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Abstract Nebularine is known for its high cytotoxicity in

animals, whereas in plants it was originally believed to be

an anticytokinin. In this study we show that in classical

cytokinin bioassays, nebularine antagonized cytokinin

function in senescence and callus biotests but not in the

Amaranthus bioassay. Nebularine reversed the inhibitory

effect of cytokinin on lateral root formation in Arabidopsis

seedlings, and when applied alone caused increased lateral

root formation and shortening of the main root. Systematic

spraying of Arabidopsis plants with nebularine led to yel-

lowing and formation of purple pigments, local drying, and

withering, although younger plants showed a greater

resilience. Comparison of nebularine cytotoxicity in plant

and animal cells showed that the growth of tobacco BY-2

cells was inhibited with only about tenfold lower efficacy

than mammalian cell lines. Most importantly, direct bind-

ing assay with Arabidopsis cytokinin receptors AHK3 and

CRE1/AHK4 showed that nebularine did not compete for

binding with the natural cytokinin trans-zeatin. Although

nebularine reduced cytokinin-induced expression of the

cytokinin reporter ARR5:GUS in planta, the same effect

was observed for DR5:GUS, an auxin reporter gene. Taken

together, the results indicate that the mode of action of

nebularine does not involve cytokinin signaling and that

the anticytokinin-like effect is rather a consequence of the

inhibition of various processes as described for animal

systems.
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Introduction

Nebularine is a purine riboside (9-b-D-ribofuranosylpurine,

Fig. 1) first isolated from the fungus Lepista nebularis

(Löfgren and others 1954), with antibiotic (Ehrenberg and

others 1946), antiamebal (Das and Baer 1991), antiviral

(Tamm and others 1956), and antiparasitic (el Kouni and

Cha 1987) effects toward certain targets.

The cytotoxic action of nebularine on animal cells is

fairly well described and includes mitotic aberrations in

embryonic fibroblasts and epithelial cells of embryonic

skin (Biesele and others 1955), neoplastic cell lines (Bie-

sele and others 1955; Lynch and others 1981), and rat

thymocytes (Kozlowska and others 1999), where it leads to

the depletion of ATP and formation of purine riboside

phosphates by adenosine kinase. Nebularine inhibits the

synthesis of nucleic acids in different cancer ascites cells

(Paterson and others 1979), which is not caused by nebu-

larine incorporation into the nucleic acid as proved for E.

coli mRNA (Bohr 1978). Studies on mismatch repair

(Hoffman and others 2005; Wood and others 1986) and

other effects of nebularine incorporated into DNA revealed

that nebularine does not block DNA replication but shows

apparent template characteristics resembling adenine

(Rahman and Humayun 1997).

Nebularine has been found to be an inhibitor of

adenosine deaminase (Lupidi and others 1982),
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S-adenosylhomocysteine hydrolase (Guranowski and oth-

ers 1981), herpes simplex DNA polymerase (Frank and

Cheng 1986), xanthine oxidase (Brown and Konuk 1994),

NAD?-dependent glucose dehydrogenase (Brink 1953),

adenine-hypoxanthine and guanine-hypoxanthine phos-

phoribosyltransferase, 5-phosphoribose 1-pyrophosphate

amidotransferase, ribose phosphate pyrophosphokinase

(Henderson 1968; Smith and others 1974), and adenylyl

cyclase (Backer and Khan 2004). Inosine nucleosidase

from Lupinus luteus cleaves off the ribosyl moiety of

nebularine (Guranowski 1982). In animal cell tissue cul-

tures, nebularine cytoxicity is blocked by adenosine, AMP,

and ATP applied at 100-fold excess (Biesele and others

1955).

Nebularine inhibits the growth of plant seedlings and at

higher concentrations causes mitotic aberrations in root tips

(Löfgren and others 1954). However, relatively little is

known about the mechanism of nebularine action in plants

and there is no evidence of a direct effect of nebularine on

nucleic acid function. Brown and Konuk (1994) reported

that nebularine, despite its structural similarity to plant

hormones cytokinins, does not exhibit any cytokinin-like

activity; however, at low concentrations it blocks the action

of exogenously applied cytokinin in the Amaranthus and

leaf senescence bioassays. In addition, 1-week-old wheat

seedlings treated with 0.1–2 mM nebularine showed sig-

nificant changes in the axis, root, and shoot length, with

marcescence in a few days. In carrot, inhibition of direct

somatic embryogenesis from the hypocotyl by 10 lM

nebularine was observed, whereas application of zeatin

riboside reversed the effect (Tokuji and Kuriyama 2002).

Finally, application of nebularine to attached leaves of

Bryophyllum marnierianum eliminated the inhibition of

plantlet development caused by cytokinins. Nebularine also

completely inhibited the growth of axillary buds (Kulka

2006).

A number of compounds structurally similar to cytoki-

nins have been previously classified as anticytokinins, but

recently established assays based on a direct binding to

cytokinin receptors have revealed that some of them do not

interact with cytokinin signaling but influence other

mechanisms such as cell cycle machinery (Spı́chal and

others 2007). The first known molecule that antagonizes

the activity of the plant hormone cytokinin at the receptor

level has been identified recently (Spı́chal and others

2009). In this study, the effect of nebularine on the

development and growth of Arabidopsis plants was studied

and the capability of nebularine to act as a cytokinin

antagonist was tested in direct cytokinin-binding assays as

well as in classical cytokinin bioassays.

Materials and Methods

Biological Material

Wild-type Arabidopsis thaliana (L.) Heynh ecotype Col-0

was grown in an environmental test chamber (Sanyo,

Tokyo, Japan) or in a greenhouse. Escherichia coli strain

KMI001 harboring the plasmids pIN-III-CRE1/AHK4 and

pSTV28-AHK3, which expressed the A. thaliana histidine

kinases CRE1/AHK4 and AHK3 (Suzuki and others 2001;

Yamada and others 2001), respectively, was used in cyto-

kinin receptor studies. Transgenic Col-0 Arabidopsis plants

harboring the ARR5:GUS (D’Agostino and others 2000) or

DR5:GUS (Ulmasov and others 1997) reporter gene con-

struct were used. Tobacco BY-2 cells (Nicotiana tabacum

L., cv. Bright Yellow 2) (obtained from Prof. Z. Opatrný,

Charles University, Prague) and human cell lines K562,

CEM, and MCF-7 purchased from American Type Culture

Collection (Manassas, VA, USA) were used for cell via-

bility assays. For cytokinin bioassays, Nicotiana tabacum

L. cv. Wisconsin 38, seeds of Amaranthus (Amaranthus

caudatus var. Atropurpurea), and excised wheat leaves of

Triticum aestivum cv. Hereward were used. Human CDK2-

cyclin E and mouse ABL kinases were produced in the

insect cell line Sf9 and used for determination of nebula-

rine inhibitory effect on these kinases.

Chemicals

Extra-pure agar for plant growth and casamino acids were

obtained from Merck (Darmstadt, Germany), sucrose was

from Penta (Chrudim, Czech Republic), minimal M9

medium was prepared according to a published protocol

(Sambrook and Russell 2001), and Murashige & Skoog

medium, including vitamins (MS), 2-(N-morpholino)eth-

anesulfonic acid (MES), and DMSO, were obtained from

Duchefa Biochemie (Haarlem, The Netherlands). Nebula-

rine was synthesized according to a published protocol

(Nair and Chamberlain 1984) and its identity confirmed by

NMR. [2-3H]tZ of high specific activity and radiochemical

purity greater than 99% was obtained from Dr. Jan Hanuš

(Isotope Laboratory, Institute of Experimental Botany,

Academy of Sciences of the Czech Republic, Prague,

Czech Republic). Calcein AM solution was obtained from

Fig. 1 Structure of the active cytokinins and nebularine used in this

study. tZ, trans-zeatin; BAP, 6-benzylaminopurine; nebularine, 9-b-

D-ribofuranosylpurine
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Invitrogen (Carlsbad, CA, USA). Olomoucine II was

obtained from OlChemIm (Olomouc, Czech Republic).

Silwet L-77 was purchased from Agro Bio (Opava, Czech

Republic). 6-Benzylaminopurine (BAP), ampicillin,

chloramphenicol, 4-methylumbelliferone, 2,4-dichloro-

phenoxyacetic acid, fluorescein diacetate, propidium

iodide, and all other chemicals were purchased from

Sigma-Aldrich (Steinheim, Germany).

Cell Viability Assays

Human cell lines K562, CEM, and MCF-7 were used to

determine the cytotoxicity of nebularine by means of a

Calcein AM assay, as previously described (Doležal and

others 2006). The suspension cultures of tobacco BY-2

cells and cell viability assays (performed using double

staining with fluorescein diacetate and propidium iodide)

were according to Mlejnek and Procházka (2002).

CDK2 and ABL Kinases Assays

Human CDK2-cyclin E and mouse ABL kinases were

produced in Sf9 insect cells infected with appropriate ba-

culoviral constructs and the kinase assays were done as

previously described (Havlı́ček and others 2005).

Determination of Nebularine Effect on Adenine/

Adenosine Deaminases

Nebularine was tested as an inhibitor of recombinant ade-

nine deaminases (EC 3.5.4.2) AAH1 (from Saccharomyces

cerevisiae) and SPBC1198.02 (from Schizosaccharomyces

pombe), putative A. thaliana adenosine deaminase (EC

3.5.4.4) At4g04880 overexpressed in modified E. coli

(Pospı́šilová and others 2008), and adenosine deaminase

ADA1 from human erythrocytes (certified reference

material BCR-647, Sigma-Aldrich). The enzymatic activity

was measured as an increase in hypoxanthine/inosine

concentration with 0.067 mM adenine/adenosine as sub-

strate in 0.2 M potassium phosphate buffer as described

earlier (Pospı́šilová and others 2008), with the addition of

0.067 mM nebularine. DMSO, used for dissolving nebu-

larine, was added to all reaction mixtures in a final con-

centration of 0.7%.

Spraying of A. thaliana Plants with Nebularine

A. thaliana plants, grown in a greenhouse for 25 and

38 days, were sprayed with various concetrations of neb-

ularine. Older plants, bearing mainly fully developed

leaves, were divided into two groups that were sprayed

either on about one half of their area or over their entire

area. Young plants were divided into groups of five and

treated with 0.01–1 mM nebularine solution containing

0.01% Silwet L-77; the control group was sprayed with

only the surfactant water solution.

Evaluation of Nebularine Effect on the Roots

of A. thaliana

A. thaliana seeds were sterilized with 70% ethanol and

0.1% Triton X-100 and then washed with 70% ethanol

containing 0.01% Triton X-100. Then the seeds were

transferred to vertical square petri dishes (14 seeds per

dish) on a solid medium consisting of MS (2.15 g/l), MES

(0.5 g/l), sucrose (1 g/l), agar (11 g/l), and various con-

centrations of nebularine, BAP, or both, all in triplicate.

The compounds were dissolved in DMSO, thus 0.05%

DMSO was used as a control solution. After incubation for

3 days in darkness at 4�C, the A. thaliana seeds were

germinated and grown in the environmental test chamber

(brightness 15,000 l9, humidity 55%, 16 h day/8 h night,

22�C). After 3 days, the length of the primary root tips was

marked and the germinated seeds were grown for an

additional 7 days. The plants were then photographed and

the images were evaluated using Scion Image software

(Scion Corporation, Frederick, MD, USA). The number of

lateral roots was scored under a stereomicroscope.

Cytokinin Bioassays

Classical cytokinin bioassays (tobbaco callus, Amaranthus

assay, and senescence assay with excised wheat leaves)

were performed as described in Holub and others (1998).

Bacterial Cytokinin Assays

In receptor bioassays, transgenic bacterial strains express-

ing cytokinin receptor CRE1/AHK4 or AHK3 were grown

overnight (17 h) in M9 medium (Sambrook and Russell

2001) with 1–50 lM nebularine and trans-zeatin (tZ),

respectively. Activation of the cytokinin signaling pathway

was detected as a fluorescence of the product 4-methyl-

umbelliferone (MU), which is produced by degradation of

4-methylumbelliferyl galactoside (MUG) by bacterial

b-galactosidase. The activity was expressed as pmol MU/h

per OD600 as described previously (Spı́chal and others

2004).

Live Cell Cytokinin-Binding Assay

The same bacterial strains and growing conditions were

used as described above. The live cell cytokinin-binding

assay was performed essentially as described in Romanov

and others (2005), albeit with slight modification. Aliquots

of 1 ml of homogeneous bacterial suspension, with OD600
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around 1.0, were dialyzed against the same volume of M9

medium containing 2 nM [2-3H]tZ in the presence or

absence of 10 lM nebularine, 10 lM tZ (positive control),

and 10 lM adenine (negative control) in a Dianorm equi-

librium dialyzer (Dianorm–Geräte, Munich, Germany) for

2 h at 4�C. Radioactivity of the dialysates was measured by

scintillation counting using a Beckman LS 6500 scintilla-

tion counter (Beckman, Ramsey, MN, USA).

Arabidopsis ARR5:GUS and DR5:GUS Reporter Gene

Assays

Arabidopsis ARR5:GUS or DR5:GUS transgenic seeds

were surface-sterilized and sown on half-strength MS

medium supplemented with 0.1% (w/v) sucrose and 0.05%

(w/v) MES-KOH (pH 5.7) in 6-well plates. After pre-

treatment at 4�C for 3 days in darkness, the seedlings were

grown under long-day conditions (16 h light/8 h dark) at

22�C in a growth chamber. To the wells containing 3-day-

old seedlings, BAP, 2,4-dichlorophenoxyacetic acid (2,4-

D), nebularine, or DMSO (solvent control, final concen-

tration 0.1%) was added and the seedlings were grown for

an additional 16 h. Quantitative determination of GUS

activity was performed according to a published protocol

(Romanov and others 2002) by measuring fluorescence on

a Fluoroskan Ascent microplate reader (Labsystems, Hel-

sinki, Finland) at excitation and emission wavelengths of

365 and 450 nm, respectively. GUS specific activity was

expressed as nmol 4-methylumbelliferone/h/mg protein.

Determination of protein content was done by bicinchonin

acid reagent (Smith and others 1985).

Results

Cytotoxic Effect of Nebularine on Human and Plant

Cells

First, we compared the cytotoxic effect of nebularine on

animal and plant cells. Selected human cell lines were

treated with increasing concentrations of nebularine and

the number of viable cells was determined by the Calcein

AM assay (Weston and Parish 1990) to estimate concen-

trations lethal to 50% of the cells (IC50 values). As shown

in Table 1 for all tested human cell lines, nebularine

showed a 3-4-fold higher toxicity than olomoucine II, a

typical cell cycle inhibitor (Kryštof and others 2002). To

study its toxicity to plant cells, a tobacco BY-2 cell sus-

pension was treated with nebularine. Figure 2 shows the

dose- and time-dependent increase in the proportion of

dead cells in the BY-2 tobacco suspension grown in the

presence of various concentrations of nebularine. In as little

as 24 h the number of dead cells increased to more than

60% when 100 lM nebularine was present in the growth

medium, and after an additional 24 h almost all the cells

were dead. The IC50 value of 20 lM estimated after 48 h

of incubation indicated that the inhibitory effect of nebu-

larine on the growth of the tobacco BY-2 cells was only

about ten times less than that on mammalian cell lines

(Table 1).

In further tests, inhibition of human CDK2-cyclin E and

mouse ABL kinases by nebularine was studied in vitro to

investigate whether the inhibition of protein kinases uti-

lizing ATP as a substrate can be the origin of the toxic

effect. In both assays, significant inhibition of kinase

activity was not observed, even at 100 lM concentration

(results not shown).

Table 1 Toxicity of nebularine for human cell lines K562, CEM, and

MCF-7 and tobacco BY-2 cells

Cell line IC50 (lM)

Nebularine Olomoucine II

K562 2.2 9.1

CEM 1.1 4.9

MCF-7 3.6 12

BY-2 20 –

The effect of nebularine was evaluated after 72 and 48 h for mam-

malian cell lines and BY-2 cells, respectively

Fig. 2 Cytotoxic effect of nebularine on BY-2 cell suspensions. Cells

were treated with the indicated concentrations of nebularine, 10 lM (-

h-), 50 lM (-m-), 100 lM (-d-) for 24 and 48 h. 50 lM BAPR (6-

benzylaminopurine-9-riboside) was used as positive control (-j-);

cells cultured with 0.1% DMSO were used as negative solvent control

(-r-). The number of dead cells was examined microscopically in at

least 400 cells. Values represent mean from two replicate experi-

ments. Error bars represent SD (n = 2)
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Inhibitory Effect of Nebularine on Adenine/Adenosine

Deaminases

Human adenosine deaminase is known to be competitively

inhibited by nebularine (Osborne and Spencer 1973). For

this reason the nebularine effect on the activity of putative

A. thaliana adenosine deaminase and yeast adenine

deaminases AAH1 and SPBC1198.02 was tested in this

study. As a positive control, human adenosine deaminase

was used. Indeed, addition of a nebularine concentration

equimolar to the substrate (0.067 mM) decreased inosine

production to 60%. Despite the structural similarity of

eukaryotic adenine deaminases with adenosine deaminases,

the activities of yeast deaminases were not inhibited

(Pospı́šilová and others 2008). Inhibition of putative A.

thaliana adenosine deaminase by nebularine was not

observed as well.

Spraying of A. thaliana Plants with Nebularine

Next, we studied the impact of nebularine application on

the development of plants in vivo. A. thaliana plants

(38 days old) with fully developed leaves (Fig. 3a1) were

sprayed with 1 mM nebularine. When sprayed on only half

of the leaf area, yellowing and formation of purple pig-

ments were observed on the treated leaves. From the day 8

onward, local drying was detected (Fig. 3a2), which pro-

gressed into wilting after 2 weeks (Fig. 3a3). In 3 weeks,

the sprayed leaves were withered, but the rest of the plant

remained intact (Fig. 3a4) and was able to resume devel-

opment. On the other hand, fully sprayed A. thaliana plants

of the same age were completely withered within this

period (Fig. 3b4) and dead in the next few days. Younger

leaves were more resistant to the nebularine effect

(Fig. 3b3).

For further experiments, 25-day-old A. thaliana plants

were selected (Fig. 3d1). Plants sprayed with 1 mM neb-

ularine showed damaged leaves from day 6 (Fig. 3d2). The

plants were almost completely withered on day 12

(Fig. 3d3) and dead on day 17 (Fig. 3d4). Nebularine in

0.1 mM concentration caused bending of the leaves on day

17 (Fig. 3c2) in comparison with the control plants

(Fig. 3c1). In the following days, older leaves started

accumulating purple pigments (Fig. 3c3) and wilting

(Fig. 3c4), but the youngest leaves retained their green

color until 47 days after nebularine application (Fig. 3c5).

Plants treated with 0.1 mM nebularine were still alive

2 months after spraying. After the next 20 days of

Fig. 3 Effect of nebularine application on A. thaliana plants. a
Partially (only half of the leaf area) sprayed, 38-day-old A. thaliana
plants (1 mM nebularine, 0.01% Silwet): (1) day 1, (2) day 8, (3) day

14, (4) day 21. b Fully sprayed, 38-day-old A. thaliana plants (1 mM

nebularine, 0.01% Silwet): (1) day 1, (2) day 8, (3) day 14, (4) day 21.

c Fully sprayed, 25-day-old A. thaliana plants (0.1 mM nebularine,

0.01% Silwet): (1) control plant sprayed only with 0.01% Silwet

solution, day 17; nebularine sprayed plants: (2) day 17, (3) day 29, (4)

day 39, (5) day 47, (6) plants after 61 days of nebularine application

followed by 20 days of regeneration without nebularine. d Fully

sprayed, 25-day-old A. thaliana plants (1 mM nebularine, 0.01%

Silwet): (1) control plant (0.01% Silwet), nebularine-sprayed plants:

(2) day 6, (3) day 12, (4) day 17
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regeneration without nebularine, these dwarfed plants

started to flower (Fig. 3c6). A. thaliana plants sprayed with

0.01 mM nebularine were not affected at all (not shown).

Nebularine Effects on Root Length and Lateral Root

Formation

The effect of nebularine on A. thaliana roots was tested

with approximately 100 seedlings per treatment. Seedlings

grown in the presence of BAP exhibited a shorter primary

root and inhibiton of lateral root formation. In agreement

with a previous report (Laplaze and others 2007), the

phenotype became more severe with increased concentra-

tion of BAP (Fig. 4a, b). Lateral root formation was

completely blocked in plants grown on a medium con-

taining 5 lM BAP (Fig. 4d). In the case of nebularine-

treated plants, root length shortening was very similar to

that caused by BAP, but not so profound (Fig. 4a). On the

other hand, increasing nebularine concentration led to

increased lateral root formation (Fig. 4a, b). When the

plants were treated with both compounds, nebularine

reversed the effect of BAP on lateral root formation

(Fig. 4a).

Cytokinin Bioassays

The cytokinin bioassays evaluate various biological effects

of exogenously applied cytokinins and can be used for the

determination of cytokinin agonistic or antagonistic activ-

ities of tested compounds. Standard bioassays based on the

stimulation of cytokinin-dependent tobacco callus growth,

senescence assay measured as the retention of chlorophyll

in excised wheat leaves (tip section of the first leaf of

7-day-old Triticum aestivum cv.), and dark induction of

betacyanin synthesis in Amaranthus cotyledons were used

to confirm the antagonistic effect of nebularine described

previously by Brown and Konuk (1994).

In our experiments, nebularine antagonized the effect of

BAP in senescence and tobacco callus assays but not in the

Amaranthus bioassay (Fig. 5). In the senescence assay,

nebularine at a concentration equimolar to BAP reduced

the cytokinin effect to 55%, but the effect was not more

pronounced with increasing concentration (Fig. 5a). In

contrast, we could not repeat the results published by

Brown and Konuk (1994) for the competition of nebularine

with kinetin in the Amaranthus assay, where we did not

observe any antagonistic activity, even when nebularine

was applied at a 100-fold higher concentration than BAP

(Fig. 5b). In the callus assay, where the effect of the tested

compound on proliferation of cytokinin-dependent tobaco

callus is scored, we observed a concentration-dependent

decrease in callus growth that might point to an antago-

nistic activity (Fig. 5c). However, keeping in mind the IC50

of nebularine (20 lM) in the BY-2 tobaco cell suspension

cultures, which is equivalent to a concentration causing

50% reduction of callus growth stimulated by 1 lM BAP,

this effect cannot be attributed to cytokinin antagonism but

rather to the cytotoxic effect of nebularine on plant cells in

general.

Interaction of Nebularine with Cytokinin Receptors

To investigate whether nebularine can be classified as a

cytokinin antagonist, we studied its interactions with the

CRE1/AHK4 and AHK3 cytokinin receptors of Arabidop-

sis using E. coli strains expressing these receptors and the

Fig. 4 Effect of nebularine and

BAP on root formation in A.
thaliana. Sterilized seeds were

grown on MS medium for

7 days with various

concentrations of the

compounds to be tested. a
Phenotype of the seedling. b
Number of lateral roots related

to the primary root length. c, d
Effect of nebularine (-d-) on

the primary root length and

lateral root formation in

comparison with BAP (-j-).

Error bars show SD (n = 100)
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cytokinin-activated reporter cps::lacZ (Spı́chal and others

2004; Yamada and others 2001). As shown in Fig. 6a,

nebularine did not activate the receptors AHK3 and CRE1/

AHK4, even at a concentration 500-fold higher than that

required for receptor activation by tZ. Furthermore, the

direct binding assay based on the competition of nebularine

with radiolabeled natural cytokinin [2-3H]-zeatin was car-

ried out using unlabeled tZ and adenine as positive and

negative controls, respectively. Data presented in Fig. 6b

clearly show that nebularine was not able to block the

binding of natural ligand, even at 5000-fold excess.

Arabidopsis ARR5:GUS and DR5:GUS Reporter Gene

Assay

To find out whether the proposed antagonistic effect of

nebularine takes place in the signaling pathway down-

stream of the cytokinin receptor, the effect of nebularine on

cytokinin-induced expression of the response regulator

gene ARR5 (D’Agostino and others 2000) was investigated

in planta. For this experiment, transgenic Arabidopsis

plants harboring the ARR5:GUS reporter were used and the

results are shown in Fig. 7a. Interestingly, nebularine in

concentrations above 10 lM decreased the expression of

the ARR5:GUS gene induced by 1 lM BAP to about 70%.

To confirm that this effect can be attributed to a specific

inhibition of cytokinin signal transduction, we performed

the same assay with transgenic Arabidopsis seedlings

harboring the auxin-responsive gene DR5:GUS (Ulmasov

and others 1997) under the same conditions. Surprisingly,

nebularine also decreased the expression of DR5:GUS

induced by 1 lM 2,4-D to a level comparable to that in the

ARR5:GUS assay (Fig. 7b). This indicates that nebularine

does not act as an anticytokinin, at least in terms of inhi-

bition of cytokinin signaling.

Discussion

As described before, nebularine inhibits several enzymes in

a variety of tissues. Whereas adenosine deaminase from

many sources is well known to be competitively inhibited by

nebularine (Osborne and Spencer 1973), adenine deamin-

ases from lower eukaryotes, frequently also marked as

adenosine deaminases due to their amino acid sequence

similarity (Pospı́šilová and Frébort 2007), were not inhibited

by nebularine at all. Inhibition by nebularine was also not

detected for putative adenosine deaminase from A. thaliana

prepared recently (Pospı́šilová and others 2008).

It has been reported that some pyrrolo[2,3-d]pyrimidines

and pyrazolo[4,3-d]pirimidines, previously classified as

potent anticytokinins, do not interact with cytokinin

receptors but inhibit cyclin-dependent kinases (Spı́chal and

others 2007). However, inhibitory effects of nebularine on

mammalian CDK2 and ABL kinases were not observed in

the present work.

Fig. 5 Cytokinin bioassays. a Senescence assay. Retention of

chlorophyll in detached leaves was measured spectrophotometrically

after 6 days of cultivation with BAP and different concentrations of

nebularine. For the control (measured immediately after detaching the

leaves), the mean value of A665 was 0.867 ± 0.04. b Amaranthus
assay. Monitoring of pigment production in Amaranthus caudatus
treated with 1 lM BAP and increasing concentrations of nebularine. c
Callus assay. Tobacco callus weight accumulation at different

concentrations of nebularine and/or BAP. Error bars show SD (n = 5)
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The effect of 1 mM nebularine on plants resembles that

described in animals (Biesele and others 1955; Kozlowska

and others 1999; Price and Murray 1969). Interestingly,

younger leaves remained green and healthy, which may be

a reflection of the presence of higher concentrations of

cytokinins in developing tissues (Schmülling 2002), which

agrees with previous studies (Biesele and others 1955;

Tokuji and Kuriyama 2002). Application of 0.1 mM neb-

ularine led to dwarfing and withering of the older leaves,

but regenerated plants were still capable of flowering.

Nebularine, like BAP, showed concentration-dependent

shortening of the primary roots. BAP also inhibited lateral

root formation, whereas nebularine complemented this

inhibition and increased the number of lateral roots per

centimeter of primary root length in a hyperbolic manner,

reaching a limit at 2.5 lM, probably because of nebula-

rine triphosphate accumulation and inhibition of some

enzymes of purine metabolism (Fig. 4d). The nebularine

effect did not occur below the threshold of 0.25 lM that

may result from the level of adenine derivatives in plants,

as described above. In this experiment, nebularine

behaves as an anticytokinin in accordance with an earlier

report (Brown and Konuk 1994). In the senescence assay,

we observed a significant antagonistic effect of nebularine

in even equimolar concentrations toward BAP. However,

in contrast to the results of Brown and Konuk (1994), we

did not observe any antagonistic effect of nebularine

towards BAP in the Amaranthus bioassay. Nebularine

inhibited cytokinin-dependent tobacco callus growth

induced by 1 lM BAP in a dose-dependent manner, but

this effect is likely to be due to nebularine toxicity that

was found with tobacco BY-2 cells at the same

concentrations.

Tests with Arabidopsis cytokinin receptors AHK3 and

CRE1/AHK4 indicated that nebularine does not interact

with the receptors and is not able to compete with natural

cytokinins at the receptor level. Interestingly, nebularine

blocked the cytokinin primary response gene ARR5, but

also an auxin reporter DR5.

The results described in this work clearly show that

nebularine does not act as a cytokinin antagonist specifi-

cally interacting with a cytokinin signaling pathway. The

anticytokinin-like effect of nebularine is thus probably a

consequence of the inhibiton of the same enzymes as those

it inhibits in mammals (Guranowski and others 1981;

Lupidi and others 1982).

Fig. 6 Interaction of nebularine

with cytokinin receptors. a
Activation of cytokinin

receptors CRE1/AHK4 and

AHK3 by nebularine (-m-)

compared to cytokinin tZ (-j-).

b Competition of [2-3H]tZ with

nebularine for the binding to

cytokinin receptors. Unlabeled

tZ and adenine were used as

positive and negative controls,

respectively. Error bars show

SD (n = 3)

328 J Plant Growth Regul (2009) 28:321–330

123



Acknowledgments The authors thank Tomáš Pospı́šil for synthesis
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Ehrenberg L, Hedström H, Löfgren N, Takman B (1946) Antibiotic

effect of agarics on tubercle bacilli. Svensk Kem Tidskr 58:267

el Kouni MH, Cha S (1987) Metabolism of adenosine analogues by

Schistosoma mansoni and the effect of nucleoside transport

inhibitors. Biochem Pharmacol 36:1099–1106

Frank KB, Cheng YC (1986) Inhibition of herpes simplex virus DNA

polymerase by purine ribonucleoside monophosphates. J Biol

Chem 261:1510–1513

Guranowski A (1982) Purine catabolism in plants: Purification and

some properties of inosine nucleosidase from yellow lupin

(Lupinus luteus L.) seeds. Plant Physiol 70:344–349

Guranowski A, Montgomery JA, Cantoni GL, Chiang PK (1981)

Adenosine analogues as substrates and inhibitors of S-adenos-

ylohomocysteine hydrolase. Biochemistry 20:110–115
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Holub J, Hanuš J, Hanke DE, Strnad M (1998) Biological activity of

cytokinins derived from ortho- and meta-hydroxybenzyladenine.

Plant Growth Regul 26:109–115

Kozlowska M, Smolenski RT, Makarewicz W, Hoffmann C, Jastorff

B, Swierczynski J (1999) ATP depletion, purine riboside

triphosphate accumulation and rat thymocyte death induced by

purine riboside. Toxicol Lett 104:171–181
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