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Abstract. The clarification of the following 2 questions was attempted: (a) are cytokinins
precursors in the formation of sRNA, (b) is the observed incorporation of cytokinins into
sRNA related to the action of the hormone? Although Escherichia coli contains cytokinins
in its sRNA, no oytokinin auxotroph mutants of E. coli could be found and the statistical
probabili,ty for the existence of such mutants is extremely low. This suggests that cytokinins
are not preoursors in the synthesis of sRNA. A radioactive cytokinin, 6-benzylamino-9-methyl-
purine was synthesized and it was tested wheth-er or not it is incorporated into sRNA of
soybean callus tissue. Masking the 9-position of the purine inhibited the incorporation of this
cytokinin into RNA while not affecting its biological activity. This is taken as an indication
that the observed incorporation of cytokinins such as benzyladenine into sRNA is not related
to the action of this hormone.

Substanices witlh cvtokinin activitv have been
isolated fromi the hyvdrolvsates of the soluble RNA
(sRNA) of microorganismiis, animals and plants
(1, 3, 12,13,20,24,26). The minor base 6-.(y,y-di-
niethylallylamino)purine ( N-6-isopentenvladenine
or IPA) was found in seryl transfer RNA (tRNA)
of yeast at the position following the presumed
anticodon (3, 31). This compound has high cvto-
kinin activity (14) and is, chemically, closelv re-
lated to the naturally occurring cytokinin zeatin,
6- ('4-hvdroxv-3-methylbut-trafis- 2-enyl )aminopurine
(21). IPA was also isolated from sRNA of spinach
and peas and the cis-isomer of zeatin from the
sRNA of the same 2 plants and of corn (12). The
presence of cytokinins seems to be restricted to
sRNA since no such compounds were found in
hvdrolysates of ribosomal RNA (26).

Recently, evidence was presented that soybean
and tobacco callus cultures, which require exogenous
cytokinins for growth, incorporate one such growth
regulator, 6-benzylaminopurine (benzyladenine), into
sRNA (7). Chromatography of the labeled sRNA
on O-benzoyldiethylaminoethyl celilulose showed that
only 1 of the 6 fractions obtained wvas radioactive,
and the bulk of this radioactivity appeared to be
associated witlh the nucleotide of benzyladenine (8).

The incorporation of a cytokinin into sRNA and
the natural occurrence of cytokin,ins in sRNA led
to the question whether this hormone is exerting
its biological effect through its presence in certain
RNA species. As one possibility, it was suggested
that the incorporation of benzyladenine into sRNA
may confer amino acid transfer activity to certaini
tRNAs (7). Regulation at the level of amino acid
transfer is well known in microorganisnms (27) and
similar control mechanismls can be visualized in
plants.

There are, however, serious argumienits against
the hypothesis that cvtokininls act by being incor-
porated inlto RNA, either at very specific positions
or, more generally, in place of methylated bases as
suggested by Fox (7). Fronm microbial systems it
is knlowIn that tRNA is first syntlhesized by poly-
merizatioln of purine and pyrimid,ine bases anid that
methvlation occurs on the finished RNA chain (4).
There is also evidence that pseudouridine is formed
by intramolecular rearrangement within the poly-
merized sRNA (30). If similar biosynthetic meclha-
misms are functional in plants, cvtokinins are not
precursors in the formation of tRlNA. In this re-

spect, it is interesting to note that ethanolic extracts
of corn kernels contain the trans-isomer of zeatin
(21) while the sRNA hydrolysates from the same
source yield the cis-isomer (12), suggesting that
zeatin is not a precursor in the synthesis of sRNA.
There is, however, one possibility whiclh could
reconcile the contradictions discussed above; cvto-
kinins may not be incorporated as a whole into
RNA but the side-chain may be transferred to an
adenine in the RNA polymer (7).

The following 2 questions need to be answere(d
at this point: A) are cytokinins precursors in the
formation of RNA, anid B) is the incorporation of
beluzyladeninie inlto sRNA related to the action of
the hormone? An attemlpt was made to aniswer the
first question by screening for cvtokinin-requiring
mutants of Esclcrichia coli which contains cvto-
kinins in its sRNA (26). Such a mutant would be
a useful tool for studying the formlationi of cytokinini-
contain,ing s!RNA species. In order to answer the
second question, experiments were designed by
which one might separate the hormional actioni of
cvtokinins from their incorl)oration inlto INA. A
radioactive analogue of benzyladenine, 6-henzv l-
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aimiino-9-miiethylpurine, was synthesized and its bio-
logical activity was established. It was hoped that,
by masking the 9-position of tlle purine ring wvith a
methyl group, formation of a niucleotide aand henlce
incOrl)oratiOll illto RNA cot1l(l he l)reventedl.

Materials and Methods

Bacteri(l .Allutants. Accordiing to the nmethod of
Belzer and Champe (2), rapidly growing cultures
of E- lcerichia coli [C-medium (25) with I %
glucose; approximately 5 X 10' cells per ml] were
treated wvith 0.1 ml of diethylsulfate per 20 ml of
culture. The culture was not agitated or aerated.
btut ratlher the diethylsulfate was allowed to diffuse
slowly into the medium. One ml of this bacterial
suispension was then transferred to 20 ml of fresh
mediumiii and allowed to reach 5 X 10(8 cells per ml
before a second exposure to diethylsulfate was made.
The mutitagenic lprocedure was repeated for 3 con-
secuitive treatments. 'Mutants Nvere concentrated by
uisinlg the penicillin nmethod (10). The bacteria were
centriftuged, resusl)ended in miinimiial mediumn without
test substances, anid were allowed to grow for 90 to
120 minultes to eliminate stored metabolites in the
mutants. After tlhis, the culture was treated with
lenicillin at 2000 units per ml for 90 nminutes. The
bacteria were then centrifuged, resuspended in 0.5 %
sodium chloride solution with 5 % glycerine, and
frozen. This procedure aided in breaking up the
partially lvsed cells. Individual mutants were se-
lected and tested by replica plating (19). Auxo-
trophs were sought for the following test substances:
L-isoleucine and L-arginine supplied at 0.5 mm. and
adenine, kinetin (6-furfurvlaminopurine) and IPA
supplied at n50 r. Cvtokinins at this concentratioln
appear to -have no effect on the growth rate of the
bacteria.

Synthiesis of 6-Beizivla om iio-o-m-iethylpturinie. 6-
Benzvlaniino-9-methvlpurinie-benzvl-/-l'C (fig lA)
was obtained by refluxing 14 Jmnioles of benzylamine-
7-14C HCI (specific activity 12nmc/mmole, Inter-
national Chemiiical andl Nuclear Corp.). 14 umoles
of 6-chloro-9-miethylpuirine (J. T. Baker Chemical
Co.) a.dl 0.2 mil triethfvlamine in 5 ml ni-butanol for
19 houirs. Addition of triethvlamine facilitates the
condensationi reactioln. The reaction miiixture \vas
takeni to dryiness and(I resuspended in w\ater. The
aqueous soluitioni was partitione(l 10 times against
diethvl ether, the comlinedl etlher phases were dried
wvith sodiumiii stulfate and evaporated. The residuie
was chromatographed with water onl washed W\hat-
man No. 3 paper, anid the U.\.-absorbing band was
eluted with 90 % (v/v) ethanol. The purity of the
product was checked by thin layer chromatographv.

Growth of Callis. Callus originally derived
from soybean cotyledons [Gli cine max (L.) Merr.
cv. Acme] was grown in 125 ml Erlenmeyer flasks
on 20 ml of Miller's medium (23). Cytokinins were
added prior to autoclaving. The tissue cultures were

kept in darkness at 270 and were harvested 2 to 3
weeks after start of the experiment.

Extraction of Ni(cleic Acids. Nucleic acids were
extracted according to Kirby (18) as modified by
Johri anid Varner (personal communication): 6 g
of tissuie was ground in a mortar in 5 ml sodiumii
aminosalicylate (SAS), i5 ml phenol-cresol mixtture
and some sand. The homogenate was mixed vigor-
ously and centrifuged at 10,000 rpm (Sorvall. head
No. HB-4) for 10 minilutes. The aqueotus phase was
removed and the extraction of the phenol phase wvas
repeated twice uising S5 ml SAS aind an additional
2 ml phenol-cresol eaclh time. The homogenates
were centrifuged and the aqueotus phases combined.
Sodium chloride (30 miig/ml) was added to the
pooled aqueous fraction which wvas extracted then
Nwith one-lhalf of its volume of phenol-cresol mixtture.
The extract was again centrifuged and tlle aquteous
plhase was careftllv separated from the pheniol. The
nticleic acids were precil)itated with 2 volunles of
etlhaniol-cresol miixture (-20', 4 hir) anid collected
1y centrifugation at 10,000 rpm for 10 minultes. The
niucleic acids were restuspended and dialyzed for 20
hours against 3 changes of 1000 ml tris-HCI buffer
(0.01 A\, pH 7.6) containing 0.001 M MgCl.. and
0.01 M KCl. Results obta-ined with the SAS ex-
traction metlhod do niot differ from those obtained
with the sodiumni kaurvlsulfate extraction method (16).

Chromiiatography of Nuicleic Acids. Methylated
Albumin-Kieselgubr chromiiatography (IAK) was
performed according to M\Iandell and Hershey (22).
The niucleic acids were eltuted with a linear gradient
of 0.3 to 1.6 -r NaCl in phosphate buffer (200 ml
eachi). Fractions of 3 ml were collected and the
optical density at 260 nmiwas measuired Nvith a

Beckman DB spectrophotometer.
Couniting of Radioactk iVy. Tllree consectutive

chromatographic fractions weere combined into one;
to thlis, 1.50 ug carrier DNA and( 2 ml trichloroacetic
aicid ('50 %, w/v) were added. Thle nuicleic acids
Nvere precipitated at 20 for 4 to 5 hoturs. The
precipitates were collected on 'Millipore filters (HA
0.45 A) and wvashed with ain excess of ice-cold
trichloroacetic acid (5 %, w/v). Tlle filters were
dried anld each samliple was counted twice for 20
miinuites in a P'ackal-d 3375 liquid scinitillationi spec-
tronillter using Bray's soluitioni as sc-ilntillator (6).
1 leltical r-esuilts were obtained wvhen everv chroma -

tograph,ic fraction was drie(l and coulnited (lirectly in
Bray's soluitionl.

Results

The Probability of Cytokiniin, Muitanits int E. coli.
The efficiency of the mutagenic treatment was tested
by selecting for arginine, isoleucine, and adenine mu-
tants, besides cvtokinin auxotrophs. Table I sum-
marizes the result of one such experiment. Assuming
that the mutability of each gene is the same when
treated with a "random" mutagen such as diethyl-
sulfate, any measure of the frequency of a known

i245



PLANT I1HYSIOLOGY

Table I. Frequency of Arginine, Adenine, Isoleucine,
Threonine, and Cytokinin Mutants in E. coli

Treated with Diethylsulfate

Total number of colonies tested 10,831

No. of arginine mutants 119
No. of adenine mutants 16
No. of isoleucine mutants 18
No. of isoleucine mutants that are also

threonine mutants 16
No. of IPA mutants 0
No. of kinetin mutants 0

one-gene mutation will allow a statistical estimate
of the probability of finding another one-gene
mutation.

To estimate the probability of cytokinin muta-
tions, a further screening for isoleucine and IPA
auxotrophs was made. Any isoleucine mutant of
E. coli which does not grow on threonine must be
a single-gene mutation as threonine is the immediate
prectirsor of isoleucine. \Vhile 240 isoleucine-re-
quiring mutants were found which did not grow on
a medlitim containing threonine, not 1 single IPA
mutant could be isolated. Usinig the Poisson dis-
tribution test, the probability of finding a IPA
auixotroph muttated in 1 gene wotuld be

c- "' (mI)
P=

where P = probability of IPA mutation, . = num-
ber of IPA mutations, and In = number of isoleucine
mutants. Thus P = e-" = e240, or P = 1.6 X
10- '0. Tlherefore, the probability is very small
incdeed that a cytokinin auxotroph exists in E. coli.

The Fate of 6-Benzylamino-g-rnethylptrinte in
Soybean Calluses. 6-Benzylamino-9-methylpurine
stimnulated cell division in soybean tissue cultures
to the same extent as or even more than benzvl-
adenine (table II). Activation of growth of axillarv
bucds by 6-benzvlamino-9-methvlpurine has been re-
ported by Gtuern (11).

Table II. Bioloqical Activitlv of 6-BenzWlainino-9-
methylpurine

Each figurc represents the average fres-h AN-eight of
12 sovbean calluises gro n for 21 days.

Treatmeint

Beizwvladenine O1 zi )
Benzvladenin-e (3 ,AA)
Benzyladenine (10 ,im)
6-Benzylamino-9-methil purine (1 LNI) 2
6-Benzvlamino-9-metlhvrlpturine (3 AM)
6-Benzylamillo-9-metyl) lpurine (10 um )
Control

Fr wN-t
per callus

ng
786
1053
950

1125
1158
850
123

Nutritional Biochemicals Corporation.
2 Non-radioactive sample synthesized and crystallized

by the authors; the purity was verified by thin-layer
and gas-liquid chromnatography.

In initial experiments, soybean calluses were
grown on media containing benzyladenine-14C or
6-benzylamino-9-methylpurine-'+C of the same spe-
cific activity (12 mc/mmole), and the incorporationi
of radioactivity into RNA was compared. Benzyl-
adenine-benzyl-7-14C was synthesized as described
earlier (5) but it was further purified by chromn-
tography on Whatman No. 3 paper using 0.01 N
HCI as solvent. The total trichloroacetic acid-
precipitable nucleic acids from calluses (6.4 g)
grown for 2 weeks on benzyladenine-14C (3 1.M)
showed an incorporation of 68 cpm. In the same
experiment and under identical conditions, the total
nucleic acid extract of calluses (6.56 g) grown for
2 weeks on 6-benzylamino-9-methylpurine-14C (3 KM)
contained 4.5 cpm. Similar results were obtained
in other experiments.

If 6-benzylamino-9-methylpurine-14C was given
at the optimal concentration (1 M), no incorpora-
tion of radioactivity into RNA was observed (fig
1 B). Identical results were obtained in 5 experi-
ments with calluses derived from different explants.
with different times of incubation (14-21 days),
and vith different concentrations of the hormone
(up to 3 4)o.

2 0
AB

14.8
NH

.6

QL 10 -N :

N rcoNube

0.8-

0.6

0.4

0.2-
10 Ei

I0 20 30 40 50 60 '70 8 0

Fraction Number

FIG. l. ) Strulcture of 6-benizvlamioii--9-miiet!il\Iput-
rinebhenzvl1-7-"C. B) MAK chromiiatography of nutcleic
acids extracted from 10 soybean calluses (6.336 g) grown
for 17 days on a medium containing 6-benzylamino-9-
methylpuirine-7-1"C (1 gxm). Weight of 10 benzyladeninie-
treated (1 jaM) calluses growxn under identical conditions
5.895 g, 10 control calluses 0.814 g. Solid line: optical
density at 260 nm. Broken line: radioactivity. For the
determination of the radioactivity the contents of 3
neighboring tubes were combined (fractions 11-82). All
samples were counted twice and the counts were never
significantly above background.
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Discussion

The fact that no cytokinin auxotroph was found
in E. coli is an indication that IPA is not a pre-
cursor in the synthesis of sRNA. This is in agree-
ment with the hypothesis that the isopentyl group is
added onto the macromolecule by substitution in a
manner similar to that demonstrated for the methvla-
tion of nucleic acids (4) .1 A transfer of the side
chain from IPA to an adenine in the sRNA seems
also unlikely since there appears to be no need for
the synthesis of IPA in E. coli.

The argument can be made that only kinetin and
IPA were tested and that neither of these 2 com-
pounds can substitute for the yet unidentified cyto-
kinin in E. coli sRNA. However, there is evidence
that IPA may be a widely occurring minor base
since it has been isolated from the sRNA of mam-
mals (13), plants (12), yeast (3,13), and bac-
teria (24).

As with most negative results, the lack of a
cytokinin mutant can only serve as supporting but
not as conclusive evidence that cytokinins are not
precursors in the synthesis of sRNA.

Methylation at the 9-position of the purine ring
appears to inhibit the incorporation of this cytokinin
into RNA while not affecting its biological activity.
There was also no indication of the transfer of the
labeled benzyl group to sRNA. The specific activity
of the 6-benzylamino-9-methylpurine used was suf-
ficient to detect the incorporation of 1 cytokinin
molecule per molecule of 1 tR'NA species. This
was estimated from the amount of radioactivity
associated with 1 tRNA species charged with a
'4C-amino acid, taking into account the specific
activity of the amino acid and the optical density of
the whole sRNA peak chromatographed on a MAK
column (29).

Our experiments and the considerations discussed
earlier in this paper make it seem unlikely that cyto-
kinins exert their regulatory activities through in-
corporation into RNA. Results obtained in experi-
ments on cvtokinin-controlled bud formation in
moss protonemata suggest that cytokinins interact
with their site of action by loose, probably non-
covalent bonds (5). A similar hypothesis was ad-
vanced for the binding of gibberellins (9, 17) and
auxins (15) to their receptor sites. Evidence has
been presented that estrogens bind to a hormone-
specific protein in rat uteri most likely by non-cova-
lent linkage (28). The finding and cellular local-
ization of hormone-specific bindinlg sites for any of

'Note added in proof: Fittler, Kline, and Hall rBio-
chem. Biophys. Res. Commmun. 31: 571l-76 (1968)] re-
ported recently that a cell-free extract from rat liver or
yeast catalyzes the incorporation of meva-lonic acid or
isopentenyil pyrophosphate into pre-formed tRNA to form
N-6-isopentenyladenosine.

the plant hormones would be an important step
towards elucidating the mechanism of action of plant
hormones.
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