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When readily used nitrogen sources are available, the expression of genes encoding proteins needed to
transport and metabolize poorly used nitrogen sources is repressed to low levels; this physiological response
has been designated nitrogen catabolite repression (NCR). The cis-acting upstream activation sequence (UAS)
element UAS ,, mediates GIn3p-dependent, NCR-sensitive transcription and consists of two separated dode-
canucleotides, each containing the core sequence GATAA. GIn3p, produced in Escherichia coli and hence free
of all other yeast proteins, specifically binds to wild-type UAS ;. sequences and DNA fragments derived from
a variety of NCR-sensitive promoters (GDH2, CARI, DAL3, PUT1, UGA4, and GLNI). A LexA-GIn3 fusion
protein supported transcriptional activation when bound to one or more LexAp binding sites upstream of a
minimal CYCI-derived promoter devoid of UAS elements. LexAp-GIn3p activation of transcription was largely
independent of the nitrogen source used for growth. These data argue that GIn3p is capable of direct UAS
binding and participates in transcriptional activation of NCR-sensitive genes.

Selective nitrogen source utilization in Saccharomyces cer-
evisiae is accomplished through a physiological process desig-
nated nitrogen catabolite repression (NCR) (13, 14, 57). NCR
occurs at the level of transcriptional activation of genes encod-
ing the permease and catabolic enzyme systems needed to
degrade poor nitrogen sources (e.g., allantoin, proline, and
v-aminobutyrate). When readily used nitrogen sources (e.g.,
Asn, Gln, or ammonia in some strains) are available, NCR-
sensitive genes are expressed only at low levels (14). Upon
depletion of these repressive nitrogen sources, NCR is relieved
and transcription of NCR-sensitive genes dramatically in-
creases (17). Five observations have influenced current views
of the mechanism by which NCR is accomplished. (i) The
upstream activation sequence (UAS) UAS,,x element, con-
taining the core sequence GATAA, occurs upstream of all
NCR-sensitive genes (16, 46, 47). (ii) gln3 null mutants grow
slowly on poor nitrogen sources and exhibit reduced expression
of catabolic pathway genes associated with these compounds
(39, 40). (iii) ure2 null mutants are NCR insensitive; i.e., they
express genes associated with catabolism of poor nitrogen
sources even when readily used nitrogen sources are available
(25, 26). (iv) Ure2p and GIn3p were proposed to be in the
same regulatory pathway because gln3 mutations are epistatic
to ure2 mutations (19). (v) Ure2p exerts its negative control of
nitrogen catabolism through the UAS,;« element (10).

One working model relating these observations proposes
that the presence of preferred nitrogen sources positively reg-
ulates Ure2p at a level other than transcription (4). Ure2p in
turn negatively regulates GIn3p in some way other than by
affecting transcription of its cognate gene. Since the Gln3p
sequence contains a zinc finger motif homologous to those of
the GATA family of DNA-binding proteins (37), it has been
concluded that GIn3p binds to the UAS,x elements and ac-
tivates transcription of NCR-sensitive genes (5, 38, 58).
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Several observations are consistent with this model. First, a
footprint is situated over the GATAA sequence of the DALS
UAS y1x after incubation with a crude, wild-type cell extract,
demonstrating that one or more yeast proteins can bind to it
(44). Second, GIn3p has been shown to be required for expres-
sion of many NCR-sensitive genes and for transcriptional ac-
tivation supported by UAS,,x sequences cloned into a heter-
ologous expression vector (15, 18, 24, 36, 37, 48, 55). Third, a
polyclonal antibody preparation against partially purified
GIn3p produced in Escherichia coli immunoprecipitates a
DNA-protein complex containing a double-stranded oligonu-
cleotide consisting of seven consecutive GATAA sequences
(37). Most recently, a partially purified preparation of GIn3p
has been reported to footprint a GDH2 DNA fragment con-
taining the sequence GATTAG (5).

Although these observations support the proposed role for
GIn3p in NCR, five observations argue for a more unambigu-
ous evaluation of GIn3p binding. (i) The yeast genome encodes
at least four different proteins containing zinc finger motifs
homologous to the one in GIn3p, and at least one of them,
Dal80p, has been shown to bind directly to the GATAA se-
quences of some UAS 1 elements (20, 21, 23). (ii) A footprint
formed over the GATAA sequence of the DALS UASyx
element is observed not only when the source of protein for the
assay is wild-type cells but also when it is a gln3 dal80 double-
null mutant (44). (iii) NCR-sensitive transcription is observed
for a wide variety of genes (DALS5, CANI, GAPI, UGAI,
UGA4, PUT1, PUT2, etc.) in gln3A single (11, 24, 51, 58), gin3A
ure2A double (11, 58), and gln3A ure2A dal80::hisG triple (11)
mutants. (iv) A newly identified GATA family protein (Gatlp)
has been shown to be required along with GIn3p for maximal
expression of NCR-sensitive genes (11, 12, 52). Finally, no data
other than the GIn3p requirement for NCR-sensitive gene
expression have been reported in support of GIn3p being ca-
pable of activating transcription. Therefore, we performed ex-
periments to test whether Gln3p, in the absence of other yeast
proteins, was able to bind UAS \; elements situated upstream
of NCR-sensitive genes and whether it was capable of tran-
scriptional activation. A preliminary account of this work has
appeared elsewhere (54).
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FIG. 2. Nucleotide sequences of DNA fragments used in this work. Only one strand of each double-stranded fragment is shown. Lowercase letters at the termini
of the DNA sequences designate nucleotides added to the gene sequences to permit cloning. Lowercase letters in the interior of sequences represent mutated positions.

MATERIALS AND METHODS

Plasmid construction and DNA fragments. Plasmids used in this work are
shown in Fig. 1. All DNA manipulations were performed by standard methods
(49).

EMSA. Electrophoretic mobility shift assays (EMSAs) were performed as
described earlier (20, 21, 23); total crude protein extract when present in reaction
mixtures was at 1 pg per reaction. DNA fragments used as probes or competitors
are shown in Fig. 2. Highly sheared calf thymus DNA was used in all reaction
mixtures as a nonspecific competitor DNA (final concentration, 200 pg/ml).

Western blotting (immunoblotting). Procedures for electrophoresis, transfer,
and immunoassay of E. coli-produced yeast proteins were essentially as described
carlier (49). The primary antibody (directed against influenza virus hemaggluti-
nin [HA] epitope 12CAS5 [27, 33]) was used at a 1:100 dilution of the supernatant
fluid derived following growth of cell line 12CAS. In all cases, 2 pg of protein
extract was analyzed.

Construction of the gin3 mutants. N-terminal deletion of GIn3p (plasmid
pVS32-4) was generated by digesting plasmid pVS32 with Xhol and Ndel. The
resulting 11.4-kb DNA fragment was isolated, and the lex4 and truncated gin3
DNA fragments were religated by using an Ndel-Xhol adapter produced by
annealing the oligonucleotides TCGAGAGCGTAGTCTGGGACGTCGTAT

GGGTACA and TATGTACCCATACGACGTCCCAGACTACGCTC. The
gIn3 deletion that removed amino acid residues 471 to 669 (plasmid pVS32-2)
was constructed by digesting plasmid pVS32 with EcoRI. The resulting 11.2-kb
DNA fragment was isolated and religated. The C-terminal deletion (plasmid
pVS32-3) was generated by digesting plasmid pVS32-2 with EcoRI and Sall. The
resulting 11-kb fragment was isolated and religated by using an EcoRI-termina-
tor-Sall adapter containing four in-frame termination codons. This adapter was
produced by annealing the oligonucleotides AATTGATAGTAGTGACGC
TATG and TCGACATAGCGTCACTACTATC.

To construct gln3 mutants for complementation assays, plasmid pVS316 was
constructed by inserting a 3.1-kb Sa/I-SacI fragment from plasmid pTSC517 (20)
(Fig. 1) into plasmid pRS316 (50) previously digested with SacI and Sa/l. Plasmid
pVS316-2, which contained sequences for the N-terminal portion of Gln3p, was
generated by subcloning the 3.1-kb SacI-Sall fragment from plasmid pTSC517
into plasmid pBluescript II KS+ to yield plasmid pVS3-7. Plasmid pRR312 (Fig.
1) was digested with Ndel and Xhol, and the resulting 4.1-kb fragment was
isolated and religated by using the above-mentioned Ndel-Xhol adapter to yield
plasmid pVS3-8. The 1.6-kb fragment derived from plasmid pVS3-8 following
digestion with Ndel and BamHI was inserted into the 4-kb Ndel-BamHI deriv-
ative of plasmid pVS3-7 to yield plasmid pVS3-9. Plasmid pVS3-9 was digested
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with Sacl and Sall, and the resulting 2.6-kb fragment was inserted into plasmid
pRS316 to yield plasmid pVS316-2. The gin3 Cys-306—Ser mutant was gener-
ated by using a pSelect site-directed mutagenesis protocol. A 3.1-kb SacI-Sall
fragment from plasmid pTSC517 was cloned into the pSelect vector. The muta-
genic primer GTCTTGAAAGTTTTACAATTGAAACTTTGTATCAGAGG
TTT was used according to the manufacturer’s recommendations. After the
desired mutation was confirmed by sequencing, the 3.1-kb SacI-Sa/l mutant
fragment was cloned into plasmid pRS316 to yield plasmid pVS316-3. Plasmids
pVS316, pVS316-2, and pVS316-3 were transformed into g/n3 deletion strain
RRI1, and their abilities to complement the gin3 growth phenotype were assayed
by comparing the doubling times of the transformants growing in liquid medium
(Difco yeast nitrogen base minimal glucose medium) supplemented as necessary
for auxotrophic requirements and containing either 0.1% glutamine or 0.1%
asparagine as the sole nitrogen source.

RESULTS

Expression of GLN3 in E. coli. Problems with other proteins
contaminating or influencing Gln3p binding assays prompted
us to seek a method of GIn3p preparation that would yield only
a single yeast protein. Therefore, we cloned an HA epitope-
tagged version of GLN3 (pT7-GLN3E) into E. coli expression
vector pT7-7 (Materials and Methods). Extracts were prepared
from E. coli BL21(DE3) transformed with either plasmid pT7-
GLN3E or control plasmid pT7-7, and the proteins that they
contained were resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. Extract from a pT7-7 transformant
did not contain protein that reacted with a monoclonal anti-
body prepared against the HA epitope tag fused to GIn3p (Fig.
3A, lanes A and E). Extract derived from a pT7-GLN3E trans-
formant contained two major and many minor protein species
that reacted with the HA epitope tag-specific antibody (lanes B
and D). Although not visible in this blot exposure, a small
amount of full-length (calculated molecular weight, 79,342)
GlIn3p was detected. E. coli-produced, epitope-tagged Dal80p
was used as a control and yielded a single major band (lane C).
The presence of multiple species of epitope-tagged Gln3p in-
dicated that the protein or its message was present in frag-
mented form in the E. coli cells; this has also been observed for
other large yeast proteins expressed in E. coli (9).

Specific Gln3p-dependent binding to DAL3 DNA fragments
containing GATAA sequences. Although dismayed by the ex-
tent of Gln3p degradation, we persisted with this approach
because of past successful experiences reported by other in-
vestigators working with GATA-binding proteins. Fu and Mar-
zluf observed specific binding of Neurospora crassa Nit2p to
GATAA-containing DNA fragments in assays using small (ca.
229-amino-acid) zinc finger-containing peptide fragments (29).
Omichinski et al. (41, 42) used a zinc finger DNA-binding
domain of only 66 residues to determine the three-dimensional
structure of the chicken Gatalp-DNA complex. These data
demonstrated that little more than the zinc finger of GATA
family proteins is needed to specifically bind GATAA-contain-
ing DNA sequences. These were critically important prece-
dents for us because so little full-length GIn3p was present in
our E. coli-produced protein preparations.

We first ascertained whether our fragmented GIn3p prepa-
rations could specifically bind to a DNA fragment containing
known UAS,;x elements. A small DNA fragment from the
DAL3 gene (DAL3-5) was initially used because it contains
three well-studied UAS,,x elements (20, 21-23). When the
DALS3-5 fragment was used as radioactive probe in an EMSA,
a prominent Gln3p-dependent band (consisting of several
closely spaced bands) was observed (Fig. 3B, lanes A to C). To
determine the specificity of this DNA-protein complex, we
used several DNA fragments as competitors of DAL3-5 for
Gln3p-dependent complex formation. DNA fragment CANI1-1,
previously shown to support Gln3p-dependent, NCR-sensitive
reporter gene expression (32), effectively competed with frag-
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ment DAL3-5 for GIn3p binding (Fig. 3D, lanes A to G). A
similar result was obtained with competitor fragment DAL3-3,
the one from which DAL3-5 was derived (21) (Fig. 3E, lanes A
to G). CARI DNA fragment RL153/154 (35), containing mul-
tiple protein-binding sites but no UAS ., elements (Fig. 2),
was unable to serve as a competitor (Fig. 3D, lanes G to M). A
similar result was obtained with a PUT?2 fragment containing a
mutant GATAA sequence (PUT2M) (Fig. 2 and Fig. 3E). We
have also demonstrated that HA epitope-tagged Gln3p will
supershift the DAL3-3 fragment relative to native untagged
GIn3p (22). Together, these data argue that complex formation
between E. coli-produced Gln3p fragments and DNA frag-
ments containing UAS,x elements was specific.

We previously determined individual contributions of the
three GATAA-containing sequences of DNA fragment
DALS3-5 toward DALS8Op binding, reporter gene transcription,
and DALS0O-mediated transcriptional regulation (21). Muta-
tion of the 5'- and 3’-most DAL3-5 GATAA sequences re-
duced DNA-Dal80p complex formation below detectable lev-
els, indicating that Dal80p binding absolutely required both
sequences (21). To compare requirements for Dal80p and
GIn3p binding, we performed analogous assays using Gln3p.
Mutation of the central GATAA sequence of DNA fragment
DALS3-5 (fragment DAL3-11) had no demonstrable effect on
DNA-GIn3p complex formation (Fig. 3B, lanes G to I). In
contrast, mutation of the 3'-most GATAA sequence (fragment
DAL3-12) greatly reduced GIn3p binding but did not eliminate
it (Fig. 3B, lanes J to L). Mutation of the 5'-most GATAA
sequence (fragment DAL3-10) only slightly decreased Gln3p
binding to the mutant DNA fragment (Fig. 3B, lanes D to F).
To ascertain whether GIn3p bound to a single GATAA se-
quence, we used a DNA fragment (DAL3-32) in which the
3’-most GATAA sequence from DNA fragment DAL3-5 was
embedded in plasmid pBR322 DNA (Fig. 2). As shown in Fig.
3C, lanes A to C, a weak GIn3p-dependent signal was ob-
served. This complex disappeared when the GATAA sequence
was mutated from GATAAG to cttaac (fragment DAL3-33).

GIn3p-dependent binding to wild-type and mutant DNA
fragments derived from GLNI. We evaluated Gln3p binding to
pertinent promoter fragments from the most frequently stud-
ied nitrogen catabolic genes. Mutation of the GLN3 locus
decreases glutamine synthetase enzyme activity and GLNI
mRNA (4, 10, 15, 36, 38-40, 45). Therefore, we assayed GIn3p
binding to the wild-type and mutated GLNI DNA fragments
used for our earlier heterologous expression experiments (45).
We observed a strong, GIn3Ep-dependent signal when DNA
fragment GLN1-162 was used as a probe (Fig. 4A, lanes A to
C), but no binding occurred when the GATAA sequence of
this fragment was mutated (fragment GLN1-162M) (Fig. 2 and
4A, lanes D to F). From this result, we concluded that Gln3p
binding required the GLN1-162 GATAA sequence previously
shown to be required for Gln3p-dependent reporter gene ex-
pression (45).

GIn3p-dependent binding to wild-type and mutant PUT1
DNA fragments. Expression of the PUT genes encoding pro-
line degradative enzymes is NCR sensitive (10, 24, 58). Of the
two PUT loci, PUT1 expression is most NCR sensitive and
GIn3p dependent (11, 24, 45). A PUTI DNA fragment
(PUT1-2; positions —246 to —191) containing a Put3p-binding
site (3, 6, 56, 58) and UAS yx-homologous sequences (45) was
shown to support high-level, Gln3p-dependent, heterologous
reporter gene expression only when both elements were
present (45). These observations argued that Gln3p should be
capable of binding to one or more of the three UASy;x-
homologous sequences, GATAAA, GATAG, and CTTATC
(GATAAG), 3’ of the Put3p-binding site. We tested this in-
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FIG. 3. (A) Western blot analysis of E. coli-produced proteins. Protein extract preparation and immunoblotting were performed as described in Materials and
Methods. Each lane contained 2 pg of extract. Lanes A and E, B, and C contained extracts from strain BL21(DE3) transformed with plasmids pT7-7, pRR314(GIn3E),
and pTSC419(DALS80), respectively; lane D contained extract identical to that in lane B except that it was stored at —80°C for approximately 1 month. (B and C) EMSAs
performed with GATAA-containing probes from the DAL3 gene. Lanes A, D, G, and J contained no added protein extract (EXT); lanes B, E, H, and K contained
reaction mixtures with 1 pg of extract produced by E. coli DL21(DE3) transformed with plasmid pT7-7; lanes C, F, I, and L (G3HA) contained reaction mixtures with
1 pg of extract produced by E. coli BL21(DE3) transformed with plasmid pRR314 (GIn3E). (D and E) Competition EMSAs performed with GATAA-containing DAL3
DNA fragments (DAL3-5 [D] or DAL3-1 [E]) as **P-labeled hybridization probes. (D) Lanes F to A and H to M contained increasing amounts (y = pg) of unlabeled
DNA fragment CAN1-1 and RL153/154, respectively; lane G contained no added protein. (E) Lanes F to A and H to M contained increasing amounts of unlabeled
DNA fragment DAL3-3 or PUT2M, respectively; lane G contained no added protein. COMP, competitor.

ference by incubating E. coli-produced Gln3p with wild-type
DNA fragment PUT1-2 and found a strong GIn3p-dependent
DNA-protein complex (Fig. 4B, lanes A to C). While mutation
of the 5" GATAAA sequence (fragment PUT1-2M1) resulted
in only a modest decrease in DNA-protein complex formation
(Fig. 4B, lane F), mutation of the 3’ GATAAG sequence
(fragment PUT1-2M2) diminished it to a barely detectable
level (Fig. 4B, lane I). A doubly mutated DNA fragment
(PUT1-2M3) lacking both the GATAAA and GATAAG se-
quences but still containing the GATAG sequence did not

exhibit demonstrable protein binding (Fig. 4B, lane L). These
data correlate with earlier Dal80p binding studies concluding
that the sequence GATAAG binds to Dal80p more avidly than
GATAAA (20, 21).

GIn3p-dependent binding to wild-type and mutant UGA4
DNA fragments. A UGA4 DNA fragment containing three
tandem UASy;x sequences (i) binds Dal80p, (ii) supports
NCR-sensitive, Gln3p-dependent reporter gene transcription,
and (iii) responds to DALSO disruption (1, 14, 23, 24). To test
GIn3p binding, we used the same wild-type and mutant UGA4
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FIG. 4. (A) EMSA performed with wild-type (GLN1-162) and mutant (GLN1-162M) GLN1 promoter fragments as radioactive hybridization probes; (B) EMSA
performed with wild-type (PUT1-2) and mutant (PUT1-2M1, PUT1-2M2, PUT1-2M3) PUTI promoter fragments as radioactive hybridization probes; (C) EMSA
performed with wild-type (UGA4-17) and mutant (UGA4-18, UGA4-19, and UGA4-20) UGA4 promoter fragments as radioactive hybridization probes. All reaction
conditions were as described for Fig. 3. Arrows denote specific GIn3p-DNA complexes. EXT, extract.

DNA fragments previously assayed for Dal80p binding (23).
Wild-type DNA fragment UGA4-17, which contained three
CTTATC (GATAAG) sequences, formed a strong GIn3p-de-
pendent protein-DNA complex (Fig. 4C, lanes A to C). Mu-
tation of the 5'-most GATAAG sequence (fragment UGA4-
18) dramatically decreased DNA-protein complex formation,
loss of the center GATAAG sequence (fragment UGA4-19)
modestly decreased complex formation, and loss of the 3’
GATAAG sequence (fragment UGA4-20) was without de-
monstrable effect (lanes D to L).

GIn3p-dependent binding to wild-type and mutant GDH2
DNA fragments. Expression of the GDH?2 gene, whose product
is primarily responsible for degrading glutamate to ammonia
and o-ketoglutarate, exhibits strong GIn3p dependence (24,
36), and its 5’ region contains multiple UAS,x-homologous
sequences (36). One of these sequences in particular, GAT
TAG, has been singled out as important (36) because of its
homology to a sequence 5’ of GLNI (38); it is the one reported
to bind to partially purified Gln3p (5). We therefore deter-
mined whether GIn3Ep could bind to DNA fragments in the 5’
region of GDH2. The first fragment tested (fragment GDH2-1)
contained the sequences CTATC (GATAG) and GATGA but
was not found to form a GIn3p-dependent DNA-protein com-
plex (Fig. 5A, lanes A to C); DAL3-5 DNA was used as a
positive control (lanes J to L). DNA fragment GDH2-2 con-
tained the sequences GATAAT and GATAAC and formed a
GlIn3p-dependent DNA-protein complex, though the amount
of complex formed was significantly less than that obtained
with the DAL3-5 control (lanes D to F). The third GDH2
fragment tested (GDH2-3) contained the sequence CTAAT
CTAATC (GATTAGATTAG) and formed only a barely de-

tectable DNA-protein complex compared with fragments
GDH2-2 and DALS3-5 (lanes G to I).

GIn3p-dependent binding to wild-type and mutant CARI
DNA fragments. CARI expression possesses limited NCR sen-
sitivity which has been assumed to be mediated by two
UAS v rr-homologous sequences at positions —426 to —421
and —399 to —395 (34, 53). To test whether these sequences
actually bind to Gln3p, wild-type fragment BS204/205 (CARI
sequences —440 to —381 [Fig. 2]) was tested for its ability to
form a GlIn3p-dependent protein-DNA complex. A strong
complex was observed (Fig. 5B, lanes A to C). When the 5’
CARI element TTTATC (GATAAA) was mutated (fragment
BS206/207), complex formation modestly decreased (lanes D
to F). In contrast, when the 3" GATAAA element was mutated
(fragment BS208/209), the signal drastically decreased (lanes
G to I). In the double mutant (fragment BS210/211), no DNA-
protein complex was detected (lanes J to L). These data sug-
gest that GIn3p is able to specifically bind to both of the
GATAA-containing sequences upstream of CARI. Binding to
the two elements with their common GATAAA cores was not
the same, however, indicating that the Gln3p-binding site con-
sists of more than GATAA.

Reporter gene expression mediated by LexAp-Gln3p. GIn3p
is required for production of glutamine synthetase enzyme
activity (4, 39, 40), NCR-sensitive gene expression (24), and
UAS yrr-mediated reporter gene expression (15), observations
consistent with Gln3p functioning as a positive regulator of
transcription. Indeed, on the basis of these data, Gln3p has
been claimed to be a transcriptional activator (5, 36, 38, 58).
Unfortunately, no extant data distinguish between the situa-
tions of GIn3p acting remotely as a positive regulator and
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FIG. 5. (A) EMSA performed with wild-type GDH2 promoter fragments as radioactive hybridization probes (see Fig. 2 for sequences of the DNA fragments); (B)
EMSA performed with wild-type (BS204/205) and mutant (BS206/207, BS208/209, and BS210/211) CARI promoter fragments as radioactive hybridization probes. All
reaction conditions were as described for Fig. 3. Arrows denote specific GIn3p-DNA complexes. EXT, extract.

GIn3p being a transcriptional activator. This lack of data
prompted us to determine whether Gln3p was capable of sup-
porting reporter gene transcription when tethered to a site
upstream of a minimal promoter devoid of UAS elements. We
used a lexA fusion and reporter plasmid system (2, 28, 30) in
which we fused a DNA fragment encoding the 202-amino-acid
LexAp 5’ of full-length GLN3 (plasmid pVS32; Materials and
Methods and Fig. 1). Plasmid pVS32 or control plasmid
pEG202, containing only the lexA fragment, was used along
with reporter plasmid p1840, containing a single lex4-binding
site 5" of a lacZ reporter gene, to transform recipient strain
EGY48 (Fig. 6). In contrast to a transcriptionally inert lex4
insert (plasmid pEG202), a lexA-GLN3 fusion (plasmid
pVS32) supported high-level reporter gene expression (Fig. 6).
Plasmid pRFHM1, containing a DNA fragment encoding a
polypeptide (bicoid 2-160) reported to be incapable of sup-
porting transcriptional activation, was used as an additional
negative control (7, 31). These data demonstrated that Gln3p,
tethered upstream of a minimal promoter, supported high-
level reporter gene activation (Fig. 6). When this experiment
was repeated with a second reporter plasmid (pSH18-34) con-
taining four lexA operators, Gln3p supported approximately
four- to fivefold-greater reporter gene activation (Fig. 6); back-
ground expression, however, remained minimal.

To estimate the relative strength of reporter gene expression
supported by tethered GIn3p, we transformed yeast strain
InvScl with plasmid pVS32 or pSH17-4, containing full-length
GLNS3 or residues 74 to 881 of the strong activator Galdp (7),
respectively. The GLN3 construct supported about 50% higher
levels of reporter gene expression than did the GAL4 construct

in transformants provided with either Asn or Gln as a nitrogen
source (Fig. 6); i.e., activation by the LexAp-Gln3p fusion was
not significantly affected (less than threefold) by nitrogen
source quality.

Assay of gin3 mutant alleles for the ability to support re-
porter gene expression. When the GIn3p sequence was re-
ported, a highly acidic N-terminal region (residues 1 to 150)
was noted (37, 38). Therefore, we deleted the N-terminal re-
gion to test whether it was important for GIn3p to support
transcriptional activation. Deletion of amino acid residues 470
to 670 or 470 to the C-terminal end of the protein did not affect
its ability to support reporter gene expression (Fig. 6). In
contrast, deletion of the first 150 GIn3p residues decreased
reporter gene expression 15-fold.

To assess whether the zinc finger and N-terminal acidic
regions of GIn3p were important to its function in vivo, we
constructed two mutant alleles and assayed their abilities to
complement a gin3A allele. In the zinc finger mutant (pRS316-
derived centromeric plasmid pVS316-3), DNA encoding
GlIn3p residue Cys-306 was mutated to encode Ser, while in the
second mutant (centromeric plasmid pVS316-2), DNA encod-
ing the GIn3p acidic region (residues 2 to 150) was deleted
(50). The growth rate in glucose-Asn medium supported by a
plasmid-borne wild-type GLN3 allele (3.1-kb Sall-Sacl from
plasmid pTSC517 carried in plasmid pRS316 [plasmid
pVS316]) was two to three times lower than that of gln3A strain
RRI1 or strain RR91 transformed with plasmid pRS316,
pVS316-3, or pVS316-2. Strain TCY1, containing a chromo-
somal wild-type GLN3 allele, grew two to three times faster in
glucose-Asn medium (110-min doubling time) than one in
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FIG. 6. Assay of abilities of wild-type and mutant LexA-GIn3 fusion proteins to support transcriptional activation from upstream of a CYCI minimal promoter
devoid of UAS elements but containing a lex4 operator site. Numbers near the plasmid diagrams indicate the residues of protein encoded by the various plasmids.
Plasmids and assay conditions are as described in the text. The strain genotypes are EGY48 (MATa 3LexAop::leu2 ura3 trpl his3) and Invgel (MATo his3-1 leu?2 trp1-289

ura3-52). B-gal, B-galactosidase.

which the wild-type GLN3 allele was carried on plasmid
pRS316 (plasmid pVS316). These data argued that the integ-
rity of both the Gln3p zinc finger and N-terminal acidic regions
was important to its in vivo function. It has been previously
reported that increased or decreased amounts of GIn3p in a
strain provided with Asn as a nitrogen source profoundly de-
crease the growth rate (39, 42).

DISCUSSION

This work demonstrates that Gln3p possesses two charac-
teristics of a nitrogen catabolic gene transcriptional activator:
(i) when produced in E. coli and hence devoid of other yeast
proteins, it specifically binds to DNA fragments containing
UASyrr elements, and (ii) it supports strong transcriptional
activation when bound via a heterologous DNA-binding do-
main to a minimal promoter devoid of UAS elements. We
would have preferred to use full-length GIn3p for our experi-
ments. However, earlier investigations (41, 42) indicate that
little more than the zinc finger is needed to specifically bind
GATA-containing DNA sequences. These observations and
the demonstrated binding specificity suggest that GIn3p binds

to UASyrx-containing DNA fragments from the NCR-sensi-
tive genes GLNI, CAN1, DAL3, UGA4, GDH2, CARI, and
PUTI. Overall GIn3p-binding requirements are somewhat dif-
ferent, however, from those of Dal80, a global nitrogen cata-
bolic gene repressor that binds to some but not all UAS 1«
elements (21, 23). The sequence geometry of Gln3p binding is
less demanding than that of Dal80p, as evidenced by the fact
that GIn3p exhibited strong binding to all DNA fragments
previously shown to bind Dal80p and to some fragments that
did not bind well to Dal80p. A significant difference in the
binding of GIn3p and Dal80p is that optimal DNA binding by
the latter requires two GATAA-containing sequences oriented
tail-to-tail or head-to-tail 15 to 35 bp apart (21, 23). Our data
suggest that Gln3p can bind to single GATAA sequences,
though DNA fragments with multiple GATAA sequences yield
the highest levels of DNA-GIn3p complex. Previous physiolog-
ical data also support our conclusion that Gln3p binds to native

E\'/en though this work was not designed to delineate the
precise GIn3p-binding site sequence or comparisons between it
and those of Dal80p or Gatlp, GIn3p binding to the native
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sequences that we used provided some insight into this struc-
ture. DNA fragments with multiple, consecutive UAS yx-ho-
mologous sequences bind GIn3p best. It also appears that
GIn3p binds GATAAG better than GATAAA and does not
bind the sequence GATGA or GATAG. Finally, fragment
GDH2-3, containing sequences GATTAGATTAG and
GATAG, forms only a barely detectable complex with GIn3p
compared with fragment GDH2-2, containing the sequences
GATAAT and GATAAC. This observation is at variance with
a recent report that the sequence GATTAG binds to a par-
tially purified preparation of Gln3p (5).

Our data also demonstrate that GIn3p bound upstream of a
minimal promoter is able to support high-level reporter gene
activation. Moreover, the N-terminal 150 GIln3p amino acid
residues are required for complementation of a gln3A muta-
tion and high-level transcriptional activation. These character-
istics are more consistent with GIn3p acting as transcriptional
activator following binding to UAS y; sites upstream of NCR-
sensitive genes than the possibility of GIn3p operating earlier
in transmission of the NCR regulatory signal.

While this work contributes to resolving two issues of un-
certainty regarding Gln3p function, it does not provide clear
insight into the regulation of GIn3 function. If the lex4 exper-
iments are taken at face value, one would conclude that once
GlIn3p is bound to DNA, its activity is largely indifferent to the
quality of nitrogen source available. This would lead to the
conclusion that the regulated step of NCR-sensitive gene ex-
pression is GIn3p binding to UAS,,x elements, rather than its
operation once bound. However, the alternate argument, i.e.,
that it is GIn3p function after binding to DNA that is nitrogen
source dependent, cannot be ruled out so far because it is
known from the work of several other laboratories that when a
transcriptional activator is tethered by lex4 upstream of a core
promoter, its in vivo regulatory characteristics may be lost or
markedly diminished (43). Having observed a lack of respon-
siveness to physiological conditions displayed by LexA fusion
proteins (reference 43 and this work), one may also have to
consider the possibility that a hypothetical regulatory molecule
controlling GIn3p function is needed in stoichiometric rather
than catalytic amounts and hence may be titrated away by
LexA-GIn3 fusion protein expressed from the strong ADH1
promoter.

ACKNOWLEDGMENTS

The first two authors made equal contributions to the manuscript.

We thank Roger Brent, Russ Finley, and Erica Golemis for provid-
ing the plasmids and strains used in the transcriptional activation assay
portions of this work, and we thank Stephanie Scott for performing the
Western blot experiment. We also thank members of the UT Yeast
Group who read the manuscript and offered suggestions for improve-
ment. Oligonucleotides were prepared by the UT Molecular Resource
Center.

This work was supported by Public Health Service grant GM-35642.

REFERENCES

1. Andre, B., D. Talibi, S. S. Boudekou, C. Hein, S. Vissers, and D. Coornaert.
1995. Two mutually exclusive regulatory systems inhibit UAS 47,4, a cluster
of 5'-GAT(A/T)A-3' upstream from the UGHA4 gene of Saccharomyces
cerevisiae. Nucleic Acids Res. 23:558-564.

2. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl (ed.). 1994. Current protocols in molecular biology,
units 13-14. John Wiley & Sons, New York.

3. Axelrod, J. D., J. Majors, and M. C. Brandriss. 1991. Proline-independent
binding of PUT3 transcriptional activator protein detected by footprinting in
vivo. Mol. Cell. Biol. 11:564-567.

4. Benjamin, P. A., J. Wu, A. P. Mitchell, and B. Magasanik. 1989. Three
regulatory systems control expression of glutamine synthetase in Saccharo-
myces cerevisiae at the level of transcription. Mol. Gen. Genet. 217:370-377.

5. Blinder, D., and B. Magasanik. 1995. Recognition of nitrogen-responsive

o®©

10.

=]

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

25.

26.

27.

28.

29.

30.

31.

32.

J. BACTERIOL.

upstream activation sequences of Saccharomyces cerevisiae by the product of
the GLN3 gene. J. Bacteriol. 177:4190-4193.

. Brandriss, M. C., and B. Magasanik. 1979. Genetics and physiology of

proline utilization in Saccharomyces cerevisiae: mutation causing constitutive
enzyme expression. J. Bacteriol. 140:504-507.

. Brent, R. 1994. Personal communication.
. Bysani, N., J. R. Daugherty, and T. G. Cooper. 1991. Saturation mutagenesis

of the UASy7r (GATAA) responsible for nitrogen catabolite repression-
sensitive transcriptional activation of the allantoin pathway genes in Saccha-
romyces cerevisiae. J. Bacteriol. 173:4977-4982.

. Cho, G., J. Kim, H. M. Rho, and G. Jung. 1995. Structure-function analysis

of the DNA binding domain of Saccharomyces cerevisiae ABF1. Nucleic
Acids Res. 23:2980-2987.

Coffman, J. A, H. M. El Berry, and T. G. Cooper. 1994. The URE2 protein
regulates nitrogen catabolic gene expression through the GATAA-contain-
ing UASN7r element in Saccharomyces cerevisiae. J. Bacteriol. 176:7476—
7483.

Coffman, J. A., R. Rai, and T. G. Cooper. 1995. Genetic evidence for GIn3p-
independent, nitrogen catabolite repression-sensitive gene expression in Sac-
charomyces cerevisiae. J. Bacteriol. 177:6910-6918.

Coffman, J. A., R. Rai, T. S. Cunningham, V. Svetlov, and T. G. Cooper. 1996.
Gatlp, a GATA family protein whose production is nitrogen catabolite
repression sensitive, participates in transcriptional activation of nitrogen-
catabolic genes in Saccharomyces cerevisiae. Mol. Cell. Biol. 16:847-858.
Cooper, T. G. 1982. Nitrogen metabolism in Saccharomyces cerevisiae, p.
39-99. In J. N. Strathern, E. W. Jones, and J. Broach (ed.), The molecular
biology of the yeast Saccharomyces: metabolism and gene expression. Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.

Cooper, T. G. 1994. Allantion degradative system—an integrated transcrip-
tional response to multiple signals, p. 139-169. In G. Marzluf and R. Bambrl
(ed.), Mycota.

Cooper, T. G., D. Ferguson, R. Rai, and N. Bysani. 1990. The GLN3 gene
product is required for transcriptional activation of allantoin system gene
expression in Saccharomyces cerevisiae. J. Bacteriol. 172:1014-1018.
Cooper, T. G., R. Rai, and H. S. Yoo. 1989. Requirement of upstream
activation sequences for nitrogen catabolite repression of the allantoin sys-
tem genes in Saccharomyces cerevisiae. Mol. Cell. Biol. 9:5440-5444.

. Cooper, T. G., and R. A. Sumrada. 1983. What is the function of nitrogen

catabolite repression in Saccharomyces cerevisiae? J. Bacteriol. 155:623-627.
Coornaert, D., S. Vissers, B. Andre, and M. Grenson. 1992. The UGA43
negative regulatory gene of Saccharomyces cerevisiae contains both a
GATA-1 type zinc finger and a putative leucine zipper. Curr. Genet. 21:301—
307.

Courchesne, W. E., and B. Magasanik. 1988. Regulation of nitrogen assim-
ilation in Saccharomyces cerevisiae: roles of the URE2 and GLN3 genes. J.
Bacteriol. 170:708-713.

Cunningham, T. S., and T. G. Cooper. 1991. Expression of the DALS80 gene,
whose product is homologous to the GATA factors and is a negative regu-
lator of multiple nitrogen catabolic genes in Saccharomyces cerevisiae, is
sensitive to nitrogen catabolite repression. Mol. Cell. Biol. 11:6205-6215.
Cunningham, T. S., and T. G. Cooper. 1993. The Saccharomyces cerevisiae
DALSO repressor protein binds to multiple copies of GATAA-containing
sequences (URS¢47.4)- J. Bacteriol. 175:5851-5861.

. Cunningham, T. S., and T. G. Cooper. Unpublished observations.
. Cunningham, T. S., R. A. Dorrington, and T. G. Cooper. 1994. The UGA4

UASyrr site required for GLN3-dependent transcriptional activation also
mediates DAL80-responsive regulation and DALSO protein binding in Sac-
charomyces cerevisiae. J. Bacteriol. 176:4718-4725.

. Daugherty, J. R., R. Rai, H. M. El Berry, and T. G. Cooper. 1993. Regulatory

circuit for responses of nitrogen catabolic gene expression to the GLN3 and
DALSO proteins and nitrogen catabolite repression in Saccharomyces cerevi-
siae. J. Bacteriol. 175:64-73.

Drillien, R., M. Aigle, and F. Lacroute. 1973. Yeast mutants pleiotropically
impaired in the regulation of two glutamate dehydrogenases. Biochem. Bio-
phys. Res. Commun. 53:367-372.

Drillien, R., and F. Lacroute. 1972. Ureidosuccinic acid uptake in yeast and
some aspects of its regulation. J. Bacteriol. 109:203-208.

Estojak, J., R. Brent, and E. A. Golemis. 1995. Correlation of two-hybrid
affinity data with in vitro measurements. Mol. Cell. Biol. 15:5820-5829.
Finley, R. L., and R. Brent. [n Gene probes: a practical approach, in press.
Oxford University Press, New York.

Fu, Y. H., and G. A. Marzluf. 1990. NIT2, the major nitrogen regulatory gene
of Neurospora crassa, encodes a protein with a putative zinc finger DNA-
binding domain. Mol. Cell. Biol. 10:1056-1065.

Gyurius, J., E. Golemis, H. Chertkov, and R. Brent. 1993. Cdil, a human G1
and S phase protein phosphatase that associates with Cdk2. Cell 75:791-803.
Hanes, S. D., and R. Brent. 1989. DNA specificity of the bicoid activator
protein is determined by homeodomain recognition helix residue 9. Cell
57:1275-1283.

Hoffmann, W. 1985. Molecular characterization of the CANI locus in Sac-
charomyces cerevisiae. A transmembrane protein without N-terminal hydro-
phobic signal sequence. J. Biol. Chem. 260:11831-11837.



Vou. 178, 1996

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45,

Kolodziej, P. A., and R. A. Young. 1991. Epitope tagging and protein sur-
veillance. Methods Enzymol. 194:508-519.

Kovari, L., R. Sumrada, I. Kovari, and T. G. Cooper. 1990. Multiple positive
and negative cis-acting elements mediate induced arginase (CARI) gene
expression in Saccharomyces cerevisiae. Mol. Cell. Biol. 10:5087-5097.
Luche, R. M., R. Sumrada, and T. G. Cooper. 1990. A cis-acting element
present in multiple genes serves as a repressor protein binding site for the
yeast CARI gene. Mol. Cell. Biol. 10:3884-3895.

Miller, S. M., and B. Magasanik. 1991. Role of the complex upstream region
of the GDH2 gene in nitrogen regulation of the NAD-linked glutamate
dehydrogenase in Saccharomyces cerevisiae. Mol. Cell. Biol. 11:6229-6247.
Minehart, P. L., and B. Magasanik. 1991. Sequence and expression of
GLN3, a positive nitrogen regulatory gene of Saccharomyces cerevisiae en-
coding a protein with a putative zinc finger DNA-binding domain. Mol. Cell.
Biol. 11:6216-6228.

Minehart, P. L., and B. Magasanik. 1992. Sequence of the GLNI gene of
Saccharomyces cerevisiae: role of the upstream region in regulation of glu-
tamine synthetase expression. J. Bacteriol. 174:1828-1836.

Mitchell, A. P., and B. Magasanik. 1984. Regulation of glutamine-repress-
ible gene products by the GLN3 function in Saccharomyces cerevisiae. Mol.
Cell. Biol. 4:2758-2766.

Mitchell, A. P., and B. Magasanik. 1984. Three regulatory systems control
production of glutamine synthetase in Saccharomyces cerevisiae. Mol. Cell.
Biol. 4:2767-2773.

Omichinski, J. G., G. M. Clore, O. Schaad, G. Felsenfeld, C. Trainor, E.
Appella, S. J. Stahl, and A. M. Gronenborn. 1993. NMR structure of a
specific DNA complex of Zn-containing DNA binding domain of GATA-1.
Science 261:438-446.

Omichinski, J. G., C. Trainor, T. Evans, A. M. Gronenborn, G. M. Clore, and
G. Felsenfeld. 1993. A small single-“finger” peptide from the erythroid tran-
scription factor GATA-1 binds specifically to DNA as a zinc or iron complex.
Proc. Natl. Acad. Sci. USA 90:1676-1680.

Qui, H., E. Dubois, and F. Messenguy. 1991. Dissection of the bifunctional
ARGRII protein involved in the regulation of arginine anabolic and cata-
bolic pathways. Mol. Cell. Biol. 11:2169-2179.

Rai, R., and T. G. Cooper. 1992. Unpublished observations.

Rai, R,, J. R. Daugherty, and T. G. Cooper. 1995. UASy % functioning in
combination with other UAS elements underlies exceptional patterns of
nitrogen regulation in Saccharomyces cerevisiae. Yeast 11:247-260.

GIn3p BINDS TO UASy;x AND ACTIVATES TRANSCRIPTION

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

3479

Rai, R,, F. S. Genbauffe, and T. G. Cooper. 1987. Transcriptional regulation
of the DAL5 gene in Saccharomyces cerevisiae. J. Bacteriol. 169:3521-3524.
Rai, R., F. S. Genbauffe, and T. G. Cooper. 1987. Structure and transcription
of the allantoate permease gene (DALS) from Saccharomyces cerevisiae. J.
Bacteriol. 170:266-271.

Rai, R,, F. S. Genbauffe, R. A. Sumrada, and T. G. Cooper. 1989. Identifi-
cation of sequences responsible for transcriptional activation of the allan-
toate permease gene in Saccharomyces cerevisiae. Mol. Cell. Biol. 9:602-608.
Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Sikorski, R. S., and P. Hieter. 1989. A system of shuttle vectors and yeast
host strains designed for efficient manipulation of DNA in Saccharomyces
cerevisiae. Genetics 122:19-27.

Stanbrough, M., and B. Magasanik. 1995. Transcriptional and posttransla-
tional regulation of the amino acid permease of Saccharomyces cerevisiae. J.
Bacteriol. 177:94-102.

Stanbrough, M., D. W. Rowen, and B. Magasanik. 1995. Role of the GIn3p
and Nillp of Saccharomyces cerevisiae in the expression of nitrogen regulated
genes. Proc. Natl. Acad. Sci. USA 92:9450-9454.

Sumrada, R. A., and T. G. Cooper. 1984. Nucleotide sequence of the Sac-
charomyces cerevisiae arginase gene (CARI) and its transcription under var-
ious physiological conditions. J. Bacteriol. 160:1078-1087.

Svetlov, V., T. S. Cunningham, R. Rai, and T. G. Cooper. 1995. Evidence that
GIn3p binds to GATAA-containing UASy;x elements and activates tran-
scription. Yeast 11:5244.

Vissers, S., B. Andre, F. Muyldermans, and M. Grenson. 1989. Positive and
negative regulatory elements control the expression of the UGA gene coding
for the inducible 4-aminobutyric-acid-specific-permease in Saccharomyces
cerevisiae. Eur. J. Biochem. 181:357-361.

Wang, S. S., and M. C. Brandriss. 1987. Proline utilization in Saccharomyces
cerevisiae: sequence, regulation, and mitochondrial location of the PUTI
gene product. Mol. Cell. Biol. 7:4431-4440.

Wiame, J.-M., M. Grenson, and H. Arst. 1985. Nitrogen catabolite repression
in yeasts and filamentous fungi. Adv. Microb. Physiol. 26:1-87.

Xu, S., D. A. Falvey, and M. C. Brandriss. 1995. Roles of URE2 and GLN3
in the proline utilization pathway in Saccharomyces cerevisiae. Mol. Cell.
Biol. 15:2321-2330.



