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Abstract

Cytokinins are adenine derivatives and a group of plant hormones that regulate many
physiological processes, including cell division, root and shoot growth, and senescence delay.
Cytokinins transported via xylem have a specific role; they act as messengers of nitrate availability
in soil. Precise regulation of cytokinin distribution between roots and shoots thus allows effective
communication among various parts of the plant body. In my thesis, I address two mechanisms
contributing to this regulation. First, I present findings about the kinetics of cytokinin transport
across the biomembranes. I characterize EQUILIBRATIVE NUCLEOSIDE TRANSPORTER 3
(ENT3) as a membrane-bound carrier recognizing cytokinin nucleobases and ribosides. Using
computational methods, I estimate which ENT3 residues interact with cytokinins and discuss the
conservation of these residues within the ENT family. I further show that the ent3 mutation alters
shoot phenotype and the expression of the cytokinin-induced transcription factor WUSCHEL. These
findings indicate that ENT3 contributes to the regulation of cytokinin distribution in plants via the
uptake of root-borne cytokinins from the xylem in shoots. Second, I show that CYTOKININ
DEHYDROGENASE (CKX), a cytokinin-degrading enzyme, is active in the xylem sap and thus
negatively regulates cytokinins travelling from roots to shoots via their metabolism. The CKX
activity in the xylem sap is stimulated by cytokinin, and cytokinin concentration in turn increases in
response to nitrate supply. These findings indicate that CKX in the xylem sap contributes to the
overall cytokinin distribution by mediating negative feedback to the increased cytokinin flux from
roots to shoots.

Abstrakt

Cytokininy jsou derivaty adeninu a skupinou rostlinnych hormonti, které reguluji Siroké
spektrum fyziologickych procesti vCetné bunécného déleni, ristu kofeni i nadzemni Casti a oddaleni
senescence. Cytokininy transportované skrze xylém maji specifickou roli; nesou informaci o
dostupnosti dusi¢nanti v pidé. Pfesna regulace rozdéleni cytokinind mezi kofeny a nadzemni Cast
tudiZ umoZiuje ic¢innou komunikaci napfic¢ riznymi ¢astmi rostlinného téla. Ve své praci se vénuji
dvéma mechanismtim pfispivajicim k této regulaci. Za prvé predstavuji zjisténi o kinetice
cytokininového transportu pfes biomembrany. Popisuji EKVILIBRATIVNI NUKLEOSIDOVY
TRANSPORTER 3 (ENT3) jako membrénovy prenase¢ cytokininovych nukleobézi a ribosidi.
Pomoci vypocetnich metod odhaduji, které zbytky ENT3 interaguji s cytokininy, a diskutuji jejich
konzervaci v ramci ENT rodiny. Dale ukazuji, Ze mutace ent3 méni fenotyp nadzemni casti a
expresi transkripcniho faktoru WUSCHEL, ktera je indukovana cytokiny. Tato zjiSténi ukazuji, Ze
ENTS3 prispiva k regulaci rozdéleni cytokinint v rostlinach tim, Ze v nadzemni ¢asti pfijima z
xylému cytokininy ptivodem z koFene. Za druhé ukazuji, e CYTOKININ DEHYDROGENAZA
(CKX), enzym degradujici cytokininy, je aktivni v xylémovém exudatu, a tedy Ze negativné
reguluje cytokininy putujici z kofene do nadzemni ¢asti prostfednictvim jejich metabolismu.
Aktivita CKX v xylémovém exudatu je stimulovana cytokininy a koncentrace cytokininti se zase
zvysuje spolu s dostupnosti dusi¢nanti. Tato zjiSténi ukazuji, Ze CKX v xylému prispiva k celkové
distribuci cytokinind tim, Ze zprostfedkovava negativni zpétnou vazbu na zvyseni cytokininového
toku z kofene do nadzemni casti.
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1 Abbreviation List

ABC
ADP
AK
AP
ATP
AZG
BA
BAR
CCCP
CHASE
CK
CKI
CKX
CLV
CPN
CRF
CYP
cZ
DHZ
DHZR
DMAPP
DNA
DNP
ENT
HK
HP
HPLC
iP

iPR
iPRDP
iPRMP
iPRTP
IPT
LOG
mmT
MPP
mT
NAA
NADP(H)
NBTI
NIGT

ATP-BINDING CASSETTE

adenosine diphosphate

adenosine kinase

APETALA

adenosine triphosphate

AZA-GUANINE RESISTANT

benzyladenine

benzyladenosine

cyanide carbonyl-3-chlorohydrazone

cyclases/histidine kinase-associated sensory extracelular
cytokinin

CYTOKININ-INSENSITIVE

CYTOKININ DEHYDROGENASE

CLAVATA

CYTOKININ/PURINE RIBOSIDE NUCLEOSIDEASE
CYTOKININ RESPONSE FACTOR

cytochrome P450 monooxygenase

cis-zeatin

dihydrozeatin

dihydrozeatin riboside

dimethylallyl pyrophosphate

deoxyribonucleic acid

dinitrophenol

EQUILIBRATIVE NUCLEOSIDE TRANSPORTER
HISTIDINE KINASE

HISTIDINE-CONTAINING PHOSPHOTRANSFER PROTEIN
high-performance liquid chromatography
isopentenyladenine

isopentenyladenosine

isopentenyladenosine diphosphate

isopentenyladenosine monophosphate
isopentenyladenosine triphosphate

ADENYLATE ISOPENTENYLTRANSFERASE
LONELY GUY (cytokinin riboside 5'-monophosphate phosphoribohydrolase)
meta-methoxytopolin

6-(3-methylpyrrol-1-yl)purine

meta-topolin

1-naphthylacetic acid

nicotinamide adenine dinucleotide phosphate (reduced)
S-(4-nitrobenzyl)-6-thioinosine
NITRATE-INDUCIBLE GARP-TYPE TRANSCRIPTIONAL REPRESSOR



NIN
NLP
NPF
NRT
omT
oT

Phy

pT
PTR
PUP
RAP2.6L
RR
SAM
SWEET
TCS

tZ

tZR
tZRDP
tZRMP
tZRTP
UDP
UGT
WwWUS

NODULE INCEPTION PROTEIN
NIN-LIKE PROTEIN
NRT1/ PTR FAMILY
NITRATE TRANSPORTER
ortho-methoxytopolin
ortho-topolin
PHYTOCHROME
para-topolin

PEPTIDE TRANSPORTER
PURINE PERMEASE
RELATED TO AP2 6L
RESPONSE REGULATOR
shoot apical meristem

SUGARS WILL EVENTUALLY BE EXPORTED TRANSPORTER

two-component system
trans-zeatin

trans-zeatin riboside

trans-zeatin riboside diphosphate
trans-zeatin riboside monophosphate
trans-zeatin riboside triphosphate
uridine diphosphate

UDP GLYCOSYLTRANSFERASE
WUSCHEL



2 Introduction

2.1 Cytokinins: Occurrence, Function, and History of
Research

Cytokinins (CKs) are a class of plant hormones, signalling molecules mediating plant
responses to internal and external stimuli. Their most prominent functions regulated by CKs include
cell cycle and proliferation (Miller et al., 1956; Schaller et al., 2014), growth and branching of
shoots and roots (Chang et al., 2015; Dello Ioio et al., 2012; Schaller et al., 2014; Skoog and Miller,
1957; Werner et al., 2001), chlorophyll retention and senescence delay (Dobranszki and Mendler-
Drienyovszki, 2014; Richmond and Lang, 1957; Talla et al., 2016) or differentiation of vascular
elements (Bishopp et al., 2011; De Rybel et al., 2014; Mdhonen et al., 2006). However, the actual
scope of CK effects is much larger thanks to CK interacting with other hormones and signalling
cues (EI-Showk et al., 2013; Liu et al., 2017; Zdarska et al., 2015).

CK research dates back to 1913, when Gottlieb Haberlandt induced proliferation of non-
dividing potato parenchyma cells by treatment with phloem sap and proposed the existence of a
proliferation-inducing hormone (Haberlandt, 1913; Kaminek, 2015). In 1955, Folke Skoog, Carlos
O. Miller, and colleagues prepared the first such compound, a nucleobase 6-furfuryladenine or
kinetin, by DNA cleavage (Miller et al., 1955b, 1955a). In 1963, David Letham and colleagues
discovered the first naturally occurring CK. The substance was isolated from maize (Zea mays)
kernels and named zeatin (Letham, 1963). Since then, CK research has provided insight into novel
CK molecules, their metabolic conversions, transport processes involving CK-specific carriers,
molecular basis of CK signalling cascades, and CK-mediated physiological processes (Kaminek,
2015; Kieber and Schaller, 2010). Besides plants, CKs are also produced by some bacterial strains
(Arkhipova et al., 2005; Islam et al., 2016; Sun et al., 2024) and in the form of modified nucleotides
in tRNA of various species, where they presumably serve to stabilize codon-anticodon interactions
(Hall, 1970; Kline et al., 1969; Schweizer et al., 2017). CK research has also practical aspects; CKs
have been studied and applied as agrochemicals (Khablak et al., 2024; Koprna et al., 2016), anti-
oxidative agents in cosmetics (Cronin and Draelos, 2010; Othman et al., 2016), and potential anti-
cancer drugs (Voller et al., 2019, 2010).

2.2 Chemical Diversity of Cytokinins

From the chemical point of view, CKs are N6-substituted derivatives of adenine, a canonical
nucleobase found in nucleic acids, macroergic compounds or cofactors. CKs are classified as
isoprenoid or aromatic according to the character of the N6-bound substituent, the so-called side
chain. Isoprenoid CKs contain five-carbon side chains derived from the dimethylallyl (2-methyl-
buten-2-yl) moiety. Isopentenyladenine (iP) contains a plain dimethylallyl side chain (Laloue et al.,
1977). Terminal hydroxylation of iP yields zeatin. Due to the double bond in the side chain of iP,
there are two possible zeatin isomers: trans-zeatin (tZ) and cis-zeatin (cZ). Both isomers exist and
occur in nature (Hall et al., 1967; Leonard et al., 1971; Letham, 1963). Saturating the double bond
in the side chain of tZ or cZ yields dihydrozeatin (DHZ) (Letham, 1973; Wang and Horgan, 1978).
While tZ, cZ, and iP (and their derivatives) are found in most plant tissues (Corbesier et al., 2003;
GajdosSova et al., 2011), DHZ-type CKs seem to be restricted to seeds, flowers, and fruits (Arnau et



al., 1999; Emery et al., 2000; Ionescu et al., 2017), suggesting they might play a specific role in
plant reproduction. Various bacterial strands produce even more types of isoprenoid CKs. Some of
these bacteria-produced CKs mimic the physiological effects of CK in plants and are employed by
plant pathogens to facilitate invasions into their hosts (Evidente et al., 1991; Gibb et al., 2020;
Pertry et al., 2010, 2009; Radhika et al., 2015).

Aromatic CKs contain side chains derived from the benzyl moiety. The simplest aromatic
CK with no other side chain modifications is benzyladenine (BA) (Leopold and Kawase, 1964).
Monohydroxylation of the aromatic core of the BA side chain yields three isomeric CKs: meta-
topolin (mT), ortho-topolin (0T), and para-topolin (pT) (Horgan et al., 1975; Strnad, 1997; Strnad
et al., 1994). Other types of aromatic CKs comprise methoxylated derivatives of BA, ortho-
methoxytopolin (omT) and meta-methoxytopolin (mmT) (Tarkowska et al., 2003). The grain
pathogen Fusarium pseduograminerum produces CK-like substances whose aromatic side chains
are formed by the condensation of isoprenoid side chains of tZ or iP (Haidoune et al., 1990;
Sgrensen et al., 2017). One of these compounds, 6-(3-methylpyrrol-1-yl)purine (MPP), can also be
formed in maize through a conversion from tZ (Hluska et al., 2016).

So-called synthetic CKs trigger CK-like effects in biological assays but are not produced
naturally. The synthetic CKs include kinetin, already presented as the first isolated compound with
CK-like effects (Miller et al., 1955b, 1955a), and some phenylurea derivatives: diphenylurea, N-(2-
chloro-4-pyridyl)-N'-phenylurea or thidiazuron (Kieber and Schaller, 2018; Mok et al., 2005;
Spichal, 2012). As previously summarized, the diversity of CK side chains can significantly alter
their hydrophobicity and thus modulate their ability to pass through the biological membranes or
bind to various proteins (Nedvéd et al., 2021).

Apart from the differences in their side chains, the N6-substituted nucleobases are further
modified by conjugation with endogenous molecules. CK ribosides are CK nucleobases with a
ribosyl moiety attached to the N9 atom with an N-glycosylic bond. Phosphorylation of the O5' atom
of a CK riboside yields CK monophosphates, diphosphates, and triphosphates. CK glucosides are
formed by conjugating a CK nucleobase with glucose. This glycosylation can occur at the N3, N7
or N9 position through an N-glycosylic bond or an O-glycosylic bond at the side-chain hydroxyl
group of tZ, DHZ or topolins (Mok et al., 2005; Vylicilova et al., 2020). These different CK forms
vary in their roles: nucleobases are the main form of biologically active CKs, CK ribosides and
monophosphates are the main CK form transported over long distances (as well as biochemical
precursors of other CK nucleobases, together with di- and triphosphates), and glycosides are
predominantly the storage form of CKs (Hoyerova and HoSek, 2020; Lomin et al., 2015;
Sakakibara, 2021).

A specific conjugate of tZ called lupinic acid has been identified in the blue lupine (Lupinus
angustifolius). Lupinic acid contains an N-C bond between the N9 atom of tZ and the C3 atom of an
alanyl residue, representing a CK conjugate with an amino acid (MacLeod et al., 1975). It is likely
formed from tZ and O-acetylserine via a mechanism corresponding to that of cysteine synthase, but
the conformation of this reaction and the role of lupinic acid in CK homeostasis remain to be
explained (Entsch et al., 1983; Murakoshi et al., 1977; Wirtz and Hell, 2006).

2.3 Cytokinin Signalling Pathways

Being signalling molecules, CKs execute their physiological effects by binding to their
molecular receptors and triggering a signalling cascade, resulting in changes in gene expression.



The CK signalling cascade shares some features with the two-component system (TCS), the
predominant signalling pathway in bacteria (Zschiedrich et al., 2016). Akin to the TCS, CKs bind to
dimeric membrane-bound receptors from the HISTIDINE KINASE (HK) family. HKs interact with
CKs via the cyclases/histidine kinase-associated sensory extracellular (CHASE) domain located at
the exoplasmic side of the membrane (Anantharaman and Aravind, 2001; Mougel and Zhulin,
2001). CK binding to the CHASE domain results in phosphorylation of a conserved His residue and
subsequent relay of the phosphate group as follows: from the conserved His residue to an Asp
residue at the receiver domain of HK, then to a His residue of a HISTIDINE-CONTAINING
PHOSPHOTRANSFER PROTEIN (HP), and ultimately to an Asp residue of a RESPONSE
REGULATOR (RR), which effectuates the CK response (Argueso and Kieber, 2024; Heyl and
Schmiilling, 2003; Hutchison and Kieber, 2002; Kieber and Schaller, 2010).

In mouse-ear cress (Arabidopsis thaliana), the CK-binding HKs comprise AHK2 (from
Arabidopsis HK), AHK3, and AHK4 (Higuchi et al., 2004; Nishimura et al., 2004). Earlier reports
on the subcellular localization of CK receptors have shown that all three AHKs are mainly
associated with endomembranes (Caesar et al., 2011; Wulfetange et al., 2011). Later findings have
revealed that CK signalling mediated by AHK3 and AHK4 also occurs from the plasma membrane
and proposed dual-localization or cycling of CK receptors (Antoniadi et al., 2020; Kubiasova et al.,
2020; Ziircher et al., 2016). The three AHKs differ in their affinities for various CK nucleobases,
suggesting that their functions are not fully redundant (Lomin et al., 2015; Romanov et al., 2006;
Spichal et al., 2004; Stolz et al., 2011). Another member of the HK family, CY TOKININ-
INSENSITIVE 1 (CKI1), was initially identified as a putative CK receptor (Kakimoto, 1996), but
later studies have shown that CKI1 acts independently of CK dose (Hwang and Sheen, 2001;
Yamada et al., 2001). Nevertheless, CKI1 acts upstream of the TCS components and affects CK-
responding genes, indicating its involvement in CK signalling (Deng et al., 2010; Dobisova et al.,
2017; Hejatko et al., 2009).

A. thaliana possesses six HPs, denoted AHP1-6. Of these, AHP1-5 shuttle between the
cytoplasm and nucleus to mediate the phosphate transfer (Hradilova et al., 2007; Hutchison et al.,
2006; Punwani et al., 2010). AHP6 lacks the phosphotransfer-mediating His residue and cannot
propagate CK signalling. Instead, AHP6 acts as a CK signal repressor (Besnard et al., 2014;
Mihonen et al., 2006).

Most RRs fall into two main categories: type-A and type-B. Type-A RRs are negative
regulators of CK signalling. Their overexpression reduces plant sensitivity to exogenous CKs and
vice versa (Kiba et al., 2003; To et al., 2007, 2004). A. thaliana RR3 (ARR3), 4 and 9, all of which
are type-A ARRs, contribute to the regulation of the circadian rhythm (Ishida et al., 2008a; Salomé
et al., 2005; Zheng et al., 2006), and ARR4 further interacts with PHYTOCHROME B (PhyB), a
receptor for red light (Sweere et al., 2001), indicating links between the light and CK signalling
pathways. Type-B RRs are transcription factors that regulate the expression of CK-responding
genes (Argyros et al., 2008; Ishida et al., 2008b). The targets of type-B RRs include type-A RRs,
which means that the transcription of type-A RRs is positively regulated by CKs and that type-A
RRs mediate negative feedback to the CK signal (Hwang and Sheen, 2001; Kieber and Schaller,
2018; Sakai et al., 2001).

A minor group of RRs, called type-C RRs, comprise ARR22 and ARR?24 in A. thaliana.
Type-C ARRs do not possess a DNA-binding domain (thus do not act as transcription factors), and
their transcription does not respond to CK stimuli, which makes them distinct from their type-A and



B counterparts (Horak et al., 2008; Kang et al., 2013; Kiba et al., 2004; Pils and Heyl, 2009).
Alongside RRs, CK signal can be executed via CYTOKININ RESPONSE FACTORs (CRFs),
transcription factors that directly interact with HPs and regulate a range of CK-related physiological
responses (Cutcliffe et al., 2011; Raines et al., 2016; Rashotte et al., 2006; Zwack et al., 2016).

2.4 Metabolism of Cytokinins

To precisely regulate the output of CK signalling, plants modulate the availability of
biologically active CK nucleobases through enzyme-catalysed biochemical reactions (i.e. CK
metabolism) and carrier-mediated transport of CKs across biological membranes. CK metabolism
comprises the biosynthesis of CK nucleobases, their conjugations yielding inactive CK forms, CK
reactivation by the release of CK nucleobases from their conjugates, and irreversible CK
degradation.

Biosynthesis of isoprenoid CKs iP and tZ begins with a reaction catalysed by ADENYLATE
ISOPENTENYLTRANSFERASES (IPTs), in which adenosine diphosphate (ADP) or triphosphate
(ATP) reacts with dimethylallyl pyrophosphate (DMAPP), yielding nucleotides
isopentenyladenosine diphosphate (iPRDP) or isopentenyladenosine triphosphate (iPRTP),
respectively (Kakimoto, 2001; Takei et al., 2001a). iP nucleotides can be hydroxylated by
CYTOCHROME P450 MONOOXYGENASES (CYP) from the 85A subfamily, CYP85A1 and
CYP85A2, to produce the corresponding nucleotides of tZ, i.e. trans-zeatin riboside diphosphate
(tZRDP) or trans-zeatin riboside triphosphate (tZRTP). The reaction requires the reduced form of
nicotinamide adenine dinucleotide phosphate (NADPH) as the reducing agent (Takei et al., 2004b).
Considering the typical reaction mechanism of CYPs, the source of oxygen for the tZ ribotides is
likely a dioxygen molecule (Esteves et al., 2021; Meunier et al., 2004). The plant pathogen
Agrobacterium tumefaciens can synthesize tZ nucleotides directly from adenine species by an IPT-
catalysed reaction that uses 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (HMBDP) as a co-
substrate. Upon plant infection, A. tumefaciens activates this pathway in its host, which contributes
to the formation of tumours called crown galls (Astot et al., 2000; Sakakibara et al., 2005).

The iP and tZ nucleotides can be converted to the respective CK nucleobases in a reaction
catalysed by LONELY GUY (LOG) enzymes, which hydrolyse the N-glycosylic bond between the
nucleobase and the phosphorylated ribosyl moiety (Kurakawa et al., 2007; Kuroha et al., 2009).
Alternatively, iP and tZ ribosides can be hydrolysed to their respective ribosides,
isopentenyladenosine (iPR) and trans-zeatin riboside (tZR) (Chen and Kristopeit, 1981a), followed
by hydrolysis of the ribosides to the nucleobases (Chen and Kristopeit, 1981b). The latter reaction
can be catalysed by a cell wall-bound enzyme CYTOKININ/PURINE RIBOSIDE
NUCLEOSIDEASE 1 (CPN1) identified in rice (Oryza sativa) (Kojima et al., 2023) or nucleoside
hydrolases that primarily target inosine, uridine, and xanthosine but that recognize CK ribosides as
well (Kopecna et al., 2013). The enzyme or enzymes catalysing dephosphorylation of CK
nucleotides remain to be characterized.

Biosynthesis of cZ involves [PT-mediated prenylation of tRNA followed by its degradation
(Armstrong et al., 1969; Golovko et al., 2002). Of the nine IPTs of A. thaliana, AtIPT2 and 9
catalyse prenylation of tRNA, whereas the remaining isoforms catalyse the formation of iP
nucleotides (Kasahara et al., 2004; Miyawaki et al., 2006). An enzymatic extract from bean
(Phaseolus vulgaris) stimulated the conversion of tZ to cZ in the presence of flavin cofactors and
the light, suggesting that cZ is also formed by a putative cis-trans isomerase (Bassil et al., 1993).
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However, a later study showed that the light-dependent isomerization in the presence of flavin
mononucleotide (FMN) occurs non-enzymatically and that the observed enzyme activity might
stimulate FMN formation from flavin adenine dinucleotide (FAD) rather than the tZ-to-cZ
conversion itself (Hluska et al., 2017). Biosynthesis of DHZ might involve NADPH-dependent
reduction of tZ species catalysed by a putative zeatin reductase (Gaudinova et al., 2005; Martin et
al., 1989). However, the enzyme remains to be identified. The biosynthesis of aromatic CKs is
currently unknown.

CK nucleobases can undergo several types of conjugations producing biologically inactive
compounds. CK glycosylation is catalysed by UDP GLYCOSYLTRANSFERASES (UGTs). In A.
thaliana, N-glycosylated CKs are formed by AtUGT76C1 and AtUGT76C2, while O-glycosylated
CKs by AtUGT85A1 (Chen et al., 2021; Hou et al., 2004; Jin et al., 2013; Smehilova et al., 2016;
Wang et al., 2013, 2011). O-glycosyltransferases AtUGT73C1 and AtUGT73C2 have also been
shown to glycosylate CKs (Hou et al., 2004) but not as their preferred substrate (Chen et al., 2021;
Jin et al., 2013). O-glucosylated CKs can be hydrolysed back to CK nucleobases by [3-glucosidase
activity (Brzobohaty et al., 1993). Hydrolysis of N-glycosylated CKs has been reported too (HoSek
et al., 2020), but the details of this reaction remain to be explained.

Besides glycosylation, CK nucleobases can be converted to their biologically inactive
precursors. Enzymes from the ADENINE PHOSPHORIBOSYLTRANSFERASE (APT) family
catalyse the formation of CK nucleotides from the corresponding nucleobases, i.e. the opposite
reaction than LOGs (Allen et al., 2002; Zhang et al., 2013). Enzymes from the ADENOSINE
KINASE (ADK) family phosphorylate CK ribosides and produce nucleotides as well (Moffatt et al.,
2000; Schoor et al., 2011).

Another way of CK inactivation is their oxidative degradation, catalysed by CYTOKININ
DEHYDROGENASES (CKXs). The CKX reaction consists of two steps. First, the CK side chain
becomes oxidized and forms an intermediate with an additional double bond (Kopecny et al., 2016,
2008; Popelkova et al., 2006). The oxidizing agent in this step is FAD, which is covalently bound to
a conserved His residue (Frébortova et al., 2004; Malito et al., 2004). The oxidized intermediate
gets subsequently hydrolysed to adenine (or its conjugate such as adenosine) and an aldehyde
derived from the CK side chain (Brownlee et al., 1975; Hare and van Staden, 1994; Paces et al.,
1971). The net result of the CKX reaction is the cleavage of the bond between the N6 atom and the
side chain. CKXs cleave CK nucleobases, ribosides, nucleotides, and N9-glycosides derived from
tZ and iP but not DHZ or BA. Substrate preferences of various CKX isoforms vary (Galuszka et al.,
2007; Kowalska et al., 2010; Smehilova et al., 2009; Zalabék et al., 2014).

2.5 Membrane Transport of Cytokinins

Another factor affecting CK homeostasis is CK transport across biological membranes.
Membrane transport regulates CK distribution between the intracellular and extracellular space, as
well as CK compartmentalization within the cell. Like all substances, CKs can be transported via
simple diffusion, facilitated diffusion or active transport. In the case of simple diffusion, substances
physically pass through the lipid component of the membrane. Due to the hydrophobic nature of the
membrane interior, simple diffusion is restricted to small and non-polar molecules. Among CKs,
simple diffusion is mostly relevant to CK nucleobases. Facilitated diffusion and active transport
occur in the presence of a membrane-bound carrier. The two transport modes differ in their energy
requirements. Facilitated diffusion occurs in the direction that diminishes the concentration
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gradient, whereas active transport can increase this gradient thanks to coupling to another,
exergonic process, such as the hydrolysis of macroergic substances or balancing out the membrane
proton gradient (Nedvéd et al., 2021). The mode of transport mediated by a particular carrier can be
assessed from homology, responses to a change of pH or treatment with a protonophore such as
cyanide carbonyl-3-chlorohydrazone (CCCP) (Wormit et al., 2004).

CK-recognizing carriers comprise proteins from several families. PURINE PERMEASES
(PUPs) are a family of plant-specific transporters. They mainly transport purine nucleobases,
cytosine, and their derivatives, such as CKs or caffeine, but they show significantly lower affinities
for the corresponding ribosides (Biirkle et al., 2003; Cedzich et al., 2008; Gillissen et al., 2000; Hu
and Shani, 2023; Szydlowski et al., 2013). There is evidence of several PUPs being directly
involved in the regulation of CK-mediated physiological responses. In A. thaliana, AtPUP14 acts as
an importer of tZ from the extracellular space to the cytoplasm. The AtPUP14-mediated influx of tZ
makes tZ inaccessible for the CHASE domain of the plasma membrane-bound CK receptors, which
leads to a decrease in the CK signalling output. This AtPUP14 activity contributes to the
establishment of CK signalling gradients, which are necessary for proper embryonic development
(Ziircher et al., 2016). AtPUPS8 is a plasma membrane-localized carrier that mediates tZ efflux. Its
close relatives, AtPUP7 and AtPUP21, reside on the tonoplast and mediate tZ uptake from the
cytoplasm into the vacuole. Triple mutants atpup7,8,21 have smaller leaves and display reduced CK
signalling output in the shoot apical meristem (Hu et al., 2023). In rice, OsPUP4 (also known as Big
Grain3) transports CKs from apoplast to cytoplasm (Xiao et al., 2019), from where they can be
further transported to the endoplasmic reticulum via OsPUP7 (Qi and Xiong, 2013) and further
distributed in a cell-to-cell manner through plasmodesmata. OsPUP1 is a CK transporter localized
on the endoplasmic reticulum membrane of vascular cells, suggesting its involvement in the
symplastic unloading of CKs (Xiao et al., 2020). OsPUP11 can be translated from two transcripts
with distinct tissue-specific and subcellular localizations. Loss of OsPUP11 function alters the
expression of type-A RR genes in grains (Rong et al., 2024).

AZA-GUANINE RESISTANT (AZG) is a family of purine nucleobase transporters closely
related to the azgA permease from the fungus Aspergillus nidulans. In A. thaliana, this family
comprises two proteins, AtAZG1 and AtAZG2 (Mansfield et al., 2009). Both these proteins mediate
the uptake of tZ, BA, and kinetin into the cytoplasm (Tessi et al., 2023, 2020). Structural assessment
of AtAZG1 has further revealed that the protein adopts a homodimeric structure and that tZ, BA,
and kinetin bind at the same position as adenine (Xu et al., 2024). Both AtAZG1 and AtAZG2
regulate the lateral root emergency via CK uptake. Moreover, AtAZG1 stabilizes PIN-FORMED 1
(AtPIN1), an exporter of plant hormone auxin, and directly influences auxin-CK interactions during
the shaping of the root architecture (Marhavy et al., 2014; Tessi et al., 2023, 2020).

ATP-BINDING CASSETTE (ABC) is a large family of carriers. It is present in diverse
species and involved in the transport of a great variety of compounds. ABC proteins mediate
transport coupled to the ATP hydrolysis (Wilkens, 2015). Plants possess proteins from eukaryotic
ABC subfamilies A-G and also ABCIs, which are related to prokaryotic ABC subunits (Hwang et
al., 2016; Verrier et al., 2008). AtABCG14 exports CK nucleobases and ribosides from the
cytoplasm to the apoplast. Losing the transport activity of AtABCG14 causes CK accumulation in
roots and lowers CK concentrations in xylem sap, demonstrating the role of AtABCG14 in the
loading of CKs to the xylem and their subsequent root-to-shoot translocation (Ko et al., 2014;
Zhang et al., 2014; Zhao et al., 2023). Similar roles are played by AtABCG11 (Yang et al., 2022)
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and OsABCG18 in rice (Zhao et al., 2019). AtABCG11 and AtABCG14 can form heterodimers,
suggesting they might cooperate in CK transport (Le Hir et al., 2013). AtABCI19, AtABCI20, and
AtABCI21 are endoplasmic reticulum-localized proteins modulating CK-mediated responses, but
their involvement in CK transport remains to be shown (Hu and Shani, 2023; Kim et al., 2020).
MtABCG40 and MtABCG56 are CK transporters regulating root nodulation in barrel medic
(Medicago truncatula) (Jamruszka et al., 2024; Jarzyniak et al., 2021).

A member of the SUGARS WILL EVENTUALLY BE EXPORTED TRANSPORTER
(SWEET) family in barley (Hordeum vulgare), HvSWEET11b, transports CKs alongside sugars, the
typical substrate of SWEET proteins (Chen, 2014; Radchuk et al., 2023). HySWEET11b-mediated
CK transport is necessary for proper grain development (Radchuk et al., 2023).

The EQUILIBRATIVE NUCLEOSIDE TRANSPORTER (ENT) family comprise
nucleoside (i.e. ribosylated nucleobases) carriers that are widespread among all domains of life
(Boswell-Casteel and Hays, 2017; Girke et al., 2014; Li et al., 2003). In A. thaliana, loss of
AtENT3 and 8 reduces the uptake of ribosylated CKs by hypocotyl explants. The atent8 mutant is
also less sensitive towards exogenously applied iPR but not iP (Sun et al., 2005). AtENT3 further
contributes to the regulation of CK distribution between roots and shoots via CK retention in roots
(Korobova et al., 2021). AtENT6 (and to a lesser extent AtENT3 and 7) mediates adenosine uptake
that decreases in the presence of tZR and iPR (Hirose et al., 2008). Similarly, iPR inhibits adenosine
uptake mediated by OsENT2. OsENT?2 has also been directly shown to transport tZR and iPR
(Hirose et al., 2005).

2.6 Cytokinin Distribution in Plants and Long-Distance
Transport

CKs are present in both phloem and xylem, the vascular systems responsible for the
distribution of various substances among different tissues and organs. CKs transported through the
vasculature act as a long-distance signal and contribute to the coordination of diverse physiological
processes (Osugi et al., 2017; Sakakibara, 2021). While not further discussed in this text, it should
be noted that short-range (paracrine) CK signalling exists too (Faiss et al., 1997; Kurakawa et al.,
2007; Poitout et al., 2018; Werner and Schmiilling, 2009).

The CK contents in the phloem and xylem differ. The former contains mostly iP- and cZ-
derived species, with iPR, iPRMP, and cZR being the most abundant ones (Corbesier et al., 2003;
Hirose et al., 2008). In the xylem, the CK fraction mostly consists of tZR and tZ (Hirose et al.,
2008; Ko et al., 2014). The differential composition of CK fractions in the two vascular pathways is
consistent with the expression pattern of AtCYP735A2, which is predominantly localized in roots.
AtCYP735A1 is expressed in roots and flowers but to a lesser extent than AtCYP735A2 (Takei et al.,
2004b). Mutating both AtCYP735A genes shifts the composition of the CK fraction in the xylem
sap, roots, and shoots. In each of these plant parts, iP-derived CKs become the dominant CK type,
while the absolute CK amounts remain comparable with the wild type (Kiba et al., 2013; Ko et al.,
2014). The deficiency of tZ-type CKs results in a retardation of shoot growth, indicating that
hydroxylation of CKs in the xylem is a necessary feature of CK long-distance signalling (Kiba et
al., 2013). The diverse compositions of the CK fractions in the xylem and phloem could also be
related to the differential expression patterns of AtIPTs. Notably, AtIPT1 is expressed in the xylem-
surrounding procambium cells, AtIPT5 in the primary root columella, xylem-radius pericycle cells
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developing into root primordia and subsequently in the lateral root caps, whereas AtIPT3 is
expressed in the phloem and to a lesser extent in the root pericycle (Miyawaki et al., 2004). These
distributions indicate that CKs found in the phloem and xylem might be synthesized by different
IPT isoforms. Interestingly, AtIPT2 and 9 are expressed ubiquitously (Miyawaki et al., 2004),
suggesting that cZ-type CKs are synthesized throughout the whole plant, making them good
candidates for the mediators of short-range CK signalling.

The root-to-shoot flow of CK positively responds to the nitrate availability in the plant's
environment. Increased nitrate supply boosts CK concentration in the xylem sap (Takei et al.,
2001b) as well as the expression of AtIPT3, AtIPT5, AtCYP735A2, and AtABCG14 (Abualia et al.,
2022; Maeda et al., 2018; Ramireddy et al., 2014; Takei et al., 2004a). While AtIPT3 expression
increases as soon as one hour after the increase of nitrate supply, the increase in AtIPT5 expression
is only visible in long-term treatments (Takei et al., 2004a). Conversely, atipt3,5,7 and atabcg14
mutants cannot properly respond to an increase in nitrate supply (Poitout et al., 2018), indicating
that the tZ-type CKs travelling from roots to shoots carry the message about nitrate availability.
Transcription factors involved in the induction of the CK-related genes in response to nitrate
include NIN-LIKE PROTEIN 7 (NLP7) and NITRATE-INDUCIBLE GARP-TYPE
TRANSCRIPTIONAL REPRESSOR 1 (NIGT1) (Alvarez et al., 2020; Maeda et al., 2018;
Marchive et al., 2013). Nitrate-dependent AtIPT3 expression is also mediated by the NRT1/ PTR
FAMILY 6.3 (NPF6.3) protein, which functions as a nitrate transporter and sensor at the same time
(Krouk et al., 2010). AtIPT3 being downstream of NPF6.3 is consistent with the fast enhancement
of the AtIPT3 expression following the nitrate treatment (Abualia et al., 2023; Miyawaki et al.,
2004; Takei et al., 2004a; Wang et al., 2003). Interestingly, targets of NLP7 also include CK
transporters AtPUP14 and AtPUP18, whose roles in the response to nitrate remain to be explained
(Abualia et al., 2023).

CK distribution between roots and shoots also depends on the amount of available sugars
and the carbon dioxide concentration. A. thaliana plants grown in carbon dioxide-enriched
atmosphere accumulate CKs in shoots, which results in larger shoots. In the roots of such treated
plants, the expression of AtCYP735A2 and AtIPT3 increases, whereas the expression of AtIPT5
decreases in roots and shoots alike, possibly due to the negative regulation of AtIPT5 by CK (Kiba
et al., 2019; Miyawaki et al., 2004; Sakakibara, 2021).

CKs travelling from roots to the shoot apex activate WUSCHEL (WUS), the regulator of
stem cells of the shoot apical meristem (SAM) (Gordon et al., 2009; Lopes et al., 2021). WUS
expression and the associated phenotype (the meristem size and leaf emergency rate) in A. thaliana
respond positively to nitrate. In the atipt1,3,4,7 and atcyp735al,2 mutants, the meristem size
decreases compared to the control, but this phenotype can be rescued by grafting mutant scions onto
wild-type stocks, indicating that the SAM activity is regulated by root-borne tZ-type CKs (Landrein
et al., 2018). Of the two most abundant CK species in the xylem, tZR and tZ, only the former can
control SAM-associated physiological traits. Grafting the atlog1-7 mutant scion onto the wild-type
stock does not rescue the reduced meristem size, indicating that the root-borne CKs need to be
activated in the shoot apex by LOGs to properly induce WUS expression (Daviere and Achard,
2013; Osugi et al., 2017; Sakakibara, 2021). The cytoplasmic localization of the LOG enzymes
(Kuroha et al., 2009) implies that prior to its activation, the root-borne tZR has to be transported
from the apoplast into the cell by a membrane-bound carrier (or multiple carriers) recognizing
ribosylated CKs.
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3 Aims

CK distribution between roots and shoots is mediated by a complex network involving CK
transport across membranes and over long distances, CK metabolic conversions, and regulation of
these processes by external cues as well as interactions with other signalling pathways. CKs
travelling from roots to shoots are an indispensable marker of nutrient availability.

Since my arrival at the Institute of Experimental Botany, I have participated on several
projects focused on the transport and metabolic processes that participate on the regulation of CK
homeostasis. In one project, we have addressed the cellular uptake of CK ribosides. Ribosylated
CKs are the major CK form transported from roots to shoots, so it can be assumed that their uptake
from the xylem in the shoot is mediated by a system of membrane-bound carriers (Sakakibara,
2021). Good candidates for such transporters are members of the ENT family (Girke et al., 2014),
which has prompted us to systematically examine the transport activity of A. thaliana ENTs towards
CKs. In another project, we have addressed CKX activity that my colleagues had previously
detected in the xylem sap of oats (Avena sativa). The presence of a CK-degrading enzyme in the
xylem might be an important factor in the CK root-to-shoot flux, possibly contributing to a negative
feedback loop triggered by an increase of CK concentration in the xylem due to increased nitrate
supply. My aims in this thesis are:

1. To evaluate the kinetics of the cellular uptake of CK ribosides, characterize the CK transport
activity of AtENT3 (a representative of the A. thaliana ENTSs) in direct assays, and assess
the impact of the membrane transport of CK ribosides on shoot development.

2. To characterize CKX isoforms in oats and CKX activity in the oat xylem sap and to examine
whether this activity responds to increased nitrate supply.

These objectives represent unknown links in the working scheme of CK distribution between roots
and shoots (Figure 1).

v Figure 1: A schematic representation of CK distribution between roots and shoots in response
to nitrate supply. Carriers such as NPF6.3 transport nitrate from soil across the plasmatic
membrane (PM). The nitrate stimulates transcription factor NLP7, which upregulates CK
biosynthetic genes in roots, IPTs (catalysing formation of iP-type CKs) and CYP735A1, 2
(catalysing formation of tZ-type CKs). In addition, NLP7 stimulates NIGT1, a repressor of further
CK synthesis. Root-borne trans-zeatin riboside monophospahate (tZRMP) is activated by LOG
enzymes to tZ or dephosphorylated to tZR. Both tZ and tZR are exported into the xylem by
ABCG14 and can be re-uptaken by ENT3. In shoots, root-borne tZ and tZR (after being converted
to tZ) regulate leaf size through the CK signal cascade (denoted as the two-component system:
TCS). In the shoot apex, tZR is transported from the apoplast to the cytoplasm, then activated by
AK and LOG, and as tZ stimulates the expression of WUS, which regulates further physiological
traits, such as SAM size and leaf emergency rate. Non-ribosylated root-borne tZ cannot trigger
such response, presumably due to its degradation (depicted as three arrows in a circle) catalysed
by CKX in the apex area. In my thesis, I address the impact and possible identity of the
membrane-bound carrier responsible for the uptake of root-borne tZR from the apoplast and the
possible degradation of tZ throughout its entire travel from roots. Both these issues are marked
with a question mark (?). Adapted from (Abualia et al., 2023; Qi and Xiong, 2013; Sakakibara,
2021; Xiao et al., 2020).
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4 Results

4.1 Differential Subcellular Distribution of Cytokinins: How
Does Membrane Transport Fit into the Big Picture?

In this review article, my colleagues and I summarize the recent development in the research
of CK membrane transport in the context of chemical properties of the CK molecules and the
implications of the CK-specific membrane-bound carriers for CK homeostasis at the subcellular
level. We begin with an overview of the CK structural variety with respect to the N6 atom
substitution and the formation of CK conjugates. Next, we examine how chemical diversity affects
the hydrophobicity of CK molecules. Hydrophobicity is a physicochemical property that determines
how readily a molecule diffuses across the phospholipid bilayer and interacts with proteins. It
follows that CK species with different hydrophobicities should be recognized by different carriers
or bind to the same carrier with significantly different affinities. We present structure-based
predictions of CK hydrophobicities (in terms of their octanol-water partition coefficients) according
to Wildman and Crippen (1999) and predictions by Molinspiration Property Calculation Service
(https://www.molinspiration.com, last accessed on 11 June 2024) compared with elution times on a
high-performance liquid chromatography (HPLC) column publishes by Simura and colleagues
(2018). Both predictions show, among others, that the partition coefficients of iP and iPR are about
ten times greater than those of tZ and tZR, respectively, suggesting that plants might have different
carriers for iP- and tZ-type CKs (Figure 2 in the publication). Depiction of individual atoms to the
Wildman-Crippen partition coefficient estimates supports that the difference in hydrophobicities
between iP and tZ is due to the side chain compositions (Figure 3 in the publication).

We continue by summarizing the CK distribution between the intracellular and extracellular
spaces or among various cellular compartments since the concentration gradient of a molecule can
be a marker of its regulated membrane transport. We point out the predominantly extracellular
localization of tZ-type CKs, which is consistent with their occurrence in the xylem sap, and the
discrepancy between the cytoplasmic localization of CK-recognizing UGTs and the significant
extracellular concentration of CK glucosides, implying the existence of one or more transporters
recognizing CK glucosides. Next, we provide an overview of the basic kinetic and thermodynamic
aspects of membrane transport. Subsequently, we discuss these aspects in relation to the ENT and
PUP families, whose members are known or hinted to be involved in CK membrane transport, as
well as carriers that affect plant physiological responses by regulation of CK membrane transport:
AtPUP14, AtABCG14, AtAZG1 and AtAZG2. Based on the reviewed findings, we present an
exhaustive scheme of processes mediating the CK distribution at the cellular level and propose
additional transport processes that might connect existing CK pools in different compartments
(Figure 4 in the publication). The scheme includes an assumed influx of CK ribosides from the
extracellular space to the cytoplasm that I aim to characterize in this thesis.

Personal contribution: I contributed to the first manuscript draft, calculated the estimates
of the partition coefficients, and designed the figures.

17


https://www.molinspiration.com/

S International Journal of
Molecular Sciences

Review

Differential Subcellular Distribution of Cytokinins: How Does
Membrane Transport Fit into the Big Picture?

Daniel Nedvéd 120, Petr Hosek 100, Petr Klima 1*

check for

updates
Citation: Nedvéd, D.; Hosek, P;
Klima, P.; Hoyerova, K. Differential
Subcellular Distribution of
Cytokinins: How Does Membrane
Transport Fit into the Big Picture? Int.
J. Mol. Sci. 2021, 22, 3428. https://
doi.org/10.3390/ijms22073428

Academic Editor: Karen Skriver

Received: 4 January 2021
Accepted: 22 March 2021
Published: 26 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Klara Hoyerova *

The Czech Academy of Sciences, Institute of Experimental Botany, 165 02 Prague, Czech Republic;
dan@nedved.eu (D.N.); hosek@ueb.cas.cz (P.H.)

Department of Biochemistry, Faculty of Science, Charles University, 128 00 Prague, Czech Republic
Correspondence: klima@ueb.cas.cz (P.K.); hoyerova@ueb.cas.cz (K.H.)

Abstract: Cytokinins are a class of phytohormones, signalling molecules specific to plants. They act
as regulators of diverse physiological processes in complex signalling pathways. It is necessary for
plants to continuously regulate cytokinin distribution among different organs, tissues, cells, and com-
partments. Such regulatory mechanisms include cytokinin biosynthesis, metabolic conversions and
degradation, as well as cytokinin membrane transport. In our review, we aim to provide a thorough
picture of the latter. We begin by summarizing cytokinin structures and physicochemical properties.
Then, we revise the elementary thermodynamic and kinetic aspects of cytokinin membrane transport.
Next, we review which membrane-bound carrier proteins and protein families recognize cytokinins
as their substrates. Namely, we discuss the families of “equilibrative nucleoside transporters” and
“purine permeases”, which translocate diverse purine-related compounds, and proteins AtPUP14,
AtABCG14, AtAZG1, and AtAZG2, which are specific to cytokinins. We also address long-distance
cytokinin transport. Putting all these pieces together, we finally discuss cytokinin distribution as a
net result of these processes, diverse in their physicochemical nature but acting together to promote
plant fitness.

Keywords: cytokinin transport; membrane transport; ABCG14; PUP14; AZG1; AZG2; cytokinin
distribution; cytokinin hydrophobicity

1. Introduction

Cytokinins (CKs), a group of phytohormones, mediate sensitive and potent regulation
of wide variety of growth and developmental processes in plants [1,2]. To keep the CK
signal intensity at the desired level, plants need efficient mechanisms to regulate the
concentration of active CK forms at specific cellular sites. These mechanisms comprise
biochemical reactions (including both formation of biologically active CKs from their
precursors and their subsequent metabolic inactivation) and transport processes occurring
at biological membranes. Distribution of different enzymes involved in the former varies
throughout the subcellular compartments. This fact accounts for compartmentalization of
diverse CK species and their enzymatic reactions [3].

Biosynthesis of the most prominent CKs in plants begins with prenylation of adenosine
diphosphate (ADP) or triphosphate (ATP). This reaction is catalysed by ADP/ATP isopen-
tenyltransferases (ADP/ATP IPTs) [4,5]. The isoprenoid moiety can be hydroxylated by
specific cytochrome P450 (CYP) monooxygenases CYP735A1 and 2 [6]. Such intermediates
are converted to free CK bases, which can interact with CK receptors, triggering a cellular
response to the CK signal [7]. Chen and Kristopeit isolated purine-specific nucleotidases [8]
and nucleosidases, respectively [9]. These findings hint that CK activation could occur via
two subsequent reactions. Later, Kurakawa et al. discovered an enzyme family dubbed
“Lonely Guy” (LOG), the members of which are able to activate CKs on their own, i.e.,
with no other enzymes involved in the pathway [10]. Further research suggested that the
LOG-mediated CK activation pathway is dominant in plants [11,12].
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CKs in the form of free bases can be inactivated either by oxidative degradation or
via covalent conjugation with another low-molecular-weight compound, thus forming CK
derivatives. The former reaction is catalysed by CK oxidases/dehydrogenases (CKXs). CK
degradation yields adenine and an oxidized form of the corresponding side-chain. The
oxidative degradation of CKs is irreversible [13,14]. The most prominent CK conjugates
are those containing a glucose moiety, i.e., glucosides. Reactions converting free CK
bases to glucosides (or glycosylation reactions) are catalysed by UDP glycosyl transferases
(UGTs) [15]. While CK O-glucosides are readily converted back to free bases by a f3-
glucosidase [16], N-glycosylation is often considered irreversible. However, a recent work
published by Hosek et al. suggests otherwise [17]. Apart from CK nucleosides, nucleotides,
and glucosides, conjugates with disaccharides or amino acids have been described as
well [18].

Biologically active CKs trigger physiological plant responses through a series of
transcriptional events mediated via canonical two-component signalling system typi-
cally consisting of a sensory histidine kinase (HK) and response regulators (RRs). In
Arabidopsis, a multi-step phosphorelay system including CK receptors AHK2, AHKS3,
CRE1/AHK4/WOL1, histidine phosphotransfer proteins (AHP1-5 and AHP6 lacking His
residue), and type-A and type-B ARRs was described [2,19].

Indeed, the localization of CK perception system determines the sites of ignition of
CK signalling cascade once the active CK is present. However, there is a discrepancy con-
cerning the subcellular localization of the CK receptors as well as HK substrate preferences.
Initially, extracellular localization has been proposed for CRE1/AHK4/WOLI1 [20,21] and
AHKS3 [22]. On the other hand, later experiments have shown that fusion constructs of
these two AHKSs with green fluorescent protein (GFP) reporter reside mainly on the en-
doplasmic reticulum (ER) membrane [23,24]. The preferential role of ER-localized HKs
has been further supported [19,25]. However, recent studies clearly demonstrated that
Arabidopsis CK receptors localize to plasma membrane as well [26,27], supporting an earlier
hypothesis that depletion of CKs from apoplast dampens CK signalling output [28].

Furthermore, it was shown that AHK4 localization depends on the cell type [27]. It
might be expected that other, so far unknown factors affect CK receptor distribution too.
Considering that HKs substrate preference varies [29] it is hard to connect CK metabolism
and transport with direct signalling output.

CK membrane transport consists of several processes with diverse thermodynamic
and kinetic aspects, tightly linked to the chemical properties of individual CK species.
Recent findings also suggest particular roles of CK-specific membrane-bound carriers
during certain developmental events. This review aims to summarize the results of CK
transport research so far and to put them within a frame of basic physicochemical principles
of membrane transport mechanisms.

2. The Structural Variety of Naturally Occurring and Synthetic Cytokinins

Various mechanisms of CK transport closely tie to their structural and functional
diversity. Naturally occurring CKs can be characterized as derivatives of adenine. Their
molecules bear a side-chain moiety bound to the N6 atom (i.e., the primary amine group
of adenine). The composition and structure of the said side-chain play a pivotal role in
chemical diversity among major CKs (Figure 1). Regarding the general chemical character
of their side-chains, naturally occurring CKs can be further classified as isoprenoid or
aromatic [30,31].
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Figure 1. Structures of major cytokinins (CKs) in form of free bases (A) and different forms of trans-zeatin (B). Taken from [32];

tZR: trans-zeatin riboside; tZRMP: trans-zeatin riboside monophosphate; tZRDP: trans-zeatin riboside diphosphate; tZRTP:

trans-zeatin riboside triphosphate; tZOG: trans-zeatin O-glucoside; tZ7G: trans-zeatin N7 -glucoside; tZ9G: trans-zeatin

N?-glucoside. Remaining abbreviations are explained in the figure.

Isoprenoid CKs’ side-chain derives from a dimethylallyl moiety—a five-carbon atomic
group bearing a double bond. Dimethylallyl pyrophosphate is a common precursor of
isoprenoid CKs and secondary plant metabolites [33]. Isopentenyladenine (iP) contains
a dimethylallyl side-chain with no further modifications. Terminal hydroxylation of the
dimethylallyl side-chain yields zeatins. Due to the stereochemistry of double bonds, two
zeatin isomers exist—cis-zeatin (cZ) and trans-zeatin (tZ). Both these isomers occur in
plants. The relative amounts of cZ-type and tZ-type CKs vary throughout different plant
species and during different developmental stages within a plant’s lifetime [34]. Despite
their structural similarity, CK-specific enzymes and receptors can discriminate between the
two zeatin isomers [35].

Bassil et al. isolated an enzyme supposed to catalyse the cis-trans isomerization of
zeatin [36]. However, a later study published by Hluska et al. challenged this view. The
authors showed that no significant change of c¢Z to tZ ratio occurred in Arabidopsis plants
expressing the said enzyme. They suggested that the putative cis-trans isomerase actually
catalysed hydrolysis of flavin adenine dinucleotide (FAD) to flavin adenine mononu-
cleotide (FMN). FMN could be then readily excited by light and induce non-enzymatic
photoisomerization of zeatin [37].

Gajdosova et al. studied the cis-trans isomerization as a potential source of artefacts in
CK profiling. They have concluded that such a reaction in plant samples requires either
photochemical or thermal catalysis, due to its relatively high activation energy [34].

Until now the only source of cZ seems to be degraded tRNA as shown by Miyawaki
et al. Using ipt2ipt9 double mutant they demonstrated complete lack of cZ-type metabolites
in the mutant pointing at tRNA IPT as a key enzyme in c¢Z biosynthesis [38].

Another known type of isoprenoid CKs is dihydrozeatin (DHZ). Its side-chain is
hydroxylated, similarly to cZ or tZ, and fully saturated. Martin et al. purified a putative
zeatin reductase, supposed to produce DHZ by hydrogenation of zeatins [39]. The authors
observed DHZ formation in a mixture containing the isolated enzyme, radiolabelled tZ,
and nicotinamide adenine dinucleotide phosphate (NADPH). They saw no such reaction
with ¢Z, tZR, O-xylosyl zeatin or iP as substrates. Later, NADPH-dependent conversion of
cZ to DHZ was shown in pea leaf [40]. Recently, a correlation analysis of CK metabolites
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in potato suggested there might be interconversions between DHZ riboside and tZR with
possible involvement of cZ-type CKs [41].

The side-chains of naturally occurring aromatic CKs are based on a benzyl moi-
ety. The simplest aromatic CK, whose side-chain is not further modified, is called 6-
benzylaminopurine (BAP). BAP can be both prepared synthetically and isolated from
Arabidopsis and poplar [31,42]. Formal monohydroxylation of the aromatic ring at the
side-chain of BAP yields topolins. The monohydroxylation can occur at three sites, yielding
three possible topolin isomers, called ortho- (oT), meta- (mT), and para-topolin (pT). All three
topolins, as well as their metabolites, have been found in plants [31,43]. Methyl ethers of oT
(ortho-methoxytopolin—MeoT), mT (meta-methoxytopolin—MemT), and their respective
nucleosides were identified too [42]. Another class of aromatic CKs, 6-(3-methylpyrrol-
1-yl)purine (MPP) and its derivatives, has been identified as a metabolic product of tZ.
Formation of MPP has been observed in maize [44] as well as in cereal pathogen Fusar-
ium pseudograminearum [45]. Interestingly, chemical synthesis of MPP from tZR had been
already carried out years ago [46].

As pointed out by Hluska et al., the current knowledge of aromatic CK metabolism
is sparse [29]. Still, there have been few reports on aromatic CK glycosylation; BAP has
been N-glycosylated by UGT76C1 and 2 [15] and topolins have been O-glycosylated by
recombinant O-glucosyl transferases [47]. Oxidative cleavage of pT by several AtCKXs
has been observed too [48]. Biosynthesis of aromatic CKs remains unknown, with the
exception of MPP and its derivatives [44,45].

Some other naturally occurring CKs are synthesized not by plants themselves, but
rather by plant pathogens. These include various methylated, thiomethylated, and deoxyri-
bosylated variants of iP and zeatin-type CKs [49-52]. These compounds have been shown
to mimic physiological CK activity, effectively disrupting the hormonal balance in host
plants and facilitating the infection.

Kinetin is an example of a synthetic CK. It is a derivative of adenine, like its naturally
occurring counterparts. Its side-chain consists of an aromatic furan moiety linked to the N6
amino group via a methylene bridge. Another type of synthetic CKs comprises derivatives
of phenylurea, such as diphenylurea (DPU), N-(2-chloro-4-pyridyl)-N’-phenylurea (CPPU),
thidiazuron (TDZ), and its monohydroxylated derivatives [5,31,47]. Chemical synthesis is
also employed to produce novel CK derivatives [18,53].

3. Cytokinin Structures Affect Their Physical and Chemical Properties

Structures of CKs govern both their physicochemical and biological properties (such
as ability to trigger cellular response via CK signalling system). Different properties
of naturally occurring free CK bases can be accounted to the differences in their side-
chain compositions. Similarly, metabolites or precursors of a given free base vary in their
properties due to different moieties present in their molecules.

One of the important chemical features of CKs to be discussed is their hydropho-
bicity. This property can be characterized by octanol-water partition coefficient, P, or
its logarithm. Wildman and Crippen published a method to predict log(P) of a given
molecule by summing up individual contributions of all its atoms [54]. The value of each
contribution depends both on the atom type and its surroundings. To demonstrate this
prediction method, log(P) values of various CKs have been estimated and listed in Figure 2
(in comparison with another prediction method and retention times of internal HPLC CK
standards provided by Simura et al. in [55]). Additionally, individual atomic contributions
to the net log(P) values of selected CKs, evaluated according to Wildman and Crippen [54],
are depicted in Figure 3.
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Figure 2. Hydrophobicity of various cytokinin species (CK) has been predicted using cheminformatics
tools. In the second column, log(P) values are estimated according to [54]; this method yields log(P)
as a sum of individual Wildman-Crippen atomic contributions. Calculation of Wildman-Crippen
contributions has been done using RDKit: Open-source cheminformatics software (http://www.rdkit.
org, accessed on 4 January 2021). In the third column, log(P) values are estimated using a method
provided by Molinspiration Cheminformatics free web services (https://www.molinspiration.com,
accessed on 4 January 2021). To compare these predictions with actual experimental data, retention
times of internal standards for high-performance liquid chromatography (HPLC) separation of CKs
taken from [55] are given in the last column. For all three datasets, relative hydrophobicity range
is visualized using the colour scale given below the table. The colour range is normalized within
each column. Note that not all of the listed CKs were analysed in [55], as indicated by missing values
(“N/A”).
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Figure 3. For selected CKs, Wildman-Crippen contributions of individual atoms to the value of log(P) have been predicted
according to [54]. Gaussian distribution of the contributions have been visualized and juxtaposed with the corresponding
molecular structures. Negative contributions (which decrease the overall hydrophobicity of the molecule) are depicted
in shades of pink, while positive contributions (which increase the overall hydrophobicity) are depicted in shades of
green (refer to the colour-bar in the bottom right corner of the figure). Increments of Wildman-Crippen contribution
levels are also expressed by solid (above zero levels) and dashed contours (below zero levels). For each molecule, the
Wildman-Crippen value of log(P) is given in the parentheses. Note that contributions of hydrogen atoms, which have
been included in predicting total log(P) values, are not shown. Calculation and visualization of the Wildman-Crippen
contributions have been performed using RDKit: Open-source cheminformatics software (http://www.rdkit.org, accessed
on 4 January 2021). Ade: adenine; iP: isopentenyl adenine; tZ: trans-zeatin; tZR: trans-zeatin riboside; tZRMP: trans-zeatin
riboside monophosphate; tZ9G: trans-zeatin N”-glucoside; BAP: 6-benzylaminopurine; oT: ortho-topolin; P—octanol-water

partition coefficient.

60f23

Molecular hydrophobicity governs, for instance, the kinetics of diffusion across bio-
logical membranes, which is one of the basic mechanisms of cellular transport. Further-
more, hydrophobic interactions play their part in interactions between low-molecular
substances (such as CKs) and proteins (including CK-specific receptors, transporters, and
enzymes) [56]. Naturally occurring CKs possess relatively hydrophobic side-chains, which
has proved useful for CK isolation from plant material by solid-phase extraction (SPE) and
their further analysis by HPLC [55,57-59].

Several observations can be made considering Figure 2 data. For instance, while both
prediction methods agree that hydrophobicities of tZ and cZ should be equal, the HPLC
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data show that tZ is eluted slightly earlier, suggesting that other molecular properties,
such as double bond stereochemistry, could also play their roles in the interaction between
analytes and HPLC columns. However, this effect is observed only for free zeatin bases
and not the other forms. One can also notice that while Wildman-Crippen method predicts
all free topolin bases to be of equal hydrophobicity, the Molinspiration model considers oT
slightly more hydrophobic than the other two, which better corresponds to the HPLC data.

Both predictions generally consider CK glucosides less hydrophobic than the corre-
sponding ribosides and the ribosides less hydrophobic than the corresponding free bases.
This pattern suggests that discrimination among free CK bases, ribosides or glucosides
observed for some membrane-bound transporters [28,60-62], enzymes [15,48] or CK recep-
tors [63—65] could be at least partly caused by the differences in substrate hydrophobicity.
Interestingly, in the HPLC data, zeatin-type ribosides are shown to be more hydrophobic
than both free bases and glucosides.

Aromatic and iP-type CKs are shown to be more hydrophobic than their zeatin-
type counterparts in both predictions and HPLC data. Following the idea presented
in the previous paragraph, this hydrophobicity differences might be an explanation for
different apparent affinities towards zeatin-type and iP-type substrates observed for some
membrane-bound transporters [61,66-68], enzymes [15,48] or CK receptors [47,64].

CKs can also act as acids or bases, undergoing deprotonation or protonation in various
pH. The N6 amino group, which binds the specific side-chains, is mostly protonated at
pH < 3, bearing a positive charge. The N9 imine group can be deprotonated at pH > 11,
becoming negatively charged. Similarly, the 2’-hydroxyl groups present on ribosyl moieties
in CK nucleosides and nucleotides become mostly deprotonated at pH > 12. The phosphate
group of CK nucleotides is neutral at pH < 1, once deprotonated at pH < 6, and twice
deprotonated at pH < 12 [69].

Most of these proton transfer reactions occur at non-physiological pH values, which
makes them irrelevant to CK transport processes. Still, CK nucleotides remain negatively
charged at neutral pH, which effectively disables their diffusion across biological mem-
branes under physiological conditions.

4. Cytokinin Content Varies in Different Subcellular Compartments

Differential distribution of CKs affects their transport, as both its thermodynamics
and kinetics depend on CK concentration in various cellular compartments, as well as in
the apoplast. Conversely, knowledge of CK subcellular localization can help to decide
whether CK transport is expected to be involved in specific situations as a regulatory
process. Important findings in this field, as well as the methodology of CK subcellular
fractionation are reviewed in [3].

A comprehensive study of CK distribution in Arabidopsis (a dicot) and barley (a
monocot) leaf cells was carried out by Jiskrova et al. [70]. In Arabidopsis, tZ was mostly
extracellular, with a small fraction localized in cytoplasm, similarly to tZR and tZ-type
glucosides; tZRMP was found in the cytoplasm as well. iP and iPR were predominantly
localized in the cytoplasm, while most of iPRMP was found in the extracellular space.
The iP-type glucosides were found in both the extracellular space and vacuoles. cZ was
extracellular, cZR intracellular, cZRMP was found in both extracellular space and cyto-
plasm, and cZ-type glucosides were localized in the extracellular space and vacuoles. Of
DHZ-type CKs, only DHZ7G was detected in a significant amount; it was localized in the
extracellular space and vacuoles. In barley, apoplast was dominated by tZ9G and ¢ZOG
with a noticeable presence of the active bases iP and tZ as well as iPRMP. In contrast to
Arabidopsis, vacuolar content was enriched in iP and cytoplasmic content in iPR. cZ forms
made up for over 60% of both the cytoplasmic and the vacuolar cytokinins content in
barley [70].

The extracellular localization of tZR reported by Jiskrova et al. [70] is in agreement
with results of CK profiling in xylem sap, where tZR was the major CK species [67,71-73].
In phloem sap, iP-type nucleosides and nucleotides were the dominant species [67,74]. A
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notable spatial discrepancy appears to exist between the reported extracellular localization
of CK glucosides [70] and the described cytoplasmic localization of CK-specific glycosyl
transferases [75,76].

In chloroplasts from tobacco and wheat, a wide range of CKs has been detected. The
results of CK profiling varied in samples collected at the end of light and dark periods,
both in the total CK amount and in the composition of the CK fraction. Notably, dark-
treated chloroplasts contained much larger amounts of CK glucosides, compared to their
light-treated counterparts [77].

Another CK content analysis has been carried out in Arabidopsis root cell protoplast, as
well as in apoplastic and symplastic fractions. Interestingly, CK glucosides have been found
in high abundance in both symplastic fraction and protoplast. On the other hand, free
bases and ribosides were more or less equally abundant in both symplastic and apoplastic
fractions [26].

Until now endogenous cytokinin compartmentalization is still far from being unified.
The development of more sensitive analytical methods as well as cell and organelle sort-
ing [78] should lead to more precise determination of minute amounts of CK derivatives
within the cell compartments.

5. Cytokinin Transport at the Cellular Level Occurs via Thermodynamically and
Kinetically Diverse Processes

Compounds moving between apoplast and cytoplasm, two cells, or different com-
partments at the subcellular level have to cross biological membranes. These membranes
consist of an amphiphilic lipid bilayer and many proteins varying in size, shape, and
function.

The means of transport across the biological membrane comprise simple diffusion,
facilitated diffusion, primary, and secondary active transport. In this part, we summarize
these processes, their basic mathematical description, and discuss them in terms of CK
cellular transport.

From the thermodynamic point of view, membrane transport processes can be classi-
fied as either passive, if they can occur spontaneously, or active, if they require an external
energy source. At a constant temperature and pressure, the energy balance of a transport
process can be quantified using Gibb’s free energy, AG. For a transport process between
two compartments, AG can be expressed as:

AG = RTIn<t 4 zFV 1)

Cs

Here, R is the universal gas constant (approx. 8.3145] x K~! x mol~1), T is thermo-
dynamic temperature, ¢; and c; are concentrations of the transported compound in the
source and the target compartment, respectively, z is the charge number of the compound,
F is the Faraday constant (approx. 96,485 C x mol~!), and V is the voltage between the
two compartments. Translocation processes characterized by negative AG can occur via
passive routes, whereas those characterized with positive AG are realized by means of
active transport. The latter utilizes energy provided by an exergonic process. According to
the type of this process, active transport is further classified as primary or secondary.

The primary active transport is directly coupled to the hydrolysis of adenosine triphos-
phate (ATP). Both the hydrolysis and the translocation are catalysed by multi-domain
membrane carriers belonging to the “ATP-Binding Cassette” (ABC) family. A typical ABC
protein is composed of two nucleotide-binding domains (NBDs) and two transmembrane
domains (TMDs). Some ABCs are expressed as either homodimers or heterodimers, with
each protomer containing one NBD and one TMD [79]. In plants, ABCs are further di-
vided into eight subfamilies (ABCA—ABCG and ABCI). They recognize a wide range of
substrates, including some phytohormones [80].

The secondary active transport employed by most members of plant ENT and PUP
families utilizes energy gained from passive translocation of another substrate [81]. Both
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substrates are transported by the same carrier. In plants, the secondary active transport
is often linked to the proton gradient, which can be also expressed as a difference of pH
between two compartments.

While the thermodynamics help us to discuss the energy balance, it does not tell
us how fast the transport processes occur. To access this kind of information, we need
kinetic equations describing the transport flux and/or the resulting temporal changes in
the concentrations of the transported substances. Passive transport occurs via simple or
facilitated diffusion. The latter is mediated by membrane-bound carriers, which results in
different kinetic descriptions of the two diffusion types. Active transport always requires
the membrane carries, and therefore it shares its kinetic characteristics with facilitated
diffusion. However, the thermodynamic difference remains—facilitated diffusion, a passive
process, cannot occur if AG is positive.

The kinetics of simple diffusion is described by classical Fick’s laws [82]. The first law

N
describes the relationship between the diffusion flux, |, and the concentration gradient,
Vec. It states that:

7 = —DVe @)

where D is the mass diffusivity, a parameter depending on both environment and the
properties of the transported substance. Note that V (pronounced “nabla”) is a vector of
partial derivatives with respect to all three spatial coordinates, denoted as x, y, and z:

0 9 0
In other words, the diffusion flux is proportional to the concentration gradient and

it occurs in the opposite direction. Considering a system, where c changes only due to
diffusion, Fick’s first law can be used to derive the temporal change of concentration as:

dc

— =DV? 4
5 — DPVe 4)
where t is the time. This is a formulation of Fick’s second law. The square of V, or the

Laplace operator, can be expressed as:

R . o

2_ 2 4 - 47
v _8x2+8y2+822

®)

Models based on simple diffusion and Fick’s laws have been used to describe short-
distance apoplastic movements and membrane transport of various plant hormones, in-
cluding CKs [83-85]. Simple diffusion across biological membranes is generally allowed
to small, hydrophobic, and non-charged molecules. In Figure 2, hydrophobicity of some
CKs is predicted in terms of log(P), which the molecular affinity towards hydrophobic and
hydrophilic environments. CKs able to readily diffuse through the biological membrane
should have relatively high log(P) to be able to pass through its lipid core. Considering
both Figure 2 predictions, log(P) of free CK bases ranges from approximately 0.7 to 2.0; in
other words, their affinities to hydrophobic environments are predicted to be 5 to 100 times
higher in comparison with the hydrophilic ones. Therefore, it is worth considering that
free CK bases are able to cross biological membranes, unless proved otherwise. Other data
from Figure 2 (both Molinspiration prediction and HPLC internal standard elution times)
suggest that simple diffusion might be relevant for topolin ribosides as well.

As discussed by Radhika et al., plant pathogen Rhodococcus fascians produces mono-
and dimethylated derivatives of iP which are fairly hydrophobic, and therefore easily
diffuse through membranes, facilitating the bacterial infection [51]. In Figure 2, both these
derivatives are predicted to be more hydrophobic than the free CK bases produced by
plants.
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Weak acids and bases may cross the membrane only non-dissociated. The dissociation
equilibrium of a weak acid or base is characterized by a certain value of pK4. The ratio
between concentrations of the dissociated, c(A ™), and non-dissociated form of the given
compound, c(HA), can be written using one of the Henderson-Hasselbalch equations:

-
logcc((H A)) = pH — pKa ©6)

While this equilibrium does not play a significant role in regulating CK transport, it is
crucial for the polar distribution of auxins, weakly acidic phytohormones. As reviewed by
Zazimalova et al. [86], a significant portion of auxin molecules is protonated in the apoplast,
due to its mildly acidic pH (5.5). In such form, it readily diffuses to the cytoplasm, which is
rather neutral (7.0). There, the transported molecules deprotonate, becoming negatively
charged and therefore trapped within the cells.

Kramer modelled the apoplastic diffusion of several weakly acidic phytohormones:
auxin, abscisic acid, and gibberellins [87]. In this model, the weak acid travels through the
apoplast in one direction from the transmitter cell to the receiver one. A portion of the
protonated acid molecules is continuously trapped by surrounding sink cells. Each weak
acid can be characterized by its decay length, Ly, indicating how far it can travel before its
apoplastic concentration decreases to 10% of its initial value. The decay length is defined

as:
VDh
Lapo =~ 1.63~— @)

Pers

where } is the width of the apoplastic route, and P, is effective permeability of the sink
cell membranes, depending on the dissociation constant of the given weak acid. The
dissociation constant determines the rate of constant depletion of the travelling weak
acid molecules from the apoplast, which is required in the model. In contrast to the
acids, CK dissociation is not a relevant source of this behaviour and CK diffusion from
the cytoplasm back to apoplast cannot be ruled out. However, a similar model could
be derived, based, for example, on continuous cleavage of CK molecules by apoplastic
CKXs [48]. CK degradation rate could be therefore implemented in a similar fashion, with
consideration of CKX apoplastic distribution.

Facilitated diffusion is mediated by membrane-bound carriers, such as AtENT7 in
the case of CK transport [81,88]. The thermodynamics remains the same as in the case of
the simple diffusion (i.e., passive transport). However, a different kind of kinetic model is
required to characterize this process. Carrier-mediated transport, including both facilitated
diffusion and active transport, can be described using Michaelis-Menten kinetics [89]
(English translation and additional commentary provided by Johnson and Goody in [90]).
This model expresses the relationship between the transport rate, v, and the concentration
of the transported compound, or the substrate, as:

0 — Vinaxc
Ky +c

®)

where V4 is the limit rate (achieved at complete saturation of the given membrane carrier)
and Kj is the substrate concentration at which the transport rate is equal to half V;ay (Kt
therefore characterize the affinity of the carrier toward the substrate). In the presence of a
competitive inhibitor, which binds to the same site of the carrier as the substrate does, the
kinetic equation expands into:

0= Vmax— (9)

where ¢; is the inhibitor concentration and Kj is the dissociation constant of inhibitor-
enzyme complex.
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Carrier-mediated transport can be approximated with first-order kinetics if the sub-
strate concentration is relatively low, simplifying Michaelis-Menten equation as follows:

Vmax
~N 11
¢ Km ¢ ()

The ratio of ‘%&x is equivalent to the first-order rate constant and it can be also
interpreted as membrane permeability. More complex models of hormonal homeostasis
may express membrane transport with first-order kinetics, considering the requirement of
low substrate concentration fulfilled [83,84,87].

On the other side of the concentration range, i.e., when the substrate concentration
permanently remains at levels corresponding to practical saturation of the carrier, the
transport kinetics become independent of it. In such situation, the Michaelis-Menten
equation simplifies to:

c>»Ky=Ky+cecrc (12)

0~ Viax (13)

This is an example of zero-order kinetics.

6. Equilibrative Nucleoside Transporters Mediate Proton-Dependent Transport of
Cytokinin Ribosides

CKs (and some other derivatives of adenine) are recognized as non-specific substrates
by some membrane-bound transporters of nitrogenous bases and nucleosides. One family
of such carriers is called the “Equilibrative Nucleoside Transporters” (ENTs). As the name
suggests, ENTs recognize various nucleosides [81]. ENTs are present within genomes of
most eukaryotes. In plants, they were identified for the first time thanks to the homology
with their human counterparts [81,91,92].

In the Arabidopsis genome, eight ENT genes have been predicted. Five of them
(AtENTI, 3, 4, 6, and 7) have been characterized in terms of their products’ substrate
specificities and transport mechanisms [62,67,81,88,91-96]. In addition, three function
products of ENT genes found in rice (Oryza sativa) were biochemically characterized [66].

Most plant ENTs mediate secondary active transport coupled to the proton gradi-
ent [81]. This fact was confirmed in several studies, in which dependence of the ENT
activity on pH was studied [88,94,96]. In other studies, effects of protonophores, which
erase the proton gradient and disable proton-dependent membrane transport processes
were examined [88,92]. Examples of such protonophores include carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) or 2,4-dinitrophenol (DNP). However, AtENT7 did not
respond to either a change of pH or application of a protonophore [88,94]. Therefore, ENT7
likely mediates facilitated diffusion, rather than secondary active transport, remaining
true to the “equilibrative” part of its name. Analogously, the best-characterized human
ENTs, hENT1 and 2, mediate facilitated diffusion as well. However, two other hENTs are
suggested to mediate secondary active transport, possibly coupled to the proton gradi-
ent [97,98].

AtENT1 was the first identified plant ENT. It was shown to recognize common nu-
cleosides, except for uridine, while the corresponding free bases were not recognized
as substrates at all [91,92]. AtENT1 localizes to both plasma membrane and tonoplast,
mediating the release of nucleosides and RNA breakdown products from vacuole to cyto-
plasm. Therefore, AtENT1 could contribute to the CK homeostasis by providing adenosine
for cytosolic CK biosynthetic pathways [93]. However, atent] mutation did not produce
any significant change of either CK response or CK uptake by Arabidopsis hypocotyl ex-
plants [62].

In contrast, the atent3 loss-of-function mutation led to a decrease in the accumulation
of tZR and iPR in Arabidopsis hypocotyl explants. The accumulation of the corresponding
free bases remained unchanged [62]. In another experiment, AtENT3 was expressed in yeast
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cells accumulating adenosine. Upon addition of either tZR or iPR, only a weak decrease of
adenosine uptake was observed [67]. Similar results were obtained for AtENT7. On the
contrary, in yeast cells expressing AtENT6, significant inhibition of adenosine uptake by
iPR was observed, while inhibition by tZR was comparable to that in yeast cells expressing
AtENT3 and 7 [67]. The authors suggest that AtENT6 may be involved in tZR and iPR
compartmentalization. Both AtENT3 and 6 are localized to plasma membrane [88,95].

AtENTS was originally identified as a suppressor of AtIPT8. Subsequently, it was
found that the atent8 loss-of-function mutation reduces plants’ sensitivity towards exoge-
nously supplied CK ribosides, while the sensitivity towards the corresponding free bases
remains unchanged. Uptake of iPR by afent8 hypocotyl explants also decreased (although
tZR uptake was not altered). Conversely, upon over-expression of AtENTS, sensitivity of
plants towards exogenous CK ribosides (but not free bases) was increased [62].

Expression patterns of AtENTS in five organs (root, stem, leaf, flower, and silique) were
examined by [95]. The expression pattern of AtENTS8 throughout various developmental
stages was later studied in greater detail [62]. The expression of AtENT6 was further
found to be confined to the vasculature, suggesting a possible involvement of AtENT6
in long-distance nucleoside transport [67]. Expression patterns of ENTs relevant to CK
transport are summarized in Table S1.

OsENT?2 from rice was implied to act as a CK transporter as well. When expressed in
yeast cells accumulating adenosine, a drop in adenosine uptake was observed in presence
of iPR (but not in presence of tZR). Similarly to most AtENTs, OsENT2-mediated adenosine
uptake depends on pH and is partially hindered by CCCP. Direct uptake of tZR and iPR
in transgenic yeast cells was also observed. The affinity of OsENT2 towards tZR was
significantly lower than towards iPR. OsENT?2 is expressed mainly in roots and to a lesser
extent in stems and leaf sheaths [66].

7. Purine Permeases Are Involved in Proton-Dependent Transport of Free Cytokinin
Bases

Another protein family contributing to the CK membrane transport is that of “Purine
Permeases” (PUPs). Most PUPs recognizing CKs are non-specific, similarly to the ENTs
discussed above. However, unlike ENTs, PUPs recognize their substrates in the form
of free bases, as reviewed in [81]. Hildreth et al. used bioinformatics search tools to
predict PUPs to be only found in vascular plants [99]. In the Arabidopsis genome, 23 PUP
genes have been found, though only a few of them have been isolated and biochemically
characterized [28,60,61,81,100-102]. Thirteen other PUPs have been found in rice [68] and
two in tobacco (Nicotiana tabacum) [99].

The first discovered PUP was AtPUP1. It was identified via complementation of
a yeast mutant deficient in adenine uptake. The AtPUP1-mediated uptake of adenine
was hindered upon addition of cytosine, hypoxanthine, nicotine, caffeine, and also two
CKs—Xkinetin and tZ. Corresponding nucleosides and nucleotides were not recognized
as AtPUP1 substrates. The inhibition of adenine uptake by both CKs was shown to be
competitive. The adenine and cytosine uptakes were dependent on pH and sensitive to
the use of protonophores [60]. Based on its function and expression pattern (summarized
in Table S1), the authors suggest that the role of AtPUP1 is to import various substrates,
such as nucleobases or CKs, from xylem to shoot tissues. Biirkle et al. conducted direct
measurements of tZ uptake in yeast cells expressing AtPUP1, confirming that AtPUP1 acts
as a CK transporter. Furthermore, they found that iP is another substrate of AtPUP1 [61].
Szydlowski et al. showed that AtPUP1 is also involved in the uptake of pyridoxine (vitamin
B6), which can be inhibited, among others, by tZ. They also traced AtPUP1 subcellular
localization to the plasma membrane [103].

Similar experiments were carried out on AtPUP2. When expressed in yeast cells,
AtPUP2 mediated proton-dependent adenine uptake inhibited by iP, kinetin, BAP, and to a
lesser extent by tZ and cZ. The adenine uptake obeyed Michaelis-Menten kinetics, but its
rate was significantly lower than upon expression of AtPUP1. Expression of AtPUP2 did
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not complement mutant yeast deficient in adenine uptake. In contrast, AtPUP3 did not
display any transport activity at all [61].

Three PUPs have been suggested to be involved in CK transport in rice: OsPUP1, 4,
and 7. OsPUP1 and 7 localize to ER and OsPUP4 to plasma membrane [68,104,105].

OsPUP1 overexpression in rice plants led to a decrease of tZ, tZR, iP, and DHZ
concentrations in shoots; while tZR concentration decreased in roots as well, those of c¢Z,
¢ZR, and DHZR increased. In panicles, iP, iPR, and cZR concentrations decreased, while
those DHZ and DHZR increased. These findings hinted that OsPUP1 overexpression
impairs root-to-shoot CK translocation, which was further confirmed by showing that
treating overexpressor roots with endogenous CKs triggers much less pronounced response
in shoots that in the wild type. Interestingly, ospupl mutants exhibited no significant
differences from the wild type, suggesting redundancy among the OsPUP genes [105].

OsPUP4 was identified as a gene responsible for bg3-D (“big grain”) phenotype. As
the name implies, the phenotype includes larger grains but also taller shoots, shorter roots,
and longer leaves in mature plants. The bg3-D phenotype corresponded to that caused by
OsPUP4 overexpression. OsPUP4 expression was reduced by exogenous application of
BAP, iP, tZ, and cZ, hinting that the gene is involved in modulating response to CK signal.
CK profiling in bg3-D plants revealed that iP content decreased in shoots but increased
in roots, while cZ and tZ increased in both parts of the plant, suggesting that OsPUP4
is involved in shoot-to-root translocation of iP. This was further confirmed by showing
that bg3-D plants are more sensitive to exogenous application of CKs to shoots than wild
type [104].

The ospup7 mutant displayed several phenotype alterations, which were explained as
results of CK transport impairment and accumulation of CKs in their source organs. Higher
amounts of iP and iPR were found in the mutant plants, while the content of tZ-type CKs
remained the same as in the wild type. Expression of OsPUP7 in yeast led to phenotype
rescue of mutants deficient in caffeine uptake [68].

In tobacco, PUP-like transporters NUP1 and 2 (“Nicotine Uptake Permease”) were
identified thanks to their similarity to AtPUP1. NUP1 was expressed in yeast cells and
characterized as a nicotine-specific transporter. Addition of kinetin did not inhibit the
nicotine uptake. NUP1 was found to be expressed mostly in root tips and localized to the
plasma membrane. While its sensitivity to protonophores was not studied, it was assumed
that NUP1 mediates secondary active transport coupled to the proton gradient, based on
its homology with AtPUP1 [99].

8. Recent Findings Suggest That Proteins AtPUP14, AtABCG14, AtAZG1, and
AtAZG2 Are Cytokinin-Specific Transporters with an Important Role in Cytokinin
Signalization

All the transporters discussed so far have been non-specific to CKs, meaning that
they recognize a wider range of substrates and their exact involvement in CK-mediated
processes remains unclear. However, the transport activities of four proteins—AtPUP14,
AtABCG14, AtAZG1, and AtAZG2—are linked to distinct features of CK physiology.
This fact suggests that CK transport and distribution is an important part of the complex
hormonal network in plants.

The role of AtPUP14 was identified by Ziircher et al. [28]. They used CK-specific
reporter TCSn::GFP (Two Component Signalling Sensor new::Green Fluorescent Protein)
developed earlier [106] to find out that prospective cotyledons in Arabidopsis embryos did
not respond to CK signal, even though CK receptors were actively expressed there. These
results led to a hypothesis that members of the PUP family may be involved in precise CK
distribution, thus regulating the CK signalization by limiting the availability of biologically
active CKs at specific sites. AtPUP14 turned out to be the aptest candidate for such task,
given its ubiquitous expression [28,100].

Introduction of AtPUP14-targeting artificial microRNA (amiRPUP14) caused ectopic
CK signalization in Arabidopsis plants, which manifested in several phenotype alterations,
such as lateral root suppression or increase in shoot branching. Conversely, inducible
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expression of AtPUP14 in Arabidopsis embryos reduced endogenous CK response and
promoted morphological defects in embryo roots. Visualizing AtPUP14 and TSCn::GFP
expression produced complementary patterns. All these results suggest that AtPUP14
down-regulates CK signalling [28].

Uptake assays in mesophyll protoplasts and tobacco microsomes were used to study
the biochemical properties of AtPUP14. Transient expression of AtPUP14 led to an increase
in tZ uptake and its rate turned out to be dependent on ATP. Contrarily, tZ uptake in
amiRPUP14 seedlings was hindered. AtPUP14-mediated tZ uptake was inhibited by iP,
BAP, and adenine, but not by tZR. Further experiments showed that AtPUP14 is localized
to the plasma membrane [28].

The role of another CK-specific transporter, AtABCG14, was reported by two groups
within one year. Ko et al. identified AtABCG14 as a transporter potentially involved in
root-to-shoot communication via CK transport, given its co-localization with IPTs. Several
experiments conducted on atabcg14 mutants confirmed this hypothesis. Mutant plants
displayed growth retardation, which has been rescued by applying exogenous tZ. Mutant
shoots also contained less tZ-type CKs than those of the wild type. Grafting atabcg14 shoots
on wild type roots rescued their phenotype while grafting wild type shoots on atabcg14
roots had no effect. All these results suggest that AtABCG14 is involved in root-to-shoot
CK translocation. The authors also tried to study direct CK uptake in yeast cells expressing
AtABCG14, but they could not detect any transport activity. They hypothesized that the
reason for the negative result could be a heterodimeric quaternary structure of biologically
active AtABCG14 [107]. As reviewed by Kang et al., some ABC transporters are indeed
composed of two different protomers [80]. Le Hir et al. had also shown that AtABCG14
forms heterodimers with AtABCG11, rather than homodimers [108]. However, Ko et al.
pointed out that the expression of AtABCG11 in roots is low, which makes the involvement
of said heterodimer in CK shoot-to-root transport unlikely. They tried to identify putative
AtABCGI14 dimerization partners by scanning the remaining afabcg single-gene mutants,
but none of them displayed a phenotype similar to that of atabcg14 [107].

At the same time, Zhang et al. were systematically studying the AtABCG subfamily.
Similarly, to the authors of the previous study, they noticed that atabcg14 mutants had a
characteristic phenotype, which manifested as CK deficiency in shoots and an increase
in CK concentration in roots. Expressing a CK signal reporter in Arabidopsis seedlings
confirmed that in afabcg14, most CKs accumulated in roots. Conversely, CK concentration
in atabcg14 cotyledons remained lower than in the wild type. Feeding both wild-type
and atabcg14 seedlings with radiolabelled tZ-type CKs yielded the same results [109]. Put
together, these results show that AtABCG14 contributes to the long-distance CK transport
by exporting tZ-type CKs from roots to xylem. As proved in both works, the loss of its
function leads to significant changes in CK distribution [107,109].

In rice, OsABCGI18 is the closest ortholog to AtABCG14 and its properties and function
are comparable. The 0sabcg18 mutants accumulated tZ, tZR, and DHZ in roots, while their
respective concentrations in shoots decreased. Experiments employing radiolabelled tZ
directly demonstrated that the osabcg18 mutation lowers root-to-shoot CK translocation. It
was further shown that OsABCGI18 is also involved in the export of iP, iPR, and ¢ZR [110].
Both AtABCG14 and OsABCG18 are localized to plasma membrane [107,109,110].

Recent studies have revealed that CK membrane transport might be also mediated by
two members of the “Aza-Guanine Resistant” (AZG) family—AtAZG1 and 2, previously
identified as adenine and guanine importers [111-113].

Biochemical characterization of AtAZG1 in yeast expression system has revealed its
particular affinity towards adenine (the mean Kj; value has been reported as 1.62 uM). In
the same system, AtAZG1-mediated adenine uptake was strongly inhibited by kinetin, tZ,
BAP, and to a lesser extent also by iP. Overexpression of AtAZG1 in Arabidopsis seedlings
enhanced their ability to accumulate adenine, although the uptake rate in seedlings bearing
atazg1 loss-of-function mutation remained similar to the wild type. Furthermore, adenine
uptake mediated by the overexpressor seedlings was inhibited by tZ, similarly to the

31



Int. . Mol. Sci. 2021, 22, 3428

15 of 23

experiments in yeast. The atazgl mutant roots were on the other hand less sensitive to
exogenously applied CKs. Another important feature of AtAZGl is its interaction with
PIN1 (“Pin-Formed”), an auxin cellular exporter. AtAZG1 was shown to co-localize with
PIN1 and to stabilize it on the plasma membrane in Arabidopsis root cells, together with
AtAZG2. Based on these results, it has been proposed that AtAZG1 modulates root cell
architecture by regulating intracellular auxin:CK ratio [113].

AtAZG2 is found mainly in root primordia and is localized to plasma membrane and
ER. Expression of AtAZG2 gene is stimulated by auxins. In AtAZG2-expressing yeast cells,
adenine uptake was strongly inhibited by iP, kinetin, BAP, and tZ. Upon ectopic expression
of AtAZG2 in Arabidopsis seedlings, an increase in tZ uptake was observed. However, tZ
uptake in atazg2 mutant plants was not impaired [112].

Expression of TCSn::GFP [106] in Arabidopsis has shown that CK signalling output is
lowered in the proximity of atazg2 lateral root primordia. It has been therefore proposed
that AtAZG2 contributes to the inhibition of lateral root emergence by modifying CK
distribution, similarly to AtPUP14 [112].

A brief summary of membrane transporters that had been studied in relation to CK
transport is given in Table S1.

9. Cytokinin Paracrine Movement and Long-Distance Transport Open Up another
Layer of Cytokinin Homeostasis Maintenance

Up to this point, CK homeostasis has been discussed in the context of isolated cells. In
plant tissues, neighbouring cells are linked via symplast and apoplast. These connections
enable, among other things, the paracrine hormonal signalization. Paracrine effects of
CKs were studied in transgenic tobacco plants harbouring bacterial IPT gene under an
inducible promoter [114]. Induction of this construct at a specific spot led to a local change
of phenotype, suggesting CK overproduction. De Rybel et al. mention that CK biosynthesis
and signalling do not necessarily occur in the same cells. For their model of auxin-CK
crosstalk during vascular tissue formation, they consider paracrine movement of CKs
between CK-producing xylem and CK-responsive neighbouring cambial cells [115].

At the level of whole plants, CKs are transported via vascular tissues. First pieces
of evidence come from early studies focused on the distribution of radiolabelled CKs
among different plant tissues and organs. Upon application of [*H]-tZR to pea (Pisum
sativum) root nodules and leaves, portions of the total radioactivity (comprising both the
original tracer and its metabolites) were detected in other organs after eight days. The
radiolabelled CKs were more readily transported from the root nodules than from the
leaves [116]. Similarly, relocation of [“C]-BAP applied to cocoa (Theobroma cacao) leaves at
various stages of emergence was observed in both acropetal and basipetal direction [117].

Further information on CK long-distance transport has been obtained by means of
CK profiling in vascular tissues. In xylem, the predominant CK species is tZR [67,71-73]. It
has been also shown that the root-to-shoot translocation rate of CKs via xylem increases
in plants treated with exogenous CK or with a protonophore, which impairs proton-
dependent uptake of CKs by root cells [118]. Osugi et al. reported that tZ is transported
from roots to shoots as well. They also suggested that both tZ and tZR may have their
distinct roles as long-distance signalling molecules [119]. In phloem, both iPR and iPR
monophosphate (iPRMP) are present in relatively high concentrations [67,74].

The long-distance CK transport was further examined using grafting experiments.
Matsumoto-Kitano et al. focused on a quadruple ipt mutant, atipt1;3,5;7, which is strongly
impaired in CK biosynthesis [38,120]. This mutant displayed a characteristic phenotype,
including decreased shoot growth, increased root elongation, and decreased root perimeter
(due to its inability to develop cambium), which could be recovered by applying exogenous
tZ. Endogenous levels of both tZ-type and iP-type CKs were significantly lower in the
mutant than in the wild type. Grafting a mutant shoot on a wild-type root restored the
shoot phenotype. The level of tZ-type CKs in the shoot recovered too, while that of iP-type
CKs remained decreased. An analogous observation was made after grafting a wild-type
shoot on an atipt1;3,5;7 mutant root—the root phenotype and iP-type CK contents became
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comparable to the wild type, but tZ-type CK contents remained as low as in the mutant
plants. Altogether, these results suggest that tZ-type CKs are mostly transported from roots
via xylem as a shootward signal and iP-type CKs are mostly transported from shoots via
phloem as a rootward signal [67,120].

As already mentioned, CK export to xylem is mediated by AtABCG14 [107,109].
Mechanisms of CK unloading, however, remain unknown so far. In relation to the role
of AtABCG14, one may assume that sink tissues express another type of CK-specific
transporter. Hot candidates for such position might be the members of families such as
PUP, ENT, ABC or even AZG. On the other hand, we cannot rule out that xylem CKs are
gradually depleted via unloading processes independent of membrane-bound carriers.

10. Future Perspectives

In this review, we address CK distribution among different compartments, cells, and
tissues as well as the physical and chemical facets of the underlying transport processes.
In a given subcellular compartment, concentrations of various CK species and forms
are regulated by both membrane transport and metabolism. These two mechanisms are
not completely independent of each other—membrane transport can provide substrates
for enzyme-catalysed reactions and remove reaction products, both of which affect the
thermodynamic equilibrium within the compartment. Similarly, metabolic conversions
regulate concentrations of substrates available for different membrane-bound carriers. So
far, it seems that CK recognition by membrane-bound carriers is governed by the substrate
form (i.e., the moieties attached to the free base) rather than by their side-chain character.
This can be demonstrated by the differential preferences of ENTs, which recognize CKs in
the form of ribosides, and PUPs, which prefer free CK bases [81,102], similarly to the newly
characterized AtAZG1 and 2 [112,113]. AtPUP14 has been characterized as a tZ-specific
carrier; yet, when expressed in mesophyll protoplasts and tobacco microsomes, it displayed
a slightly higher affinity towards other free CK bases (kinetin, BAP, iP) and adenine than
towards tZR [28]. AtABCG14 has been shown to regulate the distribution of tZ-type CKs
in various forms, but its biochemical characterization has not been successful [107,109]. It
follows that biochemical conversions between different CK forms, such as glycosylation,
phosphorylation, etc., affect both thermodynamic and kinetic aspects of carrier-mediated
membrane transport.

A question arises whether there are membrane-bound transporters recognizing CK
nucleotides and glucosides or whether these are converted to other CK types prior to
translocation between compartments. As pointed out by Smehilova et al., CK glucosylation
in Arabidopsis is mostly confined to the cytoplasm, but most CK glucosides are to be found
in the apoplast. Such situation advocates for the existence of a (so far unidentified) CK
glucoside exporter [76]. Similarly, presence of CK glucoside carriers on tonoplast could
explain relatively high abundance of CK glucosides in Arabidopsis vacuoles. Furthermore,
Arabidopsis plastids contain high amounts of CK glucosides as well as of CK nucleotides [77].
It remains to be examined whether these CKs are transported between plastids and the
cytoplasm or whether they rather play a role of buffer CK pools, balancing the levels of
biologically active CKs in their particular compartments.

In Figure 4, we present a scheme of CK distribution in Arabidopsis at the cellular level.
Different CK forms (i.e., free bases, ribosides, nucleotides, and glucosides) are grouped into
pools. Depicted flows among these pools represent both confirmed and hypothetical CK
transport pathways. This summary is meant to give a general idea of all possibilities of CK
cellular traffic (and to demonstrate its complexity), it is not implied that all the depicted
processes do necessarily occur. At the same time, one should note that even if certain
transport process occurs, it does not have to be a sign of physiological importance, but also
simply a result of physicochemical conditions at the given moment.
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Figure 4. A proposition of a comprehensive scheme of cytokinin (CK) cellular homeostasis in
Arabidopsis based on the current knowledge of cytokinin cellular trafficking in vascular plants. The
plant cell is reduced to a simplified model depicting a plastid, a vacuole, endoplasmic reticulum,
cytoplasm, and apoplast. Free CK bases, ribosides, nucleotides, and glucosides are grouped into
their respective pools. Labels within the pools mark CK species that have been found in the given
compartment in a significant amount [70,77]. Membrane-bound carriers with known subcellular
localization are depicted together with a symbol indicating which kind of membrane transport
process they mediate. Note that in case of free bases, which might be considered more hydrophobic
than other CK species (refer to Figure 2), simple diffusion across the membrane is considered as well.
Several putative membrane-bound carriers have been added to show possible transport routes that
haven’t been characterized or addressed yet. However, it is not implied that all of them have to be
actually involved in CK trafficking. Light pink triangles indicate pH gradient, with the point located
on the more acidic side of the membrane.
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CK-recognizing transporters are classified as CK-specific or non-specific, based on how
efficiently they discriminate among structurally similar substrates. The former comprise
AtPUP14 [28], AtABCG14 [107,109], and possibly AtAZG1 and 2 [112,113], and the latter
the remaining PUPs and ENTs [81,101].

While the importance of specific CK transport is hardly disputable, the role of non-
specific membrane-bound carriers should not be overlooked. Even if further research finds
no direct link between their function and CK signalization, they can be still involved in
maintaining cellular CK balance in response to changes of CK-related enzyme activities
and distribution of different CK metabolites.

In the very last part of the previous section, we also address the role of non-specific
mechanisms in CK long-distance transport. While not ruling out the involvement of CK-
specific membrane-bound carriers (such as AtABCG14-mediated tZ-type CK export to
xylem), CK translocation via vascular tissues can be co-governed by source-sink relations.
Source and sink powers are results of actual CK concentrations, which can be determined
by enzyme-catalysed metabolism in the respective tissues.

Concerning long-distance CK transport, it is also worth further examining the dis-
tribution of radiolabelled CK tracers. In several studies, such tracers were applied on
certain parts of intact plants, and subsequently, total radioactivity was measured in tar-
get tissues [107,109,116,117]. However, exact composition of the radioactive fraction was
not analysed. Knowing which metabolites of the original tracer are distributed via long-
distance transport would further help to determine which processes are relevant for CK
distribution among source, vascular, and sink tissues. Moreover, it would be interesting to
address whether molecules entering the vasculature from the source tissue (or at least a
portion of them) travel to the sink, or whether long-distance CK translocation occurs in a
relay manner. The latter means that the initial CK load acts as a paracrine signal, triggering
CK production in the nearby cells and further propagation of the newly synthesized CK
molecules.

CK transport processes contribute to the regulation of CK signalling activity. In
Figure 4, we propose a scheme representing possible flows among intracellular and apoplas-
tic CK pools. Regarding CK signalling, the complex scheme can be simplified to apoplast
and ER, where binding of CKs to their receptors occurs [19,25-27,29], and cytoplasm. In
such model, CK signalling is up-regulated by exporting CKs from cytoplasm to apoplast or
ER and down-regulated by the opposite processes. Availability of biologically active CKs in
apoplast and ER is also mediated metabolically, via enzyme reactions. As discussed above,
these reactions can also affect transport rates by regulating CK concentration gradient
between concerned compartments.

So far, two CK transporters have been shown to regulate CK signalling output—
AtPUP14 and AtAZG2 [28,112]. AtPUP14 is localized to the plasma membrane and medi-
ates energy-dependent CK uptake to cytoplasm, preventing apoplastic CKs from triggering
cellular response. Compared to AtPUP14, AtAZG2 is more versatile—it is located to both
the plasma membrane and ER and mediates bidirectional facilitated diffusion. It can follow,
for instance, that the combination of active AtPUP14 and inactive AtAZG2 results in CK
accumulation in cytoplasm and down-regulation of all CK receptors [112].

Considering the scheme in Figure 4, it is apparent that a large number of hypothetical
pathways such as the one mentioned above could be designed. However, it is not implied
that every CK movement has to ultimately result in the change of CK signallization output.
As discussed throughout this paper, CK transport can also occur via processes driven by
chemical properties of CK molecules and their transient concentration gradients. When
discussing links between CK transport and signalling, it is therefore necessary to look for
direct evidence and to keep in mind that correlation does not prove causality.
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Table S1. A summary of membrane-bound transport proteins which have been examined regarding the CK transport.
For each transporter, a brief overview of its involvement in the CK transport (and possibly other functions) is provided.
If available, measured Ku values for CKs are given as well. Respective transport mechanisms, expression patterns, and
subcellular localizations are listed in the following columns. SAT: secondary active transport; PAT: primary active
transport; At: Arabidopsis thaliana (mouse-ear cress); Os: Oryza sativa (rice); Nt: Nicotiana tabacum (tobacco); BAP: 6-
benzylaminopurine, c¢Z: cis-zeatin, DHZ: dihydrozeatin, iP: isopentenyl adenine, iPR: isopentenyl adenine riboside, tZ:
trans-zeatin, tZR: trans-zeatin riboside; N/A: not available.

T E i
Name Relation to CK Transport Other Notable Properties ransp o.rt Xpression Subce{lula.r References
\Mechanism Pattern Localization
Adenine uptake was
competitively inhibited by Uptake of adenine, cytosine,
kinetin and tZ. Direct tZ uptake |hypoxanthine, nicotine, and
. L . R Flowers, leaves,
AtPUP1  (was observed; it was inhibited |caffeine was observed (in  |Proton-coupled . e Plasma membrane. | [60,61,103]
L. . . . petioles, siliques,
by kinetin and iP (both in yeast). Involved in uptake |[SAT .
. . . . . stems, veins.
yeast). Measured of pyridoxine (in Arabidopsis
Kwu values (uM) - kinetin: 20,  |protoplasts).
tZ: 35 (both in yeast).
APUP2 Adenine uptake was inhibited :13:2 T:f\:;n;zgi;ii rate Proton-coupled Flowers, leaves, (61]
t D L - .
b}y iP, kinetin, BAP, tZ, and cZ mediated by APUP1 (in SAT pe.tloles, roots, N/A
(in yeast). veins.
yeast).
No t t activit
AtPUP3  |N/A o transport activity N/A Flowers. N/A [61]
observed.
Ectopic expression alters CK
.Di f tZ
z::fzzzzriaetctleirg metj?h?dlt Abundant expression in Flowers, roots
hole pl h h ATP- ! §
AtPUP14 protoplasts and tobacco W ? e plants throughout dependent rosettes, seeds, Plasma membrane. 28,100]
. . various developmental transport
microsomes. This uptake was stages stems.
inhibited by iP, BAP, and ges-
adenine.
Uptake of adenosine,
. . . guanosine, inosine, and
Mutation did not alter iPR Fl; , 1 ,
AtENT1 tZII; i K::kelb nzmj;i;; 151,5 nor cytidine was observed (in  [Proton-coupled silci) “l]le;: sf:r;is Plasma membrane, [62,91-93,95]
h ocI::)t ) exylants P yeast). Involved in SAT rooctls g » [foroplast.
ypocotyl exp ’ adenosine export from the ’
vacuole to the cytoplasm.
Mutation led to a decrease in
iPR and tZR uptake by Uptake of adenosine,
AtENT3 Arabidopsis hypocotyl explants. |guanosine, inosine, cytidine [Proton-coupled [Flowers, leaves,  |Plasma membrane. | [62,67,95]
o significant inhibition o: and uridine was observe, siliques, roots.
(FURD) N significant inhibition of d uridi bserved  [SAT ilig
adenosine uptake was observed |(in yeast).
(in yeast).
Mutation led to a decrease in
iPR and tZR uptake b,
] a'n . uptake by Uptake of adenosine,
Arabidopsis hypocotyl explants. uanosine, inosine, cytidine [Proton-coupled Flowers, leaves, 67,88,95
AENT6 |5 denosine uptake inhibited by & e "<y P siliques, stems, Plasma membrane. | [67,88,95]
. . and uridine was observed  [SAT
iPR and tZR (in yeast). (in yeast) roots.
1 .
Measured Ku values (uM)— Y
iPR: 17, tZR: 630 (both in yeast).
Mutation led to a decrease in
iPR and tZR uptake by Uptake of adenosine, .
AtENT7  |Arabidopsis hypocotyl explants. |guanosine, inosine, cytidine Fz'ac:lht'ated Flowers, leaves N/A [67,95]
No significant inhibition of and uridine was observed |diffusion . '
adenosine uptake was observed |(in yeast).
(in yeast).
Mutation led to a decrease in
iPR and tZR uptake by
Arabidopsis hypocotyl explants. Flowers, leaves,
AtENTS Mutants were also less sensitive N/A Proton-coupled roots, siliques, N/A [62,95]
(50133) to exogenous CKs, compared to SAT stems.
the wild type. Conversely, over-
expressing plants were more
sensitive to them.
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AtABCG14

AtAZG1

AtAZG2

Loss-of-fucntion mutants were
unable to translocate tZ-type
CKSs from roots to shoots.
Mutants were impaired in
growth and lateral root
emergence. Application of
exogenous tZ and grafting
mutant shoots on wild-type
roots (but not vice versa)
restored the wild-type
phenotype. Transport activity in
transgenic yeast cells was not
observed.

Adenine uptake was inhibited
by iP, kinetin, BAP and tZ (in
yeast). tZ uptake was observed
both in yeast and Arabidopsis
seedlings. Overexpression led
to uptake increase, while loss-
of-function mutation led to
decreased concentrations of tZ-
type CKs after tZ treatment
(both in Arabidopsis plants).

Adenine uptake was inhibited
by iP, kinetin, BAP, and tZ (in
yeast). Ectopic expression in
Arabidopsis led to an enhanced
uptake rate of tZ, while in loss-
of-function mutants, the tZ
uptake rate remained similar to
that in the wild type. The
mutants were less responsive to
CK signalling, though.
Measured KM values (nM) — tZ:
810 (in Arabidopsis cell
suspension).

Forms strict heterodimers
with AtABCG11 in
co-immunoprecipitation
assays.

Both AtAZG1 and 2
stabilize PIN1, an auxin
transporter, on plasma
membrane.

The loss-of-function
mutation enhances the
lateral root density in
presence of nitrate.

PAT

Proton-coupled
SAT

Facilitated
diffusion

Mainly in roots.

Cotyledons,
flowers, leaves
(rosette and
cauline), stems,
roots.

Flowers, roots.

Plasma membrane.

Plasma membrane.

Endoplasmatic
reticulum, plasma
membrane.

[107,109]

[113]

[112]

OsPUP1

Overexpression in rice plants
alters CK concentrations in
shoots, roots, and panicles.
Root-to-shoot translocation of
CKS is impaired. Endogenous
CK application to roots
triggered less pronounced
response in shoots.

OsPUP1 and 4 act
antagonistically in several
aspects. When

OsPUP4

Overexpression in rice plants
alters CK concentrations in
shoots, roots, and panicles.
Shoot-to-root translocation of
CKs is impaired. Endogenous
CK application to shoots
triggered less pronounced
response in roots.

simultaneously
overexpressed, OsPUP4
overcame some phenotype
traits typical for OsPUPI.

N/A

Leave blades and
sheats, mature
roots, panicles,
stems.

Endoplasmatic
reticulum.

[105]

N/A

Leave blades and
sheats, mature
roots, panicles,
stems.

Plasma membrane.

[104,105]

OsPUP7

Higher amounts of iP and iPR
were detected in mutant plants.
The amounts of tZ-like CKs did
not change. Mutant plants
displayed phenotype
suggesting CK transport
impairment.

Ability to complement
mutant yeast deficient in
caffeine uptake.

N/A

Grains, leaves,
pistil, spikelets,
stems.

Endoplasmatic
reticulum.

[68,104]

OsENT2

Adenosine uptake was
inhibited by iPR, but not by
tZR. Direct uptake of both iPR
and tZR was observed (all in
yeast). Measured

KM values (uM)—iPR: 32, tZR:
660 (both in yeast).

Uptake of adenosine,
guanosine, inosine, cytidine
and uridine was observed
(in yeast).

Proton-coupled
SAT

Grains, leaves,
roots, stems,
veins.

N/A

[66]

OsABCG18

The loss-of-function mutants
are impaired in their ability to
translocate tZ, tZR, and DHZ
from roots to shoots. When
expressed in tobacco leave
explants, iP, iPR, and cZR we
recognized as substrates too.

The closest ortholog of
AtABCGI14 in rice.

Primary active
transport.

Leaves, panicles,
roots, stems.

Plasma membrane.

[110]
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NtPUP1

A 10-fold excess of unlabelled
kinetin did not significantly
inhibited uptake of [14]-C
nicotine (in yeast).

A nicotine-specific
transporter; more than 50%
homology with AtPUP1.

N/A

Mainly root tips.

Plasma membrane.

[99]
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4.2 Comprehensive Model of Cell-to-Cell Cytokinin Transport
Reveals A Specific Mode of Cytokinin Riboside Influx

In this manuscript, my colleagues and I address the specific kinetics of the cellular uptake of
CK ribosides and its impact on shoot development. Firstly, we present a series of radio-
accumulation assays performed in tobacco BY-2 cells (Nagata et al., 1992), in which we monitor the
cellular uptake of four CK nucleobases - tZ, DHZ, iP, and BA - and four CK ribosides - tZR,
dihydrozeatin riboside (DHZR), iPR, and benzyladenosine (BAR). We fit the measured data with
an adapted version of a previously published mathematical model (HoSek et al., 2012) to estimate
first-order rate constants for the uptake of all tested CK species. We show that the BY-2 cells
accumulate CK nucleobases with isoprenoid side chains more readily than the corresponding
ribosides, whereas the uptake rates of BA and BAR do not significantly differ (Figure 1 in the
manuscript). To confirm that the observed CK uptake in the BY-2 cells is mediated by membrane-
bound carriers, we perform another set of radio-accumulation assays, in which we show that the
uptake of radio-labelled tZ, tZR, iP and iPR is inhibited by increasing concentrations of their non-
labelled counterparts (i.e. the uptake is saturable, as expected of the transport proteins). This
experimental setup also allows us to estimate the affinities of the transporters present on the BY-2
plasma membrane towards different CKs in terms of the ICs, values. We show that the net affinity
of the BY-2 transporters is higher towards CK nucleobases than the corresponding ribosides. We
further show that the uptake of tZ, tZR, iP, and iPR is significantly reduced in BY-2 cells treated
with the protonophore CCCP, implying that CK cellular uptake largely depends on the proton
gradient (Figure 2 in the manuscript).

These findings indicate that the BY-2 cells can effectively discriminate between CK
nucleobases and ribosides and that they possess either one system of membrane-bound carriers with
different affinities for the two forms or two separate systems, one for CK nucleobases and the other
for CK ribosides. To resolve this matter, we perform a series of accumulation assays in which we
pair radio-labelled tZ, tZR, iP, and iPR with a variety of non-labelled competitors. We demonstrate
that the uptake of CK nucleobases is strongly reduced due to competition with other nucleobases
and mildly reduced due to competition with ribosides. On the other hand, the uptake of CK
ribosides only competes with other ribosides and does not respond to nucleobases. We conclude that
CKs are transported by at least two independent systems of membrane-bound carriers, of which one
transports both CK nucleobases and ribosides with a slight preference for the former, whereas the
other strictly transports CK ribosides (Figure 3 in the manuscript).

We follow by determining the transport activity of AtENT3, a representative nucleoside
transporter, towards tZ, tZR, iP, and iPR. We have picked this transporter because its homologs are
expressed in the BY-2 cells (Figure 4 in the publication) and because AtENT3 itself affects CK
homeostasis in A. thaliana plants (Korobova et al., 2021). We support the role of AtENT3 as a CK
transporter by directly showing that it transports CK nucleobases and ribosides in the BY-2 cells.
This wide substrate specificity of AtENT3 suggests that it does not belong among the strictly CK
riboside-specific carriers, whose identity remains to be determined. We further show that the
AtENT3-mediated uptake of tZR is sensitive to nucleoside uptake inhibitors S-(4-nitrobenzyl)-6-
thioinosine (NBTI) and dipyridamole but not CCCP (Figure 4 in the manuscript).
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The accumulation assays in the AtENT3-expressing BY2 cells suggest that AtENT3 slightly
prefers tZR over iPR. We further address this preference through a computational approach
consisting of molecular docking and molecular dynamic simulations. We show that the docked
poses of tZR and iPR bind to the AlphaFold-predicted structure of AtENT3 (Jumper et al., 2021),
similarly to NBTI in human ENT1 (Wright and Lee, 2019) and inosine in ENT1 from Plasmodium
falciparum (Wang et al., 2023). By aligning sequences of ENTs from various species, we show that
the ribosyl moieties of tZR and iPR interact with highly conserved residues. Conversely, the adenyl
moiety and the side chains interact with more variable residues, indicating that diverse ENT
proteins share common motifs for binding ribosylated substrates while being able to recognize
specific aglycons. Our molecular dynamic simulations indicate stable interactions among the side-
chain hydroxyl of tZR and the AtENT3 residues Tyr61 and Asp129, likely stabilized by a water
bridge. Both Tyr61 and Asp129 are conserved among AtENTSs but not among ENTs from animals,
yeast or P. falciparum, suggesting that these two residues allow the plant ENTSs to specifically
stabilize hydroxylated CK ribosides as their substrates (Figure 5 in the manuscript). Their presence
can also explain why AtENT3 prefers tZR over iPR.

We wrap the manuscript up by showing that AtENT3 contributes to the shoot development
in A. thaliana. We show that atent3 mutant plants aged 8 to 15 days (grown on agar or cultivation
substrate) have significantly larger shoots than the wild type. This observation is consistent with the
previously reported phenotype of the wus mutant (Hamada et al., 2000), suggesting that the loss of
the AtENT3 function results in a decrease in the WUS activity and that AtENT3 could be involved
in the implied uptake of root-borne tZR in the shoot apex that is necessary for its LOG-catalysed
activation (Sakakibara, 2021). We provide additional support for this hypothesis by showing that
AtENT3 is expressed in the shoot apices of A. thaliana (together with AtENT1), that the WUS
expression is down-regulated in atent3 shoots, which can be partially reversed by treating the
mutant plants with tZR, and that overexpression of WUS results in downregulation of AtENT3
together with AtLOGs, and conversely, upregulation of AtCKX7, indicating negative feedback
aimed to hinder the incoming CK signal (Figure 6 in the manuscript). Our findings advocate for
further investigation of how AtENTSs regulate SAM development and whether some of them could
be responsible for CK riboside-specific transport.

Personal contribution: I performed some radio-accumulation assays, adapted the
mathematical models, wrote Python scripts implementing the fitting of the models to the
experimental data as well as scripts to evaluate the phenotypes of agar-grown plants via image
processing, and performed molecular docking and molecular dynamic simulations. I contributed to
writing the manuscript draft and designed the figures.
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1 Abstract

Ribosylated forms of plant hormones cytokinins (CKs) are the dominant CK species translocated at
long distances. Their particular roles in plant physiology imply the existence of a yet
uncharacterized CK riboside-specific membrane transport system. In this work, we report
significant differences in the kinetics of the membrane transport of CK nucleobases and ribosides
and the overall affinity of membrane-bound carriers towards the two CK forms. We show that CK
ribosides can inhibit the uptake of CK nucleobases in tobacco Bright Yellow 2 cell suspensions but
not vice versa, confirming the existence of a membrane transport system that strictly recognizes CK
ribosides.

We further characterize the membrane transport of CK nucleobases and ribosides mediated by
AtENT3 (EQULIBRATIVE NUCLEOSIDE TRANSPORTER 3), showing its preference towards
trans-zeatin riboside (tZR) over isopentenyl adenosine (iPR). With the molecular docking and
molecular dynamics, we assess the interactions among the side chain of tZR and AtENT3 residues
Tyr61 and Asp129, which are conserved in all AtENTs but not in the ENTs from non-plant species.
Lastly, we show that atent3 mutation affects shoot phenotype, demonstrating the impact of CK
riboside membrane transport on shoot development.

Key words: cytokinin, cytokinin transport, cytokinin riboside, equilibrative nucleoside transporter,
ENT3
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2 List of Abbreviations

ABC
ADFR
ARR
ANOVA
At
AZG
BA
BAR
Bt
BY-2
CCCP
CK
CKX
CMOS
Col-0
cZ
DHZ
DHZR
DiPy
DMSO
Dr
ENT
Hs

iP

iPR
LOG
MAD

MS
NBTI
NCBI

ATP-BINDING CASSETTE

AutoDockFR software suite
ARABIDOPSIS RESPONSE REGULATOR
analysis of variance

mouse-ear cress (Arabidopsis thaliana)
AZA-GUANINE RESISTANT
benzyladenine

benzyladenosine

cattle (Bos taurus)

Bright Yellow 2

carbonyl cyanide 3-chlorophenylhydrazone
cytokinin

CYTOKININ DEHYDROGENASE
complementary metal-oxide-semiconductor
Columbia-0

cis-zeatin

dihydrozeatin

dihydrozeatin riboside

dipyridamole

dimethyl sulfoxide

zebrafish (Danio rerio)

EQULIBRATIVE NUCLEOSIDE TRANSPORTER
human (Homo sapiens)

isopentenyl adenine

isopentenyl adenosine

LONELY GUY

median of absolute deviation

mouse (Mus musculus)

Murashige-Skoog
S-(4-nitrobenzyl)-6-thioinosine

National Center for Biotechnology Information
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71  Os rice (Oryza sativa)

72 Pf Plasmodium falciparum

73 PUP PURINE PERMEASE

74 REL relative expression level

75 Rn rat (Ratus norvegicus)

76 SAM shoot apical meristem

77  Sc yeast (Saccharomyces cerevisiae)
78 SWEET SUGAR WILL EVENTUALLY BE EXPORTED TRANSPORTER
79 T™ transmembrane helix

80 WUS WUSCHEL

81 tZ trans-zeatin

82 tZR trans-zeatin riboside

83 3 Introduction

84 Cytokinins (CKs) are plant hormones that regulate a great variety of physiological processes,

85 including cell cycle and proliferation (Miller et al., 1956; Schaller et al., 2014), growth and

86 branching of both shoots and roots (Chang et al., 2015; Dello Ioio et al., 2012; Schaller et al., 2014;
87 Skoog and Miller, 1957; Werner et al., 2001), chlorophyll retention and delay of senescence

88 (Dobranszki and Mendler-Drienyovszki, 2014; Richmond and Lang, 1957; Talla et al., 2016) or

89 differentiation of vascular elements (Bishopp et al., 2011; De Rybel et al., 2014; Mahonen et al.,

90 2006).

91 As signalling molecules, CKs participate in communication between various parts of the plant.
92  They are distributed among tissues and organs through the two vascular pathways - phloem and
93 xylem - but the CK composition in each of them differs, and so presumably do their roles
94 (Corbesier et al., 2003; Hirose et al., 2008; Osugi et al., 2017; Sakakibara, 2021). To reach their
95 eventual destination, CKs have to pass through biological membranes. One possible meaning of
96 membrane transport is simple diffusion, which is described by Fick’s laws (Paul et al., 2014). Due
97  to the hydrophobic character of the inner leaflets of the biological membrane, only small and non-
98 polar molecules can cross the membrane this way. The required characterization applies to CK
99 nucleobases, N°-substituted derivatives of adenine, which are the biologically active CK form
100 (Lomin et al., 2015). In contrast, CK ribosides, N°-ribosylated conjugates of CK nucleobases and
101  the dominant CK components found in the vasculature (Corbesier et al., 2003; Sakakibara, 2021),
102 are bulky and polar, which implies that their diffusion would be inefficient (for more detailed
103 comparison, see Nedvéd et al., 2021). CK nucleobases and ribosides are recognized by membrane-
104  bound carriers, which significantly improves the kinetics of their membrane transport. These
105 carriers belong to the families of PURINE PERMEASES (PUPs) (Hu et al., 2023; Qi and Xiong,
106  2013; Rong et al., 2024; Xiao et al., 2020, 2019; Ziircher et al., 2016), ATP-BINDING
107 CASSETTES (ABCs) (Jamruszka et al., 2024; Jarzyniak et al., 2021; Kim et al., 2020; Ko et al.,
108 2014; Yang et al., 2022; Zhang et al., 2014; Zhao et al., 2023, 2019), AZA-GUANINE RESISTANT
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(AZG) (Tessi et al., 2023, 2020), SUGAR WILL EVENTUALLY BE EXPORTED
TRANSPORTERS (SWEETSs) (Radchuk et al., 2023), and EQUILIBRATIVE NUCLEOSIDE
TRANSPORTERS (ENTs) (Girke et al., 2014; Hirose et al., 2008, 2005; Korobova et al., 2021; Sun
et al., 2005).

Given that CK ribosides are the main form of CKs transported over long distances, the membrane
transport of ribosylated CKs represents a link between the long-distance and cell-to-cell CK
distribution. Unlike CK nucleobases, CK ribosides can travel from the root up to the shoot apex and
regulate processes such as leaf emergency rate in response to nutrient availability, which likely
requires involvement of CK riboside transporters (Daviére and Achard, 2017; Landrein et al., 2018;
Lopes et al., 2021; Osugi et al., 2017; Sakakibara, 2021).

The physiological importance of CK ribosides implies the existence of a CK riboside-specific
system of membrane-bound carriers that are likely separated from the transport of CK nucleobases.
Apparent candidates for these carriers are some members of the ENT family mentioned above.
AtENT3, 6, 8 from mouse-ear cress (Arabidopsis thaliana, L.) (Hirose et al., 2008; Korobova et al.,
2021; Sun et al., 2005) and OsENT2 from rice (Oryza sativa, L.) (Hirose et al., 2005) have been
characterized as CK transporters although only OsENT2 has been shown to directly transport CKs
across the biological membrane in a yeast model system.

In this work, we emphasize the importance of CK riboside transport by pin-pointing the different
kinetics of CK nucleobase and riboside uptake in the BY-2 cell line (Nicotiana tabacum, L. cv
Bright Yellow 2), a plant single-cell system (Nagata et al., 1992). Furthermore, we directly monitor
AtENT3-mediated CK influx in BY-2, model interactions between AtENT3 and trans-zeatin
riboside and demonstrate the involvement of AtENT3 in shoot development in A. thaliana.

4 Material and Methods

4.1 Plant Material

We maintained tobacco cell line BY-2 (N. tabacum L. cv Bright Yellow 2) in liquid Murashige and
Skoog (MS) medium (30 g L™ sucrose, 4.34 g L' MS salts, 100 mg L™ myo-inositol, 1 mg L™
thiamine, 0.2 mg L™ 2,4-dichlorophenoxyacetic acid, 200 mg L™ KH,POg; pH = 5.8), in the dark, at
27 °C, under continuous shaking (150 rpm; orbital diameter 30 mm), and subcultured it every seven
days. We cultured the AtENT3-expressing transgenic BY-2 cells and calli in the same medium
supplemented with 100 mg mL™" cefotaxime and 20 mg mL™" hygromycin.

We grew A. thaliana ecotype Columbia 0 (Col-0) and atent3 T-DNA insertion mutant, obtained
from Nottingham Arabidopsis Stock Centre as N631585, on solid MS medium (2.17 g L™ MS salts,
10 g L™ agar; pH = 5.7) in Petri dishes and Klasmann TS-3 fine cultivation substrate (Klasmann-
Deilmann GmbH, Germany) in 7.0x7.0x6.5 cm pots. We kept the seeds sown on solid MS medium
in the darkness at 4 °C for three days and then cultivated them for eight days under long-day
conditions (16 h light/8 h dark) at 20/22 °C in the D-root system (Silva-Navas et al., 2015) using
poly klima® climatic growth chambers (poly klima®, Germany). We randomly arranged the potted
plants of different genotypes in transportable trays with a capacity of 20 pots (45 template) and
grew them in cultivation chambers — phytotrons (CLF Plant Climatics, Germany) under long-day
conditions at 21°C with a LED light intensity of 130 pM m™ s™ and 40-60% relative humidity.
Unless stated otherwise, we obtained all chemicals and kits from Sigma—Aldrich Inc.
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4.2 Transformation of BY-2 Cells

To construct the XVE::AtENT3 inducible system, we amplified the 1939bp sequence of the AtENT3
gene from genomic DNA using the forward and reverse AtENT3 primers with attB1 and attB2 sites,
respectively. The primer sequences are listed in Table S1. We cloned the amplified AtENT3 gene
flanked by attB sites into the pPDONR207 vector using BP recombination. Subsequently, we
transformed the AtENT3 entry clone into the pMDC7 destination vector (Curtis and Grossniklaus,
2003) by LR recombination. We transformed BY-2 cells by co-cultivation with Agrobacterium
tumefaciens strain GV2260 (An et al., 1985). We harvested transgenic lines after 4 weeks, cultured
them on solid media with kanamycin, and tested for the presence of AtENT3 via PCR.

4.3 Radio-Accumulation Assays

For the radio-accumulation assays, we used BY-2 cell suspensions two days after inoculation. We
filtered away the liquid phase of the suspension, twice resuspended the cells in uptake buffer

(20 mM 2-morpholin-4-ylethanesulfonic acid, 10 mM sucrose, 0.5 mM CaSO., pH = 5.7), and
cultivated them in the dark for 45 and 90 minutes, respectively. The assay itself was initiated by
applying a radio-labelled tracer into the cell suspension and terminated after 15-30 minutes. During
the assay, we sampled 500 pL of the suspensions in regular intervals. For each sample, we filtered
away the liquid phase and treated the cells with 500 pL of 96 % (v/v) ethanol for 30 minutes. Next,
we added 4 mL of scintillation cocktail EcoLite(+)™ (MP Biomedicals, CA, USA) to each sample
and mixed the samples for 20 min using orbital shaker KS 130 (IKA, Germany) at 480 rpm. The
radioactivity in samples was measured using Tri-Carb 2900TR scintillation counter (PerkinElmer,
CT, USA).

4.4 Mathematical Modelling of Transport Kinetics

To describe the kinetics of the CK membrane transport in BY-2 cell culture, we adapted the model
published by HoSek et al. (2012). We introduced first-order rate constants I and E to characterize the
influx and efflux of a radio-labelled tracer, respectively. To account for the tracer adsorption to the
cell surfaces, we included a factor K. To estimate the values of I, E, and K, we fitted experimental
data from radio-accumulation assays with equation:

_ I, __—t(+E)

(1—fK)+Kc,, (1)

where t and ¢; are matrices of time points and measured intracellular concentrations, respectively
(with each row composed of data points from one assay and different rows representing different
assays), f is a factor correcting different sizes of the intra- and extracellular spaces, and ¢, is the
initial extracellular concentration of the tracer. When comparing the effects of the AtENT3
expression or a chemical treatment on the tracer influx, we constrained the model to keep common
values of E and K for all assays in the dataset. For assays involving chemical treatment during the
tracer accumulation (as opposed to the treatment before the tracer addition), we used an expanded
form of equation (1):
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where t' is the treatment time and [ ' is the influx rate constant after the treatment. For step-by-step
derivations of equations (1) and (2), see the Supplementary methods.

To evaluate the affinity of the membrane transport system towards a tracer or the inhibition effect of
a competitor, we adapted a saturation model published by Delbarre et al. (1996):

D, 3)

where ck is the concentration of a competitor (either the non-labelled counterpart of the tracer or
another chemical substance), v, is the limit transport rate, ICs is a ck value for which the transport
rate equals to half of vj», and D is the rate constant of the influx that remains even when the
transport system is fully saturated.

All fits were performed using the "curve_fit" method of the SciPy Python library (Virtanen et al.,
2020) with arguments "ftol=1e-15" and "xtol=1e-15". The initial guesses were 10~ for I and E, O for
K, and 1 for vjim, ICso and D. All parameters were restricted to be non-negative. To visualize tracer
accumulation in the cells, we used equation (1) with the optimized values of I and E, while setting
Ko 0.

4.5 Molecular Docking

For molecular docking, we downloaded AlphaFold-predicted structural models (Jumper et al., 2021)
from the AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/). We prepared the
protein and ligand files and performed the docking procedure using the AutoDockFR (ADFR)
software suite (Ravindranath et al., 2015; Zhao et al., 2006). The ligands were initially placed in the
central cavity of the protein. The centre and dimension of the affinity grids were determined
automatically by the ADFR program "agfr". Each docking consisted of 50 runs and each run
performed 50 million evaluations. Residues GIn133, Arg312, Leu397, and Asp129 of AtENT3 were
set flexible. To visualize the protein-ligand structures, we used ChimeraX (Goddard et al., 2018),
PyMol (Schrodinger, LL.C, 2015), and LigPlot+ software (Laskowski and Swindells, 2011). We
used MAFFT with the automatic algorithm selection (Katoh and Standley, 2013) to align the ENT
sequences and JalView for alignment visualization (Waterhouse et al., 2009).

4.6 Molecular Dynamics

For the molecular dynamic simulations, we built a rhombic dodecahedron-shaped simulation box
consisting of the protein-ligand complex in 150 mM aqueous NaCl solution and additional ions to
neutralize the electric charge. To prevent the complex from interacting with its own image, we set
its distance from the box edges to 1.0 nm. We ran energy minimization using the steepest descent
algorithm, a 100 ps-long simulation under the NVT ensemble (constant particle amount, volume,
and temperature), a 100 ps-long simulation under the NPT ensemble (constant particle amount,
pressure, and temperature), and finally 100 or 200 ns-long unbiased simulation. In the NVT and
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NPT runs, we applied constraints with force constants of 1000 kJ mol™ nm? to all non-hydrogen
atoms. For all runs, we used the CHARMMS36 force field (Best et al., 2012). For simulation
parameters, see Table S2. We used the GROMACS software suite (Abraham et al., 2024, 2015; Pall
et al., 2015) to parametrize the protein, build the simulation box, carry out the simulations, perform
the cluster analysis, and calculate the distributions of distances and angles over the trajectories.
Through GROMACS, we also used particle mesh Ewald method to evaluate long-range interactions
(Essmann et al., 1995), LINCS algorithm to solve constraints (Hess, 2008), and SETTLE algorithm
to treat water molecules (Miyamoto and Kollman, 1992). To parametrize the ligand, we used
CGenFF program (Vanommeslaeghe et al., 2012; Vanommeslaeghe and MacKerell, 2012). To
calculate fractional occupancies of the system by water molecules, we used VMD software
(Humphrey et al., 1996).

4.7 Plant Phenotyping and Imaging

For phenotyping of 8 day-old A. thaliana plants grown on agar, we isolated their shoots, placed
these shoots on Petri dishes and scanned them from top view using Epson Perfection V700 Photo
(Epson, Japan). To image the potted plants, we used the PlantScreen™ Compact System (PSI,
Czechia) equipped with PST DUAL camera containing two 12.36-megapixel complementary metal-
oxide-semiconductor (CMOS) sensors: a colour Sony IMX253LQR-C sensor for RGB structural
imaging and a monochromatic Sony IMX253LLR-C for chlorophyll fluorescence measurement
(Sony, Japan). For the fluorescence measurement, we used Quenching analysis protocol. Raw data
were automatically processed using the PlantScreen™ Analyzer software (PSI). The imaging was
performed according to a previously published protocol (Smeringai et al., 2023).

4.8 Image Processing

To process images of agar-grown plants, we transformed the images of isolated plant shoots from
the RGB to L*a*b* space and segmented the shoots by applying the thresholds a* <= -9.5, b* >= -
9.5, and L* >= 18.5, based on estimates obtained by multi-Otsu method (Liao et al., 2001). In the
binary mask, we removed all objects smaller than 2048 pixels, performed morphological closing
using a disk-shaped footprint with a radius of 8 pixels, and then removed all objects smaller than
8192 pixels. Finally, we measured the areas of all remaining objects in the image. To implement the
techniques listed above, we used Python scikit-image library (van der Walt et al., 2014). We

manipulations, we used the GNU Image Manipulation Program (The GIMP Team, 2024).

4.9 Reverse Transcription Quantitative PCR

We isolated total RNA isolated from plant shoots using the RNeasy Plant Mini kit (Qiagen,
Germany) and treated with DNA-Free kit (Thermo Fischer Scientific, MA, USA). We evaluated the
purity, concentration, and integrity of RNA on 0.8% agarose gels (v/w) and by the RNA Nano 6000
Assay Kit using Bioanalyzer instrument (Agilent Technologies, CA, USA). For reverse
transcription of approximately 1 mg of the DNAse-treated RNA, we used M-MLV Reverse
Transcriptase, RNase H(-), Point Mutant (Promega, WI, USA). We performed the quantitative PCR
using GoTaq qPCR Master Mix (Promega, WI, USA) at the annealing temperature of 58 °C on
LightCycler480 instrument (Roche, Switzerland). PCR efficiency was estimated using serial
dilution of template cDNA. We calculated the relative expression level, REL, as follows:
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REL = T’ 4)

where CP,, and CPy, are the crossing points of the reference gene 1 and 2, respectively, and CP is

the crossing point of the target gene. We used A. thaliana elongation factor 1a (AtEF1a) and actin 2
(AtACT?2) as reference genes. We verified positive transcript levels and the quality of PCR by the
melting curve analysis. The primer sequences are listed in Table S1.

5 Results

5.1 Transport of Cytokinin Ribosides in BY-2 Cells Occurs
with Kinetics Distinct from Cytokinin Nucleobases and
Depends on Proton Gradient

To find out whether the membrane transport kinetics of ribosylated CKs differ from the kinetics of
CK nucleobases, the biologically active CK form, we measured the uptake of various radio-labelled
CK tracers in tobacco Bright Yellow 2 (BY-2) cell cultures (Nagata et al., 1992), a model plant
single-cell system. The radio-labelled tracers comprised four CK nucleobases: [3H]-trans-zeatin
(tZ), [3H]-dihydrozeatin (DHZ), [3H]-isopentenyl adenine (iP), [3H]-benzyladenine (BA), and four
CK ribosides: [3H]-trans-zeatin riboside (tZR), [3H]-dihydrozeatin riboside (DHZR), [3H]-
isopentenyl adenosine (iPR), and [3H]-benzyladenosine (BAR). With this selection, we also
included CKs with diverse characters of their side chains (N°-bound moieties), namely those with
unsaturated hydroxylated chains (tZ, tZR), saturated hydroxylated chains (DHZ, DHZR),
unsaturated aliphatic chains (iP, iPR), and aromatic chains (BA, BAR).

To obtain comparable kinetic parameters for each tracer, we fitted the transport model given by
equation (1) into the dataset of sampling time points and measured the radioactivities corresponding
to the intracellular concentrations of accumulated CK tracers. We used the influx rate obtained by
modelling, I, to compare the uptake kinetics of different CK tracers. Comparing the median values
of I obtained for tZ (17.86x10% s™), DHZ (14.94x107 s™), and iP (11.58x107 s™) with the median I
values obtained for tZR (3.45x10% s"), DHZR (2.38x10° s™), and iPR (5.44x107 s™) shows that
BY-2 cells accumulate CK nucleobases with non-aromatic side chains more readily than their
respective ribosides. Regarding the side chain composition, the differences in transport among tZ-
type, DHZ-type, and iP-type CKs are less pronounced than the differences between CK nucleobases
and ribosides. The median values of I obtained for BA (9.14x10° s*) and BAR (16.22x107%) show a
difference between the uptake of the nucleobase and the riboside as well, but in this case, the more
readily transported form is the riboside. The distributions of I values and the accumulation trends
modelled for each assay are depicted in Figure 1. For the complete list of kinetic parameters and
their statistical analysis, see Table S3 and Table S4, respectively.

To confirm that the observed uptake of CK nucleobases and ribosides occurs by carrier-mediated
transport, we performed a series of assays in which we accumulated [3H]-tZ, [3H]-tZR, [3H]-iP or
[3H]-iPR together with their non-labelled counterparts (so-called competitors) in concentrations of
0, 2 nM, 20 nM, 200 nM, 2 pM, and 20 pM. Each dataset, consisting of experiments performed
with one tracer and all concentrations of the corresponding non-labelled competitor, was fitted with
the constrained variant of equation (1), i.e. with single values of E and K for the whole dataset. The
uptake of CK nucleobases and ribosides is subject to dose-dependent inhibition by their non-
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labelled variant, as expected of the membrane-bound carriers becoming saturated (Figure 2A-D). To
evaluate this inhibition effect numerically, we fitted the I parameter values obtained from the assays
with competitors using the saturation model given by equation (3) (Delbarre et al., 1996). The
estimated ICs, values obtained for tZ (112.21 nM), tZR (2.33 pM), iP (27.25 nM), and iPR (2.65
1M) show that CK nucleobases are transported with slightly higher affinity than the corresponding
ribosides, which further indicates the distinct transport properties of the two CK forms (Figure 2E-
H). For the complete list of kinetic parameters, see Table S5.

To assess the thermodynamic aspect of the uptake of tZ, tZR, iP, and iPR in the BY-2 cells, we
performed a series of accumulation assays in suspensions treated with 50 pM protonophore
carbonyl cyanide 3-chlorophenylhydrazone (CCCP) in dimethyl sulfoxide (DMSO). CCCP
uncouples electron transfer from oxidative phosphorylation (Cavari et al., 1967; Cunarro and
Weiner, 1975; Heytler, 1963), thus inhibiting proton gradient-dependent transport processes
(Alexander et al., 2018; Culos and Watanabe, 1983; Stoffer-Bittner et al., 2018). We performed the
same assays using cells treated with the corresponding amount of DMSO alone (mock treatment) as
control. We fitted all data with equation (1) to obtain I values. The CCCP treatment decreased the
medians of I (in comparison with the mock treatment) for all four tracers: from 24.24x10" to
8.89x102 s for tZ, from 7.78x%10° to 0.91x107 s for tZR, from 9.89x1072 to 1.46x10° for iP, and
from 11.33x10° to 1.86x10° s for iPR (Figure 2I-L), indicating that the uptake of both CK
nucleobases and ribosides at least partially occurs in a proton gradient-dependent manner. For the
complete list of kinetic parameters and their statistical analysis, see Table S6 and Table S7,
respectively. To observe the immediate response of the CK influx to the uncoupling of the proton
gradient, we performed another set of assays in which we treated the cells with 50 pM CCCP in
DMSO seven minutes after the onset of the accumulation (i.e. after adding the tracer). We fitted the
measured data with equation (2) to visualize the response (for the estimated kinetic parameters, see
Table S8). The fits show that after the treatment, the intracellular concentrations of CK nucleobases
start to decrease, while the concentrations of CK ribosides stop increasing and remain constant
(Figure 2I-L). This trend could indicate the presence of CCCP-resistant exporters of CK
nucleobases.

5.2 BY-2 Cells Possess a Riboside-Specific Transport System
Not Recognizing Cytokinin Nucleobases as Substrates

The different affinities of the BY-2 membrane-bound carriers towards CK nucleobases and
ribosides (Figure 2E-H) imply either that both CK types are recognized by the same set of carriers
(with the nucleobases being slightly preferred) or that there are two sets of carrier, one for
nucleobases and one for ribosides, that function independently of one another. To see which of these
models characterizes the CK transport in BY-2 cells better, we paired nucleobase tracers with
riboside competitors and vice versa (i.e. [3H]-tZ with tZR, [3H]-tZR with tZ, [3H]-iP with iPR, and
[3H]-iPR with iP) and repeated the radio-accumulation assays with increasing concentrations of
non-labelled CKs. We fitted the experimental data with equation (1) to assess kinetic parameters for
each assay (Figure 3A-D) and the obtained values of I with equation (3) to estimate the ICs, for
each competitor (Figure 3E-H). The estimated ICsy values are 18.77 pM ([3H]-tZ vs tZR), 90.82
M ([3H]-tZR vs tZ), and 1.00 pM ([3H]-iP vs iPR). No saturation occurs for the [3H]-iPR vs iP
variant (i.e. ICsy diverges towards infinity). For the complete list of kinetic parameters, see Table
S5. These results show that the inhibition of the CK nucleobase uptake by CK ribosides is
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significantly weaker than the inhibition by non-labelled nucleobases and vice versa, supporting the
model of two independent carrier sets.

To confirm this trend, we tested the inhibitory effect of more CK- and adenine-based competitors
(adenine, tZ, iP, BA, DHZ, kinetin, adenosine, tZR, iPR, BAR, and DHZR) on the uptake of [3H]-
tZ, [BH]-tZR, [3H]-iP, [3H]-iPR, [3H]-BA, and [3H]-BAR. The concentration of all competitors
was 20 pM. We fitted the measured data with the constrained variant of equation (1) and compared
the median values of I. The uptake of [3H]-tZ and [3H]-BA decreases (two to four times) in the
presence of all tested nucleobases, as well as tZR, adenosine, and iPR ([3H]-BAR only), whereas
other tested ribosides cause mild to none uptake inhibition. The uptake of [3H]-iP is about three
times reduced by its non-labelled variant but only mildly reduced by other tested compounds. The
uptake of all three labelled ribosides is efficiently inhibited by all tested ribosides with a striking
exception of adenosine and only mildly inhibited by tested nucleobases (Figure 3I; for the estimated
kinetic parameters, see Table S9). The results presented so far indicate the existence of at least two
systems mediating the CK membrane transport - one can recognize both CK nucleosides and
ribosides (with a slight preference towards the former), while the other is strictly riboside-specific.

5.3 AtENT3 Transport Cytokinin Nucleobases and Ribosides,
Preferring trans-Zeatin Riboside over Isopentenyl Adenosine

To see how our previous conclusions about the CK membrane transport as a whole apply to
individual membrane-bound carriers, we decided to proceed with the expression of a previously
characterized transporter of CK ribosides in BY-2 cells and measure its contribution to the uptake of
tZ, iP, tZR, and iPR to assess its specificity. We have focused on members of the ENT family, as
some of them have been linked to the transport of CK ribosides (Girke et al., 2014).

To determine whether tobacco ENTs could be responsible for the CK uptake in BY-2 cells, we
searched for expression of ENT genes in a previously published BY-2 transcriptome (Miiller et al.,
2021). All tobacco ENTs listed in the UniProtKB database (The UniProt Consortium, 2023) are
homologs of AtENT1, 3 or 8. Of these, only the homologs of AtENT1 and 3 genes are expressed in
BY-2 (Figure 4A; for numerical values, see Table S10), implying that measurements performed on
AtENT1 or 3 may reflect the transport trends described above. We eventually decided to further
work with AtENT3, given the previous reports on its effects on the CK homeostasis and plant
sensitivity to exogenously applied CKs (Korobova et al., 2021; Sun et al., 2005).

To directly monitor the transport activity of AtENT3 towards CKs, we introduced the estradiol-
inducible XVE::AtENT3 gene construct to BY-2 cells. Using these transformed cells, we performed
radio-accumulation assays with [3H]-tZ, [3H]-tZR, [3H]-iP, and [3H]-iPR as tracers. We performed
each assay in non-induced (control) and induced cells to assess the contribution of AtENT3 to the
overall CK uptake. The induced cells were treated with 1 pM estradiol in DMSO and the control
cells with the corresponding amount of DMSO. The measured data were fitted with the constrained
variant of equation (1) to estimate I values. The medians of I increased for all four tracers: from
24.56x1073 to 50.03%x1072 s for tZ, from 10.16x107° to 18.82x1073 s* for tZR, from 21.34x10 to
44.27x107 s for iP, and from 12.19x107 to 16.69%107 for iPR (Figure 4B-C). For the complete list
of kinetic parameters and their statistical analysis, see Table S11 and Table S12, respectively. These
results show that AtENT3 transports nucleobases and ribosides, implying that AtENT3 is likely not
a part of the previously described CK riboside-specific system and that strict carriers of ribosylated
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CKs remain to be identified. Focusing on the results obtained for the accumulation of tZR and iPR,
we saw that AtENT3 boosts the influx rate of the former more than the latter. The influx rates of tZ
and iP are boosted similarly, suggesting that CK nucleobases are transported with a different
mechanism, which does not allow discrimination based on the character of the CK N°-bound side
chain.

To further confirm that AtENTS3 is responsible for the increase in CK riboside uptake in the induced
cells, we examined how AtENT3-mediated uptake of tZR changes after application of CCCP and
two inhibitors of nucleoside uptake, S-(4-nitrobenzyl)-6-thioinosine (NBTI) (Karbanova et al.,
2020; Ward et al., 2000; Wright and Lee, 2019) and dipyridamole (DiPy) (Newell et al., 1986;
Woffendin and Plagemann, 1987). NBTI and DiPy inhibit the uptake of adenosine by AtENTSs (Li et
al., 2003; Mohlmann et al., 2001; Wormit et al., 2004). To assess the effects of the inhibitors, we
performed accumulation assays with [3H]-tZR as a substrate, in non-induced (control) or induced
cell lines and with or without CCCP, NBTI or DiPy. All inhibitor we dissolved in DMSO and used
at the concentration of 10 pM. For mock treatment, we used the corresponding amount of DMSO
alone. We fitted the measured data with the constrained variant of equation (1). In mock-treated
cells, the uptake of tZR significantly increases (from 7.56x107 to 10.87x107 s™) due to the
induction of AtENT3 expression. In CCCP-treated cells, the overall tZR uptake drops, but there is
still a difference between control and induced cells (the median of I increases from 0.85x107 to
2.05x107 s™). In NBTI-treated cells, there is no significant difference between the control and
induced cells, indicating strong inhibition of AtENT3 by NBTI. Finally, in DiPy-treated cells, the
median of I mildly increases from 7.73x107 to 9.39x107 s™, suggesting partial inhibition of
AtENTS3 (Figure 4D). For the complete list of kinetic parameters and their statistical analysis, see
Table S13 and Table S14, respectively. The results of the competition assays show that AtENT3 is
inhibited by NBTT and (to a lesser extent) DiPy, two typical inhibitors of adenosine uptake.
However, it is resistant to CCCP, suggesting that AtENT3 mediates facilitated diffusion rather than
active transport. The resistance of AtENT3 towards CCCP could also be related to the milder
response of CK riboside uptake to the CCCP treatment (compared to CK nucleobases) in wild-type
BY-2 cells (Figure 2I-L).

5.4 A Computational Approach Reveals A Non-Conserved
tZR-Interacting Motif in AtENT Sequences

To assess the molecular interactions responsible for CK binding to AtENT3, we performed
molecular docking of tZR into a predicted structure of AtENT3 obtained with AlphaFold (Jumper et
al., 2021). The best-docked pose of tZR is located in a central cavity outlined by transmembrane
helices (TMs) 1, 2, 4, 5, 7, 8, 10, and 11. The ENT3 residues interacting with the docked pose of
tZR comprise Leu31, Trp34, Asn35, Tyr61, GIn62, Asp129, GIn133, Tyr272, Leu276, Tyr304,
Asn305, Asp308, Lys312, Asn365, Leu396, Leu397, and I1e400 (Figure 5A). This pose roughly
corresponds to the sites occupied by the adenosyl moiety of NBTI in human HSENT1 (Wright and
Lee, 2019) (PDB code: 60B6) and by inosine in PfENT1 from the parasite Plasmodium falciparum
(Wang et al., 2023) (PDB code: 7WN1; see Figure 5C). Moreover, the CK-interacting residues
Leu31, Trp34, GIn133, Tyr304, Asp308, and Lys312 correspond to residues reported to bind
respective ligands in 60B6 and 7WN1. We also performed docking of iPR, tZ, and iP. For all best-
docked poses, see Figure S1-4.

To assess the conservation of the CK-binding residues among the known members of the ENT
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family, we aligned sequences of the reviewed ENT proteins present in the UniProtKB database (The
UniProt Consortium, 2023). These proteins are AtENT1-8, BtENT3 from cattle, DrENT4 from
zebrafish, HSENT1-4, MmENT1-4 from mouse, PfENT1, RnENT1-3 from rat, and ScCFUN26 from
yeast. The alignment shows that the residues interacting with the ribosyl moiety of tZR are
generally more conserved than those interacting with the heterocycle and the side chain (Figure 5B,
D), suggesting that the binding cavities of different ENTs are all shaped to recognize nucleosides
but with different specificities towards various aglycones.

To estimate the stability of predicted AtENT3-tZR interactions, we performed molecular dynamic
simulations with a system consisting of the AtENT3-tZR complex in water and 150 mM NaCl. To
equilibrate the system, we ran a single 200 ns-long simulation. Through cluster analysis of the
200 ns-long trajectory, we obtained a representative system conformation (corresponding to the
frame at t = 177.72 ns). In this conformation, we observed interactions between the side-chain
hydroxyl group of tZR and residues Trp34, Tyr61, and Asp129, mediated by a water molecule
(Figure 5E). Tyr61 and Asp129 are conserved among AtENTSs but not among ENTs from other
species listed in Figure 5B, suggesting they might have a unique role in binding CK substrates.

Next, we ran three parallel 100 ns-long simulations, starting from the system conformation obtained
through the cluster analysis. To confirm that a water bridge contributes to the stabilization the side-
chain hydroxyl of tZR, we calculated the fractional occupancies of water molecules in the system
during the simulations. In the space surrounded by the side-chain hydroxyl of tZR and the side
chains of Tyr61 and Asp129, the fractional occupancy of water reaches a local maximum of
approximately 90%, indicating that this space is occupied by water for the most simulation time and
thus supporting the involvement of the water bridge in maintaining the interactions between
AtENTS3 and the tZR side chain (Figure 5F). To assess the stability of interactions among tZR,
Trp34, Tyr61, and Asp129, we calculated the distributions of the distances between the interacting
atom pairs (those visualized in Figure 5E) during the three 100 ns-long simulations. These
distributions show that the distance between the hydrogen atom of the side-chain hydroxyl of tZR
(H5) and the carboxylic oxygen of Asp129 (OD1), as well as the distance between H5 atom of tZR
and the phenolic oxygen of Tyr61 (OH), oscillate around 4 A. Assuming that the donor-acceptor
distance in a typical hydrogen bond is less than 3.5 A (Lemkul, 2019), the distribution of H5-OD1
and H5-OH distances supports the previous conclusion that the tZR-Asp129 and tZR-Tyr61
interactions are mediated by a water bridge, as the most likely distances are longer than the 3.5 A
threshold. The distribution of distances between the OD1 atom of Asp129 and the phenolic
hydrogen (HH) of Tyr61 shows a sharp peak around 2 A, indicating a stable hydrogen bond
between these two atoms. This conclusion is also supported by the distribution of sizes of the angle
formed by OD1, HH, and OH atoms, where the average angles are about 160°, i.e. close to a
straight line (Figure S5). The distribution of distances between the oxygen of the side-chain
hydroxyl of tZR (O5) and the nitrogen-bound hydrogen of Trp34 (HE1), ranging from 2 to 5 A,
does not show any significant peak, indicating that there are no stable interactions (Figure 5G).
Distributions of distances involving the OD1 atom of Asp129 show a secondary peak, which is
caused by the flipping of the Asp129 carboxyl group during the simulations. Altogether, the results
from the docking and molecular dynamics show that Tyr61 and Asp129 of AtENT3 can stabilize
AtENT3-tZR binding via interactions with the side-chain hydroxyl group of tZR, which might
explain the preference of AtENT3 towards tZR over iPR (Figure 4C).
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5.5 Loss of the AtENT3 Function Affects Shoot Development
and WUSCHEL Expression in A. thaliana

To assess the physiological significance of the membrane transport of ribosylated CKs, we
examined the phenotype of A. thaliana plants mutated in atent3, whose transport activity we have
already characterized in this work. Given the previous report on the effects of atent3 mutation on
the primary root length (Korobova et al., 2021), we have focused on the plant shoots. We imaged
shoots of 8-day-old wild-type A. thaliana plants and anent3 mutants grown on the agar and 8, 11,
and 15-day-old plants (wild type and atent3) grown on the cultivation substrate in pots. We
processed the obtained image to measure the area of plant shoots from top view. The shoots of
atent3 plants are larger than the corresponding control in all cases (Figure 6A-B). For all measured
parameters, see Table S15-16. For the statistical analysis of measured areas, see Table S17.

The effect of the atent3 mutation on the shoot development might be related to the previously
reported requirement of tZR for proper modulation of physiological responses in the shoot apex
(Landrein et al., 2018; Lopes et al., 2021), which implies the presence of CK riboside-recognizing
transporters responsible for supplying root-borne tZR to the the apex (Sakakibara, 2021). In the
following experiments, we therefore investigated the possibility that one of these tZR-providing
transporters is AtENT3.

To determine whether AtENT genes are expressed in the apex area, we examined transcriptomic
data obtained from isolated apices or apex-enriched tissues of A. thaliana deposited to the GEO
database under accessions of GSM4278593-95 (Yang et al., 2021), GSM2104466 and 71 (Mandel
et al., 2016), and GSM7764635-36 (Incarbone et al., 2023). From these data, we extracted
expression levels of AtENT1-8. In all samples, AtENT1 and 3 are abundantly expressed, sometimes
followed by AtENT7 and 8 (Figure 6C), supporting the idea that AtENT3 supplies the shoot apex
with root-borne tZR.

As it was previously shown that increased CK supply leads to upregulation of WUSCHEL (WUS)
expression in the shoot apical meristem (SAM) (Landrein et al., 2018), we further examined a
possible relationship between the expression of WUS and AtENT3. We examined transcriptional
data under accession GSE122610, where the authors evaluate the effects of ectopic WUS
overexpression in 5-day-old A. thaliana seedlings (Ma et al., 2019). In this dataset, we searched for
genes related to CK metabolism, transport or signalling. Overexpression of WUS leads to
downregulation of the transporters AtENT3 and 4, CK-activating genes from the LONELY GUY
(LOG) family, AtLOGS5, 6 and 8, and CK-responsive genes from the ARABIDOPSIS RESPONSE
REGULATOR (ARR) family, ARR7 and 11. Conversely, ARR4, 9, and the CK-degrading
CYTOKININ DEHYDROGENASE 7 (AtCKX?7) are upregulated (Figure 6D).

Having seen that overexpression of WUS can affect the expression of AtENT3, we next examined
the expression of WUS in the shoots of atent3 mutant via quantitative PCR. To determine whether
potential changes in WUS expression are due to a lack of ribosylated CKs in the shoot apex, we
treated half of the wild-type plants and atent3 mutants with 1 pM tZR in water and the remaining
plants with the corresponding amount of water alone. The expression of WUS is lower in the water-
treated atent3 mutant than in the corresponding wild type plants. Treating the plants with tZR
partially reduces this difference in WUS expression (Figure 6E). For the relative expression levels
of WUS and their statistical analysis, see Table S18 and Table S19, respectively. Both these findings
support the hypothesis that AtENT3 provides the apex with root-borne tZR. Based on our findings,
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we have proposed an updated working scheme explaining the role of root-borne tZR in the shoot
apex. This scheme, depicted in Figure 6F and further discussed below, will be the pivot focus of our
future research.

6 Discussion

Ribosylated CKs are the dominant CK form transported through the xylem and phloem (Corbesier
et al., 2003; Sakakibara, 2021; Takei et al., 2001) Their effective distribution between the cellular
and extracellular compartments, mediated by membrane-bound carriers, is thus a crucial aspect of
communication among different tissues and organs. In this work, we address particular differences
between the transport kinetics of CK nucleobases and ribosides via radio-accumulation assays in
BY-2 cell culture, a plant model system. We show that the uptake kinetics of CKs with isoprenoid
chains differ significantly more between nucleobases and ribosides than among compounds with
different side chain compositions, highlighting the presence of CK riboside-specific transporters
(Figure 1). Conversely, the uptake kinetics of aromatic CKs (BA and BAR) do not differ, suggesting
that aromatic CKs are recognized by a different transport system. The specific transport properties
of BA and BAR evoke inquiries about the roles of aromatic CKs in plants and the means of
maintaining their homeostasis in general.

We further show that the CK uptake occurs via at least two different systems of membrane-bound
carriers. One of these systems exclusively recognizes ribosylated substrates. The other one
primarily transports nucleobases but not as strictly as the first system. We derive this conclusion
from the general trend of our data from accumulation assays, which shows that the inhibition of the
CK riboside uptake by nucleobases is weaker than when the roles are reversed (Figure 3). The
existence of riboside-specific transporters hypothetically allows plants to regulate the distribution of
ribosylated CKs in a targeted manner. Since ribosylated CKs are primarily transported over long
distances, the CK riboside-specific carriers could be found within or close to vascular tissues. This
particular expression pattern could serve as a clue in the search for other CK riboside transporters in
future research.

We used AtENT3 as a representative membrane-bound carrier of CK ribosides to further
characterize the CK riboside transport. Our measurements of CK uptake in the AtENT3-expressing
BY-2 cells showed that AtENT3 transports CK nucleobases and ribosides alike and thus does not
belong to the CK riboside-specific carriers (Figure 4). Similar measurements focused on the ability
of other AtENTS to distinguish between CK nucleobases and ribosides would allow us to tell
whether this trend observed for AtENT3 applies to all AtENTs or whether the family includes other
members, that may be specific for CK ribosides. The docked poses of tZ and iP (Figure S1 and S3)
show that both nucleobases interact with the GIn62 residue of AtENT3 via a hydrogen bond. GIn62
is conserved among AtENT2-7, while in AtENT1 and 8, the corresponding position is occupied by
methionine, an amino acid with an aliphatic side chain that is unlikely to form the mentioned
hydrogen bond (Figure 5B). We propose that due to this difference in the amino acid composition,
AtENT1 and 8 will not recognize CK nucleobases as substrates, which will be interesting to prove
or disprove in future experiments.

The character of the position corresponding to GIn62 in AtENT3 also varies among other ENTs
listed in Figure 5B. Notably, this position differs between HSENT1 (methionine) and HSENT?2
(glutamine), cobsistent with their previously reported affinities towards nucleobases and
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nucleosides. HSENT1 favours uridine, a riboside, over nucleobases adenine, thymine, and
hypoxanthine, whereas HSENT?2 transports the nucleobases with affinities equal to that towards
uridine or greater (Yao et al., 2011). The differential affinity towards nucleobase substrates between
HsENT1 and 2 supports the hypothesis that the variable nature of the position corresponding to
GIn62 in AtENT3 can affect the substrate specificities of ENTs. Another example is, PfENT1,
which has the position GIn62 position occupied by glutamate and transports inosine, a riboside, and
hypoxanthine with comparable affinities (Wang et al., 2023).

We have further observed that AtENT3 prefers tZR over iPR (Figure 4). The two substrates differ in
the hydroxylation status of their side chains, as tZR is hydroxylated and iPR is not. Through the
molecular docking of tZR in the predicted structural model of AtENT3 and subsequent molecular
dynamic simulations of the AtENT3-tZR complex, we have identified stable interactions among
residues Tyr61, Asp129 and the side-chain hydroxyl group of tZR. These interactions could explain
the preference of AtENT3 for tZR. Both Tyr61 and Asp129 are conserved among all AtENTSs but
not among animal and other ENTs (Figure 5B), suggesting that their presence allows preferential
binding of tZ-derived CKs by AtENTs. To investigate these indications further, it would be worth
comparing affinities towards tZR and iPR for other AtENTSs. as the preference towards the former
should be conserved alongside Tyr61 and Asp129 residues. Another option to test the involvement
of Tyr61 and Asp129 residues in stabilizing tZR is to measure the transport of tZR mediated by non-
plant ENTs.

In the last part of this work, we have addressed the physiological impact of the AtENT3-mediated
transport in A. thaliana shoots. The membrane transport of CK ribosides has been deemed a
necessary step for the activation of tZR coming via xylem from roots up to the shoot apex and
subsequent stimulation of WUS expression (Daviére and Achard, 2017; Landrein et al., 2018; Lopes
et al., 2021; Osugi et al., 2017; Sakakibara, 2021). This fact prompted us to investigate whether a
change in AtENT3 expression affects shoot development. Combining publicly available
transcriptomic data with our quantitative PCR measurements has revealed that overexpression of
WUS downregulates expression of AtENT3 and that the atent3 mutation downregulates expression
of WUS. The shoots of atent3 plants show larger cotyledons than the wild-type plants, which
resembles the previously reported phenotype of wus mutant seedlings (Hamada et al., 2000; Laux et
al., 1996). Nevertheless, this phenotype can also stem from the reduced retention of tZR in atent3
roots (Korobova et al., 2021).

Other genes affected by WUS oversexpression include downregulated ENT4, LOG5, LOG6, LOG8
(to a lesser extent also ENT1 and LOG1) and upregulated CKX7, indicating that the overexpressed
WUS tends to inhibit CK signalling at several levels as negative feedback. This feedback likely
occurs via activation of type-A ARRs, which are typically characterized as CK-repressive (To et al.,
2007, 2004). We have seen that overexpression of WUS upregulates type-A ARR4 and ARR9. On the
other hand, type-A ARRY7 is downregulated, suggesting that ARR7 does not participate in
attenuating the incoming CK signal but rather in further regulation of the shoot apex development,
consistent with a previous report (Leibfried et al., 2005). The differential effect of WUS
overexpression on the type-A ARRs could also be a hint of plants being able to discern between CK
signalling over long distances (which modulates WUS activity in response to environmental cues)
and at the local level (which further shapes the SAM) by employing different response regulators
for each. The suggested role of AtENTS3 in the regulation of WUS expression and the subsequent
WUS feedback are schematically depicted in Figure 6F, and its further assessment is another
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perspective of our future research.
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with radio-labelled tZ, tZR, iP, iPR, BA, and BAR and various nucleobases and ribosides at the
concentration of 20 pM as competitors.

Table S10: Expression levels of tobacco ENT homologs in BY-2 cells. Data taken from
GSE160438.

Table S11: Kinetic parameters obtained through the mathematical modelling of accumulation
assays with radio-labelled tZ, tZR, iP, and iPR in control and induced BY-2 cells harbouring the
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637 Table S12: Statistical analysis of data from Table S11.

638 Table S13: Kinetic parameters obtained through the mathematical modelling of accumulation
639 assays with radio-labelled tZR and NBTI, Dipy or CCCP as inhibitors in control and induced BY-2
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641 Table S14: Statistical analysis of data from Table S13.

642 Table S15: Parameters obtained through processing of images of 8-day-old wild-type and atent3 A.
643 thaliana plants grown on the agar.

644 Table S16: Parameters obtained through processing of images of 8, 11, and 15-day-old wild-type
645 and atent3 A. thaliana plants grown in pots.

646 Table S17: Statistical analysis of areas from Table S16 and Table S17.

647 Table S18: Relative expression levels of AtWUS measured through quantitative PCR in the shoots
648 of 8-day-old wild-type and atent3 A. thaliana plants treated with 1 pM tZR in water or the
649 corresponding amount of water.

650 Table S19: Statistical analysis of data from Table S18.
651 Supplementary methods: Derivation of models given by equation (1) and equation (2).

652 Figure S1-S4: The best-docked positions of tZ, tZR, iP, and iPR in the AlphFold-predicted structure
653 of AtENTS3.

654 Figure S5: Distribution of distances and angles during molecular dynamic simulations of the
655 AtENT3-tZR complex.
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12 Figures

Figure 1: Characterization of the CK membrane transport in tobacco BY-2 cells. A: Estimated
values of the influx rate constant (I) for different radio-labelled CK tracers obtained by fitting
equation (1) into data from radio-accumulation assays. B-E: Comparison of the accumulation trends
(concentration of the accumulated tracer over time) between CK nucleobases and their ribosylated
forms. The curves are aligned by setting K = 0 and ¢, = 2 nM for each assay. P-values obtained from
the one-way ANOVA test comparing I values for the corresponding pairs of CK nucleobases and
ribosides: 0 (P > 0.1), * (0.1 >= P > 0.05), ** (0.05 >= P > 0.01), *** (P <= 0.01). Acc.:
accumulated.

Figure 2: Saturation of the CK membrane transport in tobacco BY-2 cells. A-D: Accumulation
trends (concentration of the accumulated tracer in time) of radio-labelled CK in BY?2 cell inhibited
by increasing concentrations of their non-labelled counterparts. The shape of the curves is
determined by the I and E values obtained by fitting equation (1) into data from radio-accumulation
assays. For the visualization purposes, K is set to 0 and ¢, to 2 nM for each assay. E-H: Dependence
of I values obtained from the mathematical modelling of radio-accumulation data on the
concentration of the non-labelled competitors. The plotted data points are further fitted with
equation (3) to obtain the saturation parameters. The fit of equation (3) is represented by grey
dashed curves. The I values correspond to the curves depicted in A-D. I-L: Accumulation trends of
radio-labelled CK tracers in presence of 50 pM carbonyl cyanide 3-chlorophenylhydrazone
(CCCP). Acc.: accumulated.

Figure 3: Substrate specificity of CK membrane-bound transport systems. A-D: Accumulation
trends (concentration of the accumulated tracer over time) of radio-labelled CK in BY-2 cell
sinhibited by increasing concentrations of chemically diverse non-labelled substances. The shape of
the curves is determined by the I and E values obtained by fitting equation (1) into data from radio-
accumulation assays. For the visualization purposes, K is set to 0 and ¢, to 2 nM for each assay. E-
H: Dependence of the I values obtained from the mathematical modelling of radio-accumulation
data on the concentration of the non-labelled competitors. The plotted data points are further fitted
with equation (2) to obtain the saturation parameters. The fit of equation (2) is represented by grey
dashed curves. The I values correspond to the curves depicted in A-D. I: Fold changes of the influx
rate constants estimated for various combinations of radio-labelled CK tracers and 20 pM non-
labelled competitors. Black cells denote non-tested combinations. Acc.: accumulated.

Figure 4: The effect of AtENT3 expression on the CK uptake in tobacco BY-2 cells. A: Expression
of AtENT homologues in two day-old BY-2 cultures. The identifiers on the vertical axis correspond
to accessions in the NCBI (National Center for Biotechnology Information) Gene database
(accessed on 17 April 2024). Data were obtained through the GEO (Gene Expression Omnibus)
database under the accession of GSE160438 (Miiller et al., 2021). B-C: Optimized values of the
influx rate constant, I, obtained by fitting equation (1) into data from radio-accumulation assays
measuring the uptake of radio-labelled CK nucleobases and ribosides in the AtENT3-harbouring
BY-2 cells under an estradiol-inducible promoter without (ctr) or with the induction (ind) of
AtENT3 expression. D: Optimized values of I for the uptake of radio-labelled tZR in the AtENT3-
harbouring BY-2 cells without or with the induction of AtENT3 expression and without (mock) or
with transport inhibitors S-(4-nitrobenzyl)-6-thioinosine (NBTTI), dipyridamole (DiPy), and
carbonyl cyanide 3-chlorophenylhydrazone (CCCP). All inhibitors were applied at a concentration
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of 10 pM. P-values obtained from the one-way ANOVA test comparing I values for induced and
control cell lines: 0 (P > 0.1), * (0.1 >= P > 0.05), ** (0.05 >= P > 0.01), *** (P <= 0.01).

Figure 5: Computational assessment of the interactions between the AlphaFold-predicted structure
of AtENT3 and tZR. A: Schematic representation of the best docked pose of tZR in the binding
cavity of AtENT3. Green dashed lines represent hydrogen bonds with lengths given in A. Short red
rays represent hydrophobic interactions. Visualized in LigPlot+. B: Sequential alignment of plant,
animal, parasitic, and yeast ENTs. The residues of AtENT3 interacting with the docked pose of tZR
and their homologs are shown in bold. Their conservation among the presented species is depicted
by the differential intensity of the blue highlight. Blue vertical lines mark breaks in the sequences.
The labels in the header of the alignment denote the residues of AtENT3 found at the given
position. The consensus sequences and the logotype of the alignment segments are given at the
bottom. Visualized in Jalview. C: Superimposition of AtENT3 (tan cylinders) with the docked pose
of tZR (green) and the experimental poses of NBTT (light blue) in HSENT1 (PDB code: 60B6) and
inosine (pink) in PfENT1 (PDB code: 7WN1). The amino acid residues of 60B6 and 7WN1 are
hidden. D: Sequence conservation of AtENT3 residues interacting with the docked pose of tZR
calculated by the AL2CO program (Pei and Grishin, 2001) from the alignment depicted in B. Larger
numbers indicate higher conservation. E: Hydrogen bonding among tZR, Trp34, Tyr61 and Asp129,
and a water molecule in the system equilibrated by molecular dynamics (MD). Hydrogen bonds are
depicted as light blue dashed lines. Images C-E are visualized in UCSF ChimeraX. F: Fractional
occupancies of the MD simulation grid by water molecules. The meshes represent isosurfaces with
the fractional occupancy of 90%. Differently coloured meshes correspond to three independent MD
simulation runs. Visualized in PyMol. G: Representative distributions of atomic distances involving
the hydrogen (H5) and oxygen (O5) of the side-chain carboxyl of tZR, a carboxylic oxygen of
Asp129 (OD1), the phenolic oxygen of Tyr61 (OH), and the nitrogen-bound hydrogen of Trp34
(HE1).

Figure 6: AtENT3-mediated transport of tZR contributes to the shoot development in Arabidopsis
thaliana. A: Top view images of wild-type and atent3 A. thaliana plants grown in pots. Scale bar: 1
cm. B: Shoot areas of A. thaliana plants grown on the agar and in pots measured through image
analysis. C: Relative expressions of AtENT genes in the shoot apices or apex-enriched tissues of A.
thaliana retrieved from the Gene Expression Ominubs (GEO) database via accessions
GSM4278593-95 (Yang et al., 2021), GSM2104466 and 71 (Mandel et al., 2016), and
GSM?7764635-36 (Incarbone et al., 2023). The colour scale is normalized from 0 to the maximal
value in each column. D: Differential expression of genes related to CK transport, metabolism, and
signalling in plants ectopically overexpressing WUSCHEL (WUS) in comparison to control plants.
Data obtained from GEO accession GSE122610 (Ma et al., 2019). E: Relative expression levels of
WUS in the shoots of 8 day-old agar-grown A. thaliana plants obtained through quantitative PCR.
F: A schematic proposition of the function of AtENT3-mediated tZR transport in the maintenance
of cytokinin homeostasis and WUS activity in the SAM. Black arrows denote movement and
conversions of cytokinin species, green arrows activation, and red lines with flat ends inhibition. P-
values obtained from the one-way ANOVA test comparing wild-type and atent3 plants: 0 (P > 0.1),
*(0.1>=P>0.05), ** (0.05 >= P > 0.01), *** (P <= 0.01). DAS: days after sowing, LOG:
LONELY GUY, CKX: cytokinin dehydrogenase, CLV: CLAVATA.
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Figure 1: Characterization of the CK membrane transport in tobacco BY-2 cells. A: Estimated values
of the influx rate constant (/) for different radio-labelled CK tracers obtained by fitting equation (1)
into data from radio-accumulation assays. B-E: Comparison of the accumulation trends
(concentration of the accumulated tracer over time) between CK nucleobases and their ribosylated
forms. The curves are aligned by setting K = 0 and ¢y = 2 nM for each assay. P-values obtained from
the one-way ANOVA test comparing / values for the corresponding pairs of CK nucleobases and
ribosides: 0 (P> 0.1), * (0.1 >= P> 0.05), ** (0.05>= P> 0.01), *** (P <=0.01). Acc.:
accumulated.
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Figure 2: Saturation of the CK membrane transport in tobacco BY-2 cells. A-D: Accumulation
trends (concentration of the accumulated tracer in time) of radio-labelled CK in BY2 cell inhibited
by increasing concentrations of their non-labelled counterparts. The shape of the curves is
determined by the / and E values obtained by fitting equation (1) into data from radio-accumulation
assays. For the visualization purposes, K is set to 0 and ¢y to 2 nM for each assay. E-H: Dependence
of I values obtained from the mathematical modelling of radio-accumulation data on the
concentration of the non-labelled competitors. The plotted data points are further fitted with equation
(3) to obtain the saturation parameters. The fit of equation (3) is represented by grey dashed curves.
The I values correspond to the curves depicted in A-D. I-L: Accumulation trends of radio-labelled
CK tracers in presence of 50 uM carbonyl cyanide 3-chlorophenylhydrazone (CCCP). Acc.:
accumulated.
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Figure 3: Substrate specificity of CK membrane-bound transport systems. A-D: Accumulation trends
(concentration of the accumulated tracer over time) of radio-labelled CK in BY-2 cell sinhibited by
increasing concentrations of chemically diverse non-labelled substances. The shape of the curves is
determined by the 7 and E values obtained by fitting equation (1) into data from radio-accumulation
assays. For the visualization purposes, K is set to 0 and ¢y to 2 nM for each assay. E-H: Dependence
of the 7 values obtained from the mathematical modelling of radio-accumulation data on the
concentration of the non-labelled competitors. The plotted data points are further fitted with equation
(2) to obtain the saturation parameters. The fit of equation (2) is represented by grey dashed curves.
The [ values correspond to the curves depicted in A-D. I: Fold changes of the influx rate constants
estimated for various combinations of radio-labelled CK tracers and 20 pM non-labelled
competitors. Black cells denote non-tested combinations. Acc.: accumulated.
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Figure 4: The effect of AtENT3 expression on the CK uptake in tobacco BY-2 cells. A: Expression of
AtENT homologues in two day-old BY-2 cultures. The identifiers on the vertical axis correspond to
accessions in the NCBI (National Center for Biotechnology Information) Gene database (accessed on
17 April 2024). Data were obtained through the GEO (Gene Expression Omnibus) database under
the accession of GSE160438 (Miiller et al., 2021). B-C: Optimized values of the influx rate constant,
1, obtained by fitting equation (1) into data from radio-accumulation assays measuring the uptake of
radio-labelled CK nucleobases and ribosides in the A#ENT3-harbouring BY-2 cells under an
estradiol-inducible promoter without (ctr) or with the induction (ind) of AtENT3 expression. D:
Optimized values of / for the uptake of radio-labelled tZR in the AtENT3-harbouring BY-2 cells
without or with the induction of 4tENT3 expression and without (mock) or with transport inhibitors
S-(4-nitrobenzyl)-6-thioinosine (NBTI), dipyridamole (DiPy), and carbonyl cyanide 3-
chlorophenylhydrazone (CCCP). All inhibitors were applied at a concentration of 10 uM. P-values
obtained from the one-way ANOVA test comparing / values for induced and control cell lines: 0 (P>
0.1), * (0.1 >= P> 0.05), ** (0.05 >= P> 0.01), *** (P <=0.01).
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Figure 5: Computational assessment of the interactions between the AlphaFold-predicted structure
of AtENT3 and tZR. A: Schematic representation of the best docked pose of tZR in the binding
cavity of AtENT3. Green dashed lines represent hydrogen bonds with lengths given in A. Short red
rays represent hydrophobic interactions. Visualized in LigPlot+. B: Sequential alignment of plant,
animal, parasitic, and yeast ENTs. The residues of AtENT3 interacting with the docked pose of tZR
and their homologs are shown in bold. Their conservation among the presented species is depicted by
the differential intensity of the blue highlight. Blue vertical lines mark breaks in the sequences. The
labels in the header of the alignment denote the residues of AtENT3 found at the given position. The
consensus sequences and the logotype of the alignment segments are given at the bottom. Visualized
in Jalview. C: Superimposition of AtENT3 (tan cylinders) with the docked pose of tZR (green) and
the experimental poses of NBTI (light blue) in HSENT1 (PDB code: 60B6) and inosine (pink) in
PfENT1 (PDB code: 7WN1). The amino acid residues of 60B6 and 7WNT1 are hidden. D: Sequence
conservation of AtENT3 residues interacting with the docked pose of tZR calculated by the AL2CO
program (Pei and Grishin, 2001) from the alignment depicted in B. Larger numbers indicate higher
conservation. E: Hydrogen bonding among tZR, Trp34, Tyr61 and Asp129, and a water molecule in
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the system equilibrated by molecular dynamics (MD). Hydrogen bonds are depicted as light blue
dashed lines. Images C-E are visualized in UCSF ChimeraX. F: Fractional occupancies of the MD
simulation grid by water molecules. The meshes represent isosurfaces with the fractional occupancy
of 90%. Differently coloured meshes correspond to three independent MD simulation runs.
Visualized in PyMol. G: Representative distributions of atomic distances involving the hydrogen
(H5) and oxygen (O5) of the side-chain carboxyl of tZR, a carboxylic oxygen of Asp129 (OD1), the
phenolic oxygen of Tyr61 (OH), and the nitrogen-bound hydrogen of Trp34 (HE1).
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Figure 6
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Figure 6: AtENT3-mediated transport of tZR contributes to the shoot development in Arabidopsis
thaliana. A: Top view images of wild-type and atent3 A. thaliana plants grown in pots. Scale bar: 1
cm. B: Shoot areas of A. thaliana plants grown on the agar and in pots measured through image
analysis. C: Relative expressions of AtENT genes in the shoot apices or apex-enriched tissues of 4.
thaliana retrieved from the Gene Expression Ominubs (GEO) database via accessions
GSM4278593-95 (Yang et al., 2021), GSM2104466 and 71 (Mandel et al., 2016), and
GSM7764635-36 (Incarbone et al., 2023). The colour scale is normalized from 0 to the maximal
value in each column. D: Differential expression of genes related to CK transport, metabolism, and
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signalling in plants ectopically overexpressing WUSCHEL (WUS) in comparison to control plants.
Data obtained from GEO accession GSE122610 (Ma et al., 2019). E: Relative expression levels of
WUS in the shoots of 8 day-old agar-grown A. thaliana plants obtained through quantitative PCR. F:
A schematic proposition of the function of AtENT3-mediated tZR transport in the maintenance of
cytokinin homeostasis and WUS activity in the SAM. Black arrows denote movement and
conversions of cytokinin species, green arrows activation, and red lines with flat ends inhibition. P-
values obtained from the one-way ANOVA test comparing wild-type and atent3 plants: 0 (P> 0.1), *
(0.1 >=P>0.05), ** (0.05>=P>0.01), *** (P <=0.01). DAS: days after sowing, LOG: LONELY
GUY, CKX: cytokinin dehydrogenase, CLV: CLAVATA.
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1 Supplementary Methods

1.1 Derivation of the Transport Model

The model assumes two simultaneous transport processes in the cell suspension culture: the influx
of the tracer from the media to the cells and the efflux of the tracer in the opposite direction. We
consider both processes to obey the first-order kinetics. This can be mathematically expressed as:

dc,

I:ICE_ECI’ (Sl)
where ¢; and cg are the intracellular and extracellular concentrations of the traced CK, respectively, I
is the influx rate constant, and E is the efflux rate constant. The sum of the intra- and extracellular
concentrations, ¢, is the initial concentration of the tracer applied to the cell suspension, and it
remains constant during the assay:

cy=fc,+cp. (52)

The symbol f denotes a factor accounting for the different volumes of the intra- and extracellular
environments, which prevents from summing the concentrations directly. With v denoting the
average volume of a BY-2 cell, previously determined as 3.53x10™" m® (HoSek et al., 2012), and o
denoting the cell suspension density, we can define f as:

Vo
= S3
f 1-vp (53)
and rewrite equation (S1) as:
dc,
IzI(co—fcI)—EcI. (S4)

With the initial condition c,(0)=0, we can find the solution to equation (S4) as:

T (_ﬁ_E)dCI _[
{ (_ﬂ_E)C1+IC0_{(_ﬁ_E)dt’ (55)
In IcO_(ﬂ+E)CI:—(fI+E)t, (S6)
Ic,
and finally:
_ e, —t(fI+E)
c,(t)—ﬁ+E[1—e e, (S7)

The ¢, values calculated from the measured radioactivities are biased due to a portion of the tracer
remaining on the cell surfaces. To account for this, we define surface contamination factor K and
add term Kc to the right side of equation (S7). This yields:

Ic,

— 1— —t(fI+E)
ﬂ+E{ ¢

c(t)

(1-fK)+Kc,. (S8)
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1.2 Derivation of the In-Flight Model

In so-called in-flight assays, we applied a chemical to the cell suspension when the accumulation of
the radio-labelled tracer was already in progress. We assume the treatment affects the kinetic
constants, I and E. The membrane transport in an in-flight assay can be modelled as:

de; | Ic,—Ec, if <t

, S9
dt |I'c,—E'c, if t>t’ (59)

where t' is the treatment time and I ', E ' are the post-treatment values of I, E, respectively. The
solution to the first case of equation (S9) is given by equation (S7) and its working implementation,
which accounts for the cell surface contamination, by equation (S8). To second case of equation
(S9) can be rewritten as:

dc,

I:1'(c0—c,)—15:'c,. (S10)

To solve equation (S10), we can use the initial condition c,(t')=c", where c' is the function value
obtained from equation (S7) by setting t =t '. With the initial condition, we can write:
} (=fl'—E')dc, _ ‘

CiEerr R 1

¢’

which yields:

I'c : e , e
— - + ' —t)(fT'+
c,(t)_ﬂ,+;,[1—e“ OBy v glt=0l+EY) (S12)

After substituting for ¢’ from equation (S7) and accounting for the cell surface contamination, we
can write the integral form of the in-flight model as:

I
ﬂith_et(fHE) (1—fK)+KC0 if t<t’
c,(t)= . (S13)
I’ , E I , : E'
ﬂ'+cg’[1_e(t —t)(fl'+E )}_}_ﬂ_ith_e—t (fl+E) e(r —t)(fl'+E") (1—fK)+KC0 if >t

Restricting E ' to be equal to E yields equation (2) in the main text.
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Supplementary Figures
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Figure S1: The best-docked pose of trans-zeatin in the AlphaFold-predicted strucutre of AtENT3
Visuazlied in LigPlot+.
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Figure S2: The best-docked pose of trans-zeatin riboside in the AlphaFold-predicted strucutre of
AtENTS3. Visuazlied in LigPlot+.
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Figure S3: The best-docked pose of isopentenyl adenine in the AlphaFold-predicted strucutre of
AtENTS3. Visuazlied in LigPlot+.
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Figure S4: The best-docked pose of isopentenyl adenosine in the AlphaFold-predicted strucutre of
AtENTS3. Visuazlied in LigPlot+.
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ns-long molecular dynamic simulations of the complex of AtENT3 with trans-zeatin riboside (tZR)
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4.3 Cytokinin Dehydrogenase in Xylem Sap Reveals A Direct
Link Between Cytokinin Metabolism and Long-Distance
Transport

In this manuscript, my colleagues and I demonstrate that CKX is active in oat xylem sap and
characterize putative oat CKX isoforms in the context of a bioinformatical analysis of CKX
sequences from various monocot species. First, we present a multi-sequence alignment of 492
monocot CKX sequences. These sequences form eight major clusters labelled as class I-VIII for
manuscript purposes. Sequences within each class can be characterized with a specific composition
of the variable triplet in the semi-conserved FLXRVXXXE motif (i.e. the second, third, and fourth
to last residue). The last residue of this triplet can interact with ligands in some cases (Kopec¢ny et
al., 2016), indicating that each CKX class comprises enzymes with the same substrate specificity
(Figure 1 in the manuscript). For easier reference, we dub the last residue of the variable triplet
"VEGAS" based on its five most common identities (i.e. valine, glutamate, glycine, alanine, and
serine).

We then compare the active centres of six CKX structures representing six of the eight
classes identified through the multi-sequence alignment. We include a newly solved structure of
ZmCKXS5, which we also report as one of the results of this manuscript. The direct structural
comparison supports the previous observation that when glutamine occupies the VEGAS position, it
stabilizes a CK nucleobase in the active centre through a hydrogen bond (Kopecny et al., 2016;
Malito et al., 2004) (Figure 2 in the manuscript).

Next, we show that the monocot CKX classification partially correlates with the sequence-
based predictions of their subcellular localization. Namely, we predict that class II CKXs (variable
triplet: NRV) are mainly localized to the cytoplasm, class III (variable triplet: RME) and VII
(variable triplet: RDG triplet) to the endoplasmic reticulum, class VI (variable triplet: HGE triplet)
to the extracellular space, and class VIII (variable triplet: HKA) to the vacuole. This trend shows
that the CKXs with the VEGAS position occupied by glutamate, which efficiently cleave CK
nucleobases, are likely localized to compartments where CK nucleobases interact with the CHASE
domain of the HK receptors, suggesting that these CKX classes regulate CK signalling by cleaving
the biologically active CK form at the site of its action.

We were intrigued to see whether the extracellular class VI CKX isoforms are also present in
the xylem and whether they directly regulate the CK flow from roots to shoots. Moreover,
considering the assumed specificity of the extracellular CKXs towards CK nucleobases, CKX in the
xylem could also be partially responsible for the inability of root-borne tZ to trigger physiological
responses in the shoot apex (Sakakibara, 2021). We demonstrate that CKX is active in the xylem
sap of several plant species. We further work with the oats since we can detect relatively high CKX
activity in its xylem as early as twelve days after germination. We compare substrate specificities of
the CKX in oat xylem sap, root, and leaves and show that CKX from the xylem sap and roots prefer
tZ over cZ, in contrast to the CKX from leaves (Figure 4 in the manuscript). We identify 27 putative
AsCKX genes in the oat genome (Kamal et al., 2022) and examine their expression profiles in
publicly available transcriptomic datasets. Quantification of the transcriptomic data shows that the
predominant AsCKX isoforms expressed in oat roots belong to the extracellular class VII (isoforms
AsCKX1a, ¢, and d) and isoforms expressed in leaves to the cytoplasmic class II (isoforms
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AsCKX10a, c, and d) (Figure 5 in the manuscript). These expression patterns, in combination with
the substrate specificities of CKX from different parts of the plant, imply that cytoplasmic and
extracellular CKXs differ in their preferences for tZ and cZ as substrates, which is consistent with
previous reports (Smehilova et al., 2009; Zalabk et al., 2014).

Our results thus indicate that the CKX isoforms responsible for CKX activity in the xylem
sap are AsCKX1s and that they are synthesized in roots and subsequently secreted to the xylem. We
support this conclusion by showing that most CKX enzymes in the xylem sap are glycosylated and
that the AsCKX isoforms predicted to have the most glycosylation sites are AsSCKX1s. This finding
is consistent with the characteristic glycosylation of the extracellular ZmCKX1 (Franc et al., 2012).

Lastly, we investigate whether CKX activity in the xylem saps responds to changes in nitrate
supply and whether the CKX-catalysed cleavage of CKs in the xylem is a part of the mechanism
regulating CK distribution between roots and shoots. We show that CKX activity in the xylem sap is
proportional to the concentrations of tZ-type CKs in roots and xylem and that both CKX activity
and CK concentrations respond to changes in nitrate availability. These results indicate that CK flux
from roots to shoots responding to nitrate supply upregulates CKX activity in the xylem.

Personal contribution: I performed the bioinformatical analyses, annotated the putative

AsCKX genes in the oat genome and quantified the publicly available transcriptomic data. I wrote
the manuscript draft and designed the figures.
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ABA abscisic acid

At mouse-ear cress (Arabidopsis thaliana)
Av oats (Avena sativa)

CK cytokinin

CKX cytokinin dehydrogenase/oxidase

cZ cis-zeatin

DHZ dihydrozeatin

FAD flavine adenine dinucleotide

GO gene onthology

HPLC high-pressure liquid chromatohraphy
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LOG LONELY GUY
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MS mass spectrometry
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PDB protein data bank
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tSNE t-distributed stochastic neighbour embedding
tZ trans-zeatin

tZR trans-zeatin riboside

Zm maize (Zea mays)

Abstract

Metabolic degradation of plant hormones cytokinins (CKs) co-regulates their homeostasis and
signalling. In this work, we employed a large-scale bioinformatical analysis to address a diversity of
cytokinin oxidase/dehydrogenase (CKX) substrate specificities previously described in several case
studies. We present a three-way correlation of the entire CKX amino acid sequences, a variable

motif involved in substrate binding, and subcellular localizations predicted by a deep learning

89



63
64
65
66
67
68
69
70
71

72

73
74
75
76
77
78
79
80
81
82
83
84
85

86
87
88
&9
90
91
92
93
94
95
96

model. This correlation is conserved in monocotyledonous plants, suggesting that the CKX
diversity in a single species allows a precise tuning of the CK homeostasis. Following these
findings, we detected CKX activity in xylem sap for the first time, using the oat (4vena sativa) as a
model plant. Further investigation of the substrate specificity and glycosylation of this xylem-
located CKX suggested that it originates in roots. We have identified 27 putative CKXs in oats and
attributed the xylem-located activity to the extracellular isoforms AsCKXla,c,d. Finally, we show
that the xylem-located CKX activity responds to the nitrate supply, highlighting its physiological
relevance. Taken together, we show that CKX directly modulates root-to-shoot CK translocation

through metabolic degradation of the transported CKs.
Introduction

Cytokinins (CKs) are a group of structurally related molecules derived from adenine through
substitution on the N6 atom. They act as plant hormones — a subset of plant signalling molecules
regulating diverse aspects of plant growth and development (Kieber and Schaller, 2014; Wybouw
and De Rybel, 2019; Hu and Shani, 2023). Among others, CKs are involved in the complex system
mediating the acquisition and distribution of nitrate, a nitrogen source for plants (Abualia, Riegler
and Benkova, 2023). Long-distance transport of CKs from roots to shoots via xylem bears
information about nitrate availability in soil, and CKs transported this way are responsible for
nitrate assimilation in the shoot (Kiba et al., 2011; Poitout ef al., 2018; Roy, 2018; Sakakibara,
2021). CKs further modulate root architecture and expression of nitrate transporters, thus affecting
nitrate uptake efficiency (Kiba et al., 2011; Kiba and Krapp, 2016; Varala et al., 2018; Jia and Von
Wirén, 2020; Tessi ef al., 2020, 2023). Simultaneously, plants regulate CK distribution and
activities of enzymes involved in CK biochemistry in response to nitrate availability (Takei et al.,

2001, 2004; Maeda et al., 2018; Poitout et al., 2018).

The proper CK signalling depends on processes both maintaining and altering CK equilibrium —
transport and conversions between biologically active (i.e. capable of binding to their receptors) and
inactive CK forms (reviewed by Kieber and Schaller, 2014; Hluska, Hluskova and Emery, 2021;
Nedvéd et al., 2021; Hu and Shani, 2023). The latter consists of a series of biochemical reactions, of
which this paper focuses on CK oxidative degradation catalyzed by cytokinin dehydrogenase

(CKX; EC 1.5.99.12; also known as cytokinin oxidase or cytokinin oxidase/dehydrogenase). The
CKX reaction involves two steps. Firstly, the CK forms a stable oxidized intermediate with an extra
double bond compared to the reactant (Popelkova et al., 2006; Kopecny et al., 2008, 2016). An
electron pair moves from the reactant to the cofactor flavin adenine dinucleotide (FAD) covalently
bound to the CKX apoenzyme (Frébortova et al., 2004; Malito et al., 2004). Secondly, the

intermediate undergoes hydrolysis, yielding adenine (or its conjugated form, such as adenosine) and
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an aldehyde derived from the original N6 substituent (Rhea database accession: 13625) (Paces,
Werstiuk and Hall, 1971; Brownlee, Hall and Whitty, 1975; Hare and van Staden, 1994). CKX thus
cleaves the bond between the N6 atom and its substituent.

CKX amino acid sequences contain several residues directly involved in cofactor or substrate
binding. Their mutations gravely affect the catalytic properties of the enzyme. A histidine residue
found in a conserved motif GSH binds the FAD cofactor and is essential for enzyme activity and
stability (Kopec¢ny ef al., 2016). An aspartate residue from a conserved motif WTDYL subtracts a
hydride from the substrate in the catalytic process (Malito et al., 2004; Kopecny et al., 2016).
Several other residues co-determine the shape of the enzyme’s binding cavity and provide
differential accommodation for various CK species (Kopecny et al., 2016). A semi-conserved motif
FLXRVXXXE (with “X” denoting a variable residue) is found along the entrance to the binding
cavity, and its penultimate residue accounts for the substrate specificities of different CKX
enzymes. A glutamate residue in this position interacts with N9 atoms of CK nucleobases and
stabilizes them in the binding cavity. Glutamate-containing variants of CKX, such as maize CKX1
(ZmCKX1) or Arabidopsis CKX2,4 (AtCKX2.4), thus strongly prefer CK nucleobases and also
display relatively high enzyme activities in vitro. Conversely, when the non-conserved residue is
less bulky or polar, the corresponding CKXs are more promiscuous towards CK ribosides and
monophosphates, and their enzyme activities are lower (Malito et al., 2004; Frébortova et al., 2007,
Galuszka et al., 2007; Kopecny et al., 2016). Other authors have also shown that CKX substrate
specificities and enzyme activities correlate with the respective enzyme’s subcellular localizations
(Smehilova et al., 2009; Kowalska et al., 2010; Zalabak et al., 2014). Considering sequences of the
differentially localized CKXs isoforms studied in these works, one can see correlations among the

subcellular localizations and the identity of the variable ligand-binding residue mentioned above.

CKX enzymes also participate in the cross talk of CKs and nitrogen (Reid et al., 2016; Gigli-
Bisceglia et al., 2018). Given the specific roles of different CKX forms reported in the works cited
earlier, it has intrigued us whether it is possible to pinpoint CKXs regulating the amount and quality
of CKs transported from roots to shoots in response to the nitrogen availability in the environment.
CKX-mediated regulation of CK long-distance flux has already been suggested (Yang, Yu and Goh,
2002; Brugiere et al., 2003; Hoyerova et al., 2007), but the issue has remained unresolved until
nowadays. Based on preliminary data, we hypothesize that some CKX proteins are active in the
xylem sap and directly affect CKs transported from roots to shoots. Connecting this CKX activity to
a CKX isoform with particular substrate specificity would allow us to discuss how CK degradation

shapes their long-distance flux and thus information about the nitrogen availability.
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Results

Similar CKX Proteins Share a Non-Conserved Sequence
Involved in Substrate Binding

Before exploring the relationship between CKX activity and the long-distance transport of CKs, we
performed a large-scale bioinformatic analysis of CKX sequences to establish their classification

according to their biochemical properties.

To determine whether sequentially similar CKXs share common identities of the ligand-binding
variable motifs, we considered 492 CKX sequences from various monocotyledonous species (see
Table S1 for the complete list). Through multi-sequential alignment and subsequent dendrogram
construction, we identified eight major clusters of sequentially close CKXs (the dendrogram is
available in Newick format in Supplementary File 1). For this work, we named these clusters CKX
classes I-VIII. We found out that proteins from each class share a specific composition of the non-
conserved triplet within the FLXRVXXXE motif (which comprises, for instance, residues 374-382
in the sequence of ZmCKX1). These characteristic triplets are HXS (class 1), NRV (class I1), RME
(class III), HXG (class 1V), XXE (class V), HGE (class VI), RDG (class VII), and HKA (class
VIII).

The third residue of this non-conserved triplet can directly interact with the CKX’s substrate and at
least partially determines the substrate specificity. As we show, this ligand-binding variable residue
is in most cases valine, glutamate, glycine, alanine, or serine (Figure 1). For simplicity, we will refer
to the non-conserved triplet as the “entrance triplet” (because it is located ) and its third residue as

the “VEGAS residue” (based on the five most abundant amino acids).

We show that the amino acid composition of the entrance motif correlates with the sequential
similarity of CKXs from diverse species and at the same time contains the VEGAS residue, which
co-determines the CKX substrate specificity. These findings imply that the possession of several
CKX isoforms with slightly different substrate preferences, as show for maize (Smehilova et al.,
2009), Arabidopsis (Kowalska et al., 2010) or rice (Zheng et al., 2023), is a general rule, suggesting

that the CKX diversity is a conserved aspect allowing for fine modulation of CK homeostasis.

Crystal Structure of ZmCKX5 Supports the Role of VEGAS
Residue in Ligand Recognition

The contribution of VEGAS residue on the shape of the CKX active site and its capability to
interact with the substrate (or the lack thereof) can be observed on the enzyme’s crystal structures.

Up to date, there are publicly available structures of CKXs with the VEGAS position occupied by
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serine (ZmCKX?2) (Kopecny ef al., 2016), glutamate (ZmCKX8 and ZmCKX1) (Malito et al.,
2004; Nisler et al., 2021), alanine (ZmCKX4a) (Kopecny et al., 2016), and valine (AtCKX7 and
LuCKX7 from flax) (Bae et al., 2008; Wan et al., 2019) and flax CKX7 (LuCKX7) (Wan et al.,
2019). These structual studies have revealed that a glutamate at the VEGAS position directly
contributes to binding of CK nucleobases, while alanine, valine, and serine do not, suggesting a
specific role of glutamate-containing CKXs in degradation of this CK form. However, no such
information has been available for glycine-containing isoforms so far.

Here we present the structure of glycine-containing ZmCKX5 (refined up to 1.65 A resolution, full
refinement statistics is given in Table S2), available via Protein Data Bank (PDB) under the code
8QVT. Superimposing the structure of ZmCKX5 onto the structure of ZmCKX1 shows that the
proteins are very similar, with root-mean-square deviation (RMSD) values of ~ 1.0 A and sequence
identity of 59 %. Just like other CKX structures, ZmCKXS5 displays a classical two-domain
topology and carries a covalently linked FAD (for more detail on the structural analysis, see
Supplementary File 2). Compared to ZmCKX1, ZmCKX35 is more ordered at the N-terminus where
an additional helix can be observed (Figure 2A). Superimpositions of the active sites of the known
CKX proteins, together with the ZmCKX5 structure reported here, show that a glycine residue in
the VEGAS position doesn’t directly interact with frans-zeatin (tZ), a CK nucleobase, located in its
previously reported position within the CKX active site (Malito et al., 2004) (Figure 2B-D). In
other words, our results pinpoint that CKXs with the VEGAS position occupied by a glutamate are
likely specialized in cleavage of CK nucleobases, given the formation of additional interactions

between the VEGAS glutamate and the substrate.

Sequentially Similar CKX Proteins Share Predicted Subcellular
Localizations

In this paper, we have previously reported that sequentially similar CKX classes are characterized
by the common entrance triplet, which contributes to the the substrate specificity of the given CKX
through the VEGAS residue. Other studies have shown that the differential substrate specificity of
CKX enzymes can be linked with the diversity in their subcellular localizations (Smehilova et al.,
2009; Kowalska et al., 2010; Zalabak et al., 2014). Taken together, these findings suggest that
different CKX classes, each with their substrate preferences, might also act in specific cellular
compartments. So, as the next step, we investigated the correlations between the CKX classification

and subcellular localization.

Due to the sparse knowledge of the actual subcellular localizations of the CKX proteins in our
dataset, we had them predicted by DeepLoc software (Thumuluri ef al., 2022). For each sequence,

we obtained prediction scores for ten compartments. To visualize correlations between the CKX

93



196
197
198
199
200
201
202
203
204

205
206
207
208
209

210
211
212
213

214

215

216
217
218
219
220
221
222
223
224
225
226
227
228
229

classification and their predicted subcellular localizations, we transformed the DeepLoc scores from
10-dimensional to 2-dimensional space using the t-distributed stochastic neighbour embedding
(tSNE) method (van der Maaten and Hinton, 2008). Figure 3A shows the CKX sequences in the
transformed space. The plot reveals that class I (HXS), II (NRV), VI (HGE), and VIII (HKA) CKXs
form distinct clusters. It means the proteins from each of these classes are likely localized in the
same compartment. Notably, the class II cluster lies far from the others in the plot, suggesting
unique subcellular localization. Less coherent clusters are formed by class III (RME), V (XXE), and
VII (RDG) CKXs. Finally, class IV CKXs (HXG) do not form any cluster and thus probably do not

share any characteristic subcellular localization.

Class II CKXs are predicted to be found mainly in the cytoplasm, classes III and VIII CKXs in the
ER, and classes V and VIII CKXs in the vacuole. No predominant localization can be assigned to
the class I CKXs, although they are unlikely to be found in cytoplasm. Localizations of class IV
CKXs show no clear trend, which is in agreement with their lack of clustering in the tSNE-

transformed space (Figure 3B-E).

The predictions presented in this part show that the differential subcellular localizations of CKXs
with different substrate specificities (co-determined by the VEGAS residue) is a conserved trend,
further supporting our previous notion that possessing CKXs of various classes allows their

specialization in the overall maintenance of the CK homeostasis.

CKX is Active in Xylem Sap and Displays Substrate Specificity
Characteristic for the Root-Derived CKX Isoforms

CKs act as messengers travelling from roots to shoots via xylem, i.e. continual apoplastic space. As
shown in previous studies, some CKX isoforms are secreted into the apoplast and are active there
(Kowalska et al., 2010; Smehilova et al., 2009). In this paper, we have shown that a large group of
DeepLoc-predicted extracellular CKXs (class VI) contain a glutamate residue at the VEGAS
position and thus likely cleave CK nucleobases with high efficiency. All these facts has lead us to
hypothesise that the glutamate-containing CKXs from class VI are active in xylem, which might be
a way for plants to regulate the root-to-shoot CK flux. What’s more, the activity of class VI CKXs
in the xylem sap might be at least partly responsible for the absence of nucleobases among root-to-
shoot transported CKs (Osugi et al., 2017; Sakakibara, 2021).

To explore the potential role of CKX in xylem, we measured CKX activity in xylem sap samples
from the maize, oat, barley, and wheat. We found the highest CKX activities in maize and oats
(Figure 4). We chose the latter for further experiments for two reasons: manipulation with oat plants
is less demanding, and we could detect CKX activity in oat xylem sap as early as twelve days after

germination.
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To further characterize the CKX in xylem, we measured CKX activities in samples isolated from
oat xylem sap, oat roots, oat leaves, wheat roots, and wheat leaves. For each sample, we measured
activities with three different CK nucleobases: isopentenyl adenine (iP), trans-zeatin (tZ), and cis-
zeatin (cZ). In all sample types, iP was the preferred substrate. CKXs obtained from the oat and
wheat roots also favoured tZ over cZ. The same trend applied to CKX from the xylem sap, albeit
the difference in activities towards the two zeatins was smaller. Conversely, the leaf CKXs preferred

cZ over tZ (Figure 4).

Previous substrate specificity studies on maize CKXs have shown that c¢Z is preferred over tZ by
class V ZmCKX8,9 and class II ZmCKX10; conversely, class VI ZmCKX1 favours tZ over its cis
counterpart (Smehilova et al., 2009; Zalabak et al., 2014). This fact, together with the previously
reported extracellular localization of ZmCKX1 (Smehilové et al., 2009; Zalabak et al., 2016), and
the similar substrate preferences of the CKX from oat xylem sap, oat roots, and wheat roots (Figure
4) suggest that proteins responsible for the CKX activity in oat xylem are synthesized in roots and

homologous to ZmCKX1.
Oat Homologues of ZmCKX1 are Predominantly Expressed in

Roots

To provide evidence for the putative role of ZmCKX1 oat homologues in CKX activity in the xylem
sap, we first needed to identify and characterize oat CKX genes overall. In the annotated oat
genome, we found 36 putative CKX genes (Kamal et al., 2022; Tinker et al., 2022). Four of them
can be expressed in two alternatively splicing variants. Having excluded likely pseudo-genes, we
narrowed this list to 27 4sCKX isoforms and named them based on their homology with ZmCKXs
(see Material and Methods for details). We performed a multi-sequential alignment of the
corresponding AsCKX proteins with their maize counterparts. The dendrogram in Figure 4 shows
that AsCKXs belong to CKX classes I, II, II1, VI, VII, and VIII; ZmCKXs additionally include class
V CKXs. We found three oat homologues of ZmCKX1, namely AsCKX1a,c,d; all three belong to
class VI and have a glutamate at the VEGAS position.

We have previously hypothesized that the oat homologues of ZmCKX1, i.e. AsCKX1s, are mainly
synthesized in roots and secreted into xylem sap. To support this hypothesis, we quantified publicly
available 4sCKX transcript reads in oat leaves, stems, roots, and the pooled samples. In addition, we
performed RNA sequencing in our own samples of oat leaf blades and included the data obtained in
this way in our analysis. We have found that AsCKX1s and AsCKX4s are the dominant CKX
isoforms expressed in roots, followed by three class I AsCKX2s. The most expressed forms in the
leaves and stems were class I1 AsCKX10s, followed by the remaining AsCKX2s, some class II1

AsCKXb6s, and AsCKX4s. As already implied, the six AsCKX2s display two distinct expression
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patterns. AsCKX?2a.1,a.2,d.1 are slightly expressed in leaves, while 4sCKX2a.3,d.2,d.3 in stems and

roots. The latter are expressed slightly more than the former in the pooled samples (Figure 5).

The prevalent expression of AsSCKX1s in roots supports the hypothesis that they are synthesized

there and then secreted into the xylem.
AsCKX Proteins in Oat Xylem Sap are Glycosylated

Another characteristic feature of ZmCKX1, besides its subcellular localization and substrate
specificity, is its glycosylation pattern. ZmCKX1 is N-glycosylated at six positions with 3-25
hexose-long oligosaccharides, more than other CKXs in maize. This glycosylation enhances the
enzyme activity and thermal stability of ZmCKX1 (Malito et al., 2004; Kopecny et al., 2008, 2010;
Franc et al., 2012). It follows that if the CKX proteins in oat xylem are indeed homologues of
ZmCKX1, they are expected to be glycosylated to the similar extent.

To determine the glycosylation of CKX in oat xylem sap, we used Concanavalin A Sepharose 4B
chromatography, which allows us to separate glycosylated and non-glycosylated proteins. Most
CKX activity in the xylem sap (~ 87 %) was associated with the glycosylated isoforms (Figure 6),
in agreement with the extended N-glycosylation of ZmCKX1 reported before (Franc ef al., 2012).
To see whether this glycosylation is possible for AsCKX1s (and thus whether their presence in the
xylem sap is consistent with our findings), we used NetNGlyc software (Gupta and Brunak, 2002)
to predict N-glycosylation sites in the sequences of AsSCKXs and ZmCKX1, for which we could

compare the predicted sites with those determined experimentally (Franc ef al., 2012).

Class VI AsCKX1s and ZmCKX1 contain 4-6 predicted N-glycosylation sites, compared to 2-4
sites for class I, one site for class VII and VIII AsCKXs, and no site for class II and III AsCKXs.
The seemingly missing sites in the AsCKX1d sequence might be due to the incomplete annotation
of the AsCKX1d gene, which is also indicated by the relatively shorter length of the AsCKX1d
protein sequence (see Table S3). NetNGlyc predicted five of the six experimentally N-glycosylation
sites of ZmCKX1. The only exception was N294, although the corresponding residues in some
AsCKXs were predicted as N-glycosylated with satisfactory confidence. Two predicted
N-glycosylation sites are conserved among class II and VI CKXs, and one additional site among
CKXs of classes 11, VI, and VII. Interestingly, the different expression patterns of AsCKX2s (Figure
5) also reflect the predicted N-glycosylation patterns. The one N-glycosylation site predicted for
class VIII AsCKXs is unique for them (Figure 6).

These predictions indicate a broad glycosylation of AsCKX1s. Together with the data on CKX
glycosylation in the xylem, they support the hypothesis that AsSCKX1s are mainly responsible for
the CKX activity in the xylem sap.
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The CKX Activity in the Xylem Sap Responds to the Increase of
the CK Flux Induced by Nitrate Supply

Due to their role in the regulation of CK signalling, expression of CKX genes is up-regulated by
CKs (Brenner et al., 2012; Gao et al., 2014; Zhou et al., 2020). Therefore, we have expected that an
increase of the CK flux from roots to shoots results in higher enzyme activity of CKX in the xylem
sap. It has been known that the CK root-to-shoot flux is positively regulated by nitrate supply
(Takei et al., 2001, 2004; Poitout et al., 2018; Sakakibara, 2021), which implies that the external
nitrate should affect the CKX activity in the xylem sap as well. Showing so would demonstrate that
plants actively regulate secretion of CKX proteins to the xylem and that the CKX activity in xylem

sap reported in this work has its physiological relevance, rather than being an artefact.

We therefore grew oat plants, supplied them with increasing concentrations of nitrate (16.0, 62.5,
250.0, and 1000.0 uM), and subjected them to various analyses. Firstly, we measured
concentrations of different CK types (grouped according to the chemistry of their side chains) in the
oat xylem sap, roots, and leaves. In each measurement, tZ-type CKs were the most abundant,
followed by cZ-type, iP-type, and dihydrozeatin-type (DHZ-type). The last was detected in the roots
and leaves but not the xylem sap. The concentrations of the tZ-type CKs visibly responded to the
external nitrate. However, this response was not monotonous. When the nitrate concentration
increased from 16.0 to 62.5 uM, the concentration of tZ-type CK in the xylem sap and roots
decreased. With further increase in the nitrate concentration, the concentration of tZ-type CKs grew

again, eventually surpassing the concentration measured at 16.0 uM nitrate (Figure 7A-C).

Next, we determined the CKX activity in the oat xylem sap. Figure 7D shows that when measured
at two pH values (8.5 and 5.1), the CKX activity followed the same trend as previously observed for

CK concentrations in the xylem sap (i.e. an initial drop to a minimum followed by an increment).

To ensure that the difference in nitrate supply in the nutrient solution corresponds to the nitrate
amounts within the oat plants, we measured nitrate concentrations in oat roots, leaves, and xylem
sap, as well as the enzyme activity of nitrate reductase (NIA) in roots and leaves. The results
(Figure 7E,F) show that both the nitrate concentration and the NIA activity increase with the

external nitrate supply.

We also measured concentrations of two other plant hormones besides CKs, auxin indole-3-acetic
acid (IAA; Figure 7G) and abscisic acid (ABA; Figure 7H). IAA in roots behaved similarly to CKs,
with the lowest concentrations at 62.5 pM nitrate. ABA showed a similar trend in the xylem sap but

a reverse trend in the roots and leaves (i.e. highest concentrations at 62.5 uM nitrate).
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These findings indicate that the increase in the CK root-to-shoot flux in response to the nitrate
supply is followed by the increase of CKX activity in the xylem and that CK degradation in the

xylem is thus regulated.

Material and Methods

Bioinformatical Analysis of CKX Sequences

Known monocot CKX sequences were retrieved from the National Center for Biotechnology
Information (NCBI) Identical Protein Groups database (Sayers et al., 2022) (accessed on the 14
February 2023). Oat (Avena sativa) CKX sequences were retrieved from the annotated oat cv. Sang
reference genome v1.1 (Kamal et al., 2022; Tinker et al., 2022). We selected genes annotated by
gene ontology term GO:0019139 (Ashburner et al., 2000; The Gene Ontology Consortium et al.,
2023) or by human-readable descriptors containing the sub-strings “cytokinin” followed by
“dehydrogenase” or “oxidase”. Conserved domains in the selected genes were translated from

nucleotide to protein sequences using the ExPASy translate tool (Gasteiger ef al., 2003).

Oat CKXs were named according to their homology with maize (Zea mays). Because of the smaller
number of ZmCKXs in comparison with AsCKXs, each AsCKX was also identified with the letter
“a”, “c”, or “d”, according to its membership in one of the three 4. sativa chromosome groups
(Tomaszewska, Schwarzacher and Heslop-Harrison, 2022). AsCKXs sharing the closest maize
homologue and the chromosome group were further annotated with numbers ranging from one

onwards.

All multi-sequence alignments presented in this work were generated using MAFFT software with
the option --auto (Katoh and Standley, 2013). Tree graphs were generated from the multi-sequence
alignment files using IQ-TREE software (Nguyen ef al., 2015) with options -st AA, -m TEST, -bb
1000, -alrt 1000 and visualized using the Python package ETE (Huerta-Cepas, Serra and Bork,
2016).

Sequence-Based Predictions

The subcellular localizations of CKX proteins were predicted using DeepLoc (Thumuluri ef al.,
2022) with ProtT5-XL-Uniref50 transformer (Elnaggar et al., 2022) (denoted as "high quality
model" in the DeepLoc web service). For visualization, the prediction scores were transformed from
ten-dimensional to two-dimensional space via t-distributed stochastic neighbour embedding (van
der Maaten and Hinton, 2008). Glycosylation patterns of CKX proteins were predicted using
NetNGlyc (Gupta and Brunak, 2002).
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RNA Sequencing and Quantification

Total RNA was isolated from 50—100 mg of 12 day-old plant material using FavorPrep Plant Total
RNA Purification kit (Favorgen) and treated with rDNAse (Macherey-Nagel). RNA purity,
concentration and integrity were assessed with the RNA Nano 6000 Assay Kit using a Bioanalyzer
instrument (Agilent Technologies). For RNA-seq analysis, approximately 5 pg of RNA were
submitted for the service procedure provided by the Institute of Applied Biotechnologies. The
analysis yielded at least 15 million 150 bps read pairs. Publicly available raw transcripts were
accessed via the NCBI Sequence Read Archive (Sayers et al., 2022) and the European Nucleotide
Archive (Leinonen et al., 2011). Namely, we used data from projects PRIEB46365 (runs
ERR6323384-86), PRINA916004 (runs SRR22937051-62), PRINA809080 (runs SRR18094446-
57), and PRINA794002 (runs SRS11553144-65).

Rough reads were quality-filtered using Rcorrector and Trim Galore scripts (Song and Florea,
2015). Transcript abundances were determined using Salmon (Patro et al., 2017) with
options --posBias, --seqBias, --gcBias, --numBootstraps 30. The reference index was built from

the A. sativa v1.1 transcript dataset.
Crystallization and Structure Refinement of ZmCKX5

The ZmCKX5 gene (Phytozome ID Zm00001d008862) was cloned into a pTYB12 vector and
expressed in T7 Express Escherichia coli cells (New England Biolabs) at 18 °C overnight. Protein
was purified by chitin-based affinity chromatography upon elution with 50 mm DTT to cleave the
intein tag and further by gel permeation chromatography on a Superdex S200 column using the
NGC liquid chromatography system (Bio-Rad). ZmCKXS5 (23 mg mL-1) in 50 mM Tris-HCI, pH
8.0, was crystallized in the condition found using the NeXtal PEGII Suite (Qiagen) containing 0.2
M Li2SO4, 0.1 M Tris-HCI pH 8.5, 30 % PEG 3000. Crystals were cryoprotected with 15 %
glycerol and flash-frozen in liquid nitrogen. Diffraction data were collected at 100 K on the
Proxima 2 beamline at the SOLEIL synchrotron (Saint-Aubin, France) at 1.65 A resolution.
Intensities were integrated using the XDS program (Kabsch, 2010). Data quality was assessed using
the correlation coefficient CC1/2 (Karplus and Diederichs, 2012). The crystal structure of ZmCKX5
was determined by performing molecular replacement with Phaser (Storoni, McCoy and Read,
2004) using a monomer of ZmCKX1 (PDB ID 2QKN) as a search model (Kopecny et al., 2010).
The model was refined with BUSTER-TNT (Bricogne et al., 2017), and electron density maps were
evaluated using COOT (Emsley and Cowtan, 2004). Structure quality was validated using
MolProbity (Chen et al., 2010). Molecular graphics were generated using PyMOL (Schrédinger,
LLC, 2015).
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Plant Material and Growth Conditions

For the determination of nitrate and CK concentrations and CKX activity, oat plants were grown
hydroponically for 12 days in a growth room with 21 °C/15 °C day/night air temperature and 16 h
photoperiod (photon flux of 400 pmol m? s™'). Continuously aerated nutrient solution contained
158 uM Ca(NO3)2, 70.8 uM KNOs3, 52.5 uM KH2POy4, 41.3 uM MgSOy4, 47.5 uM KCI, 2.5 pM
H3BOs3, 2 uM Fe-EDTA, 0.2 pM ZnSO4, 0.2 uM MnSO4, 0.05 pM CuSOy4, and 0.01 uM
(NH4)6M07024. For each treatment, 200 L of nutrient solutions were used, corresponding to 2 L per
plant. The nutrient solution was changed weekly, and the nitrate concentration was checked and
adjusted every other day. Two days before the sampling, the plants were twice transferred to fresh
nutrient media containing 16.0, 62.5, 250.0 or 1000.0 uM nitrate and kept there for a day. Missing
Ca”" and K" were supplied in the form of CaCl, and KCI.

For other experiments, plants were soaked for 14 h in aerated distilled water and then sown on
perlite saturated with double-concentrated Knop’s nutrient solution. Plants were grown in a
controlled climate growth chamber (Sanyo MLE-350H) at 20 °C/18 °C day/night temperature, 80 %
air humidity, and 16 h photoperiod with a photon flux density of 300 umol m™ s!. Unless stated
otherwise, plants were grown for 12 days or until they had two fully developed leaves and one

emerging.
Sampling of Xylem Sap, Roots and Shoots

For xylem sap collection, shoots were excised with a razor blade approximately 0.5 cm above the
shoot-to-root transition. The excision was performed three hours after the lights went on in the
cultivation chamber. The xylem sap released during the first 15 min was discarded. During the
following two hours, the sap drops were collected, immediately cooled and kept on ice in closed
tubes. Collected sap samples were frozen in liquid nitrogen and stored at -80 °C. Shoots and roots
were collected at the same time when the shoots were excised for the collecting of xylem sap, they

were frozen in liquid nitrogen and stored under the same conditions.
Determination of Nitrate Content

Leaf and root samples (1 g of fresh weight) were homogenized in liquid nitrogen, extracted with
deionized water for 30 min at 90 °C, and filtered. Nitrogen concentrations in plant extracts, nutrient
solutions, and xylem sap were determined spectrophotometrically using Skalar San plus analyser
(Breda, the Netherlands). The samples were passed through a column of granulated copper-
cadmium to reduce nitrate to nitrite. The nitrite was determined spectrophotometrically by
measuring the conversion of sulfanilamide and N-(1-naphthyl)ethylenediamine dihydrochloride to

an azo dye at 540 nm.
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426 Measurement of NIA Activity

427 Leaf and root samples (1 g of fresh weight) were homogenized in liquid nitrogen and treated with
428 5 mL of 50 mM Tris-HCI buffer, pH 8.0, containing 3 % bovine serum albumin at 4 °C for 30 min.
429  Insoluble material was removed via centrifugation (1500 x g, 30 min). The NIA activity was

430 determined by measuring the conversion of nitrate to nitrite according to (Gaudinova, 1983).
431 Cytokinin Analysis

432  CK-containing fractions were isolated from plant samples via dual-mode solid phase extraction

433  (Dobrev and Kaminek, 2002). CK detection and quantification were carried out using LC/MS/MS
434  system consisting of HTS-Pal auto-sampler with a cooled sample stack (CTC Analytics, Zwingen,
435 Switzerland), Rheos 2200 quaternary HPLC pump (Flux Instruments, Basel, Switzerland), Delta
436  Chrom CTC 100 Column oven (Watrex, Prague, Czechia), and TSQ Quantum Ultra AM triple-quad
437  high-resolution mass spectrometer (Thermo Electron, San Jose, USA) equipped with an

438 electrospray interface. The mass spectrometer was operated in the positive single-reaction

439  monitoring mode.
440 Measurement of CKX Activity

441 The CKX activity was measured by an in vitro radioisotope assay based on the conversion of
442  [2-H]iP (prepared by the Isotope Laboratory of the Institute of Experimental Botany AS CR,
443  Prague, Czechia) to [*H]adenine (Motyka et al., 2003). The xylem exudate (20 pL per assay) was
444  used without previous purification. Protein concentration in the xylem sap was determined

445  according to Bradford (1976) using bovine serum albumin as a standard. The substrate and the
446 product were separated as described by Gaudinova et al. (2005). To determine CKX substrate
447  specificity, [2-*H]iP was replaced with [2-*H]tZ or [2-*H]cZ in the standard assay mixture

448 (Gajdosova et al., 2011). All radio-labelled substrates were used at a concentration of 2 uM and a
449  molar activity of 7.4 Bq mol ™.

450 Determination of CKX Glycosylation

451 The glycosylation state of CKX in oat xylem sap was determined by Concanavalin A-Sepharose 4B
452  chromatography (Motyka and Kaminek, 1994; Motyka et al., 1996). In the collected fractions, CKX

453 activity was determined as described above.
454 Discussion

455 In this work, we address the multifaceted diversity of CKX as a conserved trait enabling selective

456 and fine-tuned regulation of CK homeostasis. Focusing on monocots, we divided 492 CKXs into
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eight classes based on their sequential similarity. This CKX classification correlates with the
variance of the VEGAS residue-containing “entrance triplet”, i.e. the three consecutive variable

residues of the FLXRVXXXE motif (with VEGAS being the third of them).

This shows that sequentially closely related CKX isoforms are similar in substrate specificities and
enzyme activities. Given that the species included in our analysis possess several CKX isoforms
belonging to different classes (Figure 1), the individual isoforms likely play specific roles in the
regulation of the CK metabolism rather than being simply redundant (although redundancy among
isoforms belonging to the same class remains possible). This hypothesis goes along with the
differential affinities of maize CKXs towards various CK substrates. ZmCKX2,3 (class I) and
ZmCKX4a,b (class VIII) have shown preference towards CK nucleotides and N9-glucosides, while
ZmCKX12 (class IIT), ZmCKX8,9 (class V), and ZmCKX1 (class VI) preferred CK nucleobases,
and ZmCKX10 (class II) and ZmCKXS5 (class VII) cleaved some N9-derived CKs similarly to the
nucleobases (Smehilova et al., 2009; Zalabék et al., 2014; Kopeény et al., 2016). The CKX
substrate specificity about the N9 substitution has been attributed to the varying character of the
VEGAS residue and supported by experimentally solved structures of CKXs from different classes
(Malito et al., 2004; Bae et al., 2008; Kopecny et al., 2016; Wan et al., 2019; Nisler et al., 2021). As
there has been so far no structural model for a CKX with a glycine at the VEGAS position, we have
solved the structure of ZmCKXS5 (class VII). The superimpositions depicted in Figure 2 confirm the

unique capacity of a glutamate residue to interact with a nucleobase substrate.

CKXs also differ in their specificities towards CKs with varying characters of the N6 substituent
(i.e. the side chain). For instance, ZmCKX8,9 strongly preferred cZ and tZ, both CKs with a
hydroxylated side chain, over non-hydroxylated iP. Conversely, ZmCKX1 preferred iP and tZ over
c¢Z, and ZmCKX10 cleaved all three substrates at similar rates (Smehilové et al., 2009; Zalabak et
al., 2014, 2016; Kopecny et al., 2016). All these proteins have glutamate at the VEGAS position but
belong to different classes, showing that the sequence-based substrate specificity of CKX goes
beyond the VEGAS residue. The composition of the entrance triplet likely correlates with other
sequential (and consequently structural) features responsible for additional fine-tuning of the
protein’s substrate specificity. Finding the sequential/structural base for differential affinity towards
CKs with diverse side chains in future research would be another great step in our understanding of

CKX-mediated modulation of the CK homeostasis.

The ability of CKXs to discriminate CKs with different N6 and N9 substitutions could also
contribute to the varying effects of OsCKX mutations on endogenous concentrations of ¢trans-zeatin
riboside (tZR), 1P, and isopentenyl adenosine (iPR) in rice (Zheng et al., 2023). Our results suggest

that the diversity of CKX isoforms and their substrate specificities is conserved among the monocot
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species, if not the plant kingdom as a whole, considering that similar trends were observed in

Arabidopsis (Frébortova et al., 2007; Galuszka et al., 2007; Kowalska et al., 2010).

We also saw a correlation between the CKX classification and the predicted subcellular
localizations, further backing the idea of the CKX family consisting of similar yet functionally
specialized members. Our in silico analysis shows four main trends: class II CKXs (entrance triplet
NRYV) are predominantly predicted to be localized to the cytoplasm, class III CKXs (entrance triplet
RME) to the ER, class VI CKXs (entrance triplet HGE) to the extracellular space, and class VIII
CKXs (entrance triplet HKA) to the vacuole (Figure 3). This rough model is consistent with
previously determined localizations of ZmCKX1,4a,9,10 or OsCKX3,11 (émehilové etal.,2009;
Zalabék et al., 2016; Zhang et al., 2021; Huang et al., 2023). On the other hand, the reported
subcellular localization of ZmCKX11,12 is vacuolar (Zalabak et al., 2016), while their
classification as class I1I and the presence of RME entrance triplet suggest localization to the ER
(Figure 3, 4).

Considering the correlations between different substrate specificities and subcellular localizations
allows us to discuss the role of CKX in the context of the diverse and tightly regulated CK
distribution at the cellular level. We present class II CKXs as the main representatives of CKXs
localized to the cytoplasm. With a valine at the VEGAS position, they are equipped for cleavage of
conjugated CKs. In addition, we show that class Il CKXs in oats, AsCKX10s, are the dominant
CKX class in stems and leaves (Figure 5). This is in agreement with the reported expression pattern
of the cytoplasmic ZmCKX10 (Smehilova ef al., 2009). It follows that the role of cytoplasmic
CKXs may consist in cleavage of CKs travelling from roots to shoots as conjugates. Moreover,
given the cytoplasmic localization of LONELY GUY, an enzyme catalysing the final step of the
biosynthesis of CK nucleobases (Kurakawa et al., 2007; Kuroha et al., 2009; Chen et al., 2022),
populating the cytoplasm with valine-containing CKX isoforms may allow the local CK production
in shoots to run independently of the degradation of the CKs transported from roots. This
hypothesis assumes existence of membrane transporters facilitating the uptake of conjugated CKs
(which are both bulky and polar) from the apoplast into the cells. CKXs isoforms localized to the
vacuole (mostly those of class VIII), are equipped for the cleavage of conjugated CKs as well,
thanks to the alanine residue at their VEGAS position. Considering the existence of vacuole-stored
CKs (Jiskrova et al., 2016), plants might use the CKX-catalysed cleavage to recycle adenine
species. Mobilization of adenine derivatives from vacuole is crucial for growth and pollen
germination (Bernard et al., 2011). The dominant CKX classes in the ER and extracellular space
(classes III and VI, resp.) are characterized with a glutamate at the VEGAS position, implying that
they effectively cleave CK nucleobases. Since CK nucleobases are the biologically active CK form

and their receptors have been found both on the ER membrane (Wulfetange et al., 2011) and the
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plasmatic membrane (Antoniadi et al., 2020), the most apparent role of the class III and VI consists
in attenuation of CK signalling via CK degradation. With CKX gene expression being positively
regulated by CKs (Brenner et al., 2012; Gao et al., 2014; Zhou et al., 2020), the degradation of CK
nucleobases can occur as a part of a negative feedback loop.

The extracellular class VI CKXs have also come across as good candidates for proteins catalysing
the CKX activity observed in the oat xylem sap. We have supported this notion by showing that the
class VI CKXs in oats, namely AsCKX1a,c,d are mainly expressed in roots (Figure 5), as expected
for proteins excreted to the xylem and subsequently travelling via the transpiration stream.
Moreover, the high N-glycosylation potential of AsSCKX1s is consistent with the determined
glycosylation state of CKXs present in the oat xylem sap (Figure 6). We have further attempted to
identify proteins in xylem sap using proteomics. While not providing us with conclusive results, the
targeted analysis of peptides suggested the presence of AsCKX1a, AsCKX2d.1, and AsCKX4c (see
Table S4-S6). Degradation of CK nucleobases by glutamate-containing CKXs in the xylem might
contribute to the fact that CKs transported from roots to shoots are predominantly in the form or
ribosides and phosphates (Beveridge ef al., 1997; Takei et al., 2001; Sakakibara, 2021).

As summarized in the Introduction, CKs in the xylem act as messengers carrying information about
nitrate availability in the environment (Kiba ef al., 2011; Ruffel et al., 2016; Poitout et al., 2018;
Roy, 2018; Sakakibara, 2021). Given that CKX expression is induced by CKs (Brenner et al., 2012;
Gao et al., 2014; Zhou et al., 2020), the increase of the CK root-to-shoot flux in response to nitrate
should result in the corresponding increase of the CKX activity in the xylem sap. This would be
another example of CKX mediating negative feedback on CK signalling (and this time also on CK
long distance transport). To confirm this assumption, we examined the changes in CK
concentrations and CKX activity in oat plants exposed to different concentrations of nitrate. In
agreement with previous findings (Takei et al., 2001; Poitout ef al., 2018), we observed a significant
response to nitrate among tZ-type CKs, which were the most abundant in our samples. The
concentrations of these CKs varied in the oat roots and xylem but not in the leaves, suggesting that
the leaves possess mechanisms to compensate for the increased CK influx from the roots (such as
degradation of conjugated CKs by cytoplasmic CKXs as discussed above). We also show that the
nitrate-dependent changes in CK concentrations in the roots and xylem sap correlate with the
changes in the activity of xylem-located CKXs, showing that CKX in the xylem sap indeed
responds to concentrations of transported CKs (Figure 7A-D). As described above, we have
attributed the xylem-located CKX activity to AsCKX1s, which can cleave biologically active CK
nucleobases. An increase in the xylem-located CKX activity might also contribute to a previously
observed nitrogen-induced shift in the tZR/tZ ratio in the xylem (Osugi et al., 2017; Sakakibara,
2021).
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It is apparent from Figure 7B-D that the responses of root and xylem-located CKs and xylem-
located CKX were not monotonous but rather passed through a minimum between the lowest and
the highest nitrate concentrations tested. One possible explanation of these trends involves a
variable efficiency of nitrate perception depending on the nitrate supply. This property has been
attributed to NRT1 / PTR FAMILY 6.3 (NPF6.3) protein, which functions as both a nitrate
transporter and receptor (Liu, Huang and Tsay, 1999; Ho et al., 2009; Krouk et al., 2010; Wang et
al., 2018). When the nitrate supply increases from low to high, NPF6.3 switches from a high- to a
low-affinity state. The molecular mechanism of the switch involves the dephosphorylation of a
threonine residue (T101) and the formation of an NPF6.3 dimer. When the nitrate availability
diminishes, T101 gets phosphorylated, and the NPF6.3 dimer dissociates (Parker and Newstead,
2014; Sun et al., 2014; Tsay, 2014; Sun and Zheng, 2015). This mechanism of affinity reversal
allows us to hypothesize that with growing nitrate supply, there is a point at which a portion of the
NPF6.3 population has switched from the high- to the low-affinity state, and the said growth in
nitrate supply is not sufficient to compensate for this change. Such a point would explain the

observed minima in CK and CKX responses to the nitrate.

Besides CKs and CKX, we also saw that the differences in nitrate supply affected the
concentrations of IAA (an auxin) and ABA in the roots and xylem sap. IAA followed the same trend
as CKs (Figure 7H). ABA showed the same trend in the xylem sap but a reversed one in the roots
(Figure 7I). The latter suggests an antagonistic relation between ABA and CKs, which might be
relevant to the previously reported inhibitory effect of ABA on nitrate uptake (Harris and Ondzighi-
Assoume, 2017; Su et al., 2021).

Finding that CKX is active in the xylem sap and regulated in response to the CK flux allows us to
incorporate CK degradation into contemporary models of CK long-distance transport and root-to-
shoot signalling (Nedvéd et al., 2021; Sakakibara, 2021; Hu and Shani, 2023). CK cleavage in the
apoplast can be a manner of suppressing the CK signalling, alongside CK transport into cells. Given
our assumption that the xylem-located CKXs preferentially cleave CK nucleobases as their
substrates, the exact fate of CK ribosides, the main form of the xylem-located CKs, remains yet to

be uncovered.
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Figure legends

Figure 1: Sequence-based classification of CKXs. Left: A tree graph of monocot CKX protein
sequences. Each leaf represents a single sequence. The coloured portions of the tree represent eight
CKX classes established in this work, annotated as I-VIII. Top right: The sequence logo of the
semi-conserved FLXRVXXXE motif with the “entrance triplet” marked by a grey rectangle.
Created with WebLogo (Crooks et al., 2004). Bottom right: The most common amino acids at each
position of the entrance triplet per each CKX class. The occurrence of the residues at the given
position and in the given classes are presented in parentheses. If the occurrence of the most
common residue is less than 50 %, it is considered variable and labelled “X” in the main text. The
third position, depicted in the bold font, is the VEGAS residue, which can directly interact with the
substrate.

Figure 2: Structure-based substrate specificities of CKXs from different classes. A: A structural
comparison between ZmCKX5 (dark blue, this work / PDB 8QVT) and ZmCKX1 (light blue, PDB
IW1R). The helix—loop—helix region from residues 294-325 in ZmCKX1 (shown with black arrow)
is disordered in ZmCKX35. An additional N-terminal helix in ZmCKXS5 is also shown. B-D:
Detailed overviews at the entrance to the active site in CKXs from six classes. Superimpositions of
ZmCKX5 on ZmCKX1, ZmCKX2 (red, PDB 4ML8) on ZmCKX4a (violet, PDB 4095), and
ZmCKX8 (cyan, PDB 6YAQ) on AtCKX7 (orange, PDB 2EXR) are shown. The entrance motif is
in the red rectangle, and the VEGAS residues are labelled.

Figure 3: Subcellular localizations of monocotyledonous CKXs predicted by DeepLoc with ProtT5
transformer. A: t-Distributed stochastic neighbour embeddings (tSNE) of the DeepLoc prediction
scores. Each point represents a single CKX sequence. Each sequence is labelled by its class and the
corresponding representative motif of the given class. B-E: DeepLoc scores of the individual CKX
sequences for the cytoplasm, extracellular space, endoplasmic reticulum (ER), and vacuole. Higher
scores indicate higher prediction confidence. Red crosses denote outlying points.

Figure 4: Cytokinin dehydrogenase in the oat (4vena sativa). Left: A dendrogram depicting
classification of oat and maize CKXs, alongside LuCKX7 and AtCKX7. For each isoform, the three
letter-long entrance motif is shown. The classes are annotated by Roman numerals placed around
the graph. Top right: CKX activity measured in the xylem saps of different plant species. The ages
of the plants are given in days after germination (DAG). Bottom right: Substrate specificities of
CKXs isolated from different parts of oats and maize. iP: isopentenyl adenine, tZ: trans-zeatin, cZ:
cis-zeatin.

Figure 5: AsCKX expression patterns in oat leaves, stems, roots, and pooled samples. The data
represent means of normalized counts obtained via RNA sequencing, and values are given in

transcripts per million. The data were obtained either in this work or from publicly available
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sequence reads; in the latter case, the corresponding project accessions are provided in the column
headers. The AsCKX genes are further annotated with the CKX classes and the corresponding
characteristic entrance motifs.

Figure 6: Glycosylation of oat CKXs. Left: Absorbance at 280 nm and CKX activity measured in
fractions eluted during Concavalin A-Sepharose 4B chromatography. The arrow annotates elution of
glycosylated proteins by applying 200 mM methylmannose. Right: Prediction of N-glycosylation
sites for AsCKXs and ZmCKX1 via NetNGlyc. The light blue cells represent asparagine residues
(identified by their numbers given inside the cells) predicted as N-glycosylated with at least 50 %
confidence. Residues in each column are aligned among all CKX sequences included in the
graphics. For ZmCKX1, the bold numbers represent residues that were experimentally identified as
N-glycosylated. CKX classification and the representative entrance motifs are shown on the right
side of the graphics. AsCKXs from classes II and III have been excluded, as they are not predicted
to be N-glycosylated.

Figure 7: Various responses to different nitrate supply in oats. A: CK concentrations in leaves. B:
CK concentrations in roots. C: CK concentrations in xylem sap. D: CKX activity in xylem sap at
two pH values (nitrate supply ranging from 16 to 1000 uM). E: Nitrate concentrations in leaves,
roots, and xylem sap. F: Nitrate reductase activity in leaves and roots. G: Indole-3-acetic acid
concentrations in leaves, roots, and xylem sap. H: Abscisic acid concentrations in leaves, roots, and

xylem sap. tZ: trans-zeatin, cZ: cis-zeatin, iP: isopentenyladenine, DHZ: dihydrozeatin.
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Figure 1: Sequence-based classification of CKXs. Left: A tree graph of monocot CKX protein sequences.
Each leaf represents a single sequence. The coloured portions of the tree represent eight CKX classes
established in this work, annotated as I-VIIL. Top right: The sequence logo of the semi-conserved
FLXRVXXXE motif with the “entrance triplet” marked by a grey rectangle. Created with WebLogo
(Crooks et al., 2004). Bottom right: The most common amino acids at each position of the entrance triplet
per each CKX class. The occurrence of the residues at the given position and in the given classes are
presented in parentheses. If the occurrence of the most common residue is less than 50 %, it is considered
variable and labelled “X” in the main text. The third position, depicted in the bold font, is the VEGAS
residue, which can directly interact with the substrate.
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Figure 2
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Figure 2: Structure-based substrate specificities of CKXs from different classes. A: A structural comparison
between ZmCKX5 (dark blue, this work / PDB 8QVT) and ZmCKX1 (light blue, PDB 1W1R). The helix—
loop—helix region from residues 294-325 in ZmCKX1 (shown with black arrow) is disordered in ZmCKXS5.
An additional N-terminal helix in ZmCKZXS5 is also shown. B-D: Detailed overviews at the entrance to the
active site in CKXs from six classes. Superimpositions of ZmCKX5 on ZmCKX1, ZmCKX?2 (red, PDB
4ML8) on ZmCKX4a (violet, PDB 4095), and ZmCKX8 (cyan, PDB 6YAQ) on AtCKX7 (orange, PDB
2EXR) are shown. The entrance motif is in the red rectangle, and the VEGAS residues are labelled.
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Figure 3
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Figure 3: Subcellular localizations of monocotyledonous CKXs predicted by DeepLoc with ProtT5

transformer. A: t-Distributed stochastic neighbour embeddings (tSNE) of the DeepLoc prediction scores.
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Each point represents a single CKX sequence. Each sequence is labelled by its class and the corresponding
representative motif of the given class. B-E: DeepLoc scores of the individual CKX sequences for the
cytoplasm, extracellular space, endoplasmic reticulum (ER), and vacuole. Higher scores indicate higher

prediction confidence. Red crosses denote outlying points.
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Figure 4
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Figure 4: Cytokinin dehydrogenase in the oat (4vena sativa). Left: A dendrogram depicting classification of
oat and maize CKXs, alongside LuCKX7 and AtCKX?7. For each isoform, the three letter-long entrance
motif is shown. The classes are annotated by Roman numerals placed around the graph. Top right: CKX
activity measured in the xylem saps of different plant species. The ages of the plants are given in days after

germination (DAG). Bottom right: Substrate specificities of CKXs isolated from different parts of oats and
maize. iP: isopentenyl adenine, tZ: trans-zeatin, cZ: cis-zeatin.
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Figure 5
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Figure 5: AsCKX expression patterns in oat leaves, stems, roots, and pooled samples. The data represent
means of normalized counts obtained via RNA sequencing, and values are given in transcripts per million.
The data were obtained either in this work or from publicly available sequence reads; in the latter case, the
corresponding project accessions are provided in the column headers. The AsCKX genes are further
annotated with the CKX classes and the corresponding characteristic entrance motifs.
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Figure 6
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Figure 6: Glycosylation of oat CKXs. Left: Absorbance at 280 nm and CKX activity measured in fractions
eluted during Concavalin A-Sepharose 4B chromatography. The arrow annotates elution of glycosylated
proteins by applying 200 mM methylmannose. Right: Prediction of N-glycosylation sites for AsSCKXs and
ZmCKX1 via NetNGlyc. The light blue cells represent asparagine residues (identified by their numbers

given inside the cells) predicted as N-glycosylated with at least 50 % confidence. Residues in each column
are aligned among all CKX sequences included in the graphics. For ZmCKX1, the bold numbers represent

residues that were experimentally identified as N-glycosylated. CKX classification and the representative
entrance motifs are shown on the right side of the graphics. AsCKXs from classes II and III have been
excluded, as they are not predicted to be N-glycosylated.

120



Figure 7
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Figure 7: Various responses to different nitrate supply in oats. A: CK concentrations in leaves. B: CK
concentrations in roots. C: CK concentrations in xylem sap. D: CKX activity in xylem sap at two pH values
(nitrate supply ranging from 16 to 1000 uM). E: Nitrate concentrations in leaves, roots, and xylem sap. F:
Nitrate reductase activity in leaves and roots. G: Indole-3-acetic acid concentrations in leaves, roots, and
xylem sap. H: Abscisic acid concentrations in leaves, roots, and xylem sap. tZ: trans-zeatin, cZ: cis-zeatin,
iP: isopentenyladenine, DHZ: dihydrozeatin.
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5 Discussion

5.1 In Search of Riboside-Specific Cytokinin Transporters

CK ribosides are the main form of CKs travelling from roots to shoots via the xylem.
Considering that the direct biological activity of CK ribosides (i.e. binding to the HK receptors and
triggering downstream responses) is in the current state of knowledge unlikely (Hothorn et al.,
2011; Lomin et al., 2015; Romanov and Schmiilling, 2021) one can assume that ribosylated CKs
mainly serve to carry information about the nutrient status in the soil to the upper parts of the plant
without triggering unwanted CK response on the way. The inability of the non-ribosylated root-
borne tZ to regulate physiological responses in the shoot apex suggests that ribosylation further
protects the root-to-shoot translocated CKs from their CKX-catalysed cleavage in the SAM area
(Daviere and Achard, 2013; Osugi et al., 2017; Sakakibara, 2021), and as I show in this thesis, also
from the CKX activity in xylem itself. Another effect of CK ribosylation is that ribosylated CKs are
less likely to freely diffuse across biological membranes (as summarized in 4.1), and thus less likely
to leak from the xylem.

As CK ribosides do not trigger CK responses by themselves, they must be activated once
they arrive at their destination in the plant shoot. One possible activation mechanism involves
hydrolysis of CK ribosides catalysed by CPN1, a cell wall-bound hydrolase. This reaction occurs in
the apoplast (Kojima et al., 2023). The released CK nucleobase can bind to the plasma membrane-
bound receptors or enter the cell, move to the endoplasmic reticulum, and activate the CK signalling
pathway from here. Another option involves phosphorylation of the CK nucleoside molecule,
followed by LOG-catalysed activation. Considering the cytoplasmic localization of LOG enzymes
(Kuroha et al., 2009), this activation pathway requires the uptake of ribosylated CKs from the
apoplast to the cytoplasm. Once activated, the CK molecule can enter the plasmatic reticule or
return to the apoplast to activate the downstream signalling elements. Grafting experiments showed
that wild-type stock does not rescue the reduced SAM size of the atlog1-7 septuple mutant scion,
indicating that the pathway involving CK riboside uptake and LOG-catalysed activation is at least
in some situations irreplaceable (Daviere and Achard, 2013; Osugi et al., 2017; Sakakibara, 2021).
The importance of LOG-catalysed activation is further highlighted by CPN1 being expressed in
panicles and leaves in rice and by the relatively mild effects of the cpn1 mutation on panicle
morphology (Kojima et al., 2023).

In Chapter 4.2, I show that two types of membrane-bound carriers can mediate the cellular
uptake of ribosylated CKs. The two carrier types differ in their ability to transport CK nucleobases
alongside ribosides. Both could be involved in the uptake of root-borne CK ribosides, mainly tZR,
from the apoplast in shoots; the concentration of tZR in the xylem is greater than that of tZ, which
should limit the inhibition effect of tZ on the uptake of tZR mediated by the nucleobase-recognizing
carriers. Employing the nucleobase-recognizing carrier type described in Chapter 4.2 could also
enable the uptake of both tZR and tZ from the apoplast, thus increasing the efficiency of the root-
borne CK signal. As Sakakibara (2021) suggests, the joint uptake of root-borne tZ and tZR could
occur in leaves.

Direct characterization of the transport activity of AtENT3, a carrier shown to affect the
root-to-shoot translocation of CKs (Korobova et al., 2021), reveals that this transporter belongs
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among carriers that recognize both CK nucleobases and ribosides, leaving the identity of the strictly
riboside-specific carriers open. The AtENT3 gene is also one of two AtENTs whose homologs are
expressed in the BY-2 cells, in which my colleagues and I observed the discussed transport of CK
ribosides. The remaining ENTs expressed in the BY-2 cells are annotated as homologs of AtENT1,
suggesting that AtENT1 belongs among the CK riboside-specific carriers.

Li and colleagues (2003) tested the specificity of AtENT1 towards non-CK substrates using
competition assays with radio-labelled adenosine in a yeast expression system. They show that
AtENTT1 transports ribosides (adenosine, guanosine, cytidine, uridine, and thymidine) and 2’-
deoxyribosides but not nucleobases (adenine, guanine, cytosine, uracil, and hypoxanthine). This
report supports the hypothesis that AtENT1 might transport CK ribosides but not CK nucleobases.
A direct confirmation of this hypothesis is still required because CK nucleobases could use their
side chains to form extra interactions with their transporters, unlike adenine and other nucleobases.

If we show that AtENT1 is a CK riboside-specific carrier, it will be worth examining
whether its inability to transport CK nucleobases can be explained by different amino acids in the
active sites of AtENT1 and AtENT3. As shown in Chapter 4.2, the major difference among the
generally conserved active site amino acids is at the position corresponding to GIn62 in AtENT3. In
AtENT?2-7, this position is occupied by glutamine, an amino acid with a polar side chain, which can
stabilize a ligand via hydrogen bonding. Conversely, in AtENT1 and AtENTS, this position is
occupied by methionine, whose side chain is hydrophobic. Moreover, when grouped by sequential
similarity, AtENT1 with AtENT8 and AtENT2-7 form two distinct clusters, suggesting that the
amino-acid diversity at the position corresponding to GIn62 in AtENT3 correlates with the AtENT3
diversity in general (Li et al., 2003).

Molecular docking of tZ and iP into AtENT3 shows that GIn62 can interact with both of
them (Figure S1 and S3 in Chapter 4.2), supporting the hypothesis that the amino acid at this
position might determine whether an ENT protein can bind and transport nucleobases or not.
Moreover, Girke and colleagues (2015) have shown that AtENT7, one of the glutamine-containing
members of AtENTS, transports non-CK nucleobases and ribosides with similar affinities, in
contrast with AtENT1 (Li et al., 2003). Wormit and colleagues (2004) reported that nucleobases
only mildly inhibit the uptake of adenosine mediated by AtENT7, which might suggest a different
interpretation than the results published by Girke et al. (2015). It will be thus worth scanning the
substrate specificities of all AtENTs under the same experimental conditions to describe their
relative differences.

The amino acid diversity at the position corresponding to GIn62 in AtENT3 occurs not only
among AtENTSs but also among ENTs from non-plant species depicted in Figure 5 in Chapter 4.2,
suggesting that the sequence-based classification of ENTs as nucleobase-recognizing or riboside-
specific (not only in relation to CK substrates) could be widespread. As for human ENTs, the
position corresponding to GIn62 in AtENT3 is occupied by methionine and isoleucine (both amino
acids with hydrophobic side chains) in HSENT1 and HsENT4, respectively, and by glutamine and
threonine (both amino acids with polar side chains) in HSENT2 and HsENT3, respectively.
Transport assays performed with human ENTs have revealed that while HSENT1 transports
nucleobases, it does so significantly less readily than HSENT2, while both transport ribosides as
well (Yao et al., 2011, 2002; Young et al., 2008). HSENT3 transport both ribosides and nucleobases
(Baldwin et al., 2005). The active sites of HSENT1 and HsENT? differ in additional residues
alongside the one corresponding to GIn62 in AtENT3; Ala88 and Gly154 in HSENT1 correspond to
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Ser75 and Ser141 in HSENT?2 (as well as Tyr61 and Asp129 in AtENT3), respectively. These two
serine residues might further increase the potential of the HSENT?2 active site to interact with
nucleobases via hydrogen bonding. The trend among the substrate preferences of HSENT1-3
supports the hypothesis that the identity of the residue corresponding to GIn62 in AtENT3 co-
determines the substrate specificity of an ENT protein. The case of HSENT4 is less straightforward.
Concerning canonical nucleobases and ribosides, HSENT4 transports adenosine but not adenine,
whereas its mouse homolog, MmENT4, transports both these substances. Nevertheless, HSENT4
also recognizes a variety of non-ribosylated amines, namely epinephrine, norepinephrine,
dopamine, serotonin, and histamine (Barnes et al., 2006; Engel et al., 2004). While not derived from
nucleobases, the structures of these amines might resemble CKs since they consist of an aromatic
cycle and a side chain carrying at least one polar atomic group. Unlike HSENT1-3, HSENT4
possesses a tyrosine residue at the position corresponding to Tyr61 in AtENT3 (Tyr112 in
HsENT4), which I suggest to interact with the side chain of hydroxylated CKs (Chapter 4.2).
Therefore, HSENT4 could bind amine-containing compounds through its Tyr112 residue
independently of its specificities for nucleobases and ribosides.

5.2 Elusive Thermodynamics of the AtENT3-Mediated
Transport

Another finding presented in Chapter 4.2 says that the AtENT3-mediated transport of tZR
does not change when treated with 10pM CCCP (unlike the treatment with 10pM NBTTI and
dipyridamole, which cancels or diminishes the effect of AtENT3 expression), even though the
overall tZR uptake in BY-2 cells significantly drops. This finding is consistent with a previous
report by Li and colleagues (Li et al., 2003) showing that 5pM CCCP and 1mM dinitrophenol
(DNP) only mildly affect the AtENT3-mediated uptake of adenosine and uridine. For comparison,
treating AtENT1 with 1mM DNP abolishes the AtENT1-mediated adenosine uptake (Méhlmann et
al., 2001).

The resistance of AtENT3 towards CCCP might indicate that AtENT3 mediates facilitated
diffusion rather than proton gradient-dependent transport, in contrast to how my colleagues and I
review the thermodynamics of AtENTSs in Chapter 4.1. However, this interpretation clashes with
other reports showing that the rate of AtENT3-mediated adenosine transport changes with pH, and
conversely, intracellular pH decreases in the presence of adenosine, both of which point towards
adenosine-proton symport (Traub et al., 2007; Wormit et al., 2004). The dependence of the
AtENT3-mediated adenosine transport rate on pH contrasts with AtENT7, which mediates
adenosine uniport (Girke et al., 2015; Wormit et al., 2004).

The seemingly contradicting conclusions about the thermodynamic aspect of the AtENT3-
mediated transport might indicate that the proton gradient stimulates the adenosine uptake by
AtENTS3 but is not necessary for the transport to occur. Such interpretation would be consistent with
the fact that AtENT3 retains at least 60% of its optimal adenosine uptake rate in pH ranging from
5.5 to 8.0, but the transport activity of AtENT1 almost drops to zero in the alkali environment
(Wormit et al., 2004).

The transport mechanism of AtENT3 might be similar to that of HSENT4, which can
transport adenosine and its derivative 2-chloroadenosine at neutral and acidic pH, but in the latter
case, the transport rate is much higher. Curiously, the HSENT4-mediated transport of serotonin is
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independent of pH, indicating that the transport mode of one ENT protein towards different
substrates might vary (Barnes et al., 2006; Tandio et al., 2019). Previously, I have hypothesized that
the binding mode between HsENT4 and biologically active amines such as serotonin could be
similar to the computationally modelled binding mode between AtENT3 and tZR shown in Chapter
4.2, given that the Tyr112 residue in HSENT4 aligns with the tZR-binding Tyr61 in AtENT3 and
that the side chains of serotonin and tZR might play similar roles in interaction with their respective
transporters. It follows that similarly to HSENT4 and serotonin, AtENT3 might transport tZR in a
different mode than adenosine or uridine independently of the proton gradient. This dual action of
AtENT3 would further explain the observed insensitivity of AtENT3-mediated tZR uptake to
CCCP. We can promptly address this hypothesis by performing the accumulation assays described
in Chapter 4.2 at various pH.

5.3 Multifaceted Function of AtENT3: One Task in Diverse
Locations

In this thesis, I address the AtENT3-mediated CK transport in relation to tZR uptake from
the apoplast. This uptake is necessary for the LOG-catalysed activation of root-borne tZR in shoots
(Sakakibara, 2021). The LOG-activated CKs regulate the fate of SAM cells by inducing WUS
expression (Landrein et al., 2018; Lopes et al., 2021; Sakakibara, 2021). My colleagues and I
demonstrate the involvement of AtENT3 in the uptake of root-borne tZR by showing that the WUS
expression in atent3 A. thaliana seedling shoots is lower than in the wild type. Treating the atent3
seedlings with tZR rescues the decreased WUS expression, supporting the hypothesis that the
change in WUS expression occurs due to the limited tZR access. Moreover, publicly available
transcriptomic data show that AtENT3 is, alongside AtENT1, expressed in the shoot apex area and
that ectopic over-expression of WUS downregulates the expression of AtENT3, together with
AtENT4, AtLOGS5, AtLOG6, and AtLOGS, and upregulates the expression of AtCKX7, suggesting
that WUS attenuates the incoming CK signal by various means (Figure 6 in Chapter 4.2).

Based on the results presented in Chapter 4.2, I conclude that AtENT3 mediates the uptake
of root-borne tZR from the xylem in shoots. Korobova and colleagues (2021) have previously
reported that AtENT3 contributes to CK retention in roots. In both situations, AtENT3 is a
membrane-bound carrier that mediates CK transport from the apoplast to the cytoplasm, but its
action in roots and shoots implies different effects on CK distribution throughout the plant. In roots,
AtENT3 negatively regulates root-to-shoot CK translocation and CK-mediated responses by
retaining root-borne CKs that would otherwise travel to shoots and activate downstream elements of
the two-component signalling cascade there. Conversely, in shoots, AtENT3 enables LOG-catalysed
activation of root-borne CKs, thus promoting CK-mediated responses and demonstrating that in the
context of a specific physiological process, a single protein can play even antagonistic roles based
just on its localization.

The AtENT3-mediated uptake of tZ-type CKs in roots implies that in aten3 mutants, a larger
portion of CKs is transported from roots to shoots. Korobova and colleagues (2021) confirm this
assumption by showing that when supplied with exogenous tZR, atent3 mutant plants have less tZ-
type CKs in roots and more in shoots compared to wild-type plants. This change in CK distribution
could be related to the phenotypes presented in Chapter 4.2. The atent3 plants have larger
cotyledons and leaves compared to the wild type, opposite to the smaller leaves of plants with less
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CK content in the shoots due to overexpressed CKX (Holst et al., 2011; Werner et al., 2001) or
multiple ipt mutations (Miyawaki et al., 2006), suggesting that the observed phenotype of atent3 is
caused by increased CK signalling in atent3 shoots, although the CK effect on leaf size depends on
other contextual variables and can be both positive and negative (Skalak et al., 2019; Wu et al.,
2021). Considering that the atent3 mutation hinders the LOG-catalysed activation of root-borne
CKs, the probable CK-positive phenotype is likely mediated by CPN1-activated CKs. This
activation pathway could be boosted not only by the increased influx of root-borne CKs but also by
their decreased uptake into the cells and, thus, higher accumulation in the apoplast, where CPN1 is
active (Kojima et al., 2023); i.e. consequences of the loss of atent3 function in roots and shoots
might add to one another, resulting in the apparent CK-positive response in the atent3 shoots.

5.4 Transcriptomic Data Suggest Complex AtENT3 Regulation
by Cytokinins

The opposing functions of root- and shoot-localized AtENT3 proteins can potentially clash.
Plants might prevent this clash by employing different mechanisms to regulate the AtENT3
expression in roots and shoots. The WUS-mediated downregulation of AtENT3 in shoots could be
an example of this differential regulation since the WUS expression is restricted to specific areas of
the SAM. As the WUS expression is upregulated by CKs (Lopes et al., 2021), it follows that in
shoots, CKs act as negative regulators of the AtENT3-mediated transport and that AtENT3 is
subject to negative feedback mediated by its substrate. A similar mechanism in roots would mean
that CK retention in roots diminishes when the CK content in the xylem increases, for instance, in
response to increased nitrate supply. In this hypothetical situation, the plant loses a way to regulate
the already boosted root-to-shoot CK flux. On the contrary, if CKs regulate AtENT3 expression in
roots positively, an increase in CK root-to-shoot flux activates AtENT3-mediated retention of CKs
in roots and decreases the amount of CKs travelling to shoots. It means that different responses of
the AtENT3 expression to CKs would allow CKs to effectuate negative feedback to their
translocation both in roots and shoots by modulating AtENT3 activity. This hypothesis could be
addressed by measuring AtENT3 expression in CK-treated and control plants with roots and shoots
separated.

Publicly available transcriptomic data accessible via Electronic Fluorescent Pictograph
(eFP) Browser (Winter et al., 2007) show that treating whole 7-day-old A. thaliana seedlings with
1M tZ leads to a 1.69-fold increase of AtENT3 expression one hour after the treatment (compared
to the non-treated control). After the next two hours, AtENT3 expression in the treated seedlings is
5.10 times lower than in the control. This trend might be consistent with the assumed CK-mediated
regulation of AtENT3 expression. Its early rise might reflect the AtENT3 upregulation in roots due
to CK treatment, and the later drop might occur as a portion of the tZ used for the treatment
translocates to shoots and downregulates the AtENT3 expression there. Another experiment in the
eFP Browser shows that treating 21-day-old A. thaliana plants with 20pM tZ leads to a 1.58-fold
increase of AtENT3 expression three hours after the treatment. The different responses to tZ in
younger and older plants might be due to different root-to-shoot ratios of the base AtENT3
expression levels.

Other datasets available through the eFP Browser provide transcriptomic data obtained
during tissue regeneration and de novo organogenesis. In A. thaliana hypocotyl explants, tissue
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differentiation is an outcome of auxin-CK interplay (Kubo and Kakimoto, 2000; Pernisova et al.,
2009), implying that changes in the AtENT3 expression during these processes might provide
additional insight into its regulation by CK. Che and colleagues (2006) measured gene expression
levels in root A. thaliana root explants cultivated on callus induction medium (containing auxin and
CK in 11:1 ratio), shoot induction medium (containing auxin and CK in 9:50 ratio) or root induction
medium (containing only auxin). AtENT3 expression decreases in the explants cultivated on shoot
induction medium and increases in the explants cultivated on the other two media types. The former
trend supports the hypothesis that CKs downregulate the AtENT3 expression in shoots. The latter
trend does not directly address the issue of whether CKs upregulate the AtENT3 expression in roots
but indicates that AtENT3 might be regulated by auxin or possibly auxin-to-CK ratio. The
involvement of auxin in AtENT3 regulation is further supported by AtENT3 upregulation in roots
treated with 10pM 1-naphthylacetic acid (NAA; an auxin) in assays studying lateral root initiation
(De Rybel et al., 2012; Vanneste et al., 2005) and AtENT3 upregulation in root meristem during its
regeneration after removal of the stem cell niche, a process marked by increased auxin signalling
and reorganization of the auxin transport network (Sena et al., 2009).

Che and colleagues (2006) further show that AtENT6', the closest relative of AtENT3 (Li et
al., 2003), is more than 10-fold downregulated due to the mutation of the RELATED TO APZ2 6L
(RAP2.6L) gene. RAP2.6L encodes a transcription factor expressed during early shoot development
(Che et al., 2006) and might thus regulate CK homeostasis in shoots by controlling the AtENT3-
mediated CK transport. In addition, RAP2.6L responds to stress hormones abscisic acid, jasmonic
acid, salicylic acid, and ethylene (Krishnaswamy et al., 2011) and might thus contribute to their
interactions with CKs.

Chatfield and colleagues (2013) induced the regeneration of A. thaliana lateral root
primordia into shoot meristem by consecutive treatment with 10pM NAA and 4.4pM iP. Since
shoot regeneration from root tissues involves WUS expression (Gallois et al., 2004; Gordon et al.,
2007), the authors performed the same experiment with the wus mutant and measured gene
expression levels in the roots of wild-type and wus seedlings. In both sample types, AtENT3
expression significantly decreases after a two-day-long iP treatment, a time point corresponding to
the initiation of the WUS expression in the wild-type lateral root primordia (Chatfield et al., 2013).
These findings support the negative regulation of AtENT3 by WUS, suggested in Chapter 4.2.
However, they also imply that CKs can downregulate AtENT3 expression in a WUS-independent
manner. Interestingly, the CK treatment stimulates RAP2.6L expression both in wild-type and wus
plants, which means that the expression trends of AtENT3 and RAP2.6L are opposite, contrary to the
reported downregulation of AtENT3 in rap2.6] mutant plants (Che et al., 2006).

5.5 Metabolic Regulation of Cytokinin Distribution in
Response to Nitrate Supply
My colleagues and I show that CK distribution among roots and shoots in oats is further

regulated by the CKX-catalysed cleavage of CKs in the xylem. The CKX present in oat xylem
prefers tZ to cZ, consistent with the substrate preferences of CKXs derived from roots (Figure 4 in

1 Che and colleagues (2006) used Affymetrix ATH1 GeneChips microarrays to measure gene expression levels. The
corresponding probe set ID annotation, accessible via GEO as GPL198, maps both AtENT6 (At4g05110) and
AtENT3 (At4g05120) to the same probe set, namely 255261 _s_at, and the discussed change in expression might
thus be relevant to both genes.
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Chapter 4.3) and the previously reported preferences of extracellular CKX isoforms, notably
ZmCKX1 (Smehﬂové et al., 2009; Zalabak et al., 2014). We have therefore hypothesized that the
CKX activity observed in oat xylem sap is mostly effectuated by oat homologs of ZmCKX1,
dubbed AsCKX1a, AsCKX1c, and AsCKX1d, which are synthesized in roots and subsequently
secreted to the xylem. This hypothesis is supported by the expression pattern of AsCKXs, showing
that AsCKX1s are predominantly expressed in roots (Figure 5 in Chapter 4.3), and glycosylation of
the CKX isoforms active in oat xylem sap (Figure 6 in Chapter 4.3), which is consistent with the
function-determining glycosylation of ZmCKX1 (Franc et al., 2012). Proteomic analysis that could
confirm or specify the role of AsCKX1s in xylem sap is underway.

ZmCKX1 has been repeatedly reported to efficiently cleave CK nucleobases and, to a lesser
extent, ribosides (Kopecny et al., 2016; Smehilova et al., 2009; Zalabak et al., 2014), which are the
two predominant forms of tZ in xylem (Sakakibara, 2021; Takei et al., 2001b). This substrate
specificity suggests that homologs of ZmCKX1 could be efficient regulators of the root-to-shoot
CK flux. CK nucleobases, being the favourite substrate type of the CKX isoforms active in xylem,
might contribute to the prevalence of tZR over tZ in xylem sap. Moreover, assuming that the CK
fraction of the xylem sap is consecutively subject to CKX-catalysed cleavage, the amount of
biologically active CK nucleobases travelling from roots to shoots might progressively decrease
with the distance travelled, resulting in a gradient of CK signal alongside the basipetal axis of the
plant.

In Chapter 4.3, my colleagues and I further show that concentrations of tZ-type in roots and
xylem sap but not in leaves respond to nitrate supply, which is consistent with previous reports that
nitrate positively regulates root-to-shoot CK transport (Takei et al., 2001b) as well as expression of
genes involved in the biosynthesis of tZ-type CKs (Maeda et al., 2018; Miyawaki et al., 2004;
Ramireddy et al., 2014; Takei et al., 2004a, 2004b). In general, the concentrations of tZ-type CKs
increase with nitrate supply, but this trend is not linear and passes through a minimum between
nitrate concentrations of 16.0 and 250.0pM (Figure 7 in Chapter 4.3). This trend might be, broadly
speaking, a result of multiple signalling pathways simultaneously regulating biosynthesis and the
export of tZ-type CKs in roots. Another possible explanation concerns the nitrate
transporter/receptor NFP6.3. This protein exists in two forms; with limited nitrate supply, NFP6.3 is
a protomer with a high affinity for nitrate. As the nitrate becomes plentiful, NFP6.3 dimerizes, and
its affinity towards nitrate lowers (Parker and Newstead, 2014; Sun et al., 2014; Sun and Zheng,
2015). Considering this nitrate-dependent dimerization, there might be a range in which an increase
in nitrate supply results in a decreased nitrate transport/sensing capacity of NFP6.3 (further
discussed in the manuscript in Chapter 4.3). Unlike tZ-type CKs, cZ-type CKs in leaves and roots
respond to the increasing nitrate supply negatively. Considering that cZ-type CKs are likely
products of tRNA degradation (Kasahara et al., 2004; Miyawaki et al., 2004), their down-regulation
by bountiful nitrate supply is consistent with tRNA mobilization during nitrogen starvation (Melino
et al., 2018). The opposing trends of tZ- and cZ-type CK responses to nitrate supply suggest that the
tZ-to-cZ ratio reflects the amount of available nitrogen and that cZ might act as a messenger of
nitrogen starvation, which is consistent with the previously reported involvement of cZ in stress
responses and stress resistance (Eisermann et al., 2020; Schéfer et al., 2015; Silva-Navas et al.,
2019).

The response of CKX activity in xylem sap mirrors that of tZ-type CKs, indicating that the
CKX-catalysed degradation of CKs travelling from roots to shoots is mediated and linked to current
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CK concentrations (Figure 7 in Chapter 4.3). Since CKX genes are upregulated by CKs (Brenner et
al., 2012; Gao et al., 2014; Zhou et al., 2020), the increased CKX activity in xylem likely represents
negative feedback to the increased CK concentrations in xylem sap. Nitrate-mediated upregulation
of the CKX activity in xylem sap is consistent with a report showing that one CKX isoform in A.
thaliana, AtCKX4, responds positively to nitrate and is negatively regulated by the NIGT1
repressor (Maeda et al., 2018). Consistently with this finding, Ramireddy and colleagues (2014)
show that the nitrate-mediated expression changes of AtCKX4 are the most prominent of all AtCKX
genes. The similarity search algorithm available via the UniProtKB database (The UniProt
Consortium, 2023) reveals that AtCKX4 is the closest A. thaliana homolog of ZmCKX1 and thus
expected to be responsible for the CKX activity in xylem, further supporting the link between CKX
in xylem and nitrate. AtCKX4 expression is not altered due to repression of the nitrate-responding
transcription factor NLP6 (Maeda et al., 2018), suggesting that the positive response of CKX in the
xylem to nitrate is a consequence of the elevated CK concentrations, rather than AtCKX4 expression
being directly mediated by nitrate (although involvement of another nitrate-responding transcription
factor is not ruled out). The report by Maeda and colleagues (2018) shows that AtENT3 is
downregulated by nitrate and NIGT1, too. Other reports have shown that plant ENTs are generally
upregulated during nitrogen starvation, possibly to increase cellular uptake of nucleosides that are
further metabolized and provide nitrogen (Li et al., 2003; Cuptakova et al., 2024; Melino et al.,
2018). In roots, AtENT3 downregulation by increased nitrate supply could result in decreased CK
retention and thus enhanced CK root-to-shoot flux, which raises a question of whether the AtENT3-
mediated negative feedback to increased CK concentrations suggested above can indeed occur. It is
worth testing AtENT3's response to nitrate with roots and shoots separated to better understand how
these responses could potentially clash with the putative regulation pathways suggested above. It
should not be ignored that the negative response of AtENT3 to nitrate might also be mediated by
CKs, similar to AtCKX4.
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6 Conclusions

Based on the results presented in this thesis, I conclude that:

1. CKribosides are transported across the plasma membrane by at least two types of
membrane-bound carriers, of which one transports both CK nucleobases and ribosides,
whereas the other is riboside-specific

2. AtENTS3 transports CK nucleobases and ribosides, preferring tZR over iPR. This preference
can be explained by Tyr61 and Asp129 residues, conserved among AtENTs but not among
ENTs from non-plant species and interacting with the side-chain hydroxyl group of tZR.

3. The atent3 mutation results in the downregulation of WUS expression in shoots and affects
the shoot phenotype; conversely, AtENT3 expression is downregulated by WUS, indicating
that AtENT3 at least partially mediates CK uptake necessary for the LOG-catalysed
activation of root-borne CK ribosides in shoots.

4. CKX is active in xylem sap, and root-borne CKs travelling to shoots are, therefore, subject
to metabolic degradation, which allows plants to regulate the CK flux in the xylem. The
CKX isoforms responsible for this regulation are likely homologs of ZmCKX1 (such as
AtCKX4 in A. thaliana). CKX activity in the xylem mirrors the CK concentrations,
confirming that this activity is regulated.

I summarize these findings in the context of the current state of the art in Figure 2.
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Figure 2: Findings from this thesis implemented into working models of mechanisms contributing
to regulation and maintenance of CK distribution. Left: AtENT3 mediates tZR uptake from the
apoplast to the cytoplasm. In the cytoplasm, tZR is activated via AK and LOG to tZ, which can
enter the endoplasmic reticulum to activate AHKs. Importers of tZ to the endoplasmic reticulum
include homologs of OsPUP1 and OsPUP7. The LOG-catalysed activation pathway allows CKs
to stimulate WUS expression in the SAM. WUS provides negative feedback to CK signalization
by inhibiting the LOG and AtENT3 activity and stimulating CKX-catalysed CK degradation. CK
signalling could also regulate AtENT3 in a WUS-independent manner. The exact mechanism of
this regulation remains to be explained (dashed arrow line). Alternatively, tZR can be converted to
tZ by CPN1 in the apoplast and activate plasma membrane-bound AHKs, although this pathway
seems insufficient to stimulate WUS expression. For simplicity, CKX activity is depicted in the
apoplast only. Right: Increased nitrate supply in roots stimulates expression of CK biosynthetic
genes responsive to the NLP7 transcription factor and NIGT1 repressor. The synthesized CKs
(here represented by tZ) can be transported to shoots via xylem (wavy arrow) or degraded by
AtCKX?7 (a homolog of ZmCKX1). AtCKX7 expression is stimulated by nitrate via a yet unknown
pathway and repressed by NIGT1.
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