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strains and growth conditions, Deh1p and Gat1p regulated
(14–16, 26, 56, 64). DAL80 expression is Gln3p and Gat1p
dependent as well as Dal80p and Deh1p regulated (14–16, 26,
64). DEH1 expression is the least dependent of the four GATA
factor genes on Gln3p, but it is partially Gat1p dependent and
highly regulated by Dal80p (16, 56, 64).
Identifying the biochemical mechanisms by which Gln3pand Gat1p-dependent transcription responds to the quality of
nitrogen source available to the cell is an important step toward understanding NCR-sensitive gene regulation (18). When
readily used nitrogen sources (e.g., asparagine, glutamine, and
in some strains, ammonia) are present, GATA factor-mediated
transcription occurs at barely detectable levels (17, 31, 73). In
contrast, when poorly used nitrogenous compounds are available, Gln3p- and Gat1p-mediated transcription occurs at high
levels. Little is known about the events and molecules that
effect this regulation. This response to nitrogen source quality
and quantity is known as NCR (17, 73). Drillien et al. identified
Ure2p as a negative regulator of NCR-sensitive genes (34, 35).
This phenotype and the epistasis of gln3 mutations to those at
ure2 have led to multiple speculations concerning how Ure2p
directly regulates Gln3p activity (23). Limited homology between Ure2p and glutathione S-transferase led to the proposition that Ure2p posttranscriptionally modifies Gln3p (22).
Antibodies against Gln3p were reported to weakly precipitate
Ure2p from crude cell extracts overexpressing both proteins,
leading to the proposition that Gln3p and Ure2p form a stable
complex during growth on glutamine (9). However, the biochemical function of Ure2p, a prion-type protein, and how it
transmits a nitrogen regulatory signal to Gln3p remain to be
convincingly demonstrated (74, 75). Moreover, Ure2p is not
unique in its ability to transmit a nitrogen regulatory signal to
the NCR-sensitive transcriptional apparatus; NCR-sensitive

Four GATA factors mediate regulation of nitrogen catabolic
gene expression in Saccharomyces cerevisiae: Gln3p, Gat1p/
Nil1p, Dal80p/Uga43p, and Deh1p/Nil2p/Gzp3p (3, 10–12, 16,
19–21, 26–29, 31, 48, 49, 53, 54, 56, 64, 65, 71). Two of these
proteins (Gln3p and Gat1p) are positive regulators required
for nitrogen catabolite repression (NCR)-sensitive gene expression (14–16, 19, 29, 48, 49, 65). When fused to LexAp,
Gln3p and Gat1p support transcriptional activation of a heterologous reporter gene in which a lexA operator site(s) replaces the upstream activation sequences, albeit at different
levels (15, 28). In contrast, the other two GATA factors
(Dal80p and Deh1p) are functionally negative regulators because deletions of their cognate genes result in increased expression of some, but not all, NCR-sensitive genes (12, 21,
26–28, 31, 56, 64, 71). All four proteins contain GATA binding
motifs, and three of them have been shown by electrophoretic
mobility shift assays to bind directly to GATA sequences upstream of NCR-sensitive genes (16, 26–29). In some cases,
Dal80p, Deh1p, and Gln3p bind to the same GATA sequences,
suggesting that the positively and negatively acting GATA factors regulate gene expression by competing with one another
for binding to GATA sequences (28, 31, 64).
The yeast GATA factors are related not only in their DNA
binding characteristics and antagonistic properties. The genes
encoding them (GLN3, GAT1, DAL80, and DEH1) are highly
cross-regulated (13–16, 26, 31, 64). GLN3 expression is unique
among the four because it does not appear to be regulated at
transcription (less than threefold). In contrast, GAT1 expression is Gln3p dependent, Dal80p regulated, and in some
* Corresponding author. Phone: (901) 448-6175. Fax: (901) 4488462. E-mail: tcooper@utmem1.utmem.edu.
† Present address: Department of Oncology, McArdle Laboratory
for Cancer Research, University of Wisconsin, Madison, WI 53706.
7644

Downloaded from http://jb.asm.org/ on May 26, 2019 by guest

Regulated nitrogen catabolic gene transcription in Saccharomyces cerevisiae is mediated by four positive
(Gln3p and Gat1p/Nil1p) and negative (Dal80p/Uga43p and Deh1p/Nil2p/GZF3p) regulators which function in
opposition to one another. All four proteins contain GATA-type zinc finger domains, and three of them (Gln3p,
Dal80p, and Deh1p) have been shown to bind to GATA sequences situated upstream of genes whose expression
is sensitive to nitrogen catabolite repression (NCR). The positive regulators, Gln3p and Gat1p, are able to
support transcriptional activation when tethered by LexAp to the promoter of a reporter gene whose upstream
activation sequences have been replaced with one or more lexA operator sites. Existing data suggest that these
four proteins regulate transcription by competing with one another for binding to the GATA sequences which
mediate NCR-sensitive gene expression. We show that the minimal Gln3p domain mediating transcriptional
activation consists of 13 amino acids with a predicted propensity to form an a-helix. Genetic analysis of this
region (Gln3p residues 126 to 138, QQNGEIAQLWDFN) demonstrated that alanine may be substituted for the
aromatic and acidic amino acids without destroying transcriptional activation potential. Similar substitution
of alanine for the two hydrophobic amino acids, isoleucine and leucine, however, destroys activation, as does
introduction of basic amino acids in place of the acidic residues or introduction of proline into the center of
the sequence. A point mutation in the Gln3p activation region destroys its in vivo ability to support NCRsensitive DAL5 expression. We find no convincing evidence that NCR regulates Gln3p function by modulating
the functioning of its activation region.
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TABLE 1. Strains used in this work

Strain

Genotype

Reference or
source

E. coli
BMH 71-18
mutS
DH5a

thi supE D(lac-proAB) mutS::Tn10
[F9 proA1B1 lacIqZDM15]
f80dlacZDM15 recA1 endA1 gyrA96
thi-1 hsdR17 (rK2 mK1) deoR relA1
supE44 D(lacZYA-argF) U169
ES1301 mutS lacZ53 mutS201::Tn5 thyA36 rha-5
metB1 deoC IN(rrnD-rrnE)
S. cerevisiae
EGY48
MATa 3lexAop::leu2 ura3 trp1 his3
InvSc1
MATa his3-1 leu2 trp1-289 ura3-52
MATa ura3-52 trp1-289
MATa ura3-52 trp1-289 dal81D::hisG
MATa lys2 ura3
MATa lys2 ura3 gln3::hisG
MATa lys2 ura3 gln3::hisG trp1D::hisG

regions diminished their activation potential (29). Finally, a
high-resolution (2.6-Å) structure of the 15-amino-acid p53derived activation region, cocrystallized in a complex with the
MDM2 oncoprotein, revealed that the p53 activation region
was bound, as an amphipathic a-helix, in a hydrophobic cleft
on the surface of MDM2 (43). In sum, acidic activation regions
do not seem to consist of a unique, identifiable sequence or a
characteristic secondary structure that can be predicted with
certainty from deduced amino acid sequences.
The objective of the present work was to precisely localize
and genetically characterize the putative activation region of
Gln3p and to determine whether its operation responds to the
quality of nitrogen source available. We localized the Gln3p
activation region to a 13-amino-acid region with a predicted
propensity to form an a-helix. In addition, amino acid residues
important to its function were genetically identified. The operation of this activation motif cannot account for the in vivo
response of NCR-sensitive gene expression to nitrogen source
quality.
MATERIALS AND METHODS

production of steady-state GAT1 mRNA can be clearly demonstrated in a gln3 ure2 double-deletion mutant (15).
To further understand the operation of NCR-sensitive gene
expression, we have begun a systematic study of the 730-amino-acid Gln3p. The relative abundance of acidic amino acids in
the N-terminal portion of Gln3p prompted Minehart and Magasanik to designate this region an acidic activation region
(48). Unlike DNA binding or protein dimerization regions,
transcriptional activation regions do not possess easily identified structures (41). As a result, they are classified mainly by
the relative abundance of particular amino acids in the peptide
that supports activation (8). Such classes of activation regions
include those rich in glutamine (69), glutamine/glycine (32),
proline (2, 4), isoleucine (5), leucine (37), serine/threonine (24,
32), and acidic (6, 7, 25, 38, 58, 70) amino acids. These regions
reportedly range in size from compact (23 amino acids in the
case of p53) to the full length of the activator protein (50, 67).
In some cases (e.g., Gal4p), isolated activation regions retain
some or all of their characteristic physiological responses.
The precise structure of acidic activators has been controversial (41). Early studies demonstrated that an engineered
oligopeptide, containing abundant acidic residues and predicted to fold into an amphipathic a-helix, could, when fused
to a DNA binding region, act in vivo as a yeast transcriptional
activator (38). This model was challenged by the observations
that functional acidic activator regions were tolerant of point
mutations and small internal deletions and that many acidic
peptides, irrelevant to eucaryal transcription, were capable of
acting as activators (25, 45). These findings suggested that
acidic activation regions might not have a precise secondary
structure encoded in their sequence, leading to the term “acidic blob” (61). The demonstration that Gal4p and Gcn4p activation regions were largely unstructured at neutral pH but
folded into predominantly b-sheets at acidic pH led to the
suggestion of induced-fit conformational changes taking place
during interaction between acidic activators and their target
proteins in vivo (55, 59, 60, 70). The universality of the b-sheet
model was, in turn, questioned as a result of the findings that
(i) Gal4p derivatives unable to assume a b-sheet conformation
retained significant activation potential (72), (ii) peptides from
other transcription factors, including NF-kB, though unstructured in aqueous solution, assumed an a-helical conformation
in the presence of trifluoroethanol (30, 57), and (iii) introduction of helix-breaking proline residues into some activation

Strains and media. The bacterial and yeast strains used in this work are listed
in Table 1. The plasmids constructed for this work are listed in Fig. 1 and Table
2. LB broth was used for the propagation of bacterial strains. When required, it
was supplemented with ampicillin (50 to 100 mg/ml) or tetracycline (12.5 mg/ml).
YPD (10 g of yeast extract, 20 g of peptone, and 20 g of D-glucose per liter) was
used as the rich medium for growth of yeast strains. YNB (Difco yeast nitrogen
base [1.7 g/liter] with 0.1% nitrogen [0.5% when ammonia sulfate was used]) and
2% carbon sources were used in our experiments. The medium was supplemented as needed to meet the auxotrophic requirements of the strains used.
Plasmid constructions. Plasmids pVS32, pVS316, pVS316-2, pVS316-3,
pVS32-3, pVS32-4, pVS32DXho, and pTSC511 were described by Cunningham
et al. (29); pEG202, pSH18-34, p1840, pSH17-4, pRFHM1, and pJK101 were
described by Estojak et al. (36) and Golemis et al. (39); pRS314 and pRS316
were described by Sikorski and Hieter (62); pJCD52 was described by Coffman
et al. (16). The LexA-Put3 fusion plasmid (pVS3PG) was constructed by subcloning the 2.8-kb SalI-PstI fragment from cosmid c8157 (ATCC 70914), using

FIG. 1. Essential features of the LexA-fusion, Gln3p expression, and Gln3pdependent reporter plasmids used in this work.
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TABLE 2. Plasmids used in this work
Plasmid

Brief descriptiona

LexA fusion plasmids
based on the
pBTM116 vector
pVS3BTM ....................Full-length Gln3p-LexA fusion
pVS3ABTM .................LexA fusion of the Gln3p fragment [1–210]

Vectors for gln3 complementation
pVS316 .........................Full-length GLN3 in pRS316
pVS316-2......................pVS316 derivative with D2-150 deletion in Gln3p
pVS316-3......................pVS316 derivative with C306S mutation in Gln3p
pVS351 .........................Full-length GLN3 in pRS314
pVS3DK .......................pVS351 derivative with D136K mutation in Gln3p
a

Numbers in brackets denote residues.

PCR-generated adapters restoring the full-length PUT3 coding sequence into the
EcoRI and XhoI sites of plasmid pEG202.
Plasmid pVS351 was constructed by subcloning a 3.1-kb SacI-SalI fragment
from plasmid pTSC511 into plasmid pRS314. To construct plasmid pVS3DK, a
desired mutation coding for the D136K substitution was introduced into plasmid
pTSC511, using the Promega pALTER site-directed mutagenesis kit followed by
similar subcloning of the 3.1 kb SacI-SalI fragment into plasmid pRS314.
Deletion plasmids. A set of nested deletions (plasmids listed in Fig. 3) was
generated at either end of the Gln3p acidic activation region by using highfidelity PCR amplification. To this end, a panel of 12 upper-strand (derived from
the Watson strand of GLN3) and 8 lower-strand (derived from the Crick strand
of GLN3) PCR primers were designed to specify amplification of the entire
149-amino-acid acidic activation region and progressive deletions from its ends.
The resulting products were subcloned into the EcoRI and XhoI sites of plasmid
pEG202.
Random mutagenesis. Random mutagenesis of the GLN3 segment coding for
amino acids 106 to 149 was achieved through error-prone PCR amplification of
this coding sequence as described earlier (68). PCR products were subcloned as
LexA fusions into the EcoRI and XhoI sites of plasmid pEG202. This recombinant DNA library was used to transform yeast strain EGY48 carrying reporter
plasmid pSH18-34.
Site-directed mutagenesis with the pSelect system. Site-directed mutagenesis
was used to introduce point mutations into the GLN3 gene. The single-stranded
template method was used to introduce the C306S mutation in the Gln3p Zn
finger motif (oligonucleotide GTCTTGAAAGTTTTACAATTGAAACTTTGT
ATCAGAGGTTT) (Promega pSelect/pAltered), whereas the D136K substitution was constructed by the double-stranded template method in combination
with the mutagenic oligonucleotide TTGGTCCACGTTAAACTTCCAAAGTT
GTGC (Promega pSelect/pAltered).
PCR-mediated site-directed mutagenesis of the Gln3p acidic activation region. Derivatives of the Gln3p acidic activation region fused to LexA were
constructed essentially as described above for deletions within the 149-aminoacid-long N-terminal segment of Gln3p (Gln3[1-149]p). After gel purification,
PCR products were cloned into plasmid pEG202 as LexA fusions, using conventional cloning techniques. The presence of substitutions was confirmed by sequencing.
Transcriptional activation and repression assays. Transcriptional activation
and repression assays were performed as described by Golemis et al. (39). For
the transcriptional complementation experiments, Gln3p-dependent reporter
plasmid pJCD52 (16) replaced the LexA-dependent reporter plasmid pSH18-34.
Detection of b-galactosidase in yeast cells. Yeast plasmids containing the
Escherichia coli lacZ gene flanked by yeast transcriptional signals were used to
evaluate the expression patterns and transcriptional potentials of native and
chimeric yeast transcription factors. The intracellular levels of b-galactosidase
were determined by using a modification of the method of Guarente and Mason
(40) as follows. Up to four independent colonies from each transformation were
inoculated each into 20 ml of appropriate growth medium and incubated at 26°C
with agitation to a cell density of A600 of 0.3 to 0.8 prior to assay. Data are
expressed in Miller units.
Translation and charge calculations. Conceptual translation and charge
calculations were performed by using the EditSeq module of DNASTAR
(DNASTAR, Inc., Madison, Wis.) software. Oligonucleotides were designed by
using the Oligo 4.0 program from National BioSciences, Inc., Plymouth, Minn.

RESULTS
Requirements of the N-terminal acidic region and Zn finger
motif for Gln3p function. To evaluate the requirement of the
GATA-zinc finger and N-terminal acidic regions for Gln3p
function in vivo, we constructed plasmids that express wildtype (pVS316) and mutant (pVS316-2 and pVS316-3) GLN3
alleles under control of their native promoter (Fig. 1). Plasmids pVS316-2 and pVS316-3 directed synthesis of mutant
Gln3 proteins which contained a C306S substitution of the
conserved cysteine residue required for the integrity of the
GATA-type Zn finger motif (pVS316-2) or lacked the hypothesized acidic activation region (amino acids 2 to 150 deleted;
pVS316-3). The vector plasmid control (pRS316) contained no
GLN3-related sequences (62). These plasmids were used to
transform gln3 deletion strain RR91, and the growth of these
transformants in glucose-asparagine medium was measured
(Table 3); the gln3 phenotype is slow growth under these conditions (49). Deletion of the chromosomal GLN3 locus (strain
RR91) increases the doubling time in glucose-asparagine medium six- to sevenfold compared to wild-type strain TCY1,
consistent with earlier reports for gln3 strains containing point
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LexA fusion plasmids
based on the
pEG202 vector
pVS32 ...........................Full-length Gln3p-LexA fusion
pVS32DXho .................LexA fusion of the Gln3p fragment [1–149]
pVS32-2........................LexA fusion of the Gln3p fragment [1–730D
(471–669)]
pVS32-3........................LexA fusion of the Gln3p fragment [1–470]
pVS32-4........................LexA fusion of the Gln3p fragment [1–730D
(2–150)]
pVS3449 .......................LexA fusion of the Gln3p fragment [1–149]
pVS3417 .......................LexA fusion of the Gln3p fragment [10–149]
pVS3371 .......................LexA fusion of the Gln3p fragment [26–149]
pVS3349 .......................LexA fusion of the Gln3p fragment [34–149]
pVS3281 .......................LexA fusion of the Gln3p fragment [56–149]
pVS3250 .......................LexA fusion of the Gln3p fragment [67–149]
pVS3230 .......................LexA fusion of the Gln3p fragment [73–149]
pVS3192 .......................LexA fusion of the Gln3p fragment [86–149]
pVS3168 .......................LexA fusion of the Gln3p fragment [94–149]
pVS3133 .......................LexA fusion of the Gln3p fragment [106–149]
pVS3415 .......................LexA fusion of the Gln3p fragment [1–138]
pVS3364 .......................LexA fusion of the Gln3p fragment [1–121]
pVS3328 .......................LexA fusion of the Gln3p fragment [1–109]
pVS3285 .......................LexA fusion of the Gln3p fragment [1–95]
pVS3231 .......................LexA fusion of the Gln3p fragment [1–77]
pVS3176 .......................LexA fusion of the Gln3p fragment [1–59]
pVS3215 .......................LexA fusion of the Gln3p fragment [73–138]
pVS3115 .......................LexA fusion of the Gln3p fragment [94–138]
pVS3HH.......................LexA fusion of the Gln3p fragment [126–210]
pVS3151 .......................LexA fusion of the Gln3p fragment [151–210]
pVS373A ......................F73A mutation in the acidic activation domain
pVS376A ......................F76A mutation in the acidic activation domain
pVS37376AA ...............F73A,F76A mutation in the acidic activation
domain
pVS3110A ....................F110A mutation in the acidic activation domain
pVS3128NA .................N128A mutation in the acidic activation domain
pVS3128NK .................N128K mutation in the acidic activation domain
pVS3129GK .................G129K mutation in the acidic activation domain
pVS3129GP..................G129P mutation in the acidic activation domain
pVS3130EA .................E130A mutation in the acidic activation domain
pVS3130EK .................E130K mutation in the acidic activation domain
pVS3130EP ..................E130P mutation in the acidic activation domain
pVS3130ER .................E130R mutation in the acidic activation domain
pVS3131IA...................I131A mutation in the acidic activation domain
pVS3131IK...................I131K mutation in the acidic activation domain
pVS3134LA..................L134A mutation in the acidic activation domain
pVS3135WA ................W135A mutation in the acidic activation domain
pVS3135WP.................W135P mutation in the acidic activation domain
pVS33537AA ...............W135A,F137A mutation in the acidic activation
domain
pVS3136DA.................D136A mutation in the acidic activation domain
pVS3136DK .................D136K mutation in the acidic activation domain
pVS3137FA..................F137A mutation in the acidic activation domain
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TABLE 3. Doubling times of S. cerevisiae strains
carrying various GLN3 alleles
Strain
(pertinent
genotype)

TCY1 (GLN3)
RR91 (gln3D)

Plasmid (genotype)

None
None
pRS316 (vector)
pVS316 (GLN3)
pVS316-2 (gln3 [C306S])
pVS316-3 (gln3 [deletion of amino
acids 2–150])

Doubling
time
(min)a

110
727
720
236
704
711

mutations (49). Transformation of strain RR91 with centromeric plasmid pVS316 containing wild-type GLN3 decreased
its doubling time about threefold relative to transformation
with the vector (plasmid pRS316). In contrast, the growth rate
was not significantly increased when RR91 cells were transformed with parent vector pRS316 or either of the two gln3
mutants (plasmids pVS316-2 and -3) (Table 3). These data
demonstrated that Gln3p motifs, tentatively identified by sequence homologies, were essential for the protein’s biological
role, and strengthened the designation of Gln3p as a positive
transcriptional regulator.
Assay of Gln3p transcriptional activation potential in the
LexA fusion assay system. We examined the putative acidic
activation region of Gln3p by first analyzing a full-length LexAGln3 fusion protein (plasmid pVS32) (Fig. 1). This plasmid
was transformed into host strain EGY48, containing plasmid
pSH18-34, a LexA activator-dependent reporter plasmid (Fig.
1). Consistent with its role as a positive regulator of NCRsensitive gene expression, the Gln3p-LexA fusion directed
high-level expression of the reporter gene compared to LexAp
alone (plasmid pEG202) or fused to the transcriptionally inert
moiety of LexA-bicoid protein (plasmid pRFHM1) (Fig. 2A).
Before proceeding with analysis of the Gln3p transcriptional
activation region, we tested its operation relative to the quality
of nitrogen source available in the growth medium. A subset of
yeast transcriptional activators (e.g., Gal4p and Put3p) have
been found to retain their sensitivity to environmental regulatory signals when fused to a LexA- or Gal4p-derived DNA
binding module (reviewed in reference 67). Therefore, we assayed the transactivation potential of LexA-Gln3p in the presence of repressing (asparagine or glutamine) or derepressing
(proline) nitrogen sources. The ability of LexA–full-length
Gln3p to transactivate expression of the reporter gene in strain
EGY48 responded weakly (less than twofold) if at all to nitrogen source quality (Fig. 2B). A similar result was observed with
a strain derived from S1278b. This response cannot account
for the NCR sensitivity of Gln3p-dependent gene expression
(50- to 200-fold response) observed in vivo (reviewed in reference 17, 18, and 73).
Similarly constructed LexA-Put3 and LexA-Gal4 fusion proteins were assayed, as controls, for their response to the quality
of nitrogen source provided. As expected from previously reported data (33), reporter gene expression supported by Put3p
increased about 16-fold when the environmental signal (proline) was present (Fig. 2C). Moreover, the equivalent basal
levels of reporter gene expression observed in minimal g-ami-

nobutyric acid (GABA) and minimal asparagine media argued
that Put3p operation in transcriptional activation did not respond to NCR. Gal4p is not regulated by nitrogen source
quality, and the levels of transcriptional activation supported
by LexA-Gal4p in cells provided with proline, glutamine, or
asparagine were equivalent (Fig. 2D). The normal proline inducibility of Put3p-mediated activation and lack of NCR sensitivity for Gal4p-mediated activation argued that the inability
of LexA-Gln3p to respond to environmental signals (i.e., nitrogen source quality) was not a pervasive characteristic of the
transactivation assay that we used.
The putative Gln3p activation region was first localized by
creating several truncated LexA-Gln3p derivatives of parental
plasmid pVS32 (Fig. 1). C-terminal truncation of Gln3p did
not adversely affect its activation potential (Fig. 2A, plasmids
pVS32, pVS32-3, and pVS32DXho). In fact, the LexA-tagged
149 Gln3p amino-terminal residues (expressed from plasmid
pVS32DXho) supported almost threefold-greater transcriptional activation than the full-length Gln3p derivative (Fig.
2A). In contrast, a gln3 mutant lacking the N-terminal 149 amino acids, corresponding to the hypothetical acidic activation
region (48) (plasmid pVS32-4), possessed approximately 1/10

FIG. 2. (A) Transactivation mediated by wild-type and truncated Gln3-LexA
fusion proteins. Host strain EGY48 was grown in CM Ura-His-glucose-glutamine medium. The reporter was plasmid p1840. (B) Transactivation mediated
by full-length Gln3-LexA fusion protein in cells grown with a repressive (asparagine or glutamine) or derepressive (proline) nitrogen source. Host strain InvSc1
was grown in minimal medium supplemented as needed for auxotrophies and
with 0.1% asparagine (ASN), glutamine (GLN), or proline (PRO) as sole nitrogen source. The reporter plasmid was pSH18-34, a reporter plasmid different
from that used for panel A; this and the strain differences account for the
difference observed in the wild-type activation levels for the experiments in
panels A and B. (C) Transactivation by a full-length Put3-LexA fusion protein in
cells provided with a repressive (asparagine) or derepressive (GABA) nitrogen
source as well as with a medium that induces PUT gene expression (GABA 1
PRO). Host strain InvSc1 was grown in the presence of GABA, asparagine, or
GABA plus proline as nitrogen source as described by des Etages et al. (33). The
reporter was plasmid pSH18-34. (D) Transactivation by the Gal4[74-881]-LexA
fusion protein assayed in cells provided with repressive and derepressive nitrogen
sources. Host strain InvSc1 was grown in YNB-glucose medium supplemented as
needed to meet auxotrophic requirements of the strain with 0.1% asparagine,
glutamine, or proline as nitrogen source. The reporter plasmid was pSH18-34.
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a
Determined as described by Cunningham et al. (29, 49). We cannot explain
the twofold-slower growth observed when complementation with a plasmidborne GLN3 gene is compared to that of a chromosomal copy (strain TCY1).
This might have resulted, however, from changing the AatII site in the GLN3
promoter to a SalI site, which was required for cloning this large gene into the
centromeric vector.
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of the transactivation potential observed for the full-length
Gln3p fusion (Fig. 2A).
Dissection of the Gln3p activation region. To more precisely
localize the Gln3p region mediating transcriptional activation,
we analyzed plasmid pVS3449, which expressed the N-terminal
149 amino acids of Gln3p shown in Fig. 2A to support transcriptional activation. We prepared a series of nested deletions
and fused them to LexA as described in Materials and Methods. These truncated Gln3p derivatives were assayed for the
ability to transactivate transcription. Deletions removing amino acids from the N terminus to residue 106 were as active in
transactivation as the full-length 149-amino-acid peptide (Fig.
3, plasmids pVS3449 to pVS3133). A similar result was observed upon deleting 11 C-terminal amino acids from the peptide (Fig. 3, plasmid pVS3415). However, deleting the next
C-terminal 17 amino acids decreased transactivation potential
200- to 300-fold (Fig. 3, plasmid pVS3364). These results localized a strong transactivation capability to the C-terminal
fifth of the 149-amino-acid Gln3p fragment (residues 121 to
138). A similar loss of activation capability was observed
with further C-terminal deletions (Fig. 3, plasmids pVS3328,
pVS3285, pVS3231, and pVS3176). Four additional constructs
(plasmids pVS3215, pVS3115, pVS3HH, and pVS3151, containing residues 73 to 138, 94 to 138, 126 to 210, and 151 to 210,
respectively) further localized the transactivation potential to
a 13-amino-acid Gln3p segment, 126QQNGEIAQLWDFN138
(Fig. 3). This segment contains hydrophobic (I, L), aromatic
(W, F), and acidic (E, D) amino acids and is predicted by the
PHD secondary structure prediction program (55a, 55b; phd
@EMBL-Heidelberg.de) to possess a propensity to form an
a-helix. Comparison of truncated Gln3p derivatives able to
support transcriptional activation failed to demonstrate a correlation between the predicted negative charge of active
polypeptides (calculated at neutral pH) and their transactiva-

tion potentials (Fig. 3). In fact, amino acids required for
Gln3p-mediated transcriptional activation (residues 126 to
138) were situated well beyond the highly acidic N-terminal
region (residues 3 to 48) of Gln3[1-149]p.
To test the assumption that loss-of-function phenotypes did
not result from the loss of the mutant proteins’ abilities to
occupy LexA operator sites, activation mutants were subjected
to the repression assay of Golemis et al. (39). The data obtained, i.e., results of analyses of the transcriptional interference, indicated that all of the mutant proteins tested above
were able to occupy the lexA operator sites to an extent that
was comparable to that of LexA protein alone (Fig. 4).
Difficulties that occasionally occur as a result of deletion
mutations prompted us to perform a second experiment to
localize the activation region. DNA encoding a peptide (amino
acids 106 to 149) that extended beyond the minimal 13-aminoacid activation region (residues 126 to 138) was heavily mutagenized, and the resulting mutants were scored by using a
color-based plate assay of activation (see Materials and Methods). To limit mutagenesis to the activation region coding
sequence, we performed error-prone PCR amplification of the
GLN3 fragment before cloning it into the LexA fusion vector.
After random mutagenesis and screening for loss-of-function
mutations, their phenotypes on plates were confirmed by liquid
b-galactosidase assays (all had activity of less than 200 Miller
units, compared to a wild-type value of approximately 20,000),
and the mutant sequences were determined (Table 4). In
agreement with the deletion mapping results reported above,
all plasmids supporting less than 10% of wild-type transactivation potential possessed alterations of the sequence from
amino acids 126 to 138. Thus, both deletion mapping and
random mutagenesis suggested that the minimal activation region of Gln3p is localized to a putative a-helical segment of the
protein located between amino acids 126 and 138.
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FIG. 3. Transactivation mediated by fragments of the Gln3p. Nested deletions within the Gln3p acidic region (residues 1 to 149) were constructed and expressed
as LexA fusions in strain EGY48. b-Galactosidase production was measured by using reporter plasmid pSH18-34. The transformants were grown in CM Ura-Hisglucose-ammonia medium. Amino acids predicted to possess a propensity to form an a-helix are underlined.
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Mutational analysis of the Gln3p activation region. Using
the foregoing data together with information on acidic activator structures available from the literature (e.g., the provisional
significance of acidic, aromatic, and branched hydrophobic
amino acids and the detrimental effects of helix-breaking and
basic residues), we introduced specific point mutations into the
Gln3p activation region and determined their effects on transactivation potential (Fig. 5). Alanine substitutions for aromatic
amino acids (F73, F76, F110, W135, and F137) did not lead to
substantial loss of transactivation potential, even when both
aromatic residues (F73 and F76 or W135 and F137) present in
the minimal wild-type activation module (residues 1 to 149;
plasmid pVS3449) were substituted (Fig. 5, mutants F73A,
F76A and W135A,F137A). Likewise, an alanine substitution of
the acidic D136 residue had little effect on the transactivation
potential (Fig. 5, D136A). Substitution of alanine for the remaining acidic residue (E130) resulted in a mutant that retained one-third of the wild-type activation potential. In contrast, introduction of lysine or arginine at either position was
very deleterious (Fig. 5, E130K, E130R, and D136K). An
N128K substitution (this substitution was also obtained by random mutagenesis in Table 4) similarly destroyed activation
capability of the region, though this result is less straightforwardly interpreted because an alanine substitution at position
N128 diminished activation potential to about 10% of the
wild-type level (Fig. 5). Together, these data argue that incorporation of basic residues into the Gln3[126-138]p segment
invariably resulted in loss-of-function, indicating that the presence of lysine or arginine within the activation module is incompatible with its operation. Although alanine substitutions
of the aromatic amino acids that we tested were well tolerated,
replacement of either of the other two hydrophobic residues
(I131 and L134) with alanine eliminated and nearly eliminated
transactivation potential, respectively (Fig. 5, I131A and L134A).
Critical dependence on isoleucyl and/or leucyl residues has
been reported for other native and artificial eucaryal activation
regions as well (5, 37, 58). Finally, the helix-breaking W135P

TABLE 4. Deduced amino acid sequences of Gln3[106-149] proteins exhibiting less than 10% of wild-type activitya
Assay

A

B

Charge
(pH 7.0)

1-1
1-2
1-3
1-4
1-5
1-6
1-7
1-8
1-9
1-10
1-11
1-12
2-1
2-2
2-3
2-4

Peptide sequenceb

126
138
u
u
DIAMFDSLATTQPIDIAASNQQNGEIAQLWDFNVDQFNMTPSNSc
DIAMFDSLATTQPIDIAASNQQNvklhnfgtltwtnat
DIAMFDSLAiTQPIDIAASNQQNvklhnfgtltwtnat
DIAMFDShATTQPlglAASNQQNvklhnfgtltwtnst
DIAMFDSLAqlspstqllgvmlnwstlksqscris
DIAMFDSLATTQPIDIAhptnimvklhnfgtl
DIAMFDSLvTTQPIDIAASNQQNGENA
DIAMFDSLATTQPnvmAASNQQNveta
DIAMFDSLATTQPIDaAASNQ
DIAMFDSLAqlspst
DIAMFDSLAqpsssi
DIAMFDSLprlgpst
DIAMFDSLATT
DIAMFDSLATTQPIDIAASNQQNGEIAQLWDFNVDQFNMTPSNSc
DIAMFDShATTQPIDIAASNQQNGklAQLsDFNVDQINMTPSNS
DIAMFDSLATTQPIDIAASNQQNGglAQLrgFNmDkFNMTPSNS
DIAMFDSLAaTQPIDIAASNQliGEIAQLWDFNVDQFNMTPSNS
DIAMFDSLATTQPIDIAASNQQkGEIAQLWDFNVDQFNMTPSNS

Charge
(pH 7.0)

26.09
21.92
21.92
20.76
20.12
23.59
24.09
23.09
23.09
23.92
22.09
21.09
22.09
26.09
23.92
22.09
26.09
25.09

a
Transcriptional activation in cells transformed with a wild-type Gln3p-encoding gene fragment carried by plasmid pVS3133 (Gln3[106-149]p) and its mutant alleles.
Assays were conducted in yeast strain EGY48 transformed with reporter (lexA-lacZ) plasmid pSH18-34 as described earlier (39). The medium contained proline as the
sole nitrogen source. Electrostatic charge was calculated by using conceptual translation of the mutated nucleotide sequences.
b
Mutant residues are indicated in lowercase.
c
Wild-type sequence.
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FIG. 4. Transcriptional interference/repression assays of inert or loss-offunction deletion (A) and point (B) mutants in the Gln3p acidic region. The
repression assay was performed as described by Golemis et al. (39). Details of the
plasmids used in this experiment are given in Fig. 3 and 5.
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substitution resulted in an essentially loss-of-function phenotype. However, a W135A substitution, which is compatible with
a-helix formation, did not lead to substantially diminished
transcriptional activation. Proline substitutions at positions
G129 and E130 were not deleterious (Fig. 5, G129P and
E130P). In this context, it is pertinent to recall that proline
substitutions have been reported to be tolerable when situated
at the beginning of a helical motif (50, 55).
Effect of the gln3 D136K mutation on DAL5 transcriptional
activation. To assess the effect of an activation region point
mutation on Gln3p-dependent transcription in vivo, the
D136K mutation (Fig. 1, plasmid pVS3DK), which leads to loss
of transactivation by the Gln3p-derived activation region, was
tested for its ability to complement a gln3 deletion (strain
RR91-1). Wild-type plasmid pVS351 (Fig. 1) was used as a
positive control. The plasmid-borne GLN3 gene (pVS351)
fully complemented the genomic gln3 deletion; i.e., DAL5-lacZ
expression was the same as observed in a wild-type control.
Moreover, this DAL5 expression exhibited normal NCR sensitivity (Fig. 6). Mutant plasmid pVS3DK expressing a gln3
mutant protein (Fig. 1, D136K substitution) was similarly
tested. This mutation resulted in significantly diminished
DAL5 expression (Fig. 6), which is consistent with its detrimental effect on activation by the cognate LexA fusion. Residual DAL5 transcription, however, remained NCR sensitive.
DISCUSSION
In agreement with earlier conclusions, based on sequence
homology (48), our data demonstrate the necessity of the
Gln3p GATA-type zinc finger motif and putative transcriptional activation region for its operation. A single-point mutation in a conserved cysteine residue of the zinc finger motif
(C306S) failed to complement a gln3 deletion for growth. A

similar result was found when the N-terminal acidic region of
Gln3p was deleted. Genetic analysis of the Gln3p N-terminal
acidic region (amino acids 1 to 149) identified the 13-residue
peptide QQNGEIAQLWDFN (Gln3p amino acids 126 to 138)
as the minimum region required for transcriptional activation
in the LexA assay system. This peptide contains acidic and
hydrophobic amino acids and is predicted to possess a propensity to fold into an a-helix (residues 128 to 137), thus correlating with the characteristics of other eucaryal acidic activation regions (41). Although negatively charged amino acid
clusters have served to predict the existence and gross positions
of activation motifs including that of Gln3p (6, 25, 38, 48, 58,
70), the Gln3p region shown in this work to be required for
transcriptional activation contains only two negatively charged
amino acids, both of which may be converted to alanine without total loss of activity. There is also an absence of correlation
between the overall negative charge and magnitude of transactivation directed by particular Gln3p derivatives fused to
LexA. These findings are further evidence demonstrating the
dispensability of most negatively charged amino acids for activation by typical acidic activators such as Gal4p or Gcn4p
(44). Although contained in an acidic region, the Gln3p transactivation region is situated 50 or more amino acids C terminal
to the region of greatest acidity (residues 3 to 48). Analysis of
point mutations generated within the Gln3p activation region
demonstrate the dispensability of aromatic and acidic amino
acids as well as the importance of branched amino acids I131
and L134. We finally demonstrate the detrimental effects of
introducing basic (Lys and Arg) or a-helix-breaking residues
into the minimal activation motif of Gln3p.
Consistent with its role as a major positive regulator of yeast
nitrogen metabolism, Gln3p, or even a small fraction of the
protein, mediated strong transcriptional activation from a
LexA-sensitive promoter when expressed in yeast cells as a
LexA fusion. This transcriptional activity, however, was nearly
insensitive to the quality of the nitrogen source present in the
medium. The importance of the region that mediates transcriptional activation to the in vivo function of Gln3p is further
emphasized by the finding that a single-point mutation in the
activation motif (D136K) diminished significantly (11-fold) the
ability of the mutant protein to complement a gln3 deletion
and support NCR-sensitive DAL5 expression. The residual 9%
of DAL5 expression, however, remained NCR sensitive.

FIG. 6. Complementation of a gln3D mutation by a full-length wild-type
GLN3 gene (plasmid pVS351) and a single-point-mutant (pVS3DK) gln3 allele.
Wild-type and D136K mutant Gln3 proteins were expressed by using the native
GLN3 promoter, and their effects on lacZ expression supported by DAL5-lacZ
fusion plasmid pJCD52 were assayed in gln3 strain RR91-1 grown in YNB
medium supplemented as needed to fulfill the strain’s auxotrophies and using
0.1% glutamine (GLN) or proline (PRO) as sole nitrogen source.
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FIG. 5. Effects of alterations in the Gln3p acidic region on transactivation.
Point mutations causing single amino acid substitutions in the putative acidic
activation region were constructed and expressed as LexA fusion proteins in
yeast strain EGY48, using plasmid pSH18-34 as the lacZ reporter. The medium
was CM Ura-His-glucose-ammonia medium. Plasmids used: wild type (WT),
pVS3449; F73A, pVS373A; F76A, pVS376A; F37A,F76A, pVS37376AA; F110A,
pVS3110A; N128K, pVS3128NK; N128A, pVS3128NA; G129K, pVS3129GK;
G129P, pVS3129GP; E130A, pVS3130EA; E130K, pVS3130EK; E130R,
pVS3130ER; E130P, pVS3130EP; I131A, pVS3131IA; I131K, pVS3131IK;
L134A, pVS3134LA; W135A, pVS3135WA; W135P, pVS3135WP; W135A,
F137A, pVS33537AA; D136A, pVS3136DA; D136K, pVS3136DK; F137A,
pVS3137FA.
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