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ABSTRACT

STUDIES ON CYTOKININ BINDING IN TOBACCO CELLS

BY

Michael Richard Sussman

For the detection of a small number of higher-affinity cytokinin

binding sites, high specific activity Ne-benzyladenine p-[3H]-benzyl

(p—[3H1-BA) was synthesized by a simple procedure. p-[3H1-BA at 10

Ci/mmol was obtained by catalytic dehalogenation of p—bromo-N6-benzyl-

adenine with carrier-free tritium gas. A radiochemical purity of 97%

was obtained by a single TLC purification step.

Using this p-[3H1-BA and a particulate fraction from cytokinin-

dependent tobacco cells grown in suspension culture, high- and low—

affinity cytokinin binding sites were observed. The low-affinity

binding site was stable to a heat pre-treatment and showed some speci-

ficity for cytokinin-like compounds (e.g., kinetin, 21F and BA bind

well, while adenine and the cytokinin ribosides do not). However,

when the specificity was examined in finer detail with a series of

chemically similar cytokinin analogues possessing different degrees

of biological activity, no correlation was observed between binding

and biological activities of the analogues.

In contrast to these results with the low-affinity binding site,

the high—affinity binding site was heat—labile and the ability of

cytokinin analogues to compete with BA correlated well with their
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biological activity. Thus, on the basis of heat denaturability and

binding specificity, it was concluded that only the high-affinity

binding site is specific, and possesses the characteristics expected

for a cytokinin receptor protein.

This specific binding site in a particulate reaction of tobacco

cells is probably not identical to the cytokinin-binding protein

isolated from wheat germ ribosomes by Fox and Brion (1975). In con—

trast to their findings, 1 M KCl did not solubilize the specific

cytokinin binding sites.

I also observed high- and low-affinity, saturable binding sites

for p-[3H]-BA using the non-biological material, talc. However, in

neither case was the binding specificity with talc similar to that

observed in any cytokinin bioassay.

The analogues which were synthesized and tested for cytokinin

specificity studies were the following BA derivatives possessing a

single halogen atom in the N6 benzyl side-group: ortho-F-BA, meta-F-

BA, para-F-BA, ortho-Cl-BA, meta-Cl-BA, para-Cl-BA, ortho-Br-BA and

para-Br-BA.

When the biological activity of the cytokinin analogues was

compared in several bioassays, an interesting difference was noted.

In a tobacco cell division (suspension culture) assay, the order of

biological activity was BA > ortho-Cl-BA > meta-Cl-BA = para-Cl-BA

(inactive), but in the moss bud formation assay, the observed order

of activity was meta-Cl-BA 3 BA > ortho-Cl-BA = para-Cl-BA. Models

emphasizing either steric or electronic properties of the N6 benzyl

side-group for binding to a cytokinin receptor were proposed to

explain these results in the tobacco and moss systems, respectively.
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In addition, in a tobacco callus shoot formation assay, the

order of activity of the analogues paralleled their activity in the

cell division assay with the same tissue, though one compound, meta-

Cl-BA, stimulated shoot formation with little or no discernible

stimulation of cell division.

Efforts to determine the precise cellular location of the spe-

cific cytokinin binding site were greatly hampered by the large back—

ground of non-specific binding. Thus, for a more quantitative and

detailed characterization of specific cytokinin binding sites, an

alternative technique, photoaffinity labelling, was explored. A

potential cytokinin photoaffinity reagent, 8—azido-N6-benzyladenine

(8-N3-BA) was synthesized from 8-bromo-adenosine in a four-step

reaction sequence with 8-azido-adenosine, l-benzyl-B-azido-adenosine

and 8—azido—N6-benzyladenosine as intermediates.

8-N3-BA was found to be a fully active cytokinin in the moss

bud formation bioassay and slightly more active than BA in a tobacco

cell division (suspension culture) bioassay. In addition, at high

concentrations, where BA inhibits cell division, 8-N3-BA did not.

8-N3-BA was readily photolyzed by long- and short-wavelength UV light

yielding product(s) which were inactive in the moss bioassay but may

have had slight activity in the tobacco bioassay. These results

therefore justify the future synthesis and use of radioactive 8-N —BA
3

to covalently label specific cytokinin binding sites.
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GENERAL INTRODUCTION

Despite much research and speculation, we still have no knowledge

of the early (0-5 min) biochemical reactions which occur in a plant

cell in response to the application of a hormone.

One approach to this problem is to identify and localize the

cell component(s) which binds the hormone and initiates the bio-

chemical reactions leading to the physiological response. This cell

component is commonly referred to as the hormone "receptor" and, in

all cases known to date, has been found to be a protein the binding

activity of which, like that of enzymes, is sensitive to denaturants

which destroy protein conformation. For example, protein receptors

have been isolated which bind to and mediate the effects of the

following animal hormones and drugs: steroids (Jensen and DeSombre,

1972), peptide hormones (Cuatrecasas and Hollenberg, 1976), acetyl-

choline (Hall, 1972), opium (Sharma et al., 1975), and LSD (Nathanson

and Greengard, 1974). In bacterial systems, analogous effector-

receptor interactions occur, for which functional binding proteins

have been isolated. Such proteins include: plasma membrane-bound

chemotactic receptors (Spudich and Koshland, 1975), a soluble CAMP

receptor (Zubay et al., 1970), and the numerous transcriptional

repressors (cf. Riggs and Bourgeois, 1968).

In addition to the precedents mentioned above, a theoretical

argument can be made as to why hormone and drug receptors must be

proteins. It is generally accepted that only proteins are capable of

1
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forming the wide diversity of specific and high-affinity binding

sites which are required to explain these common characteristics of

hormone and drug responses: (1) stereospecificity of hormones and

drugs and (2) the very low concentrations at which the responses are

elicited and also saturated.

With regard to plant hormones, the above theoretical argument

is equally valid and has been critically discussed (Kende and

Gardner, 1976). Though no receptor protein for a plant hormone has

yet been isolated (Kende and Gardner, 1976), pioneering work in this

field by Hertel and his co-workers has resulted in the identifica-

tion of a specific binding site for the auxin transport inhibitors,

l-N-naphthylphthalamic acid (Thomson, 1972; Thomson et al., 1973) and

morphactins (Thomson and Leopold, 1974), which appears to be localized

in the plasmalemma. In addition, the interest which their studies

on the specific binding of auxin to membrane fractions (Hertel et al.,

1972: Hertel, 1974; Dohrmann, 1975) has generated, as evidenced by

the increasing number of reports from other laboratories (Oostrom

et al., 1975; Batt et al., 1976; Batt and Venis, 1976; Dollstadt et

al., 1976; Kasamo and Yamaki, 1976) suggests that a breakthrough in

this field may be near.

The main object of the following study has been to detect and

characterize in vitro the cytokinin binding protein(s) which may act

in vivo as the receptor(s) for this class of plant hormones.

All active cytokinins are adenine derivatives substituted at

the N6 position with a hydrophobic side-group (see Leonard, l974,for

the most recent review on cytokinin chemistry). Cis- and trans-N6-

(4-hydroxy-3-methy1but-2-enyl)adenine (cis— and trans-zeatin) and

N6-(3-methylbut-2-enyl)adenine (2iP) are the most abundant natural
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cytokinins, while NG-furfuryladenine (kinetin) and N6-benzy1adenine

(BA) are the most commonly used synthetic ones. These compounds were

discovered on the basis of their remarkable stimulation of cell

division in cultured plant cells (Miller et al., 1955). They are

now known to effect many diverse physiological processes, including

bud formation in mosses, shoot formation in tobacco callus, and

senescence and directed transport of assimilates in higher plants

(Kende, 1971).

The discovery that cytokinins were located adjacent to the 3'

end of the anticodon of certain tRNA's led to much speculation as to

whether this was causally related to the biological activity of this

plant hormone. Kende and Tavares (1968) were the first to provide

evidence that this was not so, and their conclusion has since been

confirmed by many others (this evidence is summarized by Kende and

Gardner, 1976).

Recently, Hecht, Skoog and their co-workers have described an

exhaustive and systematic study comparing the biological activities

of purine substituted and deaza analogues of cytokinins in a tobacco

callus bioassay. The results of their experiments, in which the

likely sites of metabolism of the purine ring of cytokinins have

been modified to preclude such metabolism, has led to the conclusion

that metabolic modification is not a prerequisite for cytokinin

activity, "i.e., that the active form of the cytokinins can be the

exogenous species themselves" (Hecht et al., 1975). These studies

suggest, but do not prove, that a non-covalent rather than covalent

interaction of the cytokinin molecule with some cell constituent(s)

is required for the biological response.
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Direct, but preliminary, evidence for the non—covalent binding

of cytokinins to a receptor has been obtained by autoradiography

using 14C-BA in moss protonemata (Brandes and Kende, 1968). In

addition, results on cytokinin binding to plant ribosomes have been

reported from two laboratories (Berridge et al., 1970; Fox and

Erion, 1975): Though there was no effect of cytokinins on in vitro

protein synthesis (Berridge et al., 1972), in vitro inhibition of a

ribosomal protein kinase was observed (Ralph et al., 1972). This

result was confirmed by Keates and Trewavas (1974), but was inter-

preted by these authors as a non-physiological effect of high cyto-

kinin concentrations due to competition with ATP at the substrate

binding site. This conclusion has since been refuted (Ralph et al.,

1976). Takegami and Yoshida (1975) have also recently described a

soluble cytokinin binding protein from tobacco leaves.

Unfortunately, it is not possible to correctly evaluate the

physiological significance of the cytokinin binding observed in

these studies since no adequate tests of specificity have been per-

formed. As will be shown in the present study (Section III), there

arenon-specificrsaturable binding sites for cytokinins, even in non-

biological material such as talc, which superficially mimic specific

binding sites. As was discussed in greater detail by Kende and

Gardner (1976), in order to assign physiological significance to a

binding site, it is essential that the specificity of binding be

critically tested with analogues that are chemically very similar

but have widely diverging degrees of biological activity.

In the present study, my goal has been to differentiate between

specific, high—affinity and non-specific, low—affinity cytokinin

binding sites in homogenates of tobacco cells. The report of this



5

study is divided into four sections. In Section I, I describe the

chemical synthesis of a high specific activity, tritiated cytokinin.

This compound was deemed necessary for the detection of specific,

high-affinity binding sites which are present at low concentrations

in the plant cell. In Section II, the biological activities of a

series of cytokinin analogues are given; these data are needed to relate

the in vitro binding results to the in vivo physiological responses.

In preliminary experiments with 14C-BA, a large amount of non-

specific binding to the particulate fraction of tobacco cells was

observed. Therefore, the emphasis for designing binding experiments

with p-[3fll—BA (Section III) was placed on deciding with confidence

whether a specific binding site was present in the particulate frac-

tion of tobacco cells. In order to allow in future studies a more

detailed characterization of the observed, specific cytokinin binding

site, I have described in Section IV the synthesis and biological

activity of a cytokinin photo—affinity reagent, 8-azido-benzyladenine.



SECTION I

THE SYNTHESIS OF A RADIOACTIVE CYTOKININ

WITH HIGH SPECIFIC ACTIVITY

Introduction
 

Receptors for animal hormones (Cuatrecasas et al., 1974) and

drugs (Goldstein, 1974; Farrow and Vunakis, 1972; Nathanson and

Greengard, 1974) are present in tissues at low concentrations, and the

binding of ligands to these receptors is more readily detected if a

ligand of high specific radioactivity is available. This is especially

true if one wishes to detect a small number of higher-affinity binding

Sites in the presence of a large excess of lower-affinity sites.

Ligands labelled with 14C cannot be obtained at sufficiently high

specific activity, hence most studies employ tritiated or iodinated

ligands.

Previously published attempts to introduce a stable tritium label

into biologically active cytokinins by the Wilzbach method or by cata-

lytic exchange in an aqueous solution (Berridge et al., 1970; Letham

and Young, 1971; Elliott and Murray, 1972; Walker et al., 1974) have

failed to produce a specific radioactivity greater than 231 mCi/mmol.

In this section, I describe a new and simple method for synthesizing a

radioactive cytokinin, N6-benzyladenine[p-BH-benzyl] (p-BH-benzyl) with

tritium in a stable, known position at near maximum specific radio-

activity. The method employs catalytic dehalogenation (hydrogenation)

of a halogenated precursor, p-bromo-N6—benzylaminopurine (p—Br-BA).

6
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The procedure used to synthesize p-Br-BA was that of Elion et

a1. (1952) as described by Okumura et a1. (1959). Though the synthe-

sis of the 0-, m-, and p-Cl analogues of 6-benzylaminopurine (BA) had

already been reported (Okumura et al., 1959), we chose to synthesize

the previously unreported Br analogues since exchange with tritium

is considered easier with this halogen. The p-position was chosen

to reduce any possibilities of steric hindrance in the synthesis

and dehalogenation reactions.

A condensed report of this work has appeared (Sussman and Firn,

1976).

Materials and Methods
 

Synthesis of p-Br-BA
 

6-(Methylmercapto)purine (0.3 g) was added to p-bromo-benzylamine

(1.25 g) and heated at 120-130°C in a closed tube for 18 hr with

intermittent agitation. p-Br-BA was precipitated by the addition of

methylene chloride and collected by filtration on Whatman GF/C filter

paper, followed by washing with methylene chloride. After recrystal-

lization from dimethylformamide, the product was collected by filtra-

tion, washed with methylene chloride and dried in an oven at 80°C

overnight. The yield was 28%. In a separate experiment, recrystal-

lization from ethanol gave a similar yield.

A preliminary Beilstein test of the recrystallized product

indicated the presence of halogen, which was confirmed by obtaining

a green color after heating a sample on a copper wire over a gas

flame. The irregularly shaped crystals changed to needles before

melting at 288-289°C. Elemental analysis found: C, 47.34; H, 3.38;

N, 22.96; Br, 26.34%. Br requires: C, 47.39; H, 3.31;

C12H10N5



8

N, 23.03; Br, 26.27%. Identity of the compound was further con-

firmed by its UV, IR and mass spectra.

The UV spectrum is indistinguishable from BA, with the following

maxima at acid, neutral and basic pH: 1:2: EtOHnm(log 2): pH 2,

275.5 (4.26); pH 7, 269.5 (4.28); pH 12, 275.5 (4.28) with a shoulder

at 280-285 nm.

The IR spectrum (in KBr discs) is also similar to BA in showing

(1) an unsubstituted purine N-9 position (typical weak absorption

peaks at 2400-2800 cm-l), and (2) the absence of the strong primary

amine N-H stretching absorption peak at 3380 cm-1 seen in p-bromo-

benzylamine. Finally, the assigned structure was confirmed by mass

spectrometry (Figure 1). The natural abundance of the two stable

isotopes of Br, Br79 and Br81, in the ratio 100:97.5, permits facile

identification of Br-containing fragments. The fragmentation pattern

of p-Br-BA is similar to that of BA. The only peaks showing the

presence of Br are the molecular ion, at m/e 303, 305 and fragments

at m/e 169, 171 and 184, 186 identified respectively as the Br sub-

stituted tropylium ion (C H Br+; analogous to m/e 91 in BA) and a

7 5

+

species (CGH BrCH N H; m/e 106 in BA) formed by the loss of the

5 2

purine ring system. In addition, intense peaks are observed at

m/e 89 and m/e 90 corresponding to the loss of HBr and Br, respec-

tively, from the tropylium ion. All other major peaks were accounted

for as arising from the purine ring.

The purity of p-Br-BA was checked by TLC on silica gel, cellulose

and aluminum oxide (Table 1). In all instances, only one compound

was detected, using several visualization techniques. In particular,

the absence of potentially reducible unreacted p—bromobenzylamine was

verified by the absence of ninhydrin positive spots in the above TLC
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. 3
Table l. Rf values of compounds used in the syntheSis of p-[ Hl-BA

in different thin layer chromatography systems

 

TLC System
 

 

Silicaa Aluminum?

Compound gel Cellulose ' oxide

BAl'2 0.36 0.64 0.72

p-Br-BA1'2'5 0.36 0.54 0.72

. 1,3

6-(Methylmercapto)purine 0.36 0.44 -

p—Bromobenzylamine4 0.09 0.50 -

Benzylamine4 0.07 0.80 -

 

Visualization methods: 1quenching of fluorescence induced by

excitation at 254 nm after spraying with 0.1% fluorescein in ethanol;

2purple fluorescence after excitation at 254 nm; 3yellow fluorescence

after excitation at 254 nm; 4ninhydrin stain; 5silver chromate

stain for purines (Whitfield, 1969) using commercial plastic-backed

silica gel and cellulose TLC plates.

Solvent systems: a10% methanol in methylene chloride; b0.01 N

HCl; Ccellulose plates were pre-washed with 0.1 N HCl and dried just

prior to use; dH20 saturated ethyl acetate.
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systems. Absence of impurities was also demonstrated by GLC (Figure

2) on a 3% 83-30 column in which only a single peak was observed.

As expected from comparison with the effect of bromine substitution

on the retention time of benzylamine derivatives, p-Br-BA had a

retention time 2-3 times that of BA.

 

Dehalogenation reactionWith 1H2 and 3H2_

The dehalogenization reaction withJIEBgas was performed by us

on the same small scale as the later reaction with 3H2 gas, in order

to allow more direct comparison between the two reactions. This

entire procedure was performed at room temperature. Ten percent

palladium on carbon (3 mg) was added to dimethylformamide (2 ml)

containing 10 ul triethylamine in a 5 ml reaction vessel containing

a Viton stopper and a Teflon magnetic stirring bar. The vessel was

evacuated, lHZ gas added and kept at a slight pressure (approximately

0.7 kg/cm2 above atmospheric pressure) for 30 min to saturate the Pd.

The vial was then opened, p-Br-BA (10 mg) added and allowed to

dissolve by stirring for 3 min. The vessel was closed, evacuated

and 1H2 applied again at slight pressure for the time denoted. For

measuring the time course of the dehalogenation reaction by GLC, 50

ul samples were withdrawn periodically, filtered to remove charcoal

and silylated just prior to injection. The time course (Figure 2)

showed that after 1 hr less than 10% of the original p~Br-BA was

left, and the reaction was essentially completed after 2 hr. This

concluSion was confirmed by the absence of a p-Br-BA zone in TLC on

cellulose of the Z-hr reaction product. The identity of the product

was verified by co-chromatography with authentic BA on cellulose TLC

(Table l), GLC and by GLC-MS (Figure 3).
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Figure 2. Time course of dehalogenation reaction of p-Br—BA

with non-radioactive H2 gas, as measured by GLC. Samples were

silylated in dimethylformamide by adding a 3- to 5-fold excess

volume of N,0-bis-(trimethylsilyl)-trif1uoroacetamide containing

1% trimethylchlorosilane. GLC was performed using a 1.8 m x 1.83

mm glass column packed with 3% 83-30; column temperature, 205°C

isothermal, injection port temperature, 225°C, flame detector

temperature, 250°C, carrier gas He at 87.5 ml/min.
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For dehalogenation with 3H gas, a sample (10 mg) of p—Br-BA

2

was sent to Mallinkrodt Chemical Works (Box 5439, St. Louis, MO 63160)

with instructions to perform the reaction exactly like the reaction

. . . . 3 . . . . .
with non-radioactive H2 gas but With H at maXimum speCific actiVity

2

(59 Ci/mmol). Volatile 3H was removed from the radioactive product,

and the sample was purified on preparative cellulose TLC as described

for the non-radioactive reaction. Again, only a single fluorescent

zone at the Rf of BA was observed. The sample was eluted from the

cellulose with 50% ethanol and subsequently stored in this solvent

at -80°C at a concentration of 3—30 x 109 dpm/ml. The chemical con-

centration of this sample was measured by UV absorbance at 270 nm and

by comparison with the absorbance of standard authentic lH-BA solu-

tions. The specific radioactivity was calculated to be 10 Ci/mmol.

The UV spectrum for the radioactive sample was found to be identical

to BA at acid, neutral and basic pH. In addition, the radioactivity

co-chromatographed with BA in 3 TLC systems and on Sephadex LH-20

column chromatography, as described below.

Purity and stability of p-[3al—BA
 

The radiochemical purity of this compound was shown to be at

least 97% by chromatography using three TLC systems (Figure 4) and

by column chromatography on Sephadex LH-20 (Figure 5). Re—chromatography

on silica gel TLC raised this value to 99%. With some commercial silica

gel plates (Merck pre-coated glass TLC plates), 5-10% of the radio-

activity stayed at the origin. Since re—chromatography of the BA zone

in the same system gave the same percentage of non-moving radioactivity,

and since it was not observed on other silica gel TLC preparations

(Brinkman Polygram Sil G pre-coated plastic sheets), it was considered
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Figure 4. Thin—layer chromatography of p-[3H]-BA in three

systems.
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to be an artifact produced by that particular silica gel preparation.

Because the trailing of both BA and p-Br—BA on cellulose TLC did not

permit their complete resolution and a 5-10% contamination with

radioactive or non-radioactive p-Br—BA might therefore have gone

undetected, another chromatographic system was desired. Since the

BA sample is of such high specific activity, GLC, which gives complete

separation of BA and p-Br-BA, could not be safely used to quantitate

a small amount of non-radioactive p-Br-BA present in the tritiated

sample. Chromatography on Sephadex LH-20 was found to give excellent

separation of BA and p-Br—BA (Figure SB). When carrier—free p-[BHJ-BA

was chromatographed (Figure 5A), I observed only one major peak of

radioactivity and absorbance, along with a smaller spike of a non-

radioactive contaminant, proving the complete absence of p-Br-BA in

this sample. The percent of the total radioactivity and A270 nm

migrating as BA in this sample was 91 and 85%, respectively. This

sample, which had been stored for 13 months after the initial cellu-

lose TLC purification, likewise showed 5-10% radioactive impurities

on silica gel TLC which were not present prior to the storage period.

Finally, constant specific activity (in this experiment, 9 Ci/mmol)

through the BA zone was observed, demonstrating further the purity

of p-[BHl-BA obtained by this procedure.

The amount of volatile tritium in the sample purified by cellu—

lose TLC was calculated to be less than 2-3%. After autoclaving for

20 min in aqueous buffers at pH 2, pH 7.5 and pH 10, this value rose

to 10, 18 and 15%, respectively. Under similar conditions, other

workers (Evans et al., 1970) have reported for adenine-2-[3H], values

of 2% at pH 1, 42% at pH 9-10 and for adenine-8-[3H], 5% at pH 1,

53% at pH 9-10. Since the exchange of 3H in purine-labelled adenine
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is considered alkali mediated (Shelton and Clark, 1967), this experi-

ment indicates that 3H in p-[3H1-BA prepared by this dehalogenation

procedure is located in a less labile position.

Discussion
 

The technique described is a very easy procedure for obtaining

a potent cytokinin radioactively labelled in a specific, known posi-

tion at a high specific activity and radiochemical purity. The label

appears to be quite stable, with less than 5-10% radiochemical decay

detected after a 13-month storage of a concentrated sample at -18°C

in 50% ethanol. Other workers may wish to substitute Sephadex LH-20

chromatography for cellulose TLC in the purification of the dehalo-

genation reaction product since this Sephadex chromatography was

found to give an excellent separation of BA and p-Br-BA and since

it is a convenient way of handling large amounts of radioactivity.

In addition, the chromatographic solvent (35% ethanol) is suitable

for storing the labelled cytokinin.

Caution should be exercised in work with radioactive benzyl-

adenine at the high specific radioactivity described herein. We

observed the binding of radioactivity in an aqueous solution to the

walls of laboratory glassware. This binding can be reduced by the

simultaneoustresence of a low concentration (5 x 10-7 M) of non-

radioactive BA in a manner similar to that described for the binding

of insulin to silica and other non-biological material (Cuatrecasas

and Hollenberg, 1975a) . We have quantitated this phenomenon with

p-[BHJ-BA by measuring its binding to talc, as will be discussed in

Section III.





SECTION II

BIOLOGICAL ACTIVITY OF CYTOKININ ANALOGUES

Introduction
 

A major problem in hormone receptor binding studies is the

assessment of the physiological relevance of the observed binding.

In many cases there is great difficulty in distinguishing artifactual,

non-specific binding from binding which is specific, i.e., is required

to initiate the in situ physiological response to that hormone

(Cuatrecasas et al., 1975b; Cuatrecasas and Hollenberg, 1976). Among

the criteria available to assess binding specificity is the correla-

tion of structure-activity relationships obtained with hormone analogues

in the biological response, with that obtained in the binding assay.

Ideally, the analogues to be compared should have very similar

chemical properties, but widely divergent biological activity.

Clearly, a comparison of benzyladenine or kinetin (representing

active cytokinins) with adenine or adenosine (representing inactive

cytokinins), as was done by Takegami and Yoshida (1975), is not a

sufficiently critical test of binding specificity, since these two

classes of compounds are expected to have grossly different chemical

properties by virtue of the presence or absence of the hydrophobic

N6 side-group .

In order to provide a more critical and systematic approach to

this problem, I synthesized and tested the biological activity of

24
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a series of benzyladenine derivatives, each with a single halogen

substitution in the N6 benzyl side—group.

Although extensive studies have been made of the structure-

activity relationship in single bioassays (e.g., Skoog's work with

the tobacco callus bioassay (cf. Leonard, 1974) or Kuraishi's (1959)

studies with the radish leaf expansion bioassay), there has been

little or no effort to systematically compare the activity spectra

of closely related cytokinin analogues in several bioassays. Although

Letham (1967) compared the activities of zeatin, kinetin and ZiP in

five bioassays, the small number of compounds tried and the consider-

able structural differences between them limit conclusions concerning

the underlying reasons for differences in biological activities.

Materials and Methods
 

Synthesis of cytokinin analogues
 

ortho-F-, meta-F-, para-F-, ortho-C1-, meta-Cl-, para-Cl-,

ortho-Br-, and para-Br-Benzyladenine were synthesized from 6-methyl-

mercaptopurine and the respective halogenated benzylamine by the

procedure of Elion et a1. (1952), as described by Okumura et a1.

(1959) and outlined in detail earlier for the synthesis of p-Br-BA

(see Section I). In all cases, analytical samples were obtained by

a single recrystallization from ethanol or dimethylformamide and

purity and identity established by mass spectroscopic analysis

(Figures 1 and 6-14) and Sephadex LH—20 chromatography (Figure 5,

Table 2). The latter technique was used to detect the presence of

non-derivatized BA. No BA was found in any sample, the minimum level

of detection being approximately 50.5%.
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Table 2. Sephadex LH-20 chromatographic mobility of cytokinin

 

 

analogues

Compounda Relative Mobilityb'c'd

BA 2.9

o-F-BA 3.3

m-F-BA 3.5

p-F—BA 3.5

o-Cl—BA 4.2

m-Cl—BA 4.7

p-Cl-BA 4.9

o-Br-BA 5.0

p-Br-BA 5.6

BA-riboside 2.1

8—N3-BA 4.1

 

aA list of the mobilities of additional cytokinin analogues is

given by Armstrong et a1. (1969).

bA relative mobility of 1.0 is given by an elution volume equal

to one bed volume.

CThe excluded volume is at a relative mobility of 0.3.

dColumn dimensions and solvent as in Figure 5.
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Mass spectroscopic analysis proved most valuable in showing

that a sample of "m-Br—BA" which had appeared homogeneous on Sephadex

LH-20 chromatography was in fact mostly another compound which sublimed

in the mass spectrometer at a slightly lower temperature than m-Br-BA

and which gave an unexpected molecular ion at m/e 317, 319. On the

basis of its mass spectrum (Figure 13), this compound was identified

as NG-methyl-m-Br-BA. The formation of this N6—methy1 derivative was

found to be caused by contamination of the commercially obtained

m-Br-benzylamine with N-methyl-m-Br-benzylamine (K and K Rare and

Fine Chemicals, Plainview, NY). Because of this, the "m-Br-BA" deriva—

tive was not further studied in the bioassays.

Tobacco cell suspension: growth char-

acteristics and bioassay procedure

 

 

The cytokinin-dependent cell suspension used in this study was

kindly supplied to us in June 1974 by Dr. C. Réaud—Lenoél (Centre

Universitaire de Marseille—Luminy, Biochimie Fonctionnelle des Plantes,

F-13288 Marseille, Cedex 2, France). It was strain #21 (Tandeau de

Marsac and Jouanneau, 1972), an isolate originally obtained from

tobacco pith (Nicotiana tabacum L.cv. Wisconsin 38). These cells

were normally subcultured biweekly using a defined liquid medium

(Jouanneau and Réaud-Lenoél, 1967) containing 2 x 10*7 M 2,4-D and

5 x 10-7 M kinetin. To obtain tissue routinely in sufficient quantity

for in vitro binding studies (see Section III), 480 ml medium in

l-liter Erlenmeyer flasks was inoculated with approximately 2‘ m1 of

a 2-week-old culture. A growth curve under these conditions (Figure

15) showed a lag period followed by an exponential phase. By using

larger inocula, the lag period could be shortened without a change in

doubling time or final fresh weight yield.
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Figure 15. Growth curve for cytokinin-dependent tobacco cells

grown jg) liquid medium. Results are expressed as the mean fresh

or dry weight :_S.E. of the tissue from triplicate flasks. Dry weight

was measured after the cells were dried at 60°C for 2-3 days.
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For bioassay, 250 mu Erlenmeyer flasks containing 60 ml medium

were used. An inoculum free of the exogenously supplied kinetin was

commonly obtained by aseptically collecting the cells from a 2-week-

old culture on a Miracloth filter. The cells were then rinsed and

resuspended in cytokinin-free medium and aliquots used as inocula

for the bioassay. Culture flasks were agitated on a circular shaker

at 125 rpm, under normal room lights, at 28°C :_2°C. After 11 days

(early stationary phase), the cells were collected by filtration on

coarse fritted glass filters. Before weighing, the cells were

rinsed with a solution of 40 mM sucrose, 2 mM Na -EDTA, 5 mM KCl,

2

adjusted with NaOH to pH 5.7 at room temperature,in order to solu-

bilize and remove accumulated extracellular polysaccharides (A.

Hanson, personal communication).

Moss bioassay
 

Cytokinin-induced bud formation in protonemata of the moss,

Funaria hygrometrica (L.) Sibth. was measured as described by

Whitaker and Kende (1974). Buds were counted 48 hr after transfer

of protonemata to cytokinin-containing medium.

Agrostemma bioassay
 

Enhancement of nitrate reductase activity by cytokinins in

excised embryos of Agrostemma githago was measured 5 hr after start

of the hormone treatment. The procedure of Kende et a1. (1971) was

followed.

Tobacco callus differentiation bioassay

Induction of shoot formation in tobacco callus was examined using

callus which had been grown from pith (Nicotiana tabacum L.cv.
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Wisconsin 38) isolated no longer than 9 months previously. This

callus was subcultured every 6—7 weeks on standard Linsmaier-Skoog

medium (Linsmaier and Skoog, 1965) with indoleacetic acid (10'.5 M)

and kinetin (10-7 M). To determine the optimal auxin and cytokinin

concentrations for the shoot formation assay, explants were placed

on the same minimal medium but containing various concentrations of

BA and 2,4-D. The results (Figure 16) showed that callus formation

alone was maximal on medium with 5 x 10..7 to l x 10“6 M BA and 10-6

M 2,4—D but shoot formation was maximal on medium containing 5 x 10—6

to 1 x 10"5 M BA in the absence of 2,4—D.

Thus, for the differentiation assay with cytokinin analogues,

3 callus explants (approximately 0.4 g each) were placed in each

of five lZS-ml Erlenmeyer flasks containing 50 ml medium with

various concentrations of the test substance, but no auxin. Tissue

was grown for 6 weeks in the dark, followed by 1 week under room

lights. I attempted to quantitate shoot formation (Table 3) by

two methods: (1) physically separating undifferentiated callus

tissue from shoot and leaf tissue and weighing each separately and

(2) measuring the chlorophyll concentration in the entire explant

by extracting with a three-fold (ml/g F.W.) volume of 95% ethanol.

The second method was feasible because only the shoots and leaves

greened up appreciably. The two methods gave qualitatively similar

results concerning the relative amounts of shoots and undifferentiated

callus within each treatment.
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Figure 16. Determination of the optimum auxin (2.4-0) and

ibis (SA) concentrations for callus and for shoot formation

recto c llus grown on solid medium. Results are expressed

the me‘n fresh weight of the tissue from quintruplicate flasks,

‘

ter a CUiture period of 3-1/2 weeks.
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Results

thsical and chemical properties of

ortho—, meta-, and para-halogenated

BA derivatives

 

The observed elution order of the cytokinin analogues in adsorp-

tion chromatography on an alkylated Sephadex support, Sephadex LH—20,

in 35% ethanol was (Table 2), BA > o-F-BA > m-F-BA > p-F-BA > o-Cl—BA

> o-Cl-BA > m-Cl-BA > p-Cl-BA > o-Br—BA > p—Br-BA. This parallels

their expected order of lipophilicity (i.e., para > meta > ortho,

according to Kuraishi, 1959). There is apparently little separation

of these BA derivatives on the basis of molecular size since this

would cause an elution order of Br < Cl < F, which is exactly reverse

of the observed one.

Although the overall fragmentation pattern of the derivatives

(Figures 1 and 6-14) was very similar to that obtained with BA

(Figure 1), there was a systematic difference in the intensities of

certain ions relative to each other. The most notable difference

was an increase in the relative intensity of the following ions in

the spectra of the ortho-substituted derivatives (X = halogen):

(l) M+ - X; (2) C7H5X+, the substituted tropylium ion; (3) C6H4X+;

and (4) M+ - X + 1. The increased intensitives of the first three

ions can possibly be regarded as being due to an increase in lability

of the respective bonds because of a 6-membered ring formed through

6 .

hydrogen bonding of the ortho-substituted halogen to the N -amino

hydrogen (Figure 21).
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Biological properties of ortho-, meta-

and para-halogenated BA derivatives

 

 

In the tobacco cell suspension bioassay the relative activities

of the halogenated BA derivatives were (Figure 17): o-F—BA = m-F-BA

= p-F-BA = BA > o-Cl-BA Z o—Br-BA > m-Cl-BA 2 p-Cl-BA I p-Br-BA

(inactive). In the moss bioassay, the order of activity was (Figure

18): m—Cl—BA 2 o-F-BA = m-F-BA = p-F-BA = BA > p-Cl-BA 2 o-Cl-BA =

o-Br-BA > p—Br-BA (inactive). In the Agrostemma bioassay, a limited

number of analogues was tested, and their observed order of activity

was (Figure 19): BA = m—Cl-BA > o-Cl-BA > p-Cl-BA. The other deriva-

tives were less extensively tested in this bioassay, but in general,

they were found to follow the same order as in the moss and tobacco

assays (i.e., o- and p—F-derivatives completely active and p-Br-BA

completely inactive).

In an experiment (Table 3) designed to measure the activities of

cytokinin analogues in inducing differentiation of shoots in tobacco

callus, the results showed that BA and o-Cl-BA were both slightly more

active than m-Cl-BA. However, a striking feature of this experiment

was the ability of m-Cl-BA (at 5 x 10'.6 M and 10-5 M) to cause shoot

formation in almost the complete absence of callus formation.' With

this compound, the shoots appeared to arise from a brown, necrotic

piece of callus (Figure 20). This result was consistently obtained

in each of the three repeats of this experiment. A similar, but more

erratic, response was obtained at the lower (10'.6 M) concentrations

of BA and o-Cl-BA (Table 3).

Discussion

A result which was common to all three bioassays was that in

any one position of the benzene ring, the biological activity of the
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Figure 18. Cytokinin activity of halogenated BA derivatives

in the moss bud formation bioassay. Results are expressed as the

mean :_S.E.of three replicate samples.
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Figure 19. Cytokinin activity of halogenated-BA derivatives

in the bioassay measuring the induction of nitrate reductase in

excised Agrostemma githago embryos. Results are expressed as the

mean :_S.E. of three replicate samples.
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halogenated BA derivatives followed this order: F = H > C1 > Br.

This relationship correlates with the order of their atomic size

(H > F > C1 > Br) but not their electronegativity (F > C1 > Br > H).

The major difference which was observed between the bioassays

concerned the relative activities of the o- and m—Cl—BA derivatives.

Thus, in the tobacco cell division assay, o—Cl-BA is active (but

less so than BA) and m—Cl—BA is almost inactive. In the moss bud

formation assay, however, the reverse is true; i.e., m-Cl—BA is fully

active and o—Cl-BA is much less active. In the Agrostemma assay,

m-Cl—BA is as.active as BA, as in the moss bud formation assay; how-

ever, o—Cl—BA is also active, though significantly'less active than

BA, exactly as in the tobacco cell division assay. Thus, apparently

the specificity of the Agrostemma response‘can be construed as a

summation of_the activities observed in the tobacco cell division

and moss bud formation assays.- *

In the discussion to follow, I assumed.as the simplest and most

likely situation that the structural requirements for biological

activity observed in these bioassays is solely a reflection of dif-

ferences in the respective cytokinin binding.requirements at a

receptor site,iand that metabolism and uptake do not contribute to

the differences in biological activities of these analogues. There

are no data in any plant system to confirm or refute this assumption.

In light of this, I have clearly labelled each of the following headings

and conclusions as "speculative." Regardless of whether or not a

receptor is the only protein involved, the reader should be aware that

the differences in biological activities of cytokinins in different

bioassays are most likely due to differences in a specific cytokinin

binding site(s) of a protein(s) since it is highly unlikely that a
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purely physical process, such as uptake through membrane diffusion,

could be different in moss, as compared to tobacco.

§pecu1ations on the distribution in nature

of cytokinin receptors and the topography

of their cytokinin binding sites

 

 

 

(i) Tobacco cell division receptor. Kuraishi (1959), using BA

and kinetin analogues with substituted N6 side-groups, and the radish

leaf expansion bioassay, interpreted differences in biological

activity of cytokinin analogues on the basis of the lipophilicity of

the N6 side—group. However, in order to explain a decrease in bio-

logical activity when the lipophilic properties were increased (such

as when there were 6 or more C atoms in a linear saturated hydro-

carbon N6 side-group), he postulated that too high a lipophilic

value is as bad as too low a value. However, using the R on Sephadex

f

LH-20 (Table 2) as a relative measure of lipophilicity, Kuraishi's

hypothesis does not explain why o-Br-BA is more active than p-Cl-BA

in the tobacco cell division assay (Figure 17).

An alternative explanation of the results of the tobacco cell

division bioassay is summarized in a "steric" model illustrated in

Figure 21. According to this hypothesis, reduced activity with the

bulky meta- and para-derivatives is caused by the inability of these

derivatives to bind to a receptor, because the N6 side-group does not

fit into a hydrophobic cleft of the protein. Ortho-substitutions are

tolerated because substitution at this position would not be required

to penetrate the cleft. The ortho—halogenated BA derivatives may

also have a more favored conformation for biological activity because

of hydrogen bonding between the halogen atom and the N6-amino hydrogen.

Soriano-Garcia and Parthasarthy (1975) reported that the crystal
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Figure 21. A "steric" model of the cytokinin binding site of

a cytokinin receptor in tobacco cells. This model explains the

results observed for the structure-activity relationships with

halogenated-BA derivatives in a tobacco cell division bioassay.

For simplicity, only the N6 side-group binding site is shown,

though obviously the purine moiety is also bound since it too

is required for activity (cf. Hecht et al., 1975).
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structure of cytokinins such as BA is best described as: (1) two

planes at approximately right angles to each other, one plane being

defined as passing through the 10 atoms of the adenine moiety and

the other plane passing through the benzyl group; (2) the N6-benzyl

group is distal to the imidazole ring. Thus, the internal hydrogen

bonding might allow a more favored conformation for biological

activity by "cementing" the benzene ring into a plane more perpen-

dicular to the purine moiety. A similar interpretation was also

proposed by Dyson et a1. (1972) to explain the 1,000-fold increase

in activity of o-chlorophenylureidopurine over phenylureidopurine,

observed in a soybean callus assay.

(ii) Cytokinin receptor in moss protonemata. The high activity

of m-Cl—BA coupled with the low activity of both 0- and p-Cl—BA

indicates that binding to the receptor in moss protonemata involves

the electron resonance properties of the Né benzyl side-group. The

ability to accommodate a bulky chlorine group in the meta-position

demonstrates the absence of steric restraints on binding, in contrast

to the model for tobacco cells. Advantage can be taken of this

observation in the design of active-site directed irreversible reagents

for the moss receptor; likely candidates are the meta-substituted

mercapto-, mercuro-w diazo-, or azido-BA derivatives.

(iii) Are there separate cytokinin receptors for stimulating

cell division and differentiation (shoot formation) in tobacco cells?

As discussed above, the specificity observed in the Agrostemma assay

could be explained by assuming that both a moss bud formation-like

receptor and a tobacco cell division-like receptor were operating

simultaneously in this tissue.
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In the same context, I hypothesized that the tobacco cell

division "receptor" and moss bud formation "receptor" were mediators

of two fundamental, independent cytokinin reactions, one leading to

a stimulation of cell division (tobacco cell division response) and

one leading to differentiation (moss bud formation response). An

attempt to test this hypothesis was made by comparing the differentiation-

stimulating activity (shoot formation) of cytokinin analogues with

their cell division-stimulating activity in the same tissue. At face

value, the results indicate that the order of activities of the

analogues is the same for both responses. However, the ability of

m-Cl-BA to more consistently induce shoot formation in the complete

absence of callus formation at all concentrations also suggests that

the original hypothesis may be correct, but that the two responses

were not adequately separated in the tobacco shoot formation assay.

Such a difficulty is not unexpected since the process of shoot forma-

tion(differentiation)Mull clearly require cell division and, therefore,

a compound such as o-Cl-BA could have its differentiation-stimulating

activity overestimated, by virtue of its strong cell division stimu-

lating activity.

This hypothesis is testable in a more definitive experiment which

could be performed if a compound were found which was active in the

tobacco cell division assay but inactive in the tobacco shoot forma-

tion assay. The activity of cytokinin analogues in stimulating

tobacco shoot formation could then be measured independently of cell

division simply by testing cytokinin derivatives in the shoot forma-

tion assay in the presence of this cell division-active, shoot

formation-inactive compound. Thus, by pre-saturating the cell

division response with this compound, the only additional effect
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which would be noticed is the stimulation of shoot formation due to

the differentiation response. If the two-receptor scheme I pro-

posed is correct, potential candidates for this compound are meta-

bolically stable, Ng-substituted derivatives since such compounds

are active in tobacco and soybean cell division assays (Fox et al.,

1973) but markedly inactive in the moss bud formation assay

(Whitaker and Kende, 1974).



SECTION III

IDENTIFICATION OF A SPECIFIC CYTOKININ BINDING SITE

IN A PARTICULATE FRACTION FROM TOBACCO CELLS

Introduction
 

As discussed earlier, one approach to the study of the mechanism

of cytokinin action, which has not yet been successfully pursued, is

the identification of the receptor(s) which binds the hormone. The

results of Kende (Brandes and Kende, l968),Skoog and co-workers (Hecht

et al., 1975) suggest that this binding is non-covalent and should

be amenable to identification in vitro. I thus undertook studies

using radioactive benzyladenine to identify and localize in vitro

the specific binding site(s) which may act as the cytokinin receptor(s).

Because of current interest in membranes as sensory transducers

and the availability of a suitable binding assay, we have focused our

attention on membranous cell fractions. In addition, preliminary

experiments with a soluble cytosol fraction using equilibrium dialysis

and Sephadex G—25 chromatography were unsuccessful in detecting sig-

nificant amounts of specific binding.

The centrifugation binding assay as a technique for detecting

particulate binding sites for plant hormones was originally pointed

out by Hertel et al. (1972) in their in vitro auxin and l-N—naphthylph-

thalamic acid binding studies as the technique of choice because it

posesses the unique characteristic of great sensitivity and low back-

ground noise. It is also most useful for measuring under equilibrium

62
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conditions, binding which is easily dissociated and in which the

concentration of binding sites is very low. Thus, Hertel et a1.

(1972) were able to detect and quantitate specific binding which

only represented 0.1-0.5% of the total radioactivity (i.e., bound/

free ligand = 0.001-0.005).

Because of anticipated problems caused by large amounts of

non-specific binding (Bezemer-Sybrandy and Veldstra, 1971), we have

paid special attention to the structural specificity required for

binding, as it compares to the structural specificity of the bio-

logical response in the same tissue. This has been made possible

by the use of the same cytokinin-dependent tobacco suspension culture

for both binding assays and bioassays (see Section II).

In my initial binding studies in 1972 I used l4C-BA of low spe-

cific radioactivity since this was the most readily available radio-

active cytokinin at that time. The preliminary results looked

promising, showing the existence of pronase-sensitive binding of

14 6 to 10.5 M) and which wasC-BA which was saturable (Kd N 10-

specific for biologically active hormones (i.e., kinetin, BA and ZiP

competed for binding, while adenine and the cytokinin ribosides did

not).

However, it was observed that (1) this binding increased almost

two-fold after a heat pre-treatment (100°C, 15 min), (2) this

binding could not be enriched in any fraction obtained by differen-

tial centrifugation, (3) treatments which increased non-saturable

binding (pre-heating,KCl) also increased saturable binding and treat-

ments which lowered non-saturable binding (pronase, Triton X-100)

also lowered saturable binding, and (4) biologically inactive analogues

(e.g., p-Cl-BA and p-Br-BA) which were chemically similar to active
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cytokinins were active in the binding assay. I therefore con-

cluded that it was probably not the result of cytokinin binding to

a specific cytokinin receptor protein, but instead was a non-specific

and physiologically irrelevant retention of BA.

Since it has been observed with animal hormones and with drugs

that the physiologically important high-affinity binding of the

ligand to a small number of receptor proteins may be undetectable

because of the low specific activity of the radioactive ligand

(Cuatrecasas et al., 1974) and because of an excess of lower-affinity,

non-specific binding, I decided to test whether a similar situation

existed with cytokinin binding in tobacco cells. Thus, a tritiated

cytokinin, p-[3H]—BA, of high specific activity (SOO—fold higher

than that of the 14C—BA previously used) was synthesized (Section I).

The following is a report of the results which were obtained using

3

this p—[ H]-BA to detect specific high-affinity cytokinin binding

sites in cell-free particulate fractions of tobacco cells.

Materials and Methods

Tobacco cell culture
 

Cytokinin-dependent tobacco cells were grown in suspension cul-

ture and harvested at mid- to late exponential phase (9-10 days of

culture), as described earlier (Section II). Control experiments

verified that rinsing the cells to remove extracellular polysac-

charides prior to homogenization did not affect their subsequent growth

characteristics or cytokinin requirements.
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Preparation of cell-freegparticulate fractions
 

Cells were broken by homogenization in grinding medium (2 ml

medium per g F.W. tissue) with a Super Dispax Tissumizer Model SD45

(Tekmar Co., P.0. Box 37202, Cincinnati, OH 45222) using a G454

generator at approximately 8,000 rpm for 30-45 sec. At this and all

subsequent steps, solutions were maintained at 0-4°C. Intact cells

were removed by filtration through 2 layers of Miracloth. An

80,000 x g particulate fraction was prepared by centrifuging the

Miracloth filtrate at 30,000 rpm in a Beckman Preparative Ultra-

centrifuge (Type 30 rotor) or at 32,000 rpm in an International

Preparative Ultracentrifuge (Type A-147 rotor). The pellets were

resuspended in binding assay medium by two up and down strokes with

a glass homogenizer and mechanically driven, tight-fitting Teflon

pestle.

For the differential centrifugation experiment (Table 8), the

3 particulate fractions were obtained by centrifugation of each

lower—speed supernatant at 13,000 x g (Sorvall Centrifuge, SS-34

rotor, 10,500 rpm), 80,000 x g (as above) and 170,000 x g (Beckman

Preparative Ultracentrifuge, Ti50 rotor, 50,000 rpm, and International

Preparative Ultracentrifuge, A—321 rotor, 55,000 rpm). The pellets

obtained after each centrifugation were resuspended in binding assay

medium as above.

Cytokinin-binding assay
 

Particulate fractions suspended in binding assay medium were

incubated with radioactive BA plus or minus non-radioactive BA or

cytokinin analogue for 1 hr at 0-4°C to reach equilibrium prior to

centrifugation. Non-radioactive cytokinin analogues were added from
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concentrated (up to 10..1 M) stock solutions in dimethylformamide.

The total dimethylformamide concentration in the binding assays was

kept at or below 0.1% (v/v). Dimethylformamide at these concentra-

tions did not affect the binding assay results.

Bound radioactivity was measured in an 80,000 x g resuspended

pellet by centrifugation at 15,000 rpm (Beckman Preparative Ultra-

centrifuge, Type 19 rotor) for 3 hr, using 4 m1 capacity polypropylene

tubes containing 3.2 ml solution. Adapters made from Delrin were

used to accommodate 72 tubes per centrifuge run (12 tubes per adapter,

6 adapters per rotor). To measure binding in a 170,000 x g particulate

fraction (Table 8), the assay solutions (3.2 ml) were centrifuged at

50,000 rpm for 30 min in a Beckman Preparative Ultracentrifuge (SW-56

rotor) using 4 m1 polyallomer tubes.

Centrifuge tubes made of cellulose nitrate and Millipore filters

were found unsuitable for binding assays because of a high background

of BA binding to the tubes and filters.

Bound radioactivity was determined by pouring off the super-

natants, draining the tubes for 30 min, cutting off the bottom of

the centrifuge tube containing the pellet and placing it into 10 m1

scintillation fluid (4-0 g/l PPO(2,5-diphenyloxazole), 0.1 g/l

dimethyl-POP(1,4-bis[2-(4-methyl-5-phenyloxazolyl)l-benzene) in

toluene, with 10% (w/v) BBS-3 Beckman Biosolv). The vials were

agitated overnight on a horizontal shaker in the dark at room

temperature. The next day, radioactivity was measured in a Packard

Tri-Carb Scintillation Counter (Model 3375). This procedure resulted

in the complete recovery of radioactivity bound in the pellets, as

determined by comparison in one experiment with pellets in which the

radioactivity was measured by combustion (Packard Tri-Carb Sample
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Oxidizer Model 360). Counting efficiency was typically 30-35% for

4

H and 80-85% for 1 C and was monitored with each vial by automatic

external standardization.

Binding terminology
 

"Saturable" binding is defined as the decrease in bound radio-

activity caused by the addition of unlabelled cytokinin to the assay

mixture. The assay tube with p-[3fll-BA or 8-[14CJ-BA without

unlabelled cytokinin is called the "A" tube. "B" tubes are in all

respects identical to "A" tubes except for containing an excess of

non-radioactive cytokinin. Thus, "saturable binding" is calculated

by subtracting the radioactivity found in the pellet of the "B"

tube from that in the pellet of the "A" tube. "Non-saturable

binding" is defined as the radioactivity in the "B" tube pellet.

p-[3H]-BA binding which is reduced by the presence of low con-

centrations (<5 x 10.7 M) of non-radioactive BA is called "high"-

affinity saturable binding. This is in contrast to "low"-affinity

saturable binding of p-[3H]—BA or 8-[14C]-BA, in which a reduction

of the bound radioactivity requires the presence of still higher

concentrations (>5 x 10-7 M) of non-radioactive BA.

The terms "high"- and "low"-affinity binding are meant to dis-

tinguish binding sites with different K 's, which usually reflect

d

differences in binding affinity.

Protein and RNA determinations
 

Protein was measured according to Lowry et al. (1951), and RNA

by the Schmidt-Thannhauser procedure, according to Fleck and Munro

(1962).
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Enzyme assays
 

To measure the activity of cytochrome C oxidase, a mitochondrial

marker enzyme, sample aliquots (5-50 ul) were added to 0.4 m1 reaction

buffer (50 mM tris-acetate, pH 7.5) containing 0.1% Triton X-100.

After 5 min at room temperature, the reaction was started by adding

50 ul from a stock solution of bovine heart cytochrome c (5.4 mg/ml

in reaction buffer) which had been reduced with sodium dithionite

(5 < ASSO/AS65 < 12). Enzyme activity was calculated from the initial

rate of increase in A550 using 1 m1 cuvettes (1 cm pathlength) in a

Gilford Model 240 Spectrophotometer.

The activities of glucan synthetase I (UDP—glucose-l,4-glucan-

glucosyl transferase) and glucan synthetase II (UDP-glucose-l,3—

glucanglucosyl transferase) were measured using a procedure developed

by Ray, Hertel and their co-workers and described by Dohrmann (1975).

According to these authors, glucan synthetase I activity in corn

coleoptile homogenates is associated with a membrane fraction which

bands at 30% sucrose (w/w) and which probably consists mainly of the

Golgi apparatus, while glucan synthetase II activity peaks at 35—38%

sucrose (w/w) and probably is associated with a plasma membrane frac-

tion. The technique for determining glucan synthetase activities is

based on measuring the incorporation of [14C1-UDPG into alcohol-

insoluble material. For the experiment with tobacco cell homogenates

(Figure 25), 50 ul sample aliquots were added to 50 ul reaction buffer

(containing 60 mM tris-acetate, pH 8.0 with either 130 mM MgCl2 for

glucan synthetase I assays or 2 mM non-radioactive UDPG for glucan

synthetase II assays). The reaction was initiated by the addition of

20 ul [14C1-UDPG in H20 (90,000 cpm, 240 mCi/mmol). After 1 hr at 25°C,

50 ul of 0.1 M MgCl was added for glucan synthetase I assays and 150

2
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ul of 0.1 M MgCl was added for glucan synthetase II assays, and the

2

reaction was terminated by heating at 100°C for 1 min. Approximately

5 mg of carrier protein (using a pre-boiled 13,000 x g particulate frac-

tion) was added and the radioactive reaction product was precipitated

with 2 ml 70% ethanol and washed 3 times by centrifugation (Sorvall Cen-

trifuge, SS-34 rotor, 5,000 x g) and resuspension in 2 ml 70% ethanol.

After the final rinse, the pellet was resuspended in 10 m1 scintillation

fluid and radioactivity determined as above.

Media and radiochemicals
 

The grinding medium contained 0.25 M sucrose, 50 mM tris, 1 mM

Naz-EDTA, 0.1 mM MgC12, pH 7.9; the binding assay medium contained

0.25 M sucrose, 10 mM sodium citrate, 5 mM MgSO 0.5 mM MgC12, pH4.

6.0; the gradient medium (Figure 25, Ia and Ib) contained 10 mM tris,

1 mM Naz-EDTA, 0.1 mM MgC12, 1 mM KCl, pH 7.0. The pH of all media

was adjusted at room temperature with glacial acetic acid. One milli-

molar potassium metabisulfite was added to the grinding medium the

same day, or one day before use.

8—[14CJ-BA (24 mCi/mmol) and 8-[l4cl-adenine (54 mCi/mmol) were

obtained from Amersham Radiochemical Centre. [14CI-UDPG (uniformly

labelled, 240 mCi/mmol) was obtained from New England Nuclear.

p-[3H]-BA (10 Ci/mmol) was prepared as described (Section I, and

Sussman and Firn, 1976).

Results

Comparison of the binding of

8- [VIC] -BA and p- [TH] -BA

 

 

. . 4 . .

In a typical experiment in which 8-[1 CJ-BA binding was measured

in vitro to an 80,000 x g particulate fraction of tobacco cells
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. 14

(Table 4, third column), of a total of 2457 dpm [ Cl-BA bound, 517

dpm (21%) was saturable. Thus, 1,940 dpm (79%) [14C]-BA was non-

saturably bound, i.e., was bound in the pellet even in the presence

of 10.4 M non-radioactive BA. Saturability at higher concentrations

of non-radioactive BA could not be tested since its solubility limit

in H 0 lies at 1-2 x 10‘4 M.

2

In a separate experiment, 8—[14CJ-adenine was used to estimate

the amount of radioactivity which was simply trapped in the pellet

because of the volume of free water. Radioactive adenine was chosen

. 2 . .

for this purpose because [1 C]-adenine did not compete for 8-[14CJ-BA

. . . 2 .
binding and neither [1 C]-adenine nor [lzcl-benzyladenine competed for

14 . . . . l4 . .

8-[ C]-adenine binding. USing 8-[ Cl-adenine it was found that

only 27% of the non-saturably bound 8-[14C]-BA could be accounted

for by the trapped water of the pellet. This value is an upper

limit since it assumes that there is no binding of 8—[14C1-adenine

by the pellet beyond that trapped in the free water.

. . . 3 . .

The binding properties of p-[ Hl—BA at high (10 Ci/mmol) and

low (24 mCi/mmol) specific activities were compared in the same

experiment with that obtained with 8-[14CJ-BA (26 mCi/mmol). The

results (Table 4) show that identical values were obtained for

l4Cl-BA were used at thesaturable binding when p-[3HJ-BA and 8—[

same specific activity and concentration. Results with the two iso-

topes were also identical when the total level of saturable binding

was changed by tissue pre-treatment such as heat or 1 M KCl. However,

the non-saturable binding was consistently higher when p-[3H1-BA was

4

used as compared to 8-[1 Cl—BA at the same specific activity and

concentration.
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High- and low-affinity saturable BA binding
 

Low-affinity saturable binding was observed to increase in pro-

portion to the increase in non-saturable binding after pre-treatment

(Table 4). Thus, when the non-saturable binding rose to 158% and

133% of control, because of a pre-treatment with heat or 1 M KCl,

respectively, the low-affinity saturable binding was also observed

to increase, to 209% and 161% of controls, respectively. Similarly,

when the non-saturable binding of 8-[l4cl-BA decreased, such as after

a pronase or Triton X-100 pre-treatment, the low-affinity saturable

binding also decreased to approximately the same extent.

In contrast to these results, high-affinity saturable binding,

measurable only at the low concentrations possible with p-[3H1-BA

(Table 4), was unchanged by a l M KCl pre-treatment and decreased to

78% of controls following heating. In the same experiment, the non-

saturable binding observed in the presence of 2 x 10.7 M non-radioactive

BA and 4 x 10.9 M p-[BHJ-BA was increased to a similar extent (142%

and 134% for pre-heating and l M KCl, respectively) as that observed

for the low-affinity saturable and non-saturable binding.

In order to examine in greater detail the effects of heat on

high- and low-affinity, saturable binding and to obtain estimates for

the Kd's and Rt's (total number of binding sites), binding was measured

over a range of BA concentrations. The raw data obtained (Table 5)

confirm the previous results, in that the heat lability is a property

only of the saturable binding which is observed when the "B" tube con-

tains low concentrations of non-radioactive BA. With the "A" tube at

6.2 nM p—[3HI-BA and the concentration of non-radioactive BA in the

"B" tube increasing from 17 nM to 862 nM, there is a progressive
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decrease in the percent of the saturable binding which is heat-labile,

from 100% to 66%.

When the data for binding in the control samples are plotted

according to Scatchard (1949), a non-linear relation is obtained

(Figure 22) which can be resolved into two straight lines, repre-

senting the equilibrium binding parameters for high- and low-affinity

binding sites. In contrast, the Scatchard plot for binding in a

pre-heated sample clearly demonstrates the absence of the high-

affinity binding component. These data for the pre—heated sample

were fitted to a single straight line by least squares analysis with

a high correlation coefficient (r = -0.964). Another effect of the

heat pre-treatment, which is evident from this plot, is a 10%

increase in the number of low-affinity binding sites, with no effect

on the K8. A graphical technique (Rosenthal, 1967) to obtain pre-

cise values for the high—affinity binding parameters was found

unsuitable, due to the fact that the high-affinity binding accounts

for at most only about 10-15% of the total bound/free. Thus, the

values shown in Figure 22 (Kd = 1.4 x 10.7 M, Rt = 8 x 10"9 mol/Kg

fresh weight) were calculated by visually estimating a straight line

parallel to the steepest part of the high-affinity portion of the

control binding curve. Because of interference by the large excess

of low-affinity binding sites, the Kd and Rt values for the high-

affinity site are probably upper limits and should only be considered

as estimates of the true values.

Structure-activity requirements of

in vitrgJ3H-BA binding

 

 

(i) 80.000 xcg,particulate fraction from tobacco cells. The

. 3

ability of the cytokinin analogues to compete with p-[ Hl-BA at the
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high-affinity binding site was measured (Table 6). The order of

their activity was: BA > o-F~BA = p-F-BA = kinetin > m—F-BA > o~C1-BA

> o-Br-BA > trans-zeatin > cis-zeatin > m-Cl-BA > p-Cl-BA > p-Br-BA.

This relative order of binding activity closely parallels that observed

for the biological activity of these analogues in the same tissue

(Figure 17).

When the ability of the cytokinin analogues to compete with

p-[3Hl-BA at the low-affinity binding site was measured, all of the

analogues showed approximately equal activity as BA, except for

o-F-BA and p-F—BA, which exhibited slightly higher activity (Table 7).

(ii) $212: p-[3HJ-BA was found to bind saturably to talc

powder (Mallinkrodt, U.S.P.) in a manner superficially resembling

that which we observed with a particulate fraction from tobacco cells.

In a Scatchard plot (Figure 23), p-IBHl-BA binding to talc gave a

non-linear curve which was visually resolved into two straight lines

4.5 x 10'8 M, R 1.3 x 10'8 mol/Kgrepresenting high-affinity (Kd t

2.3 x 10"6 M, R 2.4 x 10"7 mol/Kg

t

dry talc) and low-affinity (Kd

dry talc) binding sites. The low-affinity saturable binding was

found to be non—specific in its structural requirements since all of

the cytokinin analogues tested competed approximately equally well

(Table 8). In contrast, the analogues showed differing abilities to

compete for the high-affinity saturable binding and their observed

order was: p-Br-BA = o-Br—BA = o-Cl-BA > m-Cl-BA > p-Cl-BA > p-F-BA

= BA > o-F-BA = m-F-BA. This is totally unlike the specificity

obtained in any bioassay and biological binding test.
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Table 6. Analogue specificity of high-affinity saturable cytokinin

binding in an 80,000 x g particulate fraction from tobacco

 

 

cells

a Saturably bound radioactivity

Compound tested cpm per pellet :_S.E.

BA 318 i_27

o—F—BA 279 :_20

m-F-BA 249 :_26

p-F-BA 271 :_27

o-Cl-BA 227 :_25

m-Cl-BA 118 :_34

p-Cl-BA 72 :_28

o-Br-BA 200 :_32

p—Br-BA 34 :_24

Kinetin 284 :_27

cis-Zeatin 134 :_22

trans-Zeatin 166 i_l6

 

aA11 tubes contained 5 nM p-[3H]-BA (10 Ci/mmol in "A" tubes).

The non-radioactive compounds tested above were added to "B" tubes

at 500 nM.
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Table 7. Analogue specificity of low-affinity saturable cytokinin

binding in an 80,000 x g particulate fraction from tobacco

 

 

cells

a Saturably bound radioactivity

Compound tested cpm per pellet :_S.E.

BA 1053 :_125

o-F-BA 1401 :_104

m-F-BA 964 :_ 21

p-F-BA 1411 :_ 72

o-Cl-BA 942 i. 65

m-Cl-BA 1187 :_187

p-Cl-BA 1047 :_l30

o-Br—BA 1248 :_159

p-Br-BA 969 + 40

 

aAll tubes contained 5 nM p-[3H]-BA plus 1500 nM 1H-BA (final

specific activity of 400 mCi/mmol). The non-radioactive compounds

tested above were added to "B" tubes at 10 nM.



80

Figure 23. Scatchard plot of p-[3H]-BA binding to talc.
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Table 8. Analogue specificity of high- and IOWHaffinity saturable

cytokinin binding to talc (Mallinkrodt, U.S.P.)

 

Saturably bound radioactivity

9pm per pellet + S.E.
 

 

 

Compound tested Low-affinitya High-affinityb

BA 1002 _+_ 45 873 i 180

o-F-BA 956 i 43 566 i 41

m-F-BA 989 i 31 495 i 49

p-F-BA 1030 :_30 872 :_173

o-Cl-BA 1111 :_31 1480 :_ 71

m-Cl-BA 1135 i 28 1271 i 243

p-Cl-BA 1143 i 40 1092 1 40

o-Br-BA 1158 :_32 1461 i 239

p-Br-BA 1147 :_32 1430 :- 42

a
Low-affinity saturable binding was calculated using "A" tubes

with 0.5 nM p-[3H]-BA + 100 nM 1H-BA and "B" tubes containing 0.5 nM

p-[3HJ-BA + 100 nM 1H-BA + 10 MM non-radioactive analogue.

bHigh-affinity saturable binding was calculated using ”A"

tubes containing 0.5 nM p-[3H1-BA and "B" tubes with 0.5 nM p—[3H1-BA

+ 100 nM non-radioactive analogue.
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Localization of the high-affinityicytokinin

binding site from tobacco cells

 

 

(1) Differential centrifugation. Recently Fox and Brion (1975)
 

reported that ribosomes isolated from wheat germ possess a specific

cytokinin binding protein. In order to test whether the high-affinity

cytokinin binding site which I had detected in particulate cell-free

fractions of tobacco cells was associated with ribosomes, various

fractions enriched in ribosomes were obtained by differential centri-

fugation. It was found (Table 9) that on a per mg protein basis,

RNA was enriched in the low—speed (10,000-13,000 x g) and high-speed

(80,000-170,000 x 9) fractions, presumably because of the presence

in these fractions of membrane-bound and free ribosomes, respectively

(Davies and Larkins, 1975). In contrast to the observed distribu-

tion of ribosomes, high-affinity, heat-labile, saturable cytokinin

binding activity was found to be enriched in the intermediate-speed

(13,000-80,000 x 9) fraction.

Fox and Erion (1975) also reported that the ribosomal cytokinin-

binding protein from wheat germ could be solubilized by a wash with

0.5 M KCl. In contrast, I found that there was no reproducible, sig-

nificant effect of l M KCl on high-affinity saturable cytokinin

binding in particulate fractions from tobacco cells (Table 4, and

also Table 8). In this centrifugation assay, solubilization would be

observed as a reduction in the saturably bound radioactivity, which

did not occur.

(ii) Isopycnic sucrose density gradient centrifugation. Using

fractions obtained by isopycnic sucrose density gradient centrifuga—

tion of a homogenate from tobacco cells, an attempt was made to



T
a
b
l
e

9
.

p
a
r
t
i
c
u
l
a
t
e

f
r
a
c
t
i
o
n
s

o
b
t
a
i
n
e
d
b
y

d
i
f
f
e
r
e
n
t
i
a
l

c
e
n
t
r
i
f
u
g
a
t
i
o
n

C
o
m
p
a
r
i
s
o
n

o
f

c
y
t
o
k
i
n
i
n
-
b
i
n
d
i
n
g

a
c
t
i
v
i
t
y
,

R
N
A

a
n
d
p
r
o
t
e
i
n

c
o
n
t
e
n
t

i
n

v
a
r
i
o
u
s

t
o
b
a
c
c
o

c
e
l
l

 F
r
a
c
t
i
o
n

0
-
1
3
,
0
0
0

x
g

1
3
,
0
0
0

x
g

-
'

8
0
,
0
0
0

x
9

8
0
,
0
0
0

x
g

-

1
7
0
,
0
0
0

x
g

P
r
e
-
t
r
e
a
t
m
e
n
t

C
o
n
t
r
o
l

1
0
0
°
C
,

1
M

K
C
l

1
5
m
i
n

C
o
n
t
r
o
l

1
0
0
°
C
,

1
M

K
C
l

1
5

m
i
n

C
o
n
t
r
o
l

1
0
0
°
C
,

1
M

K
C
l

1
5
m
i
n

P
r
o
t
e
i

m
9
/

p
e
l
l
e
t

1
.
3
5

1
.
1
0

1
.
1
2

0
.
8
2

0
.
6
0

0
.
6
2

0
.
1
8

0
.
1
6

0
.
1
2

n b
m
9
/

p
e
l
l
e
t

0
.
1
2
3

b

R
N
A m
g
g
p
r
o
t
e
i
n

m
g
/

0
.
0
9
1

H
i
g
h
-
A
f
f
i
n
i
t
y

S
a
t
u
r
a
b
l
e

B
i
n
d
i
n
g
a

c
p
m
/

b

p
e
l
l
e
t

2
,
0
1
2

9
0
5

1
,
2
3
5

1
,
3
8
5

4
2
9

1
,
3
7
3

1
5
4

8
9

1
3
8

:
_
2
1
7

:
_
1
1
0

:
_
1
6
8

:
_
1
3
5

:
_

5
4

:
.
2
3
5

4
5

5
7

S
6

+l +| +l

h
e
a
t
—
l
a
b
i
l
e

c
p
m
/

g
m
g
p
r
o
t
e
i
n

c
p
m
/

m
g
p
r
o
t
e
i
n

1
6
1

1
0
0

6
5
2

+
1
9
0

1
5
0

1
,
4
9
0

8
3
8

1
,
0
9
8

+l +| +l

1
6
5

9
0

9
6
4

+
1
8
7

3
7
9

1
,
6
7
9

7
1
5

2
,
0
3
4

+l +l +l

8
5
6

5
4
0

1
,
1
5
0

2
5
0

3
5
6

3
1
6

+
4
3
5

4
6
7

+l +| +l

 

a
A
l
l

s
a
m
p
l
e
s

c
o
n
t
a
i
n
e
d

5
.
3

n
M
p
-
[
3
H
J
-
B
A

(
1
0
C
i
/
m
m
o
l

i
n

"
A
"

t
u
b
e
s
)
;

a
d
d
e
d

t
o

"
B
"

b

t
u
b
e
s
.

E
a
c
h

p
e
l
l
e
t

c
o
r
r
e
s
p
o
n
d
e
d

t
o

2
.
2

g
f
r
e
s
h

w
e
i
g
h
t

o
f

t
o
b
a
c
c
o

c
e
l
l
s
.

8
6
0

n
M

n
o
n
-
r
a
d
i
o
a
c
t
i
v
e

B
A
w
a
s

84



85

determine whether specific binding was associated with a particular

membrane or organelle (Figure 24).

Membrane marker enzymes were used to locate the Golgi apparatus

(peak of glucan synthetase I activity at 35% (w/w) sucrose), a plasma

membrane fraction (peak of glucan synthetase II activity at approxi-

mately 39-40% (w/w) sucrose), and mitochondria (peak of cytochrome c

oxidase at 41-42% (w/w) sucrose).

Visual examination of the centrifuge tubes following sucrose

gradient centrifugation (Figure 24) consistently showed 4 distinct

bands. Since bands 2 and 4 were the only green bands and band 4 was

more prominent when less harsh grinding conditions were used (i.e.,

grinding by hand with a porcelain mortar and pestle instead of the

Super Dispax Tissumizer), these fractions were identified as con-

taining stripped (Band 2) and intact (Band 4) chloroplasts (Miflin

and Beevers, 1974).

A marker enzyme for smooth endoplasmic reticulum was not

measured, but this membrane was tentatively assigned to band 1 since

it is the only prominent lower density visual band and a similar

highly turbid zone which is considered to be smooth endoplasmic

reticulum is found in gradients of corn homogenates (R. Hertel,

personal communication). Band 3 was the most highly concentrated,

intense visual band and was identified as containing mitochondria

because it coincided with the peak of cytochrome c oxidase activity.

Because the enzyme assays required only low quantities of

sample, many fractions could be collected and tested for activity,

allowing finer resolution of overlapping peaks (Figure 24, II). In

contrast, resolution was greatly sacrificed in the fractions obtained

for the cytokinin binding assay (Figure 24, Ia and Ib). In order to
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Figure 24. Visually observed bands in linear sucrose density

gradients after centrifugation of an homogenate from tobacco cells.
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obtain sufficient cell material for the 12 binding assay tubes which

were needed for each fraction (3 "A" tubes and 3 "B" tubes for a

control sample and 3 "A" tubes and 3 "B" tubes for a pre-heated

sample), it was necessary to (l) collect a smaller number (six) of

fractions with larger volumes from each gradient and (2) pool the

fractions collected from six gradients. The problems of processing

sufficient biological material is further aggravated by the background

of heat-stable, low-affinity cytokinin binding. These experiments

were originally attempted to improve the signal-to-noise ratio based

on the possibility that high-affinity binding might reside exclusively

in a membrane fraction readily separable from the bulk of all others.

Unfortunately, as detailed below, this did not prove to be the case.

Despite the difficulties, the following limited conclusions may

be derived from the data. The level of non-saturable binding closely

followed the protein content of each fraction (Figure 25, Ib) and

was observed, as in all other experiments, to increase following a

heat pre-treatment. High-affinity, saturable binding was also most'

prominent in the fractions containing the highest protein content.

In this particular experiment (Figure 24, Ia), fractions #4 and #5

were the only ones containing heat-labile, high-affinity saturable

binding sites. 0f two separate repeats of this experiment, one

yielded similar results and the other showed heat-labile, high-affinity

saturable binding only in fractions #5 and #6. Thus, fractions #4 and

#6 showed variable amounts of heat-labile, high-affinity saturable

binding, while fraction #5 most consistently exhibited this activity.
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Figure 25. Fractionation of membrane marker enzymes and BA

binding activity after centrifugation of a tobacco cell homogenate

on linear sucrose density gradients. The results in Ia and Ib were

obtained with aliquots from the same pooled gradient fractions in

one experiment. The results in II were obtained with a gradient in

a separate experiment. All conditions in II were the same as in

Ia and lb (see Materials and Methods for media) except that the

grinding medium contained 50 mM MES (2(N-morpholino)ethane sulfonic

acid)-NaOH, pH 6.0 instead of 50 mM tris-NaOH, pH 7.9, and 0.1 mM

MgC12 was deleted. The gradient medium contained 10 mM MES-NaOH,

pH 6.0 instead of 10 mM tris-NaOH, pH 7.0, and the 0.1 mM MgC12

and 1 mM KCl were deleted. In all experiments, 17 m1 of a Miracloth

filtrate obtained from a tobacco cell homogenate was layered onto

21.5 ml of a linear 15-45% (w/w) sucrose gradient and centrifuged

in a Beckman Preparative Ultracentrifuge (SW-27 rotor, 27,000 rpm)

for 3 hr at 95,000 x g. Fractions were collected by tube puncture

and gravity-feed, from the bottom.

In Ia, o———o is sucrose concentration [% w/w]; A—-—A and A—-——i

represent high-affinity saturable BA binding in a control and

pre-heated (100°C, 15 min) aliquot of the fraction, respectively.

In Ib, o-oooo is protein; A-——A and A---A represent non-saturable

BA binding (5 nM p-[3Hl-BA in "A" and "B" tubes, 100 nM non—

radioactive BA in "B" tubes) in control and pre-heated samples,

respectively.

In II, o--o is % sucrose concentration [% w/w], o---o is glucan

synthetase I activity, x——fix is glucan synthetase II activity and

A---A is cytochrome c oxidase activity.
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Discussion
 

Low-affinity binding as measured

with 8-[14c1-BA and -[5H]—BA

 

 

Binding assays with benzyladenine labelled with 3H or 14C at

the same low specific activity gave identical results for saturable

binding, but not for non-saturable binding. In all treatments, there

was approximately twice as much p-[BHJ-BA non-saturably bound than

3-11401-34.

There are two possible explanations for this result: (1) the

higher level of p—[3H1-BA binding was due to a radioactive impurity

in the sample or (2) the difference was caused by an isotope effect.

The p—[3H]-BA sample used had been purified by chromatography on both

cellulose (Figure 4) and Sephadex LH-20 (Figure 5), and re-chromatography

in these and other systems (see Section I) showed a radiochemical

purity of 99%. If there was a radiochemical impurity in the p—[BHl-BA

sample, it must either be chromatographically very similar to BA (and

have a similar UV absorption spectrum) or else it must be present at

very low radioactive concentrations.

Since this extra binding of p-[BHJ-BA was totally non-saturable

(i.e., it.occurred even in the presence of 10-4 M BA), it did not

interfere with the measurement or interpretation of saturable cyto-

kinin binding. In other words, its only effect was to increase

(double) the background ”noise" without affecting the signal.

Specific versus non-specificBA binding
 

Only the high-affinity saturable p-[3fil-BA binding which I

observed in a particulate fraction from tobacco cells fulfills the

most important criterion which characterizes "specific" binding;
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that is, the structural requirements for binding were identical to

those observed in the biological response. The conclusion that this

binding was specific is supported by the contrasting lack of speci-

ficity for low-affinity binding with this fraction from tobacco cells

and also by the observation that genuinely artifactual binding to a

non-biological material (talc) had a structural specificity totally

unlike the specificity of the biological binding and bioassay results.

The observation that only the high-affinity, saturable binding

was heat-denaturable is additional evidence that only this binding

site resides in a specific protein.

In contrast, a heat pre-treatment caused a 10% increase in the

number of low-affinity saturable binding sites. A similar observation

was reported by Puca et al. (1971) for the non-specific binding of

estrogen by bovine plasma albumin. These workers interpreted this

increase in non-specific binding as due to a loss of protein conforma-

tion, with a resultant increase in protein surface and, thus, in non-

specific binding sites. This explanation may also hold for the heat-

induced increase in low-affinity saturable binding which we observed

in fractions from tobacco cell.

Localization of specific cytokinin binding site

In the assay for specific cytokinin binding, the signal was low,

as was the signal—to-noise ratio. For.this reason, it was

obviously difficult to determine precisely with which cell structure

this binding site was associated. In spite of these difficulties, I

conclude from results which were obtained consistently that it is

associated with a structure which is present in all fractions obtained

by differential centrifugation, but is enriched in a 13,000—80,000 x g
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particulate fraction. This structure also bands at a density cor-

responding to 35-42% (w/w) sucrose under conditions at which equilibrium

sedimentation of cell membranes and organelles is obtained (Hodges

and Leonard, 1973).

The results on insensitivity of specific binding to 1 M KCl indicate

the high-affinity binding site which I have detected in a particulate

fraction from tobacco cells is unlike that obtained by Fox and Brion

(1975) from ribosomes of wheat germ. My differential centrifugation

studies further suggest that this binding site is not associated with

ribosomes; however, since the differences in specific binding activity

between the particulate fractions were barely significant, these

conclusions remain tentative.

Finally, because the high-affinity binding site was found to be

associated with a structure which banded in equilibrium sucrose

gradients in the vicinity of the bulk of the cell organelles and

membranes, it was not possible to determine which of these structures

were responsible for the binding activity.

Where do we go from here?
 

At this point, it is clear that a more conclusive localization

of the high-affinity, heat-labile cytokinin binding site will require

an increase in the signal-to-noise ratio generated in the binding

assay. This may be obtained by including 10-5 M p-Br-BA in all of

the binding assay mixtures since this compound was observed to compete

well for the low-affinity, non-specific binding site but not at all

for the high-affinity binding site in particulate fractions from

tobacco cells. A further increase in the signal-to-noise ratio may

be obtained by increasing at least 10-fold the amount of biological
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material over that used in this study. The tobacco cells which I

have used are easily grown to high densities, and there would be no

problem in obtaining sufficient cells. However, for sucrose density

gradient studies with larger amounts of material, it would be neces-

sary to use a zonal rotor (e.g., the Sorvall sZ-l4).

Another possible approach is to attempt to increase the signal

and improve the signal-to-noise ratio by optimizing the extraction

and assay conditions. This was not attempted in the present study

beyond the initial, preliminary experiments. This approach was used

successfully by Dohrman (1975) to extend the initial studies on an

auxin binding site from corn coleoptiles (Hertel et al., 1972) and to

more definitively characterize its localization, pH sensitivity, etc.

As an alternative approach, I synthesized a cytokinin derivative

which has the capacity to covalently combine with its receptor. My

work using this technique, known commonly as photoaffinity labelling,

is described in the next section.



SECTION IV

CHEMICAL SYNTHESIS AND BIOLOGICAL ACTIVITY

OF B-AZIDO‘BENZYLADENINE, A POTENTIAL

CYTOKININ PHOTOAFFINITY REAGENT

Introduction
 

Carbene and nitrene generating, light-sensitive derivatives of

hormones and substrates have proven useful to analyze in animal

tissues hormone receptors and active sites of enzymes (see review by

Knowles, 1972). Recently, Haley and co-workers described the use of

radioactive 8-azido-substituted purine derivatives to covalently

label ATP and cAMP binding proteins, including ATPases and a protein

kinase (Haley and Hoffman, 1974; Haley, 1975; Pomerantz et al., 1975;

Malkinson et al., 1975). A striking feature of these and other photo-

affinity studies (Guthrow et al., 1973; Hanstein and Hotefi, 1974;

Maassen and Moller, 1974) has been the ability to use the radioactive,

light-sensitive derivatives with an impure, unfractionated cell-free

extract to radioactively label only those proteins which have a spe-

cific binding site for the particular ligand.

I have undertaken the synthesis of a radioactive cytokinin photo-

affinity derivative (8-N3-BA) in the hope that, in combination with

SDS gel electrophoresis, it will permit identification of a specific

cytokinin-binding protein(s), as has been achieved in analogous

studies with 8-azido-ATP and 8—azido-CAMP using extracts of animal

tissues. In addition to the obvious advantages that a light-generated

covalent bond between a hormone and its receptor has for analysis of

9S
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hormone binding in vitro, it may also be possible to perform the

photolysis and covalent-bond formation in the intact tissue prior

to cell rupture, as, for example, has been suggested to occur during

the in vitro analysis of auxin-stimulated enzyme activity in the

plasma membrane of coleoptiles (Cleland, 1975).

In this section, I describe the chemical synthesis and photo-

lytic properties of non-radioactive 8-azido-benzyladenine, and also

results of biological experiments which were conducted prefatory to

its use as a radioactive compound.

Materials and Methods
 

Synthesis of non-radioactive 8-N,-BA
 

Attempts to brominate BA directly in the 8-position, according

to procedures used to obtain 8-bromo-cAMP (Muneyama et al., 1971) and

8-bromo-adenosine (Holmes and Robins, 1964) yielded only 2-bromo-

benzyladenine, as identified by UV and NMR spectroscopy and mass

spectrometry. 2-Bromo-BA did not undergo displacement reaction to

form the azido derivative when heated with NaN3 in dimethylformamide

under conditions used to obtain 8-azido-CAMP (Muneyama et al., 1971),

8-azido-adenosine (Holmes and Robins, 1965) and 8-azido—AMP (Haley

and Hoffman, 1974). We thus chose an alternative route for the prepa-

ration of 8-N3-BA, based on the synthesis of N6-substituted adenine

derivatives from adenosine, according to the alkylation and rearrange-

ment procedure described by Leonard and Fuji (1964):
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8-BrAdenosine (I)

NaN3

V

8-N3Adenosine (LE)

benzyl bromide

 V
l-benz 1-8-N Adenosine (III)

3

0.2N NaOH

N6Benz l-8-N3Adenosine (I!)

0.5N HCl

N6Benzyl-8-N Adenine (Z)

3

8-Azido-adenosine (15) was synthesized from 8-bromo-adenosine

(I) (Aldrich Chemical Co., Milwaukee, WI, USA) according to Holmes

and Robins (1965). To 165 mg NaN (3 mmol) in 50 ml dimethylformamide

3

692 mg of I_(2 mmol) was added and the solution heated at 75°C. The

progress of the reaction was monitored by measuring the UV absorption

spectrum of the product (Table 10).

After 15 hr, when the reaction was completed, the solvent was

evaporated in vacuo at 80°C and the product, I}, was precipitated

from the viscous residue by addition of 50 ml methylene chloride.

The precipitate was washed with 2 ml distilled H 0, dried in vacuo at

2

50°C, dissolved in 6 m1 dimethylformamide, and 0.43 g benzyl bromide

(2.5 mmol) were added to it. The reaction mixture was stirred and

heated at 37°C, and the formation of III_was followed by TLC (Table

11). An additional 0.29 g benzyl bromide (1.7 mmol) was added after

24 hr. By 48 hr, the reaction was complete and the solution was

added to 40 ml 0.2 N NaOH. A brown, immiscible oily residue (pre-

sumably unreacted benzyl bromide) which formed immediately was

removed by centrifugation. The supernatant was then heated at 85°C
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Table 10. UV spectra of intermediates and related compounds used in

the synthesis of 8-N3-BAa

0.1 N HCl Neutralng 0.1 N NaOH

Compound 1 A . A A . l l .

max min max min max min

8-Br-Adenosine (I) 262 231 264 231 265 237

213

8-N3-Adenosine (II) 281 b 244 281 248 280 249

206sh 221

l—Benzy1-8-N3— 282 248 282 255 282 255

Adenosine (III) lesh 3255b 3255h

N6-Benzyl-8-N3- 290 250 289 255 289 254

Adenosine (I!)

N6-Benzyl—8-N3— 298 250 290 254 293 256

Adenine (y) 2308b 2215h

Adenine 262 227 260 224 267 238

207 277sh

Adenosine 257 230 259 226 259 234

1-Benzyladenosine 258 235 259 232 259 237

267sh 267sh

N6-Benzyladenosine 264 234 269 231 268 236

(BA-riboside) 208

N6-Benzyladenine (BA) 276 236 270 231 276 242

210 2825b

 

aAll spectra were obtained in 50% ethanol.

bsh denotes a shoulder.
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Table 11. Thin layer chromatography on silica gel of intermediates

and related compounds used in the synthesis of 8—N3-BA

 

 

Compound Rfa

8-Br-Adenosine (I) 0.44

8-N3-Adenosine (II) 0.44

1-Benzyl-8-N3-Adenosine (g3) ' 0 . 31

N6-Benzyl-8-N3-Adenosine (IV) 0.71 (0.38)

N6-Benzyl-8—N3-Adenine (y) - (0.69)

Adenosine 0.30

Adenine 0.32

8-Br-Adenine 0.44

N6-Benzyladenine (BA) 0.61

N6-Benzyladenosine (BA-riboside) 0.59

l-Benzyladenosine 0.10

 

aDeveloping solvent was 16% methanol in methylene chloride,

except for the values in parentheses which represent the Rf in 8%

methanol in methylene chloride.
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to effect rearrangement to £2, The reaction was monitored by TLC

and found to be complete within 45 min. Estimated yield (by UV

spectroscopy) was 350 mg (0.88 mmol) of IX, Cleavage of the ribose

to give the 8-azido-substituted free base (3) was achieved by the

addition of 6 N HCl to the above, cooled reaction mixture, to give

a final concentration of 0.5 N HCl. After 45 min at 80°C, the reac-

tion was complete, as judged by TLC. The pH was adjusted to 4.5 with

1 N NaOH and the product, 2, was separated from the reaction mixture

by extraction with ethyl acetate. Forty-two milligrams (0.12 mmol)

of chromatographically pure V_was recovered following recrystalliza-

tion from ethanol. The major loss in overall yield (6% of theoretical

final yield from I) was thus in the last, acid hydrolysis, step.

The identity of the final compound (2) as 8-N3-BA was confirmed

by its mass spectrum (Figure 26) and by its photo~labile properties

(see below).

Cytokinin bioassays
 

For measuring cytokinin activity, two bioassays were used:

growth of a cytokinin-dependent tobacco cell suspension culture and

bud formation in 2-week-old moss protonemata. Both assays have been

described in Section II.

The reader will notice that the maximum fresh weight per flask

attainable with BA (10 g) in the more recent dose-response experiment

with the tobacco cells (Figure 29) is approximately two-thirds that

shown (15 g) in Figure 17. The experiments of Figure 29 were per-

formed in the summer and fall of 1976, and those of Figure 17 during

spring and summer of 1975. In the period between, it was necessary

to discard the liquid cell cultures due to contamination and to start
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a new suspension culture from a stock of agar-grown callus of the

same strain #21 which had been continuously subcultured for just

such an evantuality. No other aspect (growth curve, analogue speci-

ficity) of the bioassays had changed. It is interesting that with

the "newer" liquid cells the higher yield of cells (15 9) could be

obtained at high 8-N3-BA concentrations, while the maximum obtainable

yield on BA had been lowered.

Photolysis of 8-Na-BA
 

The UV light sources employed in this study were common, hand-

held lamps used to detect UV absorbing or fluorescing zones on paper

and thin-layer chromatograms: UVS-ll Mineralight for short wave-

lengths and UVL-21 Blak-Ray for long wavelengths (lamps were obtained

from Ultra-Violet Products, San Gabriel, CA, USA). Vessels containing

light-sensitive azido derivatives were wrapped in aluminum foil to

protect the photoaffinity reagents from exposure to room light. Ultra-

violet light intensities were measured with a Kettering Radiant Power

Meter (Laboratory Data Control Division, Milton Roy Company, P.O. Box

10235, Riviera Beach, FL 33404).

Spectroscopy,
 

Ultraviolet spectra were recorded on a Carey Model 15 Spectro-

photometer and the low resolution mass spectrum was obtained by

direct probe using a Varian (Bremen, Germany) Mass Spectrometer Model
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Results

Chemical properties and photolysis of 8-Na-BA

J—
 

As judged by increased solubility in ethanol and decreased solu-

bility in H O, 8-N -BA was found to be more lipophilic than BA.

2 3

. . -5

Saturation in water was reached at 5 x 10 M 8-N3-BA, as compared

to 1-2 x 10-4 M for BA.

The photolysis reaction of 8-N3-BA could be conveniently moni-

tored by a change in the UV spectrum (Figure 26). This spectral

change (in 50% ethanol) was accompanied by a disappearance of the

8-N3-BA zone at R 0.69 in silica gel TLC (Table 10) and the appearance
f

of UV-absorbing compounds at the origin and at Rf 0.08 and also

smaller amounts at Rf's 0.04 and 0.89. The photolysis products were

not further characterized.

The relative effectiveness of various lamps was determined by

measuring the absorbance of unreacted 8-N3-BA at 305 nm. The photolysis

of 8-N3—BA followed first order kinetics (Figure 28). The short-

wavelength UV lamp gave a photolysis rate (tl/2 = 1.1 min) twice that

of the long-wavelength UV lamp (tl/2 = 2.2 min). However, for experi-

ments involving photolysis of 8-N -BA in intact tissues, the long-

3

wavelength UV lamp may be more suited. It can also be seen in Figure

28 that a polystyrene petri dish cover reduces the effectiveness of

the long-wavelength UV by only 1/3. If it is necessary to maintain

sterile conditions during photolysis, the petri dish cover can there-

fore be kept on and the photolysis time can be increased accordingly.

Biological activity of 8-N,-BA
 

In the absence of actinic light, 8—N3-BA is as active as BA in

eliciting bud formation in moss protonemata (Figure 30) and
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Figure 27. UV spectrum of 8—N3-BA before and after various

times of photolysis with a long—wavelength UV lamp (900 uW/cmz).
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Figure 28. Time course of 8-N3-BA photolysis comparing the

effectiveness of long (0) and short (A) wavelength UV light,

with (---) and without (-——) a polystyrene petri dish cover as

short wavelength filter. The light intensities 0.5 cm from the

lamp surface were: short wavelength, 280 uW/cm2 (90 pW/cm2 with

petri dish cover), long wavelength, 900 uW/cm2 (630 uW/cm2 with

petri dish cover).
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significantly more active than BA in the tobacco cell suspension

bioassay (Figure 29). In addition, at concentrations greater than

10-6 M, where BA consistently and strongly inhibits growth of tobacco

cells, 8-N3-BA does not. Thus, it appears that 8-N3-BA has all of

the growth-promoting but none of the growth-inhibitory properties

of BA in this liquid tobacco cell suspension bioassay. When a high

concentration of 8-N3-BA (2.5 x 10.6 M) was mixed with a supra-optimal

concentration of BA (5 x 10-6 M), the yield per flask was 1.3 :_0.3 g,

as compared to 16.5 i 0.9 g and 16.8 :_0.9 9 when the 8-N -BA (2.5

3

x 10.6 M) was used alone or with S x 10-7 M BA, respectively. Thus,

cells grown in the presence of high 8-N3-BA concentrations have not

lost their sensitivity to supra-optimal BA concentrations. The

inhibitory response at high BA concentrations is less striking and

more variable in the moss bioassay.

When a sample of 8—N3-BA is exposed to short-wavelength UV

irradiation (sufficient to obtain 299% photolysis, as checked by

TLC) prior to bioassay, the cytokinin activity is reduced to ca.

1/100 in the moss bioassay (Figure 30) and ca. 1/50 in the tobacco

callus bioassay (Figure 29).

Discussion
 

By a four-step reaction sequence from 8-bromo-adenosine, I was

able to synthesize a highly active, light-sensitive cytokinin analogue.

Our finding that an 8-azido substitution does not reduce cytokinin

activity of BA is in accordance with the known lack of effect of

halogen substitution at the 8-position of the purine ring (Dammann

and Leonard, 1974) and the chemical similarity of the azido group and

the halogens (Boyer and Cantor, 1954). Similarly, the increased
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activity of 8-N3-BA over BA in the liquid tobacco-cell suspension

bioassay is consistent with the higher activity of 8-methyl-2iP as

compared to 2iP in the tobacco callus bioassay (Dammann and Leonard,

1974). Like a methyl group, the azido group is considered a strong

electron donor in an aromatic system (Smith et al., 1962).

One interpretation of the lack of inhibitory activity at high

concentrations of 8-N3—BA as compared to BA (Figure 29) is that there

are two receptor sites for BA, one with a low Kd the occupancy of

which regulates growth stimulation, and one with a higher Kd which

regulates growth inhibition. The lack of inhibition observed with

8-N3-BA could then be explained by a lack of affinity of 8-N3-BA for

the receptor with the high Kd. The inhibition of growth at high,

probably non-physiological concentrations (5 x 10"6 M) of BA may be

caused by competition of the cytokinin with substrates of purine-

utilizing enzymes. If this is true, there may be more than one

"receptor—site" with higher K . Alternatively, 8-Nd -BA may be more

3

readily metabolized, and its actual concentration may therefore never

reach toxic levels.

The low biological activity we observed with pre-photolyzed

8-N3-BA in the moss bioassay can probably be accounted for by the

presence of remaining, non-photolyzed 8-N ~BA. Thus, in this system,

3

the products of 8-N3-BA photolysis are very likely inactive. The

results with tobacco, however, are not as clear cut and indicate that

the product(s) of photolysis may retain some biological activity in

this system.

Since 8-N3-BA is a fully active cytokinin and has photolytic

properties similar to those observed by others with 8-N3-cAMP and

8—N3-ATP, its use as a radioactive reagent for a covalent labelling

 



115

of cytokinin binding sites is justified. A suitable route to syn-

thesizing tritiated 8-N3-BA at a high specific activity is available,

starting with commercially obtainable 2-3H-adenosine (Amersham

Radiochemical Centre). In preliminary experiments, this compound

has been successfully brominated to give 2-[3H]-8-bromoadenosine in

high yield.



GENERAL DISCUSSION

Contrary to my earliest expectations, not all saturable cyto-

kinin binding is specific binding. This proved to be a much more

difficult problem with cytokinins than was reported for analogous

auxin binding studies (Hertel et al., 1973). However, in binding

studies using radioactive cytokinin of high specific activity

(p-[3H]-BA, 10 Ci/mmol) and at low concentrations (10'.9 to 10.8 M)

a high-affinity binding site could be detected in a particulate

fraction of tobacco cells. On the basis of its heat lability and

its structure-activity properties, which are very similar to those

observed in a bioassay using the same cell line, the observed binding

site is a likely candidate for the cytokinin receptor.

In a typical experiment, the specifically (high-affinity site)

bound radioactivity represents only 0.2 to 0.5% of the total radio-

activity, similar to the levels reported in the first study on specific

auxin binding sites (Hertel et al., 1973). Ordinarily, this might be

sufficient for localization of the binding site, but due to the large

amounts of non-specific, low-affinity binding found with cytokinins,

the results are not yet sufficient to resolve a location for specific

binding site in the cell.

I observed a distinct difference in the structure-activity

requirements in two cytokinin bioassays (moss bud formation and

tobacco cell division) which was interpreted on the basis of differ-

ences in binding sites of the respective receptors. Though other

116
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interpretations are possible, this one can be directly tested by

binding experiments using moss homogenates in a fashion similar to

those which have been carried out with tobacco. However, it should

be noted that a 75-90% reduction in the number of high-affinity

binding sites observed in the particulate fraction of tobacco cells

(see Figure 22) would probably have made their detection impossible

because of the high background of low-affinity, non-specific binding.

This problem may be insurmountable in the moss system since only a

fraction of the cells in any one protonema are responsive to

cytokinin.

For a more detailed characterization of the specific, high-

affinity cytokinin binding site in tobacco cells, I synthesized a

biologically active cytokinin photoaffinity reagent, 8-N3-BA. This

approach is expected to reduce the problems arising from non-specific

cytokinin binding because light-generated covalent binding via nitrene

insertion to a specific, higher-affinity binding sites has been reported

to have a higher efficiency than that to lower affinity, non-specific

binding sites (see Hixson and Hixson, 1973, for discussion of this

paint). In addition, this technique is amenable to enrichment of the

specific binding signal by the use of gel electrophoresis under

denaturing conditions (SDS), once the covalent bond is generated.

Thus, if a gel is divided into 100 slices, each containing one

theoretical non-specific binding site, the signal-to-noise ratio for

detecting specific binding to a protein in one slice is effectively

increased by a factor of 100.

Ultimately, proof must be obtained that a specific binding site

is or is not involved in the physiological response. As was pointed

out by Kende and Gardner (1976), this can only be achieved by two
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approaches: (1) examining tissues with a single point genetic lesion

affecting the receptor, and (2) characterization of in vitro bio-

chemical reactions which are also observed in the early in vivo

response of the tissue to the hormone.
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