the alignment. (B) RDD sequence logo. An amino acid sequence logo was also created by submitting the multiple sequence alignment
of RDD with the above-mentioned 24 homologs to the website http://weblogo.berkeley.edu/. The heights of amino acid symbols stand for their conservation in the
multiple alignment. The highly conserved arginine (R) and aspartate (D) residues between RDD and all its selected homologs with 26–74% identities are highlighted
with the downward filled triangles above the alignment (A) or sequence logo (B).

of the above-mentioned E. coli KNabc transformants. There is
no significant difference between all E. coli KNabc transformants
when KCl concentrations were varied from 0 to 0.8 M. However,
E. coli KNabc/pUC-SL38, similarly to KNabc/pUC-umpAB,
could grow significantly better in the presence of 0.9 M KCl
than KNabc/pUC18, similarly to KNabc/pUC-nhaD (Figure 4C).
More importantly, the sole E. coli KNabc/pUC-SL38, but not any
other E. coli KNabc transformant, could grow in the presence of
1.0 M KCl (Figure 4C).

Localization of RDD in the Cytoplasmic
Membrane by Western Blot
To identify whether RDD is indeed a transmembrane protein,
the detection and localization of RDD was carried out by western
blot. The above-mentioned growth tests and sequencing analysis
reveal that RDD was exactly fused with an N-terminal His6 tag
and its native promoter took the place of the T7 promoter in
pET22b. Therefore, the resultant construct pET22b-PRO-RDD,

as well as pET22b, was selected for the preparation of the
samples for the detection and localization of RDD, followed
by the SDS-PAGE (Figure 5A) and western blot (Figure 5B)
experiments. As shown in Figure 5B, very strong positive signals
for RDD were detected in membrane fraction and cell extract
from the cells of E. coli KNabc/pET22b-PRO-RDD, but not in
those from KNabc/pET22b. Although there was also a weak
signal in cytoplasmic fraction from KNabc/pET22b-PRO-RDD
(Figure 5B), it may be caused by a trace amount of membrane
fraction remaining in the cytoplasmic one due to non-complete
separation of the former from the latter by ultracentrifugation.

Determination of RDD as a
Na+(Li+, K+)/H+ Antiporter
To test whether RDD functions exactly as a Na+(Li+, K+)/H+
antiporter, E. coli KNabc cells carrying pET22b-PRO-RDD or
pET22b were used for the preparation of everted membrane
vesicles and then Na+(Li+, K+)/H+ antiport activity was
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FIGURE 3 | Growth tests for E. coli KNabc transformants under saline or alkaline conditions. For the complementation test (A), E. coli strains KNabc transformant
cells were grown on the LBK medium plates at pH 7.0 containing no addition of NaCl or LiCl, 0.2 M NaCl or 5 mM LiCl. (1) KNabc/pUC-SL38, (2) KNabc/pUC18, (3)
KNabc/pET22b-PRO-RDD, (4) KNabc/pET22b, (5) KNabc/pET19b-truncated SppA, (6) KNabc/pET19b. As a preliminary growth test (B), the growth curves of
E. coli KNabc/pUC-SL38 and KNabc/pUC18 in the presence of 0.2 M NaCl were plotted on a semilogarithmic scale. For the growth tests under saline or alkaline
conditions, E. coli KNabc/pUC-SL38 and KNabc/pUC18 were grown in the LBK media containing 0–0.3 M NaCl (C) or 0–10 mM LiCl (D), or with (E) or without (F)
the addition of 50 mM NaCl at the pH values from 7.0 to 9.0. The pre-cultures of E. coli KNabc transformant cells were grown to OD600 nm at 1.0 in the LBK medium
at pH 7.0 at 37◦C. The above-mentioned cell growth was ended after 24 h and the values for OD600 nm then evaluated. Each data point represents the average of
three independent determinations.

FIGURE 4 | Growth tests for the function of RDD as a K+/H+ antiporter. To test whether RDD is likely to function as a K+/H+ antiporter, E. coli KNabc/pUC-SL38
(black column), KNabc/pUC-umpAB (gray column) as a positive control of a Na+(Li+, K+)/H+ antiporter (Meng et al., 2017) and KNabc/pUC-nhaD (light gray
column) as a positive control of the sole Na+(Li+)/H+ antiporter (Wang et al., 2017) and KNabc/pUC18 (white column) as a negative control were grown in the
KCl-removed LBO media (A) or LBK media (B) at the pH values from 7.0 to 9.0. Furthermore, the above-mentioned E. coli KNabc transformants were also grown in
LBK media containing 0–1.2 M KCl (C). The pre-cultures of E. coli KNabc transformant cells was grown to OD600 nm at 1.0 in the LBO medium at pH 7.0 at 37◦C.
The above-mentioned cell growth was ended after 24 h and the values for OD600 nm then evaluated. Each data point represents the average of three independent
determinations.
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FIGURE 5 | Western blot detection and localization of RDD in Escherichia coli. Membrane fraction, cytoplasmic one and cell extract from E. coli
KNabc/pET22b-PRO-RDD (Lanes 1, 3, 5) and KNabc/pET22b (Lanes 2, 4, 6) were sampled, respectively, and then subjected to SDS-PAGE (A) and western blot
(B) analyses. The position of target protein RDD fused with an N-terminal His6 tag is shown with a solid arrow.

measured by using the acridine orange fluorescence dequenching
method. E. coli KNabc/pET22b showed no detectable Na+/H+,
Li+/H+ or K+/H+ antiport activity (Figure 6) whereas
KNabc/pET22b-PRO-RDD exhibited pH-dependent Na+/H+,
Li+/H+ or K+/H+ antiport activity (Figure 6) at a wide range
of pH between 6.5 and 9.5, with the highest activity at pH 9.0
(Figure 7).

Evaluation of the Apparent Affinity of
RDD for the Transported Cations
To assess the apparent affinity of RDD for the transported cations,
Na+/H+, Li+/H+ or K+/H+ antiport activity were measured at
pH 9.0, respectively, by using everted membrane vesicles from
KNabc/pET22b-PRO-RDD when the final concentrations of the
corresponding cations were varied from 0 to 20 mM, followed

by the calculation of K0.5 values of RDD as the representatives
of half-maximal cation concentrations for Na+(Li+, K+)/H+
antiport activity. The respective K0.5 values of RDD are
1.29 ± 0.14 mM for Na+ (Figure 8A), 1.77 ± 0.28 mM for
Li+ (Figure 8B) and 1.37 ± 0.21 mM for K+ (Figure 8C),
indicating that RDD exhibits the apparent affinity with the order
of Na+ > K+ > Li+.

Phylogenetic Analysis Between RDD and
Its Homologs, Together With Known
Na+/H+ Antiporters and Proteins With
Na+/H+ Antiport Activity
Since this RDD family protein exhibits Na+(Li+, K+)/H+
antiport activity, it is worthy of being further analyzed that

FIGURE 6 | Assay for Na+( Li+, K+)/H+ antiport activity in the everted membrane vesicles. Na+/H+ antiport (A), Li+/H+ antiport (B) and K+/H+ antiport (C)
activities were measured in everted membrane vesicles prepared from cells of E. coli KNabc/pET22b-PRO-RDD (to the left) or KNabc/pET22b (to the right) by the
French pressure cell method. The highest activity at pH 9.0 were shown as the representatives of each of them. At the time points indicated by downward arrows,
Tris–D-lactic acid (final concentration at 10 mM) was added to the assay mixture to initiate fluorescence quenching. At the time points indicated by upward arrows,
NaCl (final concentration at 10 mM), KCl (final concentration at 10 mM), or LiCl (final concentration at 10 mM) was added to the assay mixture. Fluorescence
quenching is shown in arbitrary units.
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FIGURE 7 | pH-dependent activity profile and western blot for RDD and its variants. The antiport activity was measured by the fluorescence dequenching method.
Na+/H+ antiport activity (A), Li+/H+ antiport activity (B) and K+/H+ antiport activity (C) for RDD and its variants were measured at the indicated pH values. Each
value point represents the average of three independent determinations. Western blot detection (D) of wild-type RDD and its variants in the membrane fractions
prepared from E. coli KNabc transformants.

FIGURE 8 | Calculation of K0.5 values of RDD and its variants for Na+, Li+ and K+. For the analysis of the apparent affinity of RDD or its variants for the transported
cations, Na+/H+ (A), Li+/H+ (B) and K+/H+ (C) antiport activities of E. coli KNabc transformant cells expressing RDD, R35A, and D42A were plotted as the
respective functions of their corresponding cation concentrations. K0.5 values of RDD and its variants for Na+, Li+, and K+ were obtained, respectively, through the
non-linear regression analysis with Prism 5.0. Each value point represents the average of three independent determinations.
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RDD may represent a novel class of Na+(Li+, K+)/H+
antiporters. Therefore, a neighbor-joining phylogenetic tree was
constructed to show the phylogenetic relationship of RDD with
RDD family proteins and also identified single-gene proteins
with Na+/H+ antiport activity. For this purpose, eight closest
homologs with 51–74% identities, eight closer homologs with
41–50% identities, and eight distant homologs with 26–39%
identities were selected. Also, all representatives of known
specific single-gene Na+/H+ antiporters and other single-gene
proteins with Na+/H+ antiport activity are inlcuded. RDD
should belong to the RDD family since it is clustered with
all its homologs with the bootstrap value of 100% (Figure 9).
More importantly, RDD showed a quite distant relationship with
not only known specific single-gene Na+(Li+)/H+ antiporters

but also single-gene proteins with the Na+/H+ antiport
activity.

Recognition and Site-Directed
Mutagenesis of the Conserved Arginine
and Aspartate Residues
RDD family proteins are one category of uncharacterized
transmembrane proteins containing three highly conserved
amino acid residues, one arginine, and two aspartates, of which
the arginine occurs at the N terminus of the first TMS in
RDD family members and the first Asp occurs in the middle
of this TMS. To identify the existence and exact positions of
the above-mentioned three conserved residues in the amino

FIGURE 9 | Neighbor-joining phylogenetic tree of RDD and its selected homologs, together with known Na+/H+ antiporters and proteins with Na+/H+ antiport
activity. For the construction of phylogenetic tree, eight closest homologs with 51–74% identities, eight closer homologs with 41–50% identities, eight distant
homologs with 26–39% identities, together with all representatives of known specific single-gene Na+/H+ antiporters and single-gene proteins with Na+/H+ antiport
activity were selected. Accession.version numbers of selected homologs were shown in the parenthesis. Open diamond stands for putative RDD family proteins;
filled diamond stands for RDD identified in this study; filled triangle stands for known specific single-gene Na+/H+ antiporters; filled circle stands for other
single-gene proteins with the Na+/H+ antiport activity. Bootstrap values ≥70% (based on 1000 replications) are shown at branch points. Bar, 0.1 substitutions per
amino acid residue position.
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acid sequence of RDD, RDD was aligned (Figure 2A) with all
its 24 homologs clustered with the bootstrap value of 100%
within the neighbor-joining phylogenetic tree. On the basis of
multiple sequence alignment of RDD with the above-mentioned
24 homologs, a web-based amino acid sequence logo (Figure 2B)
was also created in order to more clearly show the conservation
of all the residues at the positions corresponding to those
of RDD within the RDD family proteins. The 17 highly
conserved residues including three arginines (R35, R124, and
R129) and three aspartates (D42, D154, and D158) were found
among the aligned homologs with a wide range of 26–74%
identities (Figures 2A,B). As shown in Figures 2A,B, R35 should
correspond with the arginine at the N terminus of the first
TMS in RDD family proteins whereas D42 should correspond
with the first Asp in the middle of this TMS. Combined with
the sequence logo of 5, 254 RDD family members collected in
the Pfam database shown at the website http://pfam.xfam.org/
family/PF06271.10#tabview=tab4. The other highly conserved
Asp was recognized to be D154, due to its being adjacent with
one relatively conserved His (H) at the C terminus of RDD
homologs (Figures 2A,B). Moreover, another two arginines and
one aspartate were found to be fully conserved only between RDD
and its selected homologs (Figures 2A,B), but not in the whole
RDD family shown at the website http://pfam.xfam.org/family/
PF06271.10#tabview=tab4.

Since R35, D42, and D154 are highly conserved among
RDD family members, they are likely to be involved in
the protein function of RDD. Also, R124, R129, and D158
are fully conserved between RDD and its selected homologs.
Combined with the functional importance of charged aspartate
and arginine residues for some identified Na+/H+ antiporters
(Inoue et al., 1995; Noumi et al., 1997; Hellmer et al., 2003;
Habibian et al., 2005; Hunte et al., 2005; Jiang et al., 2013b;
Li et al., 2014), the above-mentioned six conserved residues
were hypothesized to be functionally important residues of
RDD and replaced by an alanine residue via a site-directed
mutagenesis method for further probing their relevance with
Na+(Li+, K+)/H+ antiport activity of RDD. The resultant
variants were verified for the accuracy by re-sequencing and
then designated R35A, D42A, R124A, R129A, D154A, and
D158A (Supplementary Table S1), respectively. Furthermore,
R124, R129, D154, and D158 were also replaced by the similar
charged alkaline residue, lysine (K), or charged acidic residue,
glutamic acid (E) (Supplementary Table S1), respectively, in order
to further confirm the roles of the side chains of functionally
critical residues in the activity of RDD. The resultant variants
were also verified for the accuracy by re-sequencing and then
designated R124K, R129K, D154E, and D158E (Table S1),
respectively.

Effect of RDD Variants by Site-Directed
Mutagenesis on Bacterial Growth
To identify the roles of the above-mentioned residues on
the protein function of RDD, the effects of substitutions in
each of them by an alanine residue on the growth of E. coli
KNabc were analyzed as the priority. E. coli KNabc expressing

wild-type RDD or each of its all variants substituted by an
alanine residue could show the normal growth in the LBK
medium at pH 7.0 (Figure 10A). In contrast, the variants
R124A, R129A, D154A, and D158A failed to complement the
Na+-or-Li+-sensitive growth phenotype of E. coli KNabc in the
LBK media containing 0.2 M NaCl (Figure 10B) or 5 mM
LiCl (Figure 10C) at pH 7.0, or alkaline-pH-sensitive growth
phenotype of E. coli KNabc in the LBK medium plus 50 mM
NaCl at pH 8.0 (Figure 10D) or in the sole LBK medium at pH
8.5 (Figure 10E), indicating that these four residues play vital
roles in Na+(Li+, K+)/H+ antiport activity of RDD. However,
there was no growth difference between E. coli KNabc expressing
wild-type RDD and R35A or D42A under any of the saline or
alkaline stress conditions (Figure 10). Furthermore, the variants
R124K, R129K, D154E, and D158E succeeded in recovering the
Na+-or-Li+-sensitive (Figures 10B,C) or alkaline-pH-sensitive
(Figures 10D,E) growth phenotypes of E. coli KNabc under the
same stress conditions, confirming that the positive charges at
the positions of No. 124 residue and No. 129 residue and the
negative charges at the positions of No. 154 residue and No. 158
residue are responsible for Na+(Li+, K+)/H+ antiport activity of
RDD.

Measurements of RDD Variants
Substituted by an Alanine Residue in the
Cation Transport Activity
To confirm whether mutation in each of the above-mentioned
six residues affects the Na+(Li+, K+)/H+ antiport activity of
RDD, everted membrane vesicles were prepared from cells of
E. coli KNabc expressing wild-type RDD as a positive control or
each of its variants substituted by an alanine residue and then
Na+(Li+, K+)/H+ antiport activity was measured at a wide range
of pH between 6.5 and 9.5 by monitoring the dequenching of
acridine orange fluorescence upon addition of NaCl, LiCl, or KCl.
In comparison with wild-type RDD, the substitutions of R35 or
D42 by an alanine residue led to almost no change of Na+(Li+,
K+)/H+ antiport activity whereas the substitutions of R124,
R129, D154, and D158 by an alanine residue absolutely abolished
the Na+(Li+, K+)/H+ antiport activity (Figures 7A–C). Also,
there is almost no difference of K0.5 values for Na+, K+ or
Li+ between wild-type RDD and either of R35A or D42A
(Figures 8A–C).

Expression of RDD Variants Substituted
by an Alanine Residue by the Western
Blot
To rule out the possibility that the failed expressions of R124A,
R129A, D154A, and D158A resulted in the loss of their antiport
activities, the expressions of those four variants, as well as R35A,
D42A and wild-type RDD as the positive controls, in the E. coli
KNabc cells were analyzed by the western blot. As shown in
Figure 7D, the expressions of RDD and each of its variants
substituted by an alanine residue were detected with almost
the same positive signals in membrane fractions prepared from
E. coli KNabc transformants at the same amounts of total protein
concentrations.
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FIGURE 10 | Effect of RDD variants by site-directed mutagenesis on bacterial growth. To identify the roles of the target residues on the protein function of RDD,
E. coli KNabc expressing wild-type RDD or each of its all variants were grown in the LBK media at pH 7.0 containing no addition of NaCl or LiCl (A), 0.2 M NaCl (B)
or 5 mM LiCl (C), or at pH 8.0 with the addition of 50 mM NaCl (D) or at pH 8.5 without the addition of NaCl (E). The above mentioned cell growth was ended after
24 h and the values for OD600 nm then evaluated. Each data point represents the average of three independent determinations.

DISCUSSION

The RDD family has been functionally uncharacterized before
this study. Here, we present the characterization of a member
of this family with Na+(Li+, K+)/H+ antiport activity from the
moderate halophile H. andaensis NEAU-ST10-40T. On the basis
of the analyses of protein identity and phylogenetic relationship,
we propose that RDD should represent a novel class of Na+(Li+,
K+)/H+ antiporters, which is significantly distinct from all
known single-gene Na+/H+ antiporters (Karpel et al., 1988;
Pinner et al., 1992; Waser et al., 1992; Nakamura et al., 1996; Ito
et al., 1997; Nozaki et al., 1998; Utsugi et al., 1998; Gouda et al.,
2001; Southworth et al., 2001; Herz et al., 2003; Liu et al., 2005;
Kurz et al., 2006; Yang et al., 2006c; Sousa et al., 2013; Zhang et al.,
2014; Cui et al., 2016; Wang et al., 2017), double-gene (Jiang et al.,
2013a; Meng et al., 2017), or multiple-gene Na+/H+ antiporters
(Hamamoto et al., 1994; Hiramatsu et al., 1998; Putnoky et al.,
1998; Kosono et al., 1999; Jiang et al., 2004; Yang et al., 2006a;
Dzioba-Winogrodzki et al., 2009; Yamaguchi et al., 2009; Meng
et al., 2014), or other proteins with Na+/H+ antiport activity
(Cheng et al., 1994; Wei et al., 2000; Lewinson et al., 2004;
Yang et al., 2006b; Holdsworth and Law, 2013). Combining the
conservation of three arginines and three aspartates among the
whole family or between RDD and its selected homologs with
the functional importance of charged arginine and aspartate
residues for some identified Na+/H+ antiporters (Inoue et al.,
1995; Noumi et al., 1997; Hellmer et al., 2003; Habibian et al.,
2005; Hunte et al., 2005; Jiang et al., 2013b; Li et al., 2014), we
analyzed the roles of the above-mentioned six residues in the
cation-transporting activity through site-directed mutagenesis
and found that D154, of those three highly conserved residues

among the whole RDD family, and all three fully conserved
residues including R124, R129, and D158 between RDD and
its selected homologs, are indispensable for Na+(Li+, K+)/H+
antiport activity, whereas neither R35 nor D42 of those three
highly conserved residues among the whole RDD family is
involved in Na+(Li+, K+)/H+ antiport activity. To the best of
our knowledge, this is the first report on the characterization of a
representative of RDD family proteins and functional analysis of
its conserved arginine/aspartate residues. As a dual representative
of a novel class of Na+(Li+, K+)/H+ antiporters and RDD
family proteins, the characterization of RDD and analysis of its
functionally important residues will positively contribute to the
knowledge of the cation-transporting mechanisms of this novel
antiporter and the roles of highly conserved arginine/aspartate
residues in the functions of RDD family proteins.

RDD was predicted to be a transmembrane protein with
three putative TMSs (Figure 2A), which was established by
the localization of RDD by western blot in the cytoplasmic
membranes of E. coli KNabc (Figure 5). Growth tests
(Figures 3, 4) and Na+(Li+, K+)/H+ antiport assay
(Figures 6–8) reveal that RDD is likely to function as both
an Na+ (Li+)/H+ antiporter and a K+/H+ antiporter. A careful
protein alignment using BLASTP (Altschul et al., 1990) at the
NCBI website reveals that RDD has no identity with all known
single-gene, double-gene, or multiple-gene Na+/H+ antiporters
or proteins with Na+/H+ antiport activity. Phylogenetic analysis
confirms that there is a quite distant relationship between RDD
and all known single-gene Na+/H+ antiporters and proteins
with Na+/H+ antiport activity (Figure 9). Therefore, we propose
that RDD should represent a novel class of Na+(Li+, K+)/H+
antiporters.
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As shown at the website http://pfam.xfam.org/family/
PF06271.10#tabview=tab0, 5,254 functionally uncharacterized
transmembrane proteins contain three highly conserved
amino acid residues, one arginine and two aspartates, which
are therefore classified into one category designated RDD
family in the Pfam database. The sole additional known
information is that this family of proteins contain three
putative TMSs and the arginine of “arginine–aspartate–
aspartate” occurs at the N terminus of the first TMS and
the first aspartate occurs in the middle of this TMS. Protein
alignment showed the existence of the above-mentioned
three highly conserved residues (R35, D42, and D154) in
the amino acid sequence of RDD (Figure 2A), which was
more clearly presented in a web-based amino acid sequence
logo on the basis of multiple sequence alignment of RDD
with its selected 24 homologs (Figure 2B). Therefore, RDD
from H. andaensis should belong to RDD family. That was
confirmed by the phylogenetic analysis result that RDD and
its selected homologs clustered with the bootstrap value of
100%. It should be emphasized that we downloaded RDD
homologs from as many different genera or species at the NCBI
website as possible in order to guarantee the representatives
of RDD homologs within the respective identity ranges of
51–74%, 41–50%, and 26–39%. Also, we warranted that the
difference of identity is above at least 0.5% (mostly 2–3%)
to cover all the representatives of RDD homologs within
the above-mentioned three identity ranges. Therefore, the
function of RDD is likely to reflect those of this family of
proteins at least within a wide range of 26–74% identities.
In this study, we at least present the first report on the
function of RDD as a Na+(Li+, K+)/H+ antiporter. This
novel finding triggers the knowledge of the function of RDD
family proteins that have not been functionally characterized
as yet.

More attention should be paid to the relationship between
the above-mentioned three highly conserved residues (R35,
D42, and D154 in RDD) and the function of RDD family
proteins, since they are highly conserved among the whole
RDD family. The conserved charged aspartate and arginine
residues have been widely reported to play vital roles in the
functions of some identified Na+/H+ antiporters (Inoue et al.,
1995; Noumi et al., 1997; Hellmer et al., 2003; Habibian et al.,
2005; Hunte et al., 2005; Jiang et al., 2013b; Li et al., 2014).
Considering that another two arginine residues (R124 and
R129) and one aspartate residue (D158) are fully conserved
between RDD and its selected homologs within a wide range
of 26–74% identities, it is also worthy of being explored
whether they are related with Na+(Li+, K+)/H+ antiport
activity of RDD. Therefore, we used site-directed mutagenesis
to replace the above-mentioned six residues of RDD with
an alanine residue to analyze their functional importance
for RDD. Of the three conserved residues among the whole
RDD family, the sole D154A failed to complement with the
host E. coli KNabc under the tested saline or alkaline stress
conditions (Figure 10) and absolutely abolished the Na+(Li+,
K+)/H+ antiport activity (Figures 7A–C), indicating that D154
is indispensable for Na+(Li+, K+)/H+ antiport activity of

RDD. Unexpectedly, neither R35A nor D42A showed the
influence on the normal growth of the host E. coli KNabc
under the tested saline or alkaline stress conditions (Figure 10)
and retained the similar Na+(Li+, K+)/H+ antiport activity
(Figures 7A–C) and apparent affinity for the transported
cations to those for wild-type RDD (Figure 8), revealing
that neither R35 nor D42 is involved in the Na+(Li+,
K+)/H+ antiport activity of RDD. However, each of R124A,
R129A, or D158A failed to complement with the host E. coli
KNabc under the tested saline or alkaline stress conditions
(Figure 10) and absolutely abolished the Na+(Li+, K+)/H+
antiport activity (Figures 7A–C), indicating that R124, R129,
and D158 are indispensable for Na+(Li+, K+)/H+ antiport
activity of RDD. It should be stressed that immunochemical
localization reveal that the missing activity of the R124A,
R129A, D154A, and D158A variants can’t be attributed to
the inabilities of their expressions (Figure 7D). Furthermore,
R124K, R129K, D154E, and D158E recovered their abilities
to complement with the host E. coli KNabc under the tested
saline or alkaline stress conditions (Figure 10), reflecting the
roles of the side chains of functionally critical residues in
the activity of RDD. Taken together, we speculate that the
carboxyl group in the side chains of D154 and D158 may
be responsible for the cation binding or translocation, which
are similar to the roles of the negatively charged aspartate
residues as the active sites of identified Na+/H+ antiporters
such as Ec_NhaA (Inoue et al., 1995; Habibian et al., 2005;
Hunte et al., 2005), Hd_NhaH (Jiang et al., 2013b), and
Mj_NhaP1 (Hellmer et al., 2003) for the transported cations.
Despite the inability of R124 or R129 directly binding with
the cations, the positive charges in their side chains may
be used for corresponding to the charge-induced subtle and
fast conformational changes, which are similar to the roles
of the positively charged arginine or lysine residues such
as R425 (Li et al., 2014) of mammalian NHE1 or K300
(Hunte et al., 2005) of Ec_NhaA in the compensation for the
TMS dipoles. Although R35 and D42 are highly conserved
among the whole RDD family, they were established not to
be involved in the function of RDD as a Na+(Li+, K+)/H+
antiporter. However, it’s still very interesting why they are
commonly shared by more than 5, 000 RDD family members.
Also, it needs to be better explained possibly on the basis
of the structural analysis whether the positive charges in the
side chains of R124 and R129 act as the key compensating
residues for the TMS dipoles and whether the carboxyl
groups in the side chains of D154 and D158 are directly
involved in the cation transportation of RDD. To illuminate
the above-mentioned issues of interest, we attempted to
construct the modeled structure of RDD based on its amino
acid sequence using the Phyre 2 molecular modeling server
at the website http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.
cgi?id=index. However, no modeled structure with the high
confidence scores was available. The insight to these interesting
points will seem to depend on the crystal structure analysis of
RDD in future studies. Moreover, since RDD functions as a
novel Na+(Li+, K+)/H+ antiporter, a more detailed exploration
for the structure–function relationship of RDD will positively
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contribute to the knowledge of the novel cation-transporting
mechanisms by Na+/H+ antiporters. Therefore, whether other
fully conserved charged or polar residues such as Y87, T92,
K101, E125, Y140, and T159 and relatively highly conserved
charged or polar residues such as T98 and H153 were involved in
Na+(Li+, K+)/H+ antiport activity of RDD should also be further
analyzed via a more detailed site-directed mutagenesis in future
studies.
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