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Advances in ion transporters associated with tolerance of
halophilic and halotolerant microorganisms to salt stress

MA Xin, MA Xiangrong, ZHU Derui, LI Yongzhen, XING Jiangwa*

Research Center of Basic Medical Sciences, Medical College, Qinghai University, Xining 810016, Qinghai, China

Abstract: Ion transporters play an important role in maintaining intracellular pH homeostasis
and ionic equilibrium. Sodium ion transporters and potassium ion transporters exist widely in
halophilic and halotolerant microorganisms, and their function of retaining potassium and
excreting sodium is one of the two major strategies for microbial tolerance to salt stress. In recent
years, new sodium and potassium ion transporters, such as RDD, UPF0118, DUF, and KimA,
have been discovered in halophilic and halotolerant microorganisms. The transporters of other
metal ions, such as Fe’™ and Mg”", have been proved to play a role in microbial osmoregulation
by participating in the synthesis of intracellular compatible solutes. This paper reviews the ion
transporters associated with salt stress tolerance in halophilic and halotolerant microorganisms,
analyzes their molecular structures and working mechanisms, and prospects for their applications
in agriculture. Discovering new ion transporters, revealing the structures and mechanisms of ion
transporters associated with salt stress tolerance, and analyzing the synergistic effect of
coexisting transporter systems and their regulation mechanisms will deepen the understanding of
the regulatory mechanisms of salt stress tolerance of halophilic and halotolerant microorganisms
and provide new ideas for the improvement of crops in saline-alkali land.

Keywords: salt stress; microorganism; ion transporter; sodium ion transporter; potassium ion transporter
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BT ZAETHE . M Rsh ik, i
MR NEFS-H. pH RS ki E &=
SRS, A BT R T SR R W B
Bz Hm o, DLW R O

alkalicola) . h H h M &

(Halomonas
(Halobacterium
salinarum) . K i #T I# (Escherichia coli) Fl i ¥
(Cyanobacteria) <5~ 5, W& F 551z %EM%
H . BERFIR AT HE TER R

1 PEFTHEREEY

1.1 Na" /H'#EEBAREBFYFE
TEE SR, WG ER MR £L 52k W MO ) Na©

=1 ELLE
Table 1

HBAXHEE Na /HIZEH

SMERG FEIEAF Na/H iz, Hikis
ﬁ%%u%?%%%éﬁ%ﬁﬁv@ﬁ RZ A JST R A%
Hzohne®. B2 KB Na'/H %18 E a4
CPA-1 %% . CPA-2 K% . CPA-3 K%k, Na'/H'
e 128 T TURR R 5 LA S Al — 2 i) A WYy 285 4 A1
HLI s s AU (36 1) AR
&, BARIXLE Na'/H iz i A RIS PR A
HIE], AHAERFORFEAER S, R R Z
Nhaxx [, f2M“Na'/H" antiporter” 115 5|5,
Wt B HG 2 — A [a] ) 2 3 4 8 R &8 1 A ]
IR, 5 CPA-2 FKIRAY) NapA &1, B>
“NaH-antiporter”™", 5 & JLF[F] X .

Main halophilic and halotolerant Na'/H" antiporters

Halophilic and halotolerant K, [Na'] (mmol/L) Vinax

related antiporters

Substrates Main characteristics References

(umol/(min-g))

CPA-1 family

NhaP 6.0 (pH 7.5) 42

NhaK 88.0 (pH 8.0) -
24.0 (pH 8.5)

YjcE - -

CvrA - -

NhaG - -

CPA-2 family

NhaA 1.98 253

NapA 1.0 (pH 7.5) -

KefA - —

KefB - _

GerN 1.5 (pH 8.0) -
25.0 (pH 7.0)

KefC - -

CPA-3 family
Mrp - -

Na', Li",  The transport process depends [12-13]
K',Rb*,  on the potential energy. Most of
Ca2+, NH," them are single-subunit

Na', Li*, secondary sodium pumps, [14]
K',Rb"  mainly involved in regulating

Na* intracellular pH homeostasis [15]
Na", K* and resisting salt stress [15]
Na', Li* [16]
Na‘,Li"  Mainly found in prokaryotes  [17]
Na®, Li*  such as Enterococcus haideri  [18]
K and Bacillus cereus, with [19]
Na', K functional features similar to [20]
Na®, Li* the CPA-1 family [21]
Na*, Li", [20]
K", Rb"

Na', Li*, Mrp antiporter, the only [22]
K* member of this family, is a

polysubunit secondary sodium
pump, containing 6—7 subunits
that function in the form of a
heterologous complex

http://journals.im.ac.cn/actamicrocn
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iR 1)
Halophilic and halotolerant K, [Na'] Vinax Substrates Main characteristics References
related antiporters (mmol/L) (umol/(min-g))
Antiporter superfamily
MFS - - Na', Li", The homology with other [23]
K" families is low, and some
Ha-ydjM 0.43+0.05 (pH 8.0) - Na’, Li*, members have the function of  [24]
K transporting Na*, which is still
to be explored
Other antiporters
NhaD 0.89 (NhaD1, pH8.5) - Na’,Li* It not only makes the strain [25-26]
0.47 (NhaD2, pH 9.5) tolerant to hypersaline
0.42 (Ha-NhaD, pH 9.0) environments, but also to highly
alkaline environments, where it is
generally most active
NhaH 0.83 (pH 8.5) - Na®,Li*  It’s the first Na'/H" antiporter  [27]
cloned from a moderately
halophilic bacterium
NhaB 1.3 (pH 8.0) 404 Na', Li* It functions primarily at low  [12]
Na' concentrations and low pH
NhaC - - Na" It has a limited role in [28]
maintaining Na'-dependent pH
homeostasis and does not
participate in high salt-induced
adaptive responses
RDD 1.29+0.14 (pH 9.0) - Na', Li*, TIthasNa'(Li", K')/H reverse  [4]
K transport activity which can be
affected by amino acid residues,
and has no homology with other
ion transporters
UPFO0118 1.13+0.09 (pH 9.0) 23.08+0.48 Na',Li" IthasNa' (Li")/H" reverse [5]
transport activity, and has no
homology with other ion
transporters
DUF 0.25+0.06 (pH 9.0) - Na’,Li", DUF1 and DUF2 form DUF1-2 [29]
K" complex, which has Na* (Li’,

K")/H" reverse transport activity

—: No relevant information found in literature.

1.1.1 CPA-1 K%

PR 5/ 5T 5 30 1) B s A -1 5K W (the
cation/proton antiporter-1 family, CPA-1 family))™
o3 AT T [RPHPE G . B2 QBRI . A
WYY RS b, B Na'/H i %z
B, FESH5IEERAN pH RS
38 o ZF KR Z SRR AN, 3 H i

<l actamicro@im.ac.cn, & 010-64807516

ik, FEAHE YicE, CvrA"! NhaG!"'| NhaP
Ml NhaK %, Hrpf330 12 CERY /& NhaP 1
A1 NhaK &M .

(1) NhaP % [

NhaP f& CPA-1 KM FEE MR Z—PY, 18
SRR INRE T B —E M2 REK T 4
Mr#W, NhaP HizEAaK Bk s, 3250

H.
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°h NhaP1 fil NhaP2 BFp2 A5 H NhaP2 pr%%
iz Na'bh, Xf Kt —EmsEm ", NhaP &
)72 A7 178 T B o g #4243 (Pyrococcus
abyssi) fil & & H % Bk & (Methanocal dococcus
jannaschii)ZE g R TH B, DI R AR S B
(Pseudomonas aeruginosa) . 7 L 9K & (Mibrio
cholerae) . iS5 E SRt £h A= oy rp >3, £
PRZREWE WS D NhaP (1) g fid I DR 5% % 2 0
OV R A S DRI A i R AL 0.1 mol/L
NaCl 25 %] T 0.2 mol/L NaCl, FLiZJEK n] ZE 4
R E B

(2) NhaK &

NhaK E WA N YveP EH, RPELRT
H B ZF 04T 18 (Bacillus subtilis) ™, J& X 7E4x 8
0,75 % BK 1 (Saphylococcus aureus) ' & B T &
MAEAEN ST ORI IE B A R ZE AR B ) NhaK
EHHA Na* (K, Li', RbYH W s, 5
Mg, Ca” fll Mn™ &4l gz s pElY, Wz
AT, A ULHALE R Eh %A Y b & B NhaK
EEWRIE , HE SRR WA fR i — 2P
if5E
1.1.2 CPA-2 &Ik

FH &/ BT ¥ 30 ] 5% 35 R 11 -2 KR (the
cation/proton antiporter-2 family, CPA-2 family)3F
BAETE T A TR S5 EAZ A Y b, 8 BT
HIZAYEE RS, HFEWE G F2H NhaA
NapA. KefA"!| KefB. KefCP"Hl GerNIP 45
HArE S i F 22 LUT 3

(1) NhaA &

NhaA 5 12 A B H 43 2 1 R i 55 —
Na'/H¥%ia 211, 2 HETHH R 8 ik ia ik
1P, NhaA fe 7 AK I F B sope s 2050, 78
A N BERM pH RS H MRS 2 XHE
SLER], Bk 2 P BRI RAE = Sh o s b B
KAEG . NhaA S FIEEEA pH MRMEPE, XT)H

PR pH (E 538U, HAY pH(EIAF] 6.5
A S PEIE D, K — kg AR IR BRI B ) NhaA
B FE 78 B KT I Rk #d b, B
WAl T B MR ER A BR i X FRZH A 1 mol/L NaCl 4
JH#) 1.1 mol/L NaCl, HAH[FEREE 554 F A Kk
I TR B 22 TR G 3 vy % B2

(2) NapA 1

NapA 2 [1 /2 M ¥ [ % BR 74 (Enterococcus
hirae)H % 5 Hi i —Fl CPA-2 HiEEM . THRE
A I R BeUIBR S AHOR , TIESE T NapA
EOTE R ERAEE TP R PR IZ68 ). AR NapA
i HE N BT 1 el 71E 0.15 mol/L NaCl
AUTEOL T o AR, THRIZEE IR Z )G,
FRIR SN i SR A R B R A7 A P AE— 0T
SR I 5% 2F T 1 (Bacillus - pseudofirmus) 1) i 5%
o, IR 9T A A R DR R A 3 B BT RE
NapA HEFMRE, HEKM TGRS AT
#, R, JEEFA MR, fEE T
2 1 GerN 5 NapA BT [Rl—NH %M,
PEIAZE IR CPA-2 R — 5.

(3) KefB HH

KefB /2 R HF i o 70 15 Hh 9 CPA-2 F
S NS E S N E O R T
M, FHEPERRCA TrkB. 7EERMNA TR, "EER
Rk ZE B3 21 (Halorubrum kocurii) 2020YC7
HH 1) kefB %% 537K - AT Fifl NaCl v JE i I i 3
JE L B 5 E RE S5 A% 4 B TR (Mycobacterium
tuberculosis)it) KefB & &R A5, K RA T
AHE R KPREE T A3, TAEIR KRG T 1Y
AR, Ui KefB 85 11 5 Z7E i KRB
oL KRN B
1.1.3 CPA-3 &Ik

FHES 7/ v i m % i B 1 -3 K % (the
cation/proton antiporter-3 family, CPA-3 family))™
AT IS AY T . S0/ m % s 2R

http://journals.im.ac.cn/actamicrocn
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1 Mrp (multiple resistance and pH-related
antiporter) & H B IZ K EHIME— 40 3, HLJE i
B A o A SR & L AR B e i
A RGIREL , Mrp 2 1 8T 2R 448K, 1]
4l Mnh. Pha. Sha fl Sno Z:®1

Mrp 5 [ BT 3 28 - 14 (Bacillus
halotolerans) ™, H&E (45 ¥ % 6-7
WHEEMrpA-MrpG), PLE G IRIE L HIRE,
TEYEFF LN B 375 V-1 5 IR el -1 5 Tl B
HEAMEH . R IEECR AR, ATELEE Mrp
1400 Mrp-TH1 Mrp-TIFI PR, 43531 3 5247
FE T 525 FG P E  FN 2% FRBAPE B R ), Mirp-1
H1SERE R 7 A FEZH 8 Mrp-1TEH 6 - REL K,
B> MrpB, {HIH MrpA WA T MrpB ()
ghfsR, ArlloiReI R Z BT, 2019 4R,
Mormile &5 A ARG 2 1] h 432t — ik 2l 7
5Eh PRIt B (Halomonas sp. Soap Lake #7), &
JRIEG S [R) B AE Mip-TRIT Mrp-TTR R 2
SR g SR VR BRI A P e g ek B TR
(Halomonas alkalicola) CICC 11012s H, #F58#&
KB Mrp 8 TEH A E 285 h R A
7 pH 11.0 BF A s, i Mrp AT RESE
BEAERRE S T 2 5 bR A pH A0, rgakbk
LR 3 2 AT 5 (Bacillus pseudofirmus) - 1) Mrp
HEITEGER AR A Na™ Y- 0 i i ~F- 1y 4R & 45
HEEEERY, 1A, Mrp & FEIAE T2 H
i (%) W W AR A W, R e G T
(Thermococcus eurythermalis) A50148) | g th Ak
FF AT, s AE KL 1 (Sinorhizobium) YL
Jo & A BRIP4
114 HEEABRK

bR & 2 I R R B PR s B 25k,
A —2 A Na'fiz g, (H 5 C AR
G IR BRI B 1 BT, 20 8 T ARl i 1-4% iz

<l actamicro@im.ac.cn, & 010-64807516

A8 Z8 % (proton antiporter-superfamily), H:H%s
HA RN Z MFS B K A Ha-ydiM & .

(1) MFS # K%

F AL HF HF B K K (major facilitator
superfamily, MFS) /& H {if & Al K A9 B 12 5 1
HMERGZ P, FIEWARE, T, 24
Y53+ . BK. NaFll H S50 U 7E oAb B T it
Tris st . WH9E & 16 M BR TR (Planococcus
maritimus) DS 172757 &L T —FhIREAR AN
MFS 3321k, fr4h Mdrp AP, AHEA
Na' (Li", K"YH Wiz i, XF 3 feg+3R05%
B R/ R Na™>K™>Li", 7€ pH 9.0 B, Mdrp
FE X Na™Fl Li' (552 5 5 i 5 76 pH 8.5 i),
XF KR B Aa 0 T e e o A 21 AF AE £ B TR
(Halomonas) YH-I H % Bl MFS #1215 [ 5L 4,
(R B TR S0 2 5, 2 PR PR RS i 6
YERRIEAIE MFS BRG] RE &L
[ 2HE 3 (open reading frame 3, ORF3)F1 ORF4
ANEERARFIEE D, BE AT, MFS BEK K
WIRA T ILAIRER B KR E AP, Xt
HEAPEA Na 5z RE e A 208, {hfF
HRENEEIRER

(2) Ha-ydiM 2 I

Ha-ydiM 5 [ B BR A TEURAH T 2018 4E Kk
P v R g L A 2R AT A (Hal obacillus) Y5
o, WS B D RE AN i, RS
YdiM SR B — BB, R A TR N AR Y
Na'/H %432 A B 252002, Ha-ydjM E F1RET
PKE KT 228k KNabe #£ 0.2 mol/L NaCl
MK RES, JFEIH pH KK Na'/H"
s B ATE T, 7E pH 8.0 B, AT LU ik 4E
HisfEH . YAM B IGERHAS R KEZAHA
Na'#i2 268, Frll Ha-ydjM 2 1) & BEALFE
B e E O o B 28R Na'/H
I R R LR T AR R
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1.1.5 HtZER

i 2 4 5 DR A0 7 AR RN o3 A e R
MIRRE, BT FSCHIARM Na'/H 68 8 &K%
A, EERTRER S P AR K R B TR £ oA 2 AR
() Na"/H 3% [ 54328 (1, W1 NhaH?"' | NhaC™",
NhaB® il NhaDP", LK g & B9 RDD 25 [l
UPFO118 #5155 XS (1O IESE S 5 T
TE SR P & AR B B R B 2
WA, ACEENRALUT 4 HEA.

(1) NhaD #& [

NhaD & [ - & 30T Rl ¥ 1 9K 5 (Mibrio
parahemolyticus)', REMEfH BRI ME T 37 =i £k . =i
5G4 AT NhaD 25 1 4 i 15 5 B K T i 7
fbF KNabe AITEm#EHIFERARK, HERIEMW
NhaD & FI{UAEPE S5 N A s id& bk, 7
pH 8.5-9.0 b 1 f i 0. 3 1 MO 20 o A K A
EREEFN pH A, K INEFLINGAE R NhaD 2 1 [FFE
TEBRIE IR (pH 7.25-8.50) R AEAE T, Bl
iZ Na'LIAb, #14 NhaD & [0 KT B G
BRIAFRBU T Li'it 524, H 24 0.5 mol/L Na*
WeEE . 10 mmol/L Li VK EERYIE BT, 8RR T
B A KRB /118, NhaD 85 1] 23 g AN [ (9315
A LGRS A R o Cui 55 DR B T
(Halomonas sp.) Y2 MJER4] DNA HsgbE
NhaD1 FI NhaD2 #F' NhaD 1, AI7E#E &
55 R S N RN B i G (AR 2 T
PR E ™, Hih NhaD1 A9 s id HEAE pH
8.0-8.5, NhaD2 Wyl i MEAEAE pH 9.5 2t
R 6 A WE Bk L B i 1§ (Halomonas alkaliphila)
DSM 16354" {1 % Bl T NhaD 2 [1A9 55 — 75,
fir4: 4 Ha-NhaD &1, A T XM AR
FI RIS AL TR R AE pH 9.0 BHIIAT R A AYTH &8
AR IEERY, XSEIR AR R, R — B Fikis
B AN R B R 1 () dee £ pHL LT REA IR,
HE— IR T T B Fiis il b

(2) NhaH & [

Yang SFiESIRE HAMY L, EIR M E
e EL T A ER A T (Hal obacillus dabanensis) D-8"
T pE RIS 3] — 5 Na s 8 LB, I
Ho g 1 5 1145 44 "~ NhaHP” . NhaH & 1% Na®
HA R R, FESS5WMERET Na' Wi
&, ATEE KA R LTk aE T o
— L R R K M B /3 7R, NhaH 28
P10 C i K IAUATAE 9 AN KM LR iR 3t
Na H iz G AL

(3) UPFO118., RDD %[

UPFO118 #I RDD £ [ th 2 B UL %
k= 3 Ml AT B (Halobacillus  andaensis)
NEAU-ST10-40" W46 J5 i vk & 8L, S5 A
Na'/H" ¥ 1] % 32 8 (1 Jo AU PE T, Hop
UPF0118 A Na™ (Li")/H" i 744575 E, RDD
E I HA Na' (Li', KYH W s Gt Ha
WRFEHL R124 . R129 il D158 1E)5 & F0ikE a5
P & B EAE Y, K upfo118 FI rdd FE K 4y
B R R IAFF A5k KNabe 1, ¥alkE
RASPRIHLER RE T (B = TS 52 38 224 0.2 mol/L),
FH 157 5 AR B ER BT (W 2 1, (] LR
pH 8.0-8.5 Y& F KD,

(4) DUF &1

BUHEHE S R BN B DSM 16354 Hh i ik 1
T 2 NHEAMERIIEERNE IR dufl Fl
duf2, K535 A KT B BB s ik R 30,
U DUF1 A DUF2 £ LA Sk i, bk
A BA7 Na™ (Li*, KhYH s, el
£ 0.5 mol/L NaCl 2 F A, SB35 (i
e, I R ST & B, DUFL &
Ml DUF2 SR 3¥E A 7 M ESEEX A 10 8TE,
WERHRE 174) TP AS i 32 25 HE AT S /K Pk 2 R, R )
B A A Y

http://journals.im.ac.cn/actamicrocn
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1.2 Na'/H'#EEBMEHHIE

Na'#%38 RGE 0] 53 AW DN R AN AR
Na' /H 2 AZE TR &, — KB RSEN
BRAE 1. ARl Na'/H %38 25 1 T4 & SR i 5L
B, AT HE— AR o B R BN A 0 22 3 L Rk
B, ARSCLLBRE IRV AE NhaA 2 [ R Z W5
RUENIE Mrp &[0, W12 mbiih ian 48 ¢
Na'/H 532 8 1 1) 5 FVE AL
1.2.1 BEITEBNR NhaA

NhaA 102 MAH B P 43 85 Ok 1 56— Fil
Na /HH %2811, fE8H%E 2 4 H 2N [nE
B, M52 14 Na SN Hoas fa) f B i 77
e 2 ANMwRREH, PIETARAER . o,
TMSIL., IX. IVe FIVIE R LA B 2 e
SEIF AL S5, 2 0k 200 T A A Y
FEEANLE; H— A A s 2 i TMSIL,
VIIAIXIp KK, JF O T4 RE RS, NhaA

A

Cytoplasm

Periplasm

R pH B 8807 T TMS IXESHEIX, 7EME
I 25 B IF RO s Na 855 AL WA T TMS
IV-XI Z5F (A A 1, A5 S i o s <1 2544
PRI, pH IR 25 RIS IR IR BE (55, 5l
2 TMS IXE#5 IS TE A R A s, I A& i 4
B Na* g 4005 (B 1)1, 24 NhaA 15 Na®
i )a, s, FTIFR R bR,
Na'" B 45 607 mi 22 58 T )8 ot} 45 04 i RS X
B, ASERL Na TR
1.2.2 ZTEBHPERE Mrp

Mrp 2 8 T 2 WA RPN E , BT 3
WS 52 AR B RES, (HA I AR
kS R E IR, HEG M 3R I 8. Lee
LW R, Mrp EEFW 44 MrpA-MrpD Fl
MrpE-MrpG WM, WE Z MAH B2, 1
] — AR IV 3 e A AR, BRI o A — A
B T HESY) MrpA FIl MrpD 2 Mrp 255 i

INa"/Li’ H"

l Downregulated conformation (pH<6.5) l — l

Active conformation (pH>6.5) l

E 1 Na'/H'#31EEE NhaA BERHLHI
Figure 1

Mechanism of action of pH-regulated Na'/H" transporter NhaAl®”). A: When pH<6.5, ion transport is

blocked by periplasmic ion barriers, and only Aspl64 residues are exposed to the bottom region of the
cytoplasmic funnel structure. B: When pH>6.5, the pH sensor of NhaA protein can sense environmental signals
and cause the configuration change of the TMS IX transmembrane helix region, leading to the relocation of the
TMS V¢, XIp and X transmembrane helix region, and finally the complete release of Na' binding site. C:
When NhaA protein binds to the substrate Na" ion, it causes charge imbalance, opens the periplasmic ion barrier,
exposes the Na' ion binding site to the bottom region of the periplasmic funnel structure, and finally completes
the Na" ion release process.

P4 actamicro@im.ac.cn, & 010-64807516
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KE) 2 AN, HAo MrpA & Na#%izi@ 1A,
MrpD & H'%iz8il, PiEILFEIEA Na/H ¥
[ 3 RO H 8 2 K M B -5 TR R B4 B i il
A KIS Li A A Mrp &2 A R 4 TR
$2H MrpE. MrpF. MrpG iX 3 R 14 7E/E
FHBT AR5 A AR RS E PE T Mrp R G ) HLAAR 2
FA RN RE 1 AR 5T B ), LA R BN IS SL i ik —
S BEE T AR

2 HETHREER

2.1 K'#EEHBREBEHE

BRI RAT TR, EE L KT
WAXAFAE . EA T, V7 v EhmEh s Y] @
TN KRB R AR5 B AT X
AR — R AN 5T KRANEAZR
4t, HiLa o B 2HFE ATP, HRZTEZ
EAMERS, LFREERZER, Big
RILH) KR 15 ie 740 E 24386 Trk &% . Kir
FI . Kdp ZM Kup K& (% 2). Ktz
a2 A S Na/H #2 E ARE AL,
Trk RGEAM Ke ZGEA, ¥WEHK
transporter”, B FREIFA—AE, HAFRE T[H
BERY R,
2.1.1 Trk KK

Trk RGUEFREERME MY iE K132
RG22 —, R R TFisi, hspE
FIRIES GA% TR 1 S R R AR 2, 7 is i) 72
TSR FE A ATP, S5 b1 A 4%
TrkI™ | TrkA . TrkGU2F0 TrkH %5, HAP#FsE8c
£ 142 TrkA Fl TrkH,

(1) TrkA 1

I A 17T 2 1 Trk A £ BAFEAE T-40 T8 Ay
wH, E—F NAD'S5 G BN, FLEATE Trk R
SIS, 5 Kir KRR KeA EEHHA—EN
] PR — Tt g R il £k 7 (Hal oactinomyces)

AFM 10258  IBFFE R, FERERAMF T, TrkA
B W) FABTERL SERNER (KPR, i
PR REE i K is kIR N B B
H, DIXHIEEEI5E . Kraegeloh % &P, 7EK
Pkt Ak, BARRE TrkA R E BBk
TrkA & A B RSS2 KT HYRE 1 #1322 BRI,
ULAH TrkA BEER—MEAENA, HES5HAY
e ia R 1 R R ¥R %8 DI RE  TEFE Eh FRTE My B
Jitd %1 (Alkalimonas amylolytica) N10 H & 3, TrkA
A5 KNl & TrkH 454, &% Kikshfg,
HAE pH 7.5-8.5 B}, #aifvksmsm™, st—4
FIRFFEFI, TrkA & TrkH B2l EE, Al
it ATP BZ5A4TIF TrkH B 7 ia i e,

(2) TrkH % [

5 AR 1 Tk H & T MO8 1) Trk Kk K % iz
EE, RS, 8 TrkH ARG
FF P TR AR 2 0 1 2R KA B 5, 106 BH L%
KRR A w7, (BAT ol B 5 i S 1
Fm R NG ER A E R BRI N1O 4y
B9 TrkH 8 Pk P A = R 5 5 5L v X TR R Y
A KA SCHE Y, W, TrkH AR 2EH
TrkA FEEHR ATP 255 WAL SE NS K 5%z,
FI X HA A 12 B s B,

2.1.2 Ktr K&

Ktr R0t —h Na"fBiny) K#iz 5158, +
BAEAET A, AT LLTE S ks B I8 i o 1A
K Iz R BRI IA o Kt S5 K 01 3225y
g S AT 11 (A0 KtrB il KtrD) 15 2 2 70 2
140 KtrA . KtrC F1 KtE)B R0 Sl 52 4
R0 KRR, H A 2R A5 1) 2
KtrA Hl KtrB,

(1) KtrA #1

KtrA J& Ktr FEM R RIEANFEZEN,
I B R BT BB (Mibrio lysolyticus)H, 18 &
SRR N KuB 855 NE &Y, k1 Kz
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F2 EEHMEAXNEEKHREER

Table 2 Main halophilic and halotolerant K" transporters

Halophilic and halotolerant K, [K'] Vnax Substrates Main characteristics References
related transporters (mmol/L) (umol/(min-g))
Trk family
TrkA - - - TrkA is a binding protein which needs [69]
to cooperate with other transporters and
has the highest transport activity at pH
7.5-8.5
TrkH 6.0£1.0 800+180 K',Rb" TrkH transporter has a low affinity for K, [70]
and is dependent on other transporters
TrkG 0.8 200 K' Rb’,Na" TrkG is an integral membrane protein  [70-72]
consisting of twelve transmembrane
helices and requires Na* for its K*
transport function
Trkl 1.12 176 K" Similar to TrkH, TrkI is also dependent [69]
on other transporters
Ktr family
KtrA - - - It usually binds to the transmembrane [73-74]
transporter KtrB to form the K*
transporter complex
KtrB 0.015 (KtrB) 16 (KtrB) K", Na" There was a strong Na* dependence [73-75]
1 (KtrAB) 40—-100 (KtrAB) when KtrA and KtrB work together for
K" transport. However, KtrB still
retained low K transport capacity
when present alone
KtrC - - - It usually binds to KtrD to form the K™ [73]
transporter complex
KtrD 10 40-100 K* It binds to KtrC to form the K* [73]
transporter complex, which has a low
affinity for K"
KtrE - - - KtrE was a regulatory protein to [76]
supplement the K transport system
Kdp family
KdpFABC - - K* KdpA is responsible for the transport of [77]
K" in the complex, and all components
are essential in this process
KdpD/E - - - It is mainly present in bacteria, and [78]
KdpD is the most important transporter
component of the Kdp family, receiving
stimulus and transmitting the signal to
KdpE, thus activating the Kdp
transporter system
KdpQ - - - It is present in archaea and responsible  [79]
for initiating the Kdp transporter system
Kup family
Kup 0.37+0.13 2745 K', Rb", Cs" It is mainly involved in K* transport in [80-81]
low potassium environments, and has
low homology with other transporter
families
KimA 0.215+0.024 245+7 K* It has strong activity in acidic [6]

environments, and has low homology
with other K transporter families

—: No relevant information found in literature.
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IhREVY, [EImE, Ktr A KrC Fl KtrD &
AR GRNIEEEER, H KuC 5
KtrA [A]¥, KD 5 KB [A)35, HEEXT K
ERMIBAL, BA KwAB EAm a2z,
fif SE 555 ] RT-PCR FNFE R bR 0 i, R Bk
b KtrA b 5L R i i 55 578 BK TR (Delnococcus
radiodurans) R1 F&IPEFE [ X i £k PR 55 b 1 e
I, VLA KtrA 8 FU2E TR RN 52 5 3 S5 3 )
18 1A — R R

(2) KtrB & [

KtrB FEJE Kir ¥i2 RGEE AR O
tF, EMEYE KGRI NN 3 TR
JrTRE EREEMIEMDY, BR KuB &% Al
KtrA F:[F LAEE A, 5 Zulkifli Z0F58 &, 78
R KYREE(10 mmol/L KCI)F, Bajhik
KtrB 2 IR 4EFF I BRI MR PCC 6803 Hy4:
Ko M KrA 5 KuB LRk, HHEZ R0 RN
HERZU A Na it ; 114 KuB & (Sl fe7e
i, BREASHE &AM Y Na R, KtrB 4K IR B4
TEMRM K268 170, 3 KuB A AR ADTF
FERGHE— 2D TINTRXT B 218 B U AR
2.1.3 Kdp Fik

Kdp RGE—FES . maEfPEr K
B RES, FEAETMEANE D, SHTm
Pl K2 R, FsseR gk, Kdp
FWE W 5135 KdpA . KdpB. KdpC. KdpD.
KdpE . KdpF l KdpQ % . HH, KdpA. KdpB.
KdpC #1 KdpF JERUB 1% KdpFABC, fi5%
Kdp 24+ K%z ; KdpD I KdpE T % 777E
FrEER M ER AR, TN 5> R4t KdpD/E,
157 Kdp 54128 R GRS ; KdpQ {UAE7E T g #h
wrE Ut KdpD/E B #1125 1% KdpFABC.

(1) KdpFABC & &1k

KdpFABC & A& J&—Fl ATP SR 3j %) 2 . 5
Bl Hop | KdpA #7157 K 9#5i2 ; KdpB

J=—F ATP /Kfflg, PRt rFi%iaid B i
SEEE; KdpC 7ML, LIE N KdpB
WL ATP Z5G R, KdpF i si i
KdpFABC & Gk, W& 75— It
I TR BRI R B, AIRER I kdpF 93 3635
£ kdpD Fl1 kdpA 9% 5K, 16 KdpF
EAEEAY P FE R ERD,

(2) KdpD/E %4

KdpD 7] DL 1 ffg Y 4 Na e B A AR 1R U8
VOBOR S, R ALY KdpD Al PR B 143 44
KdpE #1, i3 Kdp #%ia R%, dERrdiimi st
M35 3 T o oK e KA G R R T BN
HY9901 H'iY KdpD 4wfd [N, &3 KdpD Zwtth
BRI T AR KTRIWIRE 1, F#AIR
T X R I B,

(3) KdpQ
KdpQ ZE7EMEER N A LM Kdp KA

b1, Strahl SF7EREEEH TEERTEERAT I R1 FIH
&£ TR (Halobacterium sp.) NRC-1 HAG N 2| T
— NIREAR AN IER cat3" M, KRB ER AT
R1 #f) kdpFABC #il cat3 —iZmilk, HIKE
kdpFABC RERI R IE, TEMRBCAIRE R K H%
HBE )y ; [FINHKE kdpFABC HI cat3 (35ik,
PREHINA 1T KHEHhRE. X 13iW] cat3 %t Kdp
RGN EmEWPEER , PR A Har 4
9 kdpQ.
2.14 Kup RFE

Kup WXt Kz ge i +amss, 5S
HA ) K% ia 8 GG R AR, AR
K'/H [ [ 35 85 11 . Sato 258 FF JCHE G R e
T RBFFE Y Kup A T8 KU 216
PE, KB Kup & F LS SIHAE 1
563211 Trchounian BRAZH FH 6 A A 11 1) 28
AR H Kup 35 L TrkA 25 F Al Kdp & I 7E pH
5.5 BRI Hhoet KP4 IS L, &2 B Kup
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H SRR T R 220 KRl #4200,
2020 4, A5 R B ZE AT R A B KimA
FEEM T IRERAES, 1IE T HIE Kup R —
ANHTHLIL
2.2 K'EHEZERRNSHMTIE

LA MIE K 8 1) 12 e T4 Fhig
R EAE Y, ISR R ANIR], LA A
U RS o Trk ZO5A Kir Z0 R4
=, s KTLTIARRL ;. Kdp FK%H) K HL]
M-S ETPE AR ACLBXHIEARFM K sk
o, RS KL

TrkA F15 KA A, TrkH &5
KtrB & F R, PHREFEsE—g, #17
AT, TrkH F1 KtrB 435115 TrkA Fil KtrA
EALSEEM TrkHA il KuBA Z45%), @it
RCK [ 43 S RIE T K58 ot R B,
ATP 7£ Trk Fl Ktr s FZiEn Kzl Bk
HEEELEAEM . ATP XF Trk WM K%z 2
WA, M5 ADP 254 1F, TrkA 2 PURIK,
fif TrkH 2SS, KEEEKH; 45 ATP
RGN, TrkA 43280 2 4> TrkA IR, B
XF TrkH AYPRE], K388 (& 2)P7, XFF Kt
KGN, 24 ATP 5/ 7 KirA G552 1 1A,
S K KGN K #5288 1717, KeA EAM
RCK Z5#3 7] 5 ATP 5§ NADH 454, N K'Y
Fn iR tRE R,

Kdp ZKg R R 52 A n e Ok # AR
A, H KdpFABC B & IKJE T2 WHME, 1Erg
T RRE AR ER AN B R I I AR, R KT
H%Eiz . SR, KApFABC &A1 HI0E 7E 40 16
I A E I B 22 5 . W Rt ER 20 TR v, Pl AL
4 3 7 4t KdpD/E 17 5 $h vk B 1) S8 1 Rl Kdp 5% 12
R BE T v R R P, AR BB 2] kdpD
1 kdpE A4 5 K] [/ 9547 , 1T 2 B KdpQ HUft KdpD
M KdpE, K% 5h Kdp iz RG 01 H™,
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+ADP +ATP
® Closed © Open

%

2 TrkHA i 3 #LHIP7

Figure 2 The gating mechanism of TrkHA
Upper: Cartoon illustration of TrkHA in the closed
(left) and open (right) states, with TrkH at the
transmemebrane part. The green outlines mark one
TrkH and one TrkA protomer; Lower: The tetrameric
TrkA ring in the presence of ADP (left) and the two
TrkA dimers in the presence of ATP (right). In the
presence of ADP, TrkA forms a tetramer and closes
TrkH through interactions at interfaces. In the
presence of ATP, the tetrameric TrkA gating ring is
split into two dimers and move downward, and the
two TrkH protomers rotate relative to each other,
resulting in the opening of the potassium ion channel.

AN, 78 KSR, R g
1§12 (cyclic dianosine monophosphate, c-di-AMP)2&
A w FEE AR R, AT TR N S AR TR L
Mils KAz RE, DI b g1
AR, C-di-AMP A LIFEAIE KtrCD . Kim A %5
K538 5 (5 SRR KDY, 3RS TrkH .,
KtrA Kim A FI Kup!®' 1024 K2R 454,
FEARH: K35 im300%

3 AL RBTHEEE

BR T Na', H', K% H4ES 5 UE RS
WEFZAh, HAbaJE & T RHEE a Fe'r

[97]
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Mg™ % AR P A R 58 N e AR T B T —
EVTER. 5 Na'fl Kz EAX A BE
FER/N E IR ERIR TR, Fe' ' fl Mg %412
1) T A 5 ) B PN R A T B A S ]
BiERVEN .
3.1 Fur &H

Argandofia % B IKUER] T8 i EH
Fur 275 £h (6. E0#T 1% (Chromohal obacter salexigens)
DSM 3043 X i £h ikt &2 i s (i — R 431
R EME T ER Fur HAMRAEE, Eid
RT-PCR W 7%, B H5HA Fur 8190984tk
HATXT S, 25 R MAE R T, RN
PRI ectABC JERIFEAACE T T 10 5444, 3
B Fur 88 R AR BT SRR Y TE R 5 6%
TEFFEOINFF I CHR61 R 7 K v & A s
FeCly, FIEHMMANAES &, JH st
(2.5 mol/L NaCl) T B 4 ¥ ik U S % g 114 7 5
B 20%, T DU S R E Y P R AR BT R
PR K 3R T X IR gl ik
WY, BRES 5% 1z n] R 15 A W TE I X e PR
IF A AR A 0 B ™ i, PR T E i ik
IBE ] o
3.2 CorA Z£&H

Mg* e A Y BN e RS =z —, ]
S 5E AN . CorA B HESE— 1
RN HRE) Mg sk, tJEdnm i E 5
Mg™ FEia (R Mg™ 7 il A= W 1oy Xof b B s & 44
(FEFRS Fe B AL, [RIRERT A SR 64 i
INFHZS PRV BT A . 28 38 PR A 7E 26 B M 7
(Halomonas sp.) QHLS5 AR5 IEFRIRIN T AN [H
e RE) MgCly, 4553 27 DU W g ) FRUR &5t A il
Mg (R BE S iz 5 T, i, e
WE T AR MgSOs Y T — bk rh 18 ERAT 1
(Brachybacterium muris)i A= K #h <k, & 30 B fk
TEE MgSO, WEE(10 g/L)A &1 F A KRS 5T

45, R, WAk IR LRI MgSO,
VR B T e T T O e E A SR R
TAAEPITE M N FRR AR BRI o, X —
AT LR T AR Y TR R A N —
WREER) Mg® SRR BCE MO EERE T, AT
X—AEHF iz ER, w2 CorA .

4 EZ

Na'. K% & F 1 e 0 T 0 Eh it 5513
A YIAERR A T A A AR S G B T 4R
INAMEIEE T A pH RS S . fE BRI i iz 1t
i, Y b — e s AT R 2
Tl i 28 R L W VR T, BRI R A 7R
HEa AN . WAL AT Y2 o R BAFEAE
Mrp $4i245 11 . NhaP $ 128 [1H1 KefA iz iE
ML SE R Nafeia D! ™, s & itamdl
AT 8 ey D B 08 T 3 1 1% B B TR o 0k
A EL #IE 1F (Hal omonas gaidamensis) XH36 H2:
5 Na'$412 11 3% Mrp 2 4 1 NhaC & H",
HAT, A MR 2 h e & Mo B s 5L s
IR IR 5 ia 8 i o 45 TAERLER, DA
S BARE 53 PR 5 7T, (XX S TR Y
Z iz RGN PR & 4 8 s Thae L LA
B R e 3 1 4% o A A7 PR TR R AN M2 R 1Y)
R R, TURM Kz RG] RIS KA
(Enterococcus faecalis)7E A [a] i 3 2518 T 15 LIAF
T O (LA Y 43 VRS IR 4 R s B o N
W1

Ikl Fe'*, Mg 45 T iz ByHE
R AT 360 2o B8 v A AR i o ) RN R AR R R
i E 0 R T ek 2 3 vy ki, H LA Y £
FPLEMA R BB . 2B B RS o M pF 5T I
B Fe’ 'l Mg® A, Ca’ ) 5 it iz v e 7E W 4
Tt 56 T A P 1 B 3 0 R e R T — T
VERUY, 32 F%E SR 2B ARy M b S Ak I R IR
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A JE W £k 24 Jfl % (Halomonas campaniensis)
XH26 1) bR FRIR L, i 6 HY — > Bl Eh B2 3G n
I S 2 b R B R orf03282., 3 1 va B 18T
UL R 4 H S P SRR B R AT A Hh & 8, EE4H
PRI M PN G Ca® e B R iff 2 1 250 W S v o 285
G 25 117 4 BT R 45 48 2 R T 45 2R, R
Orf03282 HEH Wt Ca’ B FiEiati>e, nlil
TEIE I P Ca™ ik i v 20 M P i 8 BB ) o i
GEEFHREEAS5BERMT NS FER
PUkI e A4, UK Cu®, Mn” % HAh4)E
B 1R L S AR TN Eh A W B R A
WA, SRR A )

AR, WEER I ER AR ) bR A A G
Na', K& & a8 1 O Rl 22k 0 T Ehfi
AAED el R o NHE R AT Hh S U5 0 it XA
A fifl B (Pseudomonas stutzeri)F /) NhaA & [
J5 . ReNS W2 P K XS Eh e A A2 1, ek
R T R b R Ak R N N e AR
SRR R IR T S Eh R bR AY NhaD 25 EA] LA
PEE AL PR I ARG RE U Y FE R R
Kb SRR ANE TekH B, AT R
FEGRBR HER A 41 A ROk AR Al
SR, FH T BRI PR (4 8 R I R B 22 02 22 S R T
[FIVE SR, A ) B — R KR B —
JE 1 JRg B o SR ey A e i 06 R HLAh A o
WP B, R IR PR A A G B 1 s iR
F1, RS B 15 1z 8 1 2 A D[R] R FE AL
il g A B R T AR AR TE RS B HEh R e )y
T P i — 20 1 FH i A4k B 22 1) 3L AR S B S 4

B
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