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Signaling systems controlling the activation and repression
states of genes often include interactions among multiple proteins. One well-studied example is the galactose-responsive
system that governs the expression state of the galactose pathway genes (GAL genes) of the yeast Saccharomyces cerevisiae
and the closely related milk yeast Kluyveromyces lactis (16, 52,
57, 62, 63, 74, 78, 79, 81). Galactose signaling operates through
a three-component switch consisting of the Gal3 (or Gal1),
Gal80, and Gal4 proteins. In the presence of galactose, the
GAL genetic switch operates to elicit activation of the GAL
genes, and in the absence of galactose, the switch operates to
inhibit activation of the GAL genes (32, 40, 56).
The Gal4 protein component of the GAL genetic switch
exhibits both site-specific DNA binding and transcription activation, and these activities reside in separable protein domains (11, 36, 43). Amino acids 1 to 65 of S. cerevisiae Gal4p
specify binding to a 17-bp DNA site (UASGAL) upstream of
the GAL genes (10, 27, 45). Amino acids within two other
distinct regions, amino acids (aa) 148 to 238 (region I), and aa
768 to 881 (region II), specify weak and strong transcription
activation functions, respectively (33, 43). Various mutant derivatives of activation region II exhibit a striking correlation
between their relative transcription activation potentials and
their relative affinities for yTFIIB and yTBP proteins (75),
giving credence to the view that Gal4p activates transcription
through interactions which facilitate the recruitment of RNA
polymerase II (4, 37).

Within transcription activation region II of Gal4p is a
shorter region, defined by aa 850 to 874, that binds to the
Gal80 protein, an inhibitor of Gal4p-mediated transcription
activation (35, 41, 42, 51, 69, 77). The determinants of Gal4p
for Gal80p binding and inhibition are highly interspersed with
the determinants for the region II transcriptional activation
function, and yet they are mutationally resolvable (3, 39, 64).
Consistent with this interspersion, Gal80p binding prohibits
subsequent interaction of Gal4p with TATA binding protein
(TBP) (3). Thus, Gal80p binding to a rather short peptide
sequence within Gal4p plays a key role in the mechanism by
which Gal80p inhibits the interactions of Gal4p essential to the
recruitment of RNA polymerase II.
Addition of galactose to wild-type yeast cells overcomes the
Gal80p inhibition of Gal4p, allowing Gal4p to activate transcription. This galactose-induced state requires either the
Gal3p or the highly homologous Gal1p (6, 7, 12, 19, 47, 49, 70).
It is quite well established that the presence of galactose and
ATP promotes a complex of Gal3p (or Gal1p) and Gal80p in
vitro (68, 76, 79), and the capacity of Gal3p to bind to Gal80p
is clearly linked to Gal4p-mediated GAL gene activation in
vivo (8) and in vitro (54). How Gal3p binding to Gal80p triggers galactose-induced Gal4p-mediated transcription activation has not been determined. Transformation of the Gal80pGal4p complex in response to galactose had been proposed
earlier by Leuther and Johnston on the basis of the persistence
of a Gal80p-Gal4p two-hybrid genetic interaction following
galactose addition to yeast cells (38). Platt and Reece recently
reported the galactose-responsive in vitro formation of a ternary complex comprising Gal4p, Gal80p and Gal3pC-322, a
mutant form of Gal3p (54). Thus, the evidence to date supports a model wherein a conformational change in a Gal80pGal4p complex arises in response to galactose by way of
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The Gal3, Gal80, and Gal4 proteins of Saccharomyces cerevisiae comprise a signal transducer that governs the
galactose-inducible Gal4p-mediated transcription activation of GAL regulon genes. In the absence of galactose,
Gal80p binds to Gal4p and prohibits Gal4p from activating transcription, whereas in the presence of galactose,
Gal3p binds to Gal80p and relieves its inhibition of Gal4p. We have found that immunoprecipitation of
full-length Gal4p from yeast extracts coprecipitates less Gal80p in the presence than in the absence of Gal3p,
galactose, and ATP. We have also found that retention of Gal80p by GSTG4AD (amino acids [aa] 768 to 881)
is markedly reduced in the presence compared to the absence of Gal3p, galactose, and ATP. Consistent with
these in vitro results, an in vivo two-hybrid genetic interaction between Gal80p and Gal4p (aa 768 to 881) was
shown to be weaker in the presence than in the absence of Gal3p and galactose. These compiled results indicate
that the binding of Gal3p to Gal80p results in destabilization of a Gal80p-Gal4p complex. The destabilization
was markedly higher for complexes consisting of G4AD (aa 768 to 881) than for full-length Gal4p, suggesting
that Gal80p relocated to a second site on full-length Gal4p. Congruent with the idea of a second site, we
discovered a two-hybrid genetic interaction involving Gal80p and the region of Gal4p encompassing aa 225 to
797, a region of Gal4p linearly remote from the previously recognized Gal80p binding peptide within Gal4p aa
768 to 881.
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TABLE 1. Yeast strains used in this study
Genotype

Sc338
Y187
Sc798
Sc800
Sc804

MATa leu2-3,112 ura3-52 ade1 ile MEL1 cir-0
MATa gal4 gal80 his3 trp1-901 ade2-101 ura3-52 leu2-3,112 met URA3::GAL1-lacZ
MATa gal4 gal80 his3 trp1-901 ade2-101 ura3-52 leu2-3,112 met URA3::GAL1-lacZ gal3D::loxP-KanMX-loxP
MATa gal4 gal80 his3 trp1-901 ade2-101 ura3-52 leu2-3,112 met ura3::GAL1-lacZ gal3D::loxP-KanMX-loxP
MATa gal4 gal80 his3 trp1-901 ade2-101 ura3-52 leu2-3,112 met ura3::GAL1-lacZ gal3D::loxP-KanMX-loxP
gal1D::URA3
MATa gal4 gal80 his3 trp1-901 ade2-101 ura3-52 leu2-3,112 met gal3D::loxP-KanMX-loxP gal1D::ura3
MATa gal4 gal80 his3 trp1-901 ade2-101 ura3-52 leu2-3,112 met ura3::GAL1-lacZ gal3D::loxP-KanMX-loxP
gal1D::ura3
MATa his3 D200 trp1-901 leu2-3,112 ade2 LYS2::(lexAop)4-HIS3 URA3::(lexAop)8-lacZ gal4D::loxP-KanMX-loxP
MATa gal4 gal80 his3 trp1 ade ara1 ura3 leu2 met URA3::(lexAop)6-lacZ gal3D::loxP-KanMX-loxP

Sc817
Sc818
Sc813
Sc830

Gal3p-Gal80p interaction. However, no evidence has yet been
established for any type of physical change in a Gal80p-Gal4p
complex in response to galactose and Gal3p.
Our efforts to understand the Gal3p-Gal80p-Gal4p transcription switch mechanism have led us to examine more
closely how the Gal3p-Gal80p interaction might alter the
Gal80p-Gal4p interaction. The effect of Gal3p on the Gal80pGal4p interaction was assessed by three independent experimental approaches. Based on these results, we propose that
Gal3p binding to Gal80p promotes the dissociation of Gal80p
from its site of inhibition within the principal activation region
of Gal4p. The association of Gal80p with another site within
the Gal4p sequence from aa 225 to 797 is suggested on the
basis of two-hybrid genetic interaction experiments. These results have implications for both induction and deinduction.
MATERIALS AND METHODS
Yeast strains, media, culture conditions, and genetic techniques. The yeast
strains used in this study are listed in Table 1. Yeasts were transformed either by
the one-step procedure of Chen et al. (15) or by the high-efficiency method of
Gietz et al. (25). All strains were generated by standard genetic techniques.
Sc338 was derived from Sc252 (34) by curing of the 2mm plasmid (21, 22). Sc800,
Sc817, and Sc818 were derived from Y187 (29) as follows. The GAL3 gene in
Y187 was replaced with a gal3D::Kanr cassette by a one-step gene disruption
method (28). The gal3D::Kanr cassette was made by PCR with oligonucleotide
primers ALOK45 and ALOK46 (see Table 3) and pUG6 DNA containing the
Kanr cassette (28). The resulting strain, Sc798, was subjected to 5-fluoroorotic
acid selection (9) to yield the ura3 derivative, Sc800. The GAL1 gene of Sc800
was replaced with a gal1D-1740::URA3 (8) disruption cassette to yield Sc818.
Sc804 is a lacZ mutant of Sc818. Strain Sc817 is a 5-fluoroorotic acid-selected
ura3 derivative of Sc804. Sc813 was derived from yeast strain L40 (5) by replacement of the chromosomal GAL4 gene of L40 with gal4D::Kanr, a cassette constructed by PCR with SAM01 and SAM02 oligonucleotides (see Table 3) and
pUG6 DNA. Sc830 was derived from YT6::6lexOP (67) by replacement of the
chromosomal GAL3 with the gal3D::Kanr cassette as described above.
Solid and liquid growth media for yeast were prepared essentially as described
by Rose et al. (58). Yeast cells were shake-cultured in YEP (0.5% yeast extract,
1.0% Bacto Peptone) or synthetic complete (SC) medium lacking specific supplements as required for plasmid selection. The carbon sources used were glucose (2.0 or 0.05% [wt/vol]), galactose (2.0% [wt/vol]), glycerol (3.0% [vol/vol]),
and lactic acid (2.0% [vol/vol]). The pH of the lactic acid (Fisher, A162-1) was
adjusted to 5.7 with KOH.
Yeasts used as a source of extract for in vitro protein interaction assays were
cultured as follows. Sc800 carrying either pMEGA3-D4 or pMEGA3-D4D3,
Sc817 carrying pMEGA3-D4D80, and Sc338 carrying either pMEGA3 or
pMEGA3-D3 were first grown to saturation in 5 ml of SC medium lacking uracil
and containing 2% glucose (see below and Table 2 for plasmid descriptions). A
1-ml aliquot was then transferred to 1 liter of SC medium lacking leucine and
containing 2% glycerol, 2% lactic acid, and 0.05% glucose, and the cells were
shake-cultured at 30°C to a density corresponding to an optical density at 600 nm
(OD600) of 1.0 to 1.2. Sc800 with pYGSTG4AD was cultured to an OD600 of 0.8
to 1.0 in 1 liter of SC medium lacking leucine and containing 2% glucose.
For two-hybrid analyses, Sc830 and Sc818, each carrying three different plasmids, and Y187, Sc798, and Sc813, each carrying two different plasmids, were
cultured at 30°C in 5 ml of selective SC medium containing 2% glucose. At a
culture OD600 of 1.0, a 200-ml aliquot was transferred to the appropriate SC
medium containing either 2% glycerol, 2% lactic acid, and 0.05% glucose (noninduced) or 2% glycerol, 2% lactic acid, 2% galactose, and 0.05% glucose
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(induced). The cells were shake-cultured at 30°C to a density corresponding to an
OD600 of 0.35 to 0.45.
Yeast cell extracts. Yeast whole-cell extracts for the two-hybrid b-galactosidase assay were prepared by vortexing with glass beads (0.45 mm in diameter).
The breakage buffer consisted of 100 mM Tris (pH 8.0), 0.2 mM dithiothreitol
(DTT) and 10 mM phenylmethylsulfonyl fluoride. Extracts were stored at 280°C
until use. The protein concentrations of the extracts were determined by a
Bio-Rad assay.
Yeast cell extracts for the in vitro protein interaction assays in Fig. 3 were
prepared by vortexing with glass beads. Prior to the addition of glass beads, the
cell pellet from 100 ml of culture was resuspended in 425 ml of buffer A (10 mM
HEPES [pH 7.5], 200 mM NaCl, 0.5% Triton X-100, 10 mM NaF, 0.2 mM
Na3VO4, 0.5 mM EDTA, 2 mM DTT, 1 mg of leupeptin per ml, 1 mg of pepstatin
per ml, 20 mg of aprotinin per ml). Yeast cell extracts for the in vitro protein
interaction assays in Fig. 4 to 7 were prepared by a French pressure cell procedure. A 15-ml volume of buffer A containing the resuspended cell pellet from a
6-liter culture was loaded into the pressure cell, frozen for 30 min in a mixture
of dry ice and ethanol, and subjected to 1,500 lb/in2 as described by Verner and
Weber (72). Extracts were stored at 280°C. Protein concentrations were estimated by the procedure of Peterson (53).
Yeast whole-cell extracts used for the immunoprecipitation experiments in
Fig. 1 were prepared by the French pressure cell method as above, except that
the breakage buffer consisted of 50 mM NaPO4 (pH 7.2), 5 mM EDTA, 50 mM
NaF, 1 mg of leupeptin per ml, 1 mg of pepstatin per ml, 20 mg of aprotinin per
ml, 0.2 mM Na3VO4, and 1 mM phenylmethylsulfonyl fluoride.
Bacterial strains, culture conditions, and extracts. Escherichia coli DH5a was
used as bacterial host during plasmid construction. For the production of
GSTGal4ADp in E. coli, strain BL21(DE3) (Novagen) was transformed with
plasmid pEGSTG4AD and shake-cultured at 37°C in 1 liter of Luria broth
containing ampicillin (50 mg/ml) to an OD600 of 0.6. IPTG (isopropyl-b-Dthiogalactopyranoside) was then added to a final concentration of 1 mM, and the
cells were shake-cultured for an additional 3 h at 37°C. The cells were harvested
by centrifugation at 4,000 3 g for 30 min and washed once with buffer (20 mM
HEPES [pH 7.5], 200 mM NaCl). The washed cell pellet from 500 ml of culture
was resuspended in 50 ml of lysis buffer consisting of 20 mM HEPES (pH 7.5),
200 mM NaCl, 10 mM b-mercaptoethanol, and 20 mg of aprotinin per ml. Cell
lysates were prepared by sonication and centrifuged at 10,000 3 g for 15 min. The
supernatant, containing GSTG4ADp, was frozen on dry ice and stored at 285°C.
Plasmid descriptions and constructions. The plasmids used in this study are
listed in Table 2. The oligonucleotides used in the construction of the plasmids
are listed in Table 3. In most cases, plasmid construction comprised multiple
steps, and the details are available upon request.
pMEGA3 consists of the GAL4, GAL80, GAL3, and URA3 genes contained
within a BamHI fragment inserted at the BamHI site of pC1/1. pC1/1 consists of
pBR322, the entire 2mm plasmid of yeast, and leu2-d, the promoter-defective
allele of LEU2 (31). Cells bearing pMEGA3 overproduce the Gal4, Gal80, and
Gal3 proteins and show normal regulation of GAL genes (65a). pMEGA3-D3
(pAKS101) was constructed by deletion of the GAL3 promoter and two-thirds of
the GAL3 open reading frame (ORF) from GAL3 in pMEGA3. Cells bearing
pMEGA3-D3 overproduce Gal4p and Gal480p. pMEGA3-D4 (pMEGA4) is
essentially pMEGA3 lacking the GAL4 gene. Cells bearing the pMEGA3-D4
overproduce Gal80p and Gal3p. pMEGA3-D4D3 (pMEGA5) is essentially
pMEGA3 lacking the GAL4 and GAL3 genes. Cells bearing the pMEGA3-D4D3
overproduce Gal80p. pMEGA3-D4D80 (pMEGA11) is essentially pMEGA3
lacking the GAL4 and GAL80 genes. Cells bearing the pMEGA3-D4D80 overproduce Gal3p.
Plasmid pYGSTG4AD (pAKS71), carrying a GST-GAL4AD fusion expressed
from the yeast ADH1 promoter, was constructed from the 750-bp SmaI-BamHI
fragment of GST from pMPW60 (8) and a SmaI-BglII-gapped pGAD424 (Clontech). Plasmid pEGSTG4AD (pPXAKSGSTG4AD), used for expression of
GSTG4AD in E. coli, was derived as an in-frame insertion of GAL4AD (codons
768 to 881) from GAL4 in pYCp50 (59) into SmaI-EcoRI-gapped pGEX2TK
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TABLE 2. Plasmids used in this study

Plasmid

Descriptiona

pRS415
pRS414
pVP16
pBDG80
pBDG80S2
PAKS68
pG4ADVP16
pG4AD*VP16
pG3VP16
pTEB16
pMPW66
pYGSTG4AD
pEGSTG4AD
pMEGA3
pMEGA3-D4
pMEGA3-D4D3
pMEGA3-D4D80
pMEGA3-D3
pVP16G80
pAKS87
pLexAG4-225-797
pLexAG4-534-797
pLexAG4-225-547
pLEUG4
pSB32-Gal4mCla
pSB32-miniGal4-2

CEN6 ARS LEU2
CEN6 ARS TRP1
2mm LEU2 ADH1pro-VP16 (codons 413–490)
2mm HIS3 ADH1 pro-GAL4 DNA binding domain (codons 1–147)-GAL80
2mm HIS3 ADH1 pro-GAL4 DNA binding domain (codons 1–147)-GAL80S-2
CEN ARS1 LEU2 ADH1 pro-GAL4AD (codons 768–881)
CEN ARS1 LEU2 ADH1 pro-GAL4AD (codons 768–881)-VP16 (codons 413–490)
CEN ARS1 LEU2 ADH1 pro-GAL4ADThr859-Ile-VP16 (codons 413–490)
CEN ARS1 TRP1 GAL3-VP16 (codons 413–490)
CEN ARS1 TRP1 GAL3
CEN ARS1 TRP1 ADH2 pro-GAL3
2mm LEU2 ADH1 pro-GAL4 (codons 768–881)-GST
GST-GAL4AD (codons 768–881)
2mm URA3 leu2-d GAL4901 GAL80 GAL3
2mm URA3 leu2-d GAL80 GAL3
2mm URA3 leu2-d GAL80
2mm URA3 leu2-d GAL3
2mm URA3 leu2-d GAL4901 GAL80
2mm LEU2 ADH1 pro-VP16 (codons 413–490)-GAL80
CEN ARS1 TRP1 ADH1 pro-VP16 (codons 413–490)-GAL80
2mm HIS3 ADH1 pro-lexA (codons 1–202)-GAL4 (codons 225–797)
2mm HIS3 ADH1 pro-lexA (codons 1–202)-GAL4 (codons 534–797)
HIS3 ADH1 pro-lexA (codons 1–202)-GAL4 (codons 225–534)
CEN6 ARS LEU2 GAL4
CEN ARS LEU2 GAL4-D codons 148–728
CEN ARS LEU2 GAL4-D codons 210–716

65
65
5
This
This
This
This
This
This
8
8
This
This
This
This
This
This
This
This
This
This
This
This
This
18
18
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study
study
study
study
study
study
study
study
study

pro indicates promoter; unless it is indicated, all promoters are native.

(Pharmacia Biotech). Plasmid pBDG80 (pLWBDG80) was constructed by inserting the GAL80 ORF as a PCR-generated BamHI fragment (using oligonucleotides G3 and G4) at the BamHI site of pMA424 (44). Plasmid pVP16G80
(pLWG80VP16) and pAKS87 encode a fusion of VP16 aa 413 to 490 with
Gal80p. pVP16G80 was constructed by inserting the GAL80 ORF, as a PCRgenerated BamHI fragment (using oligonucleotides G3 and G4) at the BamHI
site of pVP16 (5). pAKS87 was constructed by inserting a 3.0-kb ClaI-NotI
fragment obtained from pVP16G80 into NarI-NotI-digested pRS414. Plasmid
pG4ADVP16 (pAKS70), consisting of ADH1pro-GAL4AD (codons 768 to 881)VP16 (codons 413 to 490) on a CEN ARS LEU2 backbone, was constructed from
pCRF-2 (61, 71a), pGAD424 (Clontech), and pYCplac111 (26). Plasmid
pG4AD*VP16 (pAKS77) is a mutant derivative of pG4ADVP16 bearing Ile
instead of Thr at aa 859 in the Gal4 activation domain. pG4AD*VP16 was
constructed by fusion PCR mutagenesis (2), employing two PCR steps. In the
first step, pG4ADVP16 was used as the template in two separate PCRs. Oligonucleotides ALOK49 (outside primer) and ALOK53 (mutagenic primer) were
used for one reaction, and oligonucleotides ALOK52 (mutagenic primer) and
BC02 (outside primer) were used for the other reaction (the oligonucleotides are
given in Table 3). These reactions produced a 59 product of 730 bp and a 39
product of 770 bp. In the second step, a single PCR was carried out with 1 ml of
each of the purified PCR products from the above reactions as a template
together with oligonucleotides ALOK49 and BC02 as primers. The resulting
full-length PCR product was digested with MluI and MscI and used to replace the
corresponding wild-type region of GAL4AD-VP16 in pG4ADVP16 to yield
pG4AD*VP16. pBDG80S2 (pCLAKS40) is a mutant derivative of pBDG80
containing the GAL80S-2 allele (encoding a product in which Lys at aa 351

replaces Glu) (20, 50, 51) in place of the wild-type GAL80. pG3VP16 (pAKS33)
is a pTEB16 (Table 2) derivative that encodes a Gal3 (aa 1 to 524)-VP16 (aa 413
to 490) fusion protein. Plasmid LexAG4-225-797 (pAKS44), which encodes a
LexA (aa 1 to 202)-Gal4 (aa 225 to 797) fusion protein, was constructed by fusing
GAL4 codons 225 to 797 to LEXA codons 1 to 202 in pEG202 (from R. Brent).
Plasmid pLexAG4-225-547 (pAKS35), which encodes a LexA (aa 1 to 202)-Gal4
(aa 225 to 547) fusion protein, was constructed by fusing the region of GAL4
comprising codons 225 to 547 to LEXA codons 1 to 202 in pEG202. Plasmid
pLexAG4-534-797 (pAKS1), which encodes a fusion protein of LexA (aa 1 to
202)-Gal4 (aa 534 to 797), was constructed by fusing GAL4 codons 534 to 797 to
LEXA codons 1 to 202 in pEG202.
Plasmid pLEUG4 (pAKS91), which encodes the wild-type Gal4p, was constructed by inserting a 3.6-kb BamHI-HindIII fragment containing the entire
GAL4 gene obtained from pBM292 (33) into BamHI-HindIII-digested pRS415.
G4ADp-Gal80p interaction assays. For the interaction assays Fig. 3A, a 100-ml
aliquot of yeast extract comprising 700 mg of protein and containing GSTG4ADp
was dispensed into a 1.5-ml Eppendorf tube and the volume was adjusted to 500
ml with buffer A. A 25-ml aliquot of GT-Sepharose bead suspension (Pharmacia
Biotech) was added, and the tube was rotated for 90 min at 4°C. The beads were
pelleted, and the pellet was washed twice with 500 ml of buffer A. A 100-ml
aliquot of yeast extract comprising 1,000 mg of protein (100 ml) containing either
Gal80p (Sc800 bearing pMEGA3-D4D3) or Gal80p plus Gal3p (Sc800 bearing
pMEGA3-D4) was added to the beads, and the volume was adjusted to 250 ml
with buffer A. To this 250-ml volume, an additional 250 ml of buffer A supplemented either with 10 mM MgCl2 or with 10 mM MgCl2–4 mM ATP–4%
(wt/vol) galactose was added, and the sample was rotated for 2 h at 4°C. The

TABLE 3. Sequences of the oligonucleotides used in this study
Oligonucleotide

Sequence

G3..................................................................59-CGGATCCGCATGGACTACAACAAGAGATCT-39
G4..................................................................59-CGGATCCGCTTAACTATAATGCGAGAT-39
ALOK45 .......................................................59-GAATACAAACGTTCCAATATTCAGTTCTCCGGTCAGACAGGTCGACAACCCTTAAT-39
ALOK46 .......................................................59-AGTACCCAAGGCAGGCTTCGAAACTATAATTGCGTCGTGGATCTGATATCACCTA-39
ALOK49 .......................................................59-CCCCGTTGTTGTCTCACCATAT-39
ALOK52 .......................................................59-ACCATTACAATGGATGACGTCTATAACTATCTATTCG-39
ALOK53 .......................................................59-ATCCATTGTAATGGTATTAAACATCCC-39
BCO2 ............................................................59-GACAAGCCGACAACCTTGATTGGAG-39
SAM01 ..........................................................59-CAGATTTTCAGCTTCATCTCCAGATTGTGTCTACCAGGTCGACAACCCTTAAT-39
SAM02 ..........................................................59-ACTTGCGGGGTTTTTCAGTATCTACGATTCATTTTAGTGGATCTGATATCACCTA-39
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beads were pelleted by centrifugation and subsequently washed three times with
buffer A supplemented with either 5 mM MgCl2 or 5 mM MgCl2–2 mM
ATP–2% galactose. A 70-ml volume of 13 electrophoresis loading buffer (48)
was added to the bead pellet, and the sample was heated at 100°C for 8 min. For
the interaction assay in Fig. 3B, the above procedure was used except that 70 ml
of an E. coli extract (GSTG4ADp) together with 100 ml of yeast extract comprising 1,000 mg of protein (23) or 35 ml of E. coli extract (GSTG4ADp)
together with 50 ml of yeast extract comprising 500 mg of protein (13) were used.
For the in vitro protein interaction assays in Fig. 4 to 7, an 80 ml-aliquot of the
E. coli extract (GSTG4ADp) was added to 25 ml of the GT-Sepharose bead
suspension. The volume was then adjusted to 500 ml with buffer A, and the
sample was rotated for 90 min at 4°C to allow binding of GSTG4ADp to the
GT-Sepharose beads. The beads were pelleted and washed twice with 500 ml of
buffer A. A 75-ml aliquot of yeast extract comprising 1,600 mg of protein from
Sc800 bearing pMEGA3-D4D3 (the source of Gal80p) was added to the beads,
and the sample was rotated for 2 h at 4°C to allow saturation of the bound
GSTG4ADp with Gal80p. The beads were pelleted and washed twice with buffer
A. A volume of yeast extract comprising 2,300 mg of protein prepared from Sc817
carrying either no plasmid or pMEGA3-D4D80 (GAL3) was added to the washed
bead pellet. The volume was adjusted to 250 ml with buffer A. An additional 250
ml of buffer A supplemented with either 10 mM MgCl2, 10 mM MgCl2–4.0%
galactose (wt/vol), 10 mM MgCl2–4.0 mM ATP, or 10 mM MgCl2–4% (wt/vol)
galactose–4.0 mM ATP was immediately added. The sample was then rotated for
2 h at 4°C or, for the experiment in Fig. 7, rotated for 0, 30, 45, 60, 90, or 120 min
as indicated. The beads were pelleted and washed three times with 500 ml of the
indicated buffer. The proteins retained on the beads were eluted by heating at
100°C with 100 ml of the 13 electrophoresis loading buffer (48) for 8 min.
Immunoprecipitation. Frozen yeast lysates were thawed on ice and immediately clarified by centrifugation at 50,000 rpm for 30 min in a TL-100.3 rotor in
a Beckman TL-100 ultracentrifuge. Immunoprecipitation was carried out as
previously described by Fujiki and Verner (23) with slight modifications. An
aliquot of the clarified yeast lysate containing 3 mg of protein was adjusted to 800
ml with IP buffer (10 mM HEPES [pH 7.5], 200 mM NaCl, 1.0% Triton X-100,
10 mM NaF, 0.2 mM Na3VO4, 2 mM DTT, 2 mM EDTA, 20 mg of aprotinin per
ml) supplemented with either 2.0% nonfat dry milk or 2.0% nonfat dry milk–2.0
mM ATP–2.0% (wt/vol) galactose. Anti-GD monoclonal antibody (a gift from
S. S. Tevethia [14]) served as a nonspecific control. Anti-GD antibody was added
to each sample, and the samples were rocked at 4°C for 60 min. Next, 50 ml of
protein A-Sepharose beads (50.0% suspension) (Pharmacia Biotech) was added
to each sample, and the samples were rocked for an additional 30 min at 4°C. The
protein A-Sepharose beads were then pelleted, and the supernatant was transferred to a fresh tube. A 50-ml aliquot of the anti-901 monoclonal antibody (14)
was then added to each sample, and the samples were rocked for 60 min at 4°C.
Next, a 50-ml aliquot of protein A-Sepharose beads (50% suspension) were
added, and the samples were rocked for 50 minutes at 4°C. The beads were
pelleted and washed three times with IP buffer. A 60-ml aliquot of the 13
electrophoresis loading buffer was added to the Sepharose bead pellet, and the
sample was heated at 100°C for 8 min.
Immunoblotting. For the immunoblots in Fig. 3 to 5, an 18-ml aliquot (for
Gal80p detection) and a 9-ml aliquot (for GSTG4ADp detection) of the GTSepharose eluate was applied to a sodium dodecyl sulfate (SDS)–8.0% polyacrylamide gel (acrylamide/bisacrylamide ratio, 30:0.8). Proteins were electrotransferred to nitrocellulose membrane, and the membrane was incubated (2 h at
room temperature) with either anti-Gal80p (1:500 dilution) serum or anti-glutathione S-transferase (GST) (1:4,000 dilution) serum (provided by Andrew
Waskiewicz and Jon Cooper). After being washed, the blots were incubated (1 h
at room temperature) with anti-rabbit horseradish peroxidase-linked secondary
antibody (Amersham Life Science). The proteins were detected by using a
chemiluminescence reagent (Renaissance; NEN Life Science Products).
For analyses of the results of the immunoprecipitation experiments in Fig. 1,
SDS–7.5% polyacrylamide gels were used to fractionate proteins. Immunodetection of the Gal4p and Gal80p was carried out with anti-Gal4p (1:1,000 dilution) serum and anti-Gal80p (1:500 dilution) serum as above.
For the immunoblots in Fig. 6 and 7, a 5-ml aliquot (for Gal80p) and an 1-ml
aliquot (for GSTG4ADp) of the GT-Sepharose eluate were subjected to SDSpolyacrylamide gel electrophoresis (8.0% acrylamide). Immunodetection of the
GSTG4ADp and Gal80p was done with anti-GST (1:30,000 dilution) serum and
anti-Gal80 (1:1000 dilution) serum as above.
Densitometric analysis. Quantification of the Gal80p and GSTG4ADp bands
detected by the chemiluminescence immunoblots in Fig. 6 and 7 was performed
by scanning the immunoblots with a Molecular Dynamics 100A scanning densitometer running Soft Ware Quantity One from PDI. To establish that the band
intensities produced for Gal80p and GSTG4ADp were within the linear response
range for the chemiluminescence method, we performed pilot experiments in
which we loaded different amounts of the GT-Sepharose eluate per lane and
used several different film exposure times. By this procedure, we established that
5- and 1-ml aliquots of the GT-Sepharose eluate for Gal80p and GSTG4ADp,
respectively, provided results meeting the requirement of linearity (data not
shown).
b-Galactosidase assay. b-Galactosidase assays were performed as described
by Adams et al. (1), except that 50 ml of 10% SDS and 270 ml of b-mercapto-
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ethanol were added to 100 ml of Z-buffer prior to use. The b-galactosidase filter
assay was done as described by Vojtek and Hollenberg (73).

RESULTS
Retention of Gal80p in immunoprecipitates of Gal4p is reduced in the presence of galactose, ATP, and Gal3p. Yeast
two-hybrid genetic data suggested a model wherein Gal80p
does not dissociate from Gal4p upon galactose induction (38).
To test this model by a more direct method, we carried out
coimmunoprecipitation experiments. Anti-901 antibody directed against 901 epitope (14)-tagged Gal4p was used to coimmunoprecipitate Gal80p from extracts of Gly-Lac-grown
yeast cells Sc338 carrying pMEGA3 or pMEGA3-D3. Coimmunoprecipitation was carried out in the presence or absence
of galactose and ATP. The 901 epitope-tagged Gal4p exhibited
fully wild-type behavior in its transcription activation, inhibition by Gal80p, and carbon-responsive phosphorylation (74a).
Immunoprecipitates were analyzed by Western immunoblotting for the presence of Gal4p and Gal80p by using anti-Gal4p
and anti-Gal80p sera, respectively. Three independent coimmunoprecipitations were performed for each cell extract in the
presence or absence of galactose and ATP. The amount of
Gal80p relative to the amount of Gal4p in the immunoprecipitate was compared. When GAL3 was present on the plasmid
(pMEGA3) in yeast strain Sc338, we consistently observed a
lower yield of Gal80p in the presence than in the absence of
galactose and ATP (Fig. 1A, lanes 1 and 2). However, when
GAL3 was absent from the plasmid (pMEGA3-D3) in Sc338,
similar amounts of Gal80p were coimmunoprecipitated in the
presence and absence of galactose and ATP (Fig. 1B). The
chromosomal GAL3 gene of Sc338 is expressed at a low level
in Gly-Lac, a level 40-fold lower than when GAL3 is carried on
pMEGA3 (data not shown). Thus, the effect of Gal3p in these
experiments is essentially due to Gal3p encoded by pMEGA3.
Since galactose and ATP promote in vitro association of Gal3p
and Gal80p, we reasoned that the reduction in the amount of
Gal80p coimmunoprecipitated when Gal3p, galactose, and
ATP were present might be relevant to how galactose triggers
the Gal3p-mediated relief of Gal80p inhibition of Gal4p activity in vivo. Accordingly, a more detailed in vivo investigation of
the effect of Gal3p on Gal4p-Gal80p interaction was undertaken by using a yeast two-hybrid approach.
The presence of Gal3p and galactose reduces lacZ reporter
expression from a BDGal80p-Gal4ADVP16p two-hybrid pair.
We determined the effect of Gal3p and galactose on a twohybrid genetic interaction between Gal80p and a Gal4 peptide
comprising aa 768 to 881. This Gal4 peptide exhibits Gal80p
binding (35, 42), TBP binding (3, 46, 75), and transcription
activation activities (43). The wild-type Gal80p or a superrepressor mutant Gal80S-2p fused to the Gal4 peptide comprising
aa 1 to 147 was used as bait. This Gal4 peptide comprises
DNA-binding (10, 27, 45), nuclear localization (66), and
dimerization (13, 24, 45) determinants. The wild-type Gal4p aa
768 to 881 (G4AD) or mutant Gal4p* aa 768 to 881 (G4AD*)
fused to the COOH-terminal 78 aa (aa 413 to 490) of the
herpesvirus transcriptional activator VP16 was used as prey
(G4ADVP16p or G4AD*VP16p respectively). It was necessary to use the G4ADVP16 fusion protein instead of the
G4AD protein alone since Gal80p represses the transcriptional activation function of Gal4p by physical association with
a region within Gal4p aa 768 to 881. Bait and prey fusion
constructs were expressed from the yeast ADH1 promoter. Bait
plasmid, pBDG80, and prey plasmid, pG4ADVP16, and the
corresponding controls, pRS414 (TRP1 vector alone) and
pRS415 (LEU2 vector alone), were transformed into yeast
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FIG. 1. Immunoprecipitates of full-length Gal4p show reduced levels of
Gal80p in the presence of Gal3p, galactose, and ATP. Protein extracts were
prepared from Gly-Lac-grown cultures of yeast strain Sc338 carrying either
plasmid pMEGA3 (GAL4901 GAL80 GAL3) or plasmid pMEGA3-D3 (GAL4901
GAL80). The anti-901 monoclonal antibody was used to immunoprecipitate
901-tagged Gal4p from yeast extracts comprising 3 mg of proteins. Immunoprecipitations were carried out in the absence (lane 1) and presence (lane 2) of
galactose and ATP. Precipitated proteins were analyzed by Western immunoblotting. Gal4p and Gal80p were detected on the same blot by using a combination of rabbit polyclonal anti-Gal4p and anti-Gal80p. (A) Immunoprecipitations were performed on extracts of Sc338 carrying pMEGA3. Due to markedly
different intensities of immunologically detected Gal4p901 and Gal80p bands,
two different chemiluminescence film exposures (A1 and A2) of the same immunoblot are shown. wt, wild type. (B) Immunoprecipitations were performed
on extracts of Sc338 carrying pMEGA3-D3.

strain Sc818 (gal4D gal80D gal3D gal1D). Expression of the
UASGAL-lacZ fusion carried as a chromosomal copy in Sc818
provided a report of two-hybrid interaction as determined by
b-galactosidase activity assays on extracts of Gly-Lac- and GalGly-Lac-grown cells. The two-hybrid assay results are shown in

Table 4. The combination of pBDG80 and pG4ADVP16 produced a high level of lacZ expression compared to pBDG80
alone, and the lacZ expression levels were similar in the presence and absence of galactose. These results indicated that
there was a two-hybrid interaction between BDG80p and
G4ADVP16p, which was not affected by galactose in the absence of Gal3p.
The effect of Gal3p on the BDG80p-G4ADVP16p two-hybrid interaction was then determined in the presence and absence of galactose. When plasmids pBDG80, pG4ADVP16,
and pTEB16 (CEN vector carrying GAL3 expressed from its
native promoter) were present in the absence of galactose,
lacZ expression levels were similar to those attained in the
absence of GAL3. However, when galactose was present, the
cells carrying the GAL3 plasmid (pTEB16) exhibited an approximately twofold lower level of lacZ expression compared
to when galactose was absent.
Since Gal1p, like Gal3p, interacts with Gal80p in a galactose-dependent manner and promotes GAL gene expression in
response to galactose, we would expect that the presence
of chromosomal GAL1 would cause reduced BDG80pG4ADVP16p interaction in response to galactose. To test this,
we repeated the BDG80p-G4ADVP16p two-hybrid assay in
host strain Sc798. Sc798 (gal4D gal80D gal3D GAL1) is isogenic
to Sc818 (gal4D gal80D gal3D gal1D) except for the GAL1 gene.
In Sc798 (GAL1), the BDG80p-G4ADVP16p-driven reporter
expression in galactose was half that observed in Gly-Lac (Table 5). Such a reduction was not observed in Sc818 (gal1D)
(Table 4). This indicates that Gal1p, produced by BDG80pG4ADVP16p interaction at the GAL1 gene promoter of Sc798
(Table 5), is responsible for the reduced lacZ reporter expression. Thus, both Gal3p and Gal1p, under conditions known to
favor their binding to Gal80p (i.e., galactose), caused a reduction of lacZ reporter expression from the Gal80p-G4ADp twohybrid interaction. The relative potencies of Gal3p and Gal1p
in reducing BDG80p-G4ADVP16p interaction in response to
galactose cannot be determined from these experiments, since
the relative levels of Gal3p and Gal1p present were not determined.
To determine whether carbon-responsive changes in the levels of BDG80p and G4ADVP16p might influence the twohybrid results, we determined the levels of these proteins in
extracts of cells grown in the presence or absence of galactose
under the conditions of our two-hybrid experiments. Western
immunoblotting and densitometry showed that both proteins
were present at higher levels in cells cultured in the presence
of galactose in either the presence or absence of Gal3p (data
not shown). This result was expected, since BDG80p and

TABLE 4. Effect of Gal3p on the two-hybrid interactions of BDG80 and G4ADVP16 alleles
Plasmids

Proteins

pBDG80 1 pRS415 1 pRS414
pBDG80 1 pG4ADVP16 1 pRS414
pBDG80 1 pG4ADVP16 1 pTEB16
pBDG80 1 pG4A*DVP16 1 pTEB16
pBDG80 1 pAKS68 1 pTEB16
pBDG80S2 1 pRS415 1 pRS414
pBDG80S2 1 pG4ADVP16 1 pRS414
pBDG80S2 1 pG4ADVP16 1 pTEB16

BDG80
BDG80 1 G4ADVP16
BDG80 1 G4ADVP16 1 Gal3
BDG80 1 G4AD*VP16 1 Gal3
BDG80 1 G4AD 1 Gal3
BDG80S2
BDG80S2 1 G4ADVP16
BDG80S2 1 G4ADVP16 1 Gal3

b-Galactosidase activitya in:
Gly-Lac

Gal-Gly-Lac

11.27
509.82
494.55
9.82
11.27
6.18
542.18
552.73

11.64
571.64
222.91
9.46
11.64
5.82
620.36
617.82

Ratiob

1.0
0.9
2.2
1.0
1.0
1.1
0.9
0.9

a
b-Galactosidase activity in yeast protein extracts is expressed in arbitrary units (1 Unit 5 1,000OD420 per min per mg of protein). The values are averages of 4 to
12 independent transformants. Standard errors were 10 to 15%. The yeast host strain was Sc818 (gal4D gal80D gal3D gal1D ura3::GAL1-lacZ).
b
Ratio of b-galactosidase activity in Gly-Lac to that in Gal-Gly-Lac.
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TABLE 5. Effect of Gal1p on the two-hybrid interaction of BDG80p and G4ADVP16p
b-Galactosidase activitya in:

Proteins

Relevant genotype of
host strain

Gly-Lac

Gal-Gly-Lac

BDG80
BDG80 1 G4ADVP16

gal4D gal80D gal3D GAL1
gal4D gal80D gal3D GAL1

5.09
427.27

4.00
218.55

Ratiob

1.3
2.0

a
b-Galactosidase activity in yeast protein extracts is expressed in arbitrary units (1 unit 5 1,000OD420 per min per mg of protein). The values are averages of four
independent transformants. Standard errors were 3 to 5%. The yeast host strain was Sc798 (gal4D gal80D gal3D).
b
Ratio of b-galactosidase activity in Gly-Lac to that in Gal-Gly-Lac.

G4ADVP16p interaction if Gal3p binding to Gal80p caused
reduced access of VP16 to its target(s) through steric hindrance. To determine directly whether Gal3p could reduce an
interaction between Gal80p and the Gal4 peptide from aa 768
to 881, we performed in vitro pull-down assays. A GSTG4AD
(GAL4 codons 768 to 881) fusion construct carried on plasmid
pYGSTG4AD was expressed in yeast from the yeast ADH1
promoter. GSTG4ADp from yeast extract was bound to GTSepharose beads, and the GT-Sepharose-bound GSTG4ADp
was washed and subsequently incubated with yeast extracts
prepared from Gly-Lac-grown Sc800 (gal4D gal80D gal3D) carrying either pMEGA3-D4D3 (GAL80 only) or pMEGA3-D4
(GAL80 and GAL3). Since both galactose and ATP are required for the in vitro Gal3p-Gal80p interaction (68, 76, 79),
incubations were carried out in either the presence or absence
of galactose and ATP. Retention of Gal80p by GSTG4ADp
was determined by Western immunoblotting with anti-Gal80p
and anti-GST.
The amount of Gal80p retained was similar in both the
absence and presence of galactose and ATP when no Gal3p
was present (Fig. 3A, lanes 1 and 2). In contrast, when Gal3p
was present, less Gal80p was retained in the presence than
compared in the absence of galactose and ATP (lanes 3 and 4).
We conclude that in the presence of galactose and ATP, Gal3p
reduces the retention of Gal80p by GSTG4ADp in vitro.
To facilitate the production and isolation of GSTG4ADp for

FIG. 2. Two-hybrid interactions between wild-type or mutant BDG80p and
Gal3VP16p. Yeast transformants were spotted onto a nitrocellulose membrane
(Optitran; Schleicher & Schuell) placed on the surface of SC selective agar plates
containing either Gly-Lac or Gal-Gly-Lac as the carbon source and allowed to
grow for 2 days at 30°C. b-Galactosidase activity was assayed on these membranes. The carbon source is indicated at the top. The two-hybrid bait and prey
molecules are indicated on the right.
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G4ADVP16p were expressed from the yeast ADH1 promoter,
a promoter known to be more active in fermentable sugar
media than in nonfermentable media (17, 71). Therefore,
based on promoter activity driving the expression of bait and
prey, one would expect higher two-hybrid lacZ reporter expression in the presence than in the absence of galactose. Thus, the
twofold reduction in lacZ reporter activity we found in response to galactose in the presence of Gal3p (or Gal1p) (Tables 4 and 5) is likely to be an underestimate of the effect of
Gal3p and galactose on the Gal80p-Gal4p (aa 768 to 881)
interaction.
To ascertain that our bait and prey molecules exhibited
behavior consistent with known properties of Gal80p and
Gal4p we performed further genetic experiments, taking advantage of mutant proteins with known properties. As one test,
we repeated the two-hybrid assay in the presence of Gal3p
but used BDG80p paired with G4AD*VP16p instead of
G4ADVP16p. G4AD*VP16p bears the Thr859-to-Ile mutation within G4AD. This mutation in the context of full-length
Gal4p causes an in vivo constitutive phenotype, indicating
an inability to interact with repressor Gal80p (39, 64).
G4AD*VP16p did not give rise to a two-hybrid interaction
with BDG80p (Table 4), suggesting that the BDG80pG4ADVP16p two-hybrid interaction was physiologically relevant.
To determine whether the two-hybrid interaction between
BDG80p and G4ADVP16p responds to Gal3p in a physiologically relevant manner, we took advantage of the GAL80S-2
allele. The GAL80S-2 allele blocks galactose-triggered, Gal3pmediated Gal4p activation in vivo, and its encoded Gal80S-2
protein, in contrast to the wild-type Gal80 protein, does not
interact with Gal3p in vitro (76). We performed two-hybrid
interaction assays with the pBDG80-pG3VP16 and
pBDG80S2-pG3VP16 pairs. As expected, BDGal80p, but not
BDGal80S-2p, showed galactose-dependent interaction with
Gal3VP16p (Fig. 2). We then performed a two-hybrid interaction assay pairing the bait BDGal80S-2p with G4ADVP16p.
The BDGal80S-2p-G4ADVP16p interaction, in contrast to the
BDGal80p-G4ADVP16p interaction, was not reduced in the
presence compared to the absence of Gal3p and galactose
(Table 4). The slightly increased lacZ expression in the presence of galactose was probably due to the increased expression
levels observed from the ADH1 promoter in galactose compared to glycerol-lactic acid (see above). Thus, the observed
action of Gal3p together with galactose in reducing the
BDGal80p-G4ADVP16p-mediated lacZ expression occurred
only under conditions allowing Gal3p-Gal80p interaction.
Gal80p retention by GSTG4AD (aa 768 to 881) is reduced in
the presence of Gal3p, galactose, and ATP. The lower lacZ
expression observed for the BDG80p-G4ADVP16p pair in the
presence compared to the absence of Gal3p and galactose
could arise from a reduced BDG80p-G4ADp interaction
caused by Gal3p-Gal80p interaction. Alternatively, lower lacZ
expression could arise without any change in the BDG80p-
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FIG. 3. The presence of Gal3p, galactose, and ATP reduces Gal80p retention by GSTG4ADp. (A) Extracts were prepared from Gly-Lac-grown cultures of
yeast strain Sc800 (gal4D gal80D gal3D) carrying pYGSTG4AD, pMEGA3-D4D3
(Gal80p), or pMEGA3-D4 (Gal80p and Gal3p). The GT-Sepharose-bound
GSTG4ADp was incubated for 2 h at 4°C with an aliquot of yeast extract (1,000
mg of protein) containing either Gal80p (lanes 1 and 2) or Gal80p plus Gal3p
(lanes 3 and 4) in the absence (2) or presence (1) of galactose and ATP.
GT-Sepharose-bound proteins were subjected to Western immunoblotting. Blots
were probed with rabbit polyclonal anti-Gal80p and anti-GST. (B) E. coli-expressed GSTG4ADp instead of yeast-expressed GSTG4ADp was used together
with the same yeast extracts used in panel A. A 70-ml volume of the E. coli extract
in combination with 1,000 mg of yeast extract (23) or 35 ml of the E. coli extract
in combination with 500 mg of yeast extract (13) were mixed with the binding
buffer. The binding reactions were carried out in the presence (1) or absence
(2) of galactose and ATP. GT-Sepharose-bound proteins were analyzed as
above.

further analyses, we constructed GSTG4AD in an E. coli expression vector. Plasmid pEGSTG4AD was propagated in E.
coli to produce GSTG4ADp for a GSTG4ADp-Gal80p binding assay. The format of this GSTG4ADp-Gal80p binding experiment was essentially that of the above experiment which
utilized the yeast expressed GSTG4ADp. The E. coli-expressed GSTG4ADp retained similar amounts of Gal80p in
both the presence and absence of galactose and ATP when
Gal3p was absent (Fig. 3B, lanes 5 to 8). In contrast, when
Gal3p was present, the amount of Gal80p retained by
GSTG4ADp was markedly smaller in the presence than in the
absence of galactose and ATP (lanes 1 to 4). These results
confirmed the results with yeast GSTG4ADp and validated the
use of E. coli-expressed GSTG4ADp in our subsequent experiments.
To determine whether the above results with GSTG4ADp
arose due to the GST moiety, we performed Gal80p-G4ADp
binding experiments in the presence and absence of Gal3p,
galactose, and ATP by using a His6-tagged G4ADp fusion
instead of the GSTG4ADp fusion. Our results were essentially
the same as above (data not shown). Thus, the results observed

for GSTG4ADp were not an artifact due to the presence of
GST but, rather, reflected the properties of the Gal4ADpGal80p interaction under the various conditions tested. The
observed reduction in Gal80p retention in the presence of
Gal3p, galactose, and ATP could be due to a destabilization of
GSTG4ADp-Gal80p complex or to slower formation of the
GSTG4ADp-Gal80p complex in presence of Gal3p, galactose,
and ATP, or both.
Preformed GSTG4ADp-Gal80p complex is destabilized by
Gal3p in the presence of galactose and ATP. We performed a
two-step experiment to determine whether Gal3p reduced the
stability of a preformed GSTG4ADp-Gal80p complex in the
presence of galactose and ATP. First, a predetermined amount
of E. coli GSTG4ADp bound to GT-Sepharose was saturated
with Gal80p from a whole-cell extract of Gly-Lac-grown yeast
strain Sc800 (gal4D gal80D gal3D) carrying pMEGA3-D4D3
(GAL80). The resulting GSTG4ADp-Gal80p complex was
washed and subsequently incubated in the presence or absence
of galactose and ATP at 4°C for 2 h with whole-cell extract of
Gly-Lac-grown cells of Sc817 (gal4D gal80D gal3D) or Sc817
carrying pMEGA3-D4D80 (GAL3). In the absence of Gal3p,
no difference in Gal80p retention was observed in the presence
or absence of galactose and ATP (Fig. 4, lanes 1 and 2). When
Gal3p was present, a marked decrease in the retention of
Gal80p was observed in the presence compared to the absence
of galactose and ATP (lanes 3 and 4). We conclude that in
vitro, Gal3p in the presence of galactose and ATP causes
destabilization of preformed Gal4ADp-Gal80p complex.
Both ATP and galactose are required for maximum Gal3pmediated destabilization of the preformed E. coli GSTG4ADpGal80p complex. Both galactose and ATP are required for the
Gal80p-Gal3p (Gal1p) interaction (8, 68, 76, 79). To determine whether both galactose and ATP are necessary for the
observed Gal3p-mediated destabilization of G4ADp-Gal80p
complex, we performed the following experiment. GSTG4ADpGal80p complexes bound to glutathione-Sepharose beads were
incubated with yeast whole-cell extract from Gly-Lac-grown
strain Sc817 carrying pMEGA3-D4D80 (GAL3) in the presence of either galactose or ATP alone, in the presence of both
galactose and ATP, or in the absence of both galactose and
ATP. The amount of Gal80p retained by GSTG4ADp was
determined by Western immunoblotting, as above. The addition of either galactose or ATP alone had little or no effect on
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FIG. 4. Incubation of GSTG4ADp-Gal80p complex with Gal3p, galactose,
and ATP results in loss of bound Gal80p. The GSTG4ADp-Gal80p complex was
first formed on GT-Sepharose beads. This GT-Sepharose-bound GSTG4ADpGal80p complex was incubated for 2 h at 4°C with an aliquot of a gal4D gal80D
yeast extract either lacking Gal3p (Sc817) (lanes 1 and 2) or containing Gal3p
(Sc817 bearing pMEGA3-D4D80) (lanes 3 and 4) in the absence (2) or presence
(1) of galactose and ATP. GT-Sepharose-bound proteins were analyzed by
Western immunoblotting with rabbit polyclonal anti-Gal80p and anti-GST. The
amount of GSTG4ADp loaded per lane in lanes 3 and 4 was more than that used
per lane in lanes 1 and 2.
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FIG. 5. Both galactose and ATP are required for the Gal3p-mediated loss of
Gal80p from GSTG4ADp-Gal80p complex. First, GSTG4ADp-Gal80p complex
was formed on GT-Sepharose beads, as for Fig. 4. This GT-Sepharose-bound
GSTG4ADp-Gal80p complex was incubated for 2 h at 4°C with the gal4D gal80D
yeast extract containing Gal3p (Sc817 bearing pMEGA3-D4D80). Either no
galactose or ATP (lane 1), galactose only (lane 2), ATP only (lane 3) or galactose
and ATP (lane 4) were included in the binding buffer. GT-Sepharose-bound
proteins were analyzed by Western immunoblotting with rabbit polyclonal antiGal80p and anti-GST.

by Western immunoblotting and densitometry. For these experiments, we established that the GSTG4ADp and Gal80p
band intensities detected by chemiluminescence were within
the linear range for lane load versus response (see Materials
and Methods). The retention of Gal80p decreased over time
markedly in the presence of galactose and ATP but only
slightly in the absence of galactose and ATP (Fig. 7). Figure 7A
illustrates the immunoblot of one of the four experiments.
Plots in Fig. 7B represent the average values obtained for all
four independent pull-down experiments. The ratio of the
slopes of the time courses in Fig. 7B taken over the first 60 min
indicates a sevenfold-higher rate of loss of Gal80p from
GSTG4ADp in the presence than in the absence of galactose
and ATP.
Gal80p exhibits a two-hybrid interaction with Gal4p aa 225
to 797. One interpretation consistent with all of our results is
that in the presence of galactose (and ATP), Gal3p binds to
Gal80p complexed with Gal4p within the region of Gal4p aa
768 to 881 and destabilizes the complex. Leuther and Johnston
(38), using a two-hybrid approach, found evidence consistent
with persistence of a Gal80p-Gal4p complex in the presence of
galactose. Our results could be reconciled with those of Leuther and Johnston (38) if there were a second Gal80p binding
site present on Gal4p outside the G4AD (aa 768 to 881)
region.
We used a two-hybrid approach to test for a possible second
Gal80p binding site on Gal4p. Three different segments of
Gal4p fused to the LexA DNA binding domain (aa 1 to 202)
were used individually as baits paired with VP16Gal80p as
prey. The LexA-Gal4p aa 225 to 797 bait, paired with
VP16Gal80p, yielded levels of lacZ expression markedly above
background, whereas each of the other two Gal4 segment baits
(Gal4p aa 225 to 547 and aa 534 to 797) did not (Table 6).
These results suggest that in addition to the classical Gal80p
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the amount of Gal80p retained by GSTG4ADp (Fig. 5, lanes 1
to 3). In contrast, when both galactose and ATP were added,
less Gal80p was retained by GSTG4ADp compared to when
both galactose and ATP were absent (compare lanes 1 and 4).
We conclude that destabilization of an in vitro GSTG4ADpGal80p complex by Gal3p requires galactose and ATP, both of
which are required for Gal3p-Gal80p complex formation.
All of the experiments above indicated that in the presence
of galactose (and ATP) Gal3p destabilizes a complex between
Gal80p and Gal4p. Galactose (and ATP) have no effect in the
absence of Gal3p. The GSTG4ADp pull-down experiments
emphasize that this effect of Gal3p is on the interaction of
Gal80p with the Gal4p activation domain, aa 768 to 881. To
quantify the effect of galactose plus ATP on the Gal80pGSTG4ADp interaction in the presence of Gal3p, we performed six independent GSTG4ADp-Gal80p pull-down experiments similar to the experiments illustrated in Fig. 5, except
that we did not test the individual effects of galactose and ATP.
For these experiments, we established that the GSTG4ADp
and Gal80p band intensities detected by chemiluminescence
were within the linear range for lane load versus response (see
Materials and Methods). The amount of Gal80p retained by
GSTG4ADp was 3.5- to 4.2-fold smaller in the presence than
in the absence of galactose and ATP (Fig. 6). Two additional
experiments were performed in an identical fashion to the
above, except that the alkaline phosphatase detection method
was used, as described previously (48), for Western immunoblot band detection. By the alkaline phosphatase detection
method, we observed a fourfold-lower retention of Gal80p by
GSTG4AD in the presence than in the absence of galactose
and ATP (data not shown). Thus, both the chemiluminescence
and alkaline phosphatase detection methods provided essentially identical results.
Kinetics of loss of retention of Gal80p from the GSTG4ADpGal80p complex in response to Gal3p, galactose, and ATP. To
determine the relative rates of loss of Gal80p from the
GSTG4ADp-Gal80p complex in the presence of Gal3p and in
the presence or absence of galactose and ATP, we performed
four independent time course experiments. Preformed GTSepharose-GSTG4ADp-Gal80p complexes were incubated in
the absence or presence of galactose and ATP at 4°C with
whole-cell extract of Gly-Lac-grown Sc817 cells carrying
pMEGA3-D4D80(GAL3). At various times over the course of
2 h, the retention of Gal80p by GSTG4ADp was determined

FIG. 6. In the presence of Gal3p, GSTG4ADp-Gal80p complexes are destabilized fourfold by galactose and ATP. First, GSTG4ADp-Gal80p complex was
formed on GT-Sepharose beads, as for Fig. 4 and 5. This GT-Sepharose-bound
GSTG4ADp-Gal80p complex was incubated for 2 h at 4°C with the gal4D gal80D
yeast extract containing Gal3p (Sc817 bearing pMEGA3-D4D80). GT-Sepharose-bound proteins were analyzed by Western immunoblotting with rabbit polyclonal anti-Gal80p and anti-GST. Densitometric scans were performed to quantify the Gal80p and GSTG4ADp bands on the immunoblot. The densitometric
units of Gal80p retained per unit of GSTG4ADp for each of six independent
experiments were averaged to obtain the values shown. Error bars indicate the
standard deviations.
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FIG. 7. Kinetics of loss of Gal80p from GT-Sepharose bound GSTG4ADpGal80p complex in the presence of Gal3p, galactose, and ATP. (A) First,
GSTG4ADp-Gal80p complex was formed on glutathione-Sepharose beads. The
GT-Sepharose-bound GSTG4ADp-Gal80p complex was mixed with binding
buffer and gal4D gal80D yeast extract containing Gal3p (Sc817 bearing
pMEGA3-D4D80) and incubated in the absence (lanes 1, 3, 5, 7, 9, and 11) or
presence (lanes 2, 4, 6, 8, 10, and 12) of galactose and ATP. At the times
indicated, the Sepharose beads were pelleted and washed, and the bound proteins were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (8% polyacrylamide) and immunoblotted with anti-Gal80p (top immunoblot) or anti-GST (bottom immunoblot). (B) Densitometric scans were
performed to quantify the Gal80p and GSTG4ADp signals on the immunoblot.
The OD600 corresponding to the amount of Gal80p remaining bound to
GSTG4ADp relative to the amount bound at time zero (100%), per unit
GSTG4ADp, is plotted as a function of time. Each data point plotted represents
the average of four independent GSTG4AD pull-down experiments. A smooth
curve fit for the data points is shown as lines.

binding site located within Gal4p aa 768 to 881, there is a
second site, within Gal4p aa 225 to 797, with which Gal80p
associates.
To verify the two-hybrid interaction of VP16Gal80p with the
middle region of Gal4p, we performed two-hybrid assays with
yeast strain Y187 (29), in which VP16Gal80p was partnered
with either the wild-type Gal4p or Gal4p variants lacking the

DISCUSSION
Essential features of signal transduction from galactose to
Gal4p transcriptional activation are beginning to emerge.
Gal3p is able to complex with Gal80p in vitro in the presence
of galactose and ATP (68, 76, 79). Gal3C mutant proteins
capable of binding Gal80p in vitro in the absence of galactose
confer a constitutive phenotype, linking galactose-promoted
Gal3p-Gal80p complex formation to Gal4p-mediated transcription activation in vivo (8). A genetic two-hybrid interaction between Gal80p and Gal4p persists in galactose-grown
yeast, suggesting nondissociation of Gal80p and Gal4p upon
induction (38). Galactose- and ATP-enhanced formation of a
ternary protein complex composed of Gal80p, a Gal4p variant
(aa 1 to 94 and 768 to 881), and Gal3pC-322 has been established in vitro (54). Finally, Gal80p binding to a region within
the principal activation region (aa 768 to 881) of Gal4p prohibits TBP binding (3). Taken together, these observations
suggest a model wherein galactose activates Gal3p binding to
Gal80p, causing a conformational change in the Gal4p-Gal80p
complex and thereby freeing the Gal4p activation region from
Gal80p and allowing it to bind transcription complex proteins.
By performing three distinct types of experiments, we have
provided evidence for the dissociation of Gal80p from Gal4p
in specific response to Gal3p and galactose (and ATP). First,
we observed that immunoprecipitates of epitope-tagged fulllength Gal4p from yeast extracts consistently contain less coimmunoprecipitated Gal80p in the presence than in the ab-

TABLE 6. Two-hybrid interaction of LexA-Gal4p aa 225 to 797 and VP16Gal80p
Plasmids

Proteins

b-Galactosidase activitya

pEG202 1 pVP16G80
pLexAG4-225–547 1 pVP16G80
pLexAG4-534–797 1 pVP16G80
pLexAG4-225–797 1 pVP16G80
pLexAG4-225–797 1 pVP16

LexA(aa1–202) 1 VP16Gal80
LexA(aa1–202)-Gal4(aa225–547) 1 VP16Gal80
LexA(aa1–202)-Gal4(aa534–797) 1 VP16Gal80
LexA(aa1–202)-Gal4(aa225–797) 1 VP16Gal80
LexA(aa1–202)-Gal4(aa225–797) 1 VP16

9.86 6 0.96
11.52 6 1.73
10.41 6 1.07
330.28 6 6.01
16.8 6 1.2

a
b-Galactosidase activity in yeast protein extracts is expressed in arbitrary units (1 unit 5 1,000OD420 per min per mg of protein. The yeast host strain used was Sc813
[gal4D gal80D URA3::(lexA)8-lacZ].
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middle region. We used two such Gal4 variants, Gal4mCla
(lacking aa 148 to 728) and miniGal4-2 (lacking aa 210 to 716)
(18). The results shown in Table 7 illustrate that for wild-type
Gal4p partnered with VP16Gal80p, lacZ expression increases
in response to galactose. This result is in agreement with earlier results of Leuther and Johnston (38). In contrast,
VP16Gal80p partnered with either of the two Gal4ps lacking
the middle region, shows reduced lacZ expression in response
to galactose. These results are expected if Gal80p is able to
associate with the middle region of Gal4p in the presence of
galactose. On the basis of these results, we suggest that in
addition to the classical Gal80p binding site located within
Gal4p aa 768 to 881 there is a second site, within Gal4p aa 225
to 797, with which Gal80p associates.
To determine the effect of Gal3p and galactose on the twohybrid interaction between VP16Gal80p and the Gal4p middle
region, we carried out two-hybrid assays with yeast strain Sc830
(gal4D gal80D gal3D) carrying plasmids pLexAG4-225–797 and
pVP16G80 together with either pMPW66 (CEN ARS TRP1
plasmid with GAL3 expressed from the ADH2 promoter) or
pRS414 (control vector) (Table 2). The b-galactosidase activities in whole-cell extracts are shown Fig. 8. These results
indicate that Gal3p has no effect on the interaction of
VP16Gal80p with the middle region of Gal4p and that galactose has a slight negative effect.
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TABLE 7. Compared to wild-type Gal4p, mutant Gal4ps lacking the middle region show reduced two-hybrid interaction
with VP16Gal80p in the presence of galactose
b-Galactosidase activitya in:

Plasmids

Proteins

pLEUG4 1 pAKS87
pSB32-miniGal4-2 1 pAKS87
pSB32-Gal4mCla 1 pAKS87

Wild-type Gal4 1 VP16Gal80
Mini-Gal4-2 1 VP16Gal80
Gal4mCla 1 VP16Gal80

Gly-Lac

Gal

4,167
5,830
5,925

6,157
3,495
3,840

sence of Gal3p, galactose, and ATP. Second, reporter gene
expression from a two-hybrid genetic interaction between
Gal80p and G4ADp was reduced in response to the presence
of Gal3p and galactose. Third, GT-Sepharose pull-down assays
of yeast extract-derived Gal80p with GSTG4ADp consistently
showed reduced levels of Gal80p retained by GSTG4ADp in
the presence compared to the absence of Gal3p, galactose, and
ATP. The presence of galactose and ATP in the presence of
Gal3p caused a 3.5- to 4.2-fold reduction in the amount of
Gal80p retained by GSTG4ADp over the course of 2 h (Fig. 6).
Our time course experiments revealed that preformed
GSTG4ADp-Gal80p complexes decay slowly in the presence
of Gal3p, even when galactose and ATP are absent (Fig. 7).
We attribute this slow decay to Gal3p and not to some other
effect of the incubation conditions, since under identical conditions, we observed that in the absence of Gal3p the
GSTG4ADp-Gal80p complex was stable even in the presence
of galactose and ATP (Fig. 4). Galactose-independent Gal3pmediated decay of the Gal80p-Gal4p complex is not surprising,
since overproduction of Gal3p (and Gal1p) causes galactoseindependent Gal4p mediated transcription activation (6).
Moreover, low levels of galactose-independent binding of
Gal3p to Gal80p have been observed previously (74a). The

FIG. 8. Gal3p does not have an effect on the two-hybrid interaction between
VP16Gal80p and the middle region of Gal4p (aa 225 to 797). Yeast strain Sc830
was cotransformed with pLexAG4-225-797 and pVP16G80 together with either
pMPW66 (GAL3 expressed from ADH2 promoter) or pRS414 (empty vector).
Extracts were prepared from transformants grown in the presence or absence of
galactose and assayed for b-galactosidase activity. The activity obtained from the
interaction between LexAGal4-225-797p and VP16Gal80p in the absence of both
Gal3p and galactose was set to 100. All the results were normalized accordingly.
The values are the averages of eight independent transformants. Error bars show
standard deviations.

capacity of Gal3p to bind to Gal80p and cause decay of the
Gal80p-Gal4p complex in the absence of galactose may well
contribute to the low basal Gal4p-dependent transcription activation characteristic of some of the GAL gene promoters (30,
55).
The relative effect of the presence of galactose and ATP on
the ability of Gal3p to dissociate preformed GSTG4ADpGal80p complexes is represented by the difference in the rate
of loss of Gal80p from GSTG4ADp in our time course experiments. Over the course of the first 60 min, as averaged
over four independent experiments, the apparent decay of
GSTG4ADp-Gal80p complexes in response to Gal3p was on
the order of sevenfold more rapid in the presence than in the
absence of galactose and ATP (Fig. 7B). The results of these
time course experiments and the results of the other experiments reported here support a model wherein a galactosedependent Gal3p-Gal80p interaction weakens the association
of Gal80p with Gal4p.
Dissociation of Gal80p and Gal4p was not evident in the
experiments of Platt and Reece (54). Using purified components in a DNA electrophoretic mobility shift assay, they
showed that galactose and ATP promotes the binding of
Gal3pC-322 to a Gal80p-Gal4p-DNA complex in vitro to yield a
ternary protein complex. They employed Gal4p (aa 1 to 94 and
768 to 881) consisting of Gal4p aa 1 to 94 fused to the same
Gal4p activation domain (aa 768 to 881) we used here in fusion
with GST. However, in their experiments the binding-reaction
mixtures may not have been incubated for a sufficient time
prior to gel loading to ensure that equilibrium had been
reached. Thus, the ternary complexes captured upon loading
the gel at 20 min of incubation under the conditions of their
experiments may have presented only an early phase, dominated by association of Gal3p with the Gal80p-Gal4p-DNA
complex. Moreover, the experiments of Platt and Reece used
different ion concentration, pH, and buffer conditions than did
the work presented herein. Additionally, the experiments of
Platt and Reece used a Gal3pC-322 constitutive mutant protein
rather than wild-type Gal3p as we did here. Such differences
might explain why our experiments revealed dissociation and
their experiments did not.
We hypothesize that the decreased stability of the Gal80pGal4p complex in response to Gal3p and galactose (and ATP)
shown herein represents a significant mechanistic event subsequent to the Gal3p-Gal80p binding step. Ansari et al. (3) have
shown that interaction of Gal80p with Gal4p aa 840 to 881
(G4AD) prohibits the binding of TBP. Thus, reduced stability
of the Gal80p-G4ADp complex would increase the probability
of G4AD participation in forming complexes with TBP and
perhaps other general transcription factor proteins (TFIIB,
etc.) (3, 18, 46, 75).
An additional finding of potential mechanistic significance is
the two-hybrid genetic interaction of Gal80p with a segment of
Gal4p (aa 225 to 797) that lies linearly distant from the clas-
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a
b-Galactosidase activity in yeast protein extracts is expressed in arbitrary units (1 unit 5 1,000OD420 per min per mg of protein). The values are averages of four
independent transformants. Standard errors were 5 to 10%. The yeast host strain was Y187 (gal4D gal80D URA3::GAL1-lacZ).
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sical Gal80p binding site (Gal4p aa 850 to 874) (Table 6).
Neither of the two approximate halves (aa 225 to 547 and aa
534 to 797) of this region tested positive for a two-hybrid interaction with Gal80p. Although the interaction of VP16Gal80p
with the Gal4p middle region (aa 225 to 797) appears slightly
reduced in the presence compared to the absence of galactose,
the presence or absence of Gal3p has no effect (Fig. 8). Thus,
the galactose-triggered Gal3p-interaction with Gal80p does
not play a role in the interaction of Gal80p with the middle
region of Gal4p, unlike in the interaction of Gal80p with the
carboxy-terminal domain of Gal4p. The slight negative effect
of galactose, independent of Gal3p, might be due to a direct
effect of galactose on Gal80p, but no evidence for galactose
binding to Gal80p has been reported.
Additional evidence for the interaction of VP16Gal80p with
the middle region of Gal4p came from experiments with wellcharacterized mini-Gal4ps lacking the middle region. If dissociation of Gal80p from the Gal4AD region (aa 768 to 881) is
favored in galactose and if Gal80p can associate with the middle region of Gal4p, reporter expression will be driven by both
the Gal4p activation domain (aa 768 to 881) and the activation
domain of VP16 (VP16Gal80p, associated with the Gal4p middle region). Thus, increased reporter expression in response to
galactose is expected if full-length Gal4p is used. Leuther and
Johnston observed a galactose-responsive increase in reporter
gene expression in their experiments with Gal80VP16 and fulllength Gal4p (38). However, the use of Gal4ps lacking the
middle region should fail to yield an increase in reporter expression in response to galactose. Indeed, we observed this
expected result (Table 7). These data are consistent with the
notion that the middle region is required for retention of
VP16Gal80p in our experiments. Based on these results, we
hypothesize that two sites for Gal80p binding exist on Gal4p,
one being the classic site comprising Gal4p aa 850 to 874 and

the other being a site comprising part(s) of Gal4p aa 225 to 797
(Fig. 9).
Consistent with a two-site model for Gal80p-Gal4p interaction, we found that the loss of retention of Gal80p in response
to Gal3p, galactose, and ATP was markedly higher for
GSTG4ADp than for Gal4p901. We observed a small but reproducible reduction of Gal80p retained by full-length coimmunoprecipitated Gal4p901 compared with a 3.5- to 4.2-fold
reduction of Gal80p retained by GSTG4ADp. Stabilization of
the Gal4p901-Gal80p complex by anti-901 might account for
this difference. However, the transfer of Gal80p to a second
location on Gal4p901 which is absent in GSTG4ADp (e.g.,
Gal4 aa 225 to 797) could also explain the difference. The
development of a physical assay for Gal80p binding to Gal4p
aa 225 to 797 and the use of methods such as protein crosslinking may help distinguish between these possibilities and
test the two-site model.
Association of Gal80p with the middle region of Gal4p in
the induced state, as suggested by a two-site model of Gal80pGal4p interaction, could reduce the search time needed for
Gal80p to find its inhibitory site on Gal4p as galactose levels
fall. This would be a possible mechanism by which Gal80p
inhibition of Gal4p could be rapidly responsive to declining
galactose levels.
The precise nature of the change in Gal80p leading to its
dissociation from the principal activation domain of Gal4p is
another of several facets of the Gal3p-Gal80p-Gal4p switch
mechanism that warrants further investigation. Gal80p phosphorylation state changes in response to carbon source have
been reported (80), and such changes could, if further documented, provide potential insight into the mechanism of this
switch. Also, phosphorylation of Gal4p at serine 699 has been
reported to alter the relationship of Gal4p to Gal80p inhibition
(60). It is conceivable that such alterations in Gal4p will pro-
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FIG. 9. Two-site model for conformational change in the Gal80p-Gal4p complex in response to galactose-induced Gal3p-Gal80p complex formation. (A)
Association of Gal80p with Gal4p at its classical inhibition target site within the Gal4p activation domain. In response to galactose, Gal3p binding to Gal80p destabilizes
the association of Gal80p with the classical inhibition site. Gal80p now associates with another site within Gal4p aa 225 to 797, thereby freeing Gal4p to recruit a
polymerase II complex for transcription initiation. (B) Model in which Gal80p is bound to both sites simultaneously in the absence of galactose.

Gal3p-Gal80p-Gal4p TRANSCRIPTION SWITCH OF YEAST

vide clues to the nature of Gal3p-triggered alteration of
Gal80p. For example, changes in Gal4p phosphorylation state
might influence which binding site is favored by Gal80p. These
issues and potentialities will provide some of the focus for
future work on the GAL switch. The assays we have developed
here should contribute to a widening arsenal of technical capabilities for exploring the workings of the GAL switch.
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