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Point Mutation of a Plastidic Invertase Inhibits Development
of the Photosynthetic Apparatus and Enhances Nitrate
Assimilation in Sugar-treated Arabidopsis Seedlings™
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Because the photosynthetic apparatus contains a massive
amount of nitrogen in plants, the regulation of its development
by sugar signals is important to the maintenance of the carbon-
nitrogen balance. In this study we isolated an Arabidopsis
mutant (sicy-192) whose cotyledon greening was inhibited by
treatments with sugars such as sucrose, glucose, and fructose. In
the mutant, the gene encoding plastidic alkaline/neutral invert-
ase (INV-E) was point-mutated at codon 294, with Tyr substi-
tuted for Cys (C294Y). Interestingly, the greening of cotyledons
in the knock-out INV-E lines was not inhibited by treatment
with the sugars. In addition, the knock-out INV-E lines express-
ingan INV-E:C294Y or INV-E:C294A gene had the same pheno-
type as sicy-192 mutants, whereas the lines expressing a wild-
type INV-E gene had the same phenotype as wild-type plants. A
recombinant INV-E:C294Y protein had the same enzymatic
activity as a recombinant INV-E protein, suggesting that the
Cys-294 residue of INV-E is important for its functions in the
chloroplasts. On treatment with sucrose, the expression of pho-
tosynthesis-related genes was weaker in seedlings of mutant
plants than wild-type seedlings, whereas the activity of nitrate
reductase was stronger in the mutant plants than wild-type
plants. These findings suggest that Cys-294 of INV-E is associ-
ated with the development of the photosynthetic apparatus and
the assimilation of nitrogen in Arabidopsis seedlings to control
the ratio of sucrose content to hexose content.

Feedback regulation of the development of the photosyn-
thetic apparatus by sugar signals is important to the mainte-
nance of the carbon-nitrogen balance in plants because the
apparatus contains half of the nitrogen in plant leaves (1-4).
Many researchers have isolated various sugar-hypersensitive
mutants of Arabidopsis (5-10). High levels of glucose or
sucrose in growth media have been found to prevent the green-
ing of Arabidopsis seedlings (11). Glo (glucose oversensitive)
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and gss (glucose supersensitive) mutants ceased growing in 222
or 56 mm glucose, whereas sss (sucrose supersensitive) mutant
grew in 350 mM sucrose (9, 13). However, why these mutants
are hypersensitive to sugars has yet to be elucidated. In contrast,
various mutants insensitive to high levels of sugars have been
characterized (11, 14, 15). Gin2 mutant plants had a disturbed
gene (AtHXK1) encoding hexokinase 1 as a glucose sensor (14,
16-18). The signal transduction pathway via AtHXK1 is asso-
ciated with physiological functions such as photosynthesis
related-gene expression, hormone signaling, senescence, and
nitrogen uptake (17, 19, 20). The protein encoded by ABI4 is a
regulator to control the expression of the sugar-responsive
gene and plays an important role in the development and func-
tion of chloroplasts (15, 21-23).

The activity to take up nitrate in Arabidopsis roots is closely
linked to levels of sugars as photosynthates (19). The absorbed
nitrogen is assimilated by nitrate reductase (NR),* a key enzyme
in the assimilation process, and the transcription of NR is
induced by treatment of Arabidopsis with sucrose (24, 25). In
many cases, however, these experiments have been carried out
under severe carbon starvation conditions. Stitt e al. (26) have
indicated that a change in sugar levels is not involved in the
regulation of NR expression in tobacco plants under normal
growth conditions. Additionally, it remains unclear whether
not only sugar but also 2-oxoglutarate and glutamine play a
major role in the regulation of NR activity in tobacco (26).
Therefore, there is no established theory about a key compo-
nent regulating the balance between carbon metabolism and
nitrogen assimilation in plants.

In this study we isolated an Arabidopsis mutant whose coty-
ledon greening was inhibited by treatment with a sugar such as
sucrose. Map-based cloning revealed that the phenotype of the
mutant is caused by the point mutation of an alkaline/neutral
(A/N) invertase at codon 294, with a substitution of Tyr for Cys.
We analyzed the expression of photosynthesis-related and
nitrogen assimilation-related genes and the NR activity in the
mutant and discussed the effect of a disturbance of sucrose
metabolism on the carbon-nitrogen balance in plastids.

3 The abbreviations used are: NR, nitrate reductase; A/N invertase, alkaline/
neutral invertase; GS, glutamine synthase; rbcl, Rubisco large subunit;
KO-INV-E, INV-E-knock-out; MS, Murashige and Skoog's.
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EXPERIMENTAL PROCEDURES

Plant Materials and Growth Conditions—Activation-tagged
lines of Arabidopsis thaliana ecotype Colombia were con-
structed as described previously (27). Sicy-192 mutants were
isolated from the T2 lines and crossed with the wild type to
remove the tag T-DNA. A. thaliana ecotype Landsberg erecta
(Ler), SALK 138953 (KO-INV-E) (28), SALK 015782 (KD-
AtHXK1), and abi4 mutant lines were obtained from Arabi-
dopsis Biological Resource Center (Ohio State University,
Columbus, OH). Sterilized Arabidopsis seeds were placed on
0.8% agar containing Murashige and Skoog’s (MS) inorganic
salt with or without sugar, incubated in a cold room (4 °C) for 3
days, and moved to a growth chamber (14 h of light, 25 °C/10 h
of dark, 22 °C).

Map-based Cloning of sicy-192 Mutant—Ler was crossed
with sicy-192 mutants, and F2 progenies showing the yellow
cotyledon phenotype on the SUCT medium were selected.
Cleaved amplified polymorphic sequence markers used in the
initial mapping analysis were selected from Marker Tracker.
Several new markers were developed according to the Mon-
santo Arabidopsis Polymorphism and Ler Sequence Collec-
tions (29), and the two markers closest to the causative gene
were KUCAPS5-742 and KUCAPS5-748. Information on
these markers is available at The Arabidopsis Information
Resource.

Generation of Transgenic Arabidopsis—The genomic DNA
fragment containing the INV-E gene region from its promoter
(1450 bp from the ATG start site) to its terminator (328 bp from
the TGA stop site) was amplified by PCR from genomic DNA of
wild-type or sicy-192 mutants using the primers 5'-GGG-
GAATTCGTTGAGAGAAGGAGACATGA-3' (the EcoRI site
is underlined) and 5'-ACCACCACTGATGGGATCCAGT-3’
(the BamHI site is underlined). After digestion with EcoRI and
BamH]I, the PCR fragment was inserted between the EcoRI and
BamHI cloning sites of the vector pUC19. To convert Cys-294
to Ala, the plasmid was used as a template for PCR with the
phosphorylated primers 5 -CTCGCTGATGGTTTCGAT-
ATG-3" and 5'-AGCCAGCTTTAAGATCATCT-3' by KOD-
Plus polymerase (Toyobo), and the PCR product was self-li-
gated. These plasmids were digested with EcoRI and BamH],
blunted with T4 DNA polymerase, ligated with EcoRI-NotI-
BamHI-Adapter (Takara), phosphorylated by T4 polynucle-
otide kinase, and then inserted between the EcoRI cloning sites
of pDH123. The constructs were transferred into Agrobacte-
rium tumefaciens and transformed to KO-INV-E as described
by Clough and Bent (30).

Preparation of Recombinant INV-E—The open reading
frame fragment of INV-E or INV-E:C294Y without the coding
region of the signal peptide was amplified with KOD-Plus
polymerase from the cDNA using 5'-GGGGGTACCTGTA-
CAAACTCGCATGAGGTC-3’ (the Kpnl site is underlined)
and the phosphorylated primer 5'-TCATACAATAAATGGT-
TGTTGAGC-3'. The PCR fragment was digested with Kpnl
and ligated to the Kpnl and blunted Pstl sites of a pCold2
(Takara). The His-tagged INV-E or His-tagged INV-E:C294Y
was expressed in BL21 (DE3) pLysS and purified with TALON
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Metal Affinity Resin (Clontech) under native conditions, ac-
cording to the manufacturer’s instructions.

Quantitative PCR Analysis—Total RNA was extracted from
whole seedlings grown for 5 days using QuickGene RNA cul-
tured cell kit S (Fujifilm). To eliminate any DNA, the RNA was
treated with DNase I (Takara) and converted into cDNA using
the ReverTra Ace (Toyobo) with the oligo(dT),, primer. Primer
pairs for quantitative reverse transcription-PCR were designed
using Primer Express software (Applied Biosystems), and the
gene-specific primers are shown in supplemental Table 1.
Quantitative PCR was performed with an Applied Biosystems
7300 Real Time PCR system using the SYBR Premix Ex Taq
(Takara). The transcript of el[F4A-1 was used as an internal
standard in all experiments.

Enzyme Assay—For the invertase assay, plants grown for 5
days were ground to a fine powder in liquid N,, homogenized
with a mortar and pestle in the presence of 200 mm Hepes/
KOH, pH 7.5, 1 mm EDTA, and 1 mMm phenylmethylsulfonyl
fluoride, and centrifuged at 20,000 X g for 10 min at 4 °C. The
supernatant was desalted with Sephadex G-50 and used to assay
A/N-Inv by the method reported by Vargas et al. (28). For the
NR assay, plants grown for 5 days were ground with a mortar
and pestle in the presence of 50 mm Hepes/KOH, pH 7.5, 25 mMm
NaF, 5 mm EDTA, 0.014% 2-mercaptoethanol, and 1 mm phen-
ylmethylsulfonyl fluoride and centrifuged at 20,000 X g for 10
min at 4 °C. NR activity of the supernatants was measured as
described by Gibon et al. (31), but at 30 °C. Protein concentra-
tions were determined by the method described by Bradford
(32) using bovine serum albumin as the standard.

SDS-PAGE and Immunoblotting—Proteins from the
supernatants for the NR assay were separated by SDS-PAGE
on 12% polyacrylamide gels and stained with Coomassie
Brilliant Blue or blotted onto a polyvinylidene difluoride
membrane. The immunoblot analysis was carried out as de-
scribed previously (33). The membranes were probed with anti-
bodies raised against sedoheptulose-1,7-bisphosphatase (34),
against Rubisco large subunit (rbcL), or against glutamine syn-
thetase (GS) (35). The proteins recognized by the primary anti-
body were revealed with a goat anti-mouse or anti-rabbit IgG
coupled to horseradish peroxidase and detected by Chemi-
Lumi One L (Nacalai Tesque).

Measurement of Intermediates—Intermediates were mea-
sured in the leaves of 5-day-old plants. Levels of sucrose and
hexose were determined according to Tamoi et al. (36). The
ammonium content of the seedlings was assayed by the method
of Briutigam et al. (37). Glutamic acid and glutamine levels
were determined with a L-glutamic acid measuring kit (Roche
Applied Science) according to the manufacturer’s instructions
with some modifications.

RESULTS

Isolation of the sicy-192 Mutant and Cloning of the Causative
Gene—From among ~10,000 Arabidopsis activation-tagged
lines (27), we isolated a mutant line in which the greening of
cotyledons was inhibited in medium (SUC™ medium) contain-
ing 100 mm sucrose (Fig. 14). The F2 progeny of a cross be-
tween the wild-type and the mutant line had the phenotype
without the T-DNA (data not shown), indicating that the insert
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FIGURE 1. Phenotypes of the wild-type and sicy-792 mutant plants.
A, shown are visual phenotypes of the wild-type and sicy-192 mutant grown
for 7 days in MS medium with or without 100 mm sucrose. B, shown is the
chlorophyll content of the wild-type (open bars) and sicy-192 mutant (solid
bars) plants grown for 7 days in MS medium with or without 100 mm of various
sugars. C, growth of wild-type (open bars) and sicy-192 mutant (solid bars)
plants with various carbon-nitrogen balances is shown. Shown is the wet
weight of shoots of the plants grown for 2 weeks in MS medium without
sucrose (control), MS medium with sucrose (+Suc), 1/10 N (6 mm nitrogen) MS
medium without sucrose (0.7 N), or 1/10 N (6 mm nitrogen) MS medium with
sucrose (0.7 N+ Suc). Each value is the mean and S.E. for three replicates.
Asterisks indicate that mean values were significantly different compared
with those in wild-type plants when analyzed by Student’s t test (¥, p < 0.05;
** p < 001).

is not related to the phenotype. The progeny from the mutant
without the T-DNA was named sicy (sugar-inducible cotyledon
yellow)-192 and used in subsequent experiments. The greening
of cotyledons of sicy-192 mutant plants was inhibited by treat-
ment not only with sucrose but also with glucose or fructose
(Fig. 1B). But it was not inhibited by treatment with mannitol,
indicating that the inhibition is not due to osmotic stress caused
by the sugars. In the medium with different C/N balances, the
growth of sicy-192 mutants was significantly smaller than that
of wild-type plants (Fig. 1C). In particular, in low (6 mm) nitro-
gen MS medium with 100 mm sucrose, the wet weight of sicy-
192 mutants was 41% lower than that of wild-type plants.

The F1 plants of the cross between sicy-192 and the wild
type displayed a normal phenotype, and the F2 progenies
showed an ~3:1 (893:269) rate of segregation (wild type:
mutant phenotype) on the SUC* medium. These findings con-
firmed that the phenotype of the mutant is caused by a single
recessive gene. Map-based cloning indicated the gene causative
of the phenotype to lie between the markers KUCAPS5-742
and KUCAPS5-748 on chromosome V and to encode a plas-
tidic A/N invertase INV-E, which had one point mutation in
exon 4 at codon 294, a substitution of Tyr for Cys (Fig. 2A4). The
Cys residue of INV-E is conserved in all A/N invertase proteins
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|AJ489527 147 QLGLOKFLNLILHPVFRDAPT 167

Arabidopsis
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Oryza sativa
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FIGURE 2. Map-based cloning of the causative gene of sicy-7192 mutant
plants and alignment of A/N invertase proteins. A, the locus of the causa-
tive gene was mapped to between the markers KUCAPS5-742 and KUCAPS5-
748 on chromosome 5. The start codon (ATG) and stop codon (TGA) are indi-
cated. The G to A nucleotide substitution in exon 4 converted Cys to Tyr.
B, alignments of A/N invertase proteins of Arabidopsis, rice, and Synechocystis
sp. PCC 6803 are shown. An arrow indicates the mutated residue in sicy-192.

in plants including Arabidopsis and rice (Fig. 2B), suggesting
that it has an important role in this family. However, some
putative A/N invertases in cyanobacteria, for example Synecho-
cystis sp. PCC 6803, do not contain the Cys residue (Fig. 2B).
Effect of the Mutation of Cys-294 in INV-E on the Greening of
Arabidopsis—The transcript of INV-E was not detected in the
INV-E-knock-out (KO-INV-E) lines (Fig. 34). The transcript
level of INV-E in sicy-192 mutants was almost the same as that
in wild-type plants (Fig. 34). The specific activity of A/N invert-
ase in KO-INV-E lines was also lower than that in wild-type
plants. However, in sicy-192 mutants the activity was slightly
higher than that in wild-type plants (Fig. 3B). Moreover, the
protein levels of INV-E in the mutants were higher than those
in the wild-type plants (Fig. 3C). The chlorophyll contents of
the KO-INV-E lines in the SUC" medium were simi-
lar to those of the wild-type lines (Fig. 3D). These results suggest
that the inhibition of greening of sicy-192 mutant plants is not
due to repression of INV-E function. We introduced the ex-
pression vector pDH-INV-E:C294Y which retained the
mutated INV-E gene region of sicy-192 from the promoter to
the terminator into the KO-INV-E lines. The lines obtained
expressed the mutated INV-E transcript, resulting in stronger
activity of A/N invertase than in the wild-type lines (Fig. 3, A
and B). Interestingly, the transgenic lines showed inhibition of
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FIGURE 3. INV-E expression level and chlorophyll content in seedlings of KO-INV-E lines expressing
mutated INV-E. A, transcript levels of INV-E are shown. These lines were grown in SUC™ medium for 5 days. The
values were normalized to the elF4A-1 expression of each sample and are shown in relation to the RNA level
measured in wild-type plants. Each value is the mean and S.E. of three replicates. B, shown is A/N invertase
activity in crude extracts of the plants grown in SUC" medium for 5 days. Each value is the mean and S.E. for
three replicates. Bars marked with a different letter were significantly different (p < 0.05) when analyzed by the
Student-Newman-Keuls analysis of variance. C, the accumulated levels of INV-E in seedlings of the wild-type,
sicy-192 mutants, and KO-INV-E lines are shown. Seedlings were grown in the SUC™ medium (Suc) or SUC™
medium (control) for 5 days, and their soluble proteins (10 ug lane ') were separated by 12% SDS-PAGE and
analyzed by immunoblotting using antibody against INV-E. Molecular masses of marker proteins are indicated
on the left. CBB, Coomassie Brilliant Blue. D, chlorophyll content of the plants grown in the SUC™ medium (solid
bars) or SUC™ medium (open bars) is shown. Each value is the mean and S.E. for three replicates. Asterisks
indicate that mean values were significantly different compared with those for the control treatment when
analyzed by Student’s t test (¥, p < 0.05; **, p < 0.01; ***, p < 0.001). FW, fresh weight. E, shown is the phenotype
of 5-day-old seedlings in 100 mm sucrose-containing medium.

greening in the SUC™ medium as did the sicy-192 mutant
plants (Fig. 3, D and E). No inhibition of greening was detected
in the absence of sucrose (SUC™ medium) (Fig. 3D). Transgenic
lines into which were introduced the pDH-INV-E vector, which
retained the INV-E gene region from wild-type plants, showed
almost the same transcript level of INV-E and A/N invertase

nant proteins.
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activity as the lines into which pDH-
INV-E:C294Y was introduced. They
exhibited no inhibition of greening
in the SUC™ medium (Fig. 3, D and
E). These findings clearly indicated
that the mutation of INV-E in exon
4 at codon 294, a substitution of Tyr
for Cys, causes the inhibition of
greening of sicy-192 mutants.
Transgenic lines into which were
introduced a pDH-INV-E:C294A
vector, which was modified by
replacing the codon for Cys-294 with
that for Ala, also showed the same
phenotype as sicy-192 mutants (Fig.
3, D and E). Moreover, transgenic
lines overexpressing the cyano-
bacterial invertase gene (INV-A:
AJ489527) showed inhibition of
greening in the SUC™ medium
similar to the sicy-192 mutants
(Fig. 3E).

Effects of the Mutation of INV-E
on Enzymatic Properties—To as-
sess effects of the mutation of
INV-E in sicy-192 mutants on the
enzymatic properties of INV-E, we
characterized the recombinant His-
tagged INV-E:C294Y and recombi-
nant His-tagged INV-E. Each INV-E
c¢DNA fragment missing the transit
peptide region was PCR-amplified,
cloned downstream of the His-tag
sequence, and expressed in Esche-
richia coli. Both recombinant His-
tagged proteins were purified (Fig.
4A) and then used for the A/N inver-
tase assay. The V., values of the
recombinant INV-E and the recom-
binant INV-E:C294Y proteins for
sucrose were calculated to be 40.1 =
2.5 and 50.0 = 3.2 mmol of product
min~" mg~' of protein, respec-
tively, and their K, values for
sucrose were 155 = 2.1 and 17.5 =
2.9 mM, respectively. The degree of
inhibition of INV-E:C294Y by each
thiol-modifying reagent was almost
the same as that of INV-E (Fig. 4B).
Neither INV-E nor INV-E:C294Y
could hydrolyze other disaccharides
(maltose, lactose, trehalose, cellobi-

ose, and galactinol) (data not shown). Thus, there was no remark-
able difference in kinetic parameters between the two recombi-

AtHXK1 and ABI4 Are Not Essential for the Greening Inhibi-

tion of sicy-192—According to the data described above, it is
assumed that sicy-192 mutants are associated with a distur-

VOLUME 285+NUMBER 20-MAY 14, 2010
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A
B
Histag-INV-E Histag-INV-E:C294Y
None 100% 100%
1mMDTT 17% 98%
0.1 mM H,0, 95% 94%
50 uM pCMB 7.5% 10.5%

FIGURE 4. Enzymatic properties of recombinant INV-E and INV-E:
C294Y proteins. A, purified His-tagged INV-E and His-tagged INV-E:C294Y
proteins (0.5 wg of protein lane ') were separated on a12% SDS-PAGE gel
and detected by silver staining. B, shown is the effect of thiol-modifying
reagents on the invertase activity of recombinant INV-E and INV-E:C294Y.
The specific activities of the recombinant INV-E and INV-E:C294Y proteins
without the reagent (none) were 32.8 and 40.8 mmol of product min~'
mg~ ' protein, respectively, and were normalized (= 100%). DTT, dithio-
threitol; pCMB, p-chloromercuribenzoate.

bance of signal transduction between sugar metabolism and
chlorophyll biosynthesis. It has been reported that gin6
(ABI4) and gin2 (AtHXKI) are insensitive to high concentra-
tions of glucose (16, 21). ALHXKI and ABI4 are known to be
involved in the inhibition of photosynthesis-related gene
expression by high levels of sugar (17, 21). To identify
whether AtHXKI or ABI4 is essential for the inhibition of
greening of sicy-192 mutants on treatment with sugar, we
generated double mutants harboring mutations in INV-E:
C294Y and AtHXK1I or ABI4 and analyzed their phenotypes.
In the AtHXKI knockdown line (KD-AtHXK1), the expression
of AtHXKI mRNA in the mutants was significantly repressed
(38). The ABI4 mutant expressed a frameshifted ABI4 gene that
disrupted the C-terminal half of the protein (39). The greening
of the double mutant lines was also inhibited in the SUC™
medium (Fig. 5). These findings indicated that the signal trans-
duction pathways involved in AtHXK1 and ABI4 are not essen-
tial for the phenotype of sicy-192 mutants.

Photosynthetic Carbon Metabolism and Nitrate Assimilation in
sicy-192 Mutants— The transcript levels of the photosynthesis-re-
lated chlorophyll a/b-binding protein, sedoheptulose-1,7-bisphos-
phatase, and plastidic fructose-1,6-bisphosphatase genes were
lower in the 5-day-old sicy-192 plants than wild-type plants in the
SUC™ medium (Fig. 6). The protein levels of rbcL and sedoheptu-
lose-1,7-bisphosphatase were also lower in the sicy-192 seedlings
(Fig. 7). However, these decreases were not observed in the SUC™
medium (Figs. 6 and 7). With the SUC™ medium, there was no
significant difference in hexose or sucrose content between the
sicy-192 mutants and wild-type plants (Fig. 8). In the mutants,

pCEEYE

MAY 14, 2010+VOLUME 285+NUMBER 20

A

12

Z 10

g 08

g 06

= 04

gz 02

% 00 Ke) o e} o el [} - %Y —= o —

° £ 3 £ 3 £ 3 £ 3 §E & ¢ &
s 5§ ¢ 5§ ¢ 5 ¢ 5 % 5 ¢
wild type sicy-192 abid abi4 KD-AtHxK1 KD-AHXK1

sicy-192 sicy-192

FIGURE 5. A, chlorophyll contents of single and double mutant lines grown in
the SUC™* medium (Suc) or SUC™ medium (control) for 7 days are shown. Each
value is the mean and S.E. for three replicates. Bars marked with a different
letter were significantly different (p < 0.05) when analyzed by the Student-
Newman-Keuls analysis of variance. B, shown is the phenotype of 5-day-old
seedlings in 100 mm sucrose-containing medium. FW, fresh weight.

however, sucrose content was significantly larger than that in the
wild-type plants in the SUC™ medium (Fig. 8B).

To investigate the balance between the demand for nitrogen
for the development of the photosynthetic apparatus and the
supply of utilizable nitrogen to the cell by nitrate assimilation in
sugar-treated sicy-192 mutant plants, the transcript levels of
nitrate assimilation-related genes and the activity of NR were
analyzed. In the SUC™ medium, transcript levels of the NR gene
(NIAI) and nitrite reductase gene (NIRI) were higher in the
sicy-192 plants than wild-type plants. But there were no
changes in the transcript levels of another NR gene (NIA2) in
normal or SUC™ medium (Fig. 6). It has been reported that free
NR and phosphorylated NR are active, whereas phosphorylated
NR in a complex with 14-3-3 protein is inactive (40). Total NR
activity can be measured in the presence of EDTA, whereas only
active NR can be measured in the presence of Mg>" (40). The
activities of total and active NR were higher in sicy-192 mutants
than wild-type plants in the SUC™ medium (supplemental Fig.
S1, A and B). In sicy-192 mutants in the SUC™ medium, the NR
activity state, which accounted for the NR activity of the active
types as a percentage of total NR activity, was higher than that
in the wild-type plants (supplemental Fig. S1C). Increases in the
transcript level, activity, and the activity state of NR were not
detected in the SUC™ medium (Figs. 6 and 7).

The transcript and protein levels of GS2 were suppressed in
sicy-192 plants in the SUC™ medium (Figs. 6 and 7). On the other
hand, the protein levels of GS1 in sicy-192 were almost the same as
those in the wild-type plants in the SUC* medium (Fig. 7). The
transcript levels of two glutamate dehydrogenase genes, GDH1
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DISCUSSION

The photosynthetic apparatus
contains a massive amount of
nitrogen, and thus, its develop-
ment closely depends on the distri-
bution of nitrogen in plants (1-4).
The regulatory system for the distri-
bution of nitrogen by sugar signals
appears to be important for the
adjustment of primary metabolism
to ensure growth, survival, and
completion of the life cycle in plants
(4). To uncover the regulatory sys-
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FIGURE 6. The transcript levels of photosynthesis and nitrate assimilation-related genes in seedlings of

(At1g48470)  (At5g35630) types of the sicy-192 mutants were

caused by a single recessive gene,

the wild type and sicy-192 mutants and KO-INV-E lines. Seedlings were grown in the SUC* medium (Suc)or  the greening of KO-INV-E was not
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bisphosphatase; FBPase, fructose-1,6-bisphosphatase.

and GDH?2, in sicy-192 were similar to those in the wild-type plants
(Fig. 6). The levels of ammonium, nitrate, glutamate, and gluta-
mine in sicy-192 in the SUC™ medium were almost the same as
those in wild-type plants. However, the levels of ammonium,
nitrate, and glutamate in sicy-192 mutants were higher than
those in the wild-type plants in the SUC* medium, whereas the
levels of glutamine in the mutants were lower than those in the
wild-type plants in the SUC™ medium (supplemental Fig. S2).
These phenotypes were not observed in the KO-INV-E lines.
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as sicy-192 plants (Fig. 3B), trans-

genic lines overexpressing a cya-
nobacterial invertase gene (INV-A: AJ489527) lacking the Cys
residue corresponding to Cys-294 in INV-E showed inhibition
of greening in SUC" medium similar to the sicy-192 mutant
(Fig. 3, D and E). These results suggest that the increased A/N-
INV activity in plastids causes inhibition of greening in the sicy-
192 mutant. The kinetic parameters of the His-tagged INV-E:
C294Y were almost the same as those of the His-tagged INV-E
in vitro (Fig. 4). Although the transcriptional level of INV-E was
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FIGURE 7. The accumulated levels of rbcL, sedoheptulose-1,7-bisphos-
phatase (SBPase), and GSs in seedlings of the wild type and sicy-192
mutants and KO-INV-E lines. Seedlings were grown in the SUC" medium
(Suc) or SUC™ medium (Control) for 5 days, and their soluble proteins (10 ug
lane ") were separated by 12% SDS-PAGE and analyzed by immunoblotting
with antibody against rbcL, sedoheptulose-1,7-bisphosphatase (SBPase), or
GS. Molecular masses of marker proteins are indicated on the left. CBB, Coo-
massie Brilliant Blue.
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FIGURE 8. Hexose (A) and sucrose (B) levels in seedlings of the wild type
and sicy-192 mutants and KO-INV-E lines. The seedlings were grown in the
SUC™ medium (+Suc) or SUC™ medium (Control) for 5 days, and then hexose
and sucrose levels in the seedlings were determined. Each value is the mean
and S.E. for four replicates. Bars marked with a different letter were signifi-
cantly different (p < 0.05) when analyzed by the Student-Newman-Keuls
analysis of variance. FW, fresh weight.

not altered, the protein and activity levels of INV-E were higher
in the mutants than in the wild-type plants (Fig. 3, B and C).
These findings indicated that the mutant INV-E is more stable
than the wild-type INV-E, and Cys-294 is necessary to regu-
late the stability of INV-E in vivo during greening. Furthermore,
there is a possibility that the Cys-294 of INV-E is involved in
interacting with proteins to regulate INV-E activity during ger-
mination. Lou ez al. (42) have reported that the cytosolic invert-
ase (CINVI1: Atlg35580) interacts with phosphatidylinositol
monophosphate 5-kinase and then regulates sugar-mediated

asEvie
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root growth of Arabidopsis. Although CINV1 had the Cys res-
idue corresponding to Cys-294 of INV-E, it was unclear that
this residue was necessary for interacting with phosphatidyl-
inositol monophosphate 5-kinase. Moreover, Hothorn et al.
(43) reported that the activity of cell-wall invertase was inhib-
ited by interaction with an inhibitor protein.

The sicy-192 plants are recessive but gain-of-function
mutants. At present, just why the sicy-192 mutant is recessive
cannot be explained, although there is the following possibility.
It has been reported that A/N invertase acts as homo-octamer
or homo-tetramer in higher plants (41). Only when the holoen-
zyme consists of mutated subunits, will INV-E:C294Y become
more stable. That is, the holoenzymes consisting of hetero-
oligomers containing at least one subunit of INV-E may show
the same stability as the native INV-E. On the other hand, the
subunit of INV-A may not have the ability to assemble with the
subunit of the native INV-E to form the holoenzyme, and thus,
INV-A exists as a homo-oligomer in vivo.

Itis well known that A/N invertase catalyzes the hydrolysis of
sucrose, which is restricted to the cytosol in higher plants (44).
However, Vargas et al. (28) have recently reported that INV-E
was located in chloroplasts of A. thaliana, and the starch con-
tent of the KO-INV-E lines was lower than that of the wild-type
plants. Moreover, Gerrits et al. (45) genetically expressed a
plastid-targeted levansucrase that converts sucrose into fructan
in plastids of tobacco and potato plants and observed that chlo-
roplasts of the transgenic tobacco plants and amyloplasts of the
transgenic potato accumulated high levels of fructan. Although
direct evidence that sucrose exists in chloroplasts and that the
sucrose transporter is located on chloroplast membranes is still
lacking, these reports suggest that sucrose is metabolized in
chloroplasts. The hexoses produced from sucrose by A/N
invertase in plastids are phosphorylated by plastidic hexokinase
and plastidic fructokinase and then used for the metabolism of
carbon in plastids including starch synthesis, the oxidative pen-
tose-phosphate pathway, and glycolysis (46 —49). Accordingly,
the catalytic activity of plastidic invertase affected carbon
metabolism in plastids and really was needed to inhibit devel-
opment of the photosynthesis apparatus in sugar-treated seed-
lings. The double mutants of sicy-192,KD-AtHXK1 and sicy-
192;abi4 were as sugar-sensitive as the sicy-192 mutants (Fig.
5), indicating that the changes of carbon metabolism in plastids
of sicy-192 mutants are independent of the alteration of the
expression of photosynthesis-related genes through ABI4- and
AtHXK]I-independent signal transduction pathways.

One would expect repression of the development of the pho-
tosynthetic apparatus to cause a down-regulation of nitrate
assimilation. To assess this, we examined the activity of NR as a
key component of the nitrate assimilation pathway. Unexpect-
edly, the transcript level of NIAI and the NR activity were
higher in the sicy-192 mutant plants than wild-type plants in
the SUC™ medium (Fig. 6 and supplemental Fig. S1). However,
it has been reported that NR activity was regulated not only at
the transcriptional level but also at the posttranslational level
via phosphorylation and subsequent binding to 14-3-3 protein,
leading to its degradation (40). In fact, the activity of NR was
higher in the sicy-192 mutant plants than wild-type plants in
the SUC™ medium (supplemental Fig. S1). Thus, the suppres-
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sion of NR activity at the posttranslational level may be affected
by the change of sucrose-hydrolytic activity via the mutation of
INV-E in plastids.

To elucidate the change in metabolism downstream of nitrate
assimilation in sugar-treated sicy-192 mutants, we determined the
ammonium levels and the expression of ammonium-metaboliz-
ing enzymes. The seedlings of sicy-192 mutants accumulated
significantly more ammonium in the SUC* medium than did
the wild-type seedlings (supplemental Fig. S2). It has been
reported that high levels of ammonium were toxic to plant cells,
leading to cell death (50). The level of ammonium in sicy-192
mutants was lower in the SUC"™ medium than SUC™ medium,
indicating that the inhibition of the greening of sicy-192
mutants was not caused by the toxic effect of ammonium
(supplemental Fig. S2). Plant leaves generate ammonium dur-
ing photorespiration at up to 10 times the rate at which they
assimilate nitrate (51), and then ammonium is mainly elimi-
nated by GS2 located in plastids and mitochondria (52-54).
Although the decrease in the rbcL level suggested that photo-
respiration declined in the seedlings (Fig. 7), the ammonium
level was higher in sicy-192 mutants than wild-type plants in
the SUC* medium (supplemental Fig. S2). The transcripts
and/or protein levels of other possible ammonium-assimila-
tory enzymes, GS1s (35) and glutamate dehydrogenases (12),
in sicy-192 mutants were almost the same as those in the wild
type (Figs. 6 and 7), indicating the accumulation of ammo-
nium and glutamate is due to the decline in the GS2 protein
level and the acceleration in the assimilation of nitrate, and
thus, the decrease in glutamine might lead to down-regula-
tion of the biosynthesis of chlorophyll and amino acids
(supplemental Fig. S2).

In sicy-192 mutants, the development of the photosynthetic
apparatus was inhibited in the SUC* medium, whereas the
assimilation of nitrate was enhanced. These phenotypes of sicy-
192 were observed only during the greening of seedlings.
Accordingly, INV-E is regulated for maintenance of the level of
sucrose or its metabolites in plastids, preventing an imbalance
between the supply of nitrogen to cells via nitrate assimilation
and the demand for nitrogen for development of the photosyn-
thetic apparatus. Thus, Cys-294 is necessary to regulate the
activity of INV-E under conditions where the balance of carbon
and nitrogen sources is disrupted.
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