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A c¢DNA clone, NtSiR1, that encodes the precursor of ferredoxin-dependent sulfite reductase
(Fd-SiR) has been isolated from a ¢cDNA library of tobacco (Nicotiana tabacum cv. SR1).
The identity of the cDNA was established by comparison of the purified protein and the
predicted structure with the nucleotide sequence. The amino terminus of the purified
enzyme was Thr,; of the precursor protein, and the mature region of NtSiRI consisted of 632
amino acids. Tobacco Fd-SiR is 82, 77, and 48% identical with Fd-SiRs from Zea mays,
Arabidopsis thaliana, and a cyanobacterium, respectively. Significant similarity was also
found with Escherichia coli NADPH-SiR in the region involved in ligation of siroheme and
the [4Fe-48] cluster. On Northern blot analysis, a transcript of NtSiR1I was detected in
leaves, stems, roots, and petals in similar amounts. We also isolated a genomic SiR clone
named gNtSiR1. It consists of 8 exons and 7 introns. Genomic Southern blot analysis
indicated that at least two SiR genes are present in the tobacco genome,
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sulfur-assimilatory gene.

Higher plants assimilate inorganic sulfur and synthesize
various sulfur-containing compounds, such as amino acids,
lipids, and coenzymes. Assimilation of sulfur is one of the
most important metabolic processes. After uptake from the
soil by sulfate transporter(s), sulfate ions are first activated
with ATP by ATP sulfurylase to form adenosine 5 -phos-
phosulfate (APS). APS is converted to 3’-phosphoadeno-
sine-5'-phosphosulfate (PAPS) by APS kinagse. PAPS is
reduced to sulfite by PAPS reductase and sulfite is further
reduced to sulfide by sulfite reductase (SiR). The resulting
sulfide is finally assimilated into cysteine by cysteine
synthase.

cDNAs for sulfate transporters (1, 2), ATP sulfurylase
(3, 4), and APS kinase (5) have been cloned from higher
plants. Expression of genes encoding sulfur metabolizing
enzymes has recently been performed. In Stylosanthes
hamata the genes for high-affinity sulfate transporters,
shstl and shst2, were markedly induced in roots when
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external sulfate ions were limited (1). Expression of ATP
sulfurylase occurred in leaves, stems, roots, and flower
buds but not in tubers in potato (3). Expression of ATP
sulfurylase was enhanced by sulfate deprivation in Arabi-
dopsis thaliana (4). The gene for APS reductase was also
positively regulated by sulfur starvation in A. thaliana (6,
7). Although putative cDNAs encoding ferredoxin-depen-
dent sulfite reductase (Fd-SiR) have been reported in Zea
mays (8) and A. thaliana (9), the regulation of gene
expression and extrapolation of the ¢cDNAs to Fd-SiR
polypeptides remain to be investigated.

SiR is localized in chloroplasts or plastids and catalyzes
the six electron reduction of sulfite to sulfide. SiR contains
a siroheme and a [4Fe-4S] cluster, and electrons required
for the reductive reaction are transferred via ferredoxin
(Fd). Escherichia coli has an another type of SiR, which is
composed of two subunits, a flavoprotein (SiRFP) contain-
ing FAD and FMN, and a hemoprotein (SiRHP) with the
same prosthetic groups as Fd-SiR (10). E. coli SiR utilizes
NADPH as an electron donor. Recently, the X-ray crystal
structure of SiRHP was determined at 1.6 A resolution, and
the three-domain fold of the polypeptide backbone that
controls cofactor assembly and catalytic reactivity has been
revealed (11). Four important cysteine residues have been
identified in the three-dimensional structure of SiRHP;
three of which are liganded to three Fe atoms of the [4Fe-
48] cluster and the other of which bridges the Fe atoms of
the [4Fe-4S] cluster and sirocheme. An extensive hydro-
gen-bonding network of positive side chains of basic amino
acids, water molecules and siroheme carboxylates is pro-
posed to be involved in substrate recognition and catalysis.
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In this study, we have cloned both the cDNA and the gene
encoding the precursor of tobacco Fd-SiR, and report here
its genetic organization including its promoter region and
expression in various organs. We also discuss the structural
characteristics of Fd-SiR found on comparison with other
siroheme-containing enzymes.

MATERIALS AND METHODS

Plant Materials and Growth Conditions—Tobacco (Nico-
tiana tabacum cv. SR1) plants were grown in the field from
April to August in Japan, and 2.4 kg of green leaves was
used for the purification of Fd-SiR. To obtain total RNA
from green leaves, stems, roots, and petals, plants were
grown in a standard greenhouse for 3 months.

Fd-SiR Activity Assay and Determination of Protein
Concentrations—The activity of Fd-SiR was measured by
the method of Arb and Brunold (12) with Fd or methyl
viologen as an electron donor. One unit of Fd-SiR activity
was defined as the amount that formed 1 gmol S?~ per
minute. Proteins were quantitated by Bradford’s method
(13) with bovine serum albumin as a standard.

Purification of Tobacco Fd-SiR—Approximately 2.5 kg
of frozen leaf tissue was homogenized in 8 liters of buffer A
(50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 1 mM EDTA, 1
mM MgCl;, 14 mM 2-mercaptoethanol, 1% (w/v) sodium
ascorbate, and 0.5 mM phenylmethylsulfonyl fluoride]
with 250 g of Polyclar AT in a Waring blender CB-6. The
homogenate was passed through four layers of cheesecloth
and then centrifuged at 10,000 X g at 4°C for 10 min. The
resulting supernatant was fractionated with ammonium
sulfate at 40-70% saturation and the precipitate was
dissolved in a small volume of buffer B [20 mM Tris-HCI
(pH 7.5), 1 mM MgCl,, and 1 mM EDTA], the solution was
then desalted on a column of Sephadex G-25 (10 ¢cm i.d. X
40 cm) equilibrated with buffer B. The desalted crude
enzyme was directly loaded onto a column of DE-52 (5.4 cm
i.d. X 25 ¢cm) and then eluted with a linear gradient of NaCl,
from O to 400 mM, in buffer B. Fractions containing Fd-SiR
activity were pooled, concentrated by 70% ammonium
sulfate precipitation, and then desalted on a column of
Superdex 200 with buffer C (50 mM Tris-HCI (pH 7.5), 1
mM MgCl,). The crude SiR was adsorbed on a small column
of Fd-Sepharose (14) and eluted with a linear gradient of 0
to 400 mM NaClin buffer C. Fd-SiR was further purified by
two successive column chromatographies on Phenyl Super-
ose (FPLC system) and Superdex 200 (SMART system),
with development with a linear gradient, 40 to 0% satura-
tion, of ammonium sulfate in buffer C, and with isocratic
elution with buffer D [50 mM Tris-HCI (pH 7.5), 150 mM
NaCl, and 1 mM MgCl,], respectively.

Determination of the Amino Terminal Sequence—The
purified Fd-SiR was subjected to SDS-PAGE (15) to
remove a trace amount of contaminating proteins, electro-
blotted onto a polyvinylidene difluoride membrane (Immo-
bilon™-P5? transfer membrane; Millipore), and then ana-
lyzed with a gas-phase amino acid sequencer (model 477A/
120A; Applied Biosystems).

Screening of a cDNA Library—A AZAPI ¢cDNA library
prepared from tobacco (cv. SR1) leaves was purchased
from Stratagene. Fd-SiR ¢cDNA was screened by nucleic
acid hybridization using a cDNA for maize Fd-SiR (8) as a
probe. The probe was labeled with 3?P-dCTP by the random
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priming method (16). General methods for screening were
used, as described by Sambrook et al. (17).

5 -Rapid Amplification of ¢cDNA Ends (5'-RACE)—5'-
RACE was performed with a 5'-RACE kit (GIBCO BRL)
essentially as described by the manufacturer. The nucleo-
tide sequence of the primer for PCR was 5'-GTCGTATTG-
CATATAGCTTCC-3'. The amplified cDNA fragment was
directly sequenced.

Isolation of Genomic Clones—A tobacco genomic library
(N. tabacum cv. Xhanti-nc, Clontech) in EMBL3 was
screened using NtSiR1 as a probe. The probe was labeled
with **P-dCTP as described previously. Four genomic
clones was isolated from 5.5%10° plaques. An approxi-
mately 6.3 kb genomic fragment was subcloned into the
pUC19 plasmid.

DNA Sequencing and Sequence Analysis—Sequencing of
c¢DNAs was performed by the dideoxy chain-termination
method (18) using a PRISM DNA sequencing kit (Applied
Biosystems) with an automated DNA sequencer (Model
373A; Applied Biosystems). Geneworks (IntelliGenetics)
and GENETYX (Software Development) were used for
computer analysis of nucleotide and deduced amino acid
sequences.

Northern Blot Analysis—Total RNA was prepared from
leaves, stems, roots, and petals by the method of McGookin
(19). The RNA was size-fractionated by electrophoresis in
a formaldehyde-containing agarose gel, and then transfer-
red to a nylon membrane (Hybond N+; Amersham)
according to the protocol recommended by the manufac-
turer. The probe was labeled by the random-primed
method in the presence of **P-dCTP.

RESULTS AND DISCUSSION

Purification and Amino-Terminal Analysis of Fd-SiR
from Tobacco Leaves—To obtain information on the pri-
mary structure of tobacco Fd-SiR, the enzyme was purified
from green leaves as described under “MATERIALS AND
METHODS.” The final preparation of the enzyme was
purified about 500-fold, and gave a major single band
corresponding to a molecular mass of 64 kDa on SDS-PAGE
(Fig. 1). The specific activity was 1.9 units/mg protein.
Tobacco Fd-SiR gave absorption peaks at 395 and 580 nm
in the visible region, which were derived from siroheme.
The Ajps/Azs and Asgy/Azs ratios were 0.38 and 0.08,
respectively. These spectroscopic characteristics were
comparable to those of spinach Fd-SiR (20). The amino-
terminal sequence was determined up to the eleventh
residue to be X-Pro-Ala-Lys-Pro-Ala-Ala-Val-Glu-Pro-
Lys, and was compared with those of Fd-SiRs from leek
leaves (21), turnip leaves and roots (22) (Fig. 2). These
amino-terminal sequences show significant homology,
although there is considerable variation in the amino-ter-
minal position. The amino-terminus of tobacco Fd-SiR
starts at the same position as in turnip leaf Fd-SiR.

In leek leaves, Fd-SiR activity was separated into three
materials on anion-exchange column chromatography,
although they had the same amino-terminal sequence (21).
In tobacco leaves, however, Fd-SiR activity was eluted as a
single fraction at every step of purification, except for the
“side-activity” due to Fd-NiR (23).

Isolation of a cDNA Clone Encoding Fd-SiR—The
A ZAPII tobacco cDNA library was screened with a maize
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Fd-SiR cDNA (8) as a probe. Twelve positive plaques were
obtained from 3 X 10° recombinant phages. The inserts of
the isolated clones ranged from 1.5 to 2.3 kb, and all clones
analyzed seemed to be siblings on the basis of their restric-
tion maps (data not shown). The longest clone among them,
designated as pNtSiR1, was chosen for determination of the
nucleotide sequence (Fig. 3). The insert of pNtSiR1 had a
reading frame encoding 672 amino acids, although the
initiation codon was missing. The amino-terminal sequence
of the purified Fd-SiR was found on the basis of the deduced
amino acid sequence (Fig. 3, underlined). The missing
region was amplified by 5 -rapid amplification of cDNA
ends (5-RACE), and the resulting amplified ¢cDNA was
directly sequenced. The overlapping region of pNtSiR1 and
the resultant DNA fragment obtained on 5 -RACE matched
completely, and 167 bases extended beyond the 5 -termi-
nus of pNtSiR1. A putative initiation methionine codon was
found in the extended region. The precursor of tobacco Fd-
SiR, designated as NtSiR1, therefore consists of 693 amino
acids, and is processed into a mature polypeptide of 632
amino acids, whose calculated molecular mass is 70.2 kDa.

Structural Comparison of Siroheme-Containing En-
zymes—Fd-SiR in higher plants is a plastidic protein
requiring Fd as an electron donor (24). SiR in enterobac-
teria, composed of distinct subunits referred to as the
flavoprotein and hemoprotein, utilizes NADPH as an
electron donor (25). Biochemical studies have revealed that
Fd-SiR and the hemoprotein contain a (4Fe-4S] cluster and
one siroheme per subunit as cofactors, respectively (23).
The mature region of NtSiR1 exhibited significant homol-
ogy to SiRs from various species. Figure 4 shows alignment
of the amino acid sequences of Fd-SiRs from Z. mays (8),
A. thaliana (9), and Synechococcus PCC7942 (26) with the
hemoprotein of E. coli (25). Nitrite reductase (NiR), which
catalyzes the reduction of nitrite to ammonia using Fd as an
electron donor, is known to be an another siroheme-con-
taining enzyme, and Fd-NiR from tobacco (27) was includ-
ed in the sequence comparison. At the amino acid level,
NtSiR1 is 77% homologous to the Fd-SiR of Z. mays, 82%
to that of A. thaliana, 48% to that of Synechococcus
PCC7942, 32% to the hemoprotein of E. coli SiR, and 18%
to Fd-NiR of N. tabacum. It is noteworthy that only the
tobacco and cyanobacterium Fd-SiRs have an extended
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Fig. 1. SDS-PAGE of the purified tobacco Fd-SiR. About 0.5 ug
of purified Fd-SiR was subjected to SDS-PAGE and then stained with
Coomassie Brilliant Blue. Molecular mass markers are shown at the
left.
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sequence in their carboxy-terminal region, and they are
weakly homologous.

The three-dimensional structure of the hemoprotein of
E. coli NADPH-SIR has been determined by X-ray analysis
(11), which revealed that the siroheme and [4Fe-4S]
cluster are retained in the active site of the enzyme through
four cysteine ligands, Cys,s., CySi40, Cy847¢, and Cys,gs. The
four cysteines are strictly conserved in all plant Fd-SiRs
(positions 502, 508, 548, and 552 in tobacco Fd-SiR), and
their proximal regions show high similarity (Fig. 4),
suggesting that the configurations around their redox
centers are similar. The basic residues involved in the
substrate coordination to siroheme in E. coli NADPH-SIR
(11) are also highly conserved in cyanobacteria and higher
plant Fd-SiR (Argm, Argies, ATZ202, LyS24, and Lyszae in
tobacco Fd-SiR). These structural characteristics are also
found in Fd-NiR, although the overall homology to Fd-SiR
is not so high. This conservation suggests that the two
enzymes diverged from a common ancestral gene. Fd-SiRs
and Fd-NiR have common insertions from Ala;se to Phe,ss,
in comparison with the hemoprotein of E. coli NADPH-SiR
(Fig. 4, Region A). The insertion seems to be located on the
surface of the protein based on the superimpositioning of
Fd-SiRs to the three-dimensional structure of the hemo-
protein of E. coli NADPH-SiR. This region, unique to
Fd-dependent enzymes, might be related to the protein-
protein interaction with Fd.

Expression of the Fd-SiR Gene in Various Tobacco
Organs—Molecular cloning of the ¢cDNA enabled us to
analyze the pattern of expression of tobacco Fd-SiR. Total
RNASs were separately prepared from leaves, stems, roots,
and petals of mature plants, and then the distribution of the
Fd-SiR transcript was examined by Northern blotting. A
transcript of 2.4 kb in length accumulated in all the organs
examined to comparable levels (Fig. 5). The enzymatic
activity of F'd-SiR has been reported to be present in leaves
(20) and roots (28). Our results confirm the wide distribu-
tion of Fd-SiR in whole plants at the transcription level, and
furthermore suggest that sulfite reduction occurs not only
in leaves, stems, and roots, but also in petals.

It has been reported that a non-photosynthetic type of Fd
is constitutively expressed in the petals and fruits of Citrus
(29), suggesting the existence of an electron-donor system
for SiR in these reproductive organs. It has also been
reported that the cysteine synthase gene is expressed in
petals of A. thaliana (30). This implies that, at least, sulfite
is assimilated into cysteine in petals. Some sulfur-contain-
ing substances such as thionin are known to be accumulated
in flowers (31). At present, the expression of other sulfur-
assimilatory genes such as those of sulfate transporters and

tobacco: x[e|afx p|a a v & ¢[x
leek: EVKIRSKVEIP
turnip (leaf): x|Pls|k P/l-EXKATIKIDBKVEID
tumnip (root): vxvjaxr-sxsrﬂnsxvsxb

Fig. 2. Comparison of the amino-terminal sequences of Fd-
SiRs. X indicates a residue not identified. Conserved amino acids in
the sequences are boxed. Gaps are introduced to achieve maximum
homology.
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AAATATATCTGTAATACACTCTCTCCGCCATTTTCACAAATTTCTCTGTTCGTAAAAACCCTAGCTTTATTTATCT&TTTGTTATTCGCT
AGGGGTAAGGATGACGACGTCGTTTGGAGCAGCGATTAACATCGCCGTCGCOGATGACCCGAACCCCAAGCTCCAAATTCACAACTTCTC
M T T S F GA A I NI AV ADUDUPNUZPIKTILUGQTIUHNTFS
CGGGTTAAAAAGCACCTCCAATTCGCTGT TGCT TAGCAGGCGTCTTCACGTTT T TCAGTCCTTTTCCCCGTCGAATCCTAGTTCTATTGT
G L XK S TSN NSLULULSIR RIRILHVFEFOQST FSUPSNUPSSTIWUV
CCGCGCCGTATCTACGCCAGCAAAGCCAGCTGCAGTGGAGCCCAAGOGTAGTAAGGTTGAAATATTCAAAGAACAGAGTAACTTCATAAG
R AV S TUPAUKUPAAVEZPI KRS SI KUV ETITFIKEZ QS SNTFTIHR
GTATCCTCTTAATGAGGAGATTCTAAATGATGCCCCCAACATCAATGAGGCTGCAACACAATTGATCAAGTTCCA'
Y P LNEUETITLWNDA APUNTINEA BABAT GQLTII KT FHGSYMMZQ
ATACGACAGAGATGAGCGTGGGGGAAGATCATACTCATTCATGCTTCGGACAAAGAACCCTGGTGGGGAGGTACCARACAGACTCTACTT
YD RDERGGRSYSF FMULRTI KWNZPGSGEUVU?PNIRTILYTL
GGTCATGGATGATCTTGCTGACCAATTTGGGATTGGGACACTTCGTTTGACAACAAGACAGACCTTTCAGCTGCATGGGGTCTTGAAARA
vVM™MDDLADOQFGIOGTULRLTTIRAQ@TVFAQLUHGVTILIKK
AAATCTCAAGACAGTAATGAGTACAATCATCARAAACATGGGTTCAACTCTTGGTGCATGTGGTGACCTCAATAGGAACGTTCTTGCTCC
N L X TVMSTTITIKNMGSTULGATCG G DT LN NIR RWNUVILATWP
AGCTGCCCCATTTGCTAAAAAAGATTATATGTTTGCTAAACAAACAGCTGATAACATTGCAGCACTTTTAACTCCCCAGTCTGGATTTTA
A APFAIKI KDYMT FAI KO OQTADN NTIA AALTLTUPOGQSGTFY
CTATGACGTTTGGGTGGA TGGGGAGAAAGTTATGACAGCAGAACCTCCTGAAGTTGTGAAAGCTCGAAATGATAACTCCCATGGAACAAA
Y DVWVDGEIZ KVMTA AETPZPEVV KA ARNIDNSHGTN
CTTCCCTGACTCACCTGAACCCATTTATGGAACTCAGTTCTTGCCAAGGAAGTTCAAAA TTGCAGT TACCGTGCCAACTGATAACTCGGT
F PDSPEUPTIYGTOQPFULUPRI KT FI KTIAVVTVZPTUDNSYV
GGACATTTTCACAAATGATATAGGTGTTGTTGT TGTATCTAATGAGGATGGAGAGCCTCAGGGATTCAACATATATGTTGGTGGTGGTAT
DI FTNDTIGVVVV SNZEDSGEUZPUGQGTFNTIUYVGGGM
GGGGCGAACTCATAGGATGGAAACCACTTTTCCTCGATTGGCAGAGCCATTAGGTTATGTGCCTAAAGAGGATATACTCTATGCTGTTAA
G RTHIRMETTVPFPRULAEUZPULSGYV?PIKEDTIIULYA AUVHK
AGCCATTGTTGTTACTCAAAGAGARAAACGGCAGAAGAGATGATCGCAGATACAGCAGATTGAAATATTTACTCAGCTCATGGGGAATCGA
A I VVTOQREUNGRRDIDI RRYSRLIEKTYTILTLSSUWOGTIE
GAAGTTTCGATCTGTCACTGAACAGTATTATGGAAAGAAGT TTCAACCTTGCCGTGAATTGCCTGAGTGGGAATTCAAGAGTTATTTGGG
K FRSVTEA QYYGIK K XKTFOQP CRTETLUZ®PEUWETFIKSYULG
ATGGCACGAAGCGGGAGATGGTAGCT TGTTTTGTGGTCTACATGTTGACAATGGTCGTGTAAAAGGAGCGATGAAGAAGGCACTCAGGGA
W HEAGDSGS ST LFOCGILHUVDNGR RV KSGA AMEKTE KA ATLTR RE
AGTTATTGAGAAGTATAATCTGAATGTGCGTCTCACACCAAACCAGAATATTATATTGTGCAATATTCGACAAGCGTGGAAGCGCCCCAT
vV I EK Y NILNVI RILTUZPNUGQNUNTITIILGCNTIIRUOGQAWIE KT RTEPI
CACCACAGTTCTTGCACAGGGTGGTTTGCTGCAACCTAGGTATGTGGATCCACT CAATCTAACAGCAA TGGCCTGOCCGGCTTTTCCTCT
T TVLAQGGULUL QPR RYVDPULNTLTA AMACEPAR ATFUPL
TTGTCCTCTTGCAATAACTGAAGCTGAGCGTGGAATACCTGACATCCTCAAGCGTGTTCGAGCTATTTTTGAAAGGGTTGGTCTGAAGTA
CPLAITEA AERGTIU®PUDTIULIKZ RVRERAITFEIRVUVGTLTZ KY
CAGTGAATCTGTTGTCATAAGGATAACAGGA TGTCCTAATGGGTGTGCTCGACCATACATGGCTGAACTTGGCTTGGTTGGAGATGGTCC
S E SV VI RITG GO CPNGC CARTPTYMAEULTGTLVGDG?P
AAACAGCTATCAGATCTGGCTCOGGTGGAACTCCCAATCAAACTTCATTGGCAAAAACT TTCAAGGATAAGCTTAAGGTTCAGGATCTTGA
N 8 Y QI WLGGTUPNOQTSTULAIZ KTT FEFXKDI KTLIEKVOQDTULE
AAAAGTTCTGGAGCCTTTATTTTTCCATTGGAGAAGAAAGCGACAATCTAAAGAATCATTTGGCGACTTCACAAACCGCATGGGATTTGA
KV LEZPTLTFTFHUWRRIKROQSIKESTFGDTFTNIR RMGTFE
GAAACTTGGGGAGTTTGTTGAAAAATGGGAAGGCATCCCTGAGTCATCATCTCGATATAACT TGAAGCTATTTGCTGATAGAGAGACTTA
K L GEVFV EIKWETGTIUZPESZSSURYUNTILIE KTILTFADTR RETY
CGAAGCCATGGATGCACT TGCAAGCATCOCAAGATAAARATGCCCATCAATTAGCAATTGAAGTGGTGCGCAATTATGTTGCTTCOCCAGCA
E A MDA ALA ASTI QDI KN NA AHRG QLA ATILIEUVVYVRNYVASQOQ
AAATGGGAAAAGTATGGACTGACCATGTCTTTCCTGTTGOCAAATAGCAAGATTGAGCAAGGAGGTATAACTGGTGCCCATGTCTTTAGC
N G K s M D
CTGTTATCTATTGGTAACAGTTGAAACAAGTGGAGAATTTTGACGTATATTCTGCAAGCTTTGTAGTACTTCACTTGTAGACCAACAGTA
CCCTGCAGTTICTTTTCCTIGTTCATTTTTCGTTTCTATTTGAAGAGTARACARGATCTTACAATGGTCTGTTTTTTCTCTTGATTTTTT
TAGAGGATTGTCTTTTAAACCTCAARAAAAAAA
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990
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1260
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Fig. 3. The nucleotide and deduced amino acid sequences of
tobacco Fd-SiR. The 5-RACE product and the ¢cDNA insert are
combined to give one cDNA sequence for tobacco Fd-SiR. The amino
acid sequence in the amino-terminal region of the mature form of Fd-

the sulfate-activating pathway in petals has not been
reported. Further study of sulfur assimilation in petals is
required.

Isolation and Characterization of a Fd-SiR Gene—A
tobacco genomic library constructed with the EMBL3
vector was screened by hybridization with the tobacco
c¢DNA for Fd-SiR, NtSiR1. Four hybridizing clones were
obtained and mapped by digestion with a variety of restric-
tion enzymes. They were divided into two groups, one
group containing the entire region corresponding to
NiSiR1. A clone 1n this group, designated as gNtSiR1, was

SiR is underlined. The direction and extent of the primer for 5'-RACE
are indicated by an arrow. The dotted base indicates the 5’-end of the
c¢DNA insert, pNtSIR1.

chosen for further analysis. The complete nucleotide se-
quence of gNtSiR1 (5,190 bp) was determined and has been
deposited in the DDBJ database under accession number
AB010717. By aligning the genomic sequence with the
c¢DNA sequence, the tobacco Fd-SiR gene was found to be
composed of 8 exons interrupted by 7 introns, as shown in
Fig. 6. All of the predicted introns had the GT-AG consen-
sus border sequence (32). A single nucleotide difference
between gNtSiR1 and NtSiR1 was found in the 3’ untrans-
lated region. The other group of positive clones, designated
as gNtSiR2, was analyzed by partial sequencing, and was
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NtSiR1
ZmSiR
AtSiR
AnSiR
EcSiR8
NtNiR1

NtSiR1
ZmSiR
AtSiR
AnSiR
EcSiRB
NtNiR1

NtSiR1
ZmSiR
AtSiR
AnSiR
EcSiRp
NtNiR1

NtSiR1
ZmSiR
AtSiR
AnSiR
EcSiRB
NtNiR1

NtSiR1
ZmSiR
AtSiR
AnSiR
EcSiRB3
NtNiR1

NtSiR1
ZmSiR
AtS{iR
AnSiR
EcSiRA
NtNiR1

NtSiR1
ZmSiR
AtSiR
AnSiR
EcSiRA
NtNiR1

NtSiR1 662:
AnSiR 602:

IQDKNAHMASQQNGKSPD
GVSLT AT

Fig. 4. Comparison of the amino acid sequences of SiRs. The
mature region of NtSiR1 is compared with those of Z. mays Fd-SiR
(ZmSiR) (8), A. thaliana Fd-SiR (AtSiR) (9), Synechococcus
PCC7942 Fd-SiR (AnSiR) (24), the hemoprotein of E. coli NADPH-
SiR (EcSiRg) (23), and N. tabacum Fd-NiR (NtNiR) (25). Identical
residues to NSiR1 are indicated by white letters on a black back-

found to be quite similar to gNtSiRI in the coding region.
Some changes were found mainly in the intron region,
suggesting that at least two copies of the SiR gene are
present in the genome of tobacco.
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ground. The amino acid residues that bind to the substrate (11) are
shown by white triangles. The amino acid residues predicted to be
liganded to the [4Fe-4S] cluster and the siroheme are shown by black
triangles. Asterisks show the amino acid residues surrounding the
siroheme. The region indicated by the arrow (region A) is common in
Fd-linked enzymes (see the text).

To determine the organization and copy number of the
tobacco Fd-SiR gene more directly, Southern blot analysis
of the total genomic DNA was carried out using a DNA
fragment located within the second exon of gNtSiRI as a
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probe. The genomic DNA was cut with four different
restriction enzymes, and all digests gave two or three
hybridizable fragments, as shown in Fig. 7. The fragments
with sizes of 2.8 and 3.4 kb detected in the digests of EcoRI
and HindIll, respectively, were in good agreement with
those postulated from the structure of gNiSiRI. This
indicates that there are two copies of the SiR gene in the
total genome of tobacco. The second gene detected on

A GgsRP
. (kb)
%34
- W
-%+1.8
B

Fig. 5. (A) Northern blot analysis of the expression of NtSiR1
in various organs of tobacco plants. Total RNAs (10 ug), prepared
from green leaves (G), stems (S), roots (R), and petals (P), were
electrophoresed on a 1.2% agarose gel, transferred to a nylon
membrane, and then hybridized with **P-labeled cDNA for NtSiR1.
(B) Ethidium bromide staining of total RNA on the agarose gel.

1kb

FE & e & oF Fof

avor Lo e i

NtSiR1

Fig. 6. Schematic representation of the genomic clone,
ENtSiR1, and the cDNA clone, NtSiR1, coding for Fd-SiR. Exons
and introns are indicated by black and white boxes, respectively. The
gray and hatched boxes indicate the mature region and the transit
peptide region of Fd-SiR, respectively. The position of the Neol
fragment, probe A, used for the Southern blot analysis in Fig. 7 is
indicated by a double-headed arrow.

K. Yonekura-Sakakibara et al.

Southern blotting seems to correspond to gNtSiR2. N.
tabacum is an amphidiploid, and this implies a single gene
for Fd-SiR per genome.

It has been proposed that the genes for Fd-SiR and
Fd-NiR had a commeon ancestral gene. The two enzymes
have the same prosthetic groups and comparable activities
as to the reduction of sulfite and nitrite, although their
substrate specificities are considerably different. The
entire structures of the genes of A. thaliana and spinach are
known, and they consist of 4 exons and 3 introns, although
the Fd-NiR gene has not been cloned from tobacco. The
sites of the intron insertions are quite different from those
in Fd-SiR (data not shown), suggesting that the two genes
diverged at an early stage of molecular evolution, probably
before the appearance of eukaryotic photosynthetic organ-
isms.

Potential cis-acting elements involved in the regulation
of sulfur assimilatory genes were found in the sequence of
572 nucleotides upstream of the translation starting site of
gNtSiRI on research with the PLACE database at the
National Institute of Agrobiological Resources, Tsukuba. In
yeast, most sulfur assimilatory genes require centromere
binding factor 1 (Cbfl) for normal transcription. DNA
binding sites for Cbf1 called the CDEI element (5'-TCACG-
TGA-3') are found in the promoters of all sulfur assimila-
tory structural genes, i.e. MET4, MET5, MET10, MET14,
MET16, and MET25. METS5 is the gene for the hemopro-
tein of yeast SiR. Cbf1 is not capable of gene activation by
itself, but enhances the binding of MET4 to the promoters
of the MET genes, and is a transcriptional activator for
MET gene expression in response to sulfur availability
(33). The MET4 binding sequence is known to be 5'-TGGC-

D &
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Fig. 7. Southern analysis of tobacco genomic DNA digested
with the restriction enzymes, BamHI, EcoRl, HindIIl, and
Xbal, and hybridized with a *?P-labeled DNA probe prepared
from NtSiR1.
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AAATG-3'. These two cis-acting elements were found in
the 5’-flanking region of gNtSiR1. The core motif of CDEI,
CACGTG, and a sequence similar to the MET4 binding
sequence, AGGCAAAAQG, are found at position —183 and
position —210, respectively. In the genomic sequences of
the A. thaliana Fd-SiR gene submitted to the nucleotide
sequence database (GenBank accession number Y10157)
and the A. thaliana ATP sulfurylase gene (GenBank
accession numbers U59738 and U59737), core motif and
MET4 binding sequences also exist in the promoter regions.
Characterization of the cis-elements in more detail and
analysis of other sulfur assimilatory genes will be neces-
sary to understand the mechanism of underlying regulation
of sulfur metabolism in higher plants.

We wish to thank Dr. S.F. Chandler, Florigene, for critical reading of
the manuscript, and Dr. H. Sakakibara, Nagoya University, for his
support in preparing the manuscript.
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