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Okadaic acid (OKA), a potent and specific inhibitor of protein
serine/threonine phosphatases 1 and 2A, induced the accumulation
of NADH-glutamate synthase (GOGAT) mRNA within 4 h in rice
(Oryza sativa L.) cell cultures. In contrast to the transient accumu-
lation of NADH-GOGAT mRNA by NH4

1, OKA caused a continu-
ous accumulation for at least 24 h. The induction of NADH-GOGAT
mRNA by OKA was not inhibited in the presence of methionine
sulfoximine, which inhibited the NH4

1-induced accumulation of
mRNA. These results suggest that the OKA-sensitive protein phos-
phatase is involved in the regulation of NADH-GOGAT gene ex-
pression and probably plays a role in the signal transduction path-
way downstream from NH4

1, although a signal transduction
pathway other than that of nitrogen sensing could be responsible.
Nuclear run-on assays demonstrated that the accumulation of
NADH-GOGAT mRNA induced by the supply of either NH4

1 or
OKA was mainly regulated at the transcription level. OKA effects
were synergistic to the NH4

1-induced expression of the NADH-
GOGAT gene. In the presence of K-252a, a protein kinase inhibitor,
the accumulation of NADH-GOGAT mRNA induced by either NH4

1

or OKA was reduced. The possible roles of protein phosphatases in
the regulation of NADH-GOGAT gene expression are discussed.

In most plants, Gln synthetase (GS; EC 6.3.1.2) and Glu
synthase (GOGAT) are key enzymes in the assimilation of
NH4

1 derived from both external nitrogen sources and
internal nitrogen metabolic processes such as photorespi-
ration, phenylpropanoid biosynthesis, amino acid catabo-
lism, and fixation of dinitrogen in legumes. GS catalyzes
the synthesis of Gln from NH4

1 and Glu in an ATP-
dependent manner. GOGAT catalyzes the reductive trans-
fer of the amide group of Gln to 2-oxogluarate to form two
Glu molecules. This GS/GOGAT cycle, as defined by Lea
and Miflin (1974), is now generally accepted to be the major
route of NH4

1 assimilation in plants (Lea et al., 1990;
Sechley et al., 1992).

In higher plants, GOGAT exists as two molecular species
that use either reduced ferredoxin (Fd) or NADH as a
reductant (Lea et al., 1990; Sechley et al., 1992). Fd-GOGAT
(EC 1.4.7.1) is found in chloroplasts and is essential in the

reassimilation of NH4
1 generated during photorespiration

(Lea et al., 1990; Sechley et al., 1992). The molecular struc-
ture and regulatory mechanisms of Fd-GOGAT have been
well studied in a number of plant species (Sakakibara et al.,
1991; Zehnacker et al., 1992; Avila et al., 1993; Nalbantoglu
et al., 1994; Suzuki and Rothstein, 1997; Coschigano et al.,
1998).

NADH-GOGAT (EC 1.4.1.14) is located in the plastids of
non-photosynthetic tissues such as roots and nodules
(Hayakawa et al., 1999; Trepp et al., 1999a). NADH-
GOGAT cDNA clones have been obtained from alfalfa
(Gregerson et al., 1993), Arabidopsis (Lam et al., 1996), and
rice (Oryza sativa L.; Goto et al., 1998). Genomic clones for
NADH-GOGAT in alfalfa (Vance et al., 1995) and rice
(Goto et al., 1998) have been isolated and characterized. In
legume root nodules, NADH-GOGAT mediates the process
of symbiotic nitrogen fixation (Temple et al., 1998). In
alfalfa root nodules, the expression of the NADH-GOGAT
gene could be regulated temporally and spatially during
the development of effective nodules (Gregerson et al.,
1993; Vance et al., 1995; Trepp et al., 1999a, 1999b).

In non-legumes, NADH-GOGAT is important, along
with cytosolic GS, in the primary assimilation of NH4

1 and
in the reassimilation of NH4

1 released during amino acid
catabolism and seed germination (Lea et al., 1990; Lam et
al., 1996). In a series of studies with rice, NADH-GOGAT
was thought to be responsible in young organs for the
synthesis of Glu from the Gln that is transported from
senescing organs and roots (Yamaya et al., 1992; Hayakawa
et al., 1993, 1994). In roots, the mRNA and protein for
NADH-GOGAT accumulated markedly within a few hours
of supplying low concentrations of NH4

1 (Yamaya et al.,
1995; Hirose et al., 1997). The identical response in the
expression of the NADH-GOGAT gene was observed in
rice cell cultures (Hayakawa et al., 1990; Watanabe et al.,
1996). The NH4

1-induced accumulation of NADH-GOGAT
protein in rice roots occurred in two cell layers of the root
surface, the epidermis and the exodermis (Ishiyama et al.,
1998). Furthermore, Gln or its downstream metabolites, but
not NH4

1 itself, could be a signal substance for the accu-
mulation of NADH-GOGAT mRNA in the roots (Hirose et
al., 1997). Thus, the expression of the NADH-GOGAT gene
in rice plants is regulated in an age-, cell type-, and
nitrogen-responsive manner.

Protein phosphorylation plays a key role in diverse bio-
logical processes in eukaryotes (Hunter, 1995). The avail-
ability of specific inhibitors of protein kinases and phos-
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phatases (MacKintosh and MacKintosh, 1994) have
allowed us to elucidate the roles of their target enzymes in
signal transduction pathways. To investigate whether the
protein phosphorylation mechanism is involved in inter-
cellular pathways mediating NADH-GOGAT gene regula-
tion, we examined the effects of okadaic acid (OKA), an
inhibitor of PP1- and PP2A-related enzymes (Bialojan and
Takai, 1988), on the expression of the NADH-GOGAT gene
in relation to the inducible effects of NH4

1. We found that
NADH-GOGAT mRNA accumulation was increased by
OKA due to an increased rate of transcription of the gene
in suspension-cultured rice cells.

MATERIALS AND METHODS

Cell Culture and Inhibitor Treatment

The original callus cultures were derived from rice
(Oryza sativa L. cv Sasanishiki) embryos in 1996. The stock
suspension cultures were maintained by transferring ap-
proximately 1 g fresh weight of cells to 125 mL of fresh R-2
medium containing 3% (w/v) Suc and 4.5 mm 2,4-D (Ohira
et al., 1973) in a 500-mL flask at 7-d intervals. The suspen-
sion cultures were shaken on a rotary shaker at 120 rpm at
25°C. When the cells were treated with various reagents,
7-d-old cells were further cultured with nitrogen-free R-2
medium for 2.5 d and used as the inoculum (Watanabe et
al., 1996). To reduce variations among individual cultures,
the nitrogen-starved cells were first pooled in a batch with
mixing and inoculated into 20 mL of individual nitrogen-
free R-2 medium in a 100-mL flask. Afterward, the cells
were treated with various reagents for the time required (as
described below and in the figure legends). MES-NaOH
buffer (50 mm, pH 5.8) was supplied to media to reduce the
pH change during the subsequent treatments with various
reagents. Suspension-cultured cells were harvested by
vacuum filtration through Miracloth (Calbiochem-
Novabiochem, San Diego) and weighed. The collected cells
were quick-frozen in liquid nitrogen and stored at 280°C.

Chemicals

OKA and calyculin A were from Wako Pure Chemical
Industries (Osaka), 1-norokadaone, staurosporine, and
K-252a from Nacalai Tesque (Kyoto), and all were dis-
solved in DMSO at 1 mm as a stock solution. MSX was
purchased from Nacalai Tesque and dissolved in water at
40 mm as a stock solution. When inhibitors dissolved in
DMSO were used, all treatments were carried out in the
presence of the same volume of DMSO.

Isolation of RNA and RNA Gel-Blot Analysis

Total RNA was extracted from suspension-cultured rice
cells as described previously (Hirose et al., 1997). Total
RNA (10 mg) was fractionated on a 1.0% (w/v) agarose-
formaldehyde gel, separated by electrophoresis, and then
transferred to a nylon membrane (Nytran, Schleicher &
Schuell, Dassel, Germany) by capillary transfer using 103
SSC (13 SSC 5 0.15 m NaCl and 15 mm sodium citrate, pH

7.0). Ethidium bromide was included in the sample loading
buffer to facilitate the confirmation of equal sample loading
and transfer. When using digoxigenin-labeled DNA
probes, subsequent procedures throughout the chemilumi-
nescent detection were performed as described previously
(Yamaya et al., 1995). When radioactive DNA probes were
used, the hybridization probes were random-prime labeled
in the presence of [a-32P]dCTP (Amersham Pharmacia Bio-
tech, Uppsala, specific activity 110 TBq/mmol) using High
Prime (Boehringer Mannheim, Basel). Nylon membranes
were incubated with 32P-labeled probes at 42°C for 16 h in
hybridization buffer containing 50% (v/v) formamide, 40 mm
1,4-piperazinediethanesulfonic acid (PIPES)-NaOH (pH 6.5),
0.5 m NaCl, 1 mm EDTA, 0.4% (w/v) SDS, 100 mg/mL
poly(A), and 100 mg/mL yeast tRNA. The hybridized fil-
ters were washed twice in 23 SSC/0.1% (w/v) SDS at 42°C
for 15 min, then once in 0.13 SSC/0.1% (w/v) SDS at 50°C
for 15 min. Filters were air-dried and subjected to autora-
diography using x-ray film (X-Omat AR, Eastman-Kodak,
Rochester, NJ) with an intensifying screen at 280°C. The
hybridization signals were scanned with a bioimaging an-
alyzer (FLA2000, Fujix, Tokyo).

Isolation of Nuclei

Nuclei were isolated using a modification (Suzuki et al.,
1994) of the method of Luthe and Quatrano (1980). All
subsequent manipulations were carried out at 4°C. Frozen
suspension-cultured rice cells (5–10 g fresh weight) were
pulverized in liquid nitrogen. The powdered cells were
suspended in 10 volumes of NIB (1 m hexylene glycol, 10
mm PIPES-KOH [pH 7.0], 10 mm MgCl2, 10 mm
b-mercaptoethanol, and 0.5% [v/v] Triton X-100) by stir-
ring in a beaker until thawed. The resultant slurry was
filtered through two layers of gauze and two layers of
Miracloth, followed by centrifugation at 1,000g for 10 min.
Crude nuclear pellets were washed twice with NIB and
once with NIB without Triton X-100, and suspended in 10
mL of NIB without Triton X-100. Nuclei were further pu-
rified by centrifugation at 3,000g in a swinging bucket rotor
(R10S, Hitachi, Tokyo) for 30 min in a discontinuous gra-
dient of Percoll: 5 mL of a 80% (w/v) Suc cushion, 5 mL of
80% Percoll, 25 mL of 30% Percoll, and 10 mL of suspension
of the crude nuclei. The Percoll solutions contained 0.8 m
Suc, 5 mm PIPES-KOH (pH 7.0), and 5 mm MgCl2. The
nuclei fraction that banded at the interface between the
30% and 80% Percoll layers was collected with a Pasteur
pipette, washed twice with a nuclear resuspension buffer
(1 m hexylene glycol, 10 mm PIPES-KOH [pH 7.0], 10 mm
MgCl2, 10 mm b-mercaptoethanol, and 20% [v/v] glycerol),
and stored at 280°C until use. The DNA in the aliquot of
nuclei was quantified as described by Wanner and Gruis-
sem (1991).

In Vitro Transcription

The reactions for transcriptional elongation were per-
formed essentially as described by Gallagher and Ellis
(1982) using 100 mg of DNA per sample. Nuclei were
incubated in 200 mL of a reaction mixture containing 20 mm
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Tris-HCl (pH 7.9), 7.5 mm MgCl2, 75 mm KCl, 0.5 mm
concentrations of ATP, GTP, and CTP, 5 mm DTT, 100 units
of RNase inhibitor (RNasin, Toyobo, Osaka), 3.7 MBq of
[a-32P]UTP (Amersham Pharmacia Biotech, specific activ-
ity 110 TBq/mmol), and 10% (v/v) glycerol. The reactions
were carried out for 15 min at 30°C. The reaction mixture
was then treated with 50 units of RNase-free DNase
(Boehringer Mannheim) for 5 min at 30°C in the presence of
25 mg of carrier Escherichia coli transfer RNA (Boehringer
Mannheim). Afterward, the solution was mixed with pro-
teinase K solution (0.5 mg/mL proteinase K, 10 mm Tris-
HCl [pH7.5], 5 mm EDTA, and 1% [w/v] SDS) and incu-
bated for 30 min at 30°C.

The newly synthesized and labeled RNA was extracted
with phenol-chloroform and precipitated with 0.1 volume
of 5 m NaCl and 2 volumes of ethanol. The RNA pellet was
then dissolved in DNase buffer (20 mm HEPES-KOH [pH
7.5], 5 mm MgCl2, 1 mm CaCl2, and 1 mm MnCl2) and
incubated with 20 units of RNase-free DNase I (Boehringer
Mannheim) in the presence of 2 mm DTT and 20 units of
RNasin for 30 min at 30°C. The reaction was again treated
with proteinase K solution (0.1 mg/mL proteinase K, 10
mm Tris-HCl [pH7.5], 5 mm EDTA, and 1% [w/v] SDS) for
30 min at 30°C and extracted with phenol-chloroform. The
synthesized RNA in aqueous phase solution was then pre-
cipitated with cold 10% (w/v) trichloroacetic acid in 10 mm
Na4P2O7 at 4°C. The precipitate was collected by centrifu-
gation, dissolved in 0.1 m sodium acetate (pH 5.2), and
precipitated with ethanol. The final RNA pellet was dis-
solved in the hybridization buffer. Incorporation of
[a-32P]UTP into RNA was assayed as described by Sam-
brook et al. (1989).

DNA Dot-Blot Hybridization

Equal amounts (1 pmol) of recombinant plasmids were
cut at a single restriction site and dot-blotted onto Hybond
N1 membrane (Amersham Pharmacia Biotech) by the di-
rect dot-blot procedure (Hightower and Meagher, 1985).
pBluescript (pBS) was used as a negative control. Filters
were prehybridized, hybridized at 42°C, and washed as
described above for RNA gel-blot hybridization with
[a-32P]dCTP-labeled probes. Hybridization was performed
in 1.0-mL volumes, with each hybridization containing an
equal number of counts (2 3 106 cpm). The autoradiogram
was obtained by exposing the blots for 48 h using x-ray film
(Kodak X-Omat AR) in the presence of an intensifying
screen at 280°C. The hybridization signals were scanned
with the bioimaging analyzer (Fujix).

DNA Probes

YK446, a cDNA clone homologous to rice 18S rRNA, was
kindly provided by Dr. Hirofumi Uchimiya (University of
Tokyo). cDNAs for the tubulin a-1 chain and glyceralde-
hyde 3-P dehydrogenase were provided by the Rice Ge-
nome Research Program, National Institute of Agrobiologi-
cal Resources (Ministry of Agriculture, Forestry and
Fisheries, Tsukuba, Japan; accession nos. D16089 and
D16096, respectively). The 856-bp partial cDNA fragment

(Yamaya et al., 1995) and the full-length cDNA (lOSR51)
(Goto et al., 1998) for NADH-GOGAT were used for the
RNA gel-blot analysis and run-on transcription assay,
respectively.

RESULTS

OKA was tested to determine the protein phosphoryla-
tion pathways are involved in the regulation of NADH-
GOGAT gene expression in rice cell cultures. RNA gel-blot
analysis showed that OKA at 1 mm induced the accumula-
tion of NADH-GOGAT mRNA (Fig. 1A). The increase in
NADH-GOGAT mRNA reached a maximum 9 to 12 h after
the addition of OKA, and this was maintained for at least
24 h after the treatment (Fig. 1A). OKA caused a 7.0 6

Figure 1. Time-course studies of NADH-GOGAT mRNA accumula-
tion induced by 1 mM OKA (A), 1 mM calyculin A (B), or 20 mM NH4Cl
(C). RNA gel-blot analyses were performed with digoxigenin-labeled
cDNA probes for NADH-GOGAT, tubulin, or glyceraldehyde 3-P
dehydrogenase (GAPDH). The ethidium-bromide-stained ribosomal
bands are shown as a loading control.
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0.5-fold (n 5 3) increase in NADH-GOGAT mRNA at 24 h
compared with the content at zero time. In contrast, OKA
decreased the contents of mRNA for tubulin a-1 chain and
glyceraldehyde 3-P dehydrogenase (Fig. 1). Similar effects
of OKA in decreasing the contents of mRNA for the tubulin
b chain was observed in soybean (Gianfagna and Lawton,
1995).

Our results suggest that OKA did not stimulate the gen-
eral transcriptional activity, nor did it influence the stabil-
ity of mRNA under the conditions of this study. Calyculin
A, which is structurally unrelated to OKA and has a spec-
trum of protein phosphatase inhibitory activity different
from OKA (Ishihara et al., 1989), also induced NADH-
GOGAT mRNA accumulation, but to a lesser extent (Fig.
1B). However, the NH4

1-dependent induction was tran-
sient and more rapid than the OKA-dependent induction
(Fig. 1C). Thus, OKA mimics the NH4

1-induced accumu-
lation of NADH-GOGAT mRNA in rice cell cultures (Wa-
tanabe et al., 1996). The inducible accumulation of NADH-
GOGAT mRNA by OKA could have been caused by one of
the following.

First, OKA could stimulate the expression of NADH-
GOGAT gene by inducing endogenous NH4

1 production.
In this case, the induction of NADH-GOGAT mRNA by
OKA could be explained on the basis of NH4

1 action.
Second, OKA could stimulate the signal transduction path-
way for NADH-GOGAT gene expression downstream
from NH4

1. Third, OKA could stimulate a signal transduc-
tion pathway for NADH-GOGAT gene expression other
than the nitrogen sensing system. To determine which of
these possibilities is the correct one, OKA was added to-
gether with MSX, a specific inhibitor of GS that completely
inhibits the induction of NADH-GOGAT mRNA accumu-

lation by the supply of NH4
1 in rice roots (Hirose et al.,

1997). As shown in Figure 2, the inhibitor blocked NH4
1-

dependent NADH-GOGAT mRNA accumulation but had
no effect on the OKA-dependent accumulation of NADH-
GOGAT mRNA. We therefore concluded that the OKA-
sensitive protein phosphatase is involved in the regulation

Figure 2. Effects of MSX on the induction of NADH-GOGAT mRNA
accumulation by NH4

1 and OKA. Suspension-cultured rice cells
were pretreated with 10 mM MSX for 30 min, and then treated with 20
mM NH4Cl or 1 mM OKA for 6 or 12 h, respectively. Total RNA was
isolated and subjected to RNA gel-blot analysis using digoxigenin-
labeled cDNA probes for NADH-GOGAT or tubulin. The ethidium-
bromide-stained ribosomal bands are shown as a loading control.

Figure 3. Comparison of the rate of nuclear run-on transcription with
mRNA accumulation. A, Suspension-cultured rice cells were treated
with 20 mM NH4Cl (N), 1 mM OKA, their combination (N 1 OKA), or
0.1% (v/v) DMSO (control) for 6 h. Nuclei were prepared and
subjected to transcriptional run-on assays as described in “Materials
and Methods.” Nylon membrane containing the indicated plasmids
were hybridized with the in vitro-labeled RNA and autoradio-
graphed. B, RNA gel-blot analysis was performed using total RNA
isolated from the same cells as in A. Hybridization was performed
with [a-32P]dCTP-labeled NADH-GOGAT cDNA probes or
digoxigenin-labeled tubulin cDNA probes. The ethidium-bromide-
stained ribosomal bands are shown as a loading control. C, Signals
from run-on transcription and RNA gel-blot analyses were quantified
with a bioimaging analyzer and plotted as the increase (-fold) in
signal relative to that of zero time. White bars, rDNA gene transcrip-
tion; hatched bars, tubulin gene transcription; black bars, NADH-
GOGAT gene transcription; cross-hatched bars, NADH-GOGAT
mRNA accumulation. Error bars represent 6SD for three independent
experiments.
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of NADH-GOGAT gene expression and plays a role in the
signal transduction pathway downstream from NH4

1 or in
an alternative signal transduction pathway.

To examine whether the induction of NADH-GOGAT
mRNA by either NH4

1 or OKA was caused by an increased
rate of gene transcription, nuclear run-on assays were per-
formed with nuclei prepared from control, NH4

1-treated,
and OKA-treated cells for 6 h (Fig. 3A). The radioactivities
hybridized with the respective probes were quantified and
the values relative to that of zero time were calculated (Fig.
3C). The relative increase in the transcription rate of the
NADH-GOGAT gene stimulated by NH4

1 and OKA was
2.0 6 0.1-fold (n 5 4) and 3.9 6 0.4-fold (n 5 3), respec-
tively (Fig. 3C). However, the relative increase in the con-
trol sample was 0.85 6 0.18-fold (n 5 3) (Fig. 3C). To make
a comparison with the transcription rate, we measured the
contents of NADH-GOGAT mRNA in the same batch of
suspension-cultured rice cells used for the isolation of nu-

clei. The contents of NADH-GOGAT mRNA in the pres-
ence of NH4

1 or OKA at 6 h were 2.7 6 0.2-fold (n 5 4) and
4.3 6 0.4-fold (n 5 3) higher than those in the initial level,
respectively (Fig. 3, B and C). Thus, the accumulation of
NADH-GOGAT mRNA induced by either NH4

1 or OKA
was correlated with the increase in transcriptional rates.
These results suggest that the accumulation of NADH-
GOGAT mRNA induced by either NH4

1 or OKA is mainly
caused by the transcriptional activation of NADH-GOGAT
gene.

Based on our previous studies showing that the supply
of NH4

1 induced NADH-GOGAT mRNA accumulation in
both roots and cell cultures (Yamaya et al., 1995; Watanabe
et al., 1996; Hirose et al., 1997; Fig. 1C), a possible interac-
tion between NH4

1 and OKA was investigated. The cells
were treated simultaneously with 20 mm NH4Cl and 1 mm
OKA for 6 h. OKA potentiated the NH4

1-dependent in-
crease of the NADH-GOGAT mRNA accumulation and
gene transcription rate by 8.1 6 0.7-fold (n 5 3) and 9.7 6
2.0-fold (n 5 3), respectively (Fig. 3C). Thus, OKA and
NH4

1 showed a slightly synergistic but nonadditive effect,
suggesting that NH4

1- and OKA-dependent transcriptional
activation of the NADH-GOGAT gene share some common
components in their signal transduction pathways.

The increase in the accumulation of NADH-GOGAT
mRNA was correlated with the increase in OKA concen-
tration (Fig. 4A). When 1-norokadaone, an OKA analog
with low inhibiting activity on protein phosphatase (Takai
et al., 1992), was used as a negative control, no induction of
NADH-GOGAT mRNA was observed (Fig. 4B, lanes 3 and
4). Therefore, OKA apparently acts as a protein phospha-
tase inhibitor.

When suspension-cultured rice cells were pretreated
with 1 mm staurosporine or K-252a, protein Ser/Thr kinase

Figure 4. A, Dose dependence of NADH-GOGAT mRNA accumu-
lation induced by OKA. Suspension-cultured rice cells were treated
with the indicated concentrations of OKA for 12 h. B, Suspension-
cultured rice cells were treated with 0.5 mM OKA (lane 1), 1 mM OKA
(lane 2), 0.5 mM 1-norokadaone (lane 3), 1 mM 1-norokadaone (lane
4), or 0.1% (v/v) DMSO (lane 5) for 12 h. RNA gel-blot analyses were
performed using the digoxigenin-labeled cDNA probes for NADH-
GOGAT or tubulin. The ethidium bromide-stained ribosomal bands
are shown as a loading control.

Figure 5. Effects of protein kinase inhibitors on the induction of
NADH-GOGAT mRNA by NH4

1 and OKA. Suspension-cultured rice
cells were pretreated with 1 mM staurosporine (STA) or 1 mM K-252a
for 1 h, and then treated with 20 mM NH4Cl or 1 mM OKA for 6 or
12 h, respectively. Total RNA was isolated and subjected to RNA
gel-blot analysis using the digoxigenin-labeled cDNA probes for
NADH-GOGAT or tubulin. The ethidium-bromide-stained ribosomal
bands are shown as a loading control.
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inhibitors (Tamaoki et al., 1986; Nakanishi et al., 1988),
followed by OKA or NH4

1, K-252a reduced the increase of
NADH-GOGAT mRNA (Fig. 5). However, staurosporine
did not cause the reduction. These results suggest that
either: (a) K-252a-sensitive protein kinase may be involved
in signal transduction pathways for both OKA- and NH4

1-
dependent accumulation of NADH-GOGAT mRNA, or (b)
K-252a is more potent or more cell permeable than stauro-
sporine, as indicated by MacKintosh and MacKintosh
(1994), in rice cell cultures. 1-(5-Isoquinolinylsulfonyl)-2-
methylpiperazine dihydrochloride (H-7, 100 mm), a protein
kinase C inhibitor (Hidaka et al., 1984), did not inhibit the
increase in NADH-GOGAT mRNA, suggesting that pro-
tein kinase C is not involved in the OKA- and NH4

1-
dependent increase in NADH-GOGAT mRNA (N. Hirose
and T. Yamaya, unpublished data).

DISCUSSION

In plant systems, the use of PP1/PP2A inhibitors has led
to the identification of a role for reversible protein phos-
phorylation in various processes, including the response to
hormones, pathogens, and environmental stimuli (Smith
and Walker, 1996; Luan, 1998). OKA is capable of inducing
specific genes at the transcriptional level in higher plants
(Dominov et al., 1992; Raz and Fluhr, 1993; Gianfagna and
Lawton, 1995; Lue and Lee, 1995; Rojo et al., 1998). In this
study, we showed that OKA induced the accumulation of
NADH-GOGAT mRNA (Fig. 1A), and that this induction
was mainly caused by the increased rate of the transcrip-
tion (Fig. 3). The concentrations and duration of the treat-
ment of OKA used here were identical to those used in
other in vivo experiments with plant tissues and cells (Raz
and Fluhr, 1993; Sheen, 1993).

Among the mRNAs examined in this study, the stimu-
latory effect of OKA was specific to mRNA for NADH-
GOGAT. We suggest that PP1-related and/or PP2A-related
enzyme activity is involved in the signal transduction path-
way that regulates the transcriptional activity of the
NADH-GOGAT gene. Because OKA inhibits PP2A-related
enzyme with greater potency than PP1-related enzyme,
and because calyculin A inhibits PP1-related enzyme with
a 10- to 100-fold greater potency than OKA (Cohen et al.,
1990), the difference in action of these inhibitors on NADH-
GOGAT gene expression is probably a result of the inhibi-
tion of PP2A-related enzyme by OKA (Fig. 1, A and B). It
should be noted that the actual cellular concentrations of
OKA and calyculin A were not determined in the present
study. Furthermore, we do not know how many PP1 or
PP2A molecules are involved. Thus, there is insufficient
evidence at present to conclusively state that inhibition of
PP2A-related enzyme is responsible for the stimulation of
NADH-GOGAT gene regulation in rice cell cultures.

Induction of NADH-GOGAT mRNA by NH4
1 was

mainly caused by transcriptional activation (Fig. 3). The
transcriptional rate of NADH-GOGAT gene increased
about 2-fold at 6 h after the addition of NH4

1 and then
declined to the initial rate by 24 h. We therefore concluded
that the transient accumulation of NADH-GOGAT mRNA
by NH4

1 (Fig. 1C) was caused by the transient induction of

transcriptional activity. In contrast, the transcription rate of
NADH-GOGAT gene increased about 4-fold 6 h after the
addition of OKA and then elevated to 8-fold after 24 h. The
sustained increase of NADH-GOGAT mRNA accumula-
tion induced by OKA (Fig. 1A) was caused by the sustained
induction of transcriptional activity. This sustained induc-
tion could be expected from a constitutive biochemical type
of inhibition by OKA. Simultaneous addition of both OKA
and NH4

1 potentiated the transcription of the NADH-
GOGAT gene (Fig. 3).

These results suggest that OKA and NH4
1 may act

through the same signal transduction pathway (Fig. 3). In
detached maize leaves, the nitrate-dependent accumula-
tion of transcripts of genes for nitrate reductase, nitrite
reductase, and plastidial GS were inhibited by the pretreat-
ment with OKA (Sakakibara et al., 1997). OKA inhibits the
nitrogen-responsive expression of C4Ppc1, a C4-form PEP-
carboxylase gene (Suzuki et al., 1994). Protein phospha-
tases possibly play a leading role in nitrogen signal trans-
duction in higher plants. In this context, Gln or its
metabolites might stimulate the transcription of the
NADH-GOGAT gene by directly or indirectly inactivating
PP1/2A-related enzymes. We previously suggested that
Gln or its metabolite acts as a metabolic signal for the
induction of the NADH-GOGAT gene in rice roots (Hirose
et al., 1997). Therefore, we cannot exclude the possibility
that OKA stimulates the expression of NADH-GOGAT
gene by inducing endogenous Gln or its metabolite pro-
duction in a compartment where the expression of the
NADH-GOGAT gene is regulated.

We treated rice cell cultures with azaserine, an inhibitor
of Gln amidotransferases, to examine whether Gln or its
metabolite is a direct inducer for the Gln-dependent ex-
pression of the NADH-GOGAT gene. Pretreatment with
250 mm azaserine for 30 min inhibited both the Gln- and the
OKA-dependent accumulation of NADH-GOGAT mRNA
(N. Hirose and T. Yamaya, unpublished data). These re-
sults suggest the following possibilities. First, metabolites
from Gln are a direct inducer of the NADH-GOGAT gene
and OKA stimulates their production. Second, the inhibi-
tion of both Gln- and OKA-dependent accumulation of
NADH-GOGAT mRNA by azaserine is caused by the strin-
gent effects of the reagent on cellular metabolism, such as
the inhibition of transcription caused by the lack of nucle-
otides. At this time, we have no direct and rigorous evi-
dence to distinguish those possibilities. However, we as-
sume at present that Gln is the most promising signal for
the expression of the NADH-GOGAT gene, because the
supply of Gln metabolites such as 5 mm carbamoylphos-
phate, 5 mm glucosamine-6-phosphate, 10 mm anthranilic
acid, and 10 mm p-aminobenzoic acid to rice roots for 3 h
failed to increase the accumulation of NADH-GOGAT
transcripts (N. Hirose and T. Yamaya, unpublished data).

Although many types of protein phosphatases have been
characterized at the molecular level, much less is known
about their function in vivo (Luan, 1998). Our studies on
the regulation of the NADH-GOGAT gene will serve to
uncover the role of protein phosphatase in the signal trans-
duction pathway in plants.
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