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Abstract. In higher plants, the expression of the nitrate 
assimilation pathway is highly regulated. Although the 
molecular mechanisms involved in this regulation are 
currently being elucidated, very little is known about the 
trans-acting factors that allow expression of the nitrate 
and nitrite reductase genes which code for the first en- 
zymes in the pathway. In the fungus Neurospora crassa, 
nit-2, the major nitrogen regulatory gene, activates the 
expression of unlinked structural genes that specify nitro- 
gen-catabolic enzymes during conditions of nitrogen lim- 
itation. The nit-2 gene encodes a regulatory protein con- 
taining a single zinc finger motif defined by the C-X2-C- 
Xlv-C-X2-C sequence. This DNA-binding domain recog- 
nizes the promoter region of N. crassa nitrogen-related 
genes and fragments derived from the tomato nia gene 
promoter. The observed specificity of the binding sug- 
gests the existence of a NIT2-1ike homolog in higher 
plants. PCR and cross-hybridization techniques were 
used to isolate, respectively, a partial cDNA from Nico- 
tiana plumbaginifolia and a full-length eDNA from Nico- 
tiana tabacum. These clones encode a NIT2-1ike protein 
(named NTL1 for nit-2-1ike), characterized by a single 
zinc finger domain, defined by the C-Xz-C-X18-C-X2-C 
amino acids, and associated with a basic region. The 
amino acid sequence of NTL1 is 60% homologous to the 
NIT2 sequence in the zinc finger domain. The Ntll  gene 
is present as a unique copy in the diploid N. plumbaginifo- 
lia species. The characteristics of Ntll  gene expression are 
compatible with those of a regulator of the nitrate assim- 
ilation pathway, namely weak nitrate inducibility and 
regulation by light. 
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Introduction 

In higher plants, nitrate is first converted into nitrite by 
nitrate reductase (NR, EC 1.6,6.1), a cytoplasmic 
enzyme. Nitrite is then translocated to the chloroplast, 
where it is reduced by nitrite reductase (NiR, EC 1.7.7.1) 
to ammonium. Ammonium is then used for the biosyn- 
thesis of amino acids in the chloroplast (Guerrero et al. 
1981). Nitrate assimilation is a highly regulated process. 
In higher plants, factors such as light, cytokinins and 
circadian rhythm affect NR expression (Crawford and 
Campbell 1990; Caboche and Rouz6 1990). In addition, 
nitrate induces, and ammonium and/or glutamine down- 
regulate, NR expression (Caboche and Rouz6 1990; 
Solomonson and Barber 1990). These controls appear to 
occur at the mRNA level (Vincentz and Caboche 1991 ; 
Vaucheret et al. 1992). Very little is known about the 
trans-acting factors that are required for the regulation 
of NR in higher plants. Many mutants defective in ni- 
trate assimilation have been isolated in different species 
(reviewed in Kleinhofs et al. 1985; Wray 1988; Wray and 
Kinghorn 1989; Caboche and Rouz6 1990; Crawford 
and Campbell 1990). Among them, only one putative 
regulatory mutant, chl2, has been isolated, from Ara- 
bidopsis thaliana. Unfortunately, recent studies have 
demonstrated that the chl2 mutant is not a regulatory 
mutant but is impaired in the biosynthesis of molybdop- 
terin, a NR cofactor, or in stabilization of this cofactor 
(LaBrie et al. 1992). There are significant similarities 
between the NR regulation found in plants and fungi. In 
Neurospora crassa and Aspergillus nidulans, NR ex- 
pression is highly regulated at the mRNA level and re- 
quires nitrogen derepression and simultaneous induction 
by nitrate. The regulation of the NR and NiR genes is 
governed on the one hand by the pathway-specific pos- 
itive control genes, nit-4 and nirA, involved in nitrate 
inducibility. On the other hand, nit-2 and areA, the major 
positive control genes, are involved in N-metabolite re- 
pression. The nucleotide sequences of the nit-2 and area 
genes revealed that they encode transcription factors that 
contain a DNA-binding element consisting of a single 



366 

Cys2/Cys2 zinc finger and an adjacent basic region (Fu 
and Marzluf 1990a; Kudla et al. 1990). There is 98% 
amino acid identity between the DNA-binding domains 
of the NIT2 and AREA proteins. In vitro gel-band mob- 
ility shift and DNA footprinting studies showed that the 
NIT2 protein recognizes specifically sequences in the 5' 
region of N-repressible genes of N. crassa and of the 
nitrate and nitrite reductase genes of A. nidulans (Fu and 
Marzluf 1990b). A core consensus sequence, TATCT (or 
on the complementary strand AGATA), was identified 
in all of these binding sites. The same consensus 
sequence, (A/T)GATA(A/G), was identified in the pro- 
moters and enhancers of all globin genes as the binding 
sequence for the major transcription factor, GATA-1, of 
the erythroid lineage (Evans and Felsenfeld 1989). These 
GATA-1 proteins have two C4 zinc finger DNA-binding 
domains that are highly conserved among vertebrates 
including man (Trainor et al. 1990), mouse (Tsai et al. 
1989) and chicken (Evans and Felsenfeld 1989), and 
invertebrates like Caenorhabditis elegans (Spieth et al. 
1991) and Spodoptora frugiperda (Krappa et al. 1992). 
The C-Xz-C-Xlv-C-X2-C zinc finger motif is also conser- 
ved in pleiotropic regulators affecting nitrogen pathway 
genes in yeast, such as GLN3, a positive regulator (Mine- 
hart and Magasanik 1991) or UGA43, a negative regula- 
tor (Coornaert et al. 1992). The DNA-binding domains 
of the NIT2 and AREA proteins are homologous to 
these GATA-1 and yeast zinc finger motifs. 

Recent studies have demonstrated that two fragments 
of the tomato nia gene promoter region, which was 
shown to contain essential cis-acting regulatory elements 
(Dorbe et al. 1992), are specifically recognized and bound 
by the NIT2 protein (Jarai et al. 1992). Both fragments 
contain the putative GATA recognition sequence. These 
data suggest that a homolog of NIT2, belonging to the 
GATA-binding protein family, may exist in tomato and 
other higher plants and play a central role in controlling 
NR expression. No cross-hybridization was observed be- 
tween the nit-2 DNA-binding domain sequence and to- 
bacco or Nicotiana plumbaginifolia genomic DNAs in 
Southern blotting experiments. The PCR method (poly- 
merase chain reaction) has been successfully used to 
clone plant transcription factors by homology (reviewed 
in Katagiri and Chua 1992). Two degenerate oligonu- 
cleotides were derived from the C-X2-C amino acids of 
the NIT2 zinc finger and used in PCR experiments on 
N. plumbaginifolia cDNA. We show in this paper that a 
gene homologous to nit-2 does exist in N. plumbaginifolia 
and in tobacco. We here describe the isolation and nu- 
cleotide sequence of a complete cDNA clone from tobac- 
co, which encodes a zinc finger protein belonging to the 
GATA family. Its potential role in NR regulation will be 
discussed. 

Materials and methods 

Oli9onucleotide synthesis. The oligonucleotides were syn- 
thesized on a 381A DNA synthesizer (Applied Biosys- 
terns). Four specific primers were used for cDNA syn- 

thesis and PCR amplification, oll and o12 were derived 
from the amino acid sequence of the NIT2 zinc finger 
region. N corresponds to any nucleotide generated 
by adding an equal mixture of all four bases at each 
N position. At the two fold degenerated positions, 
equal amounts of the two nucleotides were included in 
the synthesis reaction: oll (22mer), 5'-GCGAAT- 
TCACNTG(C/T)ACNAA(T/C)TG-3'; o12 (23mer), 5'- 
GCGGATCCNCC(G/A)CANGC(A/G)TT(G/A)CA-Y 
(NIT2 sequences are underlined). RACE (Rapid amplifi- 
cation of cDNA ends) PCR experiments were per- 
formed using o13, an oligo-d(T) adapted primer, and o14 
designed from the first partial sequence of Ntll-Npl: 
o13 (32mer), 5'-CCTAGGCCACTGTGGCCT(15)-3'; 
o14 (20mer), 5 ' -ACACCTCAGTGGAGAGAGGG-Y 
(underlined nucleotides in Fig. 1A). After deprotection, 
the oligonucleotides were ethanol precipitated and resus- 
pended in water. 

cDNA synthesis and PCR amplification. Total leaf RNA 
from the E56 nia mutant was used for cDNA synthesis. 
For first cDNA strand synthesis, 5 ~g of RNA was mixed 
with 200 pmol of oligo d(T) or 10 pmol of specific primer 
(o13) and 10 units of ribonuclease inhibitor (RNAsin, 
Pharmacia LKB Biotechnology) in a total volume of 
12.4 ~1, heated at 65 ° C for 5 rain and cooled on ice. To 
this mixture, 10 units of RNAsin, 1 ~tg of nuclease-free 
bovine serum albumin (Promega), dNTPs (1 mM final 
concentration for each dNTP), and 200 units of M-MLV 
(Moloney mouse leukemia virus) reverse transcriptase 
(Bethesda Research Laboratories) were added in a total 
volume of 20 lal of the following buffer: 50 mM TRIS- 
HC1, pH 8.3, 75 mM KC1, 10 mM DTT, 3 mM MgClz. 
Control reactions for each sample contained the same 
components, except that the reverse transcriptase was 
omitted from the mixture. After 1 h incubation at 37 ° C, 
80 gl of water was added and 5 ~tl of the diluted first- 
strand reaction mixtures were used for PCR amplifica- 
tion of the cDNA. 

PCR amplification with the specific primers oll and 
o12 was performed with Taq DNA polymerase (Prome- 
ga) under standard conditions (Saiki et al. 1988) and as 
recommended by the supplier of the enzyme, with 
30 pmol of each primer. Cycling conditions for PCR 
were the following: 3 min at 94 ° C, 3 cycles of DNA 
denaturation (1 rain at 94 ° C), annealing (30 s at 37 ° C) 
and extension (2 rain at 72 ° C), followed by 30 cycles of 
DNA denaturation (1 min at 94 ° C), annealing (30 s at 
45 ° C) and extension (2 rain at 72 ° C) and then 15 rain at 
72 ° C. Cycling conditions for the RACE PCR were the 
following: 3 min at 94 ° C, 1 cycle of DNA denaturation 
(1 rain at 94 ° C), annealing (1 rain at 55 ° C) and exten- 
sion (15 rain at 72 ° C) followed by 35 cycles of DNA 
denaturation (1 rain at 94 ° C), annealing (1 rain at 55 ° C) 
and extension (2 rain at 72 ° C) and then 15 min at 72 ° C. 
One-tenth (10 ~tl) of the PCR reaction was then loaded 
on a 1% agarose gel and stained with ethidium bromide 
for analysis. PCR reactions were subsequently loaded on 
a 1% preparative agarose gel, the DNA bands were cut 
out of the gel and the amplified material was further 
purified using the GeneClean kit (Bio-101). DNA frag- 
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ments were blunt-ended by Klenow treatment and insert- 
ed into the EcoRV site of a pBluescript vector (Stra- 
tagene). The nucleotide sequence of the inserts was deter- 
mined with an automated Applied Biosystems 373A 
DNA sequencer using dye primers and the Sequenase 
enzyme. 

DNA and RNA extraction, Northern and Southern blot 
analysis. Total RNA extraction, Northern and Southern 
analysis were performed as previously described (Dorbe 
et al. 1992). Genomic DNAs from tobacco or N. plum- 
baginifolia leaves were extracted and purified according 
to the method of Dellaporta et al. (1983). The probe used 
in Northern and Southern experiments corresponds to 
the entire insert of Ntll-NplB. The EcoRV-HindIII frag- 
ment was isolated from an agarose gel, extracted and 
purified by the GeneClean method (Bio-101, La Jolla, 
Calif.). The probe was a-32p-labelled by random priming 
(Feinberg and Vogelstein 1983). Washes of Northern and 
Southern blots were performed under low stringency 
conditions in 2 x SSC, 0.5% Sarkosyl at 65 ° C. 

Plasmids, phages and bacterial strains. A tobacco )~gtl0 
eDNA library (kindly provided by Dr. Klaus Palme, 
MPI, K61n) was amplified in the Escherichia coli strain 
RY 1083. 

Phage plaque hybridization, using the Ntll-NplB 
cDNA as probe, was performed according to standard 
procedures (Maniatis et al. 1982). Washes were done 
under low stringency conditions in 2 x SSC, 0.5% sar- 
kosyl at 65 ° C, DNA inserts of positive recombinant 
phages were subsequently cloned in the EcoRI site of a 
pBluescript vector (Stratagene). 

Results 

Isolation of a partial eDNA from N. plumbaginifolia 

nia mutants expressing a non-functional NR protein 
accumulate NR and NiR mRNAs (Faure et al. 1991). 
This overexpression is a consequence of the absence of 
accumulation of N-metabolites such as glutamine, which 
repress the pathway (Vincentz et al. 1993). These phys- 
iological conditions were therefore chosen as the starting 
point of a search for transcripts homologous to areA and 
nit-2, putatively involved in N-metabolite regulation. 
Total RNA was extracted from the N. plumbaginifolia 
E56 nia mutant and used as a template in PCR experi- 
ments. The first cDNA strand was synthesized using 
oligo d(T) as primer (see Materials and methods). Two 
degenerate oligonucleotides (oll and o12) correspond- 
ing, respectively, to the residues NHz-TT¢z-CT~3-T74, ~- 
N745-C746-COOH and NH2-C764-N765-A766-Cv67-G768- 
COOH of the NIT2 protein (Fu and Marzluf 1990a) were 
subsequently used during 33 cycles of amplification (see 
Materials and methods) on this first cDNA strand or on 
the pNit-2 plasmid, which contains the nit-2 gene, as a 
positive control. A faint band of 100 bp, corresponding 
in size to the amplification product of the nit-2 gene, was 
observed for the N. plumbaginifolia sample and not in the 

corresponding control (cDNA synthesis minus reverse 
transcriptase, data not shown). This DNA fragment was 
purified by GeneClean and used in a second PCR ampli- 
fication, performed under the same conditions, in order 
to obtain enough material. After gel extraction and puri- 
fication, the cDNA fragment was cloned into a pBlue- 
script vector. The nucleotide sequence and the deduced 
amino acid sequence of this Ntll-NplA (Ntl for nit-2- 
like) partial cDNA is shown in Fig. 1A. A main open 
reading frame, covering the entire length of the fragment 
was found and comparison of the corresponding amino 
acid sequence with the sequence of the NIT-2 zinc finger 
loop (shown in bold face in Fig. 1A) revealed conserva- 
tion of 7 out of 17 amino acids. 

As a second step, we performed a 3' RACE PCR ex- 
periment. A first cDNA strand was synthesized using the 
oligonucleotide o13 (see Materials and methods) as 
primer and total RNA extracted from the E56 mutant as 
a template. This first strand was subsequently amplified 
between the same o13 and o14 oligonucleotides (corre- 
sponding to the underlined nucleotides in Fig. 1B). 
A 550 bp eDNA fragment was obtained and cloned as 
Ntll-NplB. The nucleotide and deduced amino acid 
sequences are shown in Fig. lB. Only one large open 
reading frame of 100 amino acids is found in the entire 
sequence. The homology with the NIT2 zinc finger region 
extends to the succession C-N-A-C-G, which may rep- 
resent the end of a hypothetical zinc finger in the 
N. plumbaginifolia protein. This homology is not main- 
tained beyond the G residue. However, the region of the 
translated Ntl l -NplB protein on the carboxy side of the 
zinc finger motif is highly basic (underlined residues in 
Fig. 1 B) with a net charge of + 9. This region has been 
shown to be part of the DNA-binding domain in the 
mouse GATA-1 protein (Martin and Orkin 1990) and 
the NIT2 protein (Fu and Marzluf 1990c). We used this 
partial cDNA as a probe for analyzing the expression 
pattern and genomic organization of the Ntll genes and 
to isolate a full-length eDNA. 

mRNA size and expression pattern 

To determine the size and the expression pattern of the 
Ntll-Npl cDNA, we performed Northern blot hybridiza- 
tions on total RNA of N. plumbaginifolia plants grown 
under different conditions. A single 1.5 kb band was 
detected (Fig. 2). Expression levels were approximately 
fourfold lower than for NR. 

Compared to the NR mRNA expression pattern, the 
regulation of the Ntll gene expression is slightly different. 
It seems that no circadian rhythm influences the Ntll 
mRNA pool: the steady-state level of mRNA is the same 
at the beginning and end of the day (Fig. 2, lanes 1 and 
2). However, the amount of Ntll-Npl transcript is lower 
in plants grown on ammonium than in plants grown on 
nitrate (Fig. 2, lanes 3 and 4), although the range of this 
variation is much lower than the degree of stimulation of 
NR mRNA synthesis by nitrate. The two- to threefold 
increase in the content of the Ntll transcript under ni- 
trogen-derepressed versus nitrogen-repressed conditions 
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A 

(oli) 

B 
(o14) 

GCGAATTCACTTGTACAAATTGTCAAGTCACAAAGACACCTCAGTGGAGAGAGG~ACCA 

Q V T K T P Q W R E G P 
F T Q T T P L W R R N P 

CTGGGGCCAAAGACACTATGTAACGCTTGTGGAGGATCC (o12) 

L G P K T L 
D G - Q P L C N A C G (nit-2} 

CAGTGGAGAGAGGGACCACTGGGGCCAAAGACACTATGCAATGCCTGTGGAGTCCGCTAT 

Q W R E G P L G P K T L C N A C G V ~ Y 

CGTTCAGGGCGTCTATTCCCAGAGTATCGACCTGCTGCTAGTCCTACATTTATTCCAACT 

E S G ~ L F P E Y ~ P A A S P T F I P T 

TTGCACTCAAACTCTCACAGGAAGGTCGTAGAGATGAGAAAAAAAGCTATATATGGAGAA 

L ~ S N S H R K V V E M R K K A I Y G E 

ACATCTGCACTTGAGGAACCTCACAATGTGATCGTAGAGGGCCCTCCAATGTCACCCGCG 

T S A L E E P H N V I V E G P P M S P A 

CCAGAGTTTGTTCCAATGAGTAGCTATTTGTTTGATGTATACTGAAGAGATGATTATACT 

P E F V P M S S Y L F D V Y * 

TTTAGTTAGGAGCTTAATTTTAGTTTATTGTTTTATTTTCGATGGAGTCATGGGTGGTTC 
TGCTGGTATGGTGGCTACTCGCGTTATGCGTCGATGTACAAATGTTGAATCTTAGGTGTC 
TAGGTTAGATAATTGGTTGGAGGTCAGAAGGAAAAGCTTTGAATCAATGCTTGATGAAGC 
AGTTCCTGTTATGTAAAAACTGAACTAGATATAGTAGATGGTTAGGTTTCATTTTTAAAA 
AAAAAAAAAAAGGCCACAGTGGCCTAGG (o13) 

Fig. 1A, B. Nucleotide sequences of the 
Nicotiana plumbaginifolia nit-2-1ike cDNA. 
The nucleotide and deduced amino acid 
sequences of Ntll-NplA and Ntll-NptB 
are shown in A and B, respectively. Oligo- 
nucleotides o11, ol2, o13 and o14 are under- 
lined. The nucleotides written in italics in 
B correspond to the hybridization site of 
o12 in the first PCR experiment. Amino 
acid sequence of the NIT2 zinc finger loop 
is in boldface. Basic residues are under- 
lined in the amino acid sequence of Ntll- 
Npl 

1 2 3 4 5 6 7 

1 . 5 k b  

Fig. 2. RNA gel blot analysis of N. plumbaginifolia Ntll mRNA. 
Total RNA (16 gg) from leaf tissues was probed with the radiola- 
belied NtI1-NplB cDNA insert. Lanes 1 and 2: plants were grown 
under a 16 h/8 h light-dark regime, leaves were harvested in the 
early morning (1) or at the end of the afternoon (2). Lanes 3 and 
4: plants were grown in vitro on medium supplemented with am- 
monium (3) or nitrate (4), leaves were harvested at the begining of 
the day. Lanes 5, 6 and 7: plants were grown under a 16 h/8 h 
light-dark regime, kept in the dark for 72 h and then returned to the 
normal cycle. Leaves were harvested at the begining of a day period 
as a control (5), after 72 h of darkness (6) and 4 h after illumination 
(7). Equal loading of RNA was confirmed by ethidium bromide 
staining of the gel before the transfer. Size was estimated according 
to a size marker run in parallel 

is comparab le  to the f luctuations in nit-2 t ranscript  levels 
under  the same condi t ions  (Fu and Marz lu f  1987). On  
the other  hand,  the Ntll-Npl t ranscript  is light inducible. 
In da rk -adap ted  plants, the Ntll t ranscript  is barely 
detectable (Fig. 2, lane 6) and 4 h i l luminat ion is suf- 
ficient to p romo te  its synthesis (Fig. 2, lane 7), as is also 
the case for  nia t ranscripts and other  light-inducible 
transcripts. The characteristics o f  expression o f  the Ntll- 
Npl m R N A  are therefore compat ib le  with those o f  a 
regulator  o f  the nitrate assimilation pa thway.  

Genomic organization of N. plumbaginifol ia  nit-2-like 
genes 

In  higher plants,  the genes isolated so far tha t  encode 
proteins which conta in  zinc finger D N A - b i n d i n g  do-  
mains  are present in one or  two copies per genome (Tak- 
atsuji et al. 1991) or  in mult igene families (Baltz et al. 
1992). We have examined the organiza t ion  o f  the nit-2- 
related sequences in the N. plumbaginifolia genome.  Re- 
sults are shown in Fig. 3. D N A  gel blot  analysis o f  
N. plumbaginifolia genomic D N A  revealed the presence 
o f  only one EcoRI restriction f ragment  and two HindlII 
restriction f ragments  (Fig. 3, lanes 1 and  2) tha t  show 
h o m o l o g y  with the c D N A  probe.  These data  suggest tha t  
only one copy  o f  this nit-2-related gene exists in the 
N. plumbaginifolia genome. 
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2 . 8 k b  
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Fig. 3. DNA gel blot analysis of N. plumbaginifolia genomic DNA. 
N. plumbaginifolia genomic DNA (5 gg) was digested with EcoRI 
(lane 1) or HindIII (lane 2) and probed with the radiolabelled 
Ntll-NplB cDNA insert 

Isolation of a tobacco cDNA encoding a NIT2-like 
protein 

As attempts to isolate a full-length N. plumbaginifolia 
Ntll cDNA were unsuccessful, we therefore screened for 
a full-length homolog of the partial cDNA in tobacco. 
Southern experiments revealed the presence in the tobac- 
co genome of a gene homologous to the partial cDNA 
isolated from N. plumbaginifolia (data not shown). Using 
N. plumbaginifolia cDNA as probe, we screened 4 x 105 
phages of a cDNA library made from young tobacco 
leaves, constructed in )~gtl0. From this screen we ob- 
tained two recombinant phages that showed either strong 
or faint hybridization signals (respectively, Ntll-Nt7 and 
Ntll-Nt2). The nucleotide and deduced amino acid 
sequences of the Ntll-Nt7 insert (1.4 kb long) are shown 
in Fig. 4. The expected size of the corresponding Ntll- 
Nt7 mRNA is slightly less than the 1.5 kb mRNA detect- 
ed in Northern blot experiments. This small difference 
can be explained by the lack of the entire poly(A) tail and 
of the entire leader sequence in the tobacco cDNA clone. 

Only one open reading frame was found. The first 
AUG codon is closely followed by two additional in- 
frame AUG codons. It is not known which of these three 
in-frame AUG codons actually represents the initiation 
codon; however, the sequence surrounding the third 
AUG codon has the best match to the plant consensus 
translational start sequence, AACAAUGG (Lutcke et al. 
1987). Translating from the initial AUG codon to the 
UGA stop codon yields a protein of 305 amino acids, 
with a molecular weight of approximately 33 000 Da. 
The polyadenylation of the Ntll-Nt7 transcript occurs 

302 bp beyond the UGA stop codon, 20 bp downstream 
of a putative polyadenylation signal (underlined in 
Fig. 4). The NtI1-Nt7 nucleotide sequence is 98 % identi- 
cal to the partial cDNA clone from N. plumbaginifolia. 

Analysis of the predicted protein sequence reveals the 
presence of several regions. First, a single putative zinc 
finger DNA-binding domain, covering 26 residues (ami- 
no acids 201 227) is located in the C-terminus of the 
protein. This domain is composed of two pairs of cys- 
teine residues (circled in Fig. 4), separated by a loop of 
18 amino acids (instead of 17 amino acids as in the NIT2 
protein). Two highly basic regions occur immediately 
upstream and downstream of this putative zinc finger: 
amino acids 132 to 201 have a net charge of + 17 and 
amino acids 230 to 266 have a net charge of + 9 (basic 
amino acids are underlined in Fig. 4), respectively. This 
basic region, on the carboxy side of the zinc finger, is also 
found in the NIT2 protein and was shown to represent 
part of the DNA-binding domain (Fu and Marzluf 
1990c). The other basic region, upstream of the zinc 
finger, contains the amino acid sequence KEKKRK 
(169-174). This sequence is very similar to the well- 
characterized SV40 nuclear localization signal, KKKRK 
(Kalderon et al. 1984). The presence of a putative nuclear 
localization signal in the NTL 1-NT7 protein suggests the 
import of the protein from the cytoplasm into the nu- 
cleus. An acidic region (amino acids 12 to 48, with a net 
charge of - 1 3 )  is localized in the N-terminus of the 
protein (acidic amino acids are boxed in Fig. 4). Such 
acidic regions have been shown to be responsible for 
transcriptional activation by the yeast GAL4 and GCN4 
proteins (Hope and Struhl 1986; Ma and Ptashne 1987). 

Computer analysis of the NTL1-NT7 amino acid 
sequence 

A comparison of the predicted primary amino acid 
sequence of the large open reading frame of the Ntll-Nt7 
cDNA with the GenEMBL database (GCG; TFASTA 
search) revealed that the zinc finger region is related to 
previously reported protein sequences. Best scores were 
obtained with the following proteins: AREA (Kudla et 
al. 1990), human GATA-1 (Trainor et al. 1990), mouse 
GATA-1 (Tsai et al. 1989), NIT2 (Fu and Marzluf 
1990a), yeast GLN3 (Minehart and Magasanik 1991), 
and chicken GATA-1 (Evans and Felsenfeld 1989). 

We have carried out a multiple sequence alignment 
(GCG; PILEUP program) between the amino acid 
sequences of the NIT2, AREA, yeast GLN3, chicken 
GATA-1 and the NTL1-NT7 proteins. Except for the 
zinc finger region (see below), only two amino acids, $141 
and K259, are conserved in all five proteins. The align- 
ment which is obtained in the zinc finger region is shown 
in Fig. 5. In addition to the four cysteine residues, which 
are possibly involved in the coordination of a zinc atom 
and conserved in the five proteins, eight identical amino 
acids are found at equivalent positions in these proteins. 
In the consensus sequence derived from this alignment, 
these conserved amino acids are written in capital letters 
(Fig. 5). 
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1 ctcttaccctatctttttgttattcgtctagtctctgcaaaactaaacttcccccataaa 
61 gtgcaaatgccatactcaagggtttaaggggtttttgttctATGAT~CTAT~TTGGAC 

M M T M V G H 

121 ATTGT~TTATTT~T~TTCC~CTGGTCCTGTTGTT~rC~TTTT~.C~ATA 
c G Y ~ L~ G I P • G P V V ~ ~ F ~ I 

181 TACTC~TTTCTTGGATTTTCCCTTGGAAAGTTTGG~G~GAT~AC~CGTAGAAT 
L N F P L N N N G  G v N w  

241 GGGATGCTAGT~GTCC~GTTTCTT~ACCTATTCCGATGGACGCTCTTATGGCTTTCC 
~ A S E S K F L G P I P M D A L M A F P  

3Ol 
Q G N  S 

361 ATCCTATCAAAGTTACTGAG~CCAGGG~GT~TATTTTC~CGCAAAGCCC~TTT 
P I K V T E G Q G S G I F Q T Q S P V S 

421 CAGTTCTTGAAA~AGC~CTCCT~TCTGGTGGAAAGAG~TATCCATCAAACATGACA 
V L E S S N S C S G G K S I S I K H D I 

481 TTGCCATTCCCGTACGTCCACGCTCC~GCGTCC~TCTTCA~TCTT~TCCAT~A 
A I P V ~ P ~ S K R P ~ S S A L N P W I  

541 TTTTGATGCCTCCCATATCTTCTAC~GGTTT~ATCCAAG~GACTTGTGATGCTAGAA 
L M P P I S S T ~ F A S K K T C D A R K  

601 A~GTAAAGAGAAG~GAGAAAGATGTCACTGCTATCAGTGCCACAGATAGCAGATGTTA 
G ~ E K K R K M S L L S V P Q I A D V T 

661 CC~C~G~C~CC~CCGG~CAGT~AG~TCm~-A~ACACA~O~C~G 
K K K T T S G Q Q F S F K K Q T H G Q V  

721 T~CAAAGACACCT~GT~AGAGA~CCACTGGGGCCGAAGA~CTATGCAACGCCT 
T K T P Q W R E G P L G P K T L ~ N A ~  

781 GT~AGTCC~TATCGTTCA~GCGATTATTCCCA~GTACC~CCTGCT~TAGTCCAA 
G V ~ Y E S G ~ L F P E Y E P A A S P T  

841 CATTTGT TCC~CT TTGCACTCAAACTC TCA~GGAAAGTCGTA~T~GAAAAAAAG 

901 CTATATAT~AGAAACATCTGCACTTGAGG~CCT~C~TGT~TCGTAGAGGGCCCTC 
I Y G E T S A L E E P H N V I V E G P P 

961 C~TGT~CCG~GCCA~GTTTGTTCC~T~GTA~TATTTGTTTGATGTATACtgaa 
M S P A P E F V P M S S Y L F D V Y * 

1021 gagatgattatacttttagttaggagcttagtttttagtttattgttttattttcgatgg 
1081 ggtcatgggtggttctgctggtatggtggctactcgtgttatgcgttgatgtacaaatgt 
1141 tgaatcttaggtgtctgtctaggttagataattgattggaggtcagaaggaaaagctttg 
1201 aatcaatgtttgatgaagcagttcctcttatgtaaaaactgaactagatatagtagatgg 
1261 ttgggtttcattttcccccccttgatttggccttcaatatatttttattagtcttagtgt 

1321 caaaaaaaa 

Fig. 4. Nucleotide and predicted amino acid 
sequences of the Ntll-Nt7 cDNA. The nucleotide 
sequence is numbered from the first nucleotide of 
the EcoRI linker added following cDNA syn- 
thesis. A putative polyadenylation site is under- 
lined. The four cysteine residues of the zinc finger 
are circled. Acidic and basic residues are respec- 
tively, boxed and underlined 

Discussion 

The assimilation of nitrate is a highly regulated process 
both in fungi and higher plants. The first step in the 
assimilatory pathway, catalyzed by nitrate reductase, is 
the reduction of nitrate of nitrite. While the regulatory 
factors of fungal nitrate reductase expression have been 
characterized in some detail, very little is known about 
the trans-acting regulatory elements of higher plants, to 
a certain extent because of the lack of regulatory mu- 
tants. The NIT2 regulatory protein from N. crassa has 
been shown to bind to three different sites in the nit-3 
gene, which encodes the NR apoenzyme of this fungus, 
and also to recognize specific DNA fragments of the 

tomato nia gene promoter region. Here we demonstrate, 
by a PCR approach, that a nit-2-1ike gene exists in tobac- 
co and N. plumbaginifolia and we will discuss its possible 
involvement in the regulation of NR expression. The 
complete tobacco cDNA that we have isolated is found 
to encode a protein which presents all the characteristics 
of a transcription factor. A C-X~-C-X18-C-X2-C zinc 
finger motif  is located in the carboxy part of the protein. 
A highly basic region occurs in the 39 amino acid region 
immediately downstream of this putative zinc finger. 
This association of a zinc finger with a basic region has 
been found in a variety of transcription factors and 
serves as a DNA-binding domain (Corton and Johnston 
1989; Fu and Marzluf 1990c). To exert their function, 
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Fig. 5. Multiple sequence alignment of zinc finger domains. The 
predicted amino acid sequence of the NTL1-NT7 zinc finger region 
has been compared, using the PILEUP program of GCG, with the 
corresponding domain of NIT2 and AREA, the major nitrogen 
regulatory proteins of Neurospora crassa (Fu and Marzluf 1990a) 
and Aspergillus nidulans (Kudla et al. 1990), respectively, GLN3, 
the positive nitrogen regulatory protein of Saccharomyces cerevisiae 
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(Minehart and Magazanik 1991), and GATA-1, the chicken ery- 
throid transcription factor (Evans and Felsenfeld 1989). The four 
cysteine residues are shaded and amino acids conserved between 
NTL1-NT7 and at least one of the other sequences are boxed. The 
consensus sequence (cons) shows in capital letters the amino acids 
which are conserved in all five proteins 

transcription factors have to be transported into the 
nucleus. The comparison of numerous nuclear localiza- 
tion signals shows no clear consensus amino acid 
sequence (reviewed in Silver 1991) and very little is 
known about nuclear transport in plants. However, a 
sequence homologous to the nuclear localization signal 
of the SV40 large T-antigen is found in the basic region 
upstream of the zinc finger domain. The function of the 
SV40 nuclear localization signal has been extensively 
characterized in the context of homologous proteins 
(Kalderon et al. 1984), heterologous proteins (Dingwall 
et al. 1988) or synthetic peptides (Breeuwer and Goldfarb 
1990). Recently, this sequence has been shown to func- 
tion as an efficient importer of J3-glucuronidase into plant 
nuclei (van der Krol and Chua 1991). This suggests a 
possible nuclear localization of the NTL1-NT7 protein. 
Finally, an acidic region, located in the amino-terminal 
part of the protein, may be responsible for transcrip- 
tional activation. 

A computer homology search has revealed that the 
NTL 1-NT7 protein belongs to the large GATA-1 family, 
comprising the NIT2 and AREA nitrogen regulatory 
elements, the yeast GLN3 and UGA43 proteins and the 
GATA-1 erythroid transcription factors from chicken, 
mouse and man. These GATA-1 proteins appear to be 
a subclass of a large multigene family that includes 
several transcriptional activators such as the GATA-2 
proteins of human endothelial cells (Wilson et al. 1990) 
and the GATA-3 proteins of the T-lymphocyte cell 
lineage (Ko et al. 1991). Multiple sequence alignment (Fig. 
5) shows that the C-X2-C-X17 or 18-C-X2-C zinc finger 
motif is very similar in the selected proteins. This indica- 
tes a broad evolutionary conservation of this functional 
unit, which is used in individual organisms at the DNA- 
binding domain of various specialized transcription fac- 
tors. More than 40 cDNA clones encoding putative tran- 
scription factors have been isolated from plants (re- 
viewed in Katagiri and Chua 1992) but only four of them 
contain zinc-binding motifs: 3AF1 has a C-X2-C-X~o-H- 
X3-H motif (Lam et al. 1990), EPF1 a C-X2-C-X12-H- 
X3-H motif (Takatsuji et al. 1991), SF3 has three possible 
configurations of the putative zinc finger (Baltz et al. 

1992) and COP1 contains a zinc-binding motif more 
closely related to the glucocorticoid receptor and GAL4 
types (Deng et al. 1992). Our NTL1 protein is the first 
C-X2-C-X18-C-X2-C zinc finger protein to be charac- 
terized in higher plants. 

Whether or not the NTL1 protein is involved in ni- 
trate reductase expression remains to be demonstrated. 
Some arguments can be advanced in favor of a possible 
role of NTL1 in the nitrate assimilation pathway. De- 
spite the low temperature of the first three PCR cycles 
and the use of degenerate oligonucleotides, we have iso- 
lated only one class of cDNA from total RNAs. If there 
is a gene homologous to nit-2 in higher plants, then Ntll 
may be the one. In addition, Northern and Southern 
hybridization experiments, performed under low strin- 
gency conditions, revealed only one copy per genome of 
the Ntll gene in tobacco and N. plumbaginifolia genomes 
and only one homologous transcript in total N. plum- 
baginifolia RNAs. Furthermore, the expression pattern 
of the Ntll gene is similar to that of nit-2, particularly 
under repressed and derepressed conditions. The size of 
the Ntll transcript (1.5 kb) is smaller than the nit-2 
mRNA (3.5 kb, Fu and Marzluf 1987). However, de- 
letion analysis has revealed that the NIT2 protein lacking 
the carboxy-terminal 214 amino acids, approximately 
21% of the protein, was still functional in activating gene 
expression (Fu and Marzluf 1990a). 

These results suggest that the NTL1-NT7 protein 
could be one of the regulatory elements of the nitrate 
assimilation pathway. In order to verify this hypothesis, 
we will study, by gel retardation assays, the interactions 
between the NTL1-NT7 zinc finger domain with the 
tomato nia gene promoter and compare the results with 
those of the NIT2/nia promoter interaction (Jarai et al. 
1992). An antisense strategy will be developed to study 
effects of inhibiting expression of the Ntll gene in 
N. plumbaginifolia and the resulting transgenic plants will 
be characterized with respect to the expression of the ni- 
trate assimilatory pathway. This antisense approach 
should be fairly straightforward to perform due to the 
presence of a single copy gene, expressed at low level. 
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The nucleotide sequence data reported in this paper will appear in 
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under the accession number X73111 Ntll-NT7 


