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Nutrient use efficiency is an important aspect of pri-
mary metabolic function controlling the nutritional qual-
ities and productivities of plants. The Laboratory for
Metabolic Compartmentation focuses on the regulatory
circuits of transport and primary assimilatory pathways of
two major mineral elements, sulfur and nitrogen. The final
goal of this project is to plot the functions of transporters
and assimilatory enzymes to the individual physiological
processes in plants and to clarify their regulatory mecha-
nisms. The following are the three major topics studied in
the lab.

1. Characterization of sulfate transporters in
Arabidopsis

SULTRI1;1 and SULTRI1;2 are the two components of
high-affinity sulfate transport system localized at the root
epidermis and cortex to facilitate the initial uptake of sul-
fate from the soil. Using yeast as a model system for
the sulfate uptake studies, we showed that SULTR1;1 and
SULTRI;2 form a hetero-oligomeric transporter complex,
which is essential for the positive regulation of sulfate up-
take under low-sulfur conditions. In addition to the previ-
ously known transcriptional regulation of SULTR1;1 and
SULTR1;2 gene expression, our results suggested that the
activity of the high-affinity sulfate uptake system is func-
tionally modulated to retain a maximum capacity of sulfate
influx under sulfur limited conditions.

As for the long distance inter-organ transport of sulfate,
we have determined the role of a novel non-functional type
sulfate transporter, SULTRS3;5, as an essential component
of the root-to-shoot sulfate transport system in Arabidop-
sis. SULTRS3;5 was expressed in the vasculature both un-
der sulfur-replete and sulfur-deficient conditions. By con-
trast, SULTR2;1, the low-affinity sulfate transporter that
co-localizes with SULTRS3;5 in the root vasculature, was
abundantly expressed during sulfur limitation. We demon-
strated that knockout of SULTRS3;5 expression affects the
root-to-shoot transport of sulfate only in the presence of
SULTRZ2;1 under sulfur deficiency. In addition, we demon-
strated that vacuolar sulfate transporters, SULTR4;1 and
SULTR4;2, play essential roles in releasing sulfate reserve
in the root vacuoles, facilitating the transfer of sulfate
to the upper-ground tissues. Based on these informa-
tion, comparative analysis of sultr4;1 sultr4;2 and sultri;2
knockout plants has been performed using microarrays to
identify additional transporter proteins mediating translo-
cation of sulfate through the plant vasculatures.

2. Genome-wide analysis of sulfur limitation re-

sponse in Arabidopsis
The cis-acting element for sulfur limitation response
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was identified from dissection of SULTRI1;1 promoter re-
gion. SURE (Sulfur Responsive Element) identified in
SULTR1;1 contained a consensus sequence of an ARF
biding site, which confers auxin response in Arabidopsis;
however, unlike the ARF sites that occur generally as tan-
dem duplication, SURE was present as a singlet sequence
and was not responsive to auxin. Microarray analysis of
sulfur-deficiency response indicated that SURE sequences
are found also in other sulfur-regulated genes in Arabidop-
sis roots. Additional studies on sulfur response of promoter
and terminator regions of SULTRI1;2 and SULTR2;1 in-
dicated that SURE is present only in the SULTRI;1 pro-
moter region, and is suggested to be specific to the early-
responsive genes co-regulated with SULTRI;1.

As a genetic approach to uncover the regulatory cir-
cuitry of plant sulfur-response, mutagenized pools of
SULTR1;2 promoter-GFP transgenic plants were screened
for mutants showing reduced and enhanced responses of
GFP expressions to sulfur-limited and sulfur-replete con-
ditions, respectively. A mutant showing no-response to
sulfur limitation was further characterized. Expression
of GFP from the reporter gene construct, as well as
SULTR1;2 was significantly repressed in this mutant even
under sulfur-limited conditions, and the results suggested
that these phenotypes are derived from a single reces-
sive mutation. To establish a gain-of-function screening
method for the genome-wide analysis of nutrient response,
we generated transgenic plants independently expressing
approximately 15,000 clones of RIKEN Arabidopsis full-
length ¢cDNAs (RAFL) under the control of SULTRI;2
promoter, which provides randomized over-expression of
genes of interest in root epidermis and cortex. The seeds
of over 18,000 transformants were collected and pooled
at T2 generation for reverse genetics screening of effector
molecules that may modulate the expression of SULTR1;2.

3. Characterization of ammonium transporters
and GS/GOGAT cycle enzymes

AMT1;1 and AMT1;3 are two major high-affinity am-
monium transporters in Arabidopsis root. Transgenic
plants expressing the promoter-GFP constructs indicated
that they were predominantly expressed in the epidermis
and root hairs. As indicated from a drastic decrease of am-
monium influx activities in the knockout plants, AMT1;1
facilitated the uptake of ammonium under low-nitrogen
conditions. By contrast, AMT1;3 was abundantly ex-
pressed even under N-rich conditions and contributed to
the basal uptake of ammonium.

The ammonium taken up in root is further converted to
glutamine by cytosolic glutamine synthetase. Previously,
we have determined the roles of the four isoenzymes of cy-
tosolic Gln synthetase (GS) expressed in Arabidopsis roots,
and demonstrated that synthesis of glutamine is shared by
two classes of glutamine synthetase having different sub-
strate specificities and cell-type-specific localization. In
contrast to Arabidopsis, the two cytosolic GS in rice,
OsGLN1;1 and OsGLN1;2, were both high-affinity isoen-
zymes, but showed 2-fold differences in their specific activ-
ities. The high-capacity isoenzyme, OsGLN1;1, was local-
ized in the root epidermis and cortex of nitrogen-starved
plants, whereas OsGLN1;2 was expressed in response to
excessive supply of ammonium in the epidermis and vascu-
latures. In addition, the analysis of TosI7-inserted ginl;1
knockout plants indicated that OsGLN1;1 plays a major
role in glutamine synthesis, as suggested from the severe
growth reduction and decrease of glutamine synthesis.
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