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In Saccharomyces cerevisiae, the GAL genes encode the enzymes required for galactose metabolism. Regula-
tion of these genes has served as the paradigm for eukaryotic transcriptional control over the last 50 years. The
switch between inert and active gene expression is dependent upon three proteins—the transcriptional acti-
vator Gal4p, the inhibitor Gal80p, and the ligand sensor Gal3p. Here, we present a detailed spatial analysis
of the three GAL regulatory proteins produced from their native genomic loci. Using a novel application of
photobleaching, we demonstrate, for the first time, that the Gal3p ligand sensor enters the nucleus of yeast cells
in the presence of galactose. Additionally, using Förster resonance energy transfer, we show that the interaction
between Gal3p and Gal80p occurs throughout the yeast cell. Taken together, these data challenge existing
models for the cellular localization of the regulatory proteins during the induction of GAL gene expression by
galactose and suggest a mechanism for the induction of the GAL genes in which galactose-bound Gal3p moves
from the cytoplasm to the nucleus to interact with the transcriptional inhibitor Gal80p.

The Saccharomyces cerevisiae GAL genes encode the en-
zymes of the Leloir pathway that are required to catalyze the
conversion of galactose into a more metabolically useful ver-
sion, glucose-6-phosphate (12, 14, 16, 23–25). When yeast cells
are grown in the absence of galactose, the GAL genes are
largely transcriptionally inert. If, however, the cells are
switched into a medium in which galactose is the only available
carbon source, then the GAL genes are rapidly transcribed and
the mRNA accumulates to a high level (34). Galactose is a
comparatively poor sugar source for the cell, and yeast will
metabolize other sources of carbon (e.g., glucose) in prefer-
ence to galactose, even if a mixture of glucose and galactose is
available to them (5). Glucose triggers catabolite repression of
the GAL genes, and the expression of the activator upon which
they depend, the Zn(II)2Cys6 protein Gal4p, is severely re-
duced (11). In the presence of other carbon sources, such as
raffinose or glycerol, Gal4p is produced in the cell and can be
found tethered upstream of the GAL genes. Under these con-
ditions, the activity of DNA-bound Gal4p is inhibited by its
interaction with another protein, Gal80p (22). Although the
presence of galactose within the cell triggers the activation of
Gal4p, neither Gal4p nor Gal80p functions as the galactose
sensor. Instead, a transcriptional inducer or ligand sensor,
Gal3p, interacts with the transcriptional inhibitor, Gal80p, in a
galactose- and ATP-dependent manner (35). Although Gal3p
shares a high degree of sequence similarity with the yeast
galactokinase Gal1p, it does not itself possess a galactokinase
activity (32). Instead, Gal3p seems to require galactose and
ATP so that it can adopt a conformation to enable it to interact

with Gal80p (25). The net result of this interaction is that
Gal4p becomes active and transcription of the GAL genes
proceeds.

The molecular mechanism by which the activation of the
yeast GAL genes occurs has been the subject of a great deal of
debate. Some reports have suggested that induction occurs
through the association of a tripartite complex formed between
Gal4p, Gal80p, and Gal3p (22). Others have, however, pro-
posed that Gal80p dissociates from Gal4p and interacts with
Gal3p in the cytoplasm of yeast cells (20), thereby freeing
Gal4p from the inhibitory effects of Gal80p and allowing tran-
scriptional activation to occur (21). Biochemical and genetic
evidence has been used to support both potential models for
GAL gene activation. In favor of the nuclear association of
Gal4p, Gal3p, and Gal80p are the observations that Gal4p
purified from yeast grown in the presence and absence of
galactose is associated with Gal80p (19), artificially constructed
Gal80p molecules that contain an activation domain are able
to regulate transcription in the presence and absence of galac-
tose (15), and the observation, using fluorescence resonance
energy transfer (FRET) analysis, that Gal4p and Gal80p do
not dissociate from each other (4). The dissociation model is
supported by data indicating that Gal3p is predominately cy-
toplasmic (20) and that the expression of a myristoylated ver-
sion of the protein (which will be targeted to the cell plasma
membrane) does not unduly impair the induction of the GAL
genes (21). In addition, chromatin immunoprecipitation exper-
iments (21) and pull-down assays (28) suggest that the Gal4p-
Gal80p complex is somewhat weakened (although perhaps not
completely dissociated) when cells are grown in the presence
of galactose.

The regulation of yeast GAL gene expression is sensitive to the
relative levels of each of the regulatory proteins (Gal3p, Gal4p,
and Gal80p). For example, the overproduction of Gal3p re-
sults in the galactose-independent expression of the GAL
genes (3), and the overproduction of Gal80p can suppress this
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constitutive expression (31). Therefore, to determine the lo-
calization of each of the GAL regulatory proteins in both the
uninduced and induced states, we strove to produce tagged
versions of each of these proteins from their native genomic
loci. This approach has allowed us to determine that both
Gal80p and Gal3p are present in the nucleus and cytoplasm of
galactose-grown cells and that the interaction between the two
occurs in both cellular compartments. Our data thus support a
model for GAL gene induction in which Gal3p interacts with
galactose in the cytoplasm, which then translocates to the nu-
cleus. An interaction with Gal80p then occurs, and the Gal3p-
Gal80p complex can subsequently be found both in the nucleus
and in the cytoplasm of cells. These challenge existing models
for GAL gene expression and provide further understanding of
the molecular mechanism of this exquisitely elegant genetic
switch.

MATERIALS AND METHODS

Strains and growth media. All yeast strains were derived from S. cerevisiae
FY23 (2). C-terminal fusions of a yellow fluorescent protein (YFP) variant
(YPet) or a cyan fluorescent protein (CFP) variant (CFP4) (17) with Gal3p,
Gal80p, and Gal4p used a PCR-mediated replacement strategy as described
previously (26). For higher-level expression of GAL80-YFP, a genomic DNA

fragment including 1 kbp of DNA upstream of the GAL80 gene, the YFP fusion,
and 1 kbp downstream of the GAL80 stop codon was cloned into the 2�m-based
vector YEplac195 (10) to generate the plasmid pG80Y. Yeast were grown in
synthetic complete liquid medium consisting of 6.7 g liter�1 yeast nitrogen base
without amino acids (Formedium) and 0.72 g liter�1 complete amino acid mix
(27). Galactose or raffinose was added as sole carbon source to a final concen-
tration of 2% (wt/vol). Growth conditions were 30°C for 16 h with constant
agitation. For immobilizing yeast for microscopy, 15 �l culture was pipetted onto
a Superfrost Plus glass slide (Menzel-Glaser) and left for 3 min and then excess
liquid was replaced with 4 �l growth medium over which a 22-mm by 22-mm
coverslip was placed.

Microscopy. High-resolution epifluorescence microscopy was carried out on a
Leica DMR microscope equipped with an HCX PL APO 100� oil (numerical
aperture, 1.4 to 0.7) objective (part no. 506220; Leica Microsystems, United
Kingdom) fitted with differential interference contrast optics and a SPOT
Xplorer 4MP charge-coupled device (CCD) camera (Image Solutions, United
Kingdom). The gain on the camera was set to 16�. Electron-multiplying CCD
(EMCCD) imaging was carried out on a Leica DM5500 microscope fitted with a
Photometrics Cascade II camera (Photometrics, United Kingdom), a 100� oil
objective, and a Leica EL6000 external light source. Gain was set to 1�, multi-
plication gain was set to 4,045, and binning was set to 1�1. For all EMCCD
images, two exposures were taken in quick succession and then averaged. YPet
was visualized using a YFP filter set (part no. 41028; Chroma Technology Corp.,
Rockingham, VT), and DAPI (4�,6-diamidino-2-phenylindole) staining of yeast
nuclei was visualized using the “A” filter set (Leica Microsystems). For YPet/
CFP4 ratio comparisons the multiplication gain on the EMCCD camera was set
to 3,795 and a 3-pixel-radius Gaussian blur was applied to each image. Using

FIG. 1. Suitability and comparison of CCD versus EMCCD technologies for imaging fluorescent protein fusions to components of the GAL
genetic switch. C-terminal YFP fusions of Gal3p, Gal80p, and Gal4p were grown in either galactose (Gal) or raffinose (Raff). Images were taken
with a CCD or EMCCD camera. Exposure times for EMCCD YFP acquisitions were 0.45 s. Exposure times for the CCD YFP acquisitions are
shown in the figure. Gal4p-YFP (Gal/Raff) CCD images and Gal4p-YFP (Raff) EMCCD images were further contrast enhanced after acquisition.
Bars � 5 �m. DIC, differential interference contrast; BF, bright field.
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ImageJ (http://rsb.info.nih.gov/ij), a circular region of interest was highlighted
that encompassed most of the yeast cell. Average intensity values were calculated
for the YPet and CFP4 channels. Average background values were also calcu-
lated for each channel. The YPet/CFP4 ratio for each yeast cell was calculated
using the formula (YPet � background)/(CFP4 � background).

Cytoplasmic bleaching. Bleaching studies used a Leica TCS SP5 upright con-
focal microscope equipped with a 63� (numerical aperture, 1.4) oil objective.
The argon laser was set at 50%. For YFP, the 514-nm laser line was used at 15%
power for acquisition and the 488-, 496-, and 514-nm lines were used at 100% for
bleaching. For green fluorescent protein (GFP), the 488-nm laser line was used
for acquisition and the 488-, 476-, and 458-nm lines were used for bleaching.
Scanning speed was 400 Hz, zoom was set at 4�, frame accumulation was set to
2, capture size was 512 � 128 pixels, and the pinhole was set to 2.826 Airy units.
For bleaching, a small square region of interest was drawn at the edge of a yeast
cell and 100 images were captured at 710-ms intervals. DAPI was visualized using
a multiphoton laser (Spectra Physics, Mountain View, CA). Figure 2 shows
representative images of a series of bleaching experiments carried out on the
Gal80p-YFP strain (n � 8 bleach experiments) and the Gal3p-YFP strain
(n � 10).

FRET analysis. FRET studies were carried out on the EMCCD imaging
system. Custom filter sets for donor (d436/10x, 455dclp, d480/40m), acceptor
(hq500/20x, q515lp, hq535/30m), and FRET (d436/10x, 455dclp, hq535/30m)
were constructed by Chroma Technology Corp. Light source power for the
EL6000 light source was set to minimum. Light source power on the DM5500
microscope was set to minimum (FRET), �2 (acceptor), and maximum (donor).
For the FRET positive control, light source power was minimum (FRET), �1

(acceptor), and �2 (donor). Images were acquired in the order acceptor, FRET,
and then donor. Binning was set to 2 � 2, and two 450-ms exposures were
acquired in rapid succession and averaged for each channel. Data analysis was
carried out using the PixFRET plug-in of ImageJ (7). A Gaussian blur of
1.2-pixel radius was used in the determination for spectral bleed-through models.
No Gaussian blur was applied to the FRET images, and the threshold correction
factor was set to 1.1.

RESULTS

Cellular localization of Gal3p, Gal4p, and Gal80p when
expressed from their native loci. To rigorously examine the
cellular localization of the three proteins constituting the yeast
GAL genetic switch, the native genomic locus of the gene
encoding each protein was tagged at its 3� end with DNA
encoding a variant of either the YFP or the CFP. The partic-
ular variants chosen were YPet and CFP4, as these have pre-
viously been shown to exhibit enhanced FRET (17). Gene
tagging at the 3� end has previously been used to create fusion
proteins that have minimal impact on the expression levels or
activity of the encoded protein (13). Indeed, the tagged strains
showed equal growth rates in medium containing galactose as

FIG. 2. Cytoplasmic bleaching of Gal80p-YPet and Gal3p-YPet grown in galactose. Shown are images at 0 s and �35 s for both fusions. The
bleached area is a square box (barbed arrowhead) that borders the yeast cell. For Gal3p-YPet, the DAPI channel is included and shows the position
of the nucleus (arrow). The graphs show profile plots at 0 s and at �35 s of a line taken through the cell at the positions shown in the �35-s images
(dashed line and arrow). Bars � 5 �m.
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the sole sugar source, indicating that GAL induction was not
impaired by the tagging process (data not shown).

Imaging of the YFP fusion proteins was carried out with
identical optics using either a high-resolution CCD camera or
an EMCCD camera (Fig. 1). EMCCD exposure times used to
obtain suitable images were 0.45 s, whereas CCD exposures
were in the range of 8 to 18 s. This indicates that EMCCD
technology is particularly suited to viewing the YFP fusion
proteins. When yeast cells were grown in the presence of a
sugar source that does not induce GAL gene expression (raf-
finose), the levels of the galactose ligand sensor, Gal3p-YFP,
were found to be too low for detection by either type of camera
system (Fig. 1, Gal3p and raffinose). Under the same condi-
tions Gal80p-YFP is observed in the nucleus of cells (Fig. 1,
Gal80p and raffinose), consistent with its function of binding
the Gal4p transcriptional activator. In the presence of raffin-
ose, Gal4p-YFP yielded a very low nuclear signal which was
only just detectable using the EMCCD system (Fig. 1, Gal4p
and raffinose). Under inducing conditions, in the presence of
galactose, Gal4p-YFP remained in the nucleus (Fig. 1, Gal4p
and Gal) whereas both Gal80p-YFP and Gal3p-YFP yielded a
comparatively stronger signal throughout the cell. For Gal80p-
YFP, the signal appears to originate from both the cytoplasm
and nucleus, as visualized along with DAPI staining with the
CCD camera system. In the case of Gal3p-YFP, any fluores-
cence signal originating from the nucleus is difficult to distin-
guish from the high signal originating from the cytoplasm.
However, the part of the cell occupied by the nucleus was not
found to be devoid of Gal3p-YFP (Fig. 1, Gal3p and Gal).

Determining the level of GAL regulatory proteins in induced
cells. Proper induction of the GAL genes in the presence of
galactose requires the inhibitor Gal80p to be deactivated or
sequestered by the ligand sensor Gal3p. Previously it has been

reported that, in glucose-containing media, there are 166 mol-
ecules of Gal4p, 721 molecules of Gal3p, and 784 molecules of
Gal80p in each yeast cell (8). This is consistent with our own
observations that, in the absence of galactose, Gal4p is present
in the cell at a very low level (Fig. 1, Gal4p and raffinose).
Using the fluorescently labeled proteins, we have determined
the relative amounts of Gal3p and Gal80p within yeast cells
that are grown in galactose-containing medium. Yeast strains
containing GAL3-YFP and GAL80-CFP or GAL3-CFP and
GAL80-YFP were constructed. The YFP/CFP ratios for indi-
vidual yeast cells were determined. Using the YFP-tagged
Gal3p and CFP-tagged Gal80p, we observed relatively more
YFP fluorescence than CFP fluorescence—a YFP/CFP ratio of
1.17 � 0.19 (n � 67). Conversely, using YFP-tagged Gal80p
and CFP-tagged Gal3p, we observed relatively more CFP flu-
orescence than YFP fluorescence—a YFP/CFP ratio of 0.64 �
0.11 (n � 73). These data suggest that there is an excess of
Gal3p in the cell compared to Gal80p, under these conditions,
and that this difference is approximately 1.3-fold.

Bleaching Gal3p or Gal80p fluorescence in the cytoplasm
leaves a stable nuclear signal. To confirm the dual nuclear and
cytoplasmic localization of Gal80p-YFP in galactose, confocal
microscopy was used to specifically bleach part of a cell that
was occupied only by the cytoplasm. The rationale for this
experiment was that cytoplasmic streaming would result in the
cytoplasmic YFP pool passing beneath the bleached region,
resulting in the accelerated disappearance of YFP in the cyto-
plasm compared to that of any YFP found within the nucleus
or other neighboring cells. This approach allows us to specif-
ically study the nucleus without the complications of a high
YFP signal emanating from the surrounding cytoplasm. The
bleached area was generated where the edge of the area was
placed toward the edge of the yeast cell (Fig. 2, Gal80p and

FIG. 3. Gal3p-GFP localizes to the nucleus and cytoplasm. Gal3p-GFP was constructed as part of the whole-genome GFP-tagging project (13).
(A) Removal of the cytoplasmic signal by bleaching shows nuclear-localized Gal3p-GFP as indicated by the arrows. (B) Gal3p is observed in the
nucleus shortly after transfer to a galactose-containing medium. Gal3p-GFP was grown overnight in raffinose and transferred to fresh medium
containing galactose and incubated for 45 min. The arrow indicates the nuclear-localized Gal3p. (C, D, E) Cytoplasmic bleaching reveals nuclear
Gal3p-GFP. Gal3p-GFP is shown in panel C, DAPI in panel D, and the merged image in panel E. The persistence of nuclear GFP signal in the
bleached cell is shown by the arrow in panels C and E. Bars � 5 �m.
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0 s). The free diffusion and cytoplasmic mixing of Gal80p-YFP
within the cytoplasm resulted in the rapid depletion of the
cytoplasmic Gal80p-YFP pool (see movie S1 in the supplemen-
tal material). After 35 s of bleaching, the cytoplasmic YFP
signal had disappeared, leaving a significant nuclear signal
representing nucleus-localized Gal80p-YFP (Fig. 2, Gal80p
and �35 s). In contrast, the YFP signal in cells which had not
undergone cytoplasmic bleaching was diminished after 35 s,
but this general acquisition bleaching, due to repeated scans by
the confocal laser, was observed in both the cytoplasm and
nucleus and failed to generate a specific localization signal.
Similar results were obtained using the Gal3p-YFP yeast strain
(Fig. 2, Gal3p and 0 and �35 s; see also movie S2 in the

supplemental material). That is, a significant proportion of
Gal3p is excluded from the cytoplasm and is located in a region
that corresponds to the nucleus as indicated by DAPI staining
(Fig. 2, DAPI). As a control for the cytoplasmic bleaching
process, we tagged the SUP45 gene with the coding sequence
for YPet. Sup45p functions as a translational release factor,
eRF1 (30). It binds to Sup35p (eRF3) to form the translational
release factor complex that is found exclusively in the cyto-
plasm (13). SUP45 is an essential gene (9), which means that a
viable strain produced following YFP tagging must contain a
functional version of the protein. As shown in movie S3 in the
supplemental material, bleaching the cytoplasm of the Sup45p-
YFP strain resulted in a comparatively uniform loss of signal

FIG. 4. Detection of FRET between Gal3p and Gal80p. (A to C) FRET positive controls Sla1p-YFP (A), Abp1p-CFP (B), and PixFRET
output (red) merged with Abp1p-CFP (C). A FRET signal is observed at an actin patch near the bud neck. (D) Gal3p-YPet. Bar � 10 �m.
(E) Gal80p-CFP. (F) PixFRET output. (G) Histogram showing frequencies of FRET efficiencies. The total number of FRET-positive pixels was
4,167, and the mean FRET efficiency was 9.6%.
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and did not yield a bright area corresponding to the nucleus
following the bleaching process.

Gal3p localization in living cells has been previously visual-
ized using a fusion with enhanced GFP (EGFP) (21). Cyto-
plasmic bleaching of Gal3p-EGFP (Fig. 3) yields results essen-
tially identical to those for Gal3p-YFP (Fig. 2). The nuclear
localization of Gal3p-EGFP is not due to the prolonged
growth of the yeast in galactose medium, as the same localiza-
tion is observed in cells 45 min after transfer from a raffinose-
to a galactose-supplemented medium (Fig. 3B). We therefore
conclude that a significant fraction of both Gal3p and Gal80p
is retained in the nucleus of a yeast cell when the GAL genes
are being expressed.

Cellular location of the interaction between Gal3p and
Gal80p in induced cells. Since both Gal3p and Gal80p are in
the nucleus and cytoplasm of galactose-grown yeast cells, we
set out to ask where within the cell the interaction between the
two occurs. Using FRET, any interactions that result between
tagged proteins can be detected and localized. FRET detection
was optimized for the CFP-YFP donor-acceptor pair by using
Abp1p-CFP and Sla1p-YFP. These two fusions localize to ac-

tin patches within the cell cortex and have previously been
shown to yield a FRET signal for a subset of these patches that
contain both Abp1p and Sla1p (33). Using the EMCCD cam-
era system, FRET was observed for several patches (Fig. 4A to
C), which demonstrates the suitability of the imaging system.
Yeast strains producing both YFP and CFP versions of the
various GAL regulatory proteins were constructed. Figure 4
shows images of a strain producing Gal3p-YFP and Gal80p-
CFP. The localization of both proteins tagged in this way (Fig.
4D and E) is identical to that observed in yeast strains in which
either Gal3p or Gal80p is tagged alone (Fig. 1). Figure 4F
shows that the FRET signal that occurs between these two
proteins was observed throughout the cell. A FRET signal
should occur only if the GFP tags on Gal3p and Gal80p are
separated by less than 60 to 70 Å (6). The FRET efficiency has
a mean of 9.6%, and the mode, represented by the central peak
in Fig. 4G, is 11.6%. This is comparable to efficiencies re-
corded for other protein interactions in S. cerevisiae such as the
Fet3p-Ftr1p high-affinity iron permease complex (13%) (29)
and Ste12p oligomerization (18%) (18).

We have not been able to reproduce the FRET previously

FIG. 5. Gal80p-YFP is concentrated in the nucleus in �gal1 �gal3 cells grown in the presence of galactose. Gal80p-YFP localization in the
wild-type background is shown for comparison. Also shown are gal1� gal3� cells carrying the Gal80-YFP fusion construct on a high-copy-number
vector (pG80Y). The presence of pG80Y results in a significant increase in the YFP signal, and short exposures are displayed (insets). Bar � 5
�m. Raff, raffinose; WT, wild type; DIC, differential interference contrast.

2066 WIGHTMAN ET AL. EUKARYOT. CELL



reported between Gal4p and Gal80p in the absence of galac-
tose (4). In raffinose, we have shown Gal4p-YFP to be barely
detectable, which is in contrast to Gal80p-YFP under the same
growth conditions (Fig. 1). This suggests that Gal4p is present
within the nucleus at very low levels, as previously reported (8),
and that an equimolar interaction with Gal80p would make
even the most efficient FRET signals difficult to detect.

The observations that (i) Gal80p is confined to the nucleus
in the absence of galactose (Fig. 1), (ii) Gal80p and Gal3p are
both nuclear and cytoplasmic in the presence of galactose, and
(iii) a Gal80p-Gal3p interaction is detected throughout the cell
suggest that galactose sensing, and possibly direct interaction
with galactose-bound Gal3p, has a role in defining the cyto-
plasmic location of Gal80p. Disrupting the galactose-sensing
mechanism through the deletion of both GAL1 and GAL3 was
found to result in Gal80p being largely confined to the nucleus,
regardless of the presence of galactose in the growth medium
(Fig. 5). Overexpression of the GAL80-YFP fusion in this same
background (Fig. 5, pG80Y) resulted in a high YFP signal
emanating from both the cytoplasm and the nucleus. However,
under these conditions, Gal80-YFP was found to exhibit sig-
nificant enrichment in the nucleus.

DISCUSSION

Understanding the cellular location of the yeast GAL regu-
latory proteins is an important step to elucidating both the
precise molecular mechanism by which the presence of galac-
tose is sensed by the cell and the mechanism by which this
event is relayed to the transcriptional machinery. Apparently
contradictory mechanisms for these processes have been sug-
gested for the induction of the GAL genes in S. cerevisiae
(20–22) and in the related milk yeast Kluyveromyces lactis (1).
In an effort to reconcile these mechanisms, we genomically
tagged each of the genes encoding the GAL regulatory pro-
teins with a variant of the GFP. This ensured that each of these
proteins was produced at a level as natural as possible. In the
absence of galactose, the production of these proteins was
difficult to detect even using highly sensitive microscopy tech-
niques (Fig. 1). In the presence of galactose, however, the
visualization of both Gal3p and Gal80p became quite obvious.
In keeping with previous reports (20, 21), Gal80p was found to
be located within both the cytoplasm and the nucleus of in-
duced yeast cells. However, a similar localization pattern was
also observed for Gal3p, indicating that Gal3p was also located
in both cellular compartments.

Using cytoplasmic bleaching methods (Fig. 2 and 3), we have
been able to confirm that, in addition to their presence in the
cytoplasm, both Gal80p and Gal3p are found within the nu-
cleus of cells that are actively expressing the GAL genes. Fi-
nally, using FRET, we have been able to show that Gal3p and
Gal80p associate with each other throughout the cells of ga-
lactose-grown yeast (Fig. 4F). The FRET experiments have the
advantage that they not only identify the location of Gal3p and
Gal80p in galactose-induced yeast cells but they also indicate
the site of interaction between the two proteins. The transfer
of resonance energy between the YFP and CFP fluorophore
tags occurs only if the proteins are physically separated by less
than 	70 Å (6). This separation distance is unlikely to occur
efficiently due to random collisions, since both Gal3p and

Gal80p are expressed at relatively low levels (8). Therefore,
the FRET data represent the real sites of interaction between
Gal3p and Gal80p. That is, Gal3p and Gal80p interact in a
galactose-dependent fashion within both the nucleus and cy-
toplasm of yeast cells.

A model summarizing our and other data from S. cerevisiae
is shown in Fig. 6. In the absence of galactose, Gal4p resides in
the nucleus, where it is tethered to DNA upstream of the GAL
genes. Gal80p is associated with Gal4p and is also located
within the nucleus. A small level of Gal3p is present in the cell
under these circumstances, but it is not nucleus localized.
Upon the switch to galactose, the levels of both Gal3p and
Gal80p increase. We suggest that Gal3p binds to galactose
(and ATP) in the cytoplasm and that the galactose-bound form
of Gal3p enters the nucleus, where it associates with Gal80p.
In addition, the Gal3p-Gal80p complex can exit the nucleus
and remain associated in the cytoplasm, which is in contrast to

Galactose

Gal4p Gal4p

Gal80p Gal80p

Gal4p Gal4p

Gal80p Gal80p
Gal3pGal3p

Gal80p Gal80p
Gal3pGal3p

Gal3p

FIG. 6. Model of regulation of GAL gene expression. In the ab-
sence of galactose, Gal80p tightly binds and inhibits the Gal4p tran-
scriptional activator. Upon induction, galactose enters the cell and
binds to Gal3p in the cytoplasm, permitting the entry of Gal3p into the
nucleus. Gal80p dissociation from Gal4p, either partial or complete, is
coupled with Gal3p binding and results in the activation of GAL gene
expression.
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observations in the related yeast Kluyveromyces lactis, where
GAL gene activation proceeds via a mechanism that does not
involve the translocation of Gal80p into the cytoplasm (1). In
our S. cerevisiae model, a fraction of the Gal3p-Gal80p com-
plex remains in the nucleus, although presumably in a form
that does not impinge upon the transcriptional activity of
Gal4p. The nuclear localization of Gal3p means that the for-
mation of a tripartite complex existing between Gal4p, Gal80p,
and Gal3p (22), even if it occurs only transiently, cannot be
ruled out. The data presented here clearly demonstrate that
Gal3p is not solely confined to the cytoplasm of S. cerevisiae
cells which are actively expressing the GAL genes. Rather, it
would appear to be the dynamic interplay between nuclear and
cytoplasmic forms of the Gal3p-Gal80p complex that is respon-
sible for the induction of the GAL genes.
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