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Abstract

In prokaryotes, Na®/H*' antiporters play a crucial role in catalyzing the ex-
trusion of intracellular alkali cations such as Na't, Li", or K in exchange
for external protons, thereby reducing the cytoplasmic concentration of toxic
alkali metal cations and maintaining intracellular pH homeostasis. To fur-
ther explore sodium/hydrogen antiporter genes with salt-alkali tolerance in the
moderately halophilic bacterium Halobacillus Y5 and characterize their func-
tion, we first extracted the genomic DNA of this strain, and then obtained a
novel sodium/hydrogen antiporter gene Ha_ {ydjM} through Sau3AI random
digestion and functional complementation. Bioinformatic analysis revealed that
this gene belongs to the YdjM superfamily and is a membrane protein of un-
known function; phylogenetic analysis confirmed that it clusters with YdjM fam-
ily members from Halobacillus sp. Marseille-P3789 (protein accession number
WP_ {101846656}.1) but forms an independent branch. The study found that
this gene could restore the tolerance of Escherichia coli mutant strain KNabc to
0.2 M NaCl and 5 mM LiCl, as well as tolerance to alkaline pH 8.0. Functional
analysis showed that the protein exhibits pH-dependent Na®™/H* antiporter ac-
tivity, and transport kinetic analysis indicated that the Km values for Na*, KT,
and Lit in KNabc are 0.43 + 0.05 mM, 0.49 + 0.06 mM, and 0.64 + 0.06 mM,
respectively, corresponding to affinities of Nat > K > Li*. Taken together, we
propose that Ha_ {ydjM} represents a novel type of Na® /H*t antiporter. This
study enriches the members of the YdjM superfamily and provides a basis for
functional analysis of other unknown membrane proteins.
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Abstract

In prokaryotes, Na+/H+ antiporters catalyze the efflux of intracellular alkali
cations such as Na+, Li+, or K+ in exchange for external protons, playing a
vital role in reducing cytoplasmic concentrations of toxic alkali metal cations
and maintaining intracellular pH homeostasis. To identify novel Na+/H+ an-
tiporter genes with salt and alkali tolerance from the moderately halophilic
bacterium Halobacillus Y5, we extracted genomic DNA from this strain and
employed random digestion with Sau3AI combined with functional complemen-
tation to obtain a novel Na+/H+ antiporter gene designated Ha__ {ydjM}. Bioin-
formatic analysis revealed that this gene belongs to the YdjM superfamily and
encodes a putative membrane protein of unknown function. Phylogenetic anal-
ysis confirmed that it clusters with YdjM family members from Halobacillus sp.
Marseille-P3789 (protein accession WP__{101846656}.1) while forming an inde-
pendent branch. Functional studies demonstrated that this gene restored the
tolerance of E. coli mutant strain KNabc to 0.2 M NaCl and 5 mM LiCl, and
conferred tolerance to alkaline pH 8.0.

Activity analysis revealed pH-dependent Na+/H+ antiporter activity, with ki-
netic analysis showing Km values for Na+, K+, and Li+ in KNabc of 0.43 +
0.05 mM, 0.49 4+ 0.06 mM, and 0.64 + 0.06 mM, respectively, indicating sub-
strate affinities in the order Na+ > K+ > Li+. In summary, we conclude that
Ha_{YdjM} represents a novel Na+/H+ antiporter. This study expands the
YdjM superfamily membership and provides a foundation for functional analysis
of other unknown membrane proteins.

Keywords: Na+/H+ antiporter, membrane protein, functional identification,
YdjM superfamily, Halobacillus

Introduction

Na+/H+ antiporters are carrier membrane proteins that couple proton (H+)
influx with antiport of Na+/H+ or symport of Na+/OH- [1-4]. Most function
as Na+-dependent H+ transporters or H+-dependent Na+ transporters and are
widely distributed in bacterial membrane vesicles, eukaryotic mitochondria, and
animal and plant cells or tissues [5]. In high-salt environments, they maintain
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normal physiological pH in the cytoplasm, making them biologically essential
[6].

To date, reported Na+/H+ antiporter families in prokaryotes mainly include the
NhaA family, MFS family, Cpal family, Cpa2 family, and Cpa3 family [7]. The
NhaA family represents the most important Na+/H+ antiporter in many en-
teric bacteria and E. coli. In the microbial world, NhaA from E. coli is the most
thoroughly studied Na+/H+ antiporter and was the first bacterial Na+/H+ an-
tiporter discovered [8]. Additionally, other Na+/H+ antiporters from the NhaA
family have been identified in many pathogenic microorganisms, including Vib-
rio cholerae, Clostridium tetani, Helicobacter pylori, and Salmonella typhi [9)].
Beyond the primary NhaA family in E. coli, other antiporters such as NapA,
NhaP, NhaC, NhaD [10], NhaB, and NhaE [11] have been discovered in prokary-
otes. Etana Padan et al. [12] noted these proteins share little or no homology
with the NhaA family. In E. coli, three major Na+/H+ antiporters are par-
ticularly important: NhaA [12], NhaB [13], and ChaA [14]. NhaA enables E.
coli to maintain growth under high salt (Na+/Li+) stress and is essential for
growth in alkaline environments in the presence of Na+ [15]. NhaB, a 504-
amino acid transmembrane protein with twelve TMS, functions only at low
Na+ concentrations or low pH. ChaA exhibits Na+ (Ca2+)/H+ antiporter ac-
tivity under alkaline conditions [14] and its expression affects intracellular K+
concentration; deletion of chaA inhibits K+ efflux, indicating ChaA also pos-
sesses K+ /H+ antiporter activity. Consequently, loss of any of these Na+/H+
antiporters impairs the salt resistance of E. coli, demonstrating their indispens-
able roles. Therefore, researchers commonly use salt-sensitive mutant strains
such as EP432 (with deleted nhaA and nhaB genes) or KNabc (with deleted
nhaA, nhaB, and chaA genes) for functional complementation screening and
identification of Na+ (Li+, K+)/H+ antiporters. This study employed func-
tional complementation to screen for novel Na+/H+ antiporter genes from the
moderately halophilic bacterium Halobacillus Y5, functionally characterized the
identified gene, and thereby expanded the YdjM family membership while pro-
viding a theoretical foundation for similar protein studies.

Materials and Methods

Strains and Plasmids

The moderately halophilic bacterium Halobacillus Y5 was isolated and preserved
in our laboratory. The salt-sensitive strain E. coli KNabc (AnhaA, AnhaB,
AchaA) was provided by the Microbiology Laboratory of Northeast Agricultural
University. KNabc/pUC18 was obtained by chemical transformation of plasmid
pUC18 into competent KNabc cells. KNabc/Ha_ {YdjM} was the target strain
constructed in this study.
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Reagents and Kits

Restriction endonucleases (Sau3AI), T4 DNA ligase, and Calf Intestinal Alkaline
Phosphatase (CIAP) were purchased from TaKaRa (Japan). DNA gel extrac-
tion kits were purchased from Omega (USA). All other reagents were analytical
grade.

Culture Media

LBK medium contained 1% peptone, 0.65% KCIl, and 0.5% yeast extract (nat-
ural pH), sterilized at 121°C for 20 min, used for E. coli KNabc cultivation.
SG medium contained 1% peptone, 0.5% yeast extract, 0.5% casein, 0.2% KCI,
0.3% sodium citrate, 2% MgSO, - 7TH,O, and 3% NaCl (pH 7.2-7.4), sterilized
at 121°C for 20 min, used for Halobacillus Y5 cultivation.

Genomic DNA Extraction from Halobacillus Y5

Halobacillus Y5 was cultured in SG medium at 37°C with shaking at 140 rpm
for approximately 36 h. Cells were harvested by centrifugation at 4°C, 2600xg
for 10 min. Genomic DNA was extracted following the procedure described in
reference [16], examined by 1% agarose gel electrophoresis, and stored at -20°C
for subsequent use.

Screening for Novel Na+/H+ Antiporter Genes

A genomic library of Halobacillus Y5 was constructed following the method of
Wang et al. [17] to screen for positive clones harboring Na+/H+ antiporter
genes.

Sequence Analysis of Novel Na+/H+ Antiporter Genes

The plasmid from positive clones was extracted and sequenced. Se-
quence alignment and analysis were performed using the NCBI database
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Open reading frames (ORFs)
and multiple amino acid sequence alignments were analyzed using DNA-
man 6.0. Protein molecular weight and theoretical isoelectric point were
predicted using http://web.expasy.org/protparam/. Promoter sequences
were predicted wusing http://www.fruitfly.org/seq {tools}/promoter.html.
Transmembrane regions were predicted using http://mobyle.pasteur.fr/cgi-
bin/portal.py#forms::wordcount. A phylogenetic tree was constructed using
the Neighbor-Joining method in MEGA 5.1 software [18].

Salt and Alkali Tolerance Assays

The salt and alkali tolerance capabilities of the novel Na+/H+ antiporter gene
were tested using KNabc/pUC18 as a negative control. For salt tolerance assays,
LBK medium supplemented with various concentrations of NaCl or LiCl was
used. For alkali tolerance assays, LBK medium was adjusted to different pH
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values with Tris-HCI. Cultures were inoculated and incubated at 37°C, 140 rpm
for 16-18 h, after which ODg, values were measured [19].

Measurement of Na+/H+ Antiporter Activity

Inverted membrane vesicles were prepared from strains harboring the novel gene
and controls [20]. Na+/H+ antiporter activity was measured using the acridine
orange (AO) fluorescence quenching method [21]. Briefly, fluorescence param-
eters were set with excitation (EX) at 492 nm and emission (EM) at 526 nm.
To a quartz cuvette containing 2.5 mL buffer B, 2 pM AO and 40 ng inverted
membrane vesicles were added and mixed. The respiratory substrate Tris-D-
lactate (5 mM final concentration) was added to generate a transmembrane pH
gradient, and ApH changes were monitored using a fluorescence spectropho-
tometer. When fluorescence intensity reached equilibrium, 5 mM Na+, K+, or
Li+ was added to disrupt ApH. The degree of fluorescence recovery indicated
whether the protein possessed Na+ (Li+, K+4)/H+ antiporter activity and its
magnitude.

Determination of Km Values

Km values indicate the affinity between protein and substrate; larger values
correspond to weaker affinity. Under optimal pH conditions, transport activity
was measured at various concentrations of Na+, K+, and Li+. Ion concentration
was plotted on the x-axis and antiporter activity on the y-axis for non-linear
regression analysis to calculate Km values.

Results
Screening for Novel Na+/H+ Antiporter Genes

Using LB solid plates containing 0.2 M NaCl, approximately 150 positive clones
that restored growth of E. coli KNabc were obtained. Sequence analysis iden-
tified one clone as a potential novel Na+/H+ antiporter gene, designated pUC-
HaY. The insert was sequenced by Beijing Huada Gene Biotechnology Co.,
Ltd. The foreign DNA fragment in pUC-HaY was 3441 bp and contained three
putative ORFs. ORF1 encoded a glycine betaine transporter gene opuD (previ-
ously published [17]), ORF2 encoded an NmrA family transcription factor (not
studied further as it generally lacks Na+/H+ antiporter activity), and ORF3 en-
coded a hypothetical protein from the YdjM superfamily (accession MH536807).
Following the strategy shown in [Figure 1: see original paper], primers with re-
striction sites were designed for ORF3 (ORF3-F and ORF3-R, shown as horizon-
tal lines; italicized sequences indicate Xbal (TCTAGA) and Kpnl (GGTACC)
sites; the box indicates the SD sequence). ORF3 was subcloned and designated
Ha_ {YdjM} for further study.
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Sequence Analysis of Ha_ {YdjM}

Multiple alignment of Ha {YdjM} with proteins from other Halobacillus
species using DNAMAN revealed homologies of 86%, 65%, 57%, 58%, and 57%
with proteins WP_{101846656}.1, WP_ {082235595}.1, WP_ {035544181}.1,
WP_ {085031358}.1, and WP_{014641626}.1, respectively [Figure 2: see
original paper].

The neighbor-joining phylogenetic tree [Figure 3: see original paper] showed
that Ha_ {YdjM} clusters with YdjM from Halobacillus sp. Marseille-P3789
(accession WP_ {101846656}.1) but forms an independent branch. Therefore,
Ha_ {YdjM} likely represents a novel member of the YdjM superfamily.

Most Na+/H-+ antiporters are transmembrane proteins composed of hydropho-
bic amino acids with multiple transmembrane segments. To verify this for
Ha_{YdjM}, transmembrane analysis was performed, revealing five transmem-
brane regions [Figure 4: see original paper|. Hydrophobicity analysis confirmed
the encoded protein is hydrophobic [Figure 5: see original paper].

Ha {YdjM} encodes a 203-amino acid protein with a molecular weight of
23,637.42 Da and an isoelectric point (pI) of 9.33. The transmembrane region
spans amino acids 31-150, including TMS I (31-48), TMS II (61-80), TMS III
(90-104), TMS TV (111-128), and TMS V (133-150) .

Salt and Alkali Tolerance Testing

Although Ha {YdjM} was predicted to be a transmembrane protein with salt-
alkali tolerance, ORF2 was also tested for experimental rigor. Only results on
LBK solid plates containing 0.2 M NaCl and 5 mM LiCl are shown [Figure 6:
see original paper|. Ha_{YdjM} conferred salt tolerance to the salt-sensitive
strain, whereas ORF2 failed to grow under these conditions, consistent with
predictions. Alkali tolerance assays [Figure 7: see original paper] demonstrated
growth up to pH 8.0, confirming that inverted membranes from Ha_ {YdjM}
could be prepared for activity measurements.

Na+/H+ Antiporter Activity Assay

Inverted membrane vesicles (ISO) were prepared from KNabc/Ha_{YdjM} and
control KNabc/pUC18. Using acridine orange (AO) as a fluorescent probe,
monovalent ion Na+ (Li4, K+4)/H+ antiport activity was measured. When
fluorescence quenching reached its minimum, addition of Na+ (Li+, K+) so-
lutions caused varying degrees of fluorescence recovery in KNabc/Ha_{YdjM}
inverted membranes, while no change was observed in the negative control KN-
abe/pUC18 [Figure 8: see original paper|. These results demonstrate that KN-
abc/Ha_ {YdjM} can transport monovalent Na+, Li+, and K+, consistent with
transmembrane predictions, confirming Na+/H+ antiporter activity.

Since pH typically affects Na+ (Li+, K+)/H+ antiporter activity, we mea-
sured transport activity at different pH values (7.0-8.5). Activity for all mono-
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valent cations (Na+, Li4+, K+) varied with pH, reaching maximum activity
at pH 8.0 [Figure 9: see original paper|. Thus, KNabc/Ha_{YdjM} exhibits
pH-dependent transport activity for Na+, Li+, and K+ that changes with pH.

Determination of Km Values for Ha_ {YdjM}

Having established that Ha_{YdjM} transports Na+, Li+, and K+ with dif-
ferent efficiencies, we investigated substrate preferences. Km studies revealed
that lower values indicate stronger substrate affinity. Using GraphPad Prism
6.01 software and the Michaelis-Menten equation, Km values were calculated as
0.43 4+ 0.05 mM, 0.49 £ 0.06 mM, and 0.64 4+ 0.06 mM for Na+, K+, and Li+,
respectively [Figure 10: see original paper], indicating substrate affinity in the
order Na+ > K+ > Li+.

Discussion

In this study, we constructed a genomic library from the moderately halophilic
bacterium Halobacillus Y5 and identified a novel Na+/H+ antiporter gene,
Ha_{ydjM}, through functional complementation. Analysis revealed that
Ha_{YdjM} from Halobacillus Y5 belongs to the YdjM superfamily and rep-
resents a novel member, showing highest amino acid sequence homology with
YdjM from Halobacillus sp. Marseille-P3789 (accession WP_ {101846656}.1)
while forming an independent phylogenetic branch. When expressed in FE.
coli mutant strain KNabe, Ha_ {YdjM} restored growth in 0.2 M NaCl and 5
mM LiCl and conferred alkaline tolerance. Functional studies demonstrated
pH-dependent Na+/H+ antiporter activity, with Km analysis revealing
substrate affinity in the order Na+ > K+ > Li+. Therefore, we conclude
that Ha_ {ydjM} encodes a novel YdjM superfamily member with Na+/H+
antiporter function.

Many protein families remain functionally uncharacterized, and discovering
their functions represents a fundamental task in post-genomic biology, par-
ticularly for widely distributed families [22]. Protein Ha_{YdjM} belongs to
the YdjM superfamily but functions differently from known members, repre-
senting a new type of protein. YdjM superfamily proteins are typically metal-
dependent enzymes with diverse types and mechanisms, such as acetylases [23]
and deacetylases surrounded by multi-chain a-helices and [S-sheets, with diva-
lent metal ions as cofactors involved in cancer and epigenetic regulation. Huang
et al. [22] reported that DUF89 proteins exhibit metal-dependent phosphatase
activity in metabolic damage control, existing as standalone or fused proteins
and classified into subfamilies based on different metal preferences. Other metal-
dependent phosphatases are involved in extracellular phosphokinase regulation
[24]. A metal-dependent hydrolase from the thermophilic fungus Malbranchea
cinnamomea showed glycosidase activity in the presence of 1 mM Mn?* rather
than hydrolytic activity [25], demonstrating that sequence homology does not
guarantee functional similarity. The CbaA hydrolase from Pigmentiphaga sp.
strain DL-8, encoding 339 amino acid residues, is activated by Mg?*, Ni%*,
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Ca?*, and Zn?*, with conserved histidine 288 and glutamic acid 301 serving
as proton donors and acceptors. Deletion of cbaA prevents degradation of 6-
chloro-2-benzoxazolinone (CDHB), establishing CbaA as essential for CDHB
degradation [26]. In eukaryotes, methionine aminopeptidase from Trypanosoma
brucei is also metal-dependent and important for post-translational protein pro-
cessing and drug discovery [27]. Our study of Ha_{YdjM} from Halobacillus
Y5 differs from these reported proteins. Although sequence homology suggests
metal-dependent enzyme activity, our functional complementation screening us-
ing a salt-sensitive mutant specifically selected for Na+/H+ antiporter activity.
The positive clone complemented the mutant phenotype and exhibited Na+/H+
antiporter activity, making Ha_ {YdjM} the first reported YdjM family protein
in China with Na+/H+ antiporter activity. This study supplements and en-
riches YdjM family members, establishing a solid theoretical foundation for
future research.
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