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Research progress of the Na'/H" antiporters in bacteria
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Abstract: The Na'/H' antiporters play a primary role in the maintenance of intracellular pH
homeostasis and dynamic balance of cellular Na', and in the regulation of cell volume. Currently, many
Na'/H" antiporter genes involved in the resistance to high salt and alkaline pH stresses have been
identified and functionally characterized in various bacteria. The prospection for novel Na'/H'
antiporters from unexplored habitats, in conjunction with our understanding of the mechanisms
responsible for Na'/H™ antiport activity, will provide new insights into industrial and agricultural
biotechnology. In this review, we chose four physiologically distinct bacteria as examples, and
summarized the classification, structure and function of bacterial Na'/H" antiporters.
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SRE TN —FEZERICIVESOLR, it REINER, BRSNS AR RE R4 K
T2 AR50 0 A W05 S R W R FRS ANE Ao A Y e Y S SN AR AR LA
WHLRETT AR AR AT sl ] EFRHOE o, BRATREE BRSBTS, b2
FEEIESS, MRS TRESE TR R ARLBER: TN A Rk B AR T o S A T (Na X T
SRR A e A B3RS R IR WA MEURAY BRI E R ARSI A EAR A, (RSN

€W PEPER A AGHIHE ; BB AR EEITH (No. 31500044)
*BIVEE: Tel: 86-22-24828784; b<: liu_jun@tib.cas.cn
Ui BHA: 2014-12-18; 3EZ HHEA: 2015-02-03; L=t AR B #(www.cnkinet): 2015-03-16



TRT A A Na'/H 36 518 238 DTk g

2003

H Na B P, BRI N 755
iy, DX AHp ™ AR #E R . S E e R IR
AR, B T IS IV R PR A A AL
fil: — 5T, MO TR RR AR AR B L
TEERSRRE, TEANMUNER B Bl A L
YN A, AT 4 NN 23
JEF-A, BEBERPVERS, B—Jrm, FIH Na'
BTIMERS, AN ZR0) Na B8 7R 2
A, DIERNE R Na' &1, X—id R FEh
A7 F 40 M i F ) Na'/H' 396 ) 5% 32 25 9 (Na'/H"
antiporters) /310, Ak, —SOTREE AR Yk BAT
FEOR DA IRELE AL, W SR IE R, BB
fof XA, W5 | IR Na B85 1, ZE54n e fa
SEPED,

Na'/H i [i) 5552 8 1 PR Na /H L, 22—
PR, TIZfAETHE . Y. ik, 7e4k
FRANA N pH RS | Na' B 1 sl 25 V- A 45 20 ffa 1A

Respiration ATPase
H* H* R H

Na* Na'/solutes symporters Na*

- EENQ._NQR l ‘

Na* Solutes H*

z

Unidentified (?)

Vibrio cholerae 0395 Flagellum

By T 2 45 2 VR A0 R B R ) Na' /e
Wi i A TIREARRL, JEAZA ) Na'/H Wi e ia
W RETE LIS Y BT AR B B ) ek
PN Na 8 FI5 had fe, 75N Na 8 7
fR2ERb s, fRE Na'" B3 B IR — R A A 34
Pt , 4 Na' /% 5 1) DRI 12 5 R A Na'™ 85 14K
TSN, HAEH Na 8 T IEER A I
ARSCFERVEME Na H 5 e B H, DL
B B RV FT B (Escherichia coli) . B=LINE (Vibrio
cholerae) FI1 . 2% FG BH 14 T8 Ak %5 2F # KT 18 (Bacillus
subtilis) . VK58 ZEHUNT R (Bacillus pseudofirmus) i
B 1), MEEE Na'/H W [a) 5% ia 8 A Rh2E 25
¥ HLBRFIR IS5 7 T A T45A

1 Na'/H ¥ $E % H 2 ASE
Na'/H 30 [ 512 8 VR 40 £ Na FhE
250, WRGNEE X Na' Bl it 3 v e v 25 £

e Respiration ATPase
H* H* H*
drh

o
Ve NI
T — a"- Lactate

Bacillus subtilis 168

Flagellum

Nat, Li* Nal/solutes symporters

ot
Nat, K*
Na*, K' Li*
NhaK R
H* Al
Unidentified (?)
H
Respiration ATPase

Na* Solutes H*
H* H* H*
MQ
&
Hf ————
%
HY————>
——————Na" K

Bacillus pseudofirmus OF4 Flagellum

Na',Li*  Na'/solutes symporters ¢

>YPA(< I ’ U Unidentified (?)

H*

Na* Solutes H*

B1 4#EXEK NaH iz EARERNEE
Figure 1 Schematic diagrams of the Na'/H" antiporter family in four physiologically distinct bacteria
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Note: A: E. coli, a Gram-negative neutrophilic enteric bacilli; B: V. cholera, a Gram-negative neutrophilic pathogen; C: B. subtilis, a

Gram-positive neutrophilic organism; D: B. pseudofirmus, a Gram-positive alkaliphilic bacterium.
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i, fERInEE b R, AEYIE R T 2R Rl
[ Na'/H Wi m5a 8 M, ARG H R F RS R,
FE o R 2 PR, Hihdi R %
BUE THRWIR . HAT, B4 MREZA Na'/H i [H]
HiaE ARG, ALFE Cpal K. Cpa2 FKjik. Cpa3
ZI . Mfs )% . NhaA ZZj% A NhaB , NhaC , NhaD
CaCA Zl811-12]
1.1 Cpal Xik

FHESF: i % ia 8 -1 805 (The cation:
proton antiporter-1 family, Cpal family)) iz T
B [CPHETR . 2 REIMER . R s
LR SG b, BA Na /H Wi sEaim:, F%8
Z 5PN pH faZs fEsh s Skt
Cpal ZIGEM AR T BN TEARESR , (B2 XA
Cpal ZKER R AR AXT 8D . YjcE A1 CvrA
(YcgO)Je KIHFF I h 4 P4~ Cpal IR
BRI LI, YicE FI CyvrA 7ERFIRAE FISRSh Y
Na' B Tt L B P RN, FEPR A B 6 B ik
£ 50-500 mmol/L Na #§F¥HE N A4 K%
A WEZW, CvrA HARRES S5 IHE AT
AR, SHRB AT MR R DT . A,
TERG B ZEHIFF B ATCC 9372t T Cpal FIEH
51 NhaG, ZEFHEA Na /H ¥ asiite, 2
TEARBETEAG FLZERAT A 168 2 Ry, &
A AS i) of 98 4 ) — T Ak T R A 7E ik Ak 22 71T
NhaK (YvgP) @At s 2 HIFF A 168 Hinfk— %80 Y
Cpal FWRGL, ZEARMNAA Na™ (K7, Li',
RO YVH W58 P, Mg, Ca™' 80 Mn™ B F47
TE 2330 40 HE U NhaP 2 4 4% 550 i B
(Pseudomonas aeruginosa) &I —Fh Cpal FKjik
Na' /H' Wi iz E A, ARk Na' B Fih /50
FEAN, EEIE P M PIF NhaP A
Na'/H" ¥ [l %1228 11, Horf NhaP1 2 FI7ERAIRAYER
& pH M T X TR AR A K AN pH R3S
JEALTEIY, T NhaP2 2 PR K87 HA & 55
FPENS SE g e FE T A o0, Fodi 14 BB o
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WA Ik, W LAKFTE Na'/H Wi ia &
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RERRAEFE I A R . BAh, FEHRAFI bk
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T2, 0 Cpal K% Aa-NhaP, Cpa2 FKjik Aa-KefB I
CaCA F % Aa-CaxAP”

BERLINER AR 5 | B L AE IY T 2R 5, W
RITFIKAERE S, REAERvifufl pH FIER R &1

http://journals.im.ac.cn/wswxtbcn

T . WA, ERLINE TS 2 /0 3 F Nha %
T35 15 %612 11, B NhaA . NhaB 1 NhaD™®!, NhaA
1 NhaB # [ 7E2E LI G 1 2 i $h PR iy ol A
FAEENER, Hor NhaA H A KAFT# NhaA &
FELA AR IE PR AR o A 8R )2, 2 NhaA | NhaB
1 NhaD 25 [ [RIFBARI, FFoA 285 e 2 AL A
TEmRERE ST IAERRET), $ORFEE A R S
Na'/H" Wi i)z 8 (H B0 Na' B FoMIERLED' 2, 5t
HFHN TS, LI A7 HoAl Na™/H
Wiz 1, 40 Mrp %A NhaC G5 R,
XX SN [ ST Na'/H 338 [ 5% 12 2K 1A T P ) 56
P RS 23 iE— 20 3 v FRATT ) 2 LA it R 1L
A RRAR . (BT, FE SRR Iy HoR
M FEY AR LI, BT LG LR &
W Na'/H W 52 B A KA, by b ddias 1
VL HABZER Na'/H Wi [ 512 5 11, 41 NhaE %),
Bifi 5 D 2 ST R IBITR A, R v & 3
T ZAHEM AR S5 Na /H Wi [ 5 H , Hi2
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*1 YHE Na/H' FE R EEaimE

Table 1 Representative members of bacterial the Na’/H" antiporter family

LR A4 PR it 7E L KB 37 SCHk
Name Species Definition Length (aa) Substrates Reference

Ec-nhaA E. coli K12 Na': H' antiporter, NhaA family 388 Na' or Li" [31-34]
Ec-nhaB E. coli K12 Na': H' antiporter, NhaB family 513 Na' or Li" [39-40]
Ec-chaA E. coli K12 Ca**-Na': H antiporter, CaCA family 366 Ca®*orNa® [41]
Ec-mdfA E. coli K12 Multidrug efflux system protein, Mfs family 410 Drugs, Na” or K~ [30]
Ec-yjcE E. coli K12 Putative cation: proton antiporter, Cpal family 549 Na” [14]
Ec-cvrA (ycgO) E. coli K12 Putative cation: proton antiporter, Cpal family 578 K [14]
Ec-KefB E. coli K12 K': H' antiporter, Cpa2 family 601 K' [20]
Ec-KefC E. coli K12 K': H' antiporter, Cpa2 family 620 K, Rb’,Li orNa" [20]
Eh-napA E. hirae ATCC9790 Na'": H' antiporter, Cpa2 family 383  Na' [21]
Ve-nhaA V. cholerae 0395 Na': H" antiporter, NhaA family 382  Na'orLi’ [8,51]
Vec-nhaB V. cholerae 0395 Na': H" antiporter, NhaB family 530 Na' [8,51]
Vc-nhaD V. cholerae 0395 Na': H' antiporter, NhaD family 477 Na' orLi [8]
Ve-nhaC (yqkl) V. cholerae 0395 Putative Na': H' antiporter, NhaC family 481  Na'? This study
Vc-nhaP1 V. cholerae 0395 Na'-K": H" antiporter, Cpal family 444 Na’ or K [18]
Vc-nhaP2 V. cholerae 0395 K': H" antiporter, Cpal family 581 K", Na" or Rb" [18]
Bc-GerN B. cereus AH187 Na'-K': H"-K" antiporter, Cpa2 family 375 Na" [22]
Bh-mrp (mnh, sha) B. halodurans C-125 Monovalent cation: H' antiporter A-G, Cpa3 family ~ 95-804 Na® [23,25]
Bs-mrp (mnh, pha) B. subtilis 168 Monovalent cation: H' antiporter A-G, Cpa3 family  94-801 Na', Li", not K, ca® [23,26]
Bs-nhaC (yheL) B. subtilis 168 Na': H' antiporter, NhaC family 453 Na® [46]
Bs-mleN (yqkI) B. subtilis 168 Na'-lactate: malate-2H" antiporter, NhaC family 468 malate, lactate, Na* [45]
Bs-nhaK (yvgP) B. subtilis 168 Monovalent cation: H" antiporter, Cpal family 670 Na', Li", K" or Rb" [16]
Bs-tetB B. subtilis 168 Tetracycline-divalent cation efflux protein, Mfs family 458 Tet-metal, Na* or K* [8]
Bp-mrp B. pseudofirmus OF4 Monovalent cation: H' antiporter A-G, Cpa3 family ~ 91-805 Na' or Li", not K [24,27,29]
Bp-nhaCl B. pseudofirmus OF4 Putative Na": H' antiporter, NhaC family 439 Na™? This study
Bp-nhaC2 B. pseudofirmus OF4 Putative Na": H' antiporter, NhaC family 515 Na™? This study
Bp-nhaC3 B. pseudofirmus OF4 Putative Na": H' antiporter, NhaC family 251 Na™? This study
Bp-nhaC4 B. pseudofirmus OF4 Putative Na": H' antiporter, NhaC family 220 Na™? This study
Bp-nhaC5 B. pseudofirmus OF4 Na": H" antiporter, NhaC family 462 Na” [47]
Bp-nhaC6 B. pseudofirmus OF4 Putative Na": H' antiporter, NhaC family 436 Na™? This study
Bp-nhaP B. pseudofirmus OF4 Putative Na'-K": H" antiporter, Cpal family 494 Na' or K*? This study
Bp-nhaP2 B. pseudofirmus OF4 Putative Na'-K": H" antiporter, Cpal family 501 Na' or K*? This study
Bp-napA B. pseudofirmus OF4 Na': H' antiporter, Cpa2 family 494 Na'? This study
Sa-mnhl S. aureus N315 Monovalent cation: H' antiporter A-G, Cpa3 family ~ 97-801 Na' or K*? This study
Sa-mnh2 S. aureus N315 Monovalent cation: H" antiporter A-G, Cpa3 family ~ 100-800 K'? This study
Pa-nhaP P. aeruginosa PAO1 Na': H' antiporter, Cpal family 424  Na orLi [17-18]
Aa-nhaD A. amylolyticaN10  Na'-Li": H™ antiporter, NhaD family 483 Na'or Li" [49]
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22 pH ¥, 76 pH 6.5-9.0 b T3 iR 255057,
H225R 5875 NhaA AL IEMEW ieiE pH [ Rt T
WA, E252C 28748 ffi NhaA LG PEM FiE pH
Py [ RAEC Y 9 & B, NhaA HEHE
P 2 NSRRGSR, T ) A SOk R s [
G S R L 1 B T R I BEL R (P 2A)°%, i
Jlw - 4EF e TMS IT, IX | Ve Al V B EIEE X 21
B, OO AT () IR AR AT S| 254 P
TMS 11, VIIFI XIp B5EURGE X, [FIREE S
FEL iy %) 8 S R R I  NhaA 5 [ pH JE #5%(pH sensor)
7 F TMS IXESRIZE X [ N B, e A=}
ZERGTF AL, — R AN O LA 1Y) 2 SRR SR
B, BEREAE R — P S T FE B H 2 . TMS TV-XIT
SR Y — X AN 52 4 [ A B P BB X A B, o
[ 4 — R E M4 X SR BHIKT . Asp133 BEMSERE TMS
TV-XT Z548 HRaii A B4 IE L Y N 3Bz, Lys300
WEENSHETY TMS TV-XT &544 Hhafy A &4 i L 9 C
Vi, S ZAE R (B S — A LA A X, AT
W% NhaA 2 6 MRS 40845 . NhaA 25 P Na”
4547 5 (Na” binding sites)y; T TMS IV-XI Z5#4 1
JEMPEE DI, 53 MR S 25 IR Xk, B
JERSFIE R IERIRSE , 4 Asp163 . Aspl64, Aspl33,
Thr132 55, iZ X S0 44 NhaA 8 S PER LTI
HETHORT BRI I (18] 2B): fERRPESIE R, BT
i I PR A R T B RERE RS, JFH A Aspled
TR ILAENS B FR A M B S-S5 F S X e, 7EmE 4%
T, NhaA & pH BN 25 BERS IR A B 55, 5l
A TMS TIX 5 R A2E XA T e 2R, 8 TMS TVe,
Xlp 1 X 5 BRAEE X A TR e, A e R
Na' B 45507 5 . *4 NhaA &1 5K Na' B 145
Ha, SR, SRS PR, 8% Na®
BTE5 A0 AR TR TR S 25 IR X e, ek
SERL Na' B PRS2
3 RY

Na'/H 35 [m) 5% 12 85 (A0 4 W) Sl A 7R 11 £
T% Na'/H S i —Fis it 12 28 (15 e
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YR, FESE L Na B8P, f2dF Na'
FHMIER Na B FIX PRk 3 Fhaems, iRy pH
TRASFIES Tl P, ITATTHBR Na B F R
Hrp, Na B FAMERIX BRI K G F shiz il e,
S EARH T BRI A Y Na'/H 33 [0 5448 5
Pk S, BT & B, A Na'/H 3 ) 5328 26 1
FEEAE 1 AT REHA Z M, W2 Na™/H i [0 i
R P DR ) LA v B IR, B TRY N /H 338 i)
e PSR EAA R, R P ] Y [
PEARRTEAR, 107 A . E RIS T Na'/H 3 6]
R SR Na'/H 35 ) e iz 28 Y R
RN, PR EEUR A YA R S
ARG KT MR ARG Na'/H 306 [ e 2 8 (1 7 ot
b b AT REAN S A ST Na'/H' 386 1) 32 26 1 7]
HAT — 5 [0,

AR R, R EE TR S A i TR A ) RE A e
Na'BF8 pH FEE AT F A, (2 HA Na' 5
FIEARE, PR RS BAT R IY Na'/H 3 5] 5%
BEATEET, AR, RSN Na'/H ¥ a5z
FEERBIEIAG T —E IR, Y AR V258
B Na'/H 38 51885 1, 9 RSP R K Na'/H
W) iz 8 R BRI E T, EUR G T AT
Na'/H' 38 [0 432 26 A D RE AR AR 2R PR AL o
FASAE TP BB, 53— 71, ORI i 40 TR
Na'/H 3 [l %52 8 A 5L R oAk se e s e, ol
HARREC T RN R BE T T RE . 757 A 40
Hh IR IR VETE Alkalimonas amylolytica Na'/H"
WimEEER)E, ARSI YL L
I KR 1S KRS TR S R A K R
NhaA Na"/H ¥ 4%a 8 U5, R i 5t
PRI 7K R 1 TS R T 5 AR 1 A AR s R AR
RN R R TR AR AT, W s
HYERBARAVEY SR TR . (H2, Tk
AT R P 22 HE DA MR A AR, PR —JE DA Y
W FRBEABRARFRYE, 85105 A0 R
MRETERTE . e R R, A 3RIK NhaA il



TRT A A Na'/H 36 518 238 DTk g

2009

Na* binding sites

& Cytoplasmic funnel
» S pH sensor
245fe &P
?
e

Cytoplasm

250 ge

Periplasm

Perplasmic funnel

B

Acidic pH-locked conformation

Alkaline pH-activaed conformation
INa*/Li*

C M

Na*-Li* release conformation

H*

Downregulated conformation (pH>6.5) | .—’I

Active conformation (pH>6.5)

B2 KAHHE NhaA Na'/H ¥ 53515 & B &0 1E AHL &/
Figure 2 The overall architecture (A) and proposed mechanism (B) of E. coli NhaA Na"/H" antiporterls‘”

NhaR J5 I8 W2 P bR Ao R, (RN
TRBRA OGRS, RERIN TRk A RS
R IORAN TS S AN 22 2 ok R T S
BT o5 15 P Y Na™/H 3 ) S5 18 TR 1, F o Tl e bk
i R ER A VR 8 SRR I TR A B
MBI FIRIRIA RN, LLRIAFFIE Na'/H 0 6 5%
& R AR BR Bk KNabe 15 5 R 58, 4B %
SEMVFZHIY Na H Wi isEm, JEmse s
Na'/H 33 [ 5% 328 8 (0 i B ik 2 —, fsi

EIE, REFZMAEY), JUHSERE A MR
HAFAEZ Al Na'/H Wi [0 558 8 1, (HUZ5X 28 Na'/H'
1 [ i 2 P ) A AP SR AR AR AL 1o AN TR AE
A VFZ Na'/H 8 10 5418 55 1l e T DI RE I R
PRI, R el s R Ao A i, R
ZI) Na'/H W 0z, IF7Er TR KT b
FIREANTR] Na'/H 39 1) §%5 25 11 9 L2 HLBERI AR
K, B AT A3 T AN Na'™/H 3% ) i1
& AR A R B IR S AR T S

http://journals.im.ac.cn/wswxtbcn



2010

WA 38R Microbiol. China

2015, Vol.42, No.10

2 % 3 Wk

(1

(2]

(31

(4]

(3]

(6]
[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Xu N, Dong Y, Cheng X, et al. Cellular iron homeostasis
mediated by the Mrs4-Cccl-Smf3 pathway is essential for
mitochondrial function, morphogenesis and virulence in
Candida albicans[J]. Biochimica et Biophysica Acta, 2014,
1843(3): 629-639

Xu N, Cheng X, Yu Q, et al. Aft2, a novel transcription regulator,
is required for iron metabolism, oxidative stress, surface
adhesion and hyphal development in Candida albicans[J]. PLoS
One, 2013, 8(4): 62367

Xu N, Cheng XX, Yu QL, et al. Research advances of iron
homeostasis regulatory networks in Candida albicans[J].
Microbiology China, 2012, 39(3): 386-393 (in Chinese)

T, BUK, WHAR, G5, S ERE PRSI M KRS
BEIR]. SRR, 2012, 39(3): 386-393

Yu QL, Xu N, Li MC. Calcium homeostasis systems and
calcium signaling pathways in Candida albicans[J]. Acta
Microbiologica Sinica, 2012, 52(4): 422-428 (in Chinese)
WA, TR, ZEER. ASBRESRE R L E SR
RO HERE[T]. AR AR, 2012, 52(4): 422-428

Kempf B, Bremer E. Uptake and synthesis of compatible solutes
as microbial stress responses to high-osmolality environments[J].
Archives of Microbiology, 1998, 170(5): 319-330

Padan E, Venturi M, Gerchman Y, et al. Na'/H" antiporters[J].
Biochimica Biophysica Acta, 2001, 1505(1): 144-157

Krulwich TA. Alkaliphiles: ‘basic’ molecular problems of pH
tolerance and bioenergetics[J]. Molecular Microbiology, 1995,
15(3): 403-410

Padan E, Bibi E, Ito M, et al. Alkaline pH homeostasis in
bacteria: new insights[J]. Biochimica Biophysica Acta, 2005,
1717(2): 67-88

Yang LF. Cloning and functional study on Na" extrusion related
genes in Gram-positive moderately halophilic bacteria[D].
Beijing: Doctoral Dissertation of China Agricultural University,
2006 (in Chinese)

Pl a2 PR P v B2 A T 1 R A DG D B T
HIUBetsE[D]. dunt: AL R 2083, 2006
Du LX, Dong KH, Zhu HS. Research progess on Na'/H"
antiporter of plant[J]. Grassland and Turf, 2012(2): 82-86 (in
Chinese)

FAIEE, BT, AR MY Na'/H ¥ 0 i A WHoT ik
JE[T]. FRS5EEE 2012(2): 82-86

Saier MH Jr, Reddy VS, Tamang DG, et al. The transporter
classification database[J]. Nucleic Acids Research, 2014, 42:
D251-258

Krulwich TA, Hicks DB, Ito M. Cation/proton antiporter
complements of bacteria: why so large and diverse?[J].
Molecular Microbiology, 2009, 74(2): 257-260

Saier MH Jr, Eng BH, Fard S, et al. Phylogenetic
characterization of novel transport protein families revealed by
genome analyses[J]. Biochimica Biophysica Acta, 1999,
1422(1): 1-56

Verkhovskaya ML, Barquera B, Wikstrom M. Deletion of one of
two Escherichia coli genes encoding putative Na'/H"
exchangers (ycgO) perturbs cytoplasmic alkali cation balance at
low osmolarity[J]. Microbiology, 2001, 147(Pt11): 3005-3013
Gouda T, Kuroda M, Hiramatsu T, et al. nhaG Na'/H" antiporter
gene of Bacillus subtilis ATCC9372, which is missing in the
complete genome sequence of strain 168, and properties of the
antiporter[J]. Journal of Biochemistry, 2001, 130(5): 711-717
Fujisawa M, Kusumoto A, Wada Y, et al. NhaK, a novel
monovalent cation/H" antiporter of Bacillus subtilis[J]. Archives
of Microbiology, 2005, 183(6):411-420

Kuroda T, Fujita N, Utsugi J, et al. A major Li" extrusion system
NhaB of Pseudomonas aeruginosa: comparison with the major

http://journals.im.ac.cn/wswxtbcn

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Na" extrusion system NhaP[J]. Microbiology and Immunology,
2004, 48(4): 243-250

Resch CT, Winogrodzki JL, Hase CC, et al. Insights into the
biochemistry of the ubiquitous NhaP family of cation/H"
antiporters[J]. Biochemistry and Cell Biology, 2011, 89(2):
130-137

Janto B, Ahmed A, Ito M, et al. Genome of alkaliphilic Bacillus
pseudofirmus OF4 reveals adaptations that support the ability to
grow in an external pH range from 7.5 to 11.4[J]. Environmental
Microbiology, 2011, 13(12): 3289-3309

Fujisawa M, Ito M, Krulwich TA. Three two-component
transporters with channel-like properties have monovalent
cation/proton antiport activity[J]. Proceedings of the National
Academy of Sciences of the United States of America, 2007,
104(33): 13289-13294

Waser M, Hess-Bienz D, Davies K, et al. Cloning and disruption
of a putative NaH-antiporter gene of Enterococcus hirae[J].
Journal of Biological Chemistry, 1992, 267(8): 5396-5400
Southworth TW, Guffanti AA, Moir A, et al. GerN, an
endospore germination protein of Bacillus cereus, is an
Na'/H'-K" antiporter[J]. Journal of Bacteriology, 2001, 183(20):
5896-5903

Swartz TH, Tkewada S, Ishikawa O, et al. The Mrp system: a
giant among monovalent cation/proton antiporters?[J].
Extremophiles, 2005, 9(5): 345-354

Morino M, Natsui S, Ono T, et al. Single site mutations in the
hetero-oligomeric Mrp antiporter from alkaliphilic Bacillus
pseudofirmus OF4 that affect Na'/H" antiport activity, sodium
exclusion, individual Mrp protein levels, or Mrp complex
formation[J]. Journal of Biological Chemistry, 2010, 285(40):
30942-30950

Hamamoto T, Hashimoto M, Hino M, et al. Characterization of
a gene responsible for the Na'/H' antiporter system of
alkalophilic Bacillus species strain C-125[J]. Molecular
Microbiology, 1994, 14(5): 939-946

Ito M, Guffanti AA, Oudega B, et al. mrp, a multigene,
multifunctional locus in Bacillus subtilis with roles in resistance
to cholate and to Na® and in pH homeostasis[J]. Journal of
Bacteriology, 1999, 181(8): 2394-2402

Morino M, Suzuki T, Ito M, et al. Purification and functional
reconstitution of a seven-subunit mrp-type Na”/H" antiporter[J].
Journal of Bacteriology, 2014, 196(1): 28-35

Yamaguchi T, Tsutsumi F, Putnoky P, et al. pH-dependent
regulation of the multi-subunit cation/proton antiporter Phal
system from Sinorhizobium meliloti[J]. Microbiology, 2009,
155(Pt 8): 2750-2756

Swartz TH, Ito M, Ohira T, et al. Catalytic properties of
Staphylococcus aureus and Bacillus members of the secondary
cation/proton antiporter-3 (Mrp) family are revealed by an
optimized assay in an Escherichia coli host[J]. Journal of
Bacteriology, 2007, 189(8): 3081-3090

Fluman N, Adler J, Rotenberg S A, et al. Export of a single drug
molecule in two transport cycles by a multidrug efflux pump[J].
Nature Communications, 2014, 5: 4615

Padan E, Tzubery T, Herz K, et al. NhaA of Escherichia coli, as
a model of a pH-regulated Na'/H" antiporter[J]. Biochimica
Biophysica Acta, 2004, 1658(1/2): 2-13

West IC, Mitchell P. Proton/sodium ion antiport in Escherichia
coli[J]. Biochemical Journal, 1974, 144(1): 87-90

Mager T, Rimon A, Padan E, et al. Transport mechanism and pH
regulation of the Na’/H" antiporter NhaA from Escherichia coli:
an electrophysiological study[J]. Journal of Biological
Chemistry, 2011, 286(26): 23570-23581

Padan E. Functional and structural dynamics of NhaA, a
prototype for Na“ and H" antiporters, which are responsible for
Na" and H" homeostasis in cells[J]. Biochimica Biophysica Acta,
2014, 1837(7): 1047-1062

Padan E, Schuldiner S. Molecular physiology of the Na'/H"
antiporter in Escherichia coli[J]. Journal of Experimental



TRT A AR Na'/H' 0 s 8 DR T it e

2011

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Biology, 1994, 196: 443-456

Rahav-Manor O, Carmel O, Karpel R, et al. NhaR, a protein
homologous to a family of bacterial regulatory proteins (LysR),
regulates nhaA, the sodium proton antiporter gene in
Escherichia coli[J]. Journal of Biological Chemistry, 1992,
267(15): 10433-10438

Lentes CJ, Mir SH, Boehm M, et al. Molecular characterization

of the Na'/H -antiporter NhaA from Salmonella Typhimurium[J].

PLoS One, 2014, 9(7): 101575

Calinescu O, Danner E, Bohm M, et al. Species differences in
bacterial NhaA Na'/H" exchangers[J]. FEBS Letters, 2014,
588(17): 3111-3116

Pinner E, Padan E, Schuldiner S. Kinetic properties of NhaB, a
Na'/H" antiporter from Escherichia coli[]]. Journal of
Biological Chemistry, 1994, 269(42): 26274-26279

Pinner E, Kotler Y, Padan E, et al. Physiological role of NhaB, a
specific Na'/H" antiporter in Escherichia coli[]]. Journal of
Biological Chemistry, 1993, 268(3): 1729-1734

Ohyama T, Igarashi K, Kobayashi H. Physiological role of the
chaA gene in sodium and calcium circulations at a high pH in
Escherichia coli[J]. Journal of Bacteriology, 1994, 176(14):
4311-4315

Nozaki K, Inaba K, Kuroda T, et al. Cloning and sequencing of
the gene for Na”/H" antiporter of Vibrio parahaemolyticus[J].
Biochemical and Biophysical Research Communications, 1996,
222(3):774-779

Wang X, Xu F, Chen S. Metagenomic cloning and
characterization of Na'/H' antiporter genes taken from
sediments in Chaerhan Salt Lake in China[J]. Biotechnology
Letters, 2013, 35(4): 619-624

Meng L, Hong S, Liu H, et al. Cloning and identification of
Group 1 mrp operon encoding a novel monovalent cation/proton
antiporter system from the moderate halophile Halomonas
zhaodongensis[J]. Extremophiles, 2014. DOL
10.1007/s00792-014-0666-5

Wei Y, Guffanti AA, Ito M, et al. Bacillus subtilis YqkI is a
novel malic/Na'-lactate antiporter that enhances growth on
malate at low protonmotive force[J]. Journal of Biological
Chemistry, 2000, 275(39): 30287-30292

Pragai Z, Eschevins C, Bron S, et al. Bacillus subtilis NhaC, an
Na'/H" antiporter, influences expression of the phoPR operon
and production of alkaline phosphatases[J]. Journal of
Bacteriology, 2001, 183(8): 2505-2515

Ito M, Guffanti AA, Zemsky J, et al. Role of the nhaC-encoded
Na'/H" antiporter of alkaliphilic Bacillus firmus OFA4[J]. Journal
of Bacteriology, 1997, 179(12): 3851-3857

Nozaki K, Kuroda T, Mizushima T, et al. A new Na/H'
antiporter, NhaD, of Vibrio parahaemolyticus[J]. Biochimica
Biophysica Acta, 1998, 1369(2): 213-220

Liu J, Xue Y, Wang Q, et al. The activity profile of the
NhaD-type Na'-Li'/H" antiporter from the soda Lake
Haloalkaliphile Alkalimonas amylolytica is adaptive for the
extreme environment[J]. Journal of Bacteriology, 2005, 187(22):
7589-7595

Wei Y, Liu J, Ma Y, et al. Three putative cation/proton
antiporters from the soda lake alkaliphile Alkalimonas
amylolytica N10 complement an alkali-sensitive Escherichia
coli mutant[J]. Microbiology, 2007, 153(Pt 7): 2168-2179

Herz K, Vimont S, Padan E, et al. Roles of NhaA, NhaB, and
NhaD Na/H" antiporters in survival of Vibrio cholerae in a

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

saline environment[J]. Journal of Bacteriology, 2003, 185(4):
1236-1244

Steuber J, Halang P, Vorburger T, et al. Central role of the
Na'-translocating NADH:quinone oxidoreductase (Na"-NQR) in
sodium bioenergetics of Vibrio cholerae[J]. Biological
Chemistry, 2014. DOI: 10.1515/hsz-2014-0204

Sousa PM, Videira MA, Vorburger T, et al. The novel NhaE-type
Na’/H™ antiporter of the pathogenic bacterium Neisseria
meningitidis[J]. Archives of Microbiology, 2013, 195(3):
211-217

Padan E, Kozachkov L, Herz K, et al. NhaA crystal structure:
functional-structural insights[J]. Journal of Experimental
Biology, 2009, 212(Pt 11): 1593-1603

Padan E. The enlightening encounter between structure and
function in the NhaA Na/H antiporter[J]. Trends in
Biochemical Sciences, 2008, 33(9): 435-443

Rimon A, Gerchman Y, Kariv Z, et al. A point mutation (G338S)
and its suppressor mutations affect both the pH response of the
NhaA-Na'/H" antiporter as well as the growth phenotype of
Escherichia coli[J]. Journal of Biological Chemistry, 1998,
273(41): 26470-26476

Olami Y, Rimon A, Gerchman Y, et al. Histidine 225, a residue
of the NhaA Na'/H" antiporter of Escherichia coli is exposed
and faces the cell exterior[J]. Journal of Biological Chemistry,
1997, 272(3): 1761-1768

Tzubery T, Rimon A, Padan E. Mutation E252C increases
drastically the Km value for Na“ and causes an alkaline shift of
the pH dependence of NhaA Na'/H" antiporter of Escherichia
coli[J]. Journal of Biological Chemistry, 2004, 279(5):
3265-3272

Reguera M, Bassil E, Blumwald E. Intracellular NHX-type
cation/H" antiporters in plants[J]. Molecular Plant, 2014, 7(2):
261-263

Rodriguez-Rosales MP, Galvez FJ, Huertas R, et al. Plant NHX
cation/proton antiporters[J]. Plant Signal Behavior, 2009, 4(4):
265-276

Brett CL, Donowitz M, Rao R. Evolutionary origins of
eukaryotic sodium/proton exchangers[J]. American Journal of
Physiology Cell Physiology, 2005, 288(2): C223-239

Chen GP, Wang HZ, Shi NN, et al. Na'/H" antiporter and its
relationship with plant salt tolerance[J]. China Biotechnology,
2006, 26(5): 101-106 (in Chinese)

FASF, T-Eh, ftifedk, &5, Na'/H [z i H S5 it
BHX RV R P EAY TR SE, 2006, 26(5):
101-106

Zhong N, Han L, Wu X, et al. Ectopic expression of a bacterium
NhaD-type Na’/H' antiporter leads to increased tolerance to
combined salt/alkali stresses[J]. Journal of Integrative Plant
Biology, 2012, 54(6): 412-421

Wu L, Fan Z, Guo L, et al. Over-expression of the bacterial
nhaA gene in rice enhances salt and drought tolerance[J]. Plant
Science, 2005, 168(2): 297-302

Wu X, Altman R, Eiteman MA, et al. Effect of overexpressing
nhaA and nhaR on sodium tolerance and lactate production in
Escherichia coli[J]. Journal of Biological Engineering, 2013,
7(1): 1-7

http://journals.im.ac.cn/wswxtbcn




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


