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The function of OSAKT2 in K" uptake and the aboveground K" reflux of rice
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Abstract: [ Objectives ] The electrophysiological functions and regulatory characteristics of OsSAKT2 were
investigated to unravel its K” uptake mechanisms and its potential influence on the aboveground K" reflux .
[ Methods ] The Phylogenetic tree and sequence alignment were constructed to analyze the homology of Shaker
potassium channel genes. The two-electrode voltage-clamp experiments were performed on OsAKT2-expressing
Xenopus oocytes to study the electrophysiological characteristics of OsAKT2. The relationship between OsAKT2
gene expression and K* concentration, NH,” concentration, and stress conditions in rice was studied. [ Results ]
The phylogenetic analysis showed that OsAKT2 was closest related to the weakly rectifying potassium channel
with 56% to AtAKT2. The results showed that OsAKT2 function mainly as an inwardly rectifying K channel
with strong voltage dependency. However, the outward activity of a typical leak-like AKT2 channel was notably
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suppressed. The electrophysiological results indicated that OsAKT?2 was a typical low-affinity potassium channel
(Km =43 mmol/L, >1 mmol/L) with high selectivity for K. Compared with the Shaker-type channel, OsAKT2
was inhibited by Ba™, but the inhibition rate was lower (<78%). OsAKT2 had some permeability to NH," (about

22% of K" uptake). The gene expression abundance of OsAKT?2 increased significantly under nitrogen deficiency,

potassium deficiency, and sorbitol conditions, and had a circadian rhythm whereby the gene expression level was

higher in the dark. [ Conclusions ] This study suggests that OsAKT2 mainly mediate the K* uptake in rice,

which is sensitive to the change of external K concentration. OsAKT2 may play an important role in plant

adaptation to stress, which also provides a way to improve the reflux of K*. Further, OsAKT?2 has a potential

contribution to ammonium transport in rice.

Key words: rice; OsAKT?2; electrophysiology; specific function; ammonium transport
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ROR TR, 2B eI Wi iist, Hig4
Jyak, AEY L LS KRG 2 A SE A RN ST HIL A
ARt —LIRARE

BB T E AKT2 EEAER LR, A
KW MG M, (R P 5 32 e, 100
B AKT2 43 H L N Krsk, SHEYH
KW s A0 s 1 KOAMEE M 2 2R A
X4 B A AR AR ES (1 H R S ) Y-
17, ETE B RS B AR R A Rk
YIRS 28 fh 1) B 1) T as e AR, SR TR
H AKT2 6l 23 AT 20 B P 20 25— FH R & 1t DL
PR X KRR, BRI . K F I
R0 AKT2 [R5 F 2 2DERADES R 9
M5, KRR AT RES 50 B TR R s e
75 FR AL BRI AKT2 fUFAEE, 28 AKT2
PRI T 53 B A EE AR F O AR an 450
T, JKFE OsAKT2 (ke 2 A5 AH R ) K 58 1Y K
fiX, FEA LW N KBGOz, 1A, OsAKT2
MY KRR & BB R i s, IFRE Ik
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1.1 Bt

¥k F§ OsAKT2 (GenBank: IN989970.1) K 22
VI i Smal/Notl FJ £ %) pCLAAR I, FH TR/
i & (Axygen, AP-MN-P-250) $2IU5iR, JFHeds
% 1 ug/ul F5 .
1.2 SEUNEST S ARG

AR ITIE (Xenopus laevis) VKIBWEEE 1 h 7, FF
ARIJTEFHREEROIF /N DB DN, & T 1 mg/mL Y
JE S A R 1~2 h, Pk A B 1 i B
A ND96 {&# (96 mmol/L NaCl., 1.8 mmol/L CaCl,.
2 mmol/L KC1, 1 mmol/L MgCl,. 5 mmol/L HEPES,
pH7.4) W% 3% . 381 0 S (Nanol 2000,
WPI, Sarasota, FL, USA), ¥t 59.8 nL 9 pCI-
OsAKT2 Jiihi cDNA VESF BB, 45 A JCRE K
T4 G 3 e B o A SR BRPE X R AR L A Ak B SR
T, A TS OSAKT2 fsE I = A Y fL i~ Il 2
“YES HLO M BEDR - AR R HL ” 193] “OsAKT2 7
A7, DABR A B Ak BT e R A B 14 5
Wi, VS BB E T 19°C 19 ND96 ¥ ik 1% 3%
(% 50 mg/L RREHR), BREH KGR, X
it BRIRFEANME . 2~3 K R AR i P il R 7%
(Axoclamp 900A, Foster City, CA, USA) A&l f: 51 21 ity
HL o ZERCIN LA, BRI R - 40 mV, B
JEA 10 mV, JEhnAH EJE I - 160 mV #]+50 mV,
AR 2 s FEAKMI A 1.8 mmol/L CaCl,.
1 mmol/L MgCl,, 5 mmol/L HEPES-NaOH, pH &%
7.4, KC1Fl NaCl i B AR I 50 50 15 A 7 I 8% (FH
TR e E B TR E) . 1 pClampfit 10.3
(Molecular Devices) #]5 7341 Ho A= BREHR
R T FH AL PR T4

OSAKT2 MyEPF M W ARpAERE I : 0. 1. 2. 5.,
10, 20, 50, 100 KCI (mmol/L),

OsAKT2 B FiEBEMAI . 100 LiCl, 100
NaCl. 100 RbCl. 100 NH,Cl. 100 KCI (mmol/L).

B OsAKT2 (26l . 1 BaCl, .
1 CsCI. 25 TEACI. 50 KCIl (mmol/L),
1.3 KFEEKIRE

VUKERE H ASHE (Oryza sativa. ssp. Japonic Nipponbare)
ALK A AR, KRS A R A IRRT 3 A
K, JEREWIN 16 h GIE/8 h BwE , JREE K 27°C/
25°C (CHE/EERE), SEiRE R 400 umol/(m*-s), AHXT

MEBEBE R 70%. #4510 Kl (KR IR 3
&) BIKREA T E A R AL B T . 0 mmol/L K-
1 mmol/L K", 20 mmol/L K", 0 mmol/L NH,", 1
mmol/L NH,*, 10 mmol/L NH,", 180 mmol/L sorbitol ,
15% PEG-6000, 43illZb¥H 0. 4, 8, 12, 20 M 24 h
JEWORFERR . T RNA $21

Hoh o R 9 IRRIE FRRBEC T A . 0.5 mmol/L
(NH,),SO,. 0.3 mmol/L KH,PO,. 0.35 mmol/L K,SO,.
1 mmol/L CaCl,-2H,0. 1 mmol/L MgSO,-7H,0. 0.5
mmol/L Na,SiO;. 20 pmol/L NaFeEDTA . 20 umol/L
H;BO,. 0.32 pmol/L CuSO,'5H,0. 9 pmol/L MnCl,-4H,0
0.77 pmol/L ZnSO,-7H,0. 0.39 pmol/L Na,Mo0O,-2H,0
pH i £ 5.8 AN[Al Ak B 2R AT (NH,),SO, 1
7, A ES U RN 5 AN TR I B Ak v B
F KCLEAT, F£43 31 NaH,PO, Fil Na,SO, Bt
KH,PO, il K,SO,, HAWE T RFrAL,
1.4 JkFgth E3845 OsAKT2 EEFRIAFERNE

i FH i RNA 2 BGR5] (R401-01, F s MR
PR BRZS 7)) XSSO IE 1Y K A b A i 2R A7 6
RNA $2H, H % 5157 HiScript I RT-SuperMix
for gPCR (+gDNA-wipper, R323-01, Fg sliiMEREA:
PIRHE A IR D) B 1 pg B RNA S5 5 cDNA,
SEET ¢ Y6 52 B PCR % ChamQ Universal SYBR
qPCR Master Mix (Q711-02, m 5Uiti MR E MBI AT
BRA T 514 et & B E W RHLA R A Rl &
. f#i 7% % E & PCR {Y LightCycler 480 (Roche,
Switzerland) Kl JE K F R HA, RN : 95C
(30s), 95°C (10s). 60°C (155). 72°C (155), 44 M§
I DIKREIIE RIEH Osdctin fER AR, F 200t
J7 12530 H R A AR RS ek
1.5 Shaker {fBERRFHUM SIS RBLAS
F5 L%t

H3E 18 7 %1 i NCBI (http://www.ncbi.nlm.nih.
gov/) MU F 23R4S, F ] DNAMAN X i Lo 18 i
JEHNHAT X o3, 4% Shaker ##IE RA L B
1.6 HELESHH

fifi H SPSS 16.0 #4741 4341, KA SigmaPlot
12.5 2, FiREdE A EbRESR SE (n>3). £
L BCRF Duncan 72, 25 B E/KFEH 5%,
2 ZER 5
2.1 OsAKT2 BIEEBEF5) 94

I 1a AJ B, OsAKT2 76 fL X 1 2 A 4
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TEPEE RS TxxTxGYGD, J& T #f) Shaker 4
B IEE o AR AR R RS B S RS BN
[, Shaker Y K@il X A[ R4 K 3 28 WA EF
Wi (Kin), FEA3HE AKT1 f KAT1 25805858 ; 4
A B T-iEIE (Kout), FEAUHE SKOR Ml GORK 2%
BRIEAE ; DL RS R A RS Tl iE (Kweak), FZ

JE AKT2 #iE . S50, Shm A e FEiE A m, 55
O RS Pl T AKT2 78 S4 R IX | 1) b I
TR 249 g5 1F F B 2R K (8] 1b), 33X AT RE X Hiae i
PEAEREEMEM. REMEWIZETER, /KRE OsAKT2
FERE L b5 B A A TR ZMK2 1 R 206 R i
i, KZ& HvAKT2 IR2Z, 50F R R T 1)

Pore S4
D Atskor  TsvEAvviEMARVEREE BAvE 299 - ASKOR YLLLIGLYEvER VAL FEERMERR TR 210
OsSKOR  TSTELATVEMARVERER ‘@~vET 278 OsSKOR  WLVWVEL YBGRKVMAFEKR VBRI TR 189
HvSKOR TSTEFATVEMARVERER @~ VEV 301 HvSKOR  yLLWIBLT@ALKVIEFGRDLEERTR 212
zmSKOR  TSTEFATVEMARVERIER @A VBT 304 Kout ZmSKOR YL, LWIRLTRVTKIEFEWRIEENTR 215
AtGORK  TATfFATVEVAR VEREE [HAVEL 282 1 AtGORK  yLLwIBLFRVRKVMEFFORIEERTR 193
0sGORK  TSTfFATvEMARVERER B2 vEv 315 O0sGORK ~ YLLWIBLTRAMKVTEFERSMEEEETR 226
HvGORK TSLELATVEMARVERERBAVER 279 HvGORK  YLVWLELYEARK {dcFEKKMEEIR 190
ZmGORK TSLEFAIVEMARVEREE HAVEL 234 | ZmGORK  yLLWIBLTRvTRErGwr I EEERTR 145
AKATI TALEwsITELTITERERrfAEEe 27 - AIKATI  TLSMUELWRLRRVSSLEARIEETR 190
oskAT3 TALfws ITRLTH TERER AAEEP 268 OsKAT3  VLNLIBLWELERVSSTEARIEETR 187
HvKAT1 TALEwSTTRLTETERER T EAFEP 268 HvKAT!  VLNLLELWELNRVSTLEAR TN TR 187
zmk2.1 TAIfWSITRLTHTERGER @A EEr 268 ‘ ZmK2.1  ILNMLBLWELERVSSLEARLEEEEIR 187
AtAKTI  TSMws TTELTHVEREE@vET 264 Kin = AtAKTI  LENMLELWELRRVGALEAR I EEEERY 183
0sAKT1 TsVEwsITRLTHVERER @AET 311 OsAKT!  FFNMLELWELRRVSSLESRIEEERE 230
HvAKT! TSVEWsITHLIHVEREEEAERT 284 HvAKT! FFNMLELWELRRVSSLEARIEERH 203
7ZmAKT1 VsVEwsITRLTHVERER Bre8T 274 | ZmAKT! FFNMLELWELRRVYSIEARIEEEERH 193
AtAKT2 AATEWs ITEMTHVERER EASET 288 AtAKT2 LLGLLEFWRLRRVHHIFTRIEENIR 208
0sAKT2 SSVEwSTTEMTHVEREEMEA BT 285 Kweak| OsAKT2 LLGTLELWEIRKVKOFETRIEEETR 204
HvAKT2 SSTERSTTEMTHVERER @Al 277 HvAKT2 LLGLLELWRLRKVKOFETRIEETR 196
ZMK2 SSTEwsTTEMTRVERERBAOEN 283 ZMK2 MLGVLELWERLRRVKOFETRIEE TR 202
AtSKOR
) _| AtGORK
HvSKOR
ZmSKOR
I: ZmGORK
OsGORK
OsSKOR
B { HvGORK
005 AtAKT2
[
OsAKT2x
1 e
HvAKT2
AtKAT1
OsKAT3
L kan
ZmK2.1
AtAKTI
HvAKTI
OsAKTI1
ZmAKT1

1 7[E) Shaker 8 K"i@iE X BFFILL XS R R G H LR 47

Fig. 1 Sequence alignment and phylogenetic tree analysis of Shaker K" channels

GenBank & 3¢5 (The registration code in GenBank): AtSKOR (NP_186934), OsSKOR (Q7XUW4.2), HvySKOR (KAE8812996.1), ZmSKOR
(AFW85147.1), AtGORK (NP_198566), OsGORK (Q653P0.1), HvGORK (XP_044966653.1), ZmGORK (AAW82753.1), AtKAT1 (NP_199436),
OsKAT3 (XP_464796.1), HvKAT1 (XP_044953988.1), ZmK2.1 (AAR21352.1), AtAKT1 (NP_180233), OsAKT1 (AK120308), HvAKT!1
(XP_044976493.1), ZmAKT1 (XP_008675279.1), AtAKT2 (AAA97865), OsAKT2 (JN989970), HvAKT2 (DQ465923), ZMK2 (AJ132686).
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AtAKT2 (56%) 55 AKT2 Z3J%5 0 2 AT 4 i i AR DL
(1) %L, KAEEPEE OsAKT2 5 AKT2 [
BRI BB R IR, H SR 5 1 ot
o HA RS
2.2 OsAKT2 HY$HK BN R

55 % AU R T AtAK T2 38 38 ] LA R i A
KM SO AME, B AR R R 50 (B B R
W I AR BREOR . R BUKAS OsAKT2 EE2 A7
KA, (E ke BH (A9 ShHETG M (18] 22), MHR
M-HIEMCRATEL, SHPAHEFIRES TS
mmol/L B, OsAKT2 %L i FF i b 3, fif Kovk
JEIA %] 100 mmol/L B HL i FE A2 3 1 FIEL (5] 2b il
c), ST HXFAMA KW HLA SR AL
7E 50 mmol/L K*HFEHLA KT 50 mV B, i s3] ]
A, FREE B AL, H AR
K (Il 2¢). OsAKT2 (1) L it A Vi B2 AR F L
WA . RAF OsAKT2 7M1 BaF Sk #4347 1
J& T AKT2 3@ 18, {H2 OsAKT2 ML M 5 24
ARG T R AtAK T2 BB AT

a)

<L
=
v

1 sec

o

@ =15

<

B

5 —10 |

5

@]

ES

? 5 e —160 mV
o —140 mV
o —120 mV

0 20 40 60 80 100 120
BB 7R FE [K'] (mmol/L)

FIK R R4 OsAKT2 (9 KW Ui 3h 71 2 it
2, KRIFEAANERAI T, Km {8 GAF] 1/2 Hok
W VR B ) 24K F 43 mmol/L (] 2¢), J&—
A SR KR A ) B i AE (FEKTF 1 mmol/L K*
W R A Kl (& 2d). e RS fEd, &
M H Y KB 2 A KR i SRS R Rl T
H, ATRE S AN KR, SR KB
HOMisE] 10 mmol/L®, 1] OsAKT2 1E &7E Lk
Bl N RAERGE R, 18725 OsAKT2 A BELEH E 35>
K- [l Ao e oA 2R
2.3 OsAKT2 BB Fik#F 14

XiF e K AR (14 0 4 e BH 5 30 3 1k R B
TEARFEE AT, OsAKT2 %t K& i HA 45 5 1
VEERME, JEAARBEESE LivFl Na®, % Rb G 5504 m
BEREST (K 3). OsAKT2 X} NH, B R KpEEM:, 2
B KRR Y 22% 2247 (DL OsAKT2 Xt K Wi i
MFRUE, 100%), HEM OsAKT2 Al i3 5k M NH,"
WL, TESMARN NH, BE rmfa — e EH .

b) HLHE Voltage (mV)
15
-200 -150 —-100 =50 0 50
" L “ 2
2
:'i g
——0K 5
—o—1K {-10 ©
—~—2K =
——5K i)
—=— 10K ] —15
—— 50K
—— 100K 20
300 d)

3 200

S

=)

g

5 100

[
0 1 1 1 1
—160 —-140 -120 —-100
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B2 OsAKT2 RSB IRUCHFIE
Fig. 2 K transport kinetics in OSAKT?2 expressing Xenopus oocytes
TE: al&l, 7E 50 mmol/L K"k F OsAKT2 IYJUG IR b I&l, OsAKT2 XF4RWll it s - R 225 ¢ B, OsAKT2 skl s )y
i d B, OsAKT2 XPHfI A% L i —HE i T 28 Ko B0 IR HL AL AR A o
Note: Fig. a, Representative current trace of OsAKT2 at 50 mmol/L K'; Fig. b, I-V curves of OsAKT2; Fig. ¢, K' transport kinetics for OsAKT2 at
—120 mV, —140 mV or —160 mV; Fig. d, Voltage dependence of the Km values for K.
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3 OsAKT2 Xt — 1 BRES F RN B R B R Bl 2k (a) F1— 1 PRES FIRUAER SRR T K IRUS B TR AT EE B (b)
Fig. 3 I-V curves of monovalent ion uptake by OsAKT2 (a) and the current proportion
of monovalent jons relative to that of K*(b)

TE: A EARR NG FRER R 8 ) 22 5 3 (P<0.05).

Note: Different letters above the bars mean significant difference among ions (P<0.05).

2.4 HETEEAINGHIFIXT OSAKT2 B0
FRATHE I T K IE L E R ] Batt, Cs* Al
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F, TEBHEAI N-80 mV F]-160 mV [W{EE N, Cs'
X OsAKT2 HLUR AN I 42% 34 Im%] T 94%; Ba*

100 ¢ b) 1Ba*
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Bl 4 OsAKT2 ZE5HiBiEHNHIFI Ba®, Cs'H TEA & IETAYEL R -FE EBHZL (a) FIRRZSHIR (b ¢ d)
Fig. 4 I-V curves (a) and steady currents (b, ¢, d) of the OsAKT2 by the external application
of K' channel blockers Ba**, Cs* and TEA

T T EAR/NG FRERIR AL B 2557 B3 (P<0.05),

Note: Different letters above the bars mean significant difference among treatments (P<0.05).
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X OsAKT2 HLi Al 38 B AR DN 42% 38N 2] T 78%
(A 4b), A HA T — A KO3 3 R B i 4%
i, X508 3 1 OsAKT2 X B 1 138 i3 M4 e AH 1)
A (EEESE K, (H2RWnT D% — g 509 NH,)
(&l 4c). T TEA X%} OsAKT2 HL 3 0 I /E % A H
JEARA I, 76 B A7 —80 mV F—-160 mV )7
W, TEA PP HIRIEARLERFAE 70%~79% (& 4d),
MZ, OsAKT2 38 JE I P32 K3 18 400 il 700 45 oo e
FAm, 2B OsAKT2 A8 1 HL Uit k& — P I 41 i
Wer i (] 4).
2.5 AEMHEER. HEEHELLIERT OsAKT2 EH
FRIEEEREM

J T R OsAKT2 FFE 4 22 4 7L
i, W TOREMEEE . PR T R (B
ISR ST OsAKT? (K- . BB ROE
WAL, K OsAKT2 MR IR 33k 52 % IR 4 1
M, ARG RS A SRR E BN, T E R
OsAKT2 RiKZKVH e (B 5), BA—ERBRRT
. FEALTE 20 h B} OsAKT2 FE R A 35 F 5 1A 3 i
1, PR 2 Ak BT ] R AT A% Ak B S PR SR L
B, SR (K] Sa) MIEter (&1 5b) Ab B2 25 0
OsAKT2 i3k, T OsAKT2 FH A S 38 K
I (18] 2), HEM OsAKT2 7E/KFEA . B 7 b
AT A 5 43 5 104 Tl 3t DA P A ) 5 26 1
KEFIRE. ok, MTER SN, FIH sorbitol

(LA A PELIE B A N T OsAKT2 HEIN 9%
BEHEE, PEGARBICE FHHCR (K 5¢). TEARHA
AEFREEAE R ¥R BT OsAKT2 (SR, 3X
A BESEARL RIS h3 25— T SR

3 phe e

%) Shaker U4 J&— i R 4810 KB 1
Wil 7E KRR Bz DL e R A0 B sh A
S A T T R FEEEAE R, R4S OsAKT2 fE45 1
FNFEA Y T 1 #0578 i) AKT2 B i AR, 40—
HHEEIRIT Y L BRI, HRM S e
TEEEPE, RS T 5598 A Shaker A8 (K 1),
R Al SR R — SR RRRR L PR BT, R R U TOE
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Fig. 5 OsAKT?2 gene expression level in response to different treatments
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