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ABSTRACT We have studied the intracellular compart-
mentalization in yeast of Escherichia coli B-galactosidase bear-
ing heterologous amino acid sequences at its amino terminus.
Chimeras containing as few as 74 NH,-terminal amino acids of
GALA, a yeast positive regulatory protein, at the amino termi-
nus accumulate in the cell nucleus. This and other results are
consistent with the proposal that the GAL4 gene product medi-
ates positive control by binding to DNA and that the informa-
tion for nuclear localization resides in its amino terminus. The
amino acid sequence of the GAL4 amino terminus does not
agree with the previously proposed consensus sequences re-
sponsible for nuclear localization. The B-galactosidase activity
in cells bearing the non-nuclear chimeric proteins is 10-fold
greater than in cells bearing chimeric proteins that specifically
concentrate in the nucleus.

The GAL4 gene product is required for transcriptional induc-
tion of the genes (GALI, -7, and -10) necessary for galactose
metabolism in the yeast Saccharomyces cerevisiae (1-3).
The GALA4 gene has been cloned (refs. 4 and 5; unpublished
results) and shown to encode a 99-kDa protein (6). It has
been proposed that the GAL4 gene product mediates posi-
tive control by binding to specific sites on the DNA up-
stream of the starting site of transcription (7-9), thereby
stimulating RNA polymerase II-dependent transcription.

We know very little about how certain proteins accumu-
late in the nucleus. Nuclear proteins injected into the Xeno-
pus oocyte cytoplasm move to the nucleus, indicating that
nuclear association is independent of protein synthesis and
processing (reviewed in ref. 10). The carboxyl terminus of
the Xenopus protein, nucleoplasmin, was found to be neces-
sary for passage of the complete protein into the nucleus,
suggesting that specific amino acids may act as nuclear de-
terminants (11).

To determine whether GAL4 encodes protein sequences
capable of directimg the gene product to the nucleus, its pre-
sumed site of action, we have taken the following approach.
Gene fusions with various portions of the GAL4 gene fused
to the 5’ end of the Escherichia coli lacZ gene were con-
structed and introduced into yeast cells. The intracellular lo-
cation of the resultant chimeric proteins was determined by
indirect immunofluorescence using antibody to B-galacto-
sidase. We show that as few as 74 GAL4 NH,-terminal ami-
no acids are sufficient to localize a GAL4-B-galactosidase
chimeric protein to the cell nucleus. Unexpectedly, the
amount of chimeric GAL4-B-galactosidase in the cell corre-
lates with its intracellular location. Nuclear-associated chi-
meras are present at ~10% the levels of non-nuclear-associ-

ated chimeric proteins.
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MATERIALS AND METHODS

Strains. Plasmids were constructed and maintained in E.
coli MM294 (end hsdR thi pro). The S. cerevisiae strain used
was DB745 (ade 1-100 leu 2-3 leu 2-112 ura 3-52, constructed
in the laboratory of D. Botstein).

Plasmids. The original plasmid containing the intact wild-
type GALA4 gene from S. cerevisiae was recovered from a
library of yeast DNA in YEp13 (provided by K. Nasmyth)
by complementation of a gal4 strain (unpublished results).
The DNA sequence of the first 400 nucleotides was deter-
mined by the method of Maxam and Gilbert (unpublished
results; ref. 6). Plasmid pAAHS, generously provided by G.
Ammerer, contains the alcohol dehydrogenase (ADH1) pro-
moter and terminator from S. cerevisiae, as well as LEU2
and a 2-um origin of replication. The region of the E. coli
lacZ gene encoding the COOH-terminal sequence of B-galac-
tosidase was from pMC1403 (12). The URA3-lacZ fusion
(13) was the gift of M. Rose. All DNA constructions were
done as described (14).

Materials. E. coli B-galactosidase, aprotinin, Percoll, 4',6-
diamidino-2-phenylindole (DAPI), and poly(L-lysine) were
purchased from Sigma. Zymolyase 60,000 and fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit IgG anti-
serum were purchased from Miles. Glusulase was purchased
from Endo Laboratories (New York). Bovine gamma globu-
lin was purchased from Calbiochem. Bovine serum albumin
fraction V was purchased from United States Biochemical
(Cleveland, OH). Affinity-purified goat anti-rabbit IgG,
horseradish peroxidase conjugate, and horseradish peroxi-
dase substrate were purchased from Bio-Rad.

Media. All plasmid-bearing yeast were grown in minimal
selective medium: 7 mg of yeast nitrogen base without amino
acids and 0.7 mg of amino acid mixture without leucine (15)
per liter of 2% glucose.

B-Galactosidase Assays. Cells were grown to a density of 2
x 107 cells per ml, concentrated 10-fold, and assayed as de-
scribed (16). Aliquots of purified nuclei were assayed in the
same manner.

Immunofluorescence. Cells were prepared for indirect im-
munofluorescence according to the protocol of Adams and
Pringle (17). After the cells were fixed with formaldehyde,
digested with Glusulase and Zymolyase, and applied to the
slide, 0.5 ug of affinity-purified rabbit anti-B-galactosidase
in phosphate-buffered saline (P;/NaCl; 150 mM NaCl/2 mM
NaH,PO,/10 mM Na,HPO,) containing bovine serum albu-
min at 1 mg/ml was applied. The slide was incubated at room
temperature for 2 hr, washed three times with P;/NaCl, and
incubated at room temperature for 2 hr with affinity-purified
FITC-coupled goat anti-rabbit IgG. The second antibody
was removed and DAPI, a DNA-specific stain, at 1 ug/ml in

Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; FITC, fluo-
rescein isothiocyanate; P;/NaCl, phosphate-buffered saline.
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H,0, was applied for S min. The slides were viewed using a
100x objective on a Zeiss microscope equipped for fluores-
cein epi-illumination fluorescence microscopy.

Immunoblots. Cells (2 ml at 2 x 107 cells per ml) were
harvested by centrifugation, resuspended in 0.2 ml of La-
emmli sample buffer (18) containing glass beads, mixed on a
Vortex for 2 min, and heated at 100°C for 5 min. Samples (50
ul) of this cell homogenate were loaded onto each lane of a
standard 6% polyacrylamide Laemmli-type gel (18). The pro-
teins were subjected to sodium dodecyl sulfate/PAGE and
electrophoretically transferred to nitrocellulose (19). The ni-
trocellulose blot was incubated at 37°C for 1 hr in P;/NaCl
containing 3% bovine serum albumin, then for 3 hr at room
temperature with affinity-purified rabbit anti-B-galacto-
sidase in P;/NaCl containing 3% bovine serum albumin and
0.1% bovine gamma globulin. The blot was washed for 2 hr
in P;/NaCl, incubated at room temperature for 2 hr with af-
finity-purified goat anti-rabbit IgG conjugated with horse-
radish peroxidase, washed at 37°C for 1 hr in P;/NaCl con-
taining 3% bovine serum albumin and 0.1% bovine gamma
globulin, and developed with horseradish peroxidase sub-
strate..

Nuclei. Nuclei were prepared by the method of Baum and
Thorner (personal communication) with the following modi-
fications: Cells (300 ml at 5 x 107 cells per ml) were harvest-
ed by centrifugation (5000 X g, 10 min), resuspended in 8 ml
of 1 M sorbitol/20 mM potassium phosphate buffer, pH
6.5/0.5 mM CaCl,/0.5% 2-mercaptoethanol/0.5 mM phenyl-
methylsulfonyl fluoride containing Zymolyase 60,000 at 0.25
mg/ml, and incubated at room temperature until sphero-
plasts had formed. The spheroplasts were collected by cen-
trifugation (3500 X g, 3 min), resuspended in 2 ml of lysis
buffer (0.2% Nonidet P-40/10 mM Tris-HCI, pH 7.4/10 mM
NaCl/5 mM MgCl,/0.5 mM CaCl,/0.5 mM phenylmethyl-
sulfonyl fluoride containing aprotinin at 1 ug/ml), and ho-
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Table 1. B-Galactosidase activity of GAL4-lacZ fusions
B-Galactosidase,

Fusion unit(s)
GAL4(1_147)—10CZ 0.3
GAL4(1_752)—10CZ 0.1
PupniGALA 7sz-lacZ 5
PAD}"GAMQ_147)—10CZ 11
PADHIGAM(1_74)—IGCZ 6
P, ADH]GAM(79_752)—1¢1CZ 77
PADH,GAL4(7;_147)-IQCZ 123

Plasmids bearing the indicated gene fusions were introduced into
DB745. Cells were grown in “leucine dropout medium” (15), pH 7,
containing 2% glucose. B-Galactosidase activity was assayed as pre-
viously described (16).

mogenized in a Teflon-glass homogenizer until lysis, moni-
tored microscopically, was complete. Crude nuclei were col-
lected by centrifugation (3000 X g, 5 min), resuspended in 30
ml of 50% (wt/vol) Percoll/40 mM Pipes, pH 6.8/10 mM
MgCl,/0.5 mM phenylmethylsulfonyl fluoride/0.05% Triton
X-100, and centrifuged at 21,000 X g for 35 min in a Ti30
rotor. The nuclear band was harvested and the Percoll was
removed by 10-fold dilution with 0.01 M potassium phos-
phate buffer (pH 6.5) and centrifugation at 5000 x g for 10
min to sediment the nuclei.

RESULTS

We wished to determine whether there were amino acid se-
quences encoded by the GAL4 gene that could confer specif-
ic nuclear localization on a normally non-nuclear protein.
Toward this end, we constructed gene fusions between
GAIA and the E. coli lacZ gene. Chimeras expressed in
yeast, bearing NH,-terminal substitutions in B-galacto-
sidase, retain enzymatic activity (16). We used indirect im-
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F1G. 1. (A) Restriction map of the GAL4 gene. The GAL4 gene was cloned on a 5.2-kilobase insert in the yeast vector YEp13. The predicted
first methionine codon is at nucleotide 443 of the insert (labeled 1). The GALA gene has been shown to encode an 881-amino acid protein product
(20). The number below each restriction site represents the amino acid codon at which it occurs. The HindIII site was introduced into the GAL4
promoter =15 base pairs upstream from the first methionine codon. (B) GAL4-lacZ gene fusions under the control of the ADHI promoter. The
ADHI promoter P,py,;, from pAAHS, was substituted for the wild-type GAL4 promoter at the HindlIII site. Truncated GAL4 genes bearing 5’
sequences were created by cutting at one of the sites: Pvu I1, Cla I, or Xho I (see A) and filling in the ends with DNA polymerase large fragment
(Klenow) where necessary. The truncated GAL4 genes were ligated to a similarly treated BamHI site corresponding to amino acid 7 encoded in
the lacZ gene. The numbers in parentheses indicate GAL4 amino acids. (C) Deletions in the P,py,GAL4—lacZ gene fusions. The ADHI
promoter was placed adjacent to the second in-frame methionine codon of GAL4 in the P, s, GAL4_7sz~lacZ and the P,pp GAL4 o _147-lacZ
fusions by eliminating the HindIII-Xho I fragment; the two gene fusions were cut with restriction enzymes HindIII and Xho I, treated with
Klenow fragment to fill in the recessed ends, and blunt-end ligated. The deletions are indicated by the brackets. GAL4 DNA is represented by
the thick line, lacZ DNA (not drawn to scale) is represented by the thin line. The open box represents DNA sequences required for ADH]

promoter activity; no ADHI amino acid-coding sequences are present.
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FiG. 2. Immunoblots of proteins from cells producing GAL4-
lacZ chimeric proteins. Analysis was performed with lysates of
yeast cells bearing the following gene fusions: lane 1, P,pgy;-
GAM(1_752)—10CZ; lane 2, PADHIGAM(1_147)—IGCZ; lane 3, PADHI'
GAL4(1_74,-—lacZ; lane 4, PAD”IGAM(79_147)—10CZ; lane 5, PADHI'
GAM(79_752)—10(.‘Z .

munofluorescence with anti-B-galactosidase antibody to de-
tect the intracellular location of the chimeric proteins. We
assumed that intact B-galactosidase would not accumulate in
the yeast nucleus (see below), and that the GAL4-g-galacto-
sidase chimeras that did concentrate in the nucleus did so
because they contained nuclear “address sequences” of

GALA protein.

A
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We fused DNA that encodes the large COOH-terminal re-
gion of B-galactosidase to three sites in the DNA that en-
codes the GAL4 amino terminus, maintaining an open read-
ing frame in each case. These three sites (Fig. 1A) were at
positions encoding amino acids 752, 147, and 74 of the total
of 881 amino acids predicted by the GAL4 DNA sequence
(6). When placed in yeast on 2-um vectors, the GAL4_147—
lacZ and GAL4_7s;~-lacZ gene fusions yielded B-galacto-
sidase activity, albeit at very low levels (Table 1). No
GAL4-B-galactosidase chimeric protein was detectable by
immunoblot analysis of cell lysates from strains harboring
these gene fusions. This low level of B-galactosidase activity
properly reflects the low level of production of GAL4 mRNA
when cells are grown in glucose (4). Growth in galactose, a
condition that relieves glucose repression, increased enzyme
levels 2- to 7-fold (data not shown), a level not high enough
for our analysis.

To increase the intracellular levels of the chimeric pro-
teins, we replaced the wild-type GAL4 promoter with the
strong yeast alcohol dehydrogenase (ADH1) promoter in the
three GAL4-lacZ fusions (Fig. 1B). Yeast carrying the gene
fusions with the ADH1 promoter on 2-um vectors yielded B-
galactosidase activity 40- to 60-fold higher than cells bearing
the wild-type GAL4-lacZ gene fusions (Table 1). Immuno-
blot analysis (Fig. 2, lanes 1, 2, and 3) showed that proteins
of the predicted molecular weights were produced by cells
harboring the P,pyGAL4-lacZ hybrid genes. Cells bearing
the PapniGAL4 4 752-lacZ, PADH,GAM(l_ln)—IacZ, and
PupriGALA () _14-lacZ gene fusions produced proteins of
195, 130, and 123 kDa, respectively. The gel used in this
analysis could not be used to detect differences of <2 kDa.

We determined the intracellular location of the chimeric
proteins by indirect immunofluorescence of whole yeast
cells (Fig. 3). The immunoreactive material was found pre-

Fi1G. 3. Immunofluorescence of cells producing nuclear-associated GAL4-lacZ chimeric proteins. Cells were prepared for indirect immuno-
ﬂqorespence and treated with either rabbit anti-B-galactosidase antibody, followed by FITC-conjugated anti-rabbit IgG (A-C) to identify the
chimeric proteins, or DAPI (D-F) to identify the cell nuclei. A and D, GAL4(,_s4-lacZ; B and E, GAL4(,_147y~lacZ; C and F, GAL4_ss3y~lacZ.
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Table 2. B-Galactosidase activity associated with nuclei from
cells producing GAL4-lacZ fusion proteins

% total B-galactosidase

Fusion activity in nuclear fraction
PADH,GAM(1_752,—lacZ 20
PADHIGAM(1_147)—10CZ 25
PADHIGAM(1_74)—IGCZ 52
PADH’GAM(79_752)—IGCZ 3
P,priGAL4 e 147y-lacZ 1
URA3-lacZ 4

The specific activity of B-galactosidase per unit protein was deter-
mined in the nuclear fraction as well as in a total cell extract.

dominantly in the cell nucleus of cells bearing the Pspy;-
GAL4(1_74)—IGCZ (A), the P, ADH]GAM(1_147)—IGCZ (B), and the
PapuiGALAy _355-lacZ (C) gene fusions. These results indi-
cate that as few as 74 NH,-terminal GAL4 amino acids,
when fused to the carboxyl terminus of B-galactosidase, di-
rect the chimeric protein to the cell nucleus.

The amounts of B-galactosidase activity associated with
nuclei isolated from cells bearing the GAL4-lacZ gene fu-
sions were consistent with the immunofluorescence results.
We observed nuclear-associated B-galactosidase activity
ranging from 20% (for the P4pyGAL4(_7s2-lacZ fusion) to
52% (for the P 4pr;GALA4q_74-lacZ fusion) of the total activ-
ity in the cells (Table 2). The variability in the activity of the
chimeric proteins isolated with nuclei is consistent with re-
ports (21) that other nuclear-associated proteins show 30%-—
50% cofractionation with yeast nuclei.

To show that nuclear localization of GAL4-lacZ fusion
proteins is dependent upon specific GAL4 sequences, we
analyzed a strain bearing a URA3-lacZ gene fusion. The chi-
meric protein produced from this gene fusion contains 18
URA3 NH,-terminal amino acids fused to the carboxyl ter-
minus of B-galactosidase. The intracellular location of the
URAS3 gene product is not known but is thought to be non-
nuclear. The anti-B-galactosidase-specific fluorescence was
uniformly distributed throughout these cells (data not
shown) rather than specifically associated with the nucleus.
Nuclei isolated from cells producing the URA3-lacZ chimer-
ic protein contained very little B-galactosidase activity (Ta-
ble 2).

The results presented thus far suggest that the nuclear
determinant for the yeast GAL4 gene product lies in the first
74 amino acids. To test this idea further, we eliminated the
first 78 amino acids from the GAL4(_j47-lacZ and the
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GAL4(_752-lacZ hybrid proteins by moving the ADH pro-
moter to within 13 base pairs of a second in-frame methio-
nine codon (at GAL4 amino acid 79, Fig. 1C). The 79-147
(Fig. 4) and the 79-752 (data not shown) NH,-terminal trun-
cated GAL4-lacZ chimeric proteins did not accumulate in
the nucleus, but rather formed extranuclear fluorescent ma-
terial. Consistent with these observations, very little of the
B-galactosidase activity was isolated with nuclei from cells
producing these NH,-terminal-deleted chimeric proteins
(Table 2).

B-Galactosidase activity in cells producing these NH,-ter-
minal-truncated chimeric proteins was about 10-fold higher
than the activity in cells producing the corresponding fusion
proteins with intact GAL4 amino termini (Table 1). Immuno-
blot analysis revealed that proteins of the predicted molecu-
lar weights were produced by cells containing the P py;-
GAlLA g9 3s2-lacZ and the Popy GAL4 (79_147-lacZ gene fu-
sions (Fig. 2, lanes 4 and 5). Moreover, we observed more
immunoreactive protein in lysates of cells producing the chi-
meric proteins bearing truncated amino termini. These re-
sults indicate that the increased B-galactosidase activity is a
consequence of increased amounts of the chimeric proteins.

DISCUSSION

We have demonstrated that the yeast GAL4 gene encodes
amino acid sequences that, when fused to the normally non-
nuclear protein, E. coli B-galactosidase, are capable of di-
recting the chimeric protein to the yeast cell nucleus. By in-
direct immunofluorescence and cell fractionation, we
showed that B-galactosidase accumulates in the cell nucleus
in cells producing chimeric proteins with 752, 147, and 74
GAL4 NH)-terminal amino acids at their amino terminus.
These results indicate that the first 74 amino acids of GAL4-
encoded protein bear a determinant for specific nuclear as-
sociation. Consistent with this proposal is the observation
that chimeric proteins with GAL4 amino acids 79-147 or 79—
752 fused to B-galactosidase are not nuclear-associated (see
below). The GAL4-lacZ fusion proteins that lack the 78
NH,-terminal amino acids of GAL4 form distinct non-nucle-
ar aggregates (Fig. 4). This is in contrast to our observations
of cells bearing the non-nuclear URA3-lacZ chimeric pro-
tein. In that case, fluorescent B-galactosidase was distribut-
ed uniformly throughout the cells (data not shown). We do
not understand the different behavior of the two non-nuclear
proteins.

FiG. 4. Indirect immunofluorescence of cells producing GAL4 75 147)-lacZ. A, anti-B-galactosidase antibody followed by FITC-conjugated

anti-rabbit IgG; B, DAPI-stained.
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Replacement of the wild-type GAL4 promoter with the
yeast ADH|1 promoter resulted in a 40- to 60-fold increase in
the B-galactosidase activity in cells bearing the GAL4-lacZ
gene fusions. Even when produced at this higher level, the
GALA4-lacZ chimeric proteins bearing intact GAL4 NH, ter-
mini accumulated in the nucleus, suggesting that the nucleus
can accommodate much more than wild-type levels of the
GALA4 protein. An unexpected finding was that the chimeric
proteins that lack the 78 NH,-terminal amino acids of GAL4,
which do not accumulate in the nucleus, were produced at
even higher levels. It is possible that the mRNAs are tran-
scribed or translated at a faster rate and that the exclusion
from the nucleus is related coincidentally to the higher level
of expression. Alternatively, it is possible that nuclear trans-
port somehow limits the amount of protein that is made. For
example, there may be a limited number of nuclear-enve-
lope-associated receptors that recognize a nuclear determi-
nant in the 74 GAL4 NH,-terminal amino acids. Once these
sites are saturated, newly synthesized protein that can no
longer bind to or translocate into the nucleus would instead
be degraded. It is also possible that the synthesis of GAL4
protein is autoregulated and that its first 74 amino acids are
responsible for this regulation. The hypothetical site for this
regulation would have to be encoded in the first 200 nucleo-
tides of the GALA4 coding sequence since we have replaced
the GALA4 promoter with the ADHI promoter in our gene
fusions.

Similar experiments with the yeast a2 gene product have
led Hall et al. (22) to suggest that some nuclear proteins con-
tain a specific sequence, Lys-Ile-Pro-Ile-Lys, that is respon-
sible for targeting them to the nucleus. This particular se-
quence does not occur in the region of GAL4 protein that we
have determined to be sufficient for nuclear transport.
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