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A B-glucoside encoded by a cloned Zea mays complementary DNA (Zm-p60. 1) cleaved
the biologically inactive hormone conjugates cytokinin-O-glucosides and kinetin-N3-
glucoside, releasing active cytokinin. Tobacco protoplasts that transiently expressed Zm-
p60.7 could use the inactive cytokinin glucosides to initiate cell division. The ability of
protoplasts to sustain growth inresponse to cytokinin glucosides persisted indefinitely after
the likely disappearance of the expression vector. ihthe roots of maize seedlings, Zm-
p60.1 was localized to the meristematic cells and may function in vivo to supply the
developing maize embryo with active cytokinin.

Inactive phytohormone conjugates are
abundant in plant tissues (1, 2), but their
normal biological functions remain ob-
scure. The apparent physiological activity
of any particular conjugate correlates with
its rate of hydrolysis in plant tissues (I, 2).
The bacterial pathogen Agrobacterium rhizo-
genes may promote abnormal development
in plants through the action of its ro/C
oncogene, which encodes a B-glucosidase
that can release free cytokinin from inactive
conjugates (3). Despite this demonstra-tion
that phytohormone conjugates can be
exploited to modify plant development, we
lack knowledge about hydrolases in normal
plants that are capable of releasing phyto-
hormones (4).

In the young seedling, the appearance of
free forms of auxin, cytokinin, and gibber-
ellin is correlated with a marked decrease in
the abundance of their conjugates in the
endosperm (4). In maize seedlings, auxin
and cytokinin appear to be transported as
conjugates from the endosperm to the em-
bryo, where they are activated by hydrolysis
to the free phytohormones (5, 6). Here, it
is shown that cytokinins may be released in
this system by a p-glucosidase, Zm-p60,
recently purified from maize seedlings (7).

A partial amino acid sequence of Zm-
p60 facilitated isolation of a complementary
DNA (cDNA) clone, Zm-p60./ (Fig. 1
(8). The deduced amino acid sequence of
the protein encoded by the Zm-p60.1
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c¢DNA matched 110 of the 116 known
amino acid residues of Zm-p60 (Fig. 1).
The existence of two or three Zm-p60
isoforms in maize seedlings (7) may account
for the differences in amino acid composi-
tion between Zm-p60 and Zm-p60.1. Max-
imum amino acid sequence identity was
observed between Zm-p60.1 and a family of
glycosidases present in both prokaryotes
(39%, Caldocellum saccharolyticum) and eu-
karyotes (46%, Trifolium repens). The im-
portance of the similarities between prelim-
inary Zm-p60 peptide sequences and rolC,
discussed in (7), remains to be determined
as further peptide sequencing and elucida-
tion of the complete Zm-p60.1 sequence
revealed no significant overall sequence
similarity to the rol/C product of A. rhizo-
genes. It appears, then, that the Zm-p60
family and rolC have distinct phylogenies
despite similarities in their enzymatic activ-
ities. Northern (RNA) hybridization anal-
ysis of maize seedlings revealed a single
mRNA species of approximately the same
size as that of the ¢cDNA species. The

Fig. 1. Amino acid sequence of the 1
Zm-p60.1 cDNA. The deduced se-

quence is denoted by the single- =
letter code (79), and the se-

quenced Zm-p60 tryptic peptides 101
are indicated above the sequence.

The NHa-terminal sequence of a - 151
glucosidase purified from maize by

Esen (21) is identical to resi-dues 20t
55 to 74 of Zm-p60.1; however, the

NH,-terminus we determined for 2!
mature  Zm-p60 isolated from
coleoptiles corresponds to Ser¢0.
The significance of this is unclear,
and as no further sequence data
were provided by Esen, it is not
possible to decide how similar
these two B-glucosidases are. The
nucleotide sequence of Zm-p60.1
cDNA has been submitted to the
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abundance of this transcript was found to be
tightly regulated during the maize life cycle,
with the largest amounts found in the de-
veloping embryo (Fig. 2).

Recombinant Zm-p60.1 expressed in
Escherichia coli (9) showed exactly the same
restricted substrate specificity reported for
Zm-p60 (10). Zm-p60 has no or very low
activity on substrates from several groups of
naturally occurring glycosides, including di-
saccharides involved in plant cell wall deg-
radation (cellobiose and laminiaribiose),
phenolic glucosides (salicin), and flavonoid
glycosides (rutin) (7). Prompted by the pres-
ence of Zm-p60 in young seedlings and by its
original identification through photoaffinity
labeling (7) with an azido derivative of
indoleacetic acid (IAA), we tested whether
common phytohormone conjugates could be
hydrolyzed. We were not able to demon-
strate hydrolysis of TAA-glucose-ester by
Zm-p60, which is consistent with its relative
specificity for the glycosidic bond (7, 11).
However, cytokinin-O-glucosides and kine-
tin-N3-glucoside, but not cytokinin-N7-glu-
cosides or cytokinin-N9-glucosides, were hy-
drolyzed by both recombinant Zm-p60.1
(Fig. 3) and Zm-p60 (10). In plant tissues,
O-glucosides are the major mobilizable con-
jugated form of cytokinin from which active
cytokinins can be released by endogenous
hydrolases (1).

The interesting observation that the
protein encoded by the rol/C gene, but not
Zm-p60.1, is able to hydrolyze zeatin-N7-
glucosides and zeatin-N9-glucosides can be
rationalized with regard to the physiological
roles proposed for each enzyme; cytokinin
glucosylation on N7 and N9 is considered
to be one of the mechanisms of irreversible
cytokinin inactivation in plant cells (1),
and thus Zm-p60.1, an endogenous plant
enzyme, does not attack substances that
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Fig. 2. Northern blot analysis. Total RNA
(20 p.g) was isolated from various tissues (22)
and used for Northern blot analysis (23) with a
32P-labelled DNA probe specific for the 3'
end (nucleotides 1732 to 1947) at 65°C.

accumulate as inactivated end
products under normal physiological
conditions. In contrast, the rolC protein
is part of the mechanism by which the
phytopathogen A. rhizogenes subverts
normal plant development to its own
advantage; there is no obvious reason for
the activity of such an enzyme to be
restricted to those cytokinin glucosides
that are normally mobilizable by the
plant host. The ability to hydrolyze N7
and N 9 glucosides, which accumulate
in large amounts in some plant
species, increases the substrate pool for this
enzyme during pathogenesis and may
simultaneously remove one of the
plant's means of compensating for
abnormally increased cytokinin levels.

To assess the biological significance of the p-
glucosidase activity observed in vitro on
cytokinin-O-glucosides and kinetin-N3-
glucoside, we expressed Z m-p60.1
transiently in tobacco mesophyll protoplasts.
The induction o f cell division in tobacco
proto-plasts is dependent on an exogenous
supply of cytokinin (12, 13). Transfection
with Zm-p60.1 expressed from a cauliflower
mosaic virus 35S promoter (14) caused a transient
increase in the p-glucosidase activity of the
protoplasts (from about 0.6 to 25 nmol mg?!
min! assayed on the general p-glucosidase
substrate 4-itrophenyl-p-D-glucopyranoside).
Protein immunoblot analysis confirmed that the p-
glucosidase synthesized in the protoplasts was
identical in size to the Zm-p60 isolated from maize
(10). This experiment revealed that the endogenous
B-glucosidase activity of tobacco protoplasts is
relatively low. Figure 4 shows that transfected
protoplasts that produced Zm-p60.1 were able to
use the exogenously supplied zeatin-O-glucoside
(ZOO) or kinetin-N3-glucoside to activate cell

Fig. 3. Enzymatic activity A
of recombinant Zm-p60.1.
Thin-layer chromatogra-
phy (TLC) of the products
of glucosidase assays ® o
was performed with re- %
combinant Zm-p60.1 iso-

lated from E coli strain

BL21 (DE3) (20) contain- .
ing the Zm-p60.1 expres-

sion plasmid pET3x::Zm-

p60.1 (9. (A Lane 1,

zeatin; lanes 2 and 3,

B
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ZOG; lanes 4 and 5, zeatin-O-B-glucoside riboside; lanes 6 and 7, zeatin-7-8-glucoside; lanes 8 and
9, zeatin-9-B-glucoside; lanes 10 and 11, kinetin-3-a-glucoside; lanes 12 and 13, kinetin-3-3-
glucoside; lanes 14 and 15, kinetin-9-B-glucoside; lane 16, kinetin; without (lanes 1, 2,4,6, 8,10, 12, 14,
and 16) and with (lanes 3,5,7,9, 11,13, and 15)1 mU of enzyme. B) Hydrolysis of K3G is more clearly
seen on prolonged incubation. At the times indicated (in minutes), aliquots were withdrawn for TLC
analysis. Lane K kinetin; lane K3G, kinetin-3-8-glucoside.

Fig. 4. Transient expression of
Zm-p60.1 in tobacco protoplasts
led to the formation of calli in
culture media containing
cytokinin-glucosides. Protoplasts
(0.8 x 10°) transfected (75) with
pRT101::Zm-p60.1 DNA (+) or
pRT101 (-) were plated in 1 ml of
medium supplemented with ZOG
(A) or kinetin-N3-glucoside (B)
at the concentrations (mglliter)
indicated, cultured for 1 week in
the dark, and for a further 3
weeks embedded in agarose.
The control was protoplasts
treated as above, except kinetin
was used (0.2 mglliter) instead
of cytokinin-glucosides.
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division whereas the control protoplasts
divided only exceptionally and showed
morphological changes typical of cytokinin
deficiency. These observations have now
been confirmed with protoplasts derived
from stable transformants expressing Zm-
p60.1, and in further transient expression
experiments, concentra-tions as low as
0.005 mg/liter of ZOG and 0.002 mg/liter
of free zeatin sufficed to pro-mote cell
division (10).

Calli that arose from protoplasts tran-
siently transfected with Zm-p60. 1 appeared
to grow on ZOO indefinitely [more than 6
months and long after transient expression
would normally be expected to have ceased
(15)]. Furthermore, the frequency of micro
callus formation under optimal conditions
was indistinguishable from that of controls
supplied with free cytokinin; this far ex-

Control

ceeded the frequency o f stable transforma-
tion expected with the use o f supercoiled
plasmid DN A with our transfection method
[about 0.01 to 0.1% o fsurviving protoplasts
(15, 16), with the prediction o f no more
than about 10 to 100 stable transformants
per plate]. Nonexpressing microcalH may
have been supplied with free cytokinin that
was liberated into the medium from trans-
formed cells. When tested, only 27% of
microcalli appeared to obtain cytokinin in
this way, which suggested that the amount
o f cytokinin in the medium was insufficient
to explain the frequency o f callus formation
and the sustained growth (17).

The high frequency at which calli were
formed and their indefinite growth on ZOG
may have resulted from the induction of
endogenous [-glucosidase activity or from

2



Fig. 5. Zm-p60.1 distri-
buton n the maize
seedling root. Shown are
longitudinal  (A) and
cross sections C to G
at various distances
from the root cap bound-
ary (rcb) stained with an-
tisera raised against re-
combinant  Zm-p60.1.
Preimmune sera weakly
stained similar sections
only n the epidermis
10). (A) Staining was
seen h the youngest
cells of the root cap and
in the epidermis, cortex,
and stele beyond the im-
mediate periphery of the
quiescent center. Maxi-

Rootcap Q%Egéerm Epidermis Cortex  Stele

mum staining intensity
coincided with the re-
gions of maximum mer-
istematic activity in each
tissue [depicted sche-
matically n (B) by stip-
pling; based on informa-
tion in (18)). The staining
of the stele and cortex
faded to background
levels a the most distal
point of the section
shown here and n the
quiescent center. Both
staining and cell division
in the epidermis extend
further from the rcb than
n other tissues (mag-
nification, x 100; bar =
200 pm);, (€) 100 pm
from rcb (magnification,
x200); (D) 500

pum from
rcb (x100); (E) 1000 pm from rcb (x100); (F) 1500 um from rcb (x100); and (G) beyond the tip
(approximately 8000 pm from rcb) in the mature, mitotically inactive region of the root (x100).

the acquisition of cytokinin independence
(habituation) by the microcalli after tran-
sient expression. When tested, untrans-
formed tobacco protoplasts cultured in ki-
netin-containing media for various lengths
o ftime acquired the ability to grow on ZOO
(0.02 mg/liter) within 3 to 7 days (coincid-
ing with an increase in their f-glucosidase
activity) but ceased to develop when kine-
tin was withdrawn. Furthermore, calli re-
generated on ZOO after transfection of
protoplasts with Zm-p60.1 were similarly
dependent on an external cytokinin source
for continued growth (10). Thus, it ap-
peared that developing calli acquired the
ability to efficiently use ZOO but did not
become habituated for cytokinin.

W e then analyzed the distribution of
Zm-p60.1 in the maize root tip relative to
the regions active in cell division, growth,
and differentiation. Immunocytochemical
analysis of sections o f 3-day-old roots (Fig.
5) revealed that Zm-p60.1 was restricted to
zones o f active cell division in the root tip

(18). The slowly dividing quiescent center
was barely stained, whereas the actively
dividing meristematic cells derived from
epidermal, cortical, and stele initials were
all heavily stained. This distribution of
Zm-p60.1 agrees with observations that cy-
tokinin-O-glucosides are generally not
cleaved in all parts of the root during
transport from the endosperm (6).

The distribution and activities of Zm-
p60.1 support a biochemical model pro-
posed (6) to explain how maize embryo
cells are supplied with free cytokinin. We
suggest that in maize root meristems, Zm-
p60 liberates free cytokinins from the exog-
enous supply of cytokinin-O-glucosides ar-
riving from the endosperm and consequent-
ly maintains meristem activity.
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