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The product of the Saccharomyces cerevisiae LEU3 gene, Leu3p, is a transcriptional activator which regulates
leucine biosynthesis in response to intracellular levels of leucine through the biosynthetic intermediate
a-isopropylmalate. We devised a novel assay to examine the DNA site occupancy of Leu3p under different
growth conditions, using a reporter gene with internal Leu3p-binding sites. Expression of the reporter is
inhibited by binding of nuclear Leu3p to these sites; inhibition is dependent on the presence of the sites in the
reporter, on the integrity of the Leu3p DNA-binding domain, and, surprisingly, on the presence of a tran-
scriptional activation domain in the inhibiting protein. By this assay, Leu3p was found to occupy its binding
site under all conditions tested, including high and low levels of leucine and in the presence and absence of
a-isopropylmalate. The localization of Leu3p to the nucleus was confirmed by immunofluorescence staining of
cells expressing epitope-tagged Leu3p derivatives. We conclude that Leu3p regulates transcription in vivo
without changing its intracellular localization and DNA site occupancy.

In the yeast Saccharomyces cerevisiae, the biosynthesis of
many amino acids is coordinately regulated by the general
control system through the transcriptional activator encoded
by GCN4 (24). However, leucine biosynthesis is regulated,
largely independently, by the LEU3 transcriptional activator
(Leu3p) in response to the levels of the metabolic intermediate
a-isopropylmalate (a-IPM), which serves as a sensor of leucine
availability (19, 28). The first enzyme of the leucine biosyn-
thetic pathway is o-IPM synthase; it is feedback inhibited by
leucine, so that high levels of leucine lead to low levels of
intracellular a-IPM and reduced transcriptional activation by
Leu3p. In contrast, leucine starvation leads to increased levels
of a-IPM, which serves as an inducer of Leu3p activity. Leu3p
activates the transcription of LEUI and LEU2, which encode
the subsequent enzymes of the pathway, as well as LEU4, one
of the genes for a-IPM synthase; it may also activate IL}2 and
ILV5, which encode enzymes of isoleucine and valine biosyn-
thesis (20). Leu3p activates transcription by binding to palin-
dromic sites upstream of the regulated genes; these sites func-
tion as leucine-dependent upstream activation sequences (20,
39).

The domains of Leu3p responsible for DNA binding and
transcriptional activation have been localized by deletion anal-
ysis and by construction of functional fusion proteins between
Leu3p and other transcriptional activators (18, 48, 53, 55). The
DNA-binding domain is located near the N terminus and re-
sembles the DNA-binding domains of several other yeast tran-
scriptional activators (5, 37), including that of Gal4p, for which
the structure is known. These domains are organized around
six conserved cysteine residues which bind two zinc ions in a
binuclear cluster which forms the structural core of the DNA-
binding domain; an alpha-helix C terminal to the cluster ap-
pears to be involved in activator dimerization (7, 30, 33). The
domain of Leu3p responsible for activating transcription is
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located near the C terminus of the protein (53, 55). The min-
imal functional activation domain has a net negative charge
(48); it therefore may be considered an acidic activation do-
main, although it is possible that other features of the region
are also important for activation, as has been suggested for
other activation domains (13, 31, 52).

Deletion analysis has also demonstrated that the middle
region of Leu3p is required for regulating Leu3p activity in
response a-IPM: proteins consisting of the C-terminal activa-
tion domain fused directly to the N-terminal DNA-binding
domain activate transcription constitutively (18, 53). The
mechanism of this regulation by a-IPM is not known. Some
transcriptional activators, such as the yeast activator Haplp,
cannot bind to DNA in the absence of inducer (36); however,
it appears that a-IPM does not regulate DNA binding by
Leu3p, because extracts from cells which cannot synthesize
a-IPM give the same Leu3p gel shift as wild-type extracts do
(18). Another possibility is that «-IPM binds to the middle
region of Leu3p, causing a conformational change which al-
lows transcriptional activation to take place (for instance, by
exposing a surface which can interact with some component of
the transcriptional machinery). Alternatively, a-IPM may in-
fluence the level or activity of a hypothetical Leu3p regulatory
protein, which might interact with the middle region of Leu3p;
a-IPM could also affect the binding of such a protein to Leu3p.

We wished to explore the possibility that the middle region
of Leu3p is required for proper intracellular localization of the
protein. The diameter of the nuclear pore channel limits the
size of globular proteins which can enter the nucleus by diffu-
sion to about 40 to 60 kDa (15). Wild-type Leu3p is too large
to enter the nucleus by simple diffusion, whereas the constitu-
tively active deletion proteins are small enough to diffuse freely
into the nucleus. Wild-type Leu3p could therefore be pre-
vented from activating transcription by sequestering the pro-
tein in the cytoplasm when a-IPM levels are low. Higher levels
of a-IPM could trigger import of Leu3p to the nucleus by
causing a conformational change in the protein to reveal a
masked nuclear localization signal or by affecting the interac-
tion of Leu3p with a binding protein required to retain it in the
cytoplasm. Analogous mechanisms have been observed in
other systems: the steroid hormone receptors, such as the glu-
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FIG. 1. Overview of the assay for nuclear localization and DNA site occupancy. The RPL16-lacZ reporter gene produces B-galactosidase in leu3 cells, irrespective
of the growth medium. When a plasmid encoding Leu3p is introduced into these cells, Leu3p is expected to inhibit production of B-galactosidase from RPL16-lacZ
when the cells are grown in medium containing a low level of leucine, because under these conditions Leu3p is known to activate transcription and is presumably located
in the nucleus; this inhibition is expected to occur because of Leu3p binding to the Leu3p-binding sites introduced within the RPL16-lacZ gene. If Leu3p does not enter
the nucleus or bind to DNA when the cells are grown in medium containing a high level of leucine, this inhibition would not be observed. In contrast, inhibition of
RPLI16-lacZ even when the cells are grown in medium containing a high level of leucine would indicate that Leu3p is in the nucleus and binds to its DNA site under

all conditions.

cocorticoid receptor, localize to the nucleus upon binding of
the inducer (hormone) (38); NF-«B is retained in the cyto-
plasm by its interaction with I-kB and enters the nucleus only
when it is released by an appropriate signal (4). Such regula-
tion has not been observed in S. cerevisiae, although the SWI5
and ACE?2 transcriptional activators do appear to be regulated
by localization to the nucleus at only the G, phase of the cell
cycle (16, 34).

To examine this question, we devised a novel assay for the
presence of Leu3p in the nucleus and binding to its DNA sites.
This indirect assay is based on the principle that Leu3p might
inhibit the expression of a reporter gene by binding to copies of
the Leu3p-binding site introduced within the reporter, down-
stream of the start of transcription (Fig. 1). If Leu3p is able to
enter the nucleus and occupy its binding site even when a-IPM
levels are low, the expression of the reporter gene would be
expected to be lower than in a strain lacking Leu3p under all
growth conditions. If Leu3p is restricted to the cytoplasm or
does not bind to DNA in vivo when a-IPM levels are low, there
would be no inhibition of reporter gene expression when the
cells are grown in high-leucine medium but only when they are
grown in low-leucine medium. An RPLI6-lacZ fusion gene
(40) was chosen as a reporter because the transcription of this
ribosomal protein gene does not vary according to whether
leucine is available (27a), so that this fusion gene could serve
as a constitutively transcribed gene whose product is readily
assayable.

We found that expression of the RPL16-lacZ fusion was
inhibited by Leu3p when cells were grown in both high and low
levels of leucine, indicating that «-IPM does not regulate the
intracellular localization or DNA site occupancy of Leu3p.
This inhibition of expression required the DNA-binding do-
main of Leu3p and, unexpectedly, the activation domain as
well. Heterologous activation domains fused to the Leu3p
DNA-binding domain were as effective as the Leu3p activation
domain in mediating the repression. We found that a-IPM was
not required for inhibition.

To confirm some of the results obtained with the indirect
assay for nuclear localization, the intracellular distribution of
epitope tagged Leu3p was examined by indirect immunofluo-
rescence. This analysis also revealed that Leu3p is concen-
trated in the nucleus irrespective of the level of leucine in the
growth medium, consistent with the results obtained with the
reporter gene.

MATERIALS AND METHODS

Strains and genetic methods. Escherichia coli HB101, JM109, and TG1 (Am-
ersham) were used to maintain plasmids and M13-derived vectors. Other meth-
ods for working with bacteria and yeasts were as described previously (41, 43).

The yeast strain CRY101-4A (« ura3-52 his3A1 trp1-289::TRP1::LEU2-lacZ
leu2-3,112 leu3A::HIS3) is a segregant from a cross between PFY423 (o ura3-52
his3A1 trpl-289::TRP1::LEU2-lacZ leu2-3,112 leu3A:HIS3 LEU4'-103) and
DBY747 (a ura3-52 his3A1 trp1-289 leu2-3,112) (both from Phil Friden, Massa-
chusetts Institute of Technology). Resistance to trifluoroleucine (conferred by
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the LEU4"-103 allele) was assessed by mating candidates with strains F9 (a ade6)
and F11 (« ade6) in patches on YPD and replica plating to SD (43) containing
0.6 mM trifluoroleucine (purchased from Fairfield Chemical Co., Inc.).

The yeast strain CRY102-2B (a wura3-52 his3A1 trpl-289 leu2-3,112
leu3A::HIS3) is a segregant from a cross between PFY421 (a ura3-52 his3A1
trp1-289 leu2-3,112 leu3A::HIS3 LEU4*-103) and DBY747 (a ura3-52 his3A1
trp1-289 leu2-3,112) (both from Phil Friden). Resistance to trifluoroleucine was
assayed as above.

The yeast strain CRY103 (a ura3-52 his3? trplA::hisG leu3A::HIS3 leud-190
leu5-190) was constructed from PFY425-2C (a ura3-52 his3? leu3A::HIS3 leu4-
190 leu5-190), which is a segregant from a cross between PDY111 (a0 ura3-52
leu4-190 leu5-190) and PFY420 (a ura3-52 his3A1 leu3A::HIS3 LEU4"-103). The
TRPI gene was disrupted by the method of Alani et al. (1). PFY425-2C (from
Phil Friden) was transformed with plasmid pNKY1009 that had been digested
with EcoRI and Bg/Il. Ura™ transformants were screened for tryptophan auxot-
rophy and then streaked on plates containing 5-fluoroorotic acid to select for loss
of the URA3 gene by recombination between the flanking 4isG sequences. The
resulting cells should retain a single copy of hisG disrupting the TRPI gene.
Candidates were transformed with a TRPI plasmid to confirm that the Trp~
phenotype was due to a mutation in the TRPI gene.

B-Galactosidase assays. 3-Galactosidase assays were performed essentially as
described previously (22). Cultures were grown in synthetic complete medium
selective for the appropriate plasmid(s), containing 36 mg of leucine per ml
(approximately 0.3 mM leucine [low leucine]) or 2 mM leucine (high leucine).
Unless indicated otherwise, all B-galactosidase assays were performed on cells
grown in high levels of leucine. Values (in Miller units [22]) are generally given
as the mean of multiple determinations with an error equal to the standard
deviation.

Plasmid constructions. Standard protocols (41) were followed for the con-
struction of all plasmids. All enzymes were used as specified by the manufacturer.
Site-directed mutagenesis was carried out with the Amersham site-directed mu-
tagenesis kit as specified by manufacturer, except that multiple oligonucleotides
were sometimes used together in the initial annealing step. When necessary,
three oligonucleotides were 5’ phosphorylated together in a single reaction (each
at one-third of the usual concentration of 1.67 pmol/pl) and the usual volume
(2.5 ul) was added to the annealing reaction mixture; this allowed as many as
nine different oligonucleotides to be annealed to the single-stranded template
simultaneously.

(i) Introduction of new silent restriction sites into LEU3. A unique BamHI
site was introduced into plasmid pPF763 (18) upstream of the LEU3 sequence by
inserting a BamHI linker at the Tth1111 site in the plasmid backbone. Large
fragments of LEU3 were then subcloned into either M13mp19 or pBluescript
KS+ for site-directed mutagenesis with the oligonucleotides listed in Table 1,
which were designed to create new restriction sites without altering the protein
product of the gene. As many as seven different restriction sites were introduced
simultaneously by using mixtures of oligonucleotides in the mutagenesis reac-
tions; all changes were confirmed by sequencing. The mutagenized fragments
were reintroduced into the parental plasmid backbone to generate a LEU3 gene
containing all 11 new silent restriction sites. This gene gave rise to the same level
of Leu3p activity as the unmutagenized gene, as judged by the amount of
B-galactosidase activity measured from the LEU2-lacZ fusion in the yeast strain
CRY101-4A (data not shown). For most of the experiments described, Leu3p
constructs were carried in the vector pRS426, a 2um URA3 vector (provided by
Neal Silverman, Massachusetts Institute of Technology) similar to pRS316 (44).
For low-level Leu3p expression, constructs were introduced into pRS316 (as a
BamHI-Nhel fragment).

(ii) Leu3p deletion constructs. Constructs with deletions internal to Leu3p are
named Leu3pAX-Y, where residues X to Y inclusive are deleted from the
protein. Truncated proteins are named Leu3p:1-X, where X is the last residue of
Leu3p present.

Leu3pA173-773 (called Leu3A601 in reference 18) was created by removal of
sequences between the unique Sall and Avrll sites of LEU3 followed by treat-
ment with the Klenow fragment of DNA polymerase I and religation of the blunt
ends with T4 DNA ligase. This protein is a constitutive transcriptional activator
(18). Leu3pA143-828 was created by digesting Leu3p at the unique introduced
Sfil site, treating with mung bean nuclease, adding SaclI linkers, digesting with
Sacll (which also cleaves at the unique Sacll site introduced by site-directed
mutagenesis), and religating. Leu3pA143-828 was the smallest of several consti-
tutively active Leu3p deletion proteins which could activate transcription of the
LEU2-lacZ fusion as well as full-length Leu3p (27). Leu3p:1-774 was created by
linearizing Leu3p at the unique AvrIl site, treating with the Klenow fragment of
DNA polymerase I, and religating. Leu3p:1-142 was created by removing se-
quences between two Notl sites introduced by site-directed mutagenesis (see
below) and religating; this protein has three alanine residues at the C terminus
following residue 142 of Leu3p. These last two proteins are stably expressed in
vivo (Leu3p:1-774 is slightly less abundant and Leu3p:1-142 is more abundant
than full-length Leu3p); they bind to DNA but do not activate transcription (18,
27). All constructions were confirmed by sequencing of the altered region.

(iii) Epitope tagging of Leu3p. Two oligonucleotides were synthesized to
encode the 9-amino-acid epitope from influenza virus hemagglutinin recognized
by the monoclonal antibody 12CAS5 (29) plus two flanking amino acids (sequenc-
es, GTCCTACCCATACGACGTCCCAGACTACGCTCG and GACCGAGC
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GTAGTCTGGGACGTCGTATGGGTAG). These were annealed to one an-
other and ligated into the unique introduced RsrII site near the 5’ end of LEU3;
because the two ends generated by RsrII are complementary but not identical, all
insertions were in the desired orientation. Plasmids containing one, two, and
three copies of the hemagglutinin tag were recovered, and Leu3p produced from
them was analyzed in a Western immunoblot with the 12CAS monoclonal anti-
body. The triple tag gave a much stronger signal than either the single or double
tag (data not shown) and was used for all subsequent work. The tagged protein
activated transcription of LEU2-lacZ in the yeast strain CRY101-4A almost as
well as the untagged protein did (e.g., 88.3 U of B-galactosidase activity com-
pared with 100 U for untagged Leu3p) but was not repressed to quite the same
extent when the cells were grown in high-leucine medium (33.0 U compared with
11.6 U). In all repression assays with the yeast strain CRY102-2B, however, the
tagged and untagged forms of Leu3p and its derivatives behaved similarly. The
epitope tag was moved to other Leu3p constructs within a BamHI-Sphl frag-
ment, which was used to replace the corresponding wild-type sequence.

(iv) Leu3p fusion proteins. Site-directed mutagenesis was carried out with two
oligonucleotides (sequences, GAACCGCGGGCGGCCGCCTCTTCTCTA and
GTCCTTTTCTGCGGCCGCGTAATGTTTA) to introduce Notl sites on either
side of the Leu3p activation domain in a plasmid encoding Leu3pA143-828. The
activation domains of Gal4p (amino acids 769 to 881) and VP16 (amino acids 413
to 490) were amplified by PCR from plasmids pMA242 (32) and 2uGVWT (8),
respectively, with the following primers: GAL4AN (CCCGGGATCCGCGGCC
GCCAATTTTAATCAAAGTGGGAATATTGC), GALAC (CCCGGGATCC
GCGGCCGCTACTCTTTTTTTGGGTTTGGTGG), VP16N (CCCGGGATC
CGCGGCCGCGGCCCCCCCGACCGATGTCAGC), and VP16C (CCCGGG
ATCCGCGGCCGCTACCCACCGTACTCGTCAATTCC). The Norl-digested
PCR products (kindly provided by Neal Silverman and Julie Agapite, Massachu-
setts Institute of Technology) were inserted in place of the Leu3p activation
domain. The junctions between Leu3p and the inserted sequences were con-
firmed by sequencing. Both fusion proteins constitutively activate the LEU2-lacZ
gene in the yeast strain CRY101-4A as well as or somewhat better than does
Leu3pA143-828 (data not shown).

(v) Construction of reporters. The RPL16-lacZ reporter was constructed in a
three-way ligation of the following DNA fragments: a 2.4-kb fragment of pMR10
(40) containing the 5’ end of the RPLI6-lacZ fusion, obtained by digestion with
Ndel, treatment with the Klenow fragment of DNA polymerase I, and digestion
with Sacl; a 1.2-kb SacI-PstI fragment of pMC1871 (Pharmacia) containing the
3’ end of lacZ; and plasmid pRS314 (44), which had been digested with Eagl,
treated with the Klenow fragment of DNA polymerase I, and digested with PstI.
Leu3p-binding sites were inserted at the BamHI site at the junction between the
RPL16 and lacZ sequences, after amino acid 49 of Rpl16p, using two oligonu-
cleotides (sequences, GATCTAGAGTGAGAGGCCGGAACCGGCTTTTCG
and GATCCGAAAAGCCGGTTCCGGCCTCTCACTCTA). These were an-
nealed with one another and ligated with the linearized (partially digested)
reporter plasmid. Products were screened by sequencing to identify the number
and orientation of any inserted oligonucleotides. A plasmid containing three
copies of the Leu3p-binding site was generally used as the reporter plasmid. In
preliminary experiments, it gave slightly better expression than did a reporter
containing only one Leu3p-binding site but showed similar levels of inhibition by
Leu3p (data not shown).

Western blot analysis. Protein samples were prepared for Western blot anal-
ysis by the method of Silve et al. (45). Briefly, cells were collected from 3 ml of
culture (with an optical density at 600 nm of about 1) and subjected to alkaline
lysis followed by trichloroacetic acid precipitation. The pellet was boiled in 100
wl of sodium dodecyl sulfate gel loading buffer, and 7 pl was loaded per lane.
Protein (10 to 15 wg per lane) from extracts made for gel shift assays (20) was
also used for Western blot analysis. Protein gels (9, 12, or 15% polyacrylamide)
were prepared and run as described previously (2). Proteins were transferred to
polyvinylide difluoride membranes by using a Millipore dry blot apparatus as
suggested by the manufacturer. Blots were stained with amido black to visualize
the molecular weight markers and to check the success of the transfer, destained
in 90% methanol-7% acetic acid, rinsed twice in Tris-buffered saline, and
blocked in a 5% solution of nonfat dry milk in Tris-buffered saline containing
0.1% Triton X-100. Western blot analysis was continued as described previously
(23), with 1:5,000 12CA5 monoclonal antibody (Berkeley Antibody Co.) and
1:2,000 horseradish peroxidase-linked anti-mouse immunoglobulin secondary
antibody (Amersham). Proteins were detected by the Amersham enhanced
chemiluminescence system.

Immunofluorescence. For immunofluorescence, the plasmids of interest were
transformed into strain CRY101-4A. Cultures were grown in synthetic complete
medium to an optical density at 600 nm of 0.1 to 0.2. The cells were fixed by
adding formaldehyde directly to the culture and incubating on ice for 1 h (31a).
Immunofluorescence was performed as described previously (46). The primary
antibody was 1:1,000 12CA5 monoclonal antibody (Berkeley Antibody Co.); the
secondary antibody was 1:1,000 fluorescein-conjugated goat anti-rabbit antibody
(Cappel). Cells were examined on a Zeiss Axioplan microscope, and photo-
graphs were taken with Kodak Tri-X Pan 400 ASA film.
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TABLE 1. Oligonucleotides used for mutagenesis in this study

Resgiztion Oligonucleotide sequence” Position”
Rsrll  ATGGAAGGA ATTTTGTG 10
Sphl  GAAATTCIGCATGCGTGGAATGT 106
Sacl  ATTCAAGGAGCTCACCAGA 271
Sacll AAATAGAACCGCGGTCATACAAAACAC 421
Miul  CTTAATGACGCGTTTATCAGT 778

PAMI TGTTGTATOCCAAACAGTGGCATCATCATT 1101
Xhol CTAAGTCAACTCGAGATTAGTCTTGAAGA 1354

Eagl TTATAAT AAACTT 1565
Notl  GAAGGTGGCGGCCGCCTAAATAATGATTTC 1880
Bglll AGAAGAAGATCTAAGTAGTAAAGTT 2088
Sfil  CACTACCGGCCACACAGGCCAACT 2478

“ Bases which differ from the wild-type base at the corresponding position in
LEU3 are underlined in the oligonucleotide sequence, and the new restriction
sites are boxed.

b The position of the first base of the introduced restriction site is given, with
the numbering beginning at the first base of the LEU3 open reading frame.

RESULTS

Leu3p enters the nucleus under all conditions tested. As
described above, the assay for nuclear import of Leu3p was
based on the fact that DNA binding by Leu3p caused reduced
expression of an RPLI16-lacZ reporter gene. The assay was
generally performed with the yeast strain CRY102-2B, which is
a leu3 deletion strain with the appropriate selectable markers
for maintaining both the reporter plasmid and a second plas-
mid carrying a LEU3 derivative. The plasmids were trans-
formed together into this strain, and B-galactosidase assays
were performed on cultures of several transformants. As
shown in Fig. 2, Leu3p is able to inhibit expression of the
RPL16-lacZ fusion: there is approximately threefold less 3-ga-
lactosidase activity in cells containing wild-type LEU3 on a
multicopy plasmid than in those which have only the corre-
sponding vector. The minimal Leu3p constitutive activator,
Leu3pA143-828, can also inhibit expression of the fusion to

no Leu3p

ITl Zn finger
epitope tag

Leu3pA143-828: constitutive activator

wild-type Leu3p: regulated activator
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about the same extent as the full-length protein. Both forms of
Leu3p cause this inhibition when the cells are grown in either
high- or low-leucine medium. This behavior was expected of
the constitutive activator, which is clearly able to reach the
nucleus and bind its DNA site under both growth conditions;
the results indicate, however, that the full-length protein also
occupies its site even when a-IPM levels are low. High levels of
a-IPM therefore do not seem to be required for the correct
localization of Leu3p.

To confirm that the inhibition of RPLI6-lacZ expression
seen in this assay was due to Leu3p binding within the reporter
gene and not to some other effect of Leu3p on transcription of
the gene, the assay was repeated with a reporter lacking the
Leu3p-binding sites, in parallel with the original reporter (Fig.
3). While repression was still seen with the reporter containing
Leu3p-binding sites, there was little difference in the B-galac-
tosidase activities observed with the reporter which lacked
Leu3p sites. In addition, we constructed a Leu3p derivative
which could not bind to DNA because of a mutation in one of
the conserved cysteine residues in the DNA-binding domain
(Leu3p C47S, in which cysteine 47 of Leu3p was changed to
serine by site-directed mutagenesis). This protein was stably
expressed in vivo to nearly the same level as wild-type Leu3p
was, but it was unable to bind to DNA as assayed by gel shift
(data not shown) and did not inhibit B-galactosidase produc-
tion in the nuclear import assay (Fig. 3). These results suggest
that Leu3p must be able to bind to DNA in order to inhibit
expression of RPL16-lacZ and that inhibition is caused by
binding of Leu3p within the reporter gene.

To confirm that the inducer of Leu3p, o-IPM, was not re-
quired for Leu3p to enter the nucleus and repress the RPLI6-
lacZ fusion, the assay was repeated in the yeast strain CRY 103,
which cannot synthesize a-IPM because of mutations in the
leu4 and leu5 genes. The results are shown in Fig. 4, where the
B-galactosidase activity observed with the reporter containing
Leu3p-binding sites is expressed as a fraction of the activity
observed with the control reporter lacking Leu3p-binding sites.
These data are very similar to those obtained in CRY102-2B:
both full-length Leu3p and the constitutively active deletion
protein inhibit B-galactosidase production. Because leu4 leu5
strains appear to lack a-IPM synthase completely (6), it ap-

T T T T T T T T T

0 20 40 60 80
B-galactosidase activity

FIG. 2. Leu3p represses reporter gene expression under both high-leucine (w) and low-leucine (#) growth conditions. Strain CRY102-2B was cotransformed with
the reporter plasmid, which carries the RPLI6-lacZ fusion gene containing three Leu3p-binding sites, and plasmids expressing epitope-tagged wild-type Leu3p, a
constitutively active deletion mutant of Leu3p, or no Leu3p. Transformants were assayed for B-galactosidase activity after growth in medium containing a low level or
a high level of leucine, as described in Materials and Methods. The values (shown as bar graphs) are means from four transformants assayed in duplicate.
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FIG. 3. Inhibition of reporter gene expression is dependent on the Leu3p-binding sites in the reporter and on the ability of Leu3p to bind to DNA. Strain
CRY102-2B was cotransformed with plasmids expressing the epitope-tagged Leu3p variants shown on the left of the figure, together with either the reporter plasmid
containing RPL16-lacZ with three internal Leu3p-binding sites (m) or a reporter plasmid containing RPL16-lacZ without the Leu3p-binding sites (2). Transformants
were assayed for B-galactosidase activity after growth in medium containing a high level of leucine. The values (shown as bar graphs) are means from four transformants

assayed in duplicate.

pears that even low levels of o-IPM are not required for cor-
rect localization and DNA site occupancy of Leu3p.

Repression is still seen with low-level Leu3p expression.
Leu3p derivatives on CEN plasmids were also tested in this
assay, to see if lower-level Leu3p expression might be sufficient
for repressing the reporter. As shown in Fig. S5A, epitope-
tagged full-length Leu3p and the constitutive activator Leu3p
A173-773 each inhibit B-galactosidase production when cells
are grown in high levels of leucine, although the levels of
epitope-tagged Leu3p from a CEN plasmid are at least 5- to
10-fold lower than are those from the corresponding 2pm
plasmid (Fig. 5B). These data suggest that even low levels of
Leu3p can inhibit expression of the reporter gene.

Results with Leu3p variants: is the activation domain re-
quired for repression? Several Leu3p variants produced dur-
ing deletion analysis of the protein (27) were tested in the

no Leu3p

wild-type Leu3p: regulated activator

localization assay. As expected, all constitutively active variants
with less extensive deletions than Leu3pA143-828 behaved
similarly: all repressed RPLI6-lacZ expression under all
growth conditions tested (data not shown). Surprisingly, how-
ever, a truncated protein lacking the C-terminal 113 amino
acids (Leu3p:1-774), which appears to be stably expressed to
nearly the same level as full-length Leu3p in vivo (27); also see
the immunofluorescence data below) and to bind to DNA in
vitro (18, 53), did not substantially inhibit B-galactosidase pro-
duction in this assay (Fig. 6). This result raised the possibility
that the C terminus of Leu3p is involved in the repression in
some way.

Figure 6 shows the results of some additional assays that
have a bearing on this question. As shown above, Leu3pA143—
828 inhibits expression of RPLI6-lacZ. Removal of the C-
terminal 58 amino acids needed for activation renders the

0.0 0.2 0.4 0.6 0.8

relative B-
galactosidase
activity

FIG. 4. Leu3p can repress reporter gene expression in the absence of a-IPM. The a-IPM-deficient strain CRY103 was cotransformed with plasmids expressing
epitope-tagged wild-type Leu3p, Leu3pA143-828, or no Leu3p, together with one of the two reporter plasmids with and without Leu3p-binding sites. B-Galactosidase
activities were determined, in duplicate, for four transformants from each combination of plasmids. The mean value obtained for cells containing the reporter with
Leu3p-binding sites is graphed as a fraction of the mean activity obtained for cells containing the reporter lacking Leu3p-binding sites. (The latter values ranged from

33 to 48 units.)
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FIG. 5. (A) Reporter gene repression occurs even with low levels of Leu3p. Strain CRY102-2B was cotransformed with CEN plasmids encoding epitope-tagged
wild-type Leu3p, Leu3pA173-773, or no Leu3p, together with each of the two reporter plasmids (with and without Leu3p-binding sites). B-Galactosidase activities were
determined in duplicate for four transformants from each plasmid combination grown in high-leucine medium. The data are graphed as in Fig. 4. (The mean values
for cells in which the reporter lacked Leu3p binding sites ranged from 41 to 51 units.) (B) Western blot analysis of Leu3p protein levels. Extracts were made from
CRY102-2B cells (grown as for B-galactosidase assays) expressing epitope-tagged Leu3p from high-copy (2ium) and low copy (CEN) plasmids; protein from each extract
was electrophoresed on a 12% acrylamide gel and subjected to Western blot analysis as described in Materials and Methods. The duplicate lanes for each protein are
from cultures containing the two different reporter plasmids. The position of full-length Leu3p is indicated.

truncated protein nonfunctional in this assay, although the
short N-terminal fragment is stably expressed at somewhat
higher levels than Leu3pA143-828 and binds to DNA in a gel
shift assay (27; also see the immunofluorescence data below).
Addition of a heterologous activation domain from Galdp
or the herpes simplex virus transcriptional activator VP16 to
the DNA-binding domain of Leu3p restores the ability to
repress RPL16-lacZ, as shown in Fig. 6. These data confirm
the role of the activation domain in the inhibition of transcrip-
tion seen in this assay and indicate that the ability to parti-
cipate in repression is not a special property of the Leu3p
activation domain, because other activation domains can sub-
stitute for it.

Immunofluorescence confirms that Leu3p and its deriva-
tives are localized to the nucleus. Cells expressing various
epitope-tagged LEU3 constructs were examined by indirect
immunofluorescence as another assay for Leu3p localization.
Cells expressing tagged Leu3p give rise to nuclear fluorescence
(Fig. 7), which is not seen in the absence of the epitope tag.
Not all cells in the population showed this fluorescence; the
lack of consistency might be due to variability in the level of
expression, because the LEU3 constructs were present on 2pum
plasmids whose copy number can vary, or it might be due to
incomplete permeabilization of the cells to antibody. Still, the
pattern of nuclear localization is reasonably clear. Full-length

Leu3p gave this pattern whether the cells were grown in low-
or high-leucine medium (the data in Fig. 7 are from cells grown
in high-leucine medium), confirming that Leu3p localization is
not regulated by a-IPM.

The localization of some derivatives of Leu3p was also ex-
amined by immunofluorescence. Epitope-tagged Leu3p:1-774,
which lacks the activation domain, appears to be localized to
the nucleus (Fig. 7). This result contrasts with the lack of
repression of the reporter gene by Leu3p:1-774 in the indirect
assay (Fig. 6) and suggests that this protein is not defective in
localization but in some other property required for the inhi-
bition of RPL16-lacZ expression. The fragment consisting of
the N-terminal 142 amino acids of Leu3p also appears to be in
the nucleus by immunofluorescence, as is the fusion protein
Leu3p-VP16 (Fig. 7).

Immunofluorescence was also attempted with LEU3 con-
structs carried on CEN plasmids, without success (data not
shown); the level of expression of Leu3p from its own pro-
moter may be too low to permit detection. The indirect assay
for localization described above therefore appears to be more
sensitive for detection of Leu3p than is immunofluorescence,
because Leu3p expressed from a CEN plasmid was able to
inhibit expression of the reporter gene (Fig. 5). The consis-
tency between the results of the indirect assay and the immu-
nofluorescence data suggests that overexpression of Leu3p did
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FIG. 6. Inhibition of reporter gene expression requires an activation domain in the repressor protein. Epitope-tagged wild-type Leu3p, Leu3p:1-774, Leu3pA143—
828, Leu3p:1-142, and fusion proteins Leu3p-Gal4p and Leu3p-VP16 were assayed for their ability to repress expression of RPL16-lacZ from the reporter plasmids
with and without Leu3p-binding sites. B-Galactosidase activities were determined for four transformants of each, grown in high-leucine medium; the data are graphed
as in Fig. 4. (The mean values for cells in which the reporter lacked Leu3p binding sites ranged from 50 to 80 units.)

not lead to artifactual immunofluorescence signals; also, the
observed nuclear fluorescence is not surprising, given the func-
tion of Leu3p as a transcriptional activator.

DISCUSSION

The results presented here eliminate one model for the
regulation of Leu3p activity: neither leucine levels nor a-IPM
levels affect the intracellular localization and DNA site occu-
pancy of Leu3p. Previous work demonstrated that a-IPM does
not greatly affect the level of Leu3p protein (10, 54) or alter the
affinity of Leu3p for DNA in vitro (18). It appears that Leu3p
may be bound to its regulatory sites at all times, poised to
activate transcription upon receiving the appropriate signal.
(The Galdp, Put3p, Adrlp, and HSTF transcriptional activa-
tors may act similarly [3, 25, 42, 47, 50].) This signal may cause
a change in Leu3p conformation or a posttranslational modi-
fication, which allows activation to take place. The participa-
tion of additional proteins in the regulation of Leu3p activity
has not been ruled out, although the nature and identity of
such proteins are completely unknown. An extensive screen for
mutations which affect the regulation of leucine biosynthesis
was carried out, but the mutations (in three new genes) iso-
lated in the screen all caused reductions in a-IPM synthase
activity rather than reductions in (apparent) Leu3p activity
(17). This result is circumstantial evidence against the exis-
tence of a protein whose sole function is to regulate Leu3p
activity. If such a protein does exist, it presumably interacts
with some region in the internal portion of Leu3p which is
required for Leu3p regulation. Alternatively, a-IPM may in-
teract directly with the middle region of Leu3p to bring about
transcriptional activation. Further work is required to deter-
mine if any of these models is correct.

The striking observation in this work is the requirement for
an activation domain, joined to the Leu3p DNA-binding do-
main, to achieve transcriptional repression. The indirect assay
described here requires Leu3p, which normally activates tran-
scription, to serve instead as a repressor. This change of func-

tion is not unprecedented, but the mechanism of the repression
seen here may be unusual. Three different repression mecha-
nisms have been described previously.

The first type of repression is caused by proteins which bind
within a promoter but are incapable of activating transcription.
Both the bacterial lex4 protein and certain Galdp derivatives
inhibit expression of a reporter gene in yeast cells when the
appropriate binding site is introduced between the upstream
activation sequence and the start of transcription (9, 26). This
repression may occur because lex4 or Gal4p binding interferes
with the proper assembly of a transcription initiation complex
at the promoter. Mutant forms of Leu3p which bind to DNA
but cannot activate transcription inhibit Gcndp-dependent
basal transcription of LEU?2 in vivo (11), perhaps by a similar
mechanism. Leu3p has also been reported to act as a repressor
of in vitro transcription in the absence of a-IPM (49). The
N-terminal region of Leu3p is sufficient for this repression,
suggesting that only DNA binding is required of the repressor
protein (48). The inhibition seen in the assay described here
must differ from these other types of repression because it is
dependent on the presence of the activation domain. Also, the
Leu3p-binding sites are located downstream of the start of
transcription in the localization assay but upstream in the other
cases.

The finding that o-IPM must be added to an in vitro tran-
scription reaction for Leu3p to activate transcription in vitro
(49) suggests that «-IPM directly or indirectly causes a change
in Leu3p which allows it to function as an activator. Whatever
this change might be, it is not required for the repression of
RPL16-lacZ expression, because repression occurs even in the
strain CRY103, which cannot synthesize a-IPM. Thus, the role
played by the activation domain in inhibiting RPL16-lacZ is
distinct in some way from the role it plays in activating tran-
scription. However, the ability of other activation domains to
substitute for the Leu3p activation domain suggests that inhi-
bition of the reporter may involve some general property
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FIG. 7. Immunofluorescence of epitope-tagged Leu3p. Immunofluorescence was carried out as described in Materials and Methods on cells which expressed
epitope-tagged Leu3p, Leu3p:1-774, Leu3p:1-142, or Leu3p-VP16 fusion protein, grown in medium containing a high level of leucine. Two panels are shown for each
cell type; on the left is fluorescence due to staining with DAPI (4',6-diamidino-2-phenylindole), which stains DNA, and on the right is immunofluorescence with the

12CAS5 monoclonal antibody (from the same cells).

shared by activation domains, such as the ability to interact
with some other protein(s).

Squelching is a second form of transcriptional repression
which occurs when proteins carrying activation domains are
highly overexpressed, to the point that they interfere with the
normal transcription of many genes (21, 51); the inhibition is
presumably due to titration of a general transcription initiation
factor and is not dependent on the presence of a DNA-binding
domain in the overexpressed protein. Repression of RPLI6-
lacZ expression by Leu3p does not appear to be a form of
squelching, because it occurs even when Leu3p is expressed
from a low-copy-number plasmid, because it requires the
Leu3p-binding sites within the gene, and because it requires a
form of Leu3p which can bind to DNA.

A third form of transcriptional repression, which is most
similar to the repression by Leu3p in our assay, is the blockage
of E. coli RNA polymerase elongation observed in vitro by
Pavco and Steege (35) and in vivo by Deuschle et al. (14),
which is caused by the binding of a protein to a site within the
transcribed gene. Leu3p may similarly inhibit elongation by S.

cerevisiae RNA polymerase; an activation domain could be
required for this process because it permits the assembly of a
larger or more stable complex of proteins at the Leu3p-binding
sites, which is necessary for inhibition. (Such a complex could
include general transcription factors such as adaptors or coac-
tivators, proteins associated with RNA polymerase or compo-
nents of the SWI/SNF complex, which are thought to influence
chromatin structure [12]). It is also possible, however, that
Leu3p binding downstream affects transcription initiation at
the RPL16 promoter, if the DNA is bent to allow interactions
between proteins bound at distant sites. It is not possible to tell
from the current data whether initiation or elongation of tran-
scription is inhibited in this assay.

The assay described here may be more generally useful for
investigating the localization of other DNA-binding proteins; a
transcriptional activation domain might have to be fused to the
protein of interest if it did not already contain such a domain.
Both small and large Leu3p variants gave a signal in this assay
(as long as the required functional regions were present), and
the data therefore raise the possibility that the nuclear local-
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ization signal of Leu3p is within the N-terminal 112 amino
acids. The principal advantage of this method is its sensitivity
to low levels of protein; in the case of Leu3p, it is more
sensitive than immunofluorescence with antibodies against an
introduced epitope tag.
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