permutation may have played a role in the
evolution of these RNAs. Some RNA folding
motifs may have evolved with very different
termini prior to a rare event where a circular
RNA intermediate is formed and cleaved at a
different location to result in circularly per-
muted RNA. Subsequent reverse transcrip-
ton could convert the circularly permuted
motif back into DNA. Such events may ex-
plain the appearance of circularly permuted
tRNA-like motifs in other RNAs or may
suggest that tRNA itself originally appeared
as a circularly permuted isomer.
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Viviparous Leaves Produced by Somatic Activation of
an Inactive Cytokinin-Synthesizing Gene

JuaN Josk EsTrRUCH, ELs PRINSEN, HARRY VAN ONCKELEN,

JEFF SCHELL, ANGELO SPENA*

Tobacco plants that are somatic mosaics for expression of a cytokinin-synthesizing
gene have viviparous leaves. Such a formation of shoots in an abnormal position
represents a significant deviation from the usual organization of the plant body where
a central axis produces shoots only in the axils of lateral leaf appendages and according
to a precise phyllotactic pattern. This report links vivipary to the expression of a gene
whose product is involved in the synthesis of the phytohormone cytokinin.

' NDER NATURAL PLANT GROWTH

| | conditions, leaves that form adven-
titious buds on their surfaces or

edges are said to be viviparous (1, 2). De-
pending on the plant species, this manifes-
tation of totipotency of differentiated leaf
cells is a phenomenon occurring either as
part of a normal developmental process (3,
4) or as a teratological event (1). Knowledge
of the underlying cellular mechanisms is

-scant. We report here that vivipary is ac-

quired by tobacco leaves that are somatic
genetic mosaics for the expression of a cyto-
kinin-synthesizing gene.

In culture with added growth regulators,
leaf explants of several species express new
developmental patterns (5). In particular,
cytokinins are routinely used to regenerate
plants from explants (5). Expression of cy-
tokinin in vivo was altered here with the use
of the crown gall ipt gene. Crown galls are
neoplastic plant tissues resulting from the
transfer and expression of oncogenes carried
on a transferable DNA segment (T-DNA) of

J. J. Estruch, J. Schell, A. Spena, MPI fiir Ziichtungsfors-
chung, Carl-von-Linne weg, 10, 5000 Koln 30, Germany.
E. Prinsen and H. Van Onckelen, UIA, Univer-
siteitsplein, B-2610 Antwerpen (Wilrijk), Belgium.

*To whom-correspondence should be addressed.

the Ti plasmid of the bacterial pathogen
Agrobacterium tumefaciens. One of these onco-
genes, ipt, codes for an isopentenyltransferase,
which is involved in cytokinin synthesis (6).
Expression of the ipt gene under the control
of the 358 RNA promoter from cauliflower
mosaic virus (CaMV) increases the cytokinin
content up to 137 times in transgenic shoots
of Nicotiana tabacum, N. rustica, and N. plum-
baginifolia (7). These shoots exhibit loss of
apical dominance and are unable to root (7,
8). The ipt gene under control of inducible
(9-11) or tissue-specific promoters (12) cir-
cumvents the inhibitory effect of high endog-
enous levels of cytokinin on root formation.
However, most inducible promoters have a
low basal level of constitutive expression, and
tissue-specific promoters have localized
expression occurring only after differentia-
tion, limiting the study of the influence of
cytokinins on plant development.

We have inserted the maize transposon
Ac (13-16), into the untranslated leader
sequence of the 35S-ipt gene to inactivate
the ipt gene (Fig. 1). Somatic transposon
excision subsequently reactivates expression
of the 35S-ipt gene. Whereas early excision
events are expected to generate teratoma-
like tissues unable to form roots, excision
events taking place late in plant development
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should be compatible with plant regenera-
tion and result in somatic genetic mosaics
composed of clonal populations of cells ex-
pressing the ipt gene intermixed with cells
that do not express it. With the use of
somatic genetic mosaics, the effect of cyto-
kinin content, whether synthesized locally or
transported from other tissues, on the devel-
opment of a clonal population of cells can be
studied in plants. We have shown that an
increased amount of cytokinin triggers
shoot formation on leaves in planta.
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1kb

Fig. 1. The transposon-split 35S-ipt chimeric
gene. The Ac transposon (15, 16) was inserted
between the 35S RNA promoter from CaMV
and the ipt coding region. The entire construction
is located between the Eco RI and the Hind III
sites of the binary vector pPCV002 (25). The
small arrow indicates the direction of Ac tran-
scription. Abbreviations: P35S, CaMV 35S pro-
moter; By and By, left and right border sequences
of vector T-DNAs; Pgg, truncated promoter of
T;-DNA gene 5; Pyos, promoter of nopaline
synthase gene; pAocs, polyadenylation sequence
of octopine synthase gene; npt-II, neomycin phos-
photransferase gene of transposon Tn5; B, Bam
HI; Bg, Bgl II; E, Eco RI; H, Hind III; K, Kpn
I; and X, Xba I.

Table 1. Cytokinin levels (+SE) in 35S-Ac-ipt
transgenic tobacco plants. Plant material was
homogenized in 75% methanol and 100
becquerel of H3-zeatin-riboside dialcohol (ZRD)
were added for recovery purposes. After
centrifugation, the extract was passed through an
RP-C18 column, evaporated in vacuo and
dissolved in 35% ethanol. Ant-ZR radio-
immunoassays (RIA) were performed as
described in (22) with slight modifications. Anti-
ZR-chicken egg yolk antibodies used were
purified by thiophilic interaction chromatography
(23). Trans-H*-ZRD (40 Ci/mmol) was the
radioactive tracer in the ZR-RIA. Samples were
tested at seven dilutions. Standard curves are
plotted after a logit transformation (24). ZR
equivalents were measured in picomoles per gram
formula weight.

Clone Tissue ZR equivalents
SR1  Nontransformed 36 £15 (n=15)
leaf

Ac-ipt  Altered leaf 131215 (n=3)
12 tissue

Ac-ipt Normal leaf 29+4 (n=4)
12 tissue

Ac-ipt  Altered leaf 12716 (n=6)
5 tissue

Ac-ipt Normal leaf 177 (n=4)
3 tissue

Ac-ipt Teratoma-like 3300 + 400 (n = 4)
5 bud
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Of 80 kanamycin-resistant transgenic
shoots obtained by transformation of tobac-
co leaf disks with the 35S-Ac-ipt construct
(Fig. 1), 39 degenerated into leafy terato-
mas. Twenty were able to form roots in
vitro; however, only eight survived after
transfer to soil. All eight surviving plants
displayed developmental and morphological
alterations such as loss of apical dominance
and leaf blade bulges intermixed with nor-
mal tissue. Four transgenic tobacco clones
managed to set seeds. DNA extracted from
phenotypically altered leaf tissues (Fig. 2, A
and B) showed that these tissues harbored a
reconstituted 35S-ipt gene resulting from
excision of the Ac element from the original
construct. DNA from normal tissue con-
tained only the 35S-Ac-ipt construct (Fig. 2,
A and B). RNA blot analysis demonstrates
the presence of ipt homologous transcripts in
polyadenylated [poly(A)*] RNA extracted
from altered-leaf tissues, but not from normal
parts of tobacco leaves (Fig. 2C). The ipt
protein must be active because the amounts
of cytokinins detected in such altered-leaf
areas are higher than those in nonaltered leaf
areas and those in nontransformed SR1 to-

Fig. 2. DNA and RNA gel blot A
analysis (26) of 35S-Ac-ipt—con-
taining transgenic plants. (A)
Southern DNA hybridization of
tissue from a single leaf from trans-
genic plant clone 35S-Ac-ipt 19.
Lanes 1 and 8, DNA radiolabeled
markers; lanes 2, 4, and 6, Xba I
digests; lanes 3, 5, and 7, Xba I-Eco
RI digests of genomic DNA. Sam-
ples from morphologically normal
transgenic leaf tissue (lanes 2 and
3), control SR1-wild-type leaf tis-
sue (lanes 4 and 5), and altered
transgenic leaf tissue (lanes 6 and
7). The probe was 1.1 kb, specific
for ipt and spanned the ipt coding
and termination regions from the
T-DNA of octopine type plasmid
15955 (29). (B) Southern DNA
hybridization from leaves of a to-
bacco plant obtained as progeny of
a cross between transgenic clone
35S-Ac-ipt 12 and wild-type SR1.
Samples, probe, and lanes as in (A).
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(C) Northern blot analysis of poly "

A* RNA extracted from transgenic
leaves for the ipt RNA. Lane 1,
RNA from clone 4 leaf tissues that
were severely altered (30); lane 2,
RNA from slightly altered leaf tis-
sue (clone —5); lane 3, RNA from
leaf tissue displaying strong alter-
ations- (clone —5); lane 4, RNA
from leaf tssue severely altered
(clone —19); lane 5, RNA from
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bacco leaves (Table 1). These findings indi-
cate that the observed phenotype in leaf me-
sophyll tissue resulted from a somatic genetic
mosaicism for the expression of the ipt gene.

The formation of adventitious buds in
358-Ac-ipt transgenic tobacco leaves may be
caused either by ipt gene expression in the
cell or cells generating the new meristemoids
or by cytokinin produced elsewhere and
transported along the vascular system.
Northern blot analysis shows that ipt gene
transcripts could be detected in six of eight
adventitious buds analyzed (Fig. 2D). Nev-
ertheless, hormonal analysis detected high
amounts of cytokinins in an adventitious
bud (Table 1). Furthermore, exogenous ap-
plication of radioactive cytokinins to the
vascular tissue of leaf petioles resulted in an
accumulation of radioactivity at the tip of
the leaves. Hence, adventitious bud forma-
tion does not necessarily require ipt gene
expression in the actual cells that generate
the bud, but it could be triggered by cyto-
kinin synthesized in other parts of the plant
and transported acropetally. This conclusion
supports the notion that the presence and
not the production of a growth regulator in
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normal-looking leaf tissue from clone —19; and lane 6, RNA from severely altered leaf parts of plant
clone 21. Two micrograms of poly(A)* RNA were loaded on each lane and separated on a 1.2%
agarose-formaldehyde gel (31). (D) Northern blot analysis of total RNA (50 pg) extracted from
adventitious buds of F, progeny of clone 5. The blot was hybridized to the ipt-specific probe. Lane 2
and 7, RNA extracted from teratoma-like buds; lanes 1, 3, and 8 RNA extracted from normal-looking

or (lanes 4, 5, and 6) almost normal-looking buds.
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Fig. 3. Viviparous leaves
in tobacco plants trans-
genic for the transposon-
split  35S-ipt chimeric
gene. (A) vegetative ad-
ventitious buds formed
at the tip and in the mid-
dle of the leaf midrib in
plant clone 35S-Ac-ipt 5.
(B) Shoot grown out of
an adventitious bud at
the leaf tip of plant clone
358-Ac-ipt 6. (C) Scan-
ning electron micro-
graph of the leaf tip of a
viviparous leaf trans-
genic for the 35S-Ac-ipt
construct showing the
emergence of an adventi-
tious bud (ab) at the
midrib tip (mt). The bud
is 0.6 mm’long.

Fig. 4. Ontogenesis of
adventitous buds in an
F, progeny of 35S-Ac-
ipt clone 5. Leaf sections
showing direct organo-
genesis in a leaf. The bar
line represents 0.1 mm.
(A) Subepidermal cells
in proximity of the vas-
cular system divide to
form a meristemoid tis-
sue (arrow). (B) Later
stage than (A), meriste-
moid tissue close to the
leaf surface (x400). (C)
Adventitious bud pri-
mordia. (D) Advent-
tious bud primordia
emerging on the adaxial
surface of the leaf.

a tissue is developmentally relevant.

We first observed vivipary of leaves dur-
ing in vitro growth of two of the 20 35S-
Ac-ipt transgenic shoots. Moreover, four out
of the eight independent plant clones able to
grow in soil (clones 35S-Ac-ipt-5, —6, —12,
and —19) had viviparous leaves (Fig. 3, A
and B). Viviparous leaves were also ob-
served in 20 out of 60 kanamycin-resistant
F1 progeny plants derived by crossing plants
35S-Ac-ipt-5 and —12 with SR1 wild-type
plants. Under our experimental conditions,
not all leaf cells exhibit the potential to gen-
erate a bud. Adventitious buds formed on the
adaxial surface of the leaf vascular system,
usually on midribs at the leaf dp (Fig. 3, A
and C). Similarly, in vitro-induced organo-
genesis usually starts in cells located in the
immediate proximity of veins (17). Histolog-
ical analysis of viviparous leaves (Fig. 4)
showed that adventitious buds arise from the
subepidermal layer of the leaf cells (most
likely parenchyma cells derived from LII),
which agrees with results of other investiga-
tors (18, 19) that adventitious bud histogen-
esis cannot be traced exclusively to epidermal
cells originated from the LI layer.

In plants, cell fate is believed to be deter-
mined by position and not by lineage (20,
21). Cells of the vascular parenchyma of
tobacco leaves do not normally divide, and
are committed to be a component of an organ
with determinate growth. With transgenic
tobacco plants, mosaic for the expression of a
cytokinin-synthesizing gene, we have shown
that cytokinin induces divisions in such cells,
overriding the previous developmental plan
and resulting in adventitious buds.
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Structural Basis for the Activation of Glycogen
Phosphorylase b by Adenosine Monophosphate

STEPHEN R. SPRANG,* STEPHEN G. WITHERS,
EL1zABETH J. GOLDSMITH, ROBERT J. FLETTERICK, NEIL B. MADSEN

The three-dimensional structure of the activated state of glycogen phosphorylase (GP)
as induced by adenosine monophosphate (AMP) has been determined from crystals of
pyridoxalpyrophosphoryl-GP. The same quaternary changes relative to the inactive
conformation as those induced by phosphorylation are induced by AMP, although the
two regulatory signals function through different local structural mechanisms. More-
over, previous descriptions of the phosphorylase active state have been extended by
demonstrating that, on activation, the amino- and carboxyl-terminal domains of GP
rotate apart by 5°, thereby increasing access of substrates to the catalytic site. The
structure also reveals previously unobserved interactions with the nucleotide that
accounts for the specificity of the nucleotide binding site for AMP in preference to

inosine monophosphate.

HE BURST OF CATABOLIC ACTIVITY
that fuels rapid and continuous skel-
etal muscle contraction is sustained
by glycogen phosphorylase (GP). Phospho-
rylase can be independently and coordinate-
ly activated by phosphorylation at Ser'* in
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response to hormonal and neuronal signals
and by binding AMP (1). Phosphorylase
occurs in vivo and in vitro as a stable dimer
of 97.4-kD subunits related by a twofold
axis of symmetry (2). On activation, dimers
assemble into tetramers (1) in which the
catalytic sites are occluded by dimer-dimer
interactions (3). Glycogen is required to
dissociate these tetramers into the fully ac-
tive GP dimers found in vivo (4). The active
state is also induced by sulfate ions (5, 6)
which, at high concentration, mimic the
phosphoserine group and bind to the AMP
and catalytic sites (7).

Phosphorylation of GP (converting phos-
phorylase b, or GPb, into phosphorylase a,
or GPa) is accompanied by a major confor-
mational change in the amino terminus (8),

which, as revealed by the structure of sul-
fate-activated GP, induces a rotation of sub-
units within the functional dimer (3, 7) that
leads to the formation of activated tetra-
mers. The mechanism by which AMP inde-
pendently activates the dephosphorylated
enzyme has not yet been described, since the
only reported structure of the activated
AMP complex (3) was determined from
crystals grown in ammonium sulfate, which
mimics the effects of phosphorylation. Con-
sequently, it is not known whether AMP
alone can induce the rearrangement of the
amino terminus, with which it makes no
direct contact, or promote the same quater-
nary structural changes induced by phos-
phorylation or sulfate jons. In order to
resolve this question, we determined the
structure of the pyridoxalpyrophosphoryl
analog of phosphorylase b (PLPP-GPb) in a
complex with AMP. The B-phosphate of the
PLPP coenzyme analog occupies the sub-
strate (orthophosphate) subsite in the cata-
lytic site. In the absence of ligands, PLPP-
GPb forms dimers. The equilibrium
conformation of this molecule, as measured
by its affinity for adenosine 5'-monothio-
phosphate (dissociation constant Ky = 40
uM), is similar to that of the native dephos-
phorylated enzyme in the presence of satu-
rating glucose-1-phosphate (Ky = 140
uM). Its conversion to the active tetrameric
state requires AMP (9, 10).

The structure of the tetrameric complex
with AMP has been determined by x-ray
crystallography to a resolution of 3.0 A
Orthorhombic crystals (11) of PLPP-GPb
were grown by using polyethylene glycol
8000 as a precipitant. These crystals can
only be obtained in the presence of AMP
and differ from the monoclinic form of GP
grown in 1.0 M ammonium sulfate (7). A
complete set of x-ray diffraction data-to 3.0
A was measured and processed as described
(11) (Table 1). The structure was deter-
mined by molecular replacement, and the
atomic model was refined to a crystallo-
graphic R factor of 0.18 with data between
8.0 and 3.0 A resolution (11) (Table 1).

The four subunits of the PLPP-GPb tet-
ramer are related by noncrystallographic
molecular 222 symmetry as reported for
activated GPb (3). Tetramers ar€ formed by
isologous interaction between dimers. The
average root-mean-square (rms) deviation
between subunits, after superposition of all
equivalent Ca atoms, is ~0.6 A (Table 2)..
Superpositions in which only the B-sheet
core residues (12) of the subunits were used
yielded an rms deviation of less than 0.32 A,
slightly greater than the estimation of coor-
dinate error (0.3 A) by the method of
Luzatti (13). Comparisons among previous-
ly determined phosphorylase structures (Ta-
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