Release of Active Cytokinin by a B-Glucosidase
Localized to the Maize Root Meristem
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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-p60.1 could use the inactive cytokinin glucosides to initiate cell division. The ability
of protoplasts to sustain growth in response to cytokinin glucosides persisted indefinitely
after the likely disappearance of the expression vector. In the 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 (I, 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 0lC
oncogene, which encodes a B-glucosidase
that can release free cytokinin from inac-
tive 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 B-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-p60.1 (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 rolC 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- 51
letter code (79), and the se-
quenced Zm-p60 tryptic peptides 101
are indicated above the sequence.

The NH,-terminal sequence of a 15!
B-glucosidase purified from maize

by Esen (21) is identical to resi- 291
dues 55 to 74 of Zm-p60.1; however,
the NH -terminus we determined
for mature Zm-p60 isolated from
coleoptiles corresponds to Ser€®,
The significance of this is unclear,
and as no further sequence data
were provided by Esen, it is not 44,
possible to decide how similar
these two B-glucosidases are. The 451
nucleotide sequence of Zm-p60.1
cDNA has been submitted to the  so1
European Molecular Biology Labo-

ratory (EMBL) Data Library under  ss1
accession number X74217.
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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 IAA-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 r0lC 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 (I),
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
ng) was isolated from various tissues (22) and
used for Northern blot analysis (23) with a
32p_labeled DNA probe specific for the 3' end
(nucleotides 1732 to 1947) at 65°C.

accumulate as inactivated end products un-
der normal physiological conditions. In
contrast, the rolC protein is part of the
mechanism by which the phytopathogen A.
rhizogenes subverts normal plant develop-
ment 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 N9 glucosides, which accumulate in
large amounts in some plant species, in-
creases the substrate pool for this enzyme
during pathogenesis and may simultaneous-
ly remove one of the plant’s means of
compensating for abnormally increased cy-
tokinin levels.

To assess the biological significance of
the B-glucosidase activity observed in vitro
on cytokinin-O-glucosides and kinetin-N3-
glucoside, we expressed Zm-p60.1 transient-
ly in tobacco mesophyll protoplasts. The
induction of 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 mo-
saic virus 35S promoter (14) caused a tran-
sient increase in the B-glucosidase activity of
the protoplasts (from about 0.6 to 25 nmol
mg~! min~!, assayed on the general B-glu-
cosidase substrate 4-nitrophenyl-B-D-glu-
copyranoside). Protein immunoblot analysis
confirmed that the B-glucosidase synthesized
in the protoplasts was identical in size to the
Zm-p60 isolated from maize (10). This ex-
periment revealed that the endogenous
B-glucosidase activity of tobacco protoplasts
is relatively low. Figure 4 shows that trans-
fected protoplasts that produced Zm-p60.1
were able to use the exogenously supplied
zeatin-O-glucoside (ZOG) or kinetin-N3-
glucoside to activate cell division, whereas
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Fig. 3. Enzymatic activity A
of recombinant Zm-p60.1.
Thin-layer chromotogra-
phy (TLC) of the products
of glucosidase assays
was performed with re- ® o
combinant Zm-p60.1 iso-

lated from E. coli strain

BL21 (DE3) (20) contain- ® ., s
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-B-glucoside; lanes 8
and 9, zeatin-9-p-glucoside; lanes 10 and 11, kinetin-3-a-glucoside; lanes 12 and 13, kinetin-3-B-
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-B-glucoside.

A

0.01

Fig. 4. Transient expression of Zm-
p60.1 in tobacco protoplasts led to
the formation of calli in culture me-
dia containing cytokinin-gluco-
sides. Protoplasts (0.8 x 105) trans-
fected (715) with pRT101::2m-p60.1
DNA (+) or pRT101 (-) were plat-
ed in 1 ml of medium supplemented
with ZOG (A) or kinetin-N3-gluco-
side (B) at the concentrations (mg/
liter) 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.

0.25

the control protoplasts divided only excep-
tionally and showed morphological changes
typical of cytokinin deficiency. These obser-
vations have now been confirmed with pro-
toplasts derived from stable transformants
expressing Zm-p60.1, and in further tran-
sient 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 ZOG 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-
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ceeded the frequency of stable transforma-
tion expected with the use of supercoiled
plasmid DNA with our transfection method
[about 0.01 to 0.1% of surviving protoplasts
(15, 16), with the prediction of no more
than about 10 to 100 stable transformants
per plate]. Nonexpressing microcalli 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
of cytokinin in the medium was insufficient
to explain the frequency of 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 B-glucosidase activity or from



Fig. 5. Zm-p60.1 distri-

bution in 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 in the epidermis
(10). (A) Staining was
seen in the youngest
cells of the root cap and
in the epidermis, cortex,
and stele beyond the im-
mediate periphery of the
quiescent center. Maxi-

mum staining intensity
coincided with the re-
gions of maximum mer-
istematic activity in each
tissue [depicted sche-
matically in (B) by stip-
pling; based on informa-
tionin (78)]. The staining
of the stele and cortex
faded to background
levels at the most distal
point of the section
shown here-and in the
quiescent center. Both
staining and cell division
in the epidermis extend
further from the rcb than
in other tissues (mag-
nification, x100; bar =
200 pm); (C) 100 pm
from rcb (magnification,
%200); (D) 500 pm from

rcb (x100); (E) 1000 wm from rcb (x100); (F) 1500 pm from rcb (x100); and (G) beyond the tip
(approximately 8000 um 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
of time acquired the ability to grow on ZOG
(0.02 mg/liter) within 3 to 7 days (coincid-
ing with an increase in their B-glucosidase
activity) but ceased to develop when kine-
tin was withdrawn. Furthermore, calli re-
generated on ZOG 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 ZOG but did not
become habituated for cytokinin.

We 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 of 3-day-old roots (Fig.
5) revealed that Zm-p60.1 was restricted to
zones of 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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Rice Prolamine Protein Body Biogenesis:
A BiP-Mediated Process

Xingxiang Li,* Yujia Wu, Dian-Zhong Zhang, Jeffrey W. Gillikin,
Rebecca S. Boston, Vincent R. Franceschi, Thomas W. Okitat

Rice prolamines are sequestered within the endoplasmic reticulum (ER) lumen even
though they lack a lumenal retention signal. Immunochemical and biochemical data
show that BiP, a protein that binds lumenal polypeptides, is localized on the surface of
the aggregated prolamine protein bodies (PBs). BiP also forms complexes with nascent
chains of prolamines in polyribosomes and with free prolamines with distinct adenosine
triphosphate sensitivities. Thus, BiP retains prolamines in the lumen by facilitating their

folding and assembly into PBs.

Rice seeds accumulate two types of storage
proteins common to all seeds, glutelins
(globulin-like) and prolamines. Glutelins
are transported into vacuoles through the
Golgi complex, whereas prolamines aggre-
gate within the ER lumen (1)..The mRNAs
that encode glutelins and prolamines are
localized to morphologically distinct ER
membranes in endosperm cells, thus con-
tributing to the asymmetric protein distri-
bution (I, 2). Prolamine transcripts are
enriched on the ER that delimits the pro-
lamine PBs, whereas glutelin mRNAs pre-
dominate on the cisternal ER (2).

Most proteins localized to the ER lumen
have the amino acid sequence Lys(His)-
Asp-Glu-Leu [(K(H)DEL] (or a related se-
quence) near their COOH-terminus, which
serves to retrieve these proteins from an
early Golgi compartment (3). Prolamines,
however, lack this sequence. Prolamine PB

X. Li, Department of Genetics and Cell Biology and
Institute of Biological Chemistry, Washington State
University, Pullman, WA 99164.

Y. Wu and T. W. Okita, Institute of Biological Chemis-
try, Washington State University, Pullman, WA 99164.
D.-Z. Zhang and V. R. Franceschi, Department of
Botany, Washington State University, Pullman, WA
99164.

J. W. Gillikin and R. S. Boston, Department of Botany,
North Carolina State University, Raleigh, NC 27695.

*Present address: Department of Plant Biology, Carn-
egie Institution, 290 Panama Street, Stanford, CA
94305.

tTo whom correspondence should be addressed.

1054

formation may be a consequence of the
high ionic strength environment of the ER
lumen inducing aggregation of the hydro-
phobic protein (4). Alternatively, PB for-
mation may be dependent on specific cellu-
lar factors. One candidate for such a factor
is BiP, a cognate of the 70-kD heat shock
protein (Hsp70) located in the ER lumen.
BiP functions as a molecular chaperone to

Fig. 1. (A and B) Cosed-
imentation of BiP (B) and

facilitate the proper folding or assembly of
newly synthesized polypeptides (5), a pre-
requisite for subsequent protein transport
through the secretory pathway (6). Here,
we show that BiP retains prolamines within
the ER lumen by promoting the folding and
assembly of prolamines into PBs.

We used antibody to maize BiP to quan-
tify amounts of BiP in subcellular fractions
from developing rice seeds (7). A 72-kD
protein, similar in size to the maize BiP, was
detected in subcellular fractions enriched
for cisternal ER and PBs (2). At least 90%
of the BiP present in endosperm cells was
observed in the PB fraction and accounted
for 2 to 4% of the total protein in this
fraction (8). Immunocytochemical localiza-
tion studies revealed that BiP was associat-
ed with the surface of prolamine PBs and
was rarely detected within the cisternal ER,
even those connected to PBs (8). These
quantification and localization results indi-
cate that BiP is asymmetrically localized in
the ER lumen and is primarily associated
with prolamine PBs.

To determine if BiP interacts with pro-
lamines during translocation of the nascent
chains across the ER membrane and subse-
quent folding and assembly of mature poly-
peptides into PBs, we extracted the PBs
with detergent (9, 10) to remove the de-
limiting ER membrane (Table 1). Thirty
percent of the BiP was released by the
detergent treatment and presumably locat-
ed within the lumen (Table 1). Mature
prolamines (14 kD) and BiP in the deter-
gent extract cosedimented in a sucrose den-
sity gradient (Fig. 1A), which suggests that
these proteins were bound to one another.
These complexes ranged in size from slight-
ly larger than the monomeric BiP (72 kD)
to about 400 kD (Fig. 1A). Incubation of

C AP+ - + -
Apyrase'i'ﬁgz

prolamines (P). The de-
tergent extract (9, 10)
was clarified of ribo-
somes by centrifugation
at 200,000g for 2 hours.

The resulting superna-
tant (5 mg of protein)
was then incubated at
25°C for 20 min in the
presence of 10 U of apy-

rase (A) or 5 mM ATP (B)
and then centrifuged on
a 5 to 20% sucrose den-

Fraction 4

12 16

20 Pe

sity gradient at 200,000g for 23 hours at 4°C. Fractions (0.5 ml) were collected and then subjected
to trichloroacetic acid precipitation followed by immunoblot analyses with anti-BiP and anti-
prolamine. Peroxidase (PX, 40 kD), lactic dehydrogenase (LD, 137 kD), pyruvate kinase (PK, 237
kD), and urease (UR, 480 kD) were cosedimented with the rice samples; the locations of their
enzyme activity peaks are indicated by the arrows. Pe, pellet. (C) Coimmunoprecipitation of BiP and
prolamine. The postribosomal supernatant of the detergent extract (1 mg of protein) was incubated
at 4°C for 4 hours with 25 pg of anti-prolamine (lanes 1 and 2) or preimmune serum (lanes 3 and 4),
followed by agarose—protein A in the presence of 10 units of apyrase or 5 mM ATP, as indicated.
Subsequent manipulations were as described (27). The precipitated protein was analyzed by

immunoblot with anti-BiP and anti-prolamine.
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