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The sulfur-regulatory circuit of Neurospora crassa consists of a set of unlinked structural genes which encode
sulfur-catabolic enzymes and two major regulatory genes which govern their expression. The positive-acting
cys-3 regulatory gene is required to turn on the expression of the sulfur-related enzymes, whereas the other
regulatory gene, scon, acts in a negative fashion to repress the synthesis of the same set of enzymes. Expression
of the cys-3 regulatory gene was found to be controlled by scon and by sulfur availability. The nucleotide
sequence of the cys-3 gene was determined and can be translated to yield a protein of molecular weight 25,892
which displays significant homology with the oncogene protein Fos, yeast GCN4 protein, and sea urchin histone
H1. Moreover, the putative cys-3 protein has a well-defined leucine zipper element plus an adjacent charged
region which together may make up a DNA-binding site. A cys-3 mutant and a cys-3 temperature-sensitive
mutant lead to substitutions of glutamine for basic amino acids within the charged region and thus may alter

DNA-binding properties of the cys-3 protein.

In the filamentous fungus Neurospora crassa, a high
degree of genetic and metabolic regulation governs the
expression of sets of enzymes within various global areas of
metabolism such as nitrogen, phosphorus, and sulfur catab-
olism (7, 18). The sulfur control circuit of N. crassa consists
of a set of unlinked structural genes which specify enzymes
involved in sulfur metabolism. Synthesis of this entire family
of sulfur-related enzymes, which includes aryl sulfatase,
choline sulfatase, sulfate permease, a high-affinity methio-
nine permease, and an extracellular protease occurs only
when cellular levels of sulfur become limited (10, 16, 19, 22).
The expression of these sulfur-catabolic enzymes is con-
trolled by two distinct regulatory genes. One of these,
designated scon (for sulfur controller), appears to act in a
negative fashion; scon mutants are insensitive to sulfur
catabolite repression and thus express the sulfur-related
enzymes in a constitutive fashion (4). The other sulfur-
regulatory gene, known as cys-3, acts in a positive manner to
activate the expression of the various sulfur-related genes
17, 21).

Two different sulfate permease species, specified by dis-
tinct and unlinked structural genes, are both members of the
sulfur circuit (16). The structural gene for sulfate permease
II, cys-14, has been cloned and shown to encode an mRNA
of approximately 3 kilobases (kb) whose content is highly
regulated by cys-3, by scon, and by the sulfur status of the
celis (11). Thus, it appears that both of the regulatory genes
as well as sulfur repression act at the level of transcription or
at a closely related step such as mRNA processing or
stability. The cys-3 major sulfur control gene has been
postulated to encode a regulatory protein which is needed to
turn on the expression of the entire set of sulfur-related
activities, presumably by binding at target DNA sequences
adjacent to each structural gene (11). Mutants containing
mutations of cys-3 lack all of the sulfur-related enzymes and
cannot use various secondary sulfur sources which are
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readily utilized by cys-3" strains; revertants of cys-3 regain
these various activities in a single step. Moreover, temper-
ature-sensitive cys-3 mutants have been studied which have
a cys-3* phenotype at 25°C but which behave as tight cys-3
mutants at 37°C, consistent with the possibility that cys-3
specifies a regulatory protein (17). The cys-3* regulatory
gene was recently cloned via complementation by using the
sib selection procedure, and its identity was confirmed by
restriction fragment length polymorphism analyses (21).
Expression of the cys-3 regulatory gene itself was found to
be subject to a high degree of regulation, such that it is
expressed at a considerably higher rate upon sulfur derepres-
sion, yielding two transcripts, of approximately 1.3 and 1.6
kb

We report here the entire nucleotide sequence of the cys-3
regulatory gene and demonstrate that transcription begins at
several closely spaced sites just upstream of a putative AUG
initiation codon. We show that the cys-3 gene can be
translated to yield a protein of molecular weight 25,892,
composed of 236 amino acids. We also describe the use of
the polymerase chain reaction to clone a cys-3 mutant gene
and a cys-3 temperature-sensitive gene and present the
alteration which occurs in each of these mutations. These
two mutations affect neighboring basic amino acid residues
which occur in a highly charged region of the protein that lies
immediately adjacent to a putative leucine zipper structure.
Finally, experiments are presented which demonstrate that
the scon gene in fact controls the expression of cys-3.

MATERIALS AND METHODS

Strains. The N. crassa wild-type strain 740R231A and the
cys-3 mutant (allele P22) were obtained from the Fungal
Genetics Stock Center, University of Kansas Medical Cen-
ter, Kansas City. A cys-3 temperature-sensitive revertant
(allele 65t) was described previously (17), and two scon®
mutants (alleles 36-21 and 36-28) were obtained from R. L.
Metzenberg. Cultures were grown in Vogel liquid medium
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FIG. 1. cys-3 gene structure and sequencing strategy. The direction of transcription is indicated by the bold arrow, which represents the
1.3-kb transcript. Symbols: , predicted cys-3 protein composed of 236 amino acid residues; <, —. sequencing strategy that was achieved
with deletion clones and with oligonucleotide primers so that both strands were sequenced. Restriction sites: A, Ahall; Bc, Bcll; Bs, BstEII;
R, EcoRV: H, Hindlll: K. Kpnl; N, Ncol: P, Pstl; Pv, Pvull; S, Sall; Sp, Sphl: Ss, Sstl: St, Stul; Xb, Xbal; Xh, Xhol.

supplemented as indicated for each experiment with shaking
at 30°C as described previously (7, 11).

DNA sequencing and S1 nuclease mapping. DN A sequenc-
ing was accomplished by the dideoxy-chain termination
method (28) with [a-*P]JdATP and a modified T7 bacterio-
phage DNA polymerase, Sequenase (United States Bio-
chemical Corp.). dITP was successfully used in place of
dGTP to sequence through compression regions. Plasmid
DNA templates were prepared as minipreps (3). Deletion
clones of pCys3 for sequencing were constructed by using
exonuclease III and mung bean nuclease as described pre-
viously (8). Oligonucleotide primers for DNA sequencing
were synthesized on an Applied Biosystems model 380B
DNA synthesizer at the Ohio State University Biochemical
Instrument Center. An Xbal-Xhol restriction fragment was
end labeled at the Xhol site with [a-**P]ATP via T4 polynu-
cleotide kinase and isolated from an agarose gel for Sl
nuclease mapping (2). Primer extension experiments were
performed by mixing a 5"-end-labeled 17-mer oligonucleotide
primer that hybridizes at position +56 (see Fig. 2) with
poly(A)* RNA as a template for Moloney murine leukemia
virus reverse transcriptase (Bethesda Research Laborato-
ries, Inc.).

Site-directed mutagenesis. Site-directed mutagenesis was
performed as described by Kunkel (13). The EcoRV frag-
ment of pCYS3 was cloned into vector pTZ18U, and single-
stranded plasmid DNA (pCys3-18U), obtained by use of
helper phage, was used as the template for mutagenesis. A
single base change was engineered into a possible TATA box
element, changing it from TATATCA to GATATCA, by
using the mutagenic primer CCTGTCTTGGATATCAG (al-
tered base underlined). This change results in the generation
of an EcoRV restriction site (GATATC). Of 12 potential
mutant clones examined, 9 (75%) had gained the expected
EcoRV site. One of these was sequenced to confirm its
identity before use.

Cloning mutant cys-3 genes. The polymerase chain reaction
was used to amplify the cys-3 gene present in total Neu-
rospora genomic DNA of two mutant strains in order to
clone them (27). Neurospora DNA was isolated from a cys-3
null mutant and a cys-3 temperature-sensitive mutant as
described previously (7). A 29-mer oligonucleotide primer
was used which hybridized at 25 bases from —68 to —44 at
the 5’ end of the gene; the additional 4 bases at the 5’ end of
the primer were included to yield an EcoRI site. Similarly, a
29-mer that hybridized to the opposite strand at 27 bases
from +1116 to +1090 was used at the 3’ end of the gene. with

the additional 2 bases providing a BglII site. Each polymer-
ase chain reaction took place in a 1.5-ml microcentrifuge
tube containing 1.3 pg of Neurospora DNA, 1 pg of each
primer, and 5 U of Thermus aquaticus DNA polymerase
(Perkin-Elmer Cetus Corp.) in a total volume of 100 pl
covered with 100 pl of mineral oil. After 25 cycles, each
consisting of denaturation (2 min at 94°C), hybridization (2.5
min at 37°C), and elongation (6 min at 72°C), a DNA band of
the expected size, 1.2 kb, was readily visible after agarose
gel electrophoresis. The amplified 1.2-kb EcoRI-Bg/II frag-
ment for each cys-3 mutant was isolated from the gel and
cloned into EcoRI-BamHI-digested Bluescript vector.

Poly(A)* RNA isolation and Northern blot analyses. N.
crassa RN A was isolated by the method of Reinert et al. (24)
from cells grown with either high sulfur (5 mM methionine)
or low sulfur (0.25 mM methionine). The poly(A)* RNA
fraction was isolated with oligo(dT)-cellulose (1). Formalde-
hyde-agarose gel electrophoresis and Northern (RNA) blots
were carried out as described by Maniatis et al. (15), by
foliowing the prehybridization and hybridization protocols
described before (7). Plasmid DNAs for use as probes were
labeled with [*?P]dCTP nick translation (25).

Isolation and analysis of cDNA clones. N. crassa poly(A)™*
RNA was prepared as described above, except that it was
passed through oligo(dT)-cellulose twice prior to use for
cDNA synthesis. A cDNA library was constructed in
lambda gt10 by using EcoRI adaptors to eliminate the need
for methylation of the double-stranded cDNA and EcoRI
digestion prior to ligation into the vector arms, followed by
packaging with Packagene (Promega Biotec). Four rounds of
plaque hybridization with pCys3 as a probe were required to
isolate several cys-3 cDNA clones (15). Lambda DNA was
purified, digested with EcoRI, and the insert cDNA was
subcloned into the Bluescript plasmid vector and sequenced
as described above.

Computer methods. The handling of sequences, their anal-
ysis, translation, and hydropathy and codon bias analyses
were accomplished with Pustell software (International Bio-
technology. Inc.). Protein homology searches were con-
ducted with GenBank, the Protein Identification Resource
(National Biomedical Research Foundation), which contains
3.800 different protein sequences.

RESULTS

cys-3* nucleotide sequence. A restriction map of the cys-3
gene and the strategy used to sequence it are shown in Fig.
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1. The nucleotide sequence for both strands was determined
by using the dideoxy sequencing technique for the entire
cys-3 gene, with the use of overlapping clones to confirm the
sequence of each segment. The nucleotide sequence of the
cys-3 gene and its flanking regions is presented in Fig. 2.

Initiation of cys-3 transcription. The 1.88-kb EcoRV frag-
ment shown in Fig. 1 transforms the cys-3 mutant strain at a
high frequency. The direction of transcription as shown in
Fig. 1 was determined by using single-stranded probes in
Northern blot experiments (results not shown). To help to
define the 5’ border of the gene, the EcoRV fragment was cut
with various restriction enzymes and then assayed for its
transforming capacity. When cut with Pvull, Kpnl, or Bcll,
the cloned DNA was still cys-3*, but restriction with Ncol
resulted in loss of its transforming ability, suggesting that the
S’ border of the gene was located between the Bcll and Ncol
sites. Various restriction fragments used as probes in North-
ern blot experiments indicated that the 5’ end of the gene
occurred near the HindIIl site at position —41. An Sl
nuclease mapping experiment showed that the 5’ end of the
cys-3 transcript was located at approximately position —30
(Fig. 3). This result was confirmed by a primer extension
assay which revealed that transcription of cys-3 is initiated at
three closely spaced sites, at —29, —27, and —23 (Fig. 2 and
3). The complete oligonucleotide sequence of a 1.3-kb cys-3
cDNA was determined and demonstrated that the 1.3-kb
cys-3 transcript contained no introns and identified the
approximate location of its 5’ and 3’ ends (Fig. 2).

Analysis of a potential TATA box. A possible TATA box,
TATATCA, is located approximately 40 bases upstream of
the 5’ start sites (Fig. 2). To determine whether this se-
quence was essential for cys-3 expression, site-directed
mutagenesis was used as described in Materials and Meth-
ods to change the initial T into a G, yielding an easily
assayed EcoRV restriction site (GATATC). Of 12 potential
mutant clones, 9 had gained the expected EcoRYV site, giving
a mutagenic yield of 75%. One of these was sequenced to
confirm its identity, and a transformation assay was used to
determine whether the altered gene was still functional. The
potential c¢ys-3 TATA box mutant gene transformed the
cys-3 mutant strain at a high frequency, identical to that
observed with the positive control, a completely normal
cys-3* gene. In Neurospora spp., most transformants result
from the integration of the transforming DNA at nonhomol-
ogous sites in the genome, and thus their functional expres-
sion depends upon the insertion of an intact gene (5, 6).
Therefore, these results imply that the TATATCA sequence
is not required for the expression of the cys-3 gene and thus
is not an essential TATA box element.

Translation of the cys-3 sequence. The initiation of tran-
scription occurs just upstream of an ATG codon (designated
+1 in Fig. 2), which begins a long open reading frame. The
other five reading frames are all constantly interrupted by
termination codons. The ATG codon at +1 has a favorable
context as an initiation codon, particularly the presence of C
and A at —4 and -3, respectively. A more 5’ ATG codon
occurs at —8, but it has a very poor context and does not

FIG. 2. Nucleotide sequence of cys-3 and its flanking regions.
The ATG initiation codon is numbered +1. The translated amino
acid sequence is shown beneath the DNA sequence. Vertical arrows
indicate 5’ and 3’ termini. A 10-base symmetrical sequence at —112
is overlined, a potential TATA box is boxed, pyrimidine-rich tracks
are underlined, and a potential hairpin loop structure is indicated by
horizontal arrows.
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FIG. 3. S1 nuclease and primer extension mapping. (A) The
approximate location of the 5’ end of cys-3 transcripts was deter-
mined by S1 nuclease mapping. An 810-base Xhol-Xbal DNA
restriction fragment, 3?P end labeled at the Xhol site (located at
+445), was used for S1 nuclease mapping as described in Materials
and Methods. Following the S1 nuclease treatment, electrophoresis
revealed a protected fragment (in the two left lanes) estimated to be
475 bases (by comparison with the DNA molecular weight markers
in the right lane), indicating that the cys-3 mRNA 5’ terminus occurs
at approximately —30. (B) Primer extension mapping of the 5’ end of
cys-3 transcripts was accomplished as described in Materials and
Methods with a 17-mer oligonucleotide that hybridizes at +56. Next
to the extension products in lane 1 are shown dideoxy sequencing
ladders (lanes T, G, C, and A) of cys-3 DNA primed with the same
oligonucleotide used in the primer extension (lane 1). The 5’ start
sites occur at —29, —27, and —23.

begin an open reading frame, indicating that it is not an
initiation codon, although it might have some role in trans-
lational control of the cys-3 mRNA. These features strongly
imply that the ATG at +1 is the initiation codon for a cys-3
encoded protein. This coding region, which lacks any inter-
vening sequences, translates to give a protein composed of
236 amino acids with a calculated molecular weight of
25,892. Codon usage for the cys-3 encoded protein shows a
significant bias, as has been found with other Neurospora
proteins (20, 29), e.g., a predominant use of codons ending in
either C or T, especially C, and an almost complete exclu-
sion of codons ending in A. A protein-coding region locator
program, which incorporates the coding bias typical of
Neurospora proteins, demonstrated that the open reading
frame which specifies the cys-3 protein is highly favored as a
coding region and that no other reading frame or other
segment of the entire sequenced region shows any significant
bias. The putative cys-3 protein has a number of interesting
features, including the fact that alanine and serine make up
25% of its total residues, many of which occur in a large
cluster near the carboxyl end of the protein. The amino
terminus of the protein is deficient in charged amino acids

NEUROSPORA cys-3 REGULATORY GENE 1123

wT -GAA-GAC-AAG-CGA-AAG-
LYS-ARG

CYs-3 ~GAA-GAC-CAG-CAA-AAG-
GLN GLN

CYS-3 ts  —GAA-GAC-AAG-CAA-AAG-
REV LYS GLN

FIG. 4. Nucleotide and amino acid substitutions in cys-3 mu-
tants. A cys-3 null mutant gene and a temperature-sensitive (ts)
revertant (REV) cys-3 mutant gene were each cloned, and their
nucleotide sequences were determined (see Materials and Methods).
The two mutational changes which occur at nucleotides 313 and 317
are underlined, and the amino acid substitutions in the translated
cys-3 proteins are displayed. The wild-type (WT) lysine and arginine
residues occupy amino acids 105 and 106, respectively, in the
translated cys-3* protein.

and is followed by six histidines which occur in closely
spaced pairs, possibly constituting a ligand-binding site.
Nearly all (15 of 16) of the proline residues occur in the
amino-terminal one-third of the protein. The carboxy termi-
nal two-thirds of the molecule contains many charged resi-
dues which occur in clusters throughout the length of the
protein. A hydropathy plot (data not shown) revealed that
the putative cys-3 protein is essentially hydrophilic through-
out its entire length.

cys-3 mutant genes. -Both cys-3 null mutants and cys-3
temperature-sensitive alleles have been described. The poly-
merase chain reaction was used to amplify the cys-3 gene in
samples of total genomic DNA in order to clone one of each
of these mutant types, as described in Materials and Meth-
ods. An oligonucleotide primer which hybridized at 25 bases
from —68 to —44 at the 5’ end of the cys-3 gene and a second
primer which annealed at the 3’ end to the opposite strand at
27 bases from +1116 to +1090 were used. Following 25
cycles of the polymerase chain reaction to amplify the
specific sequence, a DNA band of the expected size, 1.2 kb,
was readily visible after agarose gel electrophoresis. In each
case the amplified 1.2-kb DNA fragment was isolated and
cloned into the Bluescript plasmid vector, thus representing
the molecular cloning of both a cys-3 mutant gene and a cys-3
temperature-sensitive gene. The entire nucleotide sequence
of each of these mutants was determined and found to be
identical to the wild-type cys-3 gene, except for single base
changes which affect codons 105 and 106 (Fig. 4). In the
cys-3 null mutant, two nucleotide base changes result in the
replacement of lysine-105 and arginine-106 by glutamine
residues. The cys-3 temperature-sensitive revertant, derived
from the cys-3 mutant, also has glutamine in place of arginine
at residue 106, but has restored the wild-type amino acid
(lysine) at residue 105.

Regulation of cys-3 gene expression. It was previously
demonstrated that the cys-3 regulatory gene itself is subject
to regulation such that the cellular content of cys-3 mRNA
increases substantially upon sulfur limitation, the very con-
dition which leads to expression of the entire set of sulfur-
related enzymes (21). The sulfur control circuit contains two
completely distinct control genes, the positive-acting cys-3
gene and the negative-acting scon gene. This feature sug-
gested the possibility that scon controls cys-3 expression,
which then activates the various structural genes. To exam-
ine this possibility, a Northern blot analysis was carried out
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FIG. 5. Northern (RNA) gel blot analysis of cys-3 gene expres-
sion in wild-type and scon mutant strains. Poly(A)* RNA (20 pg)
was electrophoresed in each lane of gels, blotted to nitrocellulose,
and hybridized to 32P-labeled DNA probes. Lanes: 1 and 3, RNA
from S-repressed wild-type cells; 2 and 4, RNA from S-limited
wild-type cells; 5, RNA from S-repressed scon mutant 36-21; 6,
RNA from S-limited scon mutant 36-21; 7, RNA from S-repressed
scon mutant 36~28; 8, RNA from S-limited scon mutant 36-28.
Lanes 1, 2, and 5 to 8 were probed with labeled pCys3 DNA. Lanes
3 and 4 were probed with a B-tubulin gene probe to demonstrate that
equal amounts of RNA were loaded for both S-repressed and
S-limited wild-type cells. Exposure times were 10 h for lanes 3 and
4 and 120 h for the others.

with wild-type (scon™) and two different scon® mutant
strains. Unlike the wild type, the scon® mutants both express
aryl sulfatase and related enzymes constitutively, even dur-
ing full sulfur repression conditions. The Northern analysis

MoL. CELL. BioL.

revealed that the wild type contains only a very small
amount of cys-3 mRNA when under sulfur repression con-
ditions, whereas two cys-3 transcripts of approximately 1.3
and 1.6 kb are readily evident in cells subject to sulfur
limitation (Fig. 5). In sharp contrast, two different scon®
mutants possess a substantial amount of both the 1.3- and
1.6-kb cys-3 transcripts whether under sulfur-repressing or
sulfur-limited conditions; i.e., cys-3 expression is insensitive
to sulfur repression in scon® strains (Fig. 5).

DISCUSSION

Nucleotide sequence of the cys-3 gene. The complete nucle-
otide sequence of the cys-3 gene and flanking regions reveals
some interesting features, Situated in the 5’ upstream region
are two pyrimidine-rich tracts: one is centered at —155, and
24 of 29 bases are T or C; the second tract, centered at —95,
has a pyrimidine in 27 of 30 positions. Similarly, the 3’
noncoding region of the cys-3 transcript is unusually rich in
T residues and has three particularly notable T-rich tracts
(Fig. 2). The significance of these pyrimidine-rich and T-rich
tracts is unknown, but is clear that such monotonous se-
quences are not found in the protein-coding regions. Fungal
genes may contain one or more TATA boxes, which are not
located at any fixed position but may lie as far as 100 bases
upstream of the transcription start site (9). Moreover, some
fungal genes lack any apparent TATA box altogether (23,
29), which appears to be the situation for cys-3, since the
site-directed mutagenesis study suggested that the only good
TATA box candidate was not a completely essential ele-
ment. However, it is conceivable that disruption of a TATA
box could significantly reduce transcription without yielding
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FIG. 6. cys-3 translated protein homologous domains. Identification and alignment of homologous regions of the translated cys-3 with
other proteins was done by using protein analysis programs (see Materials and Methods). Identical amino acids are boxed. (A) Residues 170
to 208 of cys-3 protein show 50% homology with the carboxy terminus (residues 129 to 158) of sea urchin histone H1. (B) An amino-terminal
segment of cys-3 (residues 18 to 58) displays 37% amino acid homology with oncoprotein FOS (residues 62 to 100). (C) Homology in the
protein segment which includes the hypothetical leucine zipper structure of cys-3, FOS, and GCN4 starts at residues 123, 161, and 245,
respectively. In this region, the carboxy terminus of GCN4 protein shows 35% identical amino acid homology with the indicated cys-3 region.
The cys-3 protein also has 26% homology with the c-jun protein in the same region (not shown).
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FIG. 7. Leucine zipper DNA-binding element. (A) The hypothetical leucine zipper element in which a leucine or a methionine occurs at
exactly every seventh residue, resulting in their being immediately adjacent in the protein alpha-helical structure (viewed from leucine-155,
the carboxyl end of the element). (B) Position of the leucine zipper. It lies immediately downstream of a charged (basic) protein segment. (C)
Amino acid residues from Arg-89 to Gly-164. The pertinent leucine residues and the single methionine residue which compose the repeating
zipper structure are circled. The two basic amino acid residues (Lys-105 and Arg-106) in the upstream charged region at which substitutions

occur in cys-3 mutants are boxed.

a phenotype detected by the transformation assay. More-
over, this experiment did not address the possibility of
redundant TATA elements in the cys-3 promoter. Transcrip-
tion of the cys-3 gene was found to start at three different but
closely spaced sites. The existence of multiple transcription
start sites is very common in fungal genes; e.g., a Neu-
rospora conidiation-specific gene was recently demonstrated
to display six start sites (26), whereas the cross-pathway
control gene, cpc-1 was shown to initiate transcription from
seven closely spaced start sites (23). A possible hairpin
structure, AGCGG(CT)CCGCT, is situated very near to the
5’ end of the cys-3 mRNA; such hairpin structures have been
shown to modulate mRNA translation (12). One unexpected
finding was that although the EcoRV fragment (Fig. 1)
transforms the cys-3 mutant at a very high frequency, it lacks
approximately 100 bases at the 3’ end of the gene and
presumably is also missing any transcriptional stop signals,
although it contains the entire protein-coding region.

The cys-3 gene transcript. The cys-3 transcript analyzed in
this work is 1.3 kb in length and consists of a 5’ leader region

of approximately 30 bases, the protein-coding region of 711
bases, and then a 3’ nontranslated region of 539 bases. We
do not yet understand the exact nature or significance of the
longer 1.6-kb cys-3 transcript. This longer transcript might
reflect an additional complexity in the function of the cys-3
gene, or it might simply result from the use of a different
polyadenylylation site in a fraction of the transcripts that
yields a longer 3’ nontranslated region. The 539-base 3’
nontranslated segment of the 1.3-kb cys-3 transcript is sig-
nificantly longer than that found for other Neurospora
mRNAs and could be involved in governing the stability of
the cys-3 mRNA. The cpc-1 and the con-10 gene transcripts
each possess a 3’ nontranslated region of approximately 240
bases (23, 26). It is interesting that the cpc-I mRNA has an
extremely long 5’ leader of 720 bases which contains two
ATG codons that start short open reading frames which
precede the true initiator ATG codon; this unusual 5’ leader
may reflect translational control of the cpc-I mRNA (23).
Translated cys-3 protein. The translated cys-3 protein has a
number of interesting features. In a segment of 39 amino acid
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residues near the carboxyl end of the cys-3 protein, the
amino acid alanine occurs 16 times in a region that is also
rich in basic amino acids. A computer search revealed that
the carboxy terminus of histone H1 of the sea urchin is
similarly alanine rich; moreover, the relevant regions of the
cys-3 and histone H1 proteins not only have a high content of
alanine and basic amino acids but, in fact, also have a 49%
amino acid identity (Fig. 6A). Of even greater interest, the
predicted cys-3 protein shows considerable amino acid ho-
mology with the oncogene v-fos protein and the yeast GCN4
protein. A stretch of 41 amino acids near the amino terminus
of the cys-3 protein shows approximately 37% homology
with the v-fos protein, although in this region neither of them
has any homology to GCN4 (Fig. 6B). In a more distal region
of 39 amino acids, the cys-3 protein shows significant homol-
ogy (35%) with the extreme carboxy terminus of GCN4 and
a lower homology with v-fos (Fig. 6C). This is the precise
region of GCN4 which shows homology to v-jun and v-fos
(14, 30). Landschulz et al. (14) have recently suggested that
a number of oncogene nuclear proteins and other regulatory
proteins including v-jun, v-fos, and GCN4 have in common
a new type of DNA-binding element, termed the leucine
zipper, in which leucine residues occur exactly every sev-
enth amino acid, thus being adjacent to one another in a
repeating alpha-helical structure. The adjacent series of
leucines are visualized to provide a hydrophobic spine that
enables two protein monomers to associate and contribute to
a DNA-binding site, which is postulated to be composed of
the leucine zipper and an immediately adjacent basic region
(14). The cys-3 protein contains a well-defined leucine zipper
composed of four precisely spaced leucines and one methi-
onine, the other permissible amino acid (Fig. 7). It appears to
be highly significant that the cys-3 protein also contains a
charged region just upstream of the leucine zipper and that
this exact region contains two basic amino acids which are
altered in a cys-3 mutant, one of which is substituted in a
temperature-sensitive cys-3 mutant (Fig. 7). These observa-
tions suggest that the leucine zipper and the adjacent
charged region may indeed constitute a DN A-binding site for
the cys-3 protein and that mutational changes at this location
can result in a nonfunctional regulatory protein or one that is
temperature sensitive for DNA binding. It is intriguing that
the predicted cys-3 regulatory protein shows significant
homology in segments to other regulatory proteins, to nu-
clear oncoproteins, and to histone H1, a DNA-binding
protein. The cys-3 protein appears to be a mosaic composed
of protein motifs that may represent ancient domains that
appear in a variety of nuclear proteins in diverse organisms.

Regulation of cys-3 expression. It was of considerable
interest to determine whether the positive-acting cys-3 reg-
ulatory gene was itself controlled by the negative-acting scon
regulatory gene. Results presented above demonstrate that
the cellular content of cys-3 transcripts is indeed controlled
by the scon gene. Only a very limited amount of cys-3
mRNA is present in scon™ during sulfur repression, whereas
a substantial amount of a 1.3- and a 1.6-kb cys-3 transcript is
present during sulfur limitation; scon® strains possess high
levels of cys-3 mRNA during both sulfur-repressed and
sulfur-limited conditions. The most attractive interpretation
of these results is that a scon*-encoded regulatory protein
senses the sulfur status of the cells, perhaps via a cysteine-
binding site, and controls in a negative manner the transcrip-
tion of the cys-3 gene, preventing cys-3 expression when
sulfur is abundant. Thus, upon sulfur limitation, a dramatic
increase would occur in the level of cys-3 mRNA and of the
cys-3 positive-acting regulatory protein, which, in turn,
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would lead to expression of the entire set of structural genes
of the sulfur circuit. Some evidence has suggested that cys-3
is autoregulatory such that an increase in its protein product
would further enhance transcription of the cys-3 gene (21). It
is important to note that in addition to this transcriptional
model, other possible explanations cannot yet be excluded.
It is plausible that the scon gene product controls the cellular
level of cys-3 mRNA in a different manner, perhaps at a
processing step or by regulating the stability of cys-3 mRNA.
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