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Abstract

Cytokinins (CKs) are a group of mobile adenine derivatives that act as chemical signals regulating
a variety of biological processes implicated in plant development and stress responses. Their syn-
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thesis, homeostasis, and signaling perception evoke complicated intracellular traffic, intercellular
movement, and in short- and long-distance translocation. Over nearly two decades, subsets of
membrane transporters have been recognized and implicated in the transport of CKs as well as
the related adenylates. In this review, we aim to recapitulate the key progresses in exploration of
the transporter proteins involved in cytokinin traffic and translocation, discuss their functional
implications in the cytokinin-mediated paracrine and long-distance communication, and highlight
some knowledge gaps and open issues toward comprehensively understanding the molecular
mechanism of membrane transporters in controlling spatiotemporal distribution of cytokinin
species.
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1. fRRRSTELE
11 MRS RFRIFHA

2 a3 24 3% (Cytokinin, CK)/& — S Re AR A i 7 2N S AL R IR AT AR P [1] . FEAEA Y, CKOIEH LA
NO-(AZ- S5 R 47598 iR "= 14 (isopentenyladenine, iP). [z 30T K 2 (trans-Zeatin, tZ). K 2 (cis-Zeatin, cZ)f1 —
A B K F (dihydrozeatin, DHZ) IR AFAE[2]. EREIRN, AR =00 LR RS AEAF, 52
P AR A SOE T K [3]. CK XWHEMAEK K E R REE, S2EMTHRKESHFKE. HMHLRR
HAK. BN RS DUEYIRAIR A KR & A KR § iR [4] [5]

12. RS RRAKIE

1.2.1. S HRBER

CK EEZA A& BRI, 7302 tRNA iR Ae Mk & 12 [6] [7]. KER7r Wil CK
MBS A R, 1ZIBEIEE— 0 2 7 IR S L F2 i (isopenteny! transferase, IPT)f#4k 5 -B R IR T
(AMP.ATP =}, ADP) 5 — H FL)7 75 3 % (Dimethylallyl Diphosphate, DMAPP) J v, 4= % iPR Hi{4[8] [9].
B8 /572 CYPT35A AL NN N tZR AR, J5 2 78 7 I I I BE R v 2 R [10] o XU T+ AK R H X
BB W) R R T RE R R SRR B 3R B, X EE R NFE MGk CK AR & b i AZ OB [11] [12]
[13] [14] [15].

BAFIRIE ) CK A PRI s N Hia 42 : T R4 2 i i R A% B /K i (Lonely guy, LOG)
VLG 3 R B AL T R Ak R B T M T 20 [16] [17] [18] [19]. 55—t Wbk, 40/ AT
W iP A% 5-FUE R (IPRMP) R A% 1 R g 56 J5 e A A S 4 7 R AL H N iP % H (IPR), A5 iE
A BRI AL A 4 2L AL (G iP) [20] [21]. filifs CEARIE, GY3 W4widfiEfl iPRMP 4k A
iPR ) LOG #EH . ] GY3 S AR PR ik 2 R BURI EEh B 2 1) iPRMP #2464 tZRMP, Bl J5 46
tZ 3458 OSH1 1 CYCD3; 1 [Kis. gF— ik 4ekf /R iG e gt s, RAFBRAEHES
Ik, W= ERN[22]. &AL T 40 B EE I 20 i 7> 5 3 /M 1% T A% HF BRI (cytokinin/purine riboside
nucleosidase, CPN)-tH {14 4H il 73 5 2 4% A4 A LA e i 1) A% M B4, 2 5400 73 R 2 AR [ 23]
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cZ B! CK & At 22 t1 tRNA-IPTs HIBGMEAG Y, AT Ik 53 TRl T S oK — PR R0 T 2k — B i
FEFIRNA 40 E[24]. ETTEN: CK KRBT, CYP735A2 £ XEE[10]. W4 REIR, ZME
P CK AT LA 5 CYP735A2 1%k . #R1M, CYP735AL1 % CK (KW 3F AUk, thah, CYP735A2 FHEE
IETERRER, (HHTEIEIE . ZER B AL IR A Rk R [10] (K 1),
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Figure 1. Cytokinin homeostasis maintenance pathway involving in situ cytokinin biosynthesis
(catalyzed by ATP-ADP IPTs and tRNA-IPTS), activation (catalyzed by specific phosphoribohy-
drolases encoded by LOG genes), irreversible inactivation (catalyzed by N-glucosyltransferases),
reversible inactivation (catalyzed by O-glucosyltransferases), reactivation (catalyzed by
[S-glucosidases) and irreversible degradation (catalyzed by cytokinin oxidase/dehydrogenases).
Cytokininoxidase/dehydrogenases substrates are highlighted in red [25]

1 WS HETEHEFERTREARSEEZNEMNEN S K (E ATP-ADPIPT 0
tRNA-IPT #1t), BUE(E LOG EFERIBAF E BB ZIE K BEREIL) . ARKIE(E N-
AR REEL). KRR O-EEERBEEL). BEUE(H LOG EERBHIFE
BER LR RRER (L) . TRIRIE(HR N-BEEEEBEMEL), FHKLEE O-AEER
HHEREL). BENE -ABETEEN) A HER (R AR SRR/ RSB
). S HESHE/RISERYALEFRE[25]

1.2.2. fpRY S F A PEAR
41 2 25 AL (cytokinin oxidase, CKX) 24 11 51 7 R 4 7> R R 1 sk . ¢ A1 iP BA A
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YA NG-MIEE S 1), T A E K E M BA X CKX B A HiME[26]. SAIEEXRDRILT CKX, JEE:H
FARR T EAERY A b B R AE i o 2R A S DhRe[27] [28]. fEMRE TS EH T 7 4~ CKX, P
AtCKX1 & AtCKX7. JI3ik AtCKX1 £ AtCKX6 2 [K & FEUEYI W IR TELN I /0 R4 R S & K, P2 A4
YRR Z AR, AR AL A ARG | i S B AN Tt 43 AR 2 2 5 R B S [4] [29] 24 AtCKX3.
AtCKX5 FEAZR, ARG I (1) CK & & T+, R LR B 3 K MR 1 2 AFh 77 248 1SR 84301

13. S RENES

TR0 PR AR A I mT B LR B AR AT A ) ook . AR KIE R T, MBI EM KGR
o34k, TRV SRR RS IR S AN IR B AR A, XA B T E AR R R 2 [31]. AEAE KRR, S
XTIREEAE S B B, i I 20 LA (R4S S AR AT PR . AR R AN R I B DA E AN T2 R B 3R
A A AR SR W IE BB [32], IR LTl M AR KR i R AV E R b s T AR AR R A5 1A [33].
72 DB 2 S EOE ) A A, T AR DN 40 23 23R T DA g T Al dE BT AR PE[34]. KR TAEK R
IARKITR I AT AN, AT 5A% 386 T BB 5T AN S 3 12 i SR B [35] o AE XM AR, LB 1 15570 1
WEMIKE RGUE T L6 Th IS 2 OCHE TR M A[4].

CK {5556 S8 45 & —Fh SN 4 18 it XUAH 43 [ W (Two-component signaling sensor, TCS) &%, HA 1
405 4H R 2K 11 U (Arabidopsis histidine kinase receptor, AHK). #4122 5% #% 5 1 (Arabidopsis his-
tidine phosphotransfer protein, AHP) 1 % i 7 [X] - (Arabidopsis response regulator, ARR) =~ 73 [36]. 15
UL AHK A, Zid— RV A S SAL 3 B4 AZ ) B Y ARR. B Y ARR 2t % s 0% 81
Re ELREIE AR T IR L R () 3RR [37] . IX— BRI RGN 2 3P I B, £ Asp Fll His BREE[AI 14T, CK
Mt RGEEES, S 5@HHLSUER. Mk, G0 UL 3828 i 4255 4 B AR [38] -

CK i =Flt AHK SZARIERAT, 3 TR I R R e %, WOSTERRAUAS 5 RBI[39]. 1X S85Z AR 25 14 £
S, WE R HARRMEGEE IR RC RS & 0L 5, BAFETIRETURAQ] [41] [42] [43]. KEHZ
RTE ER MR I, JFREA G A MM R R [41] [44] [45], XHE RN NERFHIZEMN, FHTRes
BE ER, Mk M5 T 400 43 34 3R AS S AL 15[46] [47] [48]. ARTM, J%TF CKAG S A5 21 T
R A S XS L, BT A7 A S [49]

FEMFF T, ARR RIEEAN A A IR Fr 7 k) 729 Av B. C =2K[50]. A B ARR 32 341l
SFEREWNTET, I HAe I LT RS A 2RISR 4] [51]: B &Y ARR 2 —K4ufiS A DNA
LEO RV (GARP) I SR 7, GARP Reki i sth 45 & 917 A AL ARR U6 343EPE[4] [52]; C 25 ARR
A% F| CK 553, I H eSS AHK K101, FTREFE 5l R RAE T @A R 7 b, i
5 A ZF B A ARR ANFJ £ €4[53] [54] (] 2).

2. AR NRNFEE
21 MRS HENSH

P R SR YR o AR R AR AR BRI R B I AR T TR MR, WA R E . A2,
MIARTE B I 368 LA KO ORI 5 36 FR3@ M ) B2 [56] [57] [58]- HIT CK A4 i IPT fiEfk.,
IAERF AR R A, Rk CK 5 B3 i Bt AN/l =8 shiz S L FEA 0 i P EAT # #2[14] [35] [39]. CK
()& AR R 2 8] 73 A R B, CK O fEARMN 23 Gk, I HonT DU I 45 BF 25 A1 K R B9 ia fa[60] [61].
FEMEETT, IPT MR, 25 HAITESE 2 M8 B RIA[35] [59]. 1M CYP735A NIFE i 3= £ 31k [10]

WA RIS 2R N O B — M T, XSRS R RPN R 2%, A
iPR I tZR. 4% 3 A 2R i 1 B Bt 20 )2 P A tZ, X ee R s BAETEPEE A, k% iPR A
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Figure 2. Core steps of the cytokinin signaling pathway [55]
2. WD REESEENZLSR55]

tZR J& F E iz [62] [63]. K CK & Mtk RIE A RIA A EAFEZER, ST ARERM CK
TEAR AN B o A A o AEARFIE T, 2 1 CK OAEZIRA MAED LS, P & CK &S
[64]. HUFIZFH &R CK SRAUAR, W3 7 HUEME tZ B CK S I8 AR BT & 1) s fi, =53
PE P B CK &8 ) 7 5 Bk ) S 532 4 [65] [66]. BT CK 2RI B ahififE s, DIl CK #ia AR
BRALFE ATP 454 &85 1 X% (ATP-binding cassette, ABC) [67]. M1y 3% i 1 14 %% JE (purine permease, PUP)
[68] [69]. % Z% 19 M A4y ik i [ & % (AZA-guanine resistant) [70] [71] A K °F 4 4% 1 #% 32 5 A 5
(equilibrative nucleoside transporter, ENT) [72] (4] 3).
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Figure 3. Overview of CK transporters in plants. (Left) lllustration of an Arabidopsis plant with magnifications emphasizing
different organs. (Right) Overview of characterized CK transporters. Blue arrows represent importers; red arrows represent
exporters. The inset is a magnification of the indicated organelles. The numbers in circles above transporter names indicate
locations in the tissues in the illustration on the left (not all tissues express transporters regulating this hormone). The direc-
tion of CK transport for the three ER-localized ABCI proteins is currently not entirely clear. All transporters were characte-
rized in Arabidopsis unless the transporter name is preceded by a species abbreviation. Abbreviations: CK, cytokinin; ER,
endoplasmic reticulum; Os, Oryza sativa [73]

3. HEYPH) CK #HE (M. (EE)IREFTEKER, TRBEMNBAXEETE. (GE)RIER CK BRI,
EEELRREANG; SafiRTALE. MERMRAMBNKAE. HEtaR L AEEPNEFRREZM
BEFELANMEGHERBEABRBFHTIMHENZEE). BRETTEEE=MAT ER B ABCI EAM
CK ¥izFME. RIFFLEHBMRAEYMES, SNRBLEHEHIEMRETHRIEN. H5: CK, WEESTHE;
ER, MIFEM; Os, 7K#E[73]
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22. ABCEEEHESS5AMIRENEE

TERZH AT, ABC izl AR B KMEEAKEZ —[74] [75]. REEANTNFEZFST
PG W TR IS, AR YIRE T IKSEMIEEE. ABC #ia R A B MO SRS &
#E#y38k (nucleotide binding domain, NBD) A1 45 i 45 #4935 (transmembrane domain, TMD) [76], #i#&
PR ATP 454 45 K918 . NBD FRIThAE 45 & B /K il ATP LLIREES) A7, T TMD W47 553 R4 28 T A 1 42
AR RIVER, L ZE R T RS s R [77].

ABC I I KRG 5 EM i IR M A MBI %, 3% ] BE IR T HLAE i 4 i 4 28 22 U T 11 42
R . AABCGL4 2 Mg S 5 (2 B CK KEE B FiaEA64] [78], i TR, HAIME
tZ 35 CK IiE 1 . AtABCG14 FEAR ) AT A A v 2 225808, 0 CKOBEAR B A BT R ) b _F 3z 5 22 5C
HE. {F atabcgld 1, MREFtZ B CK #R, Wiz BRI, AHILZ T, iP 2 CK /KSFAERM ZE iy B3 T
He SENA. MBI HAKEEIRS . A, AtABCG14 gt b #4r%F CK I/ it [64] [78]. 2
Bhd, ZKAE ) OSABCG18 sEfL T i, X CK HAASMIENE, JREZ. WM EmkhEik, 25 CK
AR [l b _F358 5 )32 561 [ 79]

23.PUPEEERESSHMSRENTEE

5 ABC Sz AN, PUP F= B2 54HM0H#E BN, T A2 ek A i e R 5 [80] . FULRE F+ 11 PUP
FIEA 21 MR, Horh R 2 B R AR b R 4E[60]. AtPUPL F1 AtPUP2 AT T-BIBE 177 A S 2 1) iP
A tZ A CK [7] Wiz 5i[69] [81]. /KA i) OsPUPI A1 OsPUPT 5E A7 T I Ji 9 L, 1) OsPUP4 & iz T J Ji5[82]
MY, EAAERUE L AtPUPL4 Rk m . HALGIEYER T ATP, (55 F#EE G K[68]. BHFT
FAMEH TCSn::GFP iX—& B CK i RS R A Fi 4w 7+ LI IR R B 15 0L, I K AtPUP14 1E.0 T
WG RIS B FRYE CK S RMTHEA K. XKW AtPUPLA 1] 5851 5OR I VTR s 4 il 7> R 308 5
M, AR TR CK IR EE, 3B E AL A0 M 7 2R 22 52 A s/, g R T R A (1 4
M 2EFAE 56T Wi XT AtPUPL4 #HAT IR L2 S0, KL AtPUP14 A2 %1 CK MRe /), I H.
AtPUP14 H%%6izim il B30T AtPUPL. 34 AtPUP14 [ThAESERS, £52m CK (5 51k, S8a4E
AP RE ML, RIUH ZE R R 1) 5 338 2 F it 7 % B IR EL[68]. X LELEA i FLR I,
AtPUP14 2577 CK H L~k A i 4 (& % -

IR FOARE T —Fh IR R 1) 2 B SR gm iR, 12 AR AR — i 5 R A RUASE (1) ) B o [l SO R 5
T [Tt H00R I o 20 A 56 DR SR Al B3 B T BE TU AR [83] o AEIX TR T o, 45 7 FIERALE 1 M4 AtPUPT
AtPUP8 1 AtPUP21 =N, JRilid KRG K E il elE TR —p R bk, IF HEA 81 E
e IRYESRIGIER, BB EALI APUPS 22— CK M2 A, MmiliEiE e 1) AtPUPT 1
AtPUP21 NIIJE CK IR A, EATERBE ARSI A/ EL P 5 R CK K. XA IZ B )
HFEER T RE S BT CK KPR RS, FREIR Bl ThEETUAR . X P T BRI VR 412 2 1 I 245 1)
PR AT RS e AN RN ZH 2L CK K SREER 22, 16 F-7E SAM W57 CK {5 5% 3 2 [l 20 2 ¢
HE, RN A K R E A .

24 AZGEEBEHE5HMSHENEE

WA R, AZG FKER R AtAZGL. AtAZG2 4 HA CK iz iE 4 [70] [71]. EnAZGA 21K %N
BN, EA S R R PR S I A | IRNEEA A S A [84]. EFUNRE TR, AZGL A AZG2 FeH]
BN A B A 1 1 M A ) 2 35 B 1 [85] . AtAZG2 SE AL - EAE T M b, IS R HAE LA Y CK 43 A S
SALS TR RIETHRE[71], A B0, (B AtAZGL il AtAZG2 ## ) CK #iz, [HEATREZENL
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HIA . AtAZGL AR T I8 J1/E NI CK MmN, 1 AtAZG2 (LI A2 AL i T4
AR, JF 5 pHAETG K. EREE IR, AtAZG2 REE R A i ia A [F2R AL CK,
U1iP. tZ. 6-BA %5, AZG2 7EMIHEJE 3 (Iateral root primordial, LRP) & 40 i A /b R ik R W& 25 51
MR B IR CK BT azg2 MIAR % BE3G N, Hk B84z, RHHMEYE CK I BB AR5 TCSnpro:GFP
TS TG . T RIE AAZG2 R R LT BA P AEMIAR . tAh, K Filid ARF7 755 AtAZG2
Fik, RFMEAN CK Mz, iR rms71].

AtAZGL #4588 CK TN, ‘B RES PINL AHEA/EH A E PINL S E, MIfis2m PINL & H # 3
. AtAZGL E N AEMRR A H R (RAMFIE 24, @it xt CK BRI, 4 tZ fREES LS
YN . Ak, AtAZGL fIFRIAZE] NaCl i, xFF R it PR S ERLfEE L E T, ©
T T ARt B A U, (BN T R IR A BB . RN, AtAZGL 25 TR AEH S
(RAM) R A A0 R AR K 3R A5 5 5 R E BUZ H ) CK S 5 1470

25 ENT 252505 RREE

EEAZAEYR, ENT FIUKYE 4% F7 #5135 1 (concentrative nucleoside transporter, CNT)4 B 7 % K 3
BRI SRR R Rk . ENT & o (et s 77 sC AR, 1 CNT 2 1 IR B 25 - 33 18 ML) .
CNT ZE B & 13 MERELE M, (58 Na+st H+ T3k ig, SeOH I Eshiakn, X—id iy
FEIRFERAFEN[86] [87] [88]. HAR CNT Myic i 2N 75 2 Mhzl W) 2H 2340 i A EL4H B 4% K B[86] [87] [88],
BRI ST R e B L AL B, W AREI A5 B 22 T & B CNT 4fis L [K[89].

TERERERIL RS AT 56 4 PSR [90] 3 B, 7E3RIA AtENT6 FBEREAI AR, PR i35 il i 1
MBI, T tZR SRR . B AtENT6 Xt iPR (s A Emsef h, FRoR e fes 5
iP A1 tZ AU 5 24 R 0 o0 A o S A F 5 7 AtENT6 J5 3 A6 25 R0 S 7732047 GUS 4eft, KB AtENT6
TERR . AR AR VLR S A Ris . S ERERIE RGNSz R T AENT6 S 51
KRS, el E4EE Rt iPR Mg g i [91].

BT AR B, AEENT3 FEAEYIA N £ 5T /IR B PA J5 P 4 i 23 3435 1) 2 B o 1% 8 1 2 EEAE S0 (R
Forrb KR S R A A A 2R IA[92] . 7E 10 HISS i, AENT3 [IRIATEAR S 2 /0 A, (H B2
IR T4 X I8, X} atent3-1 FEARARTtIN A YT CK BRANETE tZ f5 R B, FEARRH S A CK AR &
WD, T RIS S ANEYE (ZR RS . CIBTE IR IR RS FRIA&M R, atent3-1 (AR R4 LL
AR TR, X 5 RN CK ACFEUEA J5[93]. Ak, atent3-1 X #1514 4H i 7 2L 3 A% 1)
FRURAE AR [94] - IX R B AtENT3 #3225 il i R BEAR 8 CK W, 25 CKTE IR EE 1 f 40 1T,
T T 2 1) 2 P 28 3 A O b R AT IS

TERVUHGFAE T, AtENT8 B AtENT3 6l 26 RAZA LI HOA PR AT ZR REBURAEREAIS, TXT iP A tZ
RBURPEIES . MR, AENTS (13t Rk mpkst iPR BUK, (HXT iP AU, FEPD IR N 1 SE 6 45 i
7N, {E atent8 I atent3 RAFMAH, A H ARICH iPR (& =80 T 40%LL 1[94]. KB AtENT3 Fil AtENTS
#HEA CK KIiskishfe.

FEBER K FE OSENT2::GUS #8578 | OSENT2 [ RIABI, FEEN TR FFTHIE o & T4
SULEFP 1 5 3 TR WSOV LA A7 A 0, 3K — I R 5 S K S e A R W g A% Y R DA R IR A% P R B &
Jif. OSENT2 IETEMMIMILEE WALz Rk, JLHAEM ISR %, BoR AW B r 4 m
HEI RN S 5 I RRE . A% A0 M 7 R 3R A IE B R 38 1 00 B R AN e (951 7K ABFH
TREYWBEA =ik R CK, AR 783 B 7K R R ZL Hh 1 48 B4 R0 40 23 2405 P 52 12 4 2 CKOKF
I IE4E[91] . b Ah, OSENT2 A B 2 5 M FUA% T MR, B 5 1X S A% 1 7E K B BRI TP i e i 1 1R
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FE 2 F Iy v RO AR M1 F A 1 A MDA Hh WL 5 B B0 ) GUIS ey, X T HE S 17 AR ) P 8 B 0 AZ H IR
HA R K. T OsENT2 fEM Fr L4EE AP B AR b 3Rk, JFRe s SR L HEAZH igh, &
5 iPR HIXT ZR B2 M) By, 1X3R W] OsENT2 W RETERZ 1T IS CKRIIRGE 1tk 124 v 473 18 22 A (5 [90]
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