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Using combined HPLC-RIA, cytokinin levels in a series of

tobacco crown gall tumors, having altered morphologies as a

result of transposon mutagenesis were examined. Average

trans-ribosylzeatin levels in the shoot-producing tumors (tms

mutants) and root-producing tumors (tmr mutants) were 1400

pmol/gm and 0.97 pmol/gm, respectively. Cytokinin/auxin ratios

were highest in the tms mutants (17-24) and lowest in the tmr

mutants (0.004). The evidence suggests that the T-DNA loci

which define tumor morphology, also determine phytohormone

levels.

Cytokinin levels were also examined in several octopine

crown gall tumors, with different TL and TR DNA copy numbers.

The trans-ribosylzeatin level in the high TL DNA copy number

tumor line, 15955/01, was 437 ng/gm compared to 6-30 ng/gm in



the other low T
L
DNA copy number tumor lines, suggesting that

T-DNA copy number can influence cytokinin levels. At a

detection limit of 100 pg/gm, no trans-ribosylzeatin was

detected in untransformed tobacco tissue.

Some of the properties of the cytokinin biosynthetic

enzyme, dimethylallylpyrophosphate:adenosine 5'-monophosphate

dimethylallyl transferase (DMA transferase), from Nicotiana

tabacum crown gall tumor line 15955/01 were studied. This

enzyme demonstrated a substrate specificity for adenosine

5'-monophosphate and catalyzed the synthesis of

iso-pentenyladenosine 5'-monophosphate (iPA-P). DMA

transferase activity from cell-free extracts of four crown gall

tumors and untransformed tobacco tissue was estimated by an

assay which included high performance liquid chromatography and

immunoaffinity chromatography. No enzyme activity was detected

in untransformed tobacco tissue, but was present in all four

crown gall tumor lines. Specific activities (1 Unit is defined

as the synthesis of 1 fmol iPA-P/min/mg total protein) of the

enzyme in the crown gall tumor lines were: A6S/2, 2.0;

B
6
806/E9, 6.6; 15955/1, 2.7 and 15955/01, 5.7. The results

strongly indicate that the T-DNA regulates non-tRNA mediated

biosynthesis of cytokinins.
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CYTOKININ BIOSYNTHESIS IN CROWN GALL TUMORS

INTRODUCTION

Crown gall

General background: Crown gall is a non self-limiting

disease of dicotyledonous plants, which is caused by the gram

negative soil bacterium, Agrobacterium tumefaciens (see reviews

by Schilperoort et al. 1980; Nester and Kosuge 1981; Van

Montagu and Schell 1981; Bevan and Chilton 1982a). Virulence

is associated with a large (90-160 Mdalton) tumor-inducing (Ti)

plasmid. During the process of transformation, a small region

of the Ti plasmid (T-region) is transferred to the plant, where

it is integrated into host nuclear DNA and is stably maintained

(Chilton et al. 1980; Willmitzer et al. 1980; Yadav et al.

1980).

Transformation is characterized by acquisition of two

phenotypic traits not found in uninfected plant cells. First,

crown gall tumors synthesize one or more opines (octopine,

agropine, nopaline, mannopine, agrocinopine, leucinopine),

which can be catabolized by the bacteria as sole nitrogen and

/
carbon sources (Menage and Morel 1964; Petit et al. 1970;

Bomhoff et al. 1976; Firmin and Fenwick 1978; Guyon et al.

1980; Ellis and Murphy 1981; Tate et al. 1982; Chang et al.



1983). The genes responsible for both bacterial utilization

and synthesis of opines by tumors are located on the Ti plasmid

(see reviews by Schilperoort et al. 1980; Bevan and Chilton

1982a). Second, unlike normal plant cells, crown gall tumors

in culture can grow in the absence of exogenous phytohormones

(Braun 1958).

Though the mechanism of transfer and integration of the

T-region into plant DNA is still unknown, there appear to be

several common features in the integration process of different

T-regions. First, the transferred DNA (called T-DNA) is

colinear with the T-region in both octopine (Thomashow et al.

1980a) and nopaline tumors (Lemmers et al. 1980). This was

determined by blot hybridization of clones containing different

T-region fragments to tumor DNA. However, the T-DNA sequences

are not colinear within the junction region where the T-DNA is

attached to plant DNA, but instead contain scrambled T-DNA

sequences as well as repeat sequences. For example, the left

junction region of octopine A6S/2 T-DNA has been shown to

contain five direct and inverted repeat sequences (Simpson et

al. 1982). In addition, the right end of the A6S/2 T-DNA, near

the junction region, contains a 520 base pair inverted repeat

of an internal T-DNA fragment (Simpson et al. 1982). Also, the

left end of the A6S/2 T-DNA has a 12 base pair sequence which

is identical to a direct repeat sequence found within both the



left and right junction regions of the nopaline BT37 T-DNA

(Lemmers et al. 1980; Zambryski et al. 1980; Yadav et al.

1982). It has been postulated that these repeat sequences are

important in integrating the T-DNA into the plant genome (Yadav

et al. 1982).

Second, within the T-DNA is a segment of DNA (called

common DNA) which has been found in all tumors examined. The

common DNA, which is about 9 Mdaltons in size, extends from the

left end of the SmaI-16a fragment into the SmaI-3b fragment in

the octopine T-DNA of the ACH5 Ti plasmid (see Figure I-1) and

is contained within the lefthand region (TL DNA) of the T-DNA

(Chilton et al. 1977). Depicker et al. (1978) demonstrated

that the common DNA is essential for oncogenicity; insertion of

RP4 into this region results in loss of oncogenicity.

Third, the size of the restriction fragments containing

the T-DNA/plant junction region varies from tumor to tumor

indicating that there are multiple integration sites in both

octopine (Thomashow et al. 1980a) and nopaline (Lemmers et al.

1980) tumors. The integration sites may be located in regions

of either highly, moderately repeated or unique DNA sequences

(Thomashow et al. 1980b; Zambryski et al. 1980; Holsters et al.

1982).

Fourth, the size of the T-DNA and its copy number can vary

in different tumors (Chilton et al. 1980; Lemmers et al. 1980;



Figure I-1. Location of seven polyadenylated transcripts mapping within the

octopine TL DNA of pTiACH5 (Redrawn from Willmitzer et al. 1982). The 5' 3'

polarity of each transcript is shown by an arrow, except for transcript 5 in

which the direction of polarity is unknown.

5

2=El

tms

4
EZ222=2

tmr I tml I ocs

I I8c I 22e I 1361

17 I 16 I 10c

3 13291 7

Hind III

Sma I

EcoRI

T-DNAAVAV



Thomashow et al. 1980a; Zambryski et al. 1980; DeBeuckeleer et

al. 1981; Kwok 1983). Some octopine tumors have an extra T-DNA

segment (called TR DNA) in addition to the TL DNA. The copy

numbers of the T
L

and T
R
DNA can vary from zero to thirty

copies per diploid cell in octopine tumors (Chilton et al.

1977; Merlo et al. 1980; Thomashow et al. 1980a; DeBeuckeleer

et al. 1981; Kwok 1983). Since one tumor line, A6S/2,

completely lacks the TR DNA, it appears this DNA is not

necessary for transformation. The variation in T-DNA size and

copy number is not only observed in tumors incited by different

A. tumefaciens strains, but also in tumors incited by the same

strain. For example, one clone from a tumor incited by strain

15955 was found to have 1-2 copies/cell, whereas another clone

from the same tumor has 5-10 copies/cell (Kwok 1983). Two

other tumor lines, B6806/E9 and A277/5, were incited by

bacterial strains containing the same plasmid, pTiB6806, yet

the T-DNA complement and copy number maintained in these lines

are quite different (Thomashow et al. 1980a; see Figure III-1).

The T-DNA is stably maintained and transcribed in the

plant cell. T-DNA specific polyadenylated RNA transcripts have

been isolated from crown gall tumors (Drummond et al. 1977;

Gurley et al. 1979; McPherson et al. 1980; Willmitzer et al.

1981; Gelvin et al. 1982; SchrOder and SchrOder 1982). When

these RNA transcripts are translated in vitro, several



polypeptides are produced (McPherson et al. 1980; Murai and

Kemp 1982; SchrOder and SchrOder 1982). Recently, the T-region

has been shown to express four proteins in E. coli minicells

(SchrOder et al. 1983). As shown in Figures I-1 and 1-2

respectively, at least seven polyadenylated RNA transcripts

from octopine tumors (Gelvin et al. 1982; Willmitzer et al.

1982,1983) and thirteen from nopaline tumors (Bevan and Chilton

1982b; Willmitzer et al. 1983) initiate within the T-DNA. In

each tumor type, one transcript has been identified as encoding

either octopine synthase (SchrOder et al. 1981; Leemans et al.

1982; Murai and Kemp 1982) or nopaline synthase (Bevan et al.

1983; Joos et al. 1983). The functions of the remaining

polypeptides encoded by the T-DNA are unknown. However, at

least six of these transcripts (1,2,4,5,6a,6b) are common to

both tumor types (Willmitzer et al. 1982, 1983) and there is

evidence indicating that all of these transcripts are involved

in tumor morphology and/or phytohormone regulation.

Tumor morphology: Using transposon (Tn5) mutagenesis,

Garfinkel et al. (1981) defined three loci within the octopine

T-DNA which affect tumor morphology. Insertion of Tn5 into one

locus (tms) led to shoot proliferation, while insertion into

the second locus (tmr) led to a proliferation of roots.

Inactivation of the third locus (tml) gave rise to larger

tumors. Ooms et al. (1981) also reported a similar tmr mutant



Figure 1-2. Location and direction of thirteen polyadenylated transcripts

mapping within the nopaline T-DNA of pTiBT37 (Redrawn from Willmitzer et al.

1983). Transcripts 1,2,4,5,6a and 6b are common to both octopine and nopaline

tumors. The acs and nos transcripts encode for agrocinopine synthase and

nopaline synthase, respectively (Joos et al. 1983).
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in a different octopine tumor line. Recently, Leemans et al.

(1982) and Joos et al. (1983) reported tmr and tms mutants in

both octopine and nopaline tumor lines.

At least five of the common transcripts found in both

octopine and nopaline tumors map within one of the three tumor

morphology loci (see Figure I-1). Transcripts 1 and 2, which

initiate within the tms locus, appear to be involved in auxin

regulation because, when the tms tumors are placed into axenic

tissue culture, they do not grow well unless auxin is added to

the medium (Binns et al. 1982; Joos et al. 1983). Transcript

4, which maps within the tmr locus, is assumed to be involved

in cytokinin regulation because the tmr mutants cannot grow in

culture without exogenous cytokinin (Joos et al. 1983).

Transcripts 6a and 6b initiate within the tml locus. Their

role in regulation of endogenous hormone levels is not clear

however.

Cytokinins in general

Cytokinins comprise a major class of phytohormones which

are involved in cell division and differentiation (see reviews

by Skoog and Armstrong 1970; Hall 1973; Burrows 1975; Horgan

1978; Letham and Palni 1983). Natural occurring cytokinins are

adenine and adenosine derivatives modified at the N
6

position

with an isoprenoid side chain (Figure 1-3). The three main

families of cytokinins are zeatin (side chain =
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Figure 1-3. Structures of major cytokinins in plants.
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Figure 1-3 continued. Structures of major cytokinins in plants.
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4-hydroxy-3-methylbut-cis or trans-2-enylamino),

iso-pentenyladenine (side chain = 3-methylbut-2-enylamino) and

dihydrozeatin (side chain = 4-hydroxy-3-methylbutylamino). In

plants, different cytokinin metabolites of these families have

been reported. These include: 7- and 9-glucosides, side chain

0-glucosides (zeatin and dihydrozeatin), mono-, di- and

tri-phosphates and 2-methylthio (zeatin and

iso-pentenyladenine) derivatives (see Letham and Palni 1983).

A general outline of cytokinin metabolism in plants is

shown in Figure 1-4. Though there is no direct evidence

indicating the functions of the different cytokinin

metabolites, several roles have been proposed (Letham et al.

1982; Letham and Palni 1983). It has been suggested that the

7- and 9-glucosides and the side chain 0-glucosides represent

storage and/or detoxification cytokinin forms because: (1) the

7- and 9-glucosides have lower growth-promoting activities

compared to their parent cytokinin (Laloue 1977; Letham et al.

1982); (2) when cytokinins accumulate within the cell, the

amount of 0-glucosides increases at a rate faster than the

other metabolites (Palmer et al. 1981; Van Staden and Davey

1981); (3) when 7-glucosides and 0-glucosides are supplied to

plant tissue, they are converted to their bases, ribosides and

nucleotides (see Letham and Palni 1983); (4) minor cleavage of

the glucose moiety of the 7-glucoside has been observed (Parker



AMP

DMAPP

iPA-P
1

iPA < iP

2 [ADADOE]

S,c/-.

> tZR.< > tZtZR-P

tZR -0 -G

dhZR -0 -G

iP -7 -G

4 [tz-7-1
> tZ-9-G

tZ-0-G

4
dhZR < ) dhZ dhZ -O -G

Figure 1-4. Outline of cytokinin metabolism (Redrawn from Letham and Palni 1983).

ADE, adenine; ADO, adenosine; DMAPP, dimethylallylpyrophosphate; dhZ, dihydrozeatin;
dhZR, dihydroribosylzeatin; dhZ-0-G, dihydrozeatin 0-glucoside; dhZR-0-G,
dihydroribosylzeatin 0-glucoside; iP, iso-pentenyladenine; iPA, iso-pentenyladenosine;
iPA-P, iso-pentenyladenosine 5I-monophosphate; iP-7-G, iso-pentenyladenine-7-glucoside;
tZ, trans-zeatin; tZR, trans-ribosylzeatin; tZR-P, trans-ribosylzeatin 5'-monophosphate;
tZ-7-G, trans-zeatin-7-glucoside; tZ-9-G, trans-zeatin-9-glucoside; tZ-0-G, trans-zeatin
0-glucoside; tZR-0-G, trans-ribosylzeatin 0-glucoside.

Enzymes: (1) dimethylallylpyrophosphate:AMP dimethylallyl transferase; (2)
trans-hydroxylase (?); (3) cytokinin oxidase; (4) glucosyl transferase.
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and Letham 1973; Gawer et al. 1977); (5) during certain

developmental stages, the levels of 0-glucosides decreases

rapidly (Smith and Van Staden 1978; Van Staden and Dimalla

1978; Palmer et al. 1981) and (6) 0-glucosides are more stable

to isoprenoid side chain cleavage compared to the parent

cytokinin (Parker et al. 1978; Palmer et al. 1981).

The nucleotides may represent cytokinin metabolites which

are taken up and transported across the cell membrane because

when cytokinin bases are exogenously supplied to the plant

tissue, cytokinin nucleotides are rapidly formed (Letham and

Palni 1983). However, translocation of cytokinins in the xylem

has been shown to occur at the riboside level (Goodwin et al.

1978; Letham 1978).

Cytokinins are present in plants not only as free

cytokinins, but are also present adjacent to the 3' end of the

anticodon in certain tRNA species. While the active form

appears to be the free cytokinin (Laloue and Pethe 1982), it is

still not clear whether free cytokinins arise mainly from de

novo biosynthesis or from tRNA breakdown. The study of

cytokinin biosynthesis and metabolism has been extremely

difficult due to the miniscule levels of phytohormones present

in plant tissue. In addition, many experiments involved the

application of radiolabeled precursors to the plant tissue and

incorporation into cytokinins measured. However, incorporation
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was often less than 2% (Stuchbury et al. 1979; Letham and Palni

1983). Furthermore, cytokinin bases and nucleotides are

usually rapidly metabolized to other compounds (Letham and

Palni 1983).

Since cytokinin levels in plant tissue are normally

present in the nano- to picomolar range, sensitive methods are

required to measure their levels. The most widely used method

is bioassay, which uses the cell-division response of tissue

cultures of tobacco, soybean, carrot or radish to measure

biological activity of a compound (reviewed by Letham 1967a,b;

Skoog et al. 1967; Matsubara 1980). In bioassay, cytokinin

activity is measured by the ability of a compound to promote

the growth of a cytokinin-requiring plant tissue. Activity is

measured relative to a standard cytokinin, usually kinetin and

activity is expressed as kinetin equivalents. However, there

are several disadvantages to the bioassay such as: (1) the

amount of labor required to set up an assay; (2) length of

analysis time, which can be as long as five weeks; (3) often

ten to fifty grams of tissue are required for analysis and (4)

some non-cytokinin compounds are active in the bioassay. Also,

the relative activity of a particular cytokinin can differ

greatly depending on the type of plant tissue used in the

bioassay (Matsubara 1980). In addition, some cytokinin

metabolites are more active than others. For example, in the
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tobacco callus bioassay, the cytokinin free bases are more

active than their ribosides, while the glucosides are usually

not very active (Murashige and Skoog 1962). Also, in general,

the trans-zeatin family is more active than the

iso-pentenyladenine family, which in turn, is more active than

both the cis-zeatin and dihydrozeatin families.

Recently, a more sensitive and specific assay has been

used for cytokinin analysis. The application of

radioimmunoassay to cytokinins has provided an assay which is

10-1000 times more sensitive than the bioassay and has an

analysis time of less than two hours (Khan et al. 1977;

Constantinidou et al. 1978; Weiler 1980; MacDonald et al. 1981;

Vold and Leonard 1981; Weiler and Spanier 1981). Specificity

of the antibody towards a particular compound is based on its

structural similarity relative to the cytokinin antigen. The

primary antigenic determinants of a cytokinin molecule are the

isoprenoid side chain and part of the purine nucleus (Weiler

1980; MacDonald et al. 1981). For example, antibodies to

trans-ribosylzeatin demonstrate less than 5% cross-reactivity

towards either cis-ribosylzeatin, dihydroribosylzeatin or

iso-pentenyladenosine. However, these antibodies demonstrate

high (>80%) cross-reactivity towards trans-zeatin-9-glucoside,

reduced (33%) cross-reactivity towards its nucleotide and do

not significantly cross-react with trans-zeatin-0-glucoside
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(R.C. Durley, personal communication), possibly due to

rotational restriction of the isoprenoid side chain with

respect to the purine nucleus.

In addition to the radioimmunoassay, antibodies have also

been used for an immunoaffinity extraction method for the

purification of cytokinins from crude plant extracts (Morris et

al. 1982). While this method is rapid and specific, cytokinin

recovery is quite variable, usually between 25-80% (Morris et

al., unpublished data). This may be a result of the polyclonal

nature of the antiserum, which contains a mixed population of

antibodies with different affinity constants and which

therefore recognizes different antigenic determinants on the

cytokinin molecule. The generation of monoclonal antibodies to

cytokinins should alleviate some of these problems.

Cytokinins in crown gall tumors

Many of the cytokinins found in normal plant tissue have

also been identified in crown gall tumors. Most of this work

has been done on the Vinca rosea L. crown gall tumor line A6.

As shown in Table I-1, the major endogenous cytokinins in this

tumor are trans-zeatin, trans-ribosylzeatin, their side chain

0-glucosides, trans-zeatin-9-glucoside and trans-ribosylzeatin

5'-monophosphate (Miller 1974; Morris 1977; Peterson and Miller

1977; Scott et al. 1980a,b,1982a,b). In addition,

dihydrozeatin, dihydroribosylzeatin and their side chain



Table I-1. Cytokinin levels in Vinca rosea L. A6 crown gall tumor.a

Cytokinin

Cytokinin Level (nmol/gm fresh wt.)

Experiment 1 Experiment 2

tZ 0.06 1.0

tZR 1.35 6.95

tZR-P 1.51

tz-9-G 0.37

tZ-0-G 0.13

tZR-0-G 0.64

iP 0.0016

iPA 0.0039

iPA-P 0.011

a Cytokinins were extractTg, fracsionated by HPLC and quantitated
by GC/MS using either [ N] or[ H] labeled cytokinin internal
standard.

b
Data taken from Scott et al. 1980a.

c
Data taken from Scott et al. 1980b.
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0-glucosides have been found in the medium on which this line

has been grown (Palni and Horgan 1982).

Several crown gall tumors have been examined and found to

have elevated cytokinin levels compared to untransformed

(cytokinin-requiring) plant tissue. However, the trans-zeatin

and trans-ribosylzeatin levels vary greatly in the different

tumor lines and are influenced by: (i) the inciting A.

tumefaciens strain (Einset 1980; Scott et al. 1980a; Amasino

and Miller 1982); (ii) the host plant species (Weiler and

Spanier 1981); (iii) the site of inoculation on the host (Braun

1953) and (iv) tumor morphology (Einset 1980; Amasino and

Miller 1982).

Though cytokinin levels are affected by the factors

mentioned above, there is no strict correlation between

cytokinin level and a specific factor. For example, Scott et

al. (1980a) reported no differences in trans-zeatin and

trans-ribosylzeatin levels between an unorganized tumor and a

teratoma tumor in culture incited by A. tumefaciens strain B6.

However, Amasino and Miller (1982) reported a seven-fold

difference in total trans-zeatin level between a friable,

unorganized tumor and a compact, unorganized tumor incited by

strain B6. Contrary to this, similar trans-zeatin levels were

observed in a friable, unorganized tumor and in a compact,

unorganized tumor incited by strain A6 (Amasino and Miller
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1982). However, as a general rule for crown gall tumors in

culture, teratoma tumors incited by nopaline A. tumefaciens

strains appear to have lower total cytokinin levels compared to

unorganized tumors incited by octopine bacterial strains. Some

octopine unorganized tumors may also have low cytokinin levels

(Einset 1980; Amasino and Miller 1982).

Total trans- ribosyizeatin and iso-pentenyladenosine levels

were measured by radioimmunoassay in crude tumor extracts

incited on a number of plant species by strain A6 (Weiler and

Spanier 1981). The trans-ribosylzeatin and

iso-pentenyladenosine levels varied over a 100-fold range in

the different tumors. As observed for tumors in culture, when

cytokinin levels are elevated, it is usually associated with an

elevation in trans-ribosylzeatin levels. Weiler and Spanier

(1981) also measured cytokinin levels in tumors 7 and 21 days

after incitation to determine if cytokinin levels changed

during the course of tumor formation. In several cases, no

elevation of cytokinins were observed relative to untransformed

tissue. In other host plants, cytokinin levels were elevated,

but no differences in levels were found between 7 and 21 days.

However, most species exhibited a rise in trans-ribosylzeatin

levels after 21 days.

Therefore, though the T-DNA has several loci associated

with phytohormone regulation, its presence in the tumor does
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not always result in an increase of cytokinins. Since it is

not known what host factors are involved in the expression of

the T-DNA and what functions are encoded by transcripts 1,2 and

4, it is difficult to determine the role of the T-DNA in

phytohormone regulation and in phytohormone autonomy in crown

gall tumors.

Objectives

Since (i) the only data suggesting that the tmr and tms

loci are involved in phytohormone regulation is by the

inability of tumor morphology mutants to grow in culture

without the addition of either cytokinin or auxin, respectively

and (ii) endogenous cytokinin levels have been reported in

crown gall tumors, in which the organization and copy number of

the T-DNA are not well-characterized, the main objectives are:

(1) To measure endogenous cytokinin levels in primary

crown gall tumors having altered morphologies as a result of

transposon mutagenesis (Garfinkel et al. 1981) in order to

determine if tumor morphology and cytokinin/auxin ratios follow

the observed pattern originally described by Skoog and Miller

(1957) for cytokinin-requiring tobacco tissue.

(2) To measure cytokinin levels in several cloned

octopine tumor lines in culture with well-characterized T-DNA
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organization and copy number to determine if T-DNA copy number

influences endogenous cytokinin levels.

(3) To partially purify and characterize the cytokinin

biosynthetic enzyme, dimethylallylpyrophosphate:adenosine

5'-monophosphate dimethylallyl transferase (see Figure 1-4),

from crown gall tumors and to estimate its activity in tumor

lines and in untransformed tobacco tissue to determine whether

the T-DNA regulates cytokinin metabolism at this particular

step in the cytokinin biosynthetic pathway.
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CYTOKININ/AUXIN BALANCE IN CROWN GALL TUMORS IS REGULATED

BY SPECIFIC LOCI IN THE T-DNA

D.E. Akiyoshi, R.O. Morris, R. Hinz, B.S. Mischke, T. Kosuge,
D.J. Garfinkel, M.P. Gordon and E.W. Nester

Proc. Natl. Acad. Sci. USA (1983) 80, 407-411

Contribution of Authors

This paper was the result of a collaborative effort by

three research groups. The Agrobacterium tumefaciens strains

used to incite the tumors were constructed by a graduate

student, D.J. Garfinkel, in the laboratories of Drs. E.W.

Nester and M.P. Gordon, at the University of Washington. The

initial inoculation of tobacco plants was done in their

laboratories while Dr. T. Kosuge was there on sabbatical.

Later inoculations were done at UC Davis in Dr. Kosuge's

laboratory. In addition, auxin analyses were done by B.S.

Mischke and Dr. R. Hinz in Dr. Kosuge's laboratory. The tumors

were then shipped to Corvallis where they were analyzed for

cytokinin content in Dr. R.O. Morris' laboratory. I worked out

the extraction protocol used to extract cytokinins from plant

tissue and also assisted in the development of the combined

HPLC-RIA method for cytokinin quantitation. Using these

methods, I quantitated the levels of cytokinins in the
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different tumors described in this study. Immunoaffinity

chromatography of cytokinins was done by Dr. Morris.
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INTRODUCTION

It is known from the work of several laboratories that a

segment of DNA, the transferred (T) region of a large plasmid

(the Ti plasmid) harbored by the inciting bacterium,

Agrobacterium tumefaciens, is integrated into the host genome

during crown gall tumorigenesis (Nester and Kosuge 1981).

Although seven T-DNA transcripts have been reported (Gelvin et

al. 1982; Willmitzer et al. 1982) in octopine crown gall

tumors, no T-DNA-coded gene product has been identified with

certainty other than octopine synthase. Other transcripts are

presumable determinative in tumor growth and maintenance, but

their functions are unknown (Garfinkel et al. 1981; Ooms et al.

1981; Leemans et al. 1982). However, crown gall tumors do grow

in culture in the absence of added auxin or cytokinin (Braun

1958), and recent studies (Scott et al. 1980a; Weiler and

Spanier 1981; Amasino and Miller 1982) indicate that cytokinin

levels are increased in many, but not in all, tumor lines.

The morphology of crown gall tumors is determined by at

least three factors: (i) the strain of A. tumefaciens used to

incite the tumor, (ii) the plant host and (iii) the site of

inoculation on the host (Braun 1953). The work of Skoog and

Miller (1957) established that the morphology of normal tobacco

tissue in culture is determined by the cytokinin/auxin ratio in



25

the medium. High and low exogenous cytokinin/auxin ratios lead

respectively to shoot and root production. It seems very

plausible, therefore, that hormone overproduction and imbalance

may be general characteristics also of crown gall tumors.

Transpositional inactivation of regions of the T-DNA

(Garfinkel et al. 1981; Ooms et al. 1981; Leemans et al. 1982)

has defined several loci that control tumor morphology. We

describe here the application of some new (Crozier et al. 1980;

MacDonald et al. 1981) analytical techniques to the measurement

of hormone levels in tumors that have altered morphologies as a

result of Tn5 insertion in the T-DNA. The data indicate

clearly that endogenous tumor hormone levels are determined by

specific loci in the T-DNA that also control tumor morphology.
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MATERIALS AND METHODS

The strains used in these experiments have been described

in detail (Garfinkel et al. 1981). All mutants were derived

from strain A348, which was constructed by introducing the

pTiA6NC plasmid into the cured A. tumefaciens derivative A136

by transformation (Garfinkel and Nester 1980).

Tobacco plants (Nicotiana tabacum var. Xanthi nc) were

grown in a glasshouse in 20-cm pots of UC mix (Matkin and

Chandler 1957) at a temperature of 23°C and under ambient light

conditions. Ten-week-old plants, 25 cm tall, were inoculated

in the seventh stem internode with parental strain A348 or

Tn5-inserted mutant A348 strains by the procedure of Garfinkel

and Nester (1980). Tumors and uninfected stem tissues were

harvested five weeks after inoculation and frozen at -70°C

prior to analysis. All harvests were at the same time of day

to minimize the effect of diurnal changes in auxin

concentration.

Cytokinin analysis

Extraction: Frozen tumor tissue (fresh weight, 1-3 e was

thawed rapidly and homogenized in 2 vol of dimethyl sulfoxide

or methanol containing sodium diethyldithiocarbamate (10 mM)

and 2-mercaptoethanol (300 mM) to inhibit oxidation. After

centrifugation (20,000 x g for 10 min), the supernatant was
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diluted with 9 vol of ammonium acetate (40 mM at pH 6.5),

incubated with almond e-glucosidase (0.04 units/ml) and wheat

germ acid phosphatase (2.5 units/ml) (Sigma) at 25°C for 30 min

and passed rapidly through a small DEAE-cellulose column to

remove the bulk of the impurities. This procedure converts any

cytokinin 0-glucosides or 5'-monophosphates to free nucleotides

or bases.

The cytokinins were enriched from the extract by

adsorption onto either a cytokinin-specific immunoaffinity

matrix or octadecylsilica (Morris et al. 1976,1982) and elution

with methanol and the eluate was subjected to HPLC.

[

3
H]Kinetin riboside was added as an internal standard prior to

homogenization and was measured after HPLC.

HPLC: A previous method (MacDonald et al. 1981) was used

with minor modification. The HPLC column of 5-um

octadecylsilica (25 cm x 4.6 mm; Ultrasphere ODS, ALtex,

Berkeley, CA) was equipped with a short (2.5 cm x 2.6 mm) guard

column of 5-um Spherisorb ODS (Alltech Assoc., Deerfield, IL).

The aqueous buffer was 50 mM triethylammonium acetate (pH 3.45)

and the organic phase was acetonitrile or

acetonitrile/methanol, 60:40 (vol/vol). Samples were applied

at 10% organic phase (flow rate, 1 ml/min) and eluted with a

linearly increasing gradient of organic phase (10-15% over 30

min; 15-45% over 20 min). Under these conditions the



28

cytokinins were eluted in order of increasing hydrophobicity.

Trans-Zeatin, cis-zeatin, dihydrozeatin and their ribosides

were all well resolved. Cytokinins were detected (if present

at 5 ng or more) by their absorbance at 254 nm or by

radioimmunoassay (RIA) (MacDonald et al. 1981) or by both.

Auxin analysis

Preparation of tritiated indoleacetic acid

[(3-indolyl)acetic acid; IndAcOH]: L-[G-3H]Tryptophan (New

England Nuclear) was converted into [

3
H]IndAcOH by the use of

tryptophan 2-monooxygenase and indoleacetamide hydrolase. The

enyzme preparation was obtained by (NH4)2804 precipitation

(25-55%) as described by Kosuge et al. (1966). Reaction

mixtures contained 5 umol of Tris buffer (pH 7.2),

L-[G-
3
H]tryptophan (specific activity, 4.5 Ci/mmole; 1 Ci = 3.7

x 10
10

Bq), 0.2 ml of enzyme preparation and water to a final

1.2 ml volume. After a 30 min incubation at 25°C, IndAcOH was

isolated from the reaction mixture by adsorption onto

DEAE-cellulose, eluted with acetic acid, adsorbed onto

octadecylsilica and eluted with methanol. Its radiochemical

homogeneity was verified by HPLC to be greater than 99%.

Extraction and measurement: IndAcOH was isolated from

tumor and normal tobacco stem tissue samples (0.7-0.85 g) by a

rapid chromatographic procedure (unpublished data) onto

DEAE-cellulose and octadecylsilica and analyzed by HPLC with an
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on-line fluorescence spectrophotometer (Crozier et al. 1980).

As an internal standard, 320-350 pmol of [

3
H]IndAcOH (specific

activity, 4 Ci/mmole) was added to each sample before

homogenization. Recoveries were estimated by measuring the

radioactivity in the IndAcOH peak after HPLC. The amount of

[

3
H]IndAcOH added was about 1% of the total IndAcOH present.
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RESULTS

Tumor morphology

Insertion of the bacterial transposon Tn5 into the

T-region of the Ti plasmid pTiA6NC defines three genetic loci

that affect tumor morphology; these are tml, tmr and tms

(Garfinkel et al. 1981). A tumor on tobacco induced by the

parental strain A348 is characterized five wk after inoculation

by an unorganized morphology and a weight of up to 10 g.

Insertion of Tn5 into the tml locus also results in unorganized

tumors. However, on tobacco stems and more particularly on

KalanchOe leaves, tml tumors are significantly larger than the

parental type. Insertions into the tmr and tms loci give

tumors on tobacco that are characterized either by root

production or shoot production, respectively. A map of the

T-DNA illustrating the positions of the loci and the

morphologies of the normal and mutant tumors is shown in Figure

II-1. The locus, ocs, controls production of octopine by the

tumor.

Cytokinin levels in tumors

Initial experiments indicated that there were large

differences in the cytokinin content of different lines. In

these experiments, cytokinins were extracted from whole primary

tumors, purified by an immunoaffinity procedure that allowed
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Figure II-1. Functional organization of pTiA6NC T-DNA and tumor

morphology resulting from the Tn5 insertion. The BamHI

restriction endonuclease map of the T-DNA is from Thomashow et

al. (1980a). Arrows attached to vertical lines are sites of Tn5

insertions used in these experiments, accurate to t 0.2 kilobase.

The tms, tmr, tml and ocs (octopine synthase) loci are

represented by rectangular boxes above the map; the dashed lines

of each box represent the distance from the outhermost

transposon-induced mutation in a given locus to the nearest

insertion that is phenotypically silent. The solid lines of each

box show regions in which the transposon insertion confers a

phenotypic change III, Physical extent of the pTiA6 T-DNA present

in the A6S/2 tumor line (Thomashow et al. 1980a).01 , Junction

regions where the T-DNA is joined to plant DNA (Thomashow et al.

1980b). The scale is in kilobases. Tumor morphologies shown are

(from left to right): N. tabacum, parental A6NC tumor (identical

to that produced by strain A348); N. tabacum, shoot-producing

tumor (tms-328::Tn5); N. tabacum, root-producing tumor

(tmr-149::Tn5); N. tabacum, large phenotype tumor (tm1-355::Tn5).
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their isolation at near homogeneity in a single-pass

chromatographic protocol (Morris et al. 1982) and were then

subjected to HPLC/RIA. Typical traces from tms (tms-328::Tn5)

and tmr (tmr-149::Tn5) tumors are shown in Figure 11-2.

The tms tumor contained two major and three minor

cytokinins as determined by absorbance at 254 nm and by RIA

with ribosylzeatin or isopentenyladenosine antisera. The peak

eluting at 37.4 min had a retention time identical to that of

authentic trans-ribosylzeatin antiserum. It was present at

sufficiently high levels (100 pmol) to be observable as a

UV-absorbing peak. In addition, isopentenyladenosine was

present as a visible peak (retention time, 53.2 min; 9 pmol)

crossreactive towards isopentenyladenosine antiserum. Smaller

quantities of free trans-zeatin, ribosyldihydrozeatin and

isopentenyladenine were detected by RIA but were not present in

sufficient amounts to be seen by UV absorbance (Figure 11-2).

By contrast (Fig. II-2C,D), the tmr tumor contained much lower

levels of all cytokinins. No significant UV absorbance was

seen at any of the appropriate retention times, and RIA

indicated that, at most, the extract contained 0.14 pmol of

trans-ribosylzeatin together with about 2 pmol of

isopentenyladenosine and 1 pmol of isopentenyladenine.

It should be noted that since P-glucosidase pretreatment

was included in the extraction protocol, some of the
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Figure 11-2. Cytokinins present in typical shoot-producing and

root-producing tumors. Cytokinins from tms-328::Tn5 and

tmr-149::Tn5 tumors were isolated by immunoaffinity

chromatography and fractionated by HPLC. (A and B) A254 and RIA

data, respectively, from the tms line. (C and D) Corresponding

data from the tmr line. RIA (B and D) was performed on all

fractions using both trans-ribosylzeatin (m) and

isopentenyladenosine (MI) antisera. Retention times of

authentic cytokinin standards are indicated by the horizontal

bars (1--1) in C: t-Z, trans-zeatin; c-Z, cis-zeatin; t-ZR,

trans-ribosylzeatin; diHZR, ribosyldihydrozeatin; c-ZR,

cis-ribosylzeatin; iP, isopentenyladenine; iA,

isopentenyladenosine. From UV absorbance measurements, the peak

in A at 37.4 min represents about 113 pmol of

trans-ribosylzeatin; by RIA, it contained 102 pmol. Values in

this experiment were not corrected for extraction loss.



0
10

Of

4cr E

cnc 2
0

CL
. 0

0

35

Figure 11-2

A C

II

,-4 ,-Z 1-ZR c-ZR

diH ,',7" ,,,,7

iP

B

t-ZR

I

i10,4

D

iFA

_

10 20 30 40 50 0 10 20 30 40 50

TIME (min)



36

trans-zeatin and trans-ribosylzeatin observed here may have

been present in the tissue as 0-glucosides, which are thought

to be storage forms of the hormones.

A survey was made of the hormone levels of a set of

parental, tms, tmr and tml tumors. In these experiments, the

cytokinins were isolated onto octadecylsilica and accurately

quantitated by HPLC/RIA with [

3
H]kinetin riboside as an

internal standard. The results are summarized in Table II-1.

Control uninfected tobacco stem tissue at the same

developmental stage as that on which the tumors were incited

was found to contain very low levels of trans-zeatin,

trans-ribosylzeatin, and isopentenyladenosine. Parental A348

tumors had levels of trans-ribosylzeatin that were elevated

50-fold over uninfected controls. However, the three tmr

tumors had levels that were essentially the same as those of

uninfected tissue. The most startling increases were seen in

the two tms lines. Here the trans-ribosylzeatin levels were

about 1,600 pmol/g of fresh weight, increased by factors of at

least 300 over the parental tumors and at least 1,500 over that

of the control stem tissue. In addition, significant increases

were noted in the levels of trans-zeatin and

isopentenyladenosine. Estimation of trans-ribosylzeatin levels

in tms tumors harvested prior to the appearance of shoots gave

values very similar to those above (data not shown), suggesting



Table II-1. Cytokinins and IndAcOH in tobacco Tn5 insertion tumors.

Inciting bacterial
strain IndAcOH

CytokininsCy t-ZR/IndAcOH
ratiot-ZR t-Z iA

Controls 128 0.97 0.71 7.8 0.008
A348 295 48 22 9.3 0.2
tmr-147: :Tn5 117 0.47 0.62 6.0 0.004
tmr-149: :Tn5 147 0.49 <0.6 7.2 0.003
tmr-356: :Tn5 124 0.66 <0.6 6.6 0.005
tms-328: :Tn5 73 1,200 >220 25 17

tms-355:: Tn5 68 1,600 160 31 24
tm1-358::Tn5 337 54 8.7 5.1 0.2
tml- 361::Tn5 278 27 22 6.3 0.1

iA, Isopentenyladenosine; t-Z, trans-zeatin; t-ZR, trans-ribosylzeatin.
* Phytohormone levels are expressed as pmol/g of fresh weight and are corrected for recovery. Analyses

were carried out on samples derived from pools of tissue from seven individual plants inoculated with
the strains indicated. Values represent the average of triplicate samplings.

t Uninfected tobacco stem internode tissue.
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that the large increases in these lines precede the appearance

of altered morphology.

Auxin levels in tumors

Free IndAcOH was extracted into methanol, purified on

DEAE-cellulose and octadecylsilica and quantitated by

measurement of fluorescence intensity of the appropriate peak

on HPLC. Addition of an internal standard of [

3
H]IndAcOH

allowed accurate measurements to be made of the recovery during

extraction and chromatography.

Figure 11-3 Left shows the HPLC/fluorescence trace of the

IndAcOH standard, while Figure 11-3 Right shows a typical

profile obtained from tumor tissue. The identity and purity of

the peak eluting at 8.9 min was established by methylation and

rechromatography. Its structure was confirmed by mass

spectroscopy (data not shown). The peak was essentially

homogeneous and at least 95% IndAcOH.

Free IndAcOH levels were lowest in tumors incited by tms

mutants 328 and 355 and highest in tumors incited by tml

mutants 358 and 361 and by the parental strain A348 (Table

II-1). They were intermediate in tumors incited by tmr mutants

147, 149 and 356.

Correlation of phytohormone ratios with tumor morphology

Although changes in free IndAcOH levels were not as large

as those of trans-ribosylzeatin, changes in the
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Figure 11-3. Fluorometric monitoring of effluent from HPLC

separations of standard IndAcOH and tumor samples. (Left)

Standard IndAcOH sample (4.3 pmol). (Right) Preparation from

tobacco tumor incited by A. tumefaciens parental strain A348.
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trans-ribosylzeatin/auxin ratio did correlate well with tumor

morphology (Table II-1). Uninfected stem tissue and tmr tumors

had the lowest ratios (0.003-0.008); tml and parental tumors

had intermediate ratios (0.1-0.2); and tms tumors had the

highest ratios (17-24).
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DISCUSSION

The early finding of Braun (1958) showed that crown gall

tumors could be maintained indefinitely in culture on a simple

hormone-free medium. One possible explanation is that the

tumors produce endogenous levels of auxins and cytokinins

required for growth in culture. Recent studies (Einset 1980;

Scott et al. 1980a; Weiler and Spanier 1981; Amasino and Miller

1982) showed that elevated phytohormone levels do indeed occur

in many tumor lines, although in some plant species (Weiler and

Spanier, 1981) tumor growth is not accompanied by increased

hormone content. The data presented here permit two general

conclusions to be drawn: specific T-DNA loci do indeed

influence phytohormone levels in tumors and, second, there is a

correlation between cytokinin/auxin ratio and primary tumor

morphology. This correlation follows the pattern originally

described by Skoog and Miller (1957) for normal tobacco tissue

in culture; namely, that shoot formation is favored by high

cytokinin/auxin ratios, whereas root formation is favored by

low ratios. Amasino and Miller (1982) noted similar

correlations between phytohormone content and the morphology of

tumors incited by natural isolates of A. tumefaciens.

Previous studies suggested that the tmr and tms loci play

roles in cytokinin and auxin metabolism. These assignments
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were based upon indirect evidence involving stimulation of

tumor growth by phytohormones (Ooms et al. 1981; Leemans et al.

1982) or upon demonstration of a phytohormone requirement by a

cloned tumor line in culture (Binns et al. 1982; M.-D. Chilton,

personal communication). The data here provide direct support

for such a role in the case of the tmr locus. Tumors incited

by tmr mutants formed roots and had trans-ribosylzeatin/IndAcOH

ratios of about 0.005. These ratios resulted primarily from

the low content of the physiologically active cytokinin

trans-ribosylzeatin content of tumor tissue, suggesting that

this locus plays a central role in cytokinin metabolism in the

tumor.

The situation with the tms locus is more complex. The

data presented here and the results of a more extensive

analysis (unpublished data) suggest that inactivation of the

tms locus results in shoot-producing tumors that have

trans-ribosylzeatin/IndAcOH ratios of 17 or greater. These

ratios arise as a consequence of both a decrease in free

IndAcOH and a dramatic increase in trans-ribosylzeatin

accumulation. Thus, the tms locus appears to be involved not

only with auxin but also with cytokinin metabolism. Elevated

cytokinin levels persist after tms tumors are propagated in

axenic culture although not with such extreme values

(unpublished data). Therefore, it is likely that the high
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levels present in tms primary tumors are due neither to the

continuing activity of the inciting bacteria nor to an

accumulation of trans-ribosylzeatin from other regions of the

plant. The cytokinin levels measured here are effectively

averaged over the whole tumor mass. Their distribution within

the tumor in relation to tissue differentiation has yet to be

determined.

Under the conditions of these experiments, we are unable

to assign a function to the tml locus. Phytohormone ratios in

tumors incited by two different tml mutants were close to the

values seen for parental tumors. The results of a more

extensive survey (unpublished data) showed that there was no

statistically significant difference between the cytokinin

levels of tml and parental tumors. The tml phenotype is not

strongly pronounced on tobacco, although the tumors remain

undifferentiated. Examination of phytohormone levels in

tml-induced tumors on plants such as KalanchOe daigremontiana,

where the tml phenotype is more clearly evident, may reveal

tml-specific hormone patterns.

The crown gall system with its well-defined genetics

should provide a useful tool for probing the details of the

relationship of the enzymology of cytokinin and auxin

production and plant morphology.
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EFFECT OF T-DNA COPY NUMBER ON CYTOKININ CONTENT

OF TOBACCO CROWN GALL TUMORS

D.E. Akiyoshi and R.O. Morris

Planta, submitted

INTRODUCTION

Crown gall is a neoplastic disease of dicotyledonous

plants which is incited by the soil bacterium, Agrobacterium

tumefaciens. The disease results from the transfer of a

segment of the bacterial Ti plasmid (the T-DNA) to the plant by

a mechanism which is not yet understood. Upon transfer, the

T-DNA is covalently integrated into nuclear plant DNA, is

stably maintained there and is responsible for the tumor

phenotype (for recent reviews see Schilperoort et al. 1980;

Nester and Kosuge 1981; Van Montagu and Schell 1981; Bevan and

Chilton 1982a).

Transformed cells are characterized by several traits not

found in normal tissue. They are able to synthesize one or

more of the unusual amino acid derivatives known as opines and

unlike normal plant cells, they have the ability to grow in

culture in the absence of exogenous phytohormones. In general,

the cytokinin content of tumors is greater than that of

non-transformed cells, although the levels do vary widely and
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one report suggests that in some species, the cytokinin content

of tumors may be no greater than that of untransformed tissues

(Weiler and Spanier 1981). Elevated cytokinin levels are

often, but not exclusively, associated with shoot teratomata

(Scott et al. 1982a) or friability of the tissue (Amasino and

Miller 1982). They may differ also in tumors incited by

different A. tumefaciens strains (Miller 1974; Einset 1980;

Amasino and Miller 1982).

Since there have been no previous reports of the effects

of T-DNA copy number on endogenous cytokinin levels, five

cloned octopine crown gall tumor lines having different T-DNA

complements were chosen for study. Combined high performance

liquid chromatography-radioimmunoassay (HPLC-RIA) was used to

measure the cytokinin levels in these crown gall lines and in

untransformed tobacco tissue.
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MATERIALS AND METHODS

Tissue cultures

The five cloned octopine tumor lines and an untransformed

tobacco tissue line (XSR) were received from Dr. M.P. Gordon

(University of Washington, Seattle). Line A6S/2 was incited on

N. tabacum cv White Burley by A. tumefaciens strain A6 (Dr.

R.A. Schilperoort). The others were incited on N. tabacum cv

Xanthi nc by strains A277, B6806 and 15955. All were grown in

continuous light; the crown gall lines on solid Murashige-Skoog

medium (Murashige and Skoog 1962) in the absence of added

phytohormones and the untransformed callus on the same medium

with the addition of benzylaminopurine (0.1 mg/1) and

alpha-naphthaleneacetic acid (1 mg/1).

Cytokinin extraction

One gm tissue (3 weeks old) was homogenized in 2 ml

methanol containing sodium diethyldithiocarbamate (200 ug/ml)

using a Polytron homogenizer (Brinkmann Instruments, Westbury,

NJ). The sample was purged with nitrogen for 30 sec and

incubated for 30 min in the dark at 0°C. After centrifugation

(14,000 x g, 5 min, 4°C), the supernatant was decanted and

diluted with 10 vol 40 mM ammonium acetate buffer (pH 6.5).

Wheat germ acid phosphatase (0.36 Units, Sigma) and almond

B-glucosidase (6.0 Units, Sigma) were added and the sample
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incubated for 30 min in the dark at 22°C. After passage

through a short (2 ml) DEAE-cellulose (DE52, Whatman Inc.,

Clifton, NJ) column equilibrated with 40 mM ammonium acetate

(pH 6.5), the cytokinins were adsorbed directly from the

effluent onto a small (0.8 gm) octadecylsilica column

(Analytichem International, Harbor City, CA). After washing

the column with buffer, cytokinins were eluted with 5-10 ml

methanol and taken to dryness in vacuo. To estimate cytokinin

recovery, [8-3H]kinetin riboside (20,000 cpm, prepared by the

method of Letham and Young, 1971) was added prior to

homogenization and the recovered radioactivity was determined

after HPLC.

Reverse-phase high performance liquid chromatography

Dried extracts were fractionated on a 5 um octadecylsilica

column (4.6 x 250 mm, Ultrasphere ODS, Altex, Berkeley, CA) in

a starting buffer of 0.1 M acetic acid (adjusted to pH 3.4 with

triethylamine) containing 9% CH3CN. They were applied in a

mixture of acetonitrile (25 ul) and starting buffer (25 ul) and

separated with an acetonitrile gradient (at a frow rate of 1

ml/min) as follows: CH
3
CN 9-12% over 10 min; 12-14% over 2

min; hold at 14% for 10 min; 14-30% over 1 min; hold at 30% for

8 min; 30-100% over 1 min. Fractions (0.5 ml) were collected

and dried in vacuo for radioimmunoassay.
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Radioimmunoassay (RIA)

Fractions were assayed as previously described (MacDonald

et al. 1981) with the following changes in the addition order.

To each fraction was added 50 ul [

3
H]cytokinin dialcohol (5000

cpm). After 15 min, 350 ul phosphate-buffered saline (50 mM

sodium phosphate, pH 7.0; 0.15 M NaCl; 1 mM

ethylenediaminetetraacetic acid) containing gelatin (0.1% w/v)

and ovalbumin (0.17% w/v) was added. Following a 20 min

incubation, diluted antiserum (50 ul) was added and assay

continued as previously described.

Mass spectroscopy

Prior to homogenization, 1 ug deuterium-labeled

(d
5
)-trans-ribosylzeatin, a generous gift of D.S. Letham and

R.E. Summons, was added to 10 gm 15955/01 tumor tissue and the

sample was processed through HPLC as described above. The

fraction having the retention time of trans-ribosylzeatin was

collected, dried, permethylated (Morris, 1977) and analyzed by

gas liquid chromatography-mass spectroscopy at 70 eV on a

Finnegan model 4023 quadrupole mass spectrometer via a silica

capillary column coated with SE54.
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RESULTS

The five cloned octopine tumor lines used in this study

contained T-DNA segments integrated separately as leftward (TL)

and rightward (TR) fragments as shown in Figure III-1 (redrawn

from Thomashow et al. 1980a; Kwok 1983). Note that copy

numbers of T
L

and T
R
DNA may range from 0 to 30 per cell

depending upon the particular line (Chilton et al. 1977; Merlo

et al. 1980; Thomashow et al. 1980; Kwok 1983). Thus, line

A6S/2 completely lacks TR DNA, while A277/5 contains only a

small portion of it. Tumor B6806/E9 contains 15-30 nontandem

copies of TR DNA whereas 15955/1 has one copy. These four

tumor lines have only 1-2 copies of TL DNA per cell. The last

line, 15955/01, has 5-10 copies of TL DNA and about 5 of TR

DNA. Tumor lines 15955/1 and 15955/01 represent independent

clones originating from a single tumor incited by A.

tumefaciens strain 15955.

Identification of cytokinins

Application of HPLC-RIA allows routine analysis of

cytokinins in as little as 1-2 gm fresh weight of plant

material (MacDonald et al. 1981; Akiyoshi et al. 1983).

Preliminary experiments using this technique indicated that

15955/01 had very high cytokinin levels whereas 15955/1 had

much lower levels. These two tumor lines were, therefore,
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T-DNA Copy Number

Eco RI I 2 I M 7 M141 13 P21
BamHI 1 8 B,^,1 19 2

Hind III I H 5

Common DNA I kb

A6S/2E111M
(1 -2)

A277/5 (E11.11.2
(I -2)

B6 806/E9

(1-2)

(I -2)
EMMEMEMEM

(15-30)

I 5955/ I EM112
(1-2)

(1-2)

15955/01011IM
(5-1o)

EMIMOMMED
(5)

Figure III-1. T-DNA organization and copy number in octopine

crown gall tumors. The restriction endonuclease map of pTiA6NC

T-DNA is shown above. T-DNA present in each tumor line is shown

by solid bars (1111), dashed bars (mg) represent regions of T-DNA

linked to plant DNA (Thomashow et al. 1980a; Kwok 1983). T-DNA

copy number is shown in parentheses below each fragment.
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examined in detail in order to determine which cytokinins were

present.

Total cytokinins were extracted, partially purified over

DEAE-cellulose and octadecylsilica and fractionated by HPLC.

Individual HPLC fractions were assayed with antibodies specific

for trans-ribosylzeatin, iso-pentenyladenosine,

ribosyldihydrozeatin (dhZR) and cis-ribosylzeatin (cZR). The

results of these experiments are shown in Figure 111-2. The

major cytokinin present was trans-ribosylzeatin (Figure

III-2B). It cross-reacted strongly with trans-ribosylzeatin

antibody and had a retention time (Rt = 20.5-21.5 min)

identical to that of a standard. Two other minor peaks

cross-reacting with trans-ribosylzeatin antibody were detected

at 10-11 min and 32-32.5 min. Their retention times

corresponded to those of trans-zeatin and iPA respectively.

Assay of the 32-32.5 min fraction with the iPA antibody

(Figure III-2C) showed that it contained a large amount of iPA,

enough to account for the cross-reaction observed with the

trans-ribosylzeatin antibody. Some cross-reaction was also

observed with iPA antibody at the retention time of

trans-ribosylzeatin due to the large quantity of ribosylzeatin

present in that fraction. However, at a detection limit of 100

pg, no dhZR- or cZR-like compounds were detected when extracts
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Figure 111-2. Cytokinins present in crown gall tumor 15955/01.

Cytokinins in the sample were extracted and fractionated by HPLC:

(A) UV absorbance profile at 254 nm. Retention times of

cytokinin standards are indicated by horizontal bars (1-4): t-Z,

trans-zeatin; DHZ, dihydrozeatin; cZ, cis-zeatin; tZR,

trans-ribosylzeatin, DHZR, ribosyldihydrozeatin; cZR,

cis-ribosylzeatin; iP, iso-pentenyladenine; iPA,

iso-pentenyladenosine. Radioimmunoassay of HPLC fractions is

illustrated in: (B) with anti-tZR-, (C) with anti-iPA-, (D) with

anti-cZR- and (E) with anti-DHZR-antisera. Peak heights were not

corrected for losses during extraction.
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from 0.5 gm 15955/01 tissue were assayed with either the dhZR

or cZR antibodies (Figure III-2D,E).

For comparison, an extract of 15955/1 was fractionated and

assayed similarly (Figure 111-3). Trans-ribosylzeatin and iPA

were detected, but at much lower levels. Again, when fractions

between 10-15 min and 20-24 min were assayed with either dhZR-

or cZR antibodies, no dihydro- or cis-isomers were detected

(Figure III-3D)

Quantitation of cytokinins

The levels of trans-zeatin, trans-ribosylzeatin and iPA

were estimated by HPLC-RIA in the tumor lines and in

untransformed tobacco callus (XSR) maintained on

benzylaminopurine. In all cases, levels of trans-zeatin and

trans-ribosylzeatin in the five tumor lines were found to be

elevated significantly over those of untransformed tobacco

callus (Table III-1). At a detection limit of 100 pg/gm, no

trans-zeatin or trans-ribosylzeatin could be detected in XSR,

although the iPA level of XSR was similar to that measured in

the four single T
L

copy number tumor lines. The iPA level in

the high T
L

copy number line, 15955/01, was elevated 4 to 8

times over all other tissues. It should be noted that the iPA

fraction also contained iso-pentenyladenine, but previous

studies had shown that the amount present was insignificant
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Figure 111-3. Cytokinins present in crown gall tumor 15955/1.

(A) UV absorbance at 254 nm. Assay of individual fractions with

(B) anti-tZR-, (C) anti-iPA- and (D) anti-DHZR- or

anti-cZR-antisera.
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Table III-1. Cytokinin levels in cloned crown gall tumor lines.a

Tissue
Line

T
L

copy
b

T
R

copy
number number

Cytokinin Content

Zeatin Ribosylzeatin

(ng/gm)

iPA

XSR
c

0.1 0.1 3.0 t 0.4

A6S/2
d

1-2 1-2 0.6 t 0.2 9.0 t 4.2 2.4 t 0.4

B
6
806/E9 1-2 15-20 1.0 t 0.6 13.8 t 4.2 3.4 t 0.5

A277/5 1-2 1-2 0.2 t 0.0 6.4 t 1.5 4.6 t 0.5

15955/1 1-2 1-2 1.3 t 0.2 30.6 t 6.4 2.9 t 0.1

15955/01 5-10 5 4.0 t 1.0 437 t 40 19.3 t 1.0

a
Cytokinin levels represent an average of triplicate
determinations per tissue line and have been corrected for
loss during extraction based on the recovery of [ H]kinetin
riboside.

b
Kwok (1983).

c
Untransformed tobacco tissue.

d
A6S/2 was a white, unorganized callus; all others were green.
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relative to iPA (Morris et al. 1982; Akiyoshi and Morris,

unpublished data).

Trans-zeatin levels in the tumors lines were the lowest of

the three cytokinins measured and were not significantly

different in A6S/2, B6806/E9, A277/5 and 15955/1. However, in

15955/01, the trans-zeatin level was elevated 20 to 40-fold

over that of the other tumor lines. Trans-ribosylzeatin was

generally present at levels 13 to 100 times higher than

trans-zeatin and was substantially elevated in two of the tumor

lines. The single copy TL tumor line, 15955/1, had 2 to 5

times more trans-ribosylzeatin than A6S/2, A277/5 or B6806/E9,

while the multicopy TL line 15955/01 had 30 to 70 times more.

To confirm the identity of trans-ribosylzeatin and to

verify the accuracy of quantitation by RIA, an analysis of

15955/01 was performed by mass spectroscopy using deuterated

trans-ribosylzeatin as internal standard. Deuterated

trans-ribosylzeatin was added to the tissue prior to

homogenization, re-isolated by HPLC, permethylated and analyzed

by mass spectroscopy. The intensity of the signal at m/z 216

due to the M.
+
-105 fragment ion of trans-ribosylzeatin was 5.4

times greater than the corresponding signal at m/z 221 which

arose from the deuterated internal trans-ribosylzeatin standard

(Figure 111-4). Based on this ratio, the amount of

trans-ribosylzeatin present in 15955/01 was calculated to be
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Figure 111-4. Quantitation of trans-ribosylzeatin in 15955/01 by

stable isotope dilution-selected ion current monitoring.

Fragment ion currents were monitored at m/z = 216 and 221. (A)

Ion current at m/z = 216, permethylated tZR. (B) Ion current at

m/z = 221, permethylated (d5)-tZR. Based on 216/221 ion

intensity ratios, 15955/01 contained 538 ng/gm

trans-ribosylzeatin.
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538 ng/gm, in fair agreement with the level of 437 ng/gm as

measured by RIA.
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DISCUSSION

The availability in axenic culture, of a number of cloned

tobacco crown gall tumor lines having well-characterized T-DNA

complements (Kwok 1983) provides an excellent opportunity to

determine the contribution of bacterial T-DNA to crown gall

tumor phytohormone autotrophy. Using combined HPLC-RIA with

mass spectroscopic confirmation, the cytokinins present in

these tobacco crown gall tumors were found to be trans-zeatin,

trans-ribosylzeatin and iso-pentenyladenosine. The major

cytokinin was, in every case, trans-ribosylzeatin. These data

confirm earlier findings. For example, Horgan et al. (1981)

reported that Vinca rosea A6 crown gall tumors contained up to

400 ng/gm trans-ribosylzeatin. Similarly Miller (1974), Einset

(1980) and Scott et al. (1980a) found trans-ribosylzeatin to be

the predominant cytokinin in Vinca and in tobacco crown gall

tumor lines. However, Vinca rosea A6 also had high levels of

9-glucosylzeatin (Scott et al. 1980b) and ribosyldihydrozeatin

(Palni and Horgan 1982), neither of which were present at

significant levels in the tobacco crown gall lines examined in

this study. The reason for the absence of the other cytokinins

is not clear, since the techniques used here would have

detected both 9-glucosylzeatin and ribosyldihydrozeatin, had

they been present.
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Neither free cZ nor cZR were found in any tumor line, in

spite of the use of cZR-specific antisera. Previously workers

(Kimura et al. 1978; Watanabe et al. 1978,1981; Yokota et al.

1981) have reported that cZR is a component of hop and Dolochos

tissues. It should be noted that in some of their work,

lyophilized tissues were used, raising the possibility that the

cis isomer may have been released from tRNA by autolysis.

Quantitative measurements of cytokinin levels establish

clearly that at least part of the observed cytokinin autotrophy

of tobacco crown gall lines may be accounted for by the

over-production of the biologically active species trans-zeatin

and trans-ribosylzeatin. All tumor lines had elevated levels

of these hormones, whereas untransformed tobacco callus

maintained on benzylaminopurine contained vanishingly small

cytokinin levels. We have observed similarly high levels of

trans-ribosylzeatin in primary octopine tumors having a variety

of different morphologies (Akiyoshi et al. 1983). It appears

that elevated trans-ribosylzeatin levels represent a

significant change in the phytohormone balance of the tissue

which may contribute to the neoplastic condition. The data

also suggest that it is the T
L

region of the T-DNA rather than

the T
R

region which is responsible for high ribosylzeatin.

Thus, line 15955/01, with many T
L

copies per cell, contains the

highest levels of trans-ribosylzeatin. Levels were also fairly
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high in lines in which the TL DNA was present, but in which TR

DNA was absent or present at low copy number. The presence of

multiple copies of TR DNA in the presence of single copies of

T
L
DNA (as in line B

6
806/E9) did not increase

trans-ribosylzeatin levels over those of lines having few T
R

DNA copies.

Copy number is, of course, not the only factor capable of

influencing cytokinin level. Integration sites of the T-DNA

(Thomashow et al. 1980a), scrambled T-DNA sequences near the

junction regions (Simpson et al. 1982) and differential

methylation patterns (Gelvin et al. 1983) all might be expected

to influence transcription and, ultimately, cytokinin

production. A study of the transcription patterns in these

lines would be of value, especially in line 15955/01, where it

is known that the organization of the T
L

region is complex.

Hybridization studies (Kwok 1983) indicate that not all TL DNA

copies are present as complete sequences. Specifically, Hind

III fragments X and Y are present at 8-10 copies/cell, whereas

EcoRI fragment 7 is present at only 5 copies.

Perhaps the most interesting aspect of the data presented

here concerns the levels of iPA in untransformed and crown gall

lines. First, it may be noted that although XSR is

cytokinin-auxotrophic, it contains as much free iPA as do most

of the crown gall lines. Since it can be grown on a medium
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containing iPA as sole cytokinin (Morris, unpublished data), it

may be that endogenous iPA is sequestered internally within the

cell and is unavailable for growth. A study of the cytokinin

content of the plastids of this tissue would be of interest.

Secondly, it should be noted that when trans-ribosylzeatin

levels are excessively elevated (as in line 15955/01) they are

accompanied by elevated levels of iPA. This phenomenon has

also been observed in primary crown gall tumors (Akiyoshi et

al. 1983). The observation would suggest that perhaps, in most

tumors, the rate-limiting step of cytokinin biosynthesis is the

production of iPA, whereas in line 15955/01, the rate-limiting

step is hydroxylation. Both conclusions would point to the

enzymatic attachment of the dimethylallyl side chain to the

adenosine moiety as being a step of primary significance. In a

companion paper (Akiyoshi and Morris 1984) we show that,

indeed, an enzyme which catalyzes iPA synthesis

(dimethylallylpyrophosphate:5'-AMP dimethylallyl transferase)

is present at high levels in crown gall lines, but cannot be

detected in untransformed tobacco callus.



64

CELL-FREE BIOSYNTHESIS OF CYTOKININS IN CROWN GALL

D.E. Akiyoshi and R.O. Morris

Planta, submitted

INTRODUCTION

Details of the biosynthetic pathway leading to cytokinin

production are not well established. Cytokinins are present in

plants, both as free nucleotides, nucleosides or bases, or as

components of certain tRNA species (for a recent review, see

Letham and Palni 1983). Direct and tRNA-mediated biosynthetic

pathways have been proposed. Evidence to support a

tRNA-mediated pathway has been adduced for Zea mays (Holtz and

Kfa:mbt 1978), Phaseolus vulgaris (Maass and Klambt 1981) and

potatoes (Barnes et al. 1980), although it has been suggested

that tRNA turnover rates cannot account for the concentrations

of free cytokinins observed (Trewavas 1970). On the other

hand, there is also evidence for direct synthesis. Adenine is

incorporated into free cytokinins by habituated or crown gall

tobacco tissue (Chen et al. 1976; Peterson and Miller 1976;

Stuchbury et al. 1979). Moreover, habituated tissues contain

an enzyme, DMA transferase, which catalyzes the transfer of the

dimethylallyl group from dimethylallylpyrophosphate (DMAPP) to

AMP to give iso-pentenyladenosine 5'-monophosphate (iPA-P).
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We report here measurements of the activity and some of

the properties of a DMA transferase from a number of cloned

crown gall tumor lines. Enzyme activity was found in the crown

gall tumors but not in untransformed tobacco callus.
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MATERIALS AND METHODS

Plant material

Tumor lines were the generous gift of Dr. Milton Gordon

(University of Washington, Seattle, WA). Their properties are

described in the accompanying paper (Akiyoshi and Morris 1984).

Reagents

[2-
3
H]Adenosine 5'-monophosphate (714 GBq/mmol) was

purchased from Amersham Searle; [2,8-
3
H]adenosine (1900

GBq/mmol) and [2,8-3H]adenine (1400 GBq/mmol) were obtained

from ICN. Unlabeled nucleotides and bovine intestinal alkaline

phosphatase (1000 Units/mg) were obtained from Sigma Chemical

Co. Polyvinylpyrrolidone (Polyclar AT) and Amberlite XAD-4

were obtained from the GAY Corporation and Rohm and Haas Co.,

respectively and were purified by the methods of Loomis

(1969,1979). Octadecylsilica (40 um) was obtained from

Analytichem International (Harbor City, CA).

Dimethylallylpyrophosphate (DMAPP) and

iso-pentenylpyrophosphate (iPPP) were synthesized from their

respective alcohols and bis-(triethylammonium) phosphate by the

method of Cornforth and Popjak (1969) and purified by

chromatography on DEAE-cellulose (Hommes et al. 1984). Their

structures were verified by proton nuclear magnetic resonance

and elemental analysis.
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Enzyme preparation

Nicotiana tabacum cv Xanthi nc crown gall tumor 15955/01

was grown on solid Murashige and Skoog (1962) medium under

continuous light. Tissues (50 g) were harvested three weeks

after subculture, frozen in liquid nitrogen and ground to a

fine powder in a chilled mortar. Subsequent manipulations were

carried out at 4°C. The powder was added to 350 ml buffer A

(40 mM potassium

4-(2-hydroxyethyl)-1-piperazine-ethanesulfonate (Hepes), pH

7.3; 10 mM MgC12; 20 mM KC1; 1 mM EDTA; 0.5 mM dithiothreitol;

20% (v/v) glycerol and 20 ug/ml phenylmethylsulfonyl fluoride).

Included in the buffer was a mixture of 50 g Amberlite XAD-4

and 50 g Polyclar AT. The slurry was filtered through a

sintered glass funnel and the protein in the filtrate which

precipitated between 25% and 80% ammonium sulfate was collected

by centrifugation (13,000 g, 60 min), dissolved in 10 ml buffer

A and dialyzed against three 800 ml portions of buffer A.

After clarification by centrifugation (13,000 g, 20 min), the

dialyzed enzyme was diluted to 50 ml with a mixture of equal

volumes of 50 mM Hepes, pH 7.3 and buffer A and applied to a 25

ml DEAE-cellulose column. The column was washed with 75 ml

buffer A, the enzyme was eluted with 75 ml buffer A containing

0.3 M KC1, divided into aliquots equivalent to 1 g fresh weight
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of tissue and stored at -70°C. Samples were assayed within two

days of preparation.

Preparation of immobilized iPA antibody cellulose

Polyclonal antisera were raised against an iPA-bovine

serum albumin conjugate (MacDonald et al. 1981) and purified on

DEAE-Affigel Blue (BioRad, Richmond, CA). The purified

immunoglobulin fraction was coupled to cellulose by the method

of Cuatracasas (1970). The immobilized iPA antibody cellulose

had a binding capacity of 100 ng iPA/ml.

Assay of enzyme activity

The assay mixture (5 ml) contained 40 mM Hepes (pH 7.3);

25 mM MgC12; 150 mM KC1; 7 mM KF; 0.6 mM EDTA and 13% (v/v)

glycerol. Enzyme was added and the reaction was started by the

addition of 0.67 mM DMAPP and 75 kBq [

3
H]AMP. Assays were

usually performed with enzyme extracted from approximately 1 g

of 15955/01 or 2 g of the other tissues. Assay mixtures were

tumbled (25 rpm) for 60 min at 22°C. After assay, some samples

were dried and treated with alkaline phosphatase (4.6 Units) in

1 ml buffer containing 50 mM Tris-HC1 (pH 9.1) and 20 mM MgC12

at 37 °C for 16 hr. All samples were adsorbed onto 1 g

octadecylsilica or 2 ml immobilized iPA antibody. Cytokinins

were eluated with methanol, the eluates were lyophilized,

fractionated by HPLC and the radioactivity in the appropriate

fractions was determined. Protein concentrations were measured
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by the method of Lowry et al. (1951) after first precipitating

with 1 vol of 0.8 M perchloric acid and 2 vol of acetone at

-20°C for 16 hr.

High performance liquid chromatography (HPLC)

The method was as previously described (Akiyoshi and

Morris 1984) with only minor changes. Samples were dissolved

in 100 ul methanol and fractionated on an octadecylsilica

column (Altex ODS, 5 um, 4.6 x 250 mm) using a 34 min gradient

of increasing acetonitrile concentration. Fractions of 0.5 ml

were collected for determination of radioactivity. Some

samples were chromatographed on a shorter octadecylsilica

column (Altex ODS, 5 um, 4.6 x 150 mm) under isocratic

conditions (46% methanol in 0.1 M triethylammonium acetate, pH

3.4).
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RESULTS

Identification of cytokinins

Because it has high levels of endogenous cytokinins

(Akiyoshi and Morris 1984), the tobacco crown gall tumor line

15955/01 was selected for attempted demonstration of DMA

transferase activity. Preliminary experiments indicated that

extracts were able to incorporate radioactivity from [
3
H]AMP,

any [
3
H]cytokinins formed were adsorbed onto octadecylsilica,

eluted and fractionated by HPLC. As shown in Figure IV-1A, two

major radioactive species were present. Their mobilities

correspond to those of iPA-P (retention time 16.5-17.5 min) and

iPA (retention time 21-22 min). Treatment of a complete enzyme

assay mixture with alkaline phosphatase prior to HPLC gave no

radioactivity in the iPA-P region, but a large amount in the

iPA region (Figure IV-1B). No peaks of activity stable to

alkaline phosphatase were noted at retention times

corresponding to trans-ribosylzeatin, dihydroribosylzeatin or

cis-ribosylzeatin.

Confirmation of the identities of iPA-P and iPA was sought

by immunoaffinity chromatography on a matrix having extremely

high specificity for cytokinins. An enzyme assay mixture was

applied to immobilized iPA antibody. After extensive washing,

any cytokinins were eluted and examined by HPLC. The eluate
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Figure IV-1. HPLC of cytokinins after either octadecylsilica or

immunoaffinity purification. Cytokinins derived from an assay

mixture containing 75 kBq [3H]AMP as acceptor, were adsorbed onto

either ocadecylsilica or immobilized iPA antibody, eluted with

methanol and fractionated by HPLC.
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contained only two radioactive species. Their retention times

were identical to those of authentic iPA-P and iPA (Figure

IV-1). The bulk of the radioactivity was present in iPA-P

(73-84% of the total), while the remainder (12-27%) was present

in iPA.

DMA transferase properties

Having established the presence of DMA transferase

activity in extracts of 15955/01, some of the properties of the

enzyme were determined. It exhibited an absolute requirement

for AMP as acceptor. When either [

3
H]adenosine (Figure IV-2B)

or [

3
H]adenine (Figure IV-2C) were substituted for AMP,

radioactivity was distributed throughout the HPLC gradient.

Treatment of assay mixtures with alkaline phosphatase prior to

chromatography resulted in chromatograms (Figures IV-2E,F) in

which much of the radioactivity was no longer retained on

octadecylsilica and where there was no increase in

radioactivity in peaks corresponding to known cytokinins.

Since most of the radioactive peaks were not present

consistently, either before or after treatment with alkaline

phosphatase, they probably do not represent incorporation of

labeled material into cytokinins.

To confirm the requirement for AMP (and not adenosine or

adenine) as substrate, DMA transferase assays were supplemented

with increasing concentrations of unlabeled AMP, adenosine or
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Figure IV-2. Study of substrate specificity of DMA transferase

from 15955/01. In addition to buffer and DMAPP, each assay

mixture contained either (A,D) 30 nM [
3
H]AMP, (B,E) 30 nM

[

3
H]adenosine or (C,F) 30 nM [

3
H]adenine. After incubation, one

set (A,B,C) was analyzed directly by adsorption onto

octadecylsilica followed by HPLC. The other set (D,E,F) was

treated with alkaline phosphatase prior to analysis.
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adenine and any decrease in incorporation of [

3
H] into iPA was

measured. The results are shown in Table IV-1. As expected,

an increase in the amount of unlabeled AMP caused a decrease in

incorporation of label into iPA. Addition of adenosine or

adenine, even at 600 uM, caused no significant decrease in

incorporation.

The inability of DMA transferase to use other side chain

donors or acceptors is shown in Table IV-2.

Iso-pentenylpyrophosphate was not a substrate, nor were ADP,

ATP or cAMP. The addition of other nucleotides (GMP,IMP) had

little or no effect on [

3
H]iPA synthesis and we conclude,

therefore, that the natural substrates for DMA transferase from

crown gall are DMAPP and AMP.

The inhibitory ability of a number of metal ions and

phosphate was tested. Table IV-3 contains the results.

Cobalt, copper, iron and zinc ions were strongly inhibitory at

10 mM. Phosphate was also an effective inhibitor at the same

concentration, but other ions had little effect.

DMA transferase activity in characterized crown gall tumors

Crude DMA transferase activities were estimated (using

either immunoaffinity or octadecylsilica techniques) in a

series of cloned tobacco crown gall tumor lines (A6S/2,

B
6
806/E9, 15955/1 and 15955/01) and in one untransformed

tobacco callus line (XSR) Table IV-4. Previous measurements of



75

Table IV-1. Tect of unlabeled AMP, adenosine or adenine on
synthesis of [ H]iPA by DMA transferase. Assay mixtures
contained 30 nM [ H]AMP (75 kBq), 0.67 mM DMAPP and DMA
transferase (from 1 gm 15955/01) and were supplemented with
unlabeled AMP, adenosine or adenine. Synthesis of [ H]iPA was
measured by HPLC after incubation and treatment with alkaline
phosphatase.

Unlabeled Substrate
Concentration

(uM)

Tritium incorporation into iPA (cpm)

+ AMP + Adenosine + Adenine

0 6987 6987 6987

0.06 1715 4816 4493

0.6 643 4685 5523

6 80 4573 4667

60 8 4541 nda

600 0 4677 nd

a
Not determined.
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Table IV-2. The effect of alternative substrates and sompetitors
on synthesis of iPA. Assay mixtures contained 30 nM [ 11]AMP,

0.67 mM DMAPP (or iPPP), enzyme (from 1 gm 15955/01) and various
potential competitors. Incorporation of tritium into iPA was
measured as above.

Side Chain

Donor

Competitor iPA Synthesized

Added (60 nM) (fmol)

DMAPP
a

227

IPPP
a

0

DMAPP ADP 220

DMAPP ATP 245

DMAPP cAMP 232

DMAPP GMP 276

DMAPP IMP 173

a No unlabeled AMP added (1 fmol = 42 cpm).
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Table IV-3. Inhibition of DMA transferase. Various ions were
included in the assay mixture at 10 nM. Other parameters were
identical to those described in Table IV-1. Mixtures were
treated with alkaline phosphatase prior to HPLC.

Addition (10 mM) Percent inhibition of iPA synthesis

None

Co
2+

Fe
2+

Cu
2+

Zn
2+

HP042

Mn
2+

Ca
2+

a

90

96

82

75

68

20

-11

a
227 fmol synthesized = 9568 cpm.
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Figure IV-4. DMA transferase activity in crown gall tumor lines.
Assays were as described in Table IV-1 with the addition of DMA
transferase from 2 g tumor. One set was analyzed by
immunoaffinity-HPLC; two sets by octadecylsilica-HPLC. The
results were essentially identical.

Tissue Line DMA Transferase Specific Activity

(Ua/g fresh wt.) (U/mg protein)

XSR 0 0

A6S/2 0.50 ± 0.1 1.96 ± 0.72

B
6
806/E9 4.23 ± 0.77 6.57 ± 0.92

15955/1 1.20 ± 0.10 2.70 ± 0.30

15955/01 2.43 ± 0.49 5.73 ± 1.00

a
1 U is 1 fmol (iPA-P + iPA) synthesized/min at 22 °C
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the cytokinin levels of these lines gave values ranging from

very high (15955/01) to almost undetectable (XSR) (Akiyoshi and

Morris 1984). No significant DMA transferase activity was

detected in extracts of XSR, but enzyme activity was present in

each of the tumor lines. The highest activity was observed in

line B
6
806/E9, the lowest in line A6S/2. There was, however,

no direct correlation between DMA transferase activity and

endogenous tumor cytokinin content. For example, although the

two single TL copy number tumors, A6S/2 and 15955/1, both had

low DMA transferase activities and cytokinin levels and

although 15955/01 had high TL DNA copy number, elevated

cytokinin content and high DMA transferase activity, tumor

B
6
806/E9 was an exception. It had lower cytokinin levels and

TL copy number (comparable to those of A6S/2 or 15955/1) but

had a DMA transferase activity somewhat higher than that of

15955/01.
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DISCUSSION

The data presented here show that crown gall tumors

contain an enzyme, DMA transferase, which catalyzes the

transfer of the dimethylallyl group from DMAPP to AMP to form

iPA-P. Significant amounts of iPA are also formed, presumably

by dephosphorylation of iPA-P. Identification of the iPA-P and

iPA was based upon their adsorption to a highly specific

immobilized iPA antibody (MacDonald and Morris 1984) and

subsequent characterization by HPLC. The use of immunoaffinity

columns in conjunction with HPLC has previously been shown

(Morris et al. 1982; Akiyoshi et al. 1983) to be an effective,

sensitive and highly specific means of cytokinin identification

and analysis.

DMA transferase was first reported in Dictyostelium

discoidium, where it may be part of the discadenine

biosynthetic pathway (Taya et al. 1978). Chen and Melitz

(1979) found a similar enzyme in habituated tobacco callus.

For both enzymes, the substrates were DMAPP and AMP and the

product was iPA-P. A somewhat different enzyme was found in

untransformed tobacco callus (Nishinari and Syono 1980).

Unlike the enzymes from Dictyostelium or habituated tobacco

callus, the untranformed tobacco enzyme was reported to use

adenosine as acceptor although adenine and AMP were also
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substrates but gave lower amounts of cytokinins. The substrate

requirements of the crown gall enzyme reported here resemble

those of the enzymes described by Taya et al. and by Chen and

Melitz, rather than that described by Nishinari and Syono. The

preferred donor of the crown gall enzyme is DMAPP and its

preferred acceptor is AMP. If adenine, adenosine, ADP or ATP

are used as acceptors, or if iPPP is used as side chain donor,

no cytokinins are synthesized. The substrate specificity,

taken together with the sensitivity pattern to metal ions,

indicates that the enzyme is very similar in properties to that

derived from habituated tobacco callus, although it may well be

of bacterial rather than plant origin, as discussed below.

Cytokinin overproduction is a general characteristic of

crown gall tumors (Einset 1980; Scott et al. 1980a; Weiler and

Spanier 1981; Amasino and Miller 1982), but a molecular

explanation for elevated levels has not been put forward. The

demonstration here of DMA transferase in all crown gall tumors

provides such an explanation. DMA transferase activity

(measured in semi-purified extracts) correlates absolutely with

transformation to the tumorous condition, although it does not

corelate linearly with either the total cytokinin content of

the tumors or with the T-DNA copy number. Exact linear

correlation might, perhaps, not be expected in view of the
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difficulty of measurement and interpretation of enzyme

activities in semi-purified extracts.

DMA transferase was not detected in untransformed tobacco

callus (XSR). Since Nishinari and Syono reported adenosine to

be a good substrate for their enzyme in untransformed tobacco

callus, we tested the possibility that it might have been a

substrate for a putative enzyme in XSR. No activity was

detected (data not shown).

The data are consistent with previous findings which

correlated DMA transferase activity with the presence of a

functional tmr locus within the T-region (Morris et al. 1982;

Akiyoshi et al. 1983). Inactivation of the tmr locus by

transposon (Tn5) mutagenesis results in reduced tumor cytokinin

levels and in low DMA transferase activity. It is therefore

likely that endogenous cytokinin levels in crown gall tumors

are regulated, as was suggested in the accompanying paper, by

the T-DNA copy number and more specifically, by the existence

of a functional tmr locus. The tmr locus could code for DMA

transferase, or it could specify a regulatory element, which in

turn modulates the host's endogenous DMA transferase activity.

Which of these explanations is correct must await the result of

further experiments.
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CONCLUSIONS

Direct evidence is provided which suggests that the T-DNA

contains genes involved in the regulation of endogenous

phytohormone levels in crown gall tumors. The evidence also

strongly supports the direct correlation between

cytokinin/auxin ratios and tumor morphology as described by

Skoog and Miller (1957). Specifically, the tms mutants contain

high cytokinin/auxin ratios which promote shoot proliferation,

while the tmr mutants have low cytokinin/auxin ratios which

favor root proliferation.

The cytokinin levels were measured in five octopine crown

gall tumors with varying TL and TR DNA copy numbers. The

results suggest high TL DNA copy number (15955/01 line) is

associated with an elevation of cytokinin levels. In

particular, the trans-ribosylzeatin level in 15955/01 is

elevated 15 to 70 times compared to the other tumor lines. No

trans-zeatin-9-glucoside, dihydrozeatin, dihydroribosylzeatin,

cis-zeatin or cis-ribosylzeatin are detected in 15955/01. The

results of this study also support the general rule that crown

gall tumors are characterized by an elevation of phytohormone

levels relative to untransformed tobacco tissue.

Regulation of the first proposed step in the non-tRNA

mediated biosynthesis of cytokinins in crown gall tumors was
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examined. The data supports the involvement of the T-DNA in

the regulation of cytokinin metabolism. The enzyme, DMA

transferase, which catalyzes the transfer of the isoprenoid

side chain to the N
6
position of adenine derivatives, was

partially purified and characterized from 15955/01. When

supplied with DMAPP and AMP, the enzyme catalyzes the

biosynthesis of iso-pentenyladenosine 5'-monophosphate,

together with a small amount of iso-pentenyladenosine. DMA

transferase activity is also detected in the other crown gall

tumor lines examined, but not in untransformed tobacco tissue.

With one exception, enzyme activity is associated with the

cytokinin level of the tumor line, i.e. 15955/01 has both high

DMA transferase activity and cytokinin level, while 15955/1 and

A6S/2 both have low enzyme activity and cytokinin levels. The

one exception, B6806/E9, has high enzyme activity but low

cytokinin level, suggesting that multiple factors are involved

in the regulation of DMA transferase activity.

In another study, DMA transferase activity was estimated

in tumors having altered morphologies to determine if enzyme

activity was associated with endogenous cytokinin level. The

specific activity (defined as the incorporation of 1 pmole

[

3
H]AMP into iPA after 8 hr at 25 °C per mg total protein) of

DMA transferase in the tumors maintained in culture are:

untransformed tobacco tissue, 2; tmr (149) line, 1; tms (X69)
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line, 19 and tml (164) line, 17 (Morris et al. 1982). The

results of this study confirm that high DMA transferase

activity is associated with high cytokinin level.

Thus, at least two T-DNA loci, tmr and tms, are involved

in phytohormone regulation in crown gall tumors. Since several

cloned tms mutants have demonstrated an auxin requirement for

growth, the tms locus is probably involved with auxin

regulation (Binns et al. 1982; Joos et al. 1983). The tmr

mutants have depressed trans- ribosyizeatin levels (Akiyoshi et

al. 1983) suggesting that the tmr locus is possibly associated

with cytokinin metabolism. Also, some cloned tmr mutants

require cytokinin for growth (Joos et al. 1983).

However, there is no direct evidence indicating that the

tmr and tms loci encode (i) new cytokinin and/or auxin synthase

enzymes or (ii) regulatory proteins which alter the regulation

of the normal plant's phytohormone metabolic pathways; although

they presumably must do one or the other. Since the

iso-pentenyladenosine level is elevated in the 15955/01 tumor

line and in the tms mutants, it is possible that the tmr locus

encodes for DMA transferase because this enzyme activity is

higher in these lines compared to other tumor lines with low

cytokinin levels and in untransformed tobacco tissue.

Alternatively, the tmr and tms loci may encode proteins

which can alter the regulation of the normal plant cell's
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phytohormone pathway; thereby, creating a hormonal imbalance.

It is also not clear if the tmr and tms loci are independent of

each other or if the gene product(s) of one locus influence the

expression and/or regulation of a gene product from the second

locus. Another possibility is the tmr and tms loci, instead of

encoding regulatory or synthetic enzymes, encode for proteins

which regulate phytohormone metabolism at the molecular level.

For example, these proteins may represent DNA binding proteins,

ribosomal binding proteins or other proteins which permit more

efficient transcription and/or translation of specific plant

genes, especially those involved in phytohormone metabolism.

Thus, in summary (i) evidence is provided which

demonstrate that the tmr and tms loci are involved in

phytohormone regulation, (ii) DMA transferase activity is

detected in crown gall tumors, but not in untransformed tobacco

tissue and (iii) in general, high enzyme activity is associated

with high cytokinin content.

Note added in proof

Recently, the tmr (Akiyoshi et al. 1984) and tms-2

(Schroder et al. 1984) genes have been demonstrated to encode

DMA transferase and indole-3-acetamide hydrolase, respectively

by cloning the genes into plasmid vectors and examining their
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expression in E. coli. The function of the tms-2 gene was also

independently confirmed by Inze et al. (1984).
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