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Abstract

C4-type phosphenolpyruvate carboxylase (C4PEPC) acts as a primary carbon assimilatory enzyme in the C4
photosynthetic pathway. The maize C4PEPC gene (C4Ppc1) is specifically expressed in mesophyll cells (MC)
of light-grown leaves, but the molecular mechanism responsible for its cell type-specific expression has not been
characterized. In this study, we introduced a chimeric maizeC4Ppc15′-flanking region/β-glucuronidase (GUS)
gene into maize plants byAgrobacterium-mediated transformation. Activity assay and histochemical staining
showed that GUS is almost exclusively localized in leaf MC of transgenic maize plants. This observation suggests
that the introduced 5′ region of maizeC4Ppc1contains the necessarycis element(s) for its specific expression in
MC. Next, we investigated whether the 5′ region of the maize gene interacts with nuclear proteins in a cell type-
specific manner. By gel shift assays with nuclear extracts prepared from MC or bundle sheath cells (BSC), cell
type-specific DNA-protein interactions were detected: nuclear factors PEPIb and PEPIc are specific to MC whereas
PEPIa and PEPIIa are specific to BSC. Light alters the binding activity of these factors. These interactions were not
detected in the assay with nuclear extract prepared from root, or competed out by oligonucleotides corresponding
to the binding sites for the maize nuclear protein, PEP-I, which is known to bind specifically to the promoter region
of C4Ppc1. The results suggest that novel cell type-specific positive and negative nuclear factors bind to the maize
C4Ppc15′-flanking region and regulate its differential transcription in MC in a light-dependent manner.

Abbreviations:BAR, phosphinothricin acetyltransferase; BSC, bundle sheath cell(s); CaMV, cauliflower mo-
saic virus; DTT, dithiothreitol; GUS,β-glucuronidase; MC, mesophyll cell(s); ME, malic enzyme; 4-MU,
4-methylumbelliferone; NOS, nopaline synthase; PEPC, phosphoenolpyruvate carboxylase; PMSF, phenylmethyl-
sulfonyl fluoride; pro, promoter; ter, terminator.

Introduction

C4 plants possess a specialized Kranz-type leaf
anatomy, which contains two distinct photosynthetic
cell types, mesophyll (MC) and bundle sheath cells

(BSC). The C4 dicarboxylate cycle of photosynthetic
carbon assimilation occurs between the two cell types
and acts as a ‘CO2 pump’ to concentrate CO2 in BSC
chloroplasts (for review, see Hatch, 1988; Leegood,
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1997; Kanai and Edwards, 1999). Photosynthetic en-
zymes involved in the C4 pathway are not unique to
C4 plants; their counterparts are also found in C3
plants at low levels. Therefore, it has been suggested
that most of the genes encoding the C4 enzymes had
evolved from the corresponding ancestral genes in C3
plants and that mechanisms responsible for the C4-
specific expression patterns of these genes (high-level
expression, induction by light, and organ- and cell
type-specific expression) had been acquired during the
evolution of C4 plants (Furbank and Taylor, 1995; Ku
et al., 1996).

At least three isozymes of phosphoenolpyruvate
carboxylase (PEPC) have been recognized in C4 plants
(C4-type, C3-type and root-type) (for reviews, see
Chollet et al., 1996; Kuet al., 1996). The C4-type
PEPC (C4PEPC) is a primary carbon assimilatory en-
zyme specifically confined in MC. Only the C4PEPC
gene among the PEPC gene family shows light in-
ducibility and MC-specific expression in leaf. Several
molecular studies have attempted to address the under-
ling regulatory mechanisms of cell type- and tissue-
specific expression of the C4PEPC gene (C4Ppc1).
First, nuclear run-off experiments with nuclei iso-
lated from maize MC and BSC directly demonstrated
that C4Ppc1 is transcribed in MC but not in BSC
(Schäffner and Sheen, 1991). This observation leads
to the supposition that the cell type-specific expres-
sion of C4Ppc1 is regulated at the transcriptional
level. Second, by gel shift assay, at least two bind-
ing sites for leaf-specific nuclear proteins (MNF1 and
PEP-I) have been identified in the promoter region of
C4Ppc1(Yanagisawa and Izui, 1990; Kano-Murakami
et al., 1991; also see Figure 2). However, MNF1 also
interacts with the cauliflower mosaic virus (CaMV)
35S promoter (Yanagisawa and Izui, 1992), and its
specific role in C4 gene expression remains to be
established. Third, homologous transient expression
assay has indicated that two long direct repeated se-
quences including the PEP-I binding site enhance
the transcription of a reporter gene in isolated maize
mesophyll protoplasts (Schäffner and Sheen, 1992).
Schäffner and Sheen (1992) also reported that leaf-
specific expression ofC4Ppc1is mainly controlled by
its 5′-upstream region and the induction by light relies
on light-mediated developmental changes of MC in-
stead of an immediate activation of transcription found
for other maize genes, such as the C4 pyruvate, or-
thophosphate dikinase (PPDK) gene, the chlorophyll
a/b-binding protein gene, and the Rubisco small sub-
unit (rbcS) gene. Fourth, Yanagisawa and colleagues

have earlier cloned two maize cDNAs from the Dof
gene family (Yanagisawa and Izui, 1993; Yanagisawa,
1995). Recently, Dof1 and Dof2 have been shown to
bind to the AAAG motif found in the 5′-upstream re-
gion of C4Ppc1(Yanagisawa and Sheen, 1998). Dof1
is a transcriptional activator while Dof2 acts as a re-
pressor of Dof1-mediated transcriptional activation.
Based on these observations, they proposed a model
for tissue-specific and light-regulated expression of
C4Ppc1mediated by Dof proteins. Fifth, analyses
with transgenic rice plants with an introduced reporter
gene driven by the maizeC4Ppc1 promoter (Mat-
suokaet al., 1994) or an intact maizeC4Ppc1gene
(Ku et al., 1999) have revealed that the necessary
trans-acting factors required for the MC-specific and
light-dependent expression ofC4Ppc1are also present
in rice, a C3 plant.

These observations suggest that the maizeC4Ppc1
possessescis-acting elements necessary for its organ-
and cell type-specific expression, but so far no specific
element has yet been recognized. One of the possi-
ble reasons for this slow progress is the lack of an
efficient stable transformation system for C4 plants,
especially C4 monocots. Recently, anAgrobacterium-
mediated transformation system for maize has been
developed (Ishidaet al., 1996). We have applied
this system to introduce chimeric genes consisting of
the β-glucuronidase (GUS) gene directed by the 5′-
flanking region of the maizeC4Ppc1into maize. GUS
expression analysis of the transgenic maize plants re-
vealed that GUS gene is expressed in a similar manner
to endogenousC4Ppc1(Sheen and Bogorad, 1987;
Hudspeth and Grula, 1989). This observation leads us
to conclude that the introduced 5′-flanking region of
the maizeC4Ppc1containscis-acting element(s) nec-
essary for conferring its C4-specific patterns of gene
expression.

It is possible that the expression ofC4Ppc1is reg-
ulated by binding of cell type-specifictrans-acting
factors on theC4Ppc1promoter, caused by changes
in abundance, localization or affinity of the factors
during development. To test this hypothesis, we ex-
amined the cell type-specific distribution of nuclear
proteins which bind to theC4Ppc15′-flanking region.
In previous gel-shift assays for detection of nuclear
proteins binding to theC4Ppc1promoter, nuclear ex-
tracts were prepared by weakly blending whole maize
leaves (Yanagisawa and Izui, 1990; Kano-Murakami
et al., 1991). Consequently, it is likely that the nuclear
extracts thus obtained might have preferentially come
from MC and only the interaction between MC nu-
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clear proteins and theC4Ppc1promoter was detected.
AlthoughC4Ppc1is expressed only in MC, it is im-
portant to compare the binding activities of nuclear
proteins isolated from MC with those isolated from
BSC in order to gain a complete understanding of cell
type-specific expression mechanisms. In this study,
we have separated mesophyll protoplasts and bundle
sheath strands from maize leaves at different develop-
mental stages for extraction of nuclear proteins. By
gel shift assay, we found that MC- or BSC-specific
nuclear factors bind the 5′-flanking region ofC4Ppc1
which may account for its specific expression in MC.

Materials and methods

Plant material and growth conditions

Wild-type or transformed maize (Zea maysL. inbred
line A188) was grown in a growth chamber with 14 h
of illumination (500µE m−2 s−1) at 28◦C and 10 h
of darkness at 20◦C per day. Plants were fertilized
regularly during growth.

For gel shift analysis, another maize strain (cv.
Golden Cross Bantam T51) was used. Etiolated plants
were grown in vermiculite in the dark at 23◦C for
12 days. For greening plants, the etiolated seedlings
were exposed to continuous white light at an intensity
of about 120µE m−2 s−1 at 26◦C for 17 h. For green
plants, seeds were grown in the growth chamber for
14 days. For isolation of roots, the seeds were grown in
hydroponic culture with Arnon and Hoagland nutrient
solution (Arnon and Hoagland, 1940) for 12 days in
a growth chamber at 28◦C with 16 h of illumination
(white light, 120µE m−2 s−1) and 8 h of darkness per
day.

Construction of chimeric fusion genes and production
of transgenic maize plants

For the PEPC(0.6)-GUS fusion gene construct,
the 5′-upstream region (−571 to +131 relative to
the transcription initiation site) ofC4Ppc1 (Hud-
speth and Grula, 1989) was amplified from maize
(B73 inbred line) genomic DNA by PCR with
two synthetic oligonucleotides (sense primer 5′-
AGACGACTCTTAGCCACAGC-3′, antisense primer
5′-TCGATGGAGTGGTGCTTCTC-3′. The PCR prod-
uct was subcloned into pCR1000 vector, cut withNcoI
(position+80) and treated with mung bean nucle-
ase and Klenow fragment of DNA polymerase I to
change theNcoI site to a blunt end. The clone was

recut withHindIII, and theHindIII-NcoI fragment was
inserted into theHindIII-SmaI site of pBI121 after re-
moval of the CaMV 35S promoter. We confirmed the
junction betweenC4Ppc1and the GUS gene by se-
quence analysis. The construct contained theC4pc1
5′-upstream region from−571 to+81.

The 3′ border of the 5′-upstream DNA fragment
is located just 5′ of the translation initiation site in
C4Ppc1. The insert (C4Ppc1 pro-GUS-NOS ter) of the
modified plasmid was cut out and inserted between the
left border andCaMV 35S pro-BAR-NOS ter) in the
T-DNA region of intermediate vector pSB25 (Ishida
et al., 1996) (Figure 1). The PEPC(1.3)-GUS fusion
gene which contains the 5′-upstream region (−1212
to+83) ofC4Ppc1from maize Golden Cross Bantam
strain was constructed as described previously (Mat-
suoka and Sanada, 1991) and inserted into pSB25.
The 3′ border of the promoter fragment used for the
PEPC(1.3)-GUS gene is located two nucleotides up-
stream to the translation initiation site inC4Pc1. There
are several deletions and substitutions of nucleotides
between theC4Ppc1 5′-upstream regions from the
two maize genotypes (B73 and Golden Cross Bantam)
and the major transcription initiation sites were dif-
ferent to each other (Hudspeth and Grula, 1989; Mat-
suoka and Minami, 1989). These derivatives of pSB25
were introduced toAgrobacterium tumefaciensstrain
LBA4404 (pSB1) that carried a helper plasmid and an
acceptor vector, pSB1 (Komariet al., 1996). Homol-
ogous recombination occurred between the acceptor
vector and the modified intermediate vector.

An Agrobacteriumstrain that carried the hybrid
vector was obtained by screening with spectinomycin
and used to infect immature embryos of maize in-
bred line A188 (Hiei et al., 1994; Ishidaet al.,
1996). The inoculated embryos were cultured on
a phosphinothricin-containing medium, and resistant
calluses were obtained. Plants were regenerated from
the calluses, transferred to soil in pots and grown to
maturity in a greenhouse. Primary transformants were
self-pollinated, and the resulting seeds (T1 plants)
were collected and used for further analyses. Con-
struction of transgenic maize which contains the con-
struct CaMV 35S pro-GUS-NOS terwas previously
described (Ishidaet al., 1996).

GUS assay

Wild-type and T1 transgenic plants were grown to ma-
turity in the growth chamber. For fluorometric assay
of GUS, the plant tissues harvested were ground in the
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Figure 1. Construct of T-DNA region containingC4Ppc1 pro-GUS-NOS terused for maize transformation. The 5′-upstream region (−571 to
+81) of C4Ppc1from maize B73 strain and the 5′-upstream region (−1212 to+83) of C4Ppc1from Golden Cross Bantam strain were used
for PEPC(0.6)-GUS and PEPC(1.3)-GUS constructs, respectively. GUS, coding region of theβ-glucuronidase gene; NOS ter, 3′ signal of the
nopaline synthase gene; CaMV 35S pro, cauliflower mosaic virus 35S promoter; BAR, coding region of the phosphinothricin acetyltransferase
gene; LB, left border; RB, right border.

soluble protein extraction medium (50 mM HEPES-
KOH pH 7.5, 1 mM MgCl2, 1 mM MnCl2, 0.5 mM
EDTA, 5 mM DTT, 5% v/v glycerol) with a mortar
and a pestle at 4◦C. The homogenate was centrifuged
at 12 000× g for 10 min. The supernatant of the
homogenate was used for fluorometric assay of GUS
activity by the method of Jefferson (1987). Protein
concentration in the supernatant was determined by
the method of Bradford (1976) with bovine serum
albumin as a standard.

For measurement of GUS activity in MC and
BSC, mesophyll protoplasts and bundle sheath strands
were isolated by digestion of green leaves from trans-
genic plants according to a previously reported method
(Ohnishi and Kanai, 1983). The MC and BSC prepara-
tions were macerated in the soluble protein extraction
medium at 4◦C, centrifuged, and the supernatant used
for assay of GUS activity. The cross-contamination in
the preparations was estimated by measuring the ac-
tivities of PEPC (Hatch and Oliver, 1978) and NADP-
malic enzyme (ME) (Kanai and Edwards, 1973), the
respective marker enzymes for MC and BSC. The
purity of the MC preparation was estimated by cal-
culating the ratio of NADP-ME activity in the MC
and BSC preparations (Edwardset al., 1979) and that
of the BSC preparation was calculated with values of
PEPC activity in both the preparations.

For histochemical analysis of GUS activity, plant
tissues were harvested and cut into small pieces of
ca. 1 cm. The tissues were embedded in 5% agar and
sectioned with a micro-slicer (DTK-100, Dosaka EM,
Kyoto, Japan). The sections were soaked in histo-
chemical staining solution (50 mM sodium phosphate
buffer pH 7.0, 1 mM 5-bromo-4-chloro-3-indolyl-β-
D-glucuronic acid, 20% v/v methanol) and subjected

to a brief vacuum. After incubation for several hours
at 37 ◦C, 70% ethanol was used to wash the tis-
sues. The stained sections were mounted on micro-
scope slides, and examined and photographed using an
Olympus BH-2 microscope. For histochemical detec-
tion of GUS activity in epidermal cells, small pieces of
leaf blades were directly immersed in the histochemi-
cal staining solution and incubated. After an ethanol
wash, the leaf segments were observed with a light
microscope.

Isolation of mesophyll protoplasts and bundle sheath
strands and preparation of nuclear extracts

Mesophyll protoplasts were isolated by digestion
of well differentiated leaves from etiolated, green-
ing and green plants according to a previously re-
ported method (Ohnishi and Kanai, 1983) except
that 1 mM phenylmethylsulfonyl fluoride (PMSF) and
10 mM 2-mercaptoethanol were included in the diges-
tion medium. Bundle sheath strands were mechani-
cally isolated using a Polytron homogenizer (Agostino
et al., 1989). In brief, leaves were sliced with a
razor blade and blended twice in a precooled blend-
ing medium (0.35 M sorbitol, 25 mM Hepes-KOH
pH 7.5, 2 mM MgCl2, 2 mM potassium phosphate,
2 mM sodium ascorbate) with a Polytron homogenizer
for 30 s at speed 10. The homogenate was then fil-
trated through two layers of Miracloth (Calbiochem,
La Jolla, CA) and washed with an excess volume of
the blending medium to remove cellular extracts from
broken cells. The same blending procedure was re-
peated twice, and the residual bundle sheath strands
on Miracloth were recovered. Both cell preparations
were immediately frozen in liquid nitrogen and stored
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at −80 ◦C until use. The degree of contamination
by MC in the preparations was examined first under
a light microscope (Sheen and Bogorad, 1985). The
contamination was also estimated by measuring the
activities of the marker enzymes PEPC and NADP-
ME. Chlorophyll concentration anda/b ratio were
determined according to Arnon (1949).

Crude nuclei were isolated from the frozen mes-
ophyll protoplasts, bundle sheath strands, roots and
whole leaf blades powdered in liquid nitrogen as pre-
viously described (Suzukiet al., 1994). The frozen
powder was immersed in NIB (1 M hexylene glycol,
10 mM Pipes-KOH pH 7.0, 10 mM MgCl2, 10 mM 2-
mercaptoethanol, 0.5% v/v Triton X-100) and blended
with a Polytron homogenizer. For extraction of nu-
clei from root, 20 mM 2-mercaptoethanol and 5 mM
sodium ascorbate were added to NIB. The condition
for blending the powdered samples with a Polytron
homogenizer was modified according to the samples.
In the cases of MC and roots, the blending procedure
was omitted while the samples of BSC and whole leaf
blades were blended for 30 s at speed 8. The blend-
ing procedure for BSC samples was repeated once.
The homogenates were filtered through a 130µm
nylon mesh and then through a 30µm nylon mesh.
Crude nuclear pellets were harvested by centrifugation
(2000× g, 10 min) and washed twice with NIB and
once with NIB without Triton X-100. The nuclear pel-
lets were suspended in sterile distilled water, and one
fourth volume of 5× nuclear extract buffer (1× NEB
is 15 mM Hepes-KOH pH 7.9, 5 mM MgCl2, 0.5 mM
EDTA, 10% v/v glycerol, 1 mM DTT, 0.5 mM PMSF,
2µg/ml antipain) was added to the suspension. Nuclei
were lysed by adding 5 M NaCl to a final concentra-
tion of 0.4 M, and the mixture was gently stirred at
4 ◦C for 30 min.

After centrifugation at 117 000× g for 1 h at 4◦C,
the supernatant was dialyzed against a dialysis buffer
(15 mM Hepes-KOH pH 7.9, 1 mM EDTA, 100 mM
NaCl, 15% v/v glycerol, 10 mM 2-mercaptoethanol,
0.5 mM PMSF). Insoluble material was removed by
centrifugation at 12 000× g for 10 min, and the ex-
tracts were divided into small aliquots, frozen in liquid
nitrogen and stored at−80 ◦C.

Probe and competitor DNA preparation

DNA fragments I and II containing the 5′-upstream
region ofC4Ppc1from maize Golden Cross Bantam
strain were described previously (Kano-Murakami
et al., 1991). These fragments were labeled with [α-

32P]dCTP using the Klenow fragment of DNA poly-
merase I, purified by Sephadex G-50 spun columns
(ProbeQuant G-50 Micro Columns, Amersham Phar-
macia Biotech) and used as probe DNAs in gel
shift assays. A DNA fragment containing the PEP-
I binding region was produced by subcloning of
synthetic oligonucleotides. In short, oligonucleotides
that spanned both strands of PEP-I binding region
(5′-GACGCCCTCTCCACATCCTGC-3′) were chem-
ically synthesized with a 5′-CCGG-3′ sequence at-
tached to the 5′ end. The synthetic oligonucleotides
were phosphorylated at the 5′ end, annealed together
and cloned into theXmaI site of pBluescript II KS+
plasmid. DNA fragments containing the monomer of
the oligonucleotides were excised withBamHI and
PstI from the recombinants and used as competitor
DNA and gel-shift probes.

Gel shift assays

The standard binding reaction was carried out in a vol-
ume of 12.5µl containing 0.25 fmol of32P-labeled
DNA fragment, 0.5µg nuclear protein extract, 1µg
poly(dI-dC), 15 mM Hepes-KOH pH 7.9, 100 mM
NaCl, 1 mM EDTA, 10% v/v glycerol and 10 mM 2-
mercaptoethanol at 25◦C for 20 min. Of the reactions
10µl was loaded on 4.9% or 5% polyacrylamide gel
in 50 mM Tris, 380 mM glycine, 2.1 mM EDTA and
2.7% v/v glycerol pH 8.5. After electrophoresis (at
8.8 V/cm), the gel was dried and radioactive signals
were detected by a Bio Imaging Analyzer (BAS 2000,
Fujix, Tokyo, Japan).

Results

ChimericC4Ppc1-GUSfusion genes and maize
transformation

To test the transcriptional activity of the maizeC4Ppc1
promoter in transgenic maize plants, two different
lengths of the 5′-flanking regions of the maize gene
(−571 to+81 or−1212 to+83 relative to the tran-
scription initiation site) were fused to the coding
region of the GUS gene linked to the terminator of
the nopaline synthase gene (Figure 1). These two
chimeric genes were designated asPEPC(0.6)-GUS
and PEPC(1.3)-GUS, respectively. The two PEP-I
binding sites are located between−470 and−375
while the MNF1 binding sites are located between
−879 and−804 of the 5′ region of the maizeC4Ppc1



548

Figure 2. Structure of the 5′-upstream region of maizeC4Ppc1. The heavy line represents the maizeC4Ppc1. Large arrows indicate the binding
sites for the nuclear proteins MNF1 and PEP-I which have been identified in maize (Yanagisawa and Izui, 1990; Kano-Murakamiet al., 1991).
The 5′-upstream region ofC4Ppc1also contains GC repeats 1–5 (small arrows; conserved core sequence: 5′-CCCTCTCCACATCC-3′ , and
the PEP-I binding sites coincides with GC repeats 3 and 4. Small arrows a to e below theC4Ppc1line indicate the AAAG motifs which the
Dof proteins can bind (Yanagisawa and Sheen, 1998). Dotted arrows above theC4Ppc1line indicate the 5′ regions used for the PEPC-GUS
constructs. DNA fragments I and II used in gel shift assays are shown below theC4Ppc1line.

from Golden Cross Bantam strain (Yanagisawa and
Izui, 1990; Kano-Murakamiet al., 1991; Figure 2).

A total of 22PEPC(0.6)-GUStransformants, with
GUS activity ranging from 329 to 28 872 pmol 4-MU
formed per minute per mg protein, were obtained and
ten of them were selected for further analysis of tissue
specificity of GUS expression (Table 1) and two of the
transformants were selected for a cell specificity study
(Table 2). In addition, twoPEPC(1.3)-GUStransfor-
mants were obtained and used for tissue specificity
analysis (Table 1). The chimeric genes, along with a
35S(0.8)-GUSfusion gene, were introduced to maize
inbred line A188 with anAgrobacterium-mediated
transformation system, as described previously (Ishida
et al., 1996). All of the primary transformants were
grown in a greenhouse. After self-pollination of the
primary transformants, the resulting T1 progeny were
grown to maturity and used for experiments. All of the
transgenic plants exhibited a normal phenotype.

ChimericC4Ppc1-GUSgenes are expressed mainly
in MC of leaf blades

The distribution of GUS activity in different organs of
the transformants were measured in ten PEPC(0.6)-
GUS, two PEPC(1.3)-GUS and two 35S(0.8)-GUS
plants (Table 1). For PEPC-GUS transgenic plants,
among the tissues tested, leaf blade had the highest
GUS activity with sheath exhibiting less than 3% of
the activity in the leaf blade. Husk leaf, stem, tassel
and root had no or very little GUS activity. Although
the activity of GUS varied considerably among the
transgenic plants, presumably due to differences in
site of insertion, copy number and segregation of the

inserted gene, the expression pattern of GUS among
the organs remains the same. Therefore, it is con-
cluded that transcription from theC4Ppc15′-upstream
region, either 0.6 or 1.3 kb in length, occurs mainly in
leaf blade. In contrast, the 35S promoter from CaMV
was transcribed constitutively in all tissues examined,
while the untransformed maize plants exhibited little
GUS activity.

The cell type specificity of GUS expression in
PEPC-GUS transgenic plants was determined by his-
tochemical analysis of GUS activity using one of the
plants with high-level expression (Figure 3). In leaf
blade, heavy blue staining of GUS was observed only
in MC but no or very low staining was observed in
BSC, epidermal cells or vascular bundles (Figure 3a).
Similar staining patterns were observed in the cross-
sections of leaf sheath (Figure 3b). However, in leaf
sheath, only MC adjacent to BSC exhibited heavy
staining whereas MC located away from BSC showed
weak staining. In great contrast, heavy staining was
observed in both MC and BSC of the 35S-GUS plants
(Figure 3c and d), indicating a constitutive expression
pattern. The PEPC-GUS transgene was also expressed
in stomatal guard cells, with staining heavily con-
centrated in the adjacent sides of the two guard cells
(Figure 3a and e).

To apply quantitative analysis to intercellular dis-
tribution of GUS activity, we assayed the marker
enzymes in separated MC and BSC from maize plants
transformed with PEPC-GUS or 35S-GUS indepen-
dently (Table 2). PEPC and NADP-ME, known to be
specifically located in MC and BSC of maize leaves,
respectively (Kanai and Edwards, 1973), were used
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Table 1. Distribution of GUS activities in various organs of untransformed and PEPC-GUS and
35S-GUS transgenic maize plants.

Plant GUS activity (pmol 4-MU formed per minute per mg protein)

leaf leaf husk stem root

blade sheath leaf

PEPC(0.6)-GUS 3 (1) 9151 212 NDa ND 31

PEPC(0.6)-GUS 3 (2) 11506 165 ND ND 29

PEPC(0.6)-GUS 8-2 (1) 6945 ND 12 5 ND

PEPC(0.6)-GUS 8-2 (4) 17284 568 13 17 37

PEPC(0.6)-GUS 8-2 (7) 11144 219 ND ND 30

PEPC(0.6)-GUS 8-2 (8) 10364 ND 8 17 ND

PEPC(0.6)-GUS 28-1-2 968 37 30 26 68

PEPC(0.6)-GUS 33-2 (4) 22794 179 9 4 29

PEPC(0.6)-GUS 33-2 (8) 28872 278 26 3 29

PEPC(0.6)-GUS 35-1 395 90 31 13 41

PEPC(1.3)-GUS 110 (3) 629 28 15 4 50

PEPC(1.3)-GUS 110 (5) 651 21 14 9 53

35S(0.8)-GUS (1) 211 81 80 343 179

35S(0.8)-GUS (3) 3595 4560 3330 23642 1167

Non-transformant 1 10 41 2 16 20

Non-transformant 2 12 26 2 11 29

Non-transformant 3 11 47 30 19 18

aND, not determined.

to estimate the purity of the isolated cells. Since the
PEPC activities in the BSC preparations were very
low (less than 2% of those in the MC preparations)
and the NADP-ME activities in the MC preparations
were not detectable as compared with their counter-
part cell preparations, it is clear that the degree of
cross-contamination of both cell preparations was very
low. The GUS activities in the BSC preparations from
PEPC-GUS transgenic maize plants were less than
2% of those in the MC preparations. The results sug-
gest that GUS is expressed only in MC and that the
652 bp 5′-upstream region of the maizeC4Ppc1used
in this study is sufficient to direct MC-specific expres-
sion of an introduced reporter gene. In contrast, the
GUS activities in the BSC preparations from 35S-GUS
transgenic maize plants were about 30–40% of those
found in the MC preparations. This result shows that
the constitutive 35S CaMV promoter functions in both
photosynthetic cells in maize leaves, consistent with
previous observations on the transcriptional activity
of this promoter in transgenic maize plants (Gordon-
Kamm et al., 1990; Ishidaet al., 1996). Our results
obtained from both histochemical staining (Figure 3)
and enzyme assay with isolated cells (Table 2) are

in accordance and clearly demonstrate that the maize
C4Ppc1is transcribed in a MC-specific manner.

Preparation of MC and BSC nuclear extracts and
estimation of purity

To investigate whether the cell type-specific expres-
sion of maizeC4Ppc1 is regulated by binding of
cell type-specifictrans-acting factors on the 652 bp
5′-upstream region, we examined the interaction be-
tween the nuclear proteins isolated from both cell
types and the 5′-upstream region ofC4Ppc1by gel
shift assay. Mesophyll protoplasts were isolated enzy-
matically and bundle sheath strands were isolated me-
chanically from etiolated, greening and green leaves
of non-transgenic plants. Etiolated seedlings have al-
ready showed distinct Kranz anatomy but lack the
C4 enzymes (Langdaleet al., 1988). Differential cell
wall toughness of MC and BSC is the same in etio-
lated and greening leaves as in well-developed green
leaves (Sheen and Bogorad, 1985). Although enzy-
matically separated mesophyll protoplasts and bundle
sheath strands gave a high degree of purity for both
cell types (Table 2), mechanical blending of whole
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Table 2. Distribution of PEPC, GUS and NADP-ME activities between MC and BSC preparations from
the PEPC-GUS and 35S-GUS transgenic maize plants.

Plant Cell type PEPCa GUSa NADP-ME

(µmol/min (pmol-4MU formed per (µmol/min

per mg protein) minute per mg protein) per mg protein)

PEPC(0.6)-GUS 8-2 MC 4.35 (100) 22403 (100) NDb

BSC 0.068 (1.6) 377 (1.7) 2.57

PEPC(0.6)-GUS 33-2 MC 3.98 (100) 13001 (100) ND

BSC 0.024 (0.60) 187 (1.4) 1.11

35S(0.8)-GUS 102 MC 10.66 (100) 20215 (100) ND

BSC 0.096 (0.90) 8011 (40) 2.11

35S(0.8)-GUS 131 MC 3.79 (100) 42660 (100) ND

BSC 0.013 (0.34) 13322 (31) 1.01

aThe values in parenthesis are the relative values between MC and BSC for each enzyme activity.
bNADP-ME activities in MC were too low to permit accurate determination of purity.

Figure 3. Histochemical localization of GUS activity in leaves of transgenic maize plants. (a) to (d) Cross sections of leaf blade (a, c) and leaf
sheath (b, d) from PEPC(0.6)-GUS (a, b) or 35S-GUS (c, d) plants were stained for GUS activity. (e) Epidermis containing stomatal guard cells
from a PEPC(0.6)-GUS plant was stained for GUS activity. b, bundle sheath cell; e, epidermal cell; g, guard cell; m, mesophyll cell; v, vascular
bundle. Bars in (a) to (e)= 50µm.
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Figure 4. Changes of intercellular distribution of the nuclear factors
binding to theC4Ppc1promoter regions during greening. Gel shift
assays were performed with individual32P-labeled DNA fragments
I and II from the 5′-upstream region ofC4Ppc1denoted in Figure 2
in the absence (−) or the presence of nuclear extracts (each 1µg of
protein) prepared from MC (M) and BSC (B) of etiolated (Et), 17 h
greening (Gi) and green (Gr) leaves. Electrophoresis was carried out
in a 4.9% gel. F, free probe; CIa, CIb, CIc, CId, CIIa, CIIb and CIIc ,
bound DNA-protein complexes.

leaves was necessary for isolating large quantities of
bundle sheath strands and sufficient nuclei.

The degrees of cross-contamination of the MC and
BSC preparations isolated from green leaves were de-
termined to be less than 2% and 19%, respectively,
as estimated by the activities of PEPC and NADP-
ME, the respective marker enzymes for MC and BSC.
The preparations of mesophyll protoplasts and bun-
dle sheath strands from green leaves had chlorophyll
a/b ratios of 3.4 and 5.0, respectively, and the prepa-
rations of these two cell types from greening leaves
had chlorophylla/b ratios of 3.7 and 4.6, respec-
tively. The chlorophylla/b ratios between the two
cell-type preparations are close to the expected val-
ues for the enzymatically purified cell types (3.2 vs
6.4, respectively) (Kanai and Edwards, 1973). Light
microscopic examination showed that the preparations
of bundle sheath strands had few MC attached (data
not shown). Nuclear extracts were prepared from the
MC and BSC preparations. The protein profiles of
the SDS-polyacrylamide gel, as revealed by staining
with Coomassie brilliant blue, were similar among the
six preparations of nuclear extracts (data not shown).
Therefore, we conclude that the purities of the nuclear
preparations are nearly equal.

MC- and BSC-specific nuclear factors differentially
bind to the C4Ppc1 promoter

To reveal the interactions between leaf cell-specific
nuclear binding factors and the 5′-upstream region of

C4Ppc1, gel shift assays were performed using two
DNA fragments of the maize Golden Cross Bantam
strain C4Ppc1(I, −570 to−273; II, −272 to+7)
which encompass the 5′-upstream region used for the
transgenic analysis (Figure 2). As shown in Figure 4,
more than two DNA-protein complexes were detected
with each DNA fragment. The retarded complexes
(CIa, CIb, CIc, CId, CIIa, CIIb and CIIc) were competed
out by excess amounts of the same unlabeled DNA
fragments (50- or 100-fold molar excess relative to
the labeled probes) and not by DNA fragments with
unrelated sequences (Figure 6 and data not shown).
Therefore, it is concluded that these complexes were
formed specifically with each probe. Bands of the re-
tarded complex CIa was relatively broad. The amount
of the complex CIa was higher in the nuclear extract
from BSC than from MC and decreased progressively
with the extract prepared from etiolated to greening
and green leaves. The retarded complexes, CIb and
CIc, were exclusively associated with the MC extracts
but not with the BSC extracts, and the intensities
of these two complexes gradually decreased during
greening. The formation of complex CIIa was mainly
associated with the BSC extracts from etiolated and
greening leaves and its intensities increased during
greening. In green leaves, complex CIIa was exclu-
sively associated with the BSC extracts. Complex CIIb
was weak and only observed in the BSC extract from
etiolated leaves. In contrast, complexes CId and CIIc
were observed with all the extracts (from different cell
types and different greening stages), showing no cell
type specificity and light dependence. It is likely that
they are formed with constitutive factors expressed
in both MC and BSC. Thus, complexes CIa and CIIa
are specifically formed with BSC nuclear proteins and
their formation with MC nuclear proteins is inhibited
by light during greening of leaves. On the other hand,
complexes CIb and CIc are specifically formed with
MC nuclear proteins and their formation is attenuated
by light during greening of leaves.

The MC- or BSC-specific nuclear factors do not exist
in roots

Earlier studies with maizeC4Ppc1promoter showed
that the DNA-protein complexes formed with the nu-
clear proteins, MNF1 and PEP-I, are detected only in
the extracts from leaves but not from roots (Yanagi-
sawa and Izui, 1990; Kano-Murakamiet al., 1991).
In order to examine the tissue distribution of the MC-
or BSC-specific nuclear factors, gel shift assays were
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Figure 5. Distribution of the nuclear factors binding to theC4Ppc1
promoter regions among different tissues. Gel shift assays with in-
dividual 32P-labeled DNA fragments I and II from the 5′-upstream
region ofC4Ppc1were performed in the absence (−) or the presence
of nuclear extracts (each 0.5µg of protein) prepared from MC (M)
and BSC (B) of 17 h greening seedlings, roots (R) and whole green
leaf blades (L).

performed under similar conditions with nuclear ex-
tracts prepared from roots (Figure 5, lane R). The
slowly migrating complexes (CIa, CIb, CIc and CIIa)
were not detected in the extracts from roots. These
slowly migrating complexes could not be detected
even when a large amount of nuclear extracts (3.5µg)
from roots was used (data not shown). In contrast,
there was no significant difference in formation of the
fast-migrating complexes (CId and CIIc) among the
extracts from MC, BSC and roots. These findings sug-
gest that the nuclear factors showing differential distri-
bution between MC and BSC are localized specifically
in leaf tissues but not in roots, consistent with the
tissue specificity of expression of the maizeC4Ppc1
gene.

We also conducted a gel shift assay with nuclear
proteins extracted from whole leaves. Whole green
leaf blades were frozen in liquid nitrogen immediately
after harvesting and a nuclear extract was prepared
by weak blending with a Polytron homogenizer in the
same manner as previously reported (Yanagisawa and
Izui, 1990; Kano-Murakamiet al., 1991). The nu-
clear extract prepared from whole leaf blades showed
similar gel-shift patterns with the nuclear extract from
MC but not from BSC (Figure 5, lane L). This result
clearly shows that, as suspected, the binding assays
with the C4Ppc1 promoter in the previous studies
were performed with nuclear extracts predominantly
released from MC. Another conclusion that can be
drawn from this experiment is that the MC-specific
retarded complexes that were detected with the nuclear
proteins extracted from mesophyll protoplasts are not
false bands due to the cell digestion procedure.

Figure 6. Gel shift competition assay for the nuclear proteins bind-
ing to the DNA fragment I fromC4Ppc1. The gel shift assay was
performed using32P-labeled fragment I containing the PEP-I bind-
ing site in the absence (lanes 1 and 5) or the presence of nuclear
extracts from MC (lanes 2 to 4) or from BSC (lanes 6 to 8) of
greening leaves. The reaction mixture was incubated in the absence
(lanes 1, 2, 5 and 6) or the presence of cold DNA fragment I
(lanes 3 and 7) or a single PEP-I binding region (lanes 4 and 8)
as a competitor (100-fold molar excess).

Figure 7. Intercellular distribution of the nuclear factors binding
to the PEP-I binding site. Gel shift assays were performed with
32P-labeled DNA fragment corresponding to the single PEP-I bind-
ing region in the absence (−) or the presence of nuclear extracts
(each 0.5µg of protein) prepared from MC (M) and BSC (B) of
etiolated (Et), 17 h greening (Gi) and green (Gr) leaves, roots (R)
and whole green leaf blades (L). In the lane ‘comp+ B’, unlabeled
DNA corresponding to the probe was added to the reaction mixture
with BSC nuclear extracts from the greening leaves. Electrophoresis
was carried out in a 5% polyacrylamide gel. F, free probe; CPa and
CPb, bound DNA-protein complexes.
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The cell-specific nuclear factors identified do not
interact with the known PEP-I binding sites

Since previous reports showed that a monomer of the
oligonucleotide corresponding to the PEP-1 binding
region of C4Ppc1can interact with maize leaf nu-
clear proteins (Kano-Murakamiet al., 1991; Matsuoka
et al., 1994), we examined whether the MC- or BSC-
specific nuclear factors identified in this study would
interact with the PEP-I binding sites. A gel shift as-
say was performed with a monomeric PEP-I binding
region as a competitor. As shown in Figure 6, the BSC-
preferred complex CIa and MC-specific complexes CIb
and CIc were not competed out by the oligonucleotide
corresponding to the PEP-I binding site. Next, we
performed gel shift assays using the oligonucleotides
containing the PEP-I binding site as a probe (Figure 7).
At least two shifted complexes (CPa, CPb), which
interacted with leaf nuclear extracts (lane L), were de-
tected with the probe, whereas the signal intensities
of these complexes with the root nuclear extract were
low (lane R). The shifted complexes were markedly
reduced when excess of unlabeled DNA of the PEP-
I binding site was added to the binding reaction (lane
comp+ B). This result, consistent with previous re-
ports (Kano-Murakamiet al., 1991; Matsuokaet al.,
1994), suggests that some leaf-specific proteins in-
teract with the DNA probe which contains the PEP-I
binding site. The amount of the complex CPa or CPb
was not significantly changed between nuclear ex-
tracts from MC and BSC or during greening. From
the results of Figures 6 and 7, we conclude that the
MC- or BSC-specific nuclear factors identified in the
experiments of Figure 4 are distinct proteins from the
nuclear factor PEP-I and do not interact with the PEP-I
binding site.

Discussion

The 5′-flanking region of maizeC4Ppc1is sufficient to
drive MC-specific expression

Previous studies with maize showed that transcripts
for the C4-type PEPC gene are accumulated only in
photosynthetic tissues (Hudspethet al., 1986; Kawa-
muraet al., 1990; Schäffner and Sheen, 1992), and the
accumulation of PEPC mRNA in leaves induced by
light is MC-specific (Sheen and Bogorad, 1987). Ho-
mologous transient expression assays also indicated
that transcription from theC4Ppc1promoter occurs
only in mesophyll protoplasts but not in stem and root

protoplasts (Schäffner and Sheen, 1992). These obser-
vations are in agreement with our data on promoter
analysis using homologous transgenic maize plants:
the activity of the reporter GUS was highest in leaf
blade in the transgenic maize plants harboring two
different chimericC4Ppc15′ region/β-glucuronidase
genes (Table 1). Histochemical analysis and a GUS
activity assay of enzymatically separated MC and BSC
revealed that the GUS activity is almost exclusively
localized in MC (Figure 3 and Table 2). Furthermore,
the expression pattern of the GUS gene directed by
the maizeC4Ppc15′ region coincides with that of the
endogenous C4-type PEPC gene. Our results demon-
strate that the 652 bp 5′-upstream region (−571 to
+81) is sufficient to direct MC-specific expression
and that the 5′-upstream region containscis-acting
element(s) necessary for conferring MC-specific ex-
pression. An earlier study by Langdaleet al. (1991)
reported that differential methylation in a far upstream
(−3.5 kb) site of maizeC4Ppc1 is correlated with
the cell type-specific expression. However, our experi-
ments suggest that the methylation site in the further
upstream sequences is not required for MC-specific
expression.

One of the interesting questions relative to evolu-
tion of C4-specific genes is whether a similar molec-
ular regulatory mechanism is being employed by C4
plants for cell- and organ-specific expression. In a
similar study with transgenic maize plants, we also
showed that the 900 bp maizeC4Pdk(encoding mes-
ophyll chloroplast-located pyruvate, orthophosphate
dikinase) promoter sequences contain the necessary
cis-acting elements for directing its MC-specific and
leaf-preferred expression of the GUS reporter gene
(Taniguchiet al., 2000). Therefore, the 5′-flanking
sequences for both maizeC4Ppc1 and C4Pdk are
sufficient to direct cell type- and organ-specific expres-
sion. However, for the maizerbcS-m3 gene, which is
specifically expressed in BSC chloroplasts, not only
the 5′-untranscribed region but also the 3′-transcribed
region of the gene are necessary for photoregulated
suppression of its expression in MC (Viretet al.,
1994). In the case ofFlaveria bidentis Me1, which
encodes the C4 form of NADP-ME located in BSC
chloroplasts, the 3′ region of the gene acts as an
enhancer (Marshallet al., 1997). Thus, different mole-
cular regulatory mechanisms may be employed by C4
plants to express the different photosynthetic genes be-
tween the two cell types. Recently, Stockhauset al.
(1997) reported that 2 kb of the 5′-flanking region
of the Flaveria trinervia C4 PpcA1gene is sufficient
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to direct MC-specific expression of the GUS reporter
gene in transgenicF. bidentisplants. Further work is
needed to clarify whether similarcis-acting elements
are responsible for the C4-specific expression function
in both monocotyledonous and dicotyledonous plants.

Previousin situhybridization and immunolocaliza-
tion studies of PEPC mRNA and protein by Langdale
et al. (1987, 1988) demonstrated that C4PEPC gene
is expressed only in MC adjacent to BSC but not in
MC located far from BSC. They hypothesized that a
light-induced signal is transported from provascular
tissues, passing into surrounding BSC and MC where
it induces the C4 pattern of enzyme expression. It
is proposed that the signal does not reach more dis-
tant MC and C3-like expression pattern occurs in the
distant MC. In our sections of leaf sheath from PEPC-
GUS transgenic maize, GUS staining was observed
not only in MC adjacent to the vacular tissues but
also in MC not in direct contact with BSC although
the staining was weaker (Figure 3b). These MC have
a relatively larger cell volume, but contain fewer or-
ganelles (e.g. chloroplasts) than MC directly adjacent
to BSC. Therefore, it is likely that the expression of
C4Ppc1 is coupled to the extent of development of
photosynthetic cells rather than to the distance from
BSC. Stockhauset al. (1997) also pointed out that in
the C4 dicot plantFlaveria trinervia, MC located more
than two cell layers apart from BSC contain very few
chloroplasts. In the transgenicF. trinervia, these mes-
ophyll cells show much lower activity of GUS, driven
by its own Ppc promoter, then do MC surrounding
BSC.

Another interesting observation made in this study
is the expression of PEPC-GUS transgene in stomatal
guard cells (Figure 3). In contrast, the neighboring
subsidiary cells and epidermal cells did not express
the transgene. The activity of GUS and, thus, the
transcriptional activity of theC4Ppc1 in the guard
cells was not determined in this study. Further work
is needed to determine whether C4PEPC protein has a
physiological function in the guard cells and whether
the regulatory mechanism of its expression in guard
cells is similar to that in MC. In guard cells, PEPC
may play an important role in synthesis of the organic
anion malate in the cytosol, which is subsequently
stored in the vacuole to balance the positively charged
inorganic ions (e.g. K+) during stomatal opening (Taiz
and Zeiger, 1998). Langdaleet al.(1987) also detected
not only PEPC but also pyruvate, orthophosphate dik-
inase, NADP-malate dehydrogenase, NADP-ME and

Rubisco proteins in guard cells of maize leaf blade and
sheath by using immunolocalization assays.

Cell-specific nuclear factor binding sites and the
known MNF and PEP-I binding sites

The 5′-upstream region of maizeC4Ppc1 is known
to contain GC-rich sequences which are repeated five
times between positions−550 and –200 (GC repeats
1 to 5 Figure 2) (Matsuoka and Minami, 1989). Two
laboratories have studied the maize nuclear proteins
that bind to the repeat sequences, but discrepancies
between the findings are noticeable. Kano-Murakami
et al. (1991) have shown that maize nuclear protein
PEP-I binds specifically to GC repeats 3 and 4 by
gel shift assays and this activity was detected only
in the nuclear extracts of green leaves but not in the
extracts of roots or etiolated leaves. Moreover, by a
gel shift competition assay PEP-I also was found to
bind to the GC-repeat 5 in DNA fragment II (Fig-
ure 2). It is speculated that PEP-I is a positive factor
for C4Ppc1expression. In contrast, Yanagisawa and
Izui (1990) detected the binding of nuclear protein
MNF2a to GC repeats 3 and 4 and MNF2b to GC
repeat 5 (Yanagisawa and Izui, 1990). They suggested
that both of these nuclear factors are distinct proteins
judged from the differences in chromatographic be-
havior. Furthermore, the binding activity of the factor
MNF2a was higher in etiolated leaves than in green
leaves. Thus, MNF2a is considered a negative reg-
ulator with respect to light-dependent expression of
C4Ppc1 in leaves. One cause of the inconsistency
among the observations might be the differences in
the methods of extraction of nuclear factors and in the
conditions for the gel shift assays.

In our gel shift experiment with DNA fragment 1
containing GC repeats 3 and 4, at least four retarded
complexes were revealed (Figure 4). The signal inten-
sity of complex CIa was higher in the extracts from
BSC than from MC; however, complexes CIb and
CIc were detected exclusively in the MC extracts. All
of these three complexes were detected in etiolated
leaves at the highest level and the signal intensities de-
creased during greening. The signal intensities of these
complexes were not reduced when oligonucleotide
containing the PEP-I binding region was used as a
competitor (Figure 6). In contrast, complex CIIa was
detected preferentially in BSC extracts, and its signal
intensity increased during greening (Figure 4). Also,
complex CIIa was not diminished by competitor DNA
containing the PEP-I binding site (data not shown).
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Our gel shift analysis using the PEP-I binding region
as a probe showed that there is no difference in bind-
ing activity to the PEP-I binding site between MC and
BSC (Figure 7). These results indicate that there are
no cell type-specific nuclear factors interacting with
the PEP-I binding site. These retarded complexes were
not competed out by excess amount of DNA fragment
corresponding to the MNF1 binding site and nuclear
proteins did not interact with the MNF1 binding site
in a cell type-specific manner (data not shown). There-
fore, the abundance or DNA-binding affinity of the
nuclear factors for complexes CIa, CIb, CIc and CIIa
(designated PEPIa, PEPIb, PEPIc, and PEPIIa), but not
for nuclear factors PEP-I and MNF, appears to be reg-
ulated by light in different directions between the two
photosynthetic cell types. Taken together, the results
suggest that these novel cell type-specific nuclear fac-
tors bind to the maizeC4Ppc15′-flanking region and
regulate its differential transcription in MC and BSC
in a light-dependent manner. Thus, maizeC4Ppc1
may have multiple regulatory sequences which are re-
quired for cell type-specific expression. Similarly, the
5′-upstream region of the maizecab-m1gene, which is
preferentially expressed in MC, also contains multiple
sequences functioning in active stimulation of tran-
scription in MC or in suppression of transcription in
BSC (Bansalet al., 1992; Bansal and Bogorad, 1993).

Recently, the properties of maize nuclear zinc fin-
ger proteins, Dof1 and Dof2, have been reported
(Yanagisawa and Sheen, 1998). Both proteins have
been shown to bind to the AAAG motifs in the
5′-upstream region ofC4Ppc1and the binding mo-
tifs are different from the PEP-I and MNF1 binding
sites (Figure 2). Earlier, the direct repeats includ-
ing the motifs have been demonstrated to have high
enhancer activity in MC protoplasts (Schäffner and
Sheen, 1992). In maize, Dof1 is constitutively ex-
pressed in leaves, stems and roots, whereas Dof2 is
expressed mainly in stems and roots but not in leaves.
Based on homologous transient expression analysis
with MC protoplasts, it is proposed that Dof1 is a
transcriptional activator while Dof2 is a transcrip-
tional repressor, for tissue-specific and light-regulated
expression ofC4Ppc1respectively (Yanagisawa and
Sheen, 1998). In accordance with their hypothesis,
Dof1 should be active in MC of green leaf and Dof2
should be active in BSC. Whether these Dof proteins
are capable of binding to theC4Ppc1promoter in a
cell type-specific manner and functioning in cell type-
specific gene expression requires further investigation.
In a preliminary gel shift experiment, we could not

detect any retarded complexes between the putative
Dof binding sites onC4Ppc1promoter and the crude
nuclear extracts from maize leaves.

Effect of light on cell-specific DNA-protein interaction

Light plays two important roles for photosynthetic
gene expression in C4 plants. First, light stimulates
overall levels of photosynthetic gene transcripts and
proteins. Second, light has a role in positional reg-
ulation that represses incorrect gene expression. For
example, Rubisco is expressed in both MC and BSC
of etiolated maize leaves, whereas the transcript level
of rbcL and rbcS decreases only in MC upon illu-
mination (Sheen and Bogorad, 1985, 1986). Unlike
Rubisco,C4Ppc1is not expressed in MC or BSC in
the dark; light triggers induction ofC4Ppc1expres-
sion in MC. However, the light-induced expression
of C4Ppc1 is controlled by a light-mediated devel-
opmental change of MC rather than by an immedi-
ate activation of transcription (Schäffner and Sheen,
1992). In situ hybridization analysis for photosyn-
thetic gene transcripts in maize shows that the expres-
sion of C4Ppc1 is very low in the leaf primordium
when Kranz anatomy is not yet evident (Langdale
et al., 1988). The mesophyll protoplasts and bundle
sheath strands used in our experiments were prepared
from well differentiated leaves, although they were
under different stages of greening. It is quite possi-
ble that MC- or BSC-specific nuclear factors which
function in cell type-specific expression have already
existed in etiolated leaves and, therefore, we could de-
tect cell type-preferred interaction in etiolated leaves
by gel shift assay (Figure 4). Thus, light may effect
the positional regulation of maizeC4Ppc1expression
by altering the abundance or binding affinity of cell
type-specific nuclear factors.

The DNA binding activity as revealed by gel shift
assay does not always reflect the change in abun-
dance or binding affinity of the nuclear factorin
vivo. It is also likely thatin vitro interaction of pro-
tein with naked DNA fragment does not accurately
reflect in vivo interaction of the protein with chro-
matin. Several plant DNA-binding proteins which
bind to thecis elements of light-regulated gene pro-
moters have been characterized, but most of these
proteins show constitutive DNA-protein interactions
in both light- and dark-grown tissues (Terzaghi and
Cashmore, 1995). However, the wheat nuclear fac-
tor, WF-1, has been shown to bind to the up-
stream sequences of fructose-1,6-bisphosphatase and
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sedoheptulose-1,7-bisphosphatase genes in light- and
development-regulated manners (Mileset al., 1993).
Also, interactions of several animal nuclear proteins
with cell-specific regulatory sequences have been con-
firmed by gel-shift analysis (Moriet al., 1995; Ka-
machi and Kondoh, 1993). Nuclear factors, such as
muscle-specific factor MyoD (Edmondson and Olson,
1993) and lens-specific factor Maf (Ogino and Yasuda,
1998), which function in cell type-specific expression
mechanisms have been cloned and characterized. In
contrast, information on cell-specific nuclear factors
from plant cells is limited. Neighboring photosyn-
thetic MC and BSC in leaves of C4 plants express
different genes in a cooperative manner whereas both
cell types are functionally differentiated. The cell
type-specific expression of C4 photosynthetic genes
will, therefore, serve as a good model system to dis-
sect molecular mechanism of plant cell differentiation.
In this report, we have revealed the interactions be-
tween both positive and negative cell type-specific
nuclear factors and the maizeC4Ppc15′-upstream re-
gion, which are necessary for its specific transcription
in MC. Further refined study is needed to identify the
binding sites and binding proteins which are involved
in the DNA-protein interactions in order to illustrate
how these factors are specifically involved in the cell
type-specific expression mechanism ofC4Ppc1.
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