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nit-2, the Major Nitrogen Regulatory Gene of Neurospora crassa,

Encodes a Protein with a Putative Zinc Finger
DNA-Binding Domain
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The nitrogen regulatory circuit of Neurospora crassa consists of a set of unlinked structural genes which
specify various nitrogen catabolic enzymes plus control genes and metabolic effectors which regulate their
expression. The positive-acting nit-2 regulatory gene is required to turn on the expression of the nitrogen
catabolic enzymes during conditions of nitrogen limitation. The complete nucleotide sequence of the nit-2 gene
was determined. The nit-2 mRNA is 4.3 kilobases long and has a long nontranslated sequence at both its 5' and
3' ends. The nit-2 gene nucleotide sequence can be translated to yield a protein containing 1,036 amino acid
residues with a molecular weight of approximately 110,000. Deletion analyses demonstrated that approximately
21% of the NIT2 protein at its carboxy terminus can be removed without loss of function. The nit-2 protein
contains a single putative Cys2/Cys2 zinc finger domain which appears to function in DNA binding and which
has striking homology to a mammalian trans-acting factor, GF-1.

In Neurospora crassa, limitation of preferred nitrogen
sources, e.g., ammonia or glutamine, leads to the increased
synthesis of various enzymes which are required for the use
of a variety of secondary nitrogen sources, including nitrate,
nitrite, purines, amino acids, and proteins (22). This re-
sponse is governed by the nitrogen control circuit, one of
several global metabolic regulatory circuits of N. crassa.
The nitrogen regulatory circuit has been studied extensively
and includes a number of unlinked structural genes which
are controlled in parallel by both major and minor regulatory
genes as well as by metabolic inducers and nitrogen catab-
olite repression (12, 17, 24). The nit-3 gene, which encodes
pitrate reductase, is a well-characterized structural gene of
the nitrogen circuit, and expression of nit-3 has been shown
to be highly regulated by nitrogen repression, nitrate induc-
tion, and the activity of three separate control genes, nit-2,
nit4, and nmr (12).

Synthesis of enzymes of particular pathways within the
nitrogen circuit requires specific induction of substrates or
intermediates, mediated by minor control genes. For exam-
ple, in the presence of the inducer nitrate, a pathway-specific
control gene, nit4, turns on the expression of the nitrate and
nitrite reductase structural genes, nit-3 and nit-6, respec-
tively (11, 22).
The major positive-acting regulatory gene nit-2 plays a

central role in the nitrogen circuit and turns on the expres-
Tion of the structural genes during conditions of nitrogen

limitation (13, 22). In contrast to nit-2, a distinct and un-

liniked regulatory gene, nmr (for nitrogen metabolic regula-
tion), acts in a negative manner (10, 15, 27). In nmr mutants,
various nitrogen-related enzymes are expressed constitu-
tively, even in the presence of sufficient levels of preferred
nitrogen sources to fully repress enzyme synthesis in nmr+
strains. It appears that the nit-2 gene and the nmr gene are

both directly involved in nitrogen catabolite repression in N.
crassa, but the manner in which they may interact is not yet
understood.

It was demonstrated that the nit-2 gene product encoded in
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one nucleus is freely diffusible throughout the cell and can

turn on the expression of structural genes not only in the
same nucleus but also in other nuclei of a heterokaryon (5),
suggesting that the nit-2 product is a protein. The isolation of
a suppressible amber nonsense nit-2 mutant implies that the
nit-2 gene encodes a protein (26). Several different hypoth-
eses have been proposed concerning the expression of the
nit-2 gene itself and the mechanism of operation of the
nitrogen circuit (8, 9, 16). In each case, a functional nit-2
product was postulated to turn on nitrogen structural gene

expression. These hypotheses include (i) constitutive
expression of the nit-2 gene, with the activity of its protein
product being sensitive to glutamine (16); (ii) negative con-
trol of nit-2 expression by the nmr gene, whose product was

envisaged to be a repressor that becomes active upon

binding glutamine (8); and (iii) the enzyme glutamine syn-
thetase, postulated to also act as a repressor which prevents
nit-2 expression (9). The recent molecular cloning of the nit-2
gene has allowed us to examine directly this nitrogen regu-
latory gene (12, 31). The nit-2 gene is transcribed to give a

single 4.3-kilobase (kb) poly(A)+ RNA whose content was

shown to increase three- to fourfold during nitrogen limita-
tion, suggesting that expression of the nit-2 control gene is
itself subject to regulation (12). However, the results ob-
tained did not support the possibility that nit-2 was con-

trolled either by nmr or by glutamine synthetase. It appears
obvious that an understanding of the operation of the nitro-
gen control circuit will be facilitated by a complete charac-
terization of each of the regulatory genes. Here we report the
complete nucleotide sequence of the nit-2 gene and show
that it contains two small introns near the 5' end of the gene.
The nit-2 gene appears to encode a protein composed of
1,036 amino acids with a molecular weight of approximately
110,000. The translated nit-2 protein appears to possess a

single zinc finger domain that is essential for function and
that probably plays a direct role in DNA binding. The single
zinc finger of the NIT2 protein is remarkably similar to the
two zinc finger domains found in a mammalian trans-acting
factor, GF1.
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FIG. 1. nit-2 gene structure and sequencing strategy. The direction of transcription is indicated with the bold horizontal arrow which
represents the 4.5-kb transcript. The shaded box shows the predicted nit-2 protein composed of 1,036 amino acid residues. The horizontal
arrows show the sequencing strategy that was achieved with deletion clones and with oligonucleotide primers. Restriction sites and length
of the genomic segment sequenced (in kilobases) are shown.

MATERIALS AND METHODS

Strains. The N. crassa wild-type strain 740R231A and
nit-2 mutant strains were obtained from the Fungal Genetics
Stock Center (University of Kansas Medical Center). Cul-
tures were grown in Vogels liquid medium supplemented as
indicated for each experiment with shaking at 30°C as
described previously (12, 14).
DNA sequencing and Sl nuclease mapping. DNA sequenc-

ing was accomplished by the dideoxy-chain termination
method (30) with [a-32P]dATP and a modified T7 bacterio-
phage DNA polymerase, Sequenase (United States Bio-
chemical Corp., Cleveland, Ohio). dITP was successfully
used in place of dGTP to sequence through compression
regions; some regions were sequenced at 70°C with the
heat-resistant DNA polymerase of Thermus aquaticus
(Promega Biotec, Madison, Wis.). Plasmid DNA templates
were prepared as minipreparations (3). Oligonucleotide
primers for DNA sequencing and site-directed mutagenesis
were synthesized on an Applied Biosystems model 380B
DNA synthesizer by the Ohio State University Biochemical
Instrument Center. S1 mapping experiments were conducted
by the method of Berk and Sharp (2). Primer extension
experiments were accomplished by mixing a 5'-end-labeled
17-mer oligonucleotide primer that hybridizes with poly(A)+
RNA as a template for Moloney murine leukemia virus
reverse transcriptase (Bethesda Research Laboratories,
Inc., Gaithersburg, Md.).

Site-directed mutagenesis. The cloned nit-2 gene and the
flanking region of 4.7 kb proved to be too large for efficient
mutagenesis. Accordingly, a restriction fragment from the
nit-2 gene of approximately 250 base pairs (bp) that included
a potential zinc finger domain was subcloned into the Blue-
script vector, and after mutagenesis and confirmation by
sequencing, it was moved back into an otherwise wild-type
nit-2 gene. Site-directed mutagenesis was performed as
described by Kunkel (19).

Isolation of RNA and cDNA clones. N. crassa total RNA
was prepared by the method of Reinert et al. (28). The
poly(A)+ RNA fraction was isolated by oligo(dT)-cellulose
chromatography (1) for use in S1 mapping and primer
extension studies and for cDNA synthesis. A cDNA library
was constructed in AgtlO with EcoRI adaptors to eliminate
the need for methylation of the double-stranded cDNA and
EcoRI digestion before ligation into the vector arms, fol-
lowed by packaging with the use of Packagene (Promega).

Four rounds of plaque hybridization with pNit2 as a probe
were required to isolate several nit-2 cDNA clones. Lambda
DNA was purified and digested with EcoRI, and the insert
cDNA was subcloned into the Bluescript plasmid vector and
sequenced as described above. In some cases, sequencing
was accomplished directly with the recombinant lambda
bacteriophage DNA. Plasmid DNAs for use as probes were
labeled with [32P]dCTP by nick translation (29).

nit-2 deletions and transformation assays. Deletion clones
of pNit2 were constructed by the use of DNA polymerase I
with the Cyclone system (International Biotechnologies,
Inc., New Haven, Conn.) as described previously (13).
Mutated or partially deleted nit-2 genes were assayed for
function by transformation into nit-2 mutant protoplasts,
with appropriate positive and negative controls (12, 13).
Functional nit-2 genes gave a high transformation rate,
similar to that obtained with the wild-type nit-2 gene,
whereas nonfunctional genes did not transform at all.
Computer methods. The handling of sequences, their anal-

ysis and translation, and hydropathy and codon bias analy-
ses were accomplished with Pustell software (International
Biotechnologies). Protein homology searches were con-
ducted with GenBank, the Protein Identification Resource
(National Biomedical Research Foundation), which contains
3,800 different protein sequences.

RESULTS

nit-2 nucleotide sequence. A restriction map of the nit-2
gene and the strategy used to sequence it are shown in Fig.
1. The dideoxy sequencing method was used to sequence the
entire 5.2-kb region which encompasses the nit-2 gene and
flanking DNA. Both DNA strands were sequenced except
for part of the 3' noncoding region of the gene; overlapping
clones and synthetic primers were employed to confirm the
entire sequence. The nucleotide sequence of the nit-2 gene
and its flanking regions is presented in Fig. 2.

Intervening sequences in the nit-2 gene. We determined the
nucleotide sequence of two overlapping nit-2 cDNA clones,
which together compose a full-length cDNA copy of the nit-2
transcript. The cDNA sequence agreed completely with the
genomic sequence, except for the presence of introns, whose
locations were determined by comparing the cDNA se-
quence with the genomic sequence (Fig. 2). The nit-2 gene is
interrupted by two introns of 98 and 78 bp which occur in the
protein-coding region near the 5' end of the gene. Both
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-640 -630 -620 -610 -600 -590 -510 -5TO -560 -550 -540 -530
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CCCCGGGG STCCTCoGGCGSCCCCGGGoGCCGSCCGCCoCCoCCCCCCSCoCSGGGGCGC0CUSTCAGCCGGAGCCCUCCOCCCUCCTCICkAA

-520 -510 -500 -490 -480 -4T0 -460 -450 -440 -430 -420 -410
t I t t I I I I I t t I

C0C0CCC CCC0T0C0C00CGC^GCUCU CCSGCCiCCACGTCAtC TSCCCttCCICUCS&CCtCSuTCCICTCSGCCSCTACTCCSCTACCCTC

-400 -390 -380 -3T0 -360 -350 -340 -330 -320 -310 -300 -290

ICtGCC^CCGCOOTCT61CStOSWtCMCtCTTCGGCtCCtGCk&CywNCC TCCGCTtWTACGCCtUtCC CMCtCCtGCTGCtGACCCOtCCSGCICTCS'GS

-280 -2T0 -260 -250 -240 -230 -220 -210 -200 -190 -180 -It0

CGtGCtOCTCt^C&CGCtCCICICTIG tCUGUCGtttGTTMC^CTCt N& CTICGTACCTSGMGC=CACGCCCSCCISflGGUGiTCCAGG"CCT

-160 -150 -140 -130 -120 -110 -100 -90 -t0 -TO -60 -50

CCC^CCĈCCUUCOIM TTCCUSSCICIMLCGGCACCITTI S CtACtTIGCTXCU"CSCTCtCSGSW TCC CC= C TCGSCIGMSCiGA

-40 -30 -20 -10 1 10 20 30 40 50 60 TO

TCACG??CCACCtC?G?TCGAAAGAGAGAGAGA A=cA_cAGG CGTC GACG?CGGccACCAGCM?CGCCCCTCGCCTC?AGGTC?TT?TAGCA CTACACtAC

80 90 100 110 120 130 140 150 160 1I0 180 190
t t I I I I t I I I t I

ITICCMGCICOTICCCTCTIGGTIGCCCCCCC ICTSsACC CACCCICCCCGCII%CCC C CTCSCLGUCSTCTTCTC&GiCICG

200 210 220 230 240 250 260 2T0 280 290 300 310
t t t I I t t t t t I I

CAGAG?CAGG?CAACCGCCUCA tCCCCTCCTCCAA CCCCCC GCAG CC CTCC?CCACCTC?CTCTCGACA ATC GCC GCC AGC ACC ACA ACC CCA ACC
let Ala Ala 9er Tir Tr Tkr Pro Tkr

320 330 340 350 360 3T0 380 390 400
t t I I t t I I t

GCC ACG ACA AK CCC= s?c ACC ATO MT CCC CC ACA ACA GAG CAC GC mTT CGC TC CCG CCC ALG CCCCGTC? TG CC ACG GCC GGC
Ala tir Thr Arg Pro Pie Pie Tkr let Ass Pro Tkr Thr Tkr GIs lie Asp Pie Arg Pie Pro Arl Arg Pro Gly Amp 9er let Ala Gly

410 420 430 440 450 460 4T0 480 490
t t t t t t t I t

ACC GA C?Ctt CGG CCC CCC At? ?CA tCG TCC ?CA C MC MC MC CAC MCCAUG CC CAC CCC ATO GC CCA ?CMC CAC CAC CAC
tkr Gly Lem Gly Gly Ala Ala let ler Ser 3er 3er Ala Ams AIn Ats lit Am GIs lis lis Pro let 3er Ala Pie AIs lim lim lim

500 510 520 530 540 550 560 5T0 580
I t t t I t I t t

CAC CAC MT CCT CCT GGC laT CCC Cc? C CC? CAT ACC GG CC? CGCCCCC AC ACCACCMC MC MC AC ACC CCCC ?TT GTC CCC
lit lis osa AIl Ala Cly 3er Ala Arg Cly Arg Aip ler Asp Gly Arg Pro Ser 3er Ser An Ase tsa Tkr 3er Ats Gly Pie Val Ala

590 600 610 620 630 640 650 660 6T0
t t t t I I t I t

AAC ATC MC CAC CAC ACC ACT ACT MC UC MC ATC GT AMl MC ATA CC? CCt CCC ACC ACT CAC ?AC CAC ACC CAC TCC CCA ?CC AAC
Asa Ile Ama lim Cls 3er Ser Ser An Amt Ama Ile 3er Lym Ams Ile Pro Pro Pro tkr Ser Amp tyr lim Tkr CIA Ser Ala Ser Ama

FIG. 2. Nucleotide sequence of nit-2 and its flanking regions. The adenine base which composes the single transcription start site is
numbered + 1. Vertical arrows indicate 5' and 3' termini of the nit-2 transcript. The 5' terminus was determined by primer extension analysis,
and the 3' end was identified as being adjacent to the poly(A) tract of a cDNA clone. Transcription initiation begins at the 3' end of a 21-bp
repeated sequence composed entirely of purine bases in the coding strand (underlined and overlined). Pyrimidine-rich and thymidine-rich
tracts within the 5' and 3' noncoding regions of the nit-2 mRNA are underlined. The translated amino acid sequence which encodes a protein
of 1,036 amino acids is shown beneath the DNA sequence. The putative Cys2/Cys2 zinc finger domain is underlined. Intron 1 (98 bp) and intron
2 (78 bp) both have the consensus 5' GT and 3' AG splice site sequence.

introns have good consensus 5' and 3' splice site sequences.
Removal of the two introns from the primary transcript
yields an mRNA of 4.3 kb which contains a protein-coding
region of 3.1 kb and long 5' and 3' nontranslated segments.

Organization of nit-2 gene. The initiation site for transcrip-
tion of the nit-2 gene was determined by primer extension
analysis. The results indicated that transcription initiation
occurs at a single site located 284 bp upstream of the first
AUG codon which begins a long open reading frame (Fig. 2).
No consensus TATA box sequence is found within 150 bp
upstream of the initiation site. Initiation occurs with an

adenine residue located at the 3' end of an unusual, highly
symmetrical 21-bp sequence which consists entirely of pu-
rine bases on the coding strand (Fig. 2). The 5' nontranslated
region of the transcript is very rich in pyrimidine bases and

contains four stretches (of 9, 11, 11, and 16 bp) composed
entirely of C and T residues (Fig. 2). The first AUG codon is
closely followed by four additional in-frame AUG codons. It
is unknown which of these five in-frame AUG codons
actually represents the initiation codon; however, the se-

quence surrounding the second AUG codon has the best
match to the N. crassa consensus translational start se-

quence. Translating from the initial AUG codon to the UAA
stop codon yields a protein of 1,036 amino acids, with a

molecular weight of approximately 110,000. Comparison of
the sequences of genomic and cDNA clones revealed that
polyadenylation of the nit-2 transcript occurs 933 bp down-
stream of the UAA stop codon. Therefore, the nit-2 tran-

script has long nontranslated regions at both its 5' and 3'
ends. The very long 3' nontranslated region of the nit-2
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630 690 700 710 120 130 140 150 160

GGC GCC GCA Cec TAT cA? c c CCC ?CC TCCscc MC CCC CC? m CAG GAC CCC cMc CC? CCC ATC ACC CAC ACC CCC GAC GAG LTG
Gly Ala Al& Ala Tyr Asp We Les Arg Ser Sert Ala Te Pro Pro Pie GIn Asp Cil Lea Ala Cly let Thr GIs Set Pro Asp CGI Net

770 730 791 l00 310 320 330 340 350
t I t I I I I

CAC AAA CAG GAC CCC CSC CC? ACC CAG CSC ICC AlA TAC 7?? CC? Mc ACC McGC CCCC CTCCCC AMC CA GAG CCC AIC GAGUMC TIC
GIs Lys Gls Asp Pro Len Ala Tbr GIn Val trp Lys Tyr Pie Ala Lys Thr Lys ken Ala Le Pro iss GIs GIs Arr ket GIn As Leu

360 310 He 390 900 910 920 930 940 950
t t I I I I t I I 0

ACT SCC CCA LTC ASC CCC MC CCC C?6 CAG *CC UT CCC ACC CU AIT GAG AC? QC CC GYAIGIT?GAAMAACCGACTGA CACAA GAGCCTCCTGTGT
tir Trp Arg let get Ala Lis Pro Lee GIn iTr Tyr Arl ArC GIn ht GIn Str Asp Ar

960 910 930 990 1000 1010 1020 1030 1040 1050
t I I I I I I I t I

TG?CCCAGCC?C7C&CCC CCC?ATUT7ACTtAICIC?G UCAAAAA C ACA CC CC?7C ? ?CC cu ?CA CCC CCT CM AA TC ACC ACC CCC
gITr lis Arg Pie Ser GIn Uer Ala Pro GIn Lyn Ser Ttr Ser Cly

1060 1010 1M0 1090 1100 1110 1120 1130 1140
t t t 3 t I t t I

ATC CCC CCA t?C CCC UC SCC SCC GA CAC CUtCM CC CAC CC SC? GAC CtC A*S MC CtGCC CAT TMCAS C MC CCC GM UC ATA
Ile Ala ArC Lke ArC Lyn Ser Ser GIn GIn Tir GIn Ser GIn Cly Ser Asp Lenket An Let AspAs Pie Ile An Gly GIn Ann Ile

1150 1160 111 113 1190 1200 1210 1220 1230
t t t t t I I I I

AC CC CCA CCC CCC CtC ?CT C?T C CC?C CC CCC GC ACICA CC TCC UAA AIC CCC ACCQC CA A CC? CAC CAC tCC Ice CC? TCA
Ser Thr Pro Ala Cly Len Ser Len Ala Pro Ser Pro GIn rit Ser Set Lys et Ala Asp Asp Art ltr Ala Sin lin Setl ir Ala Ser

1240 1250 1260 12 1230 1290 1300 1310 1320

CCT ATC CC? LTC UG CC? CCC AM GAC CAC CM ?CT CGC CAC ITC ATC CC? CAC tCC C7C CCT CCC GCC CAC CACC AACC AIT CAC
IIn Ile Pro Ile Lhy A& Arg Lys Asp GIs GIsnerSet Nis let Ile Pro GIs Ser Val Pro Ila Ala Len Sin lin Pro Arg et GIs

1330 1340 1350 1360 1310 1380 13
t t I 0 t I

ACC GM 7m? CCC UAT C? CC? CA cAc C?? cCc MA ACc ACC LTC GC GAG ACC ACC AM CCC
ltr Cl1 Pie Cly Tyr Len Pro Arg lin Len Ar Lyn Tir Ser Ile Asp GIn Tir Ser Lys Art

390 1400 1410 1420
e CC I
GCAG?AG3-----??TT??CC7??A?7GCG?

1430 1440 1450 1460 1410 1431 1490 150 1510 1520

A7CtCCIC?M7C?CC AIMA 7CC?t?GiCTAC MC CCC MC CCCca CCC CICC CCC GA C 7C? CC IC 7CC GCC CTC C? CC? AGC
Ans Pro iAn rl Lyns Arl Pro A1a Asp Pie Ser Pro li Val Ser Ala al lir Pro Ser

1530 1540 1550 1560 1510 15 1590 1600 1610

TAC CTC ICC MC CCC C?C GAC CCC GAT AC? GT CIC CA? ?AC 7CC CT? A GUTA CC AC? CA? CAC CCC TSC CCC CCC CM ACC CCC
Tyr Val ltr Ann Giy Lee Asp Al sp itr Asp Len lisnsp Tyr Set Len Asp Sin lit Ser Sin Asp Gly Len Pro Pro Cis Tir AIa

1620 1630 1640 1650 1660 1610 1631 1690 1100
I I t I I t I I I

CC? TCT TCC C?? CCC TIC CC? C7 CAT ACC GMCCCC C CAT CC GA? ACC C A7C ACC TC? CCC CC? CCICCAG G C ?C TCt
Pro Ser Ser Val Pro Tyr Aa Len Asp lTr Val Gly Len Asp Aia Asp ltr Pie Ile lir Ser Ala COy Pro Pie GIsGinAn Pie Ser

FIG. 2-Continiued.

mRNA also contains multiple pyrimidine-rich, especially
thymidine-rich, stretches (Fig. 2).

Analysis of 3' deletion clones of nit-2. Deletion clones which
truncated the 3' end of the nit-2 gene were constructed as
described in Materials and Methods (Fig. 3). Each of these
deletion clones was transformed into the nit-2 mutant strain
to test its functional activity. The subclone which contains
the entire 4.3-kb EcoRI fragment and the deletion clones 41
and 22 all complemented the nit-2 mutant, indicating that
each was expressed to give a functional nit-2 gene product.
However, deletion clones 76 and 19 failed to transform the
nit-2 mutant. These results suggest that amino acid residues
in the region between the sites defined by deletions 22 and 76
are important for function of the nit-2 protein. However, the
manner in which the nit-2 deletions were made resulted in
fusion proteins in which each truncated nit-2 protein was
fused to amino acids specified by plasmid sequences (dele-
tions 19, 22, 41, and 76 have, respectively, 51, 11, 12, and 50
extra amino acids fused to the truncated nit-2 protein). It is

not clear whether these additional amino acids at the car-
boxy terminus affected the activity of the various proteins.
However, it should be emphasized that the truncated nit-2
protein encoded by deletion 22, which lacks the carboxy-
terminal 214 amino acids, was functional, thus demonstrat-
ing that these amino acids residues are dispensable for
activity.
The nit-2 protein deduced from the nucleotide sequence is

composed of 1,036 amino acids and contains only four
cysteine residues, all of which are located in the region near
the endpoint of deletion 76. The cysteine residues form a
consensus zinc finger motif CYS-Xaa2-CYS-Xaa17-Cys-
Xaa,-Cys, in which the cysteine residues are postulated to
serve as zinc-binding ligands (Fig. 4). Deletion 76 occurs in
the 17-amino-acid loop of the potential zinc finger domain;
thus, the lack of function of the deletion 76 protein is
consistent with the suggestion that the nit-2 protein is a
DNA-binding protein with an essential zinc finger domain.

Mutagenesis of potential nit-2 zinc finger motif. To investi-
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1710 1720 1730 1740 1750 1760 1110 1180 1190
I I I t t I I

TTC TCC CCG 1CC ACG TCA CCC ATC C?? ACC CAC CAT CCA TT ACC CCC ATC m?? cGC CCC AC AAC TCT TCT ATC CAC ACC CCC CCT ATC
Pbe 9er Pro Ser Tir Scr Pro Net Val Ser Nis Asp Pro Pie Tir Ala Net Pie GCy Pro Ait Ais Ser Ser Net His Ser Cly Pro Ile

1800 1810 1820 1830 1340 1850 1860 1810 1880
1 t t t I t t t I

AAT CCC AAC AAC TS TAC TCC CCC CCT CCC TCC GCA TMC CAC SCC ACT CCC TCT ICC CCT CAT CCT ATC MC GAG CCC CCT CAT AAC STT
Asa Cly Aim Asi Pie Tyr Ser Pro Pro Ala Ser Ala Pie Cla 3er Thr Ala 3er Tkr Pro Nis Pro Net Asi Clu Gil Cly Amp Aki Pie

1890 1900 1910 1920 1930 1940 1950 1960 1910

TAC ?TT CC? CTC CAT ATC CCC CCC CCT CGC CJC CAC CCT TA? CAC CCA CCA AAC CAT CCA ATC GCC MC CCC ATC CCT CAC CAC TTC CCC
Tyr Pie Cly Val Asp Net Arg Arg Ala Arg Cl1 Cl1 Pro Tyr Cli Pro Cly Aim lie Cly Net Gly Asi Ala Net Ala Nis Cli Pie Pro

1980 1990 2000 2010 2020 2030 2040 20S0 2060

TA? GCC CCT MC CGT AAC ATC ATC TSC CCC CCC TCT TCC CC? CCC CC CATG CCC ACC CC? TCC TmT CCG CCT CCC MC TCC TTT ACC GCC
Tyr Ala Cly AIm Gly Aki Net Net Pie Pro Ala Ser Ser Ala GCy Cla Aip Pro Tir Pro 3er Pie Ala Ala Pro Aim 3er Pie 3er G1y

2010 2080 2090 2100 2110 2120 2130 2140 2150
I I I I I N C C I

CAC AT? GAC CCC ACC CAA CGT TC CAT UC CM CAA CCA C?C CCA TCA CCA CCC ATC AC? CT? TTC CAA CAC ACT CTA TSC ACA TtC CCA
lis Ile Asp Pro Tir Cil Vai Pie fit Aim Cl Clo Ala Val Arg 3er Pro Gly Net 3er Vai Leo Cli Aip 3er Leo P.e Tir Pie Giy

2160 2110 2180 2190 2200 2210 2220 2230 2240

GCC CM ?CT CAT CCA CC GAG CAC CAT GCC CCC CCA TST CCC CA? CGC MT CTA TCC AT? TC? CAT CAC TT? TCT TCC CAC CCC ATC CAC
Ala ClGI Ser Amp Cly Aip CIs Cil Aip Cly Cly Ala Pie Ala Amp Arl AIm Leo Ser Ile 3er lit Aip Pie 3er Ser Cli Gly Net Cli

2250 2260 2210 2280 2290 2300 2310 2320 2330

CAA CCC CCA fTm CA CTCC CCA ?CT ATO CCA TOC CAT CCC TCT CTA CC CC MT TtC ACC ACC CAC CCC CCC ACC TAT CCC CC? CCC CCC
Cli Pro Ala Pie Amp Ser Pro Ser Net Cly Trp Amp Pro 3er Leo Pro Cly AIo Pie 3er Tir Cli Ala Ala Arg Tyr Pro Cly Cly Pro

2340 2350 2360 2310 2380 2390 2400 2410 2420

CCCGCGA M CAC CT? ACC ATT CCC GCt ACk ACA ACC CAT TAT CTt CAT MC ACT CGA GM TGC CAT CCA ACC CGt Ct? CCC ACC TCT CAC
Pro Arg Lys Cir Vai Tir Ile Cly Ala Tir Tir Tir Amp Tyr Vii Amp Aim Tir Cly Ci Trp Amp Cly 3cr Cly Leo Pro Arg 3cr Cii

2430 2440 2450 2460 2470 2480 2490 2500 2510

tCC CAC TCA MtC CGt CAC ACC CAC CTC C? MA CCC MG AC SCT ACC AWCCCCA CC ACC CCA CC? CTC TCC CC? ACA ATC AAC CCC m
3er ClI Ser Pie Arg Cl 3cr Asp Lea Anr Lys Cly Lys Net 3er Arg Tir Ala 3er Tir Pro Cly Leo 3er Ala Anr Net AIm Pro Pie

2520 2530 2540 2550 2560 2510 2580 2590 2600

GAC ACC C?? CCC CAC tCT CCC TCC CAC TCC CCA CC? CCC CAC GCT CCt CC? TCC ?CT CCt CT? TCC TC CTA CCC CCA ACC CCC CC? TCA
Clu Arg Leo Ala Cia 3er Ala 3er lis 3er Pro Pro Ala Asp Vai Cly Arl 3er Scr Cly Leo Ser 3er Vai Pro Ala 3er Anr Pro 3er

2610 2620 2630 2640 2650 2660 2610 2680 2690

TCC CCt CC? CC? CCA CCA MC CAA CCT TCC ACA ACC MC TSC CAC GCC CCA OCC CCA AAC TCC ACA GAC ACA CCA ACA ACT TGC ACC AAC
3er Pro Pro Pro Cly Ala Lys Cla Cly 3er Tir Tir Aim Leo Cli Cly Ala A1l Cly AIse er Tir Amp Tir Pro Tir Tir Cys Tir Asi

FIG. 2-Continued.

gate whether integrity of the potential zinc finger domain was
necessary for function of the nit-2 protein, we changed two
of the four cysteine residues simultaneously by site-directed
mutagenesis; cysteine residues 743 and 746 were changed to
serine and glycine, respectively. The mutated gene segment
was sequenced to confirm that the desired changes had been
obtained, and then a restriction fragment containing the
altered sequence was inserted into the corresponding posi-
tion of an otherwise wild-type nit-2 gene. The mutant gene
thus constructed was found to be nonfunctional, i.e., inca-
pable of transforming the nit-2 mutant strain, demonstrating
that the cysteine residues are essential, consistent with their
potential role in formation of a zinc finger DNA-binding
motif.

DISCUSSION
The nit-2 gene is the major positive-acting nitrogen control

gene of N. crassa. During conditions of nitrogen limitation,

the nit-2 gene product is required to turn on the expression of
an entire series of unlinked structural genes which specify
nitrogen catabolic enzymes. Here we report the complete
nucleotide sequence of the nit-2 gene and its flanking re-
gions. The 4.3-kb nit-2 mRNA has a long nontranslated 5'
leader (284 bp) and an unusually long 3' nontranslated
sequence (933 bp), both of which contain stretches that are
pyrimidine rich. Although the significance of these extensive
nontranslated regions of the nit-2 mRNA is unknown, they
represent potential areas for control of mRNA translation or
stability. The presence of the five closely spaced in-frame
AUG codons at the beginning of the protein-coding region
also suggests a potential for translational control of nit-2,
perhaps similar to that suggested for the N. crassa cpc-J and
the yeast GCN4 proteins (25, 32). No other potential start
sites or open reading frames occur in the 284-bp 5' leader
sequence which precedes the first of the five closely spaced
AUG codons.

MOL. CELL. BIOL.



2100 2110 2120 2130 2140 2150 2160 2110 2180
t t I I t t I

TGC rt ACC CAL ACC ACC CCI TtC tGC CCC CCt LLC CCL CLT C CAL CCC CYC tCC LC CCt TC? CCC ttG m?? ttC AIG CTC CA? CC?
Cys Pke Tkr Cia tkr Thr Pro Lee Trp krg ArI Ais Pro lip GCy Cl. Pro Lea Cla Ats Ala Cis Cly Les Pke Les Ly. Leak lim Gi

2190 2100 2l10 2120 2131 2140 2I50 2060 2810

CSC CTC ACA CCG CtA CttC LAG AC AUT Ctt ATC UC MAL COG CCCC CCt tCC CCL CCC ACC CtC CCt CGC CCCCCt ACC ACC ACC
Vai Val Arg Pro Lea 9er Les Lys ?br Asp Va Ile Lys Lys Arg AIs Arg Gly ler Cly Al Ser kLe Pro Vai Gly Cly Thr Ser T?r

2810 2890 2900 2911 2920 2930 2941 2950 2960

CCC TCC GC UC At GCC LCC LTC ACt CCL OC CCt CC MCG UC ?CG C? T?TC TC A?? LCC CC MC CCC MC MC CA CCL CCC GCC
Arg ler Lys Lys its lai Ser et Set II& il LIi Lrg Lyi Ls, let Thr Lea ler le Tnr Uer Las LII Lin An cl Pro Pro Ala

2970 2980 2990 3000 3010 3020 3030 3040 3050

CAC CtC CCC ACA CCC CCC OCt CAC CLC CM CtC CC? CC *CC LCT CtC MC CL LCCCC *CC CCt CCC ACt GCC CCC CCt TCC Ct CC?
Cia Vai lai Tbr Pro Pro lai Cia Cis CGI Val Lrg ila Ser ler Vii An CGI ler CGI ler Pro ila Ser Cly Pro Ila Ser Ciy Ciy

3060 3010 3080 3090 3100 3110 3120 3130 3140

LAC LCT CCC CC? ACT *CC CCC LCC ACT TAT CAC CGCC CCACC CCC ?C? ACC ACt GCt CC? C?C GCC CCL C ACt CTC At? CCC ATT CCC
Ais Tir li Gily ler Thr Pro Thr ler Tyr lis Ciy ler ?hr Cly ler ?hr ler Cly lai Vai Ciy Ciy Lys Ser Vi Ile Pro lie Ala

3150 3160 3170 3110 3190 3200 3210 3220 3230

tCC CCC CCC CCC MC ACT CCC CCCCCLCC? CC CCtGCC tC ItC?C? CCCCCC CT AUCCA? tCC CC AML CCC CIC ACC CC? CAC ACC
Ser Ili Pro Pro Lpi ler lai Pro Ciy Pro Cly Ila Ciy Ser kt ler ArcAr Lip Thr lie ler ler Lye krt CGI Anr Lrg lie ser

3240 3250 3260 3210 32180 3290 3300 3310 3320

LAG ACC CCC CCL *CC CLT CCGC t? C?C A CCC CCL CtC COC ACC CC LC CCa LtC CLC Ctt CLT ACt CCC CCC MC tCC ACA GCL ?Ct
Lys Ser lai Cly Ser lap Clr Pro Vai ler lai Gly lai Vai ler 3er ler Ciy let lap Val Lsp ler Pro lai Amn Ser Thr Ciy ler

3330 3340 3350 3360 3310 3310 3390 3400 3411
0 0 C C I C I a I

At GM ACA ItC CCC LCC tTC MC CCC CCC CC? CCC m tC? COC C?t CCC CCL LCC ACt C1C ASt LCC C?? CCC ttC CCC MT CCC TIT
Ae Cla Thr let Pro TSr Pke An Pro Ciy Cil Ili tie ler Ciy Lea Pro Pro TSr TSr Cia ler 8er ka Cil Pie Ciy lAa Cly ?yr
3420 3430 3440 3450 3460 3410 3410 3490 3500

A?C AUC ACC CC? Cc? CCC LTC GTt CCC CC? CDCW ltC LtC CC1 ATC CC MC C CCCCM CC C CAOCAITLTC CC CCC *CC ACC AGC
lie lis TSr Pro Arg Pro let Val Ciy Pro Ciy GCy let et Ciy et Pro La. Cly CIAli Cly Cii get let Ciy Lii Ser Ser ler

3510 3520 3530 3540 3550 3560 3510 3510 3590 3600

AG? GGC CC? CCt lCC CCt CCt ?T CCG? ACt CC CCA ?CC CM T?C CtC AC ITC AC? CtC TUtC?C GCCC? CGACCC lCCCCtCGt?AIT
Ser Ciy Pro Ciy Ser Ciy Pro Ser Arg TSr Cly Ili Cit Trp Cil Trp Lea Tir et Ser Lea D

3610 3620 3630 3640 3650 3660 3610 3681 3690 3100 3710 3120

G TCarCascicTCCt s I 0 ICaaT=ttrit C 0CTI 0IatCaC0? M TCTaTCaCCC0ICCG0MTCACC T

3130 3140 3150 3160 3110 3710 3190 3100 3310 3320 3830 3140
a a I I I IC I t I

GCACCAATCGCGGCT"C&CITCGAlC" CCCUCTMtCGWCN IT=TAtCSt6UCGC&tCltCTTtT"TM CtfMCSCTCCi I II AUACGOtlCCOCSTCMAC
3850 3860 3310 3880 3190 3900 3910 3920 3930 3940 3950 3960

CTGTCAGTMGGGACtGUCATCTAIC I 0CI CC 0CC1CTCCIiCUCC?Cl ACUCCiCCCCGCCtCGCtGCC GCGGCCCCCGG

3910 3980 3990 4000 4010 4020 4030 4040 4050 4060 4010 4010 4090
t tgI I0 I II t I I

IGCCGGGGI GI TCClGMUCltCCGUCCSGCCUCTTC"ClClrCmUUllCACttgClCWU"GCtICtlstCtMCCIUACi"GTOCTICt CACiC

4100 4110 4120 4130 4140 4150 4160 4110 4180 4190 4200 4210

ICCCGGCG 2C0G0GGCU CCCACCClC"CClUCU?Ul CCCI0IGCUCGUaGCCtCCSCCTMtGCMTT? MTtGCCGC

4220 4230 4240 4250 4260 4210 4218 4290 4300 4310 4320 4330

CGCIIATTGGCGCGCUGUCGAGUCGGCCICItGICICASCtOGICCCCQCM^Ct"CCAGMCGCC?CTC?&tCttITICCGCTTCtSAtCCCItGCStCCTMtCGCCTCTCCATG

4340 4350 4360 4310 4330 4390 4400 4410 4420 4430 4440 4450

TGGA TGGCTGSCCTCCGCTCCCtMCAtStCCCCCCGCTCTI=TTTM tMt?ttsCAACCIC&"ITICI=CA CASCATACC CAIGCMCSSCMTMSCCTGCtCC

4460 4410 4480 4490 4500 4510 4520 4530

ST?TGTCTT?ACGLACGCGA?ATCCL?CMtCLC?CTMCCLTGCLLLC"?CC? CCCT?CCLTtC?CACCACCTr?CACA
FIG. 2-Contitnled.
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FIG. 3. nit-2 gene structure. The nit-2 gene has five in-frame potential AUG initiation codons which occur in the 5' end of the mRNA at

positions corresponding to amino acid residues 1, 8, 12, 51, 62, and 68 (displayed as solid triangles). The nit-2 sequence can be translated to
yield a protein of 1,036 amino acids, ending with a UAA termination codon. Two short introns of 98 and 78 bp occur near the 5' end of the
gene within the protein-coding region. A single putative zinc finger element is composed of four cysteine residues at positions 743, 746, 764,
and 767. Two acidic regions of the translated nit-2 protein begin at residue 362 (Al, net charge, -6) and at residue 559 (A2, net charge, -11).
Basic regions begin at residues 330 (Bi) and 912 (B2) and immediately downstream of the putative zinc finger element (not shown). Four
different 3' deletions are shown. Deletions 22 and 41 result in a functional nit-2 protein as assayed by transformation, whereas deletions 19
and 76 are inactive. WT, Wild type.

The translated nit-2 protein contains 11 hydroxyl amino
acids within the first 23 amino-terminal residues, which
could possibly be phosphorylation sites for posttranslational
control of nit-2 protein activity. An amino acid sequence
which begins at residue 48, S-S-S-A-N-N-N, is repeated two
more times starting at residue 87 and again at residue 105
(except that the later two repeats lack the central alanine),
suggesting that duplication events have helped shape the
nit-2 gene and its protein product. The hydroxyl amino acids
compose 22% of the residues of the nit-2 protein, with serine
being the most abundant individual amino acid (14%). Pro-
line represents nearly 10% (99 residues) of the protein,
whereas all the remaining nonpolar amino acids compose
only 27% of the total residues; in contrast, 63% of the nit-2
protein is composed of polar or charged amino acids. Sur-
prisingly, a computer homology search revealed that the
nit-2 protein more closely resembles collagen than any other
protein in the data base; collagen is known to be deficient in
alpha-helical or beta-sheet structures. A hydropathy plot for
the deduced nit-2 protein showed that it is an extremely
hydrophilic protein with only a few hydrophobic regions
(data not shown). Moreover, the predicted secondary struc-
ture of the protein suggests only a small amount of alpha-
helical and beta-sheet structures. The nit-2 protein contains
40 more basic than acidic amino acids and has a predicted pl
of 9.0. The translated nit-2 protein has two acidic regions and
three basic regions whose significance, if any, is unknown.
Acidic regions have been shown to be responsible for
transcriptional activation by the yeast GAL4 and GCN4
proteins (18, 21). A highly basic region, with a net charge of
+12, occurs in the 50 amino acids immediately downstream
of the putative zinc finger (see below).
The nit-2 protein contains a single putative Cys2/Cys2-type

zinc finger domain which has a loop composed of 17 amino
acid residues. Preliminary results indicate that a domain of
the nit-2 protein containing this potential zinc finger func-
tions in DNA binding (Y.-H. Fu and G. A. Marzluf, unpub-
lished data). Almost no homology is apparent when the zinc
finger domain of nit-2 is compared with the single Cys2/
Cys2-type zinc finger structures of five yeast regulatory

proteins, GAL4, PPR1, ARGRII, and LEU3 of Saccharo-
myces cerevisiae (20, 23, 35) and LAC9 of Kluyveromyces
lactis (34), each of which has 13 amino acids in the internal
loop, except for LEU3, which has 16 residues (Fig. 4). A
region of the NIT2 protein on the carboxy side of the zinc
finger motif is highly basic (net charge, +12); this basic
region may represent part of a DNA-binding domain (Fig. 4),
perhaps acting as a specificity region, as has been found in
the yeast LAC9, GAL4, and PPR1 proteins (6, 34). Each of
the single zinc finger proteins has a basic region immediately
downstream of the zinc finger structure. The qa-JF gene of
N. crassa encodes an activator protein for quinic acid
catabolic genes and appears to contain a single zinc finger
that shows significant homology to the zinc finger region of
GAL4 and other yeast regulatory proteins.
GF1, a trans-acting DNA-binding protein which appears

to activate gene expression specifically in mammalian cells
of the erythroid lineage, possesses two zinc finger domains,
each with a central loop composed of 17 amino acids (33).
The two zinc finger structures of GF1 and their immediate
downstream basic regions are remarkably similar to the
single zinc finger and basic region of NIT2 (Fig. 4). This
segment of the NIT2 protein has 32 of 50 amino acids
identical to those in the second GF1 zinc finger region, i.e.,
64% homology in this region, and it also displays strong
homology to the first GF1 zinc finger. In fact, the zinc finger
of NIT2 is more homologous to each of the GF1 fingers than
they are to each other. The GF1 protein is composed of 413
amino acid residues and is particularly rich in serine (12%),
threonine (8%), and proline (9.4%), very similar to the NIT2
protein, which is also rich in serine (14%), threonine (8%),
and proline (9.9%). However, despite this similarity in amino
acid composition, only the zinc finger regions of GF1 and
NIT2 display any homology in amino acid sequence. The
GF1 protein recognizes a core consensus DNA sequence,
TATCT, present in promoter and enhancer elements of
alpha, beta, and gamma globin and related genes of chick-
ens, mice, and humans (33). This sequence is also present at
least once in the 5' promoter region of structural genes
controlled by the nit-2 gene and thus may represent all or
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part of the recognition site for the NIT2 protein. It is
intriguing that a zinc finger DNA-binding motif of a protein
responsible for regulation of genes of the nitrogen control
circuit of the lower eucaryote N. crassa plays a major role in
specific gene expression in the differentiated erythroid cell
lineage of mammals.
The deletion analysis revealed that a nit-2 protein lacking

the carboxy-terminal 214 amino acids, approximately 21% of
the protein, was still functional in activating gene expres-
sion. This seems to be a common feature of regulatory
proteins, namely, that relatively large segments of control
proteins such as the yeast GAL4 and GCN4 proteins can be
deleted without noticeably altering their function (18, 21).

In the related filamentous fungus Aspergillus nidulans, a
regulatory gene designated areA appears to be homologous
to the N. crassa nit-2 gene (22). In fact, the nit-2 gene can
complement an areA mutant of A. nidulans and turn on the
expression of nitrate reductase, acetamidase, and related
catabolic enzymes (7). This result implies that the activation
function and DNA sequence specificity of the nit-2 and areA
proteins must be quite similar; moreover, the upstream
recognition elements that serve the nitrogen structural genes
in A nidulans and N. crassa also must be remarkably alike.
The areA gene encodes a protein which also possesses a
single zinc finger domain with a central loop of 17 amino
acids (4). On the other hand, A. nidulans lacks any counter-
part of the N. crassa nmr gene. Thus, the nitrogen repres-
sion mechanism for these two fungi may be different, al-
though it could also occur in a similar manner, perhaps with
the areA protein playing the regulatory role carried out by a
multimeric protein composed of nit-2 and nmr subunits in N.
crassa. A detailed comparison of the structure and function
of these regulatory proteins should be informative and
provide new insight concerning nitrogen control in lower
eucaryotes.
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