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We cloned the GALS0 gene encoding the negative regulator of the transcriptional activator Gal4 (Lac9) from
the yeast Kluyveromyces lactis. The deduced amino acid sequence of K. lactis GAL80 revealed a strong
structural conservation between K. lactis Gal80 and the homologous Saccharomyces cerevisiae protein, with an
overall identity of 60% and two conserved blocks with over 80% identical residues. K. lactis gal80 disruption
mutants show constitutive expression of the lactose/galactose metabolic genes, confirming that K. lactis Gal80
functions in essentially in the same way as does S. cerevisiae Gal80, blocking activation by the transcriptional
activator Lac9 (K. lactis Gal4) in the absence of an inducing sugar. However, in contrast to S. cerevisiae, in
which Gal4-dependent activation is strongly inhibited by glucose even in a ga/80 mutant, glucose repressibility
is almost completely lost in ga/80 mutants of K. lactis. Indirect evidence suggests that this difference in
phenotype is due to a higher activator concentration in K. lactis which is able to overcome glucose repression.
Expression of the K. lactis GAL80 gene is controlled by Lac9. Two high-affinity binding sites in the GAL80
promoter mediate a 70-fold induction by galactose and hence negative autoregulation by Gal80. Gal80 in turn
not only controls Lac9 activity but also has a moderate influence on its rate of synthesis. Thus, a feedback
control mechanism exists between the positive and negative regulators. By mutating the Lac9 binding sites of
the GAL80 promoter, we could show that induction of GAL80 is required to prevent activation of the
lactose/galactose regulon in glycerol or glucose plus galactose, whereas the noninduced level of Gal80 is

sufficient to completely block Lac9 function in glucose.

Regulation of transcription in eukaryotic cells by gene-
specific activators in many cases is influenced by interaction
of these regulators with non-DNA-binding proteins. One of
the first examples of a protein controlling the activity of an
activator by direct interaction was the Gal80 protein of
Saccharomyces cerevisiae, which regulates the activation
function of the prototype transcriptional activator Gal4, but
the details of the regulation are far from being understood
(for a review, see reference 20).

Gal4 activates genes involved in galactose metabolism in
response to galactose in the medium. In the absence of
inducing sugars, induction is prevented by the regulatory
protein Gal80 (12, 16). Loss of Gal80 activity confers con-
stitutive expression of Gal4-regulated genes under noninduc-
ing conditions, demonstrating that transcriptional activation
by Gal4 is independent of Gal80 function (45, 57).

Gal80 has been shown to directly interact with a subdo-
main of Gal4 adjacent to and partly overlapping an activation
domain (23, 31-33, 51). According to the current model,
binding of Gal80 protein blocks activation by covering this
domain (22, 31, 33, 45). The signal generated by the presence
of galactose in the medium may cause dissociation of the
complex and release Gal4 from inhibition or, alternatively,
induce a conformational change in the complex from an
inactive to an active state. Recently, the finding that Gal80 is
associated with Gal4 under inducing conditions was taken as
evidence for the latter possibility (6, 28, 43). Phosphoryla-
tion of Gal4 was found to accompany the active state (36, 38,
44) and may be involved in the hypothetical transition.
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An understanding of the induction process requires a
detailed analysis of the Gal4-Gal80 interaction. Dissection of
Gal4 into functional domains has shown that the C-terminal
30 amino acids are sufficient to bind Gal80 protein (33). In
contrast, deletion analysis of the GAL80 gene indicated that
most of the coding sequence is required for expression of a
functional repressor (41), and relatively little information on
the structural organization of this repressor could be ob-
tained in this way.

We therefore undertook an approach to clone the GALS80
homolog of Kluyveromyces lactis and examine its sequence
for evolutionary conserved domains. Comparison between
homologous genes of this budding yeast and S. cerevisiae
had provided useful information in a number of cases (14, 29,
37, 48, 49, 55). The GAL4 homolog of K. lactis LACY had
previously been cloned both by complementation of an S.
cerevisiae gal4 mutant (49) as well as by complementation in
K. lactis (61). The transcriptional activator Lac9 regulates
galactose as well as lactose metabolism in K. lactis (53) and
can be functionally replaced by Gal4 (46). Like Lac9, Gal4
function in K. lactis is regulated by lactose and galactose. A
region with 88% identical residues to the Gal80 binding
domain of Gal4 is located at the C terminus of Lac9 (49, 61),
and mutations in that region result in a phenotype resembling
that of equivalent mutations in Gal4 (9). All of these findings
strongly suggested that a GAL80 homolog exists in K. lactis,
although attempts to clone that gene by complementation of
the available constitutive lac10 (10) and I/rg4 mutants (58)
have failed so far.

Here we report on the isolation of the GAL80 gene of K.
lactis in an alternative constitutive mutant, riml (K. lactis
gal80-1), using a screening procedure for reduced expression
of the B-galactosidase gene. Sequencing of the cloned K.
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lactis GAL80 gene revealed a much higher conservation of
the negative regulators of Gal4 between K. lactis and S.
cerevisiae than exists for the activators. The phenotype of
disruption mutants confirmed that the K. lactis GALS0 gene
is required to block activation of the genes involved in
galactose and lactose metabolism in the absence of inducing
sugars and thus is functionally equivalent to S. cerevisiae
GALS80. However, in contrast to that in S. cerevisiae gal80
mutants, glucose repression is ineffective in gal/80 mutants of
K. lactis. We propose that this difference in phenotype is
caused by differences in the activator concentrations be-
tween the two yeasts rather than by any qualitative differ-
ences in the mode of regulation. In line with this proposal,
we demonstrate by analysis of K. lactis GALS0 gene expres-
sion that like S. cerevisiae GAL80, K. lactis GALS0 is a
galactose-inducible gene, but the level of induction is 70-
fold, as opposed to 5-fold for S. cerevisiae GAL80 (17).
Thus, the principles of the regulatory circuits that control
galactose metabolism seem to be conserved between the two
yeasts, but quantitative differences lead to modifications of
the gene expression patterns.

MATERIALS AND METHODS

Yeast strains and transformation. All K. lactis strains
except KB101 were isogenic to JA6 (a ade ura3 trpl-11
LACY-2) (5). The two gal80 deletion mutants JA6/D801
(8al80A1::URA3) and JA6/D802 (gal80A2::URA3) and the
promoter mutant JA6/DUASS80 (GALS80-A349/178) were ob-
tained by one-step gene displacement (47) with Xhol-cleaved
plasmids pD801, pD802, and pDUASS0, respectively. JA6/
D801R (a ade trpl gal80AI::ura3) and JA6/D802R (a ade
trpl gal80A2::ura3) are ura3 mutants of JA6/D801 and JA6/
D802, respectively, isolated by selection for resistance to
S-fluoro-orotic acid (2). The deletion mutant JA6/D80DLY («
ade trpl gal80Al::ura3 lac9::URA3) was constructed by
one-step gene displacement in JA6/D801R with EcoRI- and
Hpal-cut plasmid pDL9 (5). JA6/2-2 (a ade trpl LAC9-2::
URA3-LAC9-2) (25) and DLIR (a ade trpl lac9::ura3) (63)
have been described previously. JA6/1c (gal80-1) resulted
from UV mutagenesis of JA6. KB101 (a ade trpl ura3 gal80-
1) is a meiotic segregant resulting from a cross between
JA6/1c and KB6-2C (a ade ura3 hisB-35). KB6-2C is a
meiotic segregant from a cross between JA6 and HA3S
(hisB-35), which in turn was derived from CBS2360 by ethyl
methanesulfonate mutagenesis (58). The 1.6 pm plasmid
pKD1 (7) was introduced into KB101 by cotransformation
with KEp6 to increase the stability of the KEp6-based
plasmids (1). The presence of pKD1 in the transformants
was confirmed by Southern analysis. Strain KB101/180
(gal80-1::URA3-GALS80) was constructed by integrating pI80
at the homologous locus after cleavage with Saul. Yeast
transformation and selection for recombinants were per-
formed as described previously (11, 24, 63).

Culture conditions. For Northern (RNA) analysis and
enzyme measurements, yeast strains were grown in syn-
thetic medium (SM; 0.67% yeast nitrogen base without
amino acids supplemented with an amino acid-purine-pyri-
midine mixture [54]). For selective growth, the correspond-
ing component was omitted from the mixture. For immuno-
blot analysis, strains were grown in rich medium (YEP) (1%
yeast extract, 2% peptone). As a carbon source, 2% glucose,
2% galactose, 2% glucose plus 2% galactose, or 3% glycerol
was added after autoclaving. Yeast cultures were pregrown
in glucose-containing medium to an optical density at 600 nm
(ODgqg) of 0.5 to 1. Cells were washed with prewarmed
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medium lacking the carbon source and resuspended in the
appropriate medium to an ODgy, of 0.1. The main cultures
were then grown to an ODgy, of 0.5 to 0.8, and cells were
harvested by centrifugation. Analysis of B-galactosidase
expression was performed on SM agar plates containing 50
ng of 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-
Gal) per ml.

Plasmids. The K. lactis GAL80-containing plasmids
pKB1-1 and pKB2-1 were isolated from a genomic library of
K. lactis CBS 2359/152 (60) based on the episomal plasmid
KEp6 (1).

K. lactis GAL80 was subcloned from pKB1-1 on a 4.1-kb
Xhol fragment into pBluescript KS(+) (Stratagene, Heidel-
berg, Germany), giving pKIGALS80. The integration plasmid
pI80 was constructed by inserting the S. cerevisiae URA3
gene on a 1.2-kb HindlIII fragment into the Smal site located
in the polylinker region of pKIGALS80. The gal80::URA3
disruption plasmid pD801 was obtained after cutting
pKIGALS80 with Ndel (+448) and Ncol (+1094; the number-
ing system of K. lactis GAL80 refers to the ATG as +1) and
inserting the S. cerevisiae URA3 gene on a 1.2-kb HindIII
fragment. In the case of pD802, sequences from the Saul site
at —349 to the Ncol site at +1094 were replaced with the
URA3 gene. The two Lac9 binding sites in the K. lactis
GALS80 promoter were deleted by cleaving pKIGALS80 with
Saul (—349) and BstNI (—178), followed by filling in and
religation to give plasmid pDUASS80.

The GAL80 gene from S. cerevisiae was subcloned as a
3.2-kb HindIIl fragment from YCpSOGALS0 (50) into the
HindIII site of KEp6.

K. lactis Gal80-B-glucuronidase (GUS) fusions were con-
structed as follows. A 0.9-kb Clal fragment (—660 to +262)
from pKIGALS80 containing the wild-type K. lactis GAL80
promoter or the equivalent 0.7-kb fragment from pDUASS0
containing the deleted promoter was subcloned into pT7T3
19U (Pharmacia, Freiburg, Germany) cut with Clal. These
plasmids were cut with Hpal and EcoRI, and a 1.8-kb
Smal-EcoRI fragment from pBI101.1 (19) was integrated to
fuse the first 24 amino acids of K. lactis Gal80 to the N
terminus of bacterial GUS. The resulting plasmids, pSO0GUS
and pD80GUS, were cleaved with Sacl and Asp 718, and a
6.1-kb Sacl-Asp 718 fragment from pKATUC41 containing
ARS1, KARSI12, S. cerevisiae TRP1 and URA3, and K.
lactis CEN2 sequences (KATUC cassette) was inserted,
giving pC80GUS and pCD80GUS, respectively. pPKATUC41
was constructed by cloning the 6.1-kb KATUC cassette as
an EcoRI-Sall fragment from pKATUC3 (62) via Xhol
linkers into pBluescript KS(+). The resulting plasmid,
pKATUC4, was cleaved with Sphl and BamHI and then
religated, thereby recreating the BamHI site to give
pKATUC41.

Plasmids pKR7-Gal (59) and pJ2B3 (55) used to detect
mRNAs of the GALI-GAL10-GAL7 gene cluster and the
histone H3 gene HHTI have been described elsewhere.

Sequencing of K. lactis GAL80. Different fragments of
pKB1-1 were subcloned into the vector pT7T3 19U. Se-
quencing of the GALS80 gene was performed on both strands
with a T7 sequencing kit (Pharmacia). Homology compari-
son between the deduced Gal80 protein sequences of S.
cerevisiae and K. lactis was carried out with the program
GAP from the University of Wisconsin Genetics Computer
Group package (8) on a nVAX Station II.

Enzyme measurements. Enzyme activities were measured
in crude extracts prepared by glass bead disruption as
described previously (63). B-Galactosidase was assayed in a
buffer (5 mM Tris-HCI [pH 7.5], 10 mM KCl, 5% glycerol)
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TABLE 1. Influence of gal80 mutations on LAC4 gene expression

B-Galactosidase activity (mU/mg)*

Strain Relevant genotype

Glucose-

Glucose Galactose galactose Glycerol
JA6 GAL80 1.3+ 0.5 2,610 = 740 153 82 +20
KBI101 gal80-1 2,570 = 870 3,030 = 1,170 2,110 + 940 8,260 = 670
JA6/D801 gal80A1::URA3 1,310 + 210 2,920 + 1,250 1,130 + 150 8,250 + 3,310
JA6/D802 gal80A2::URA3 1,540 + 140 4,350 = 460 1,370 + 30 8,570 * 2,480
JA6/D8ODL9 gal80AI::ura3/lac9::URA3 0.6 £ 0.1 11+1 0.6 0.3 44 + 10
DL9 lac9::URA3 0.5+04 15 = 4.2 0.5 0.1 50+6

@ Cells were grown in SM medium containing the indicated carbon sources. The mean value * standard deviation of three or two (JA6/D802, JA6/D80DLY,

and DL9) independent measurements is given.

containing 4 mg of o-nitrophenyl-B-pD-galactopyranoside
(ONPG) and 0.25 mg of bovine serum albumin per ml.

GUS measurements were performed in GUS extraction
buffer (10 mM sodium phosphate [pH 7.0], 10 mM B-mer-
captoethanol, 10 mM Na,EDTA, 0.1% sodium lauryl sar-
cosine, 0.1% Triton X-100 [19]) containing 1 mM p-nitrophe-
nyl-B-D-glucuronide, and the reaction was monitored
photometrically. The extinction coefficient of p-nitrophenol
in GUS extraction buffer was 8,800 M~! cm™!, as deter-
mined by three independent measurements.

Protein concentration in the crude extract was determined
by the method of Lowry et al. (30).

Northern blot analysis. Total RNA was prepared by ex-
traction with phenol-sodium dodecyl sulfate (SDS) as de-
scribed by Schmitt et al. (52). Poly(A)* RNA was isolated by
oligo(dT) column chromatography (18). RNA was separated
in 1% agarose gels containing 6% formaldehyde and blotted
onto nylon membranes (Hybond N; Amersham, Braunsch-
weig, Germany). Electrophoresis, transfer, hybridization,
and washing were performed as indicated by the supplier.
Hybridization probes were labeled with [a->’P]dATP by
random priming. For detection of GAL1, GAL7, and GAL10
mRNAs in total RNA, plasmid pKR7-GAL (59) was used.
Plasmid pJ2B3 (55) containing the HHT1, HHT2, TRPI, and
IPP genes served as a control in this experiment. To detect
the K. lactis GAL80 transcript, three intragenic EcoRV
fragments were hybridized to poly(A)* RNA. In this case, a
0.7-kb Asp 718 fragment from plasmid pJ2B3 containing only
sequences of the histone H3 and H4 genes, HHTI and
HHT?2, respectively, served as an internal standard. North-
ern blots were quantitated by densitometric scanning of
different exposures to ensure a linear response of the film,
using a Molecular Dynamics model A300 laser densitometer.

Gel retardation assays. Preparation of K. lactis S100 ex-
tracts and binding experiments were performed essentially
as described previously (63). The relative affinities of Lac9
for the binding sites in the K. lactis GAL80 promoter were
determined by competition experiments using a labeled
UASI fragment from the LAC4 promoter and unlabeled
fragments containing different Lac9 binding sites as compet-
itor DNA (62). A 397-bp Saul-Accl fragment (—349 to +45)
from the K lactis GAL80 promoter containing UASI and
UASII was used (fGALS80). The fragment was cleaved by
Mboll or Avall to assay for binding to UASI and UASII,
respectively. Complete digestion was confirmed by analysis
on a silver-stained polyacrylamide gel. Retarded bands were
cut out from the dried gel and quantitated by Cerenkov
counting.

Immunoblot analysis. Western blot (immunoblot) analysis
was performed as described previously (63). Polyclonal

antisera from rabbit raised against Lac9 and Gall fused to
glutathione S-transferase were used for immunological de-
tection. Densitometric analysis was performed as described
above.

Nucleotide sequence accession number. The nucleotide
sequence accession number of K. lactis GAL80 in the EMBL
data bank is Z21512.

RESULTS

The riml mutation results in constitutive expression of
lactose/galactose metabolic genes. In K. lactis JA6, the endo-
genous B-galactosidase gene LAC4 is expressed at a very
low level during growth in the absence of galactose or
lactose; thus, cells form white colonies on glucose plates
containing X-Gal. In an attempt to isolate negative regula-
tors of the regulon, we mutagenized these cells and screened
for expression of higher levels of B-galactosidase on this
medium which would result in cleavage of the chromogenic
substrate and the formation of blue colonies. Among the
mutants that were obtained, the riml (regulator of lactose
metabolism) mutation showed the most pronounced pheno-
type and was characterized further. The blue phenotype was
recessive in a cross to the wild-type strain KB6-2C and
segregated 2:2 in all of eight tetrads analyzed. Measurements
of B-galactosidase activity in KB101 riml, a meiotic seg-
regant, confirmed that the blue color of the colonies on
X-Gal reflected elevated enzyme levels. In the mutant,
B-galactosidase activity on glucose-containing medium was
almost identical to the fully induced level on galactose of the
wild type; on glycerol, enzyme activities were even higher
(Table 1, KB101).

To determine whether other genes of the GAL regulon
were also affected by the mutation, the RNA levels of the
GALI, GALIO, and GAL7 genes were compared between
the wild-type JA6 and the mutant. Northern blotting (Fig. 1)
revealed that in KB101, RNA concentrations were similar
between repressed (glucose- or glucose-galactose-grown)
and induced (galactose-grown) cells, indicating that all three
genes were expressed constitutively in the mutant (Fig. 1).
Thus, a negative regulator of the entire LAC/GAL regulon
seemed to be affected by the mutation.

Complementation of the r/mI mutant by the GAL80 gene of
S. cerevisiae. Coordinate regulation of the genes of the
LAC/GAL regulon is achieved by the transcriptional activa-
tor Lac9. The phenotype of the 7im1 mutant suggested that a
negative regulator of Lac9 (K. lactis Gal4) function could be
inactive. The GALS80 gene encodes such a negative regulator
in S. cerevisiae.

To examine whether a Gal80-like function was affected in
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gal glu glu/gal plasmid reduced B-galactosidase activities in glucose-grown
JA6  KB101| JA6 KB101 | JA6 KB101 cells from 2,000 mU/mg in the control to about 400 mU/mg.
E S AR L U e A To exclude the possibility that this reduction was due to
. titration of the Lac9 activator by the Lac9 binding site in
front of the GALS80 gene (3, 5, 56), the GAL80 reading frame
o . B - #® —caLo was disrupted by filling in the EcoRI site in the coding region
(40). KB101 transformed with the mutated plasmid
g e KEp6GAL80m showed the same color as did the KEp6
- - - -“ R tranzformants. Thus, the observed partial complementation
e B b . — GAL7 of the rim1 mutant phenotype was not due to a titration effect
: - - but depended on an intact reading frame of the S. cerevisiae
GALS80 gene. Therefore, the rlml mutation was a good
candidate for a mutation in the K. lactis equivalent of the S.

- " ™ ® cerevisiae GAL80 gene.

FIG. 1. Northern analysis of GAL1, GAL10, and GAL7 mRNAs
in the constitutive mutant. Total RNA from yeast strains JA6 and
KB101 (#im1) grown in SM medium containing the indicated carbon
sources was isolated and separated on an agarose gel containing
formaldehyde. After blotting onto a nylon membrane, the RNA was
hybridized with [a->*P]dATP-labeled plasmid pKR7-Gal (59), which
contains the entire GALI-GAL10-GAL7 gene cluster and plasmid
pJ2B3 (55), containing the HHTI (histone H3), HHT2, and IPP
genes.

KB101, we tested the ability of the S. cerevisiae GAL80 gene
to complement the rimI mutation. The gene was cloned in
the K. lactis vector KEp6, which is based on the 2um-like
multicopy plasmid pKD1 (7). After transformation of KB101
with KEp6GALS0 and plasmid pKD1, which is required for
stability of the KEp6 vector (see Materials and Methods),
Ura* transformants formed light blue-green colonies on
X-Gal plates containing glucose and were clearly distinguish-
able from control transformants with the vector plasmid
KEp6. The presence of the S. cerevisiae GALS0 gene on the

Isolation of the K. lactis GAL80 gene. To isolate DNA
fragments that would complement the rimi mutation, we
transformed KB101 with a K. lactis genomic library (60) and
screened for reduced B-galactosidase activity on X-Gal
plates. Since the presence of X-Gal in the plates drastically
reduced the number of transformants, probably as a result of
toxic effects of the blue dye, Ura* transformants were first
selected on YNB-glucose plates and subsequently replica
plated on X-Gal plates.

Among 5,000 dark blue transformants, two light blue
colonies were obtained. Plasmids isolated from these trans-
formants were characterized by restriction analysis. Two
plasmids, pKB1-1 and pKB2-1, that consisted of the vector
KEp6 and inserts, both approximately 6 kb in length, were
obtained. The two inserts had an overlap of more than 5 kb.
Retransformation of these plasmids into KB101 confirmed
that the light blue phenotype of colonies on X-Gal plates was
coupled to the presence of the plasmid.

The complementing activity was mapped on the insert by
deletion analysis of pKB1-1. As shown in Fig. 2, all se-
quences left to the Saul site could be deleted without loss of
activity, whereas a deletion in the right half or filling in of the

Accl
Hpal
lal
Ndel
EcoRI
Clal
Clal AspT18
Xhol | Clal Saul Necol Xhol
|| ]
' I ! | ' | |
1.0 | 2.0 3.0 40 kb
UAST  UASI KIGAL80 complementation
Saul yes
EcoRI no
AspT18 no
EcoRI no
Clal no
EgRI no

FIG. 2. Restriction map of the 4.1-kb Xhol genomic fragment containing the K. lactis GAL80 gene. The relevant restriction sites used for
complementation analysis, deletion, and reporter gene fusion are shown. The Lac9 binding sites UASI (5'-CGGCTCATAGTCTTCCG-3') and
UASII (5'-CGGACCTCTCCATTCCG-3') at positions —295 and —333, respectively, found in the K. lactis GAL80 promoter are marked by
black boxes. Deletions were constructed in plasmid pKB1-1, and the indicated segments were tested by transformation into the constitutive
strain KB101 (r/m1) for the ability to complement the constitutive phenotype on SM-glucose medium containing X-Gal.
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YIGDINSIEIAGNGGWYGYERPVKSPKYIYE 199
201 IESGVNLISNSFGHTIDVLQYITGSYFQKINAHISNNIH‘QFLLDENGKR 250

s 1]:
200 IGNGVDLVTTTFGHT mmssvrsnmmmxpzozubzncm 249

251 TKETISKTCPDHLLFQGILENGKVPVSCSFKGGTP’VKRL lCNLVIDIHGT 300
250 roarvekbvbbbb el b AL kb L 260
301 KGDLKIEGDAGFVEISNLVLYFYGIKNGNGSSNGTDNNGAMIKDKEKVT 350
300 ll((lil!)lllll(hééll)tlléllméiéllli‘llll;i‘lSGmDFPLANGQQAPLDPGYDAGK 347
351 KSPSPSTGTSEEEQTHEVFHLRNYNSWGNILRIYESIADYHFLGKPESK 400
l L IM&’AI‘;&J{{HL;&QA%SDHLII’NTH(IPE 384
401 SSRGPDDLFASTKFDKQGFRFEGFPTPKDAIILHRLIDAVF’RSDREEKTL 450
385 ...ciennn LPSQII’VH&I!’DIIJE&ILIP'LIHII)AL}IIl.l!lllul..]IIES‘IlYK;NmGSTL 425
451 DVSKIMI... 457

426 NVSNISHYSL 435
B 1
KIGAL80

256 324 365 396 413 455 457

83% 68% 59%

ScGAL80 |

255 323 349| 380 388 430 435

gal80-46
GAL8O*®

GAL8O*!
gal80-31  GAL80*?

FIG. 3. Comparison between the deduced amino acid sequences
of K. lactis Gal80 (KIGALS80) and S. cerevisiae Gal80 (ScGALS0).
(A) The alignment was performed with the program GAP (8) of the
University of Wisconsin Genetics Computer Group package. Lines
indicate identical amino acids, and conservative exchanges are
marked by dots. (B) Schematic representation of the alignment. The
proportion of identical amino acids is given in percentage of the
length of each block of K. lactis Gal80. The hatched regions indicate
the most highly conserved blocks, stippled regions consist of 55 to
68% identical residues, and unmarked areas show no significant
similarity.

EcoRI site abolished complementation. Sequencing of a
2.2-kb region downstream from the second Clal site gave an
open reading frame of 1,371 nucleotides encoding a protein
of 457 residues and molecular weight of 51,000.
Comparison of the sequence with entries in a data bank
(see Materials and Methods) revealed a high similarity with
the sequence of the S. cerevisiae GALS0 gene. Over the
entire coding region, 60% of both nucleotides and deduced
amino acid residues are identical, and there is an overall
similarity at the protein level of 75% (Fig. 3A). From these
data and the complementation tests, we conclude that the
isolated gene is the K. lactis homolog of GAL80.
Integration of the K. lactis GAL80 gene at the homologous
chromosomal locus in the rimI mutant strain KB101 gave
white colonies, indicating that full complementation could be
obtained in single copy. The partial complementation seen
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with plasmid pKB1-1 most likely was due to plasmid insta-
bility (1).

To test for allelism between the K. lactis GAL80 and rim1
loci, the integrant KB101/I80 was crossed to a Trp™ rever-
tant of the wild-type strain JA6. Only white segregants were
obtained in two tetrads and nine triads, indicating that the
riml mutation was tightly linked to the integrated plasmid.
We therefore concluded that the RLM1 locus encodes the
Gal80 protein and renamed that gene GALS0.

S. cerevisiae Gal80 and K. lactis Gal80 sequences are highly
conserved. On the basis of sequence homology, the Gal80
protein was subdivided into six conserved blocks, A through
F (Fig. 3B). Two of them, blocks B and D, contain more than
80% identical residues. These most highly conserved seg-
ments are flanked by blocks A, C, and E/F, defining the
relatively high basal conservation of about 60% identity.
Blocks E and F, although rather similar to each other, have
been assigned as two blocks since they are separated by an
insertion resulting from the longer K. lactis Gal80 protein.
Another length difference exists in the linker region that
separates block D from block E. This segment from residues
325 to 365 of K. lactis Gal80 and 324 to 349 of S. cerevisiae
Gal80 is the only one in which the two proteins show no
significant similarity. A sharp boundary separates the linker
from the highly conserved block D. The N-terminal two-
thirds of the two proteins (blocks A to D) can be almost
perfectly aligned, with only one extra residue in K. lactis
Gal80.

All positions to which S. cerevisiae GAL80 mutations
have been mapped (41, 42) are conserved in the K. lactis
protein (Fig. 3B). In block D, constitutive gal80~ as well as
noninducible GAL80°® mutations are located. This region
may thus play an important role in interaction with Gal4 or
Lac9, since both mutant phenotypes have been ascribed to
changes in the affinity to the activator (50).

Outside the protein-coding region of the gene, the only
sequence homology which may be significant is a potential
Lac9/Gal4 binding site. Whereas in the GAL80 promoter
region of S. cerevisiae there is one such site at position —165
from the ATG (17), two sequences, 5'-CGGCTCATAGTCT
TCCG-3' and 5'-CGGACCTCTCCATTCCG-3', conforming
to the consensus sequence CGGN;A/TN;CCG-3' (13), could
be found in K. lactis GALS0 at positions —333 and —295
(central base pair). This finding suggested that K. lactis
GALS80 expression, like S. cerevisiae GAL80 expression
(17), is controlled by Lac9/Gal4 (see below).

Disruption of the K. lactis GALS0 gene results in constitutive
expression of Lac9-controlled genes and a loss of repressibility
by glucose. Analysis of the original mutant KB101 gal80-1
had already shown that in K. lactis, as in S. cerevisiae, the
Gal80 function was required to block expression of all
Lac9-controlled genes in the absence of galactose (Fig. 1;
Table 1). These results were confirmed in two independent
gal80 deletion mutants, JA6/D801 and JA6/D802 (see Mate-
rials and Methods). All three mutant strains expressed high
levels of B-galactosidase under noninducing (glycerol) and
even under repressing (glucose and glucose-galactose) con-
ditions (Table 1, K101, JA6/D801, and JA6/D802). Under
conditions of glucose repression, the situation in K. lactis
contrasts sharply with that in S. cerevisiae. Whereas in S.
cerevisiae gal80 mutants, enzyme activities in glucose were
around 5% of the induced wild-type levels (39), gal80 mu-
tants of K. lactis were induced up to at least 35%. This
finding implies that in K. lactis, the Gal80 protein is required
for the maintenance of the glucose-repressed state. There
was no difference regardless of whether galactose was added
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to the glucose medium, indicating that regulators other than
Gal80 which might be capable of mediating a galactose-
specific effect are negligible under these growth conditions.

Additional disruption of the LACY gene in a gal80 deletion
mutant abolished constitutivity, and Lac9-dependent gene
expression in the double mutant was indistinguishable from
that in the lac9 single mutant (Table 1, JA6/D80DL9 and
DLY9), confirming that Gal80 functions only through Lac9.

The B-galactosidase activities in the lac9 mutants were
low under all growth conditions, but in the presence of
glucose (in glucose and glucose-plus-galactose media), they
were still more than 10-fold lower than in its absence. This
finding indicates that a lac9-independent form of glucose
repression exists. If this repression is suppressed by a highly
active Lac9 activator, the involvement of Gal80 in glucose
repression could be an indirect consequence of its influence
on Lac9 activity (see also Discussion). Some negative influ-
ence of glucose can still be observed in the gal80 single
mutants (Table 1, JA6/D801 and JA6/D802), that is, when
Lac9 is highly active. It is hard to distinguish whether this
reflects residual glucose repression of the LAC4 gene, glu-
cose repression of LACY gene expression (see below), or a
combination of both. In glycerol-grown cells, the B-galacto-
sidase activities were two- to threefold higher than on
galactose, suggesting that even galactose may exert some
repression which in the mutants becomes evident as a result
of the absence of galactose induction.

Expression of the autoregulated LACY9 activator gene is
moderately elevated in K. lactis gal80 mutants. Since the LAC9
gene is controlled by autoregulation (62), we have analyzed
the influence of K. lactis GAL80 on Lac9 synthesis. In
contrast to the LAC and GAL genes, which encode metabolic
enzymes, induction of the regulatory gene LACY in the wild
type is only a factor of 2 to 3 (26, 62, 63). Lac9-specific
antibodies were used to compare the Lac9 protein concentra-
tion between JA6 and JA6/D802R (gal80A2::ura3) by immu-
noblotting. We have shown before that this method is suffi-
ciently accurate to quantify the Lac9 concentration within a
confidence range of less than 20% (62, 63). A typical experi-
ment is shown in Fig. 4, and the data of three independent
experiments are summarized in Table 2. Under noninducing
conditions (in the absence of galactose), the gal80 mutant
contained about 1.7-fold-higher Lac9 levels than did the
isogenic wild type in both repressed and derepressed cells,
confirming the dependence of LACY gene regulation on the
Gal80 function.

Two other conclusions can be drawn from these data.
First, despite the positive feedback loop, no further ampli-
fication of Lac9 occurs in the absence of K. lactis Gal80,
indicating that additional mechanisms that limit activation of
the LAC9 promoter by Lac9 must exist. Second, the Lac9
concentration is still carbon source regulated in a gal80
mutant, although to a lower extent than in the presence of
Gal80. The moderate variations in Lac9 concentration in the
mutant correlate with the activity of Lac9-controlled genes.
Concentrations of galactokinase and B-galactosidase, which
were determined in parallel to the Lac9 protein concentra-
tion by Western blotting and enzyme assays, respectively
(Table 2), showed the behavior typical of all genes of the
regulon, with lower levels on glucose and glucose-galactose
than on galactose-glycerol and glycerol.

The K. lactis GAL80 gene is regulated by Lac9 and Gal80, as
are the other lactose/galactose metabolic genes. The presence
of two potential Lac9 binding sites in the GAL80 promoter
(Fig. 2) suggested that the K. lactis GAL80 gene may also be
controlled by Lac9 and in that case should be induced by
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FIG. 4. Comparison of Lac9 and Gall concentrations in JA6
(wild type) and JA6/D802R (gal80A2::ura3) by immunoblotting.
Strains were pregrown in glucose-containing medium, transferred to
medium containing 2% glucose (glu), 2% galactose-3% glycerol
(gal/gly), 2% glucose—2% galactose (glu/gal), or 3% glycerol (gly),
and harvested after 4.5 h of growth (ODgy, 0.5 to 0.7). After
preparation of crude extracts, samples containing 50 pg of protein
were resolved on an SDS-7.5% polyacrylamide gel and transferred
to a polyvinylidene difluoride membrane. The membrane was cut
into upper and lower halves, which were incubated with Lac9 and
Gall antisera, respectively. Bands were visualized by a secondary
antibody linked to alkaline phosphatase. The positions of prestained
proteins (Sigma) used as molecular weight standards are indicated in
kilodaltons.

galactose. To address this question, RNA was isolated from
cells grown in glucose, galactose, glucose plus galactose,
and glycerol and analyzed by Northern blotting (Fig. 5). The
band detected with a K. lactis GALS80 probe had a size of 1.7
kb, in good agreement with the size of the GAL80 open
reading frame (1.37 kb), and was not present in the gal80
disruption strain JA6/D802.

K lactis GAL80 gene expression was strongly regulated.
Surprisingly, in the absence of galactose (in glucose or
glycerol), a condition in which the function of the negative
regulator of the lactose/galactose metabolic genes is re-
quired, mRNA levels were about 50-fold lower than in
galactose medium. In glucose-galactose, the K. lactis GAL80
mRNA level was 12-fold higher than on glucose but clearly
lower than on galactose, implying that GAL80 gene expres-
sion was subject to glucose repression.

To quantify the expression levels by an independent
method, the K lactis GAL80 promoter and 5’ end of the
coding region were fused to a reporter gene encoding the
bacterial GUS (see Materials and Methods). Enzyme activ-
ities were determined in a wild-type strain transformed with
a centromere plasmid expressing the gene fusion (Table 3,
JAG6). In line with the analysis of K lactis GALS0 mRNA,
the GAL80 promoter directed a 70-fold-higher level of fusion
gene expression in galactose than in glucose. The presence
of glucose in addition to galactose reduced induction to
about 10%. The noninduced level in glycerol was very
similar to that in glucose-galactose.

The dependence of GAL80 gene induction on Lac9 was
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TABLE 2. Comparison of Lac9 activator concentrations in wild-type and ga/80 mutant strains

Parameter Relevant Glycerol- Glucose-
assayed” genotype Glucose gal};ctose galactose Glycerol
Lac9 GALS0 1 22 +0.1 1.2 £0.2 1.5 +0.2
gal80A2::ura3 1.7 £ 0.1 2.7+03 1.9 £ 0.1 2.7+0.2
Gall GALS0 <0.5 100 5+3 <0.5
gal80A2::ura3 137 = 33 179 = 33 130 = 21 205 + 68
B-Gal GAL80 10 = 8 2,030 = 1,340 84 + 82 157 = 80
gal80A2::ura3 1,751 + 488 3,320 = 940 1,660 = 530 5,270 = 1,200

“ JA6 (GALS80) and the isogenic strain JA6/D802R (gal80A2::ura3) were used. Relative amounts of Lac9 and Gall were determined by densitometric scanning
of Western blots like that shown in Fig. 4. Lac9 protein concentrations were normalized to that of JA6 in glucose; Gall protein concentrations were expressed
in percent relative to that of JA6 in galactose. B-Galactosidase (B-Gal) activity is given in milliunits per milligram. Each value is the mean + standard deviation

of three independent measurements.

examined in a lac9 deletion strain and a strain overproducing
Lac9. Both mRNA levels (data not shown) and GUS expres-
sion (Table 3, DLIR) directed by the GAL80 promoter were
not inducible by galactose in the absence of the activator
Lac9 and elevated by higher concentrations of Lac9 (Table
3, JA6/2-2). The regulation by carbon source in the lac9
deletion strain resembles that of the LAC4 promoter (Table
1) and again clearly shows a repressing effect of glucose in
the absence of Lac9. Glucose repression was largely sup-
pressed by the higher concentration of strain JA6/2-2 (Table
3), as has been shown for other Lac9-controlled genes in this
strain (25, 62). Thus, activation of the GALS80 gene depends
on the activator Lac9, and its pattern of regulation resembles
that of the other genes of the lactose/galactose regulon
despite its function as a negative regulator of these genes.

When the GAL80-GUS fusion gene was introduced into a
gal80~ mutant (Table 3, JA6/D801R), the GAL80 promoter
was induced under all growth conditions, demonstrating that
the dependence of GAL80 regulation on Lac9 results in a
negative regulation by Gal80, thereby generating an autoreg-
ulatory feedback loop.

The enzymatic activities were again highest in glycerol-
containing and lowest in glucose-containing media, as de-
scribed above for B-galactosidase (Table 1).

The K. lactis GAL80 promoter contains two high-affinity
Lac9 binding sites. The most likely cis-acting control ele-
ments conferring Lac9/Gal80-dependent regulation are the
two Lac9 consensus binding sites located at positions —295
and —333 of the K. lactis GAL80 promoter. To determine
whether either or both of these sites could bind the activator
in vitro, we tested them in a competition experiment. A
labeled fragment containing a well-characterized Lac9 bind-
ing site (UASI of the LAC4 promoter [13, 62]) was incubated
with Lac9-containing protein extracts in the presence of
increasing amounts of a K. lactis GAL80 promoter fragment.
This fragment containing both potential Lac9 binding sites
competed for Lac9 binding to UASI about five to six times
better than to unlabeled UASI, ,., (Fig. 6). The ability of
fragments containing only a single site to compete was
reduced by a factor of about 2, indicating that both sites had
roughly the same affinity for Lac9 in vitro. Each of these
sites therefore had a two- to threefold-higher affinity to the
activator than to UASIV, ,,, the strongest Lac9 binding
site characterized so far (13).

Inducibility of K. lactis GAL80 gene expression renders the
LAC/GAL regulon susceptible to glucose repression. To dem-
onstrate the in vivo function of these Lac9 binding sites in
the K. lactis GAL80 promoter, we deleted these sites (from
positions —349 to —178) in the Gal80-GUS fusion construct.
Determination of GUS activity in different media showed

that induction by galactose was abolished in the wild-type
strain carrying the mutant plasmid (Table 4, JA6 carrying
pCD80GUS), confirming the function of the deleted region
as galactose-dependent upstream activation sequences
(UAS_4; 50)- The Lac9 dependence of the deleted region is
shown by the identical behavior of the LAC9Y strain contain-
ing the plasmid with the deleted promoter and the lac9
mutant strain with the wild-type promoter (compare DL9R
in Table 3 with JA6 carrying pCD80GUS in Table 4). The
basal level of expression was not significantly affected by the
deletion and was independent of Gal80 and Lac9 function, as
demonstrated by transformation of the mutated plasmid into
gal80 and lac9 deletion strains (Table 4, JA6/D801R and
DLOIR).

This finding allowed us to address the question whether
the basal level of K. lactis GAL80 expression was sufficient
to block Lac9 function and, if so, what the function of
induction by galactose might be. By gene replacement, the
noninducible K. lactis GAL80-AUAS promoter was intro-
duced into the chromosome, replacing the wild-type GALS80
promoter, giving strain JA6/DUASS80, and the influence of
the promoter mutation on B-galactosidase gene expression

JA6/D802 JAG

glu/gal gal gly

gal glu

"* — GAL8O0
- — HHT2
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FIG. 5. Transcriptional regulation of the K. lactis GALS80 gene.
Cells were grown in SM medium containing the indicated carbon
sources, and then poly(A)*-enriched RNA was prepared. About 5
and 10 pg of RNA for each sample were separated in an agarose gel
containing formaldehyde and blotted onto a nylon membrane. For
detection of K. lactis GAL80 mRNA, the three intragenic EcoRV
fragments were labeled radioactively. HHTI and HHT2 mRNAs
encoding histones H3 and H4 (55) were detected with a 0.7-kb Asp
718 fragment isolated from plasmid pJ2B3 (55). The GAL80 signal
was normalized to the HHTI and HHT? signals, and the relative
concentration of the GAL80 mRNA is given in relation to that of JA6
grown on glucose.
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TABLE 3. Regulation of K. lactis GAL80 gene expression

GUS activity (mU/mg)*
Strain Relevant geno
ype Glucose Galactose Sall‘::to::; Glycerol
JA6 LAC9 GALS0 1.5+03 108 + 28 10 £ 2.5 6+14
DLI9R lac9::ura3 GALS0 0.9 + 0.2 571 0.9 £ 0.1 77+3
JA6/2-2 LAC9(2x) GALS80 59+24 134 + 23 95 + 27 15+75
JA6/DS01R LAC9 gal80Al::ura3 126 + 28 170 = 17 119 + 34 302 + 43

 Strains were transformed with pC80GUS containing the K. lactis GAL80-GUS fusion and were grown in selective minimal medium with the indicated carbon
sources. Mean values + standard deviations of at least three independent measurements are presented. DLIR was grown on galactose plus 3% glycerol instead

of galactose. No GUS activity was detectable in untransformed strains.

was analyzed (Table 4, JA6/DUASS80). In cells grown in
glucose, sufficient Gal80 protein was produced to keep the
LAC4 gene repressed. In galactose, B-galactosidase activi-
ties were slightly higher than the wild-type level, indicating
that even under inducing conditions, high levels of Gal80
protein exert a certain negative influence on LAC4 gene
expression. In glucose-galactose, the most obvious effect of
the GALS80 promoter mutation on the LAC4 gene was seen.
Whereas the wild-type strain was repressed, B-galactosidase
activities in the mutant were 20- to 50-fold higher. The values
showed a much higher variation than in the wild type;
between 220 and 1,180 mU/mg was measured in four inde-
pendent experiments. Clearly, inducibility of the GALS80
gene is required for the maintenance of glucose repression in
the presence of galactose.

High variations of B-galactosidase activities were also
observed in glycerol, with values of between 100 and 1,500
mU/mg. When these measurements were repeated with
precultures grown in glycerol instead of glucose medium, the
B-galactosidase activities were more reproducible, reaching
2,700 = 600 mU/mg. Since we could not detect a significant
influence of the mutation on GAL80 gene expression under
noninducing conditions, the reason for the higher activity in
the absence of galactose is not obvious (see Discussion).

DISCUSSION

We have isolated the K. lactis GALS0 gene by comple-
mentation of a mutation which leads to constitutive expres-
sion of the lactose/galactose metabolic genes. The deduced
amino acid sequence is similar to that of Gal80 of S.
cerevisiae throughout the entire protein. With 60% identical
residues, the sequence conservation is much higher than that
of their target activators, Lac9 and Gal4 (49, 61). Despite the
high overall homology, the structural comparison was very
informative by revealing two blocks that are more strongly
conserved than the rest of the protein (Fig. 3B). No such
information had been obtained from attempts to dissect
functional domains of S. cerevisiae Gal80 (41). From these
data, it seemed that most of the protein is required for its
repressor activity. The high sequence conservation supports
that conclusion and indicates that the function of Gal80
imposes strong constraints on the sequence. Only the last 12
amino acids were shown to be dispensable in a series of
C-terminal deletions of S. cerevisiae Gal80 (41). This dele-
tion removed 5 of the 25 conserved residues of block F (Fig.
3A). Only one additional region could be mutated without
loss of the repression function: at position 341 (Fig. 3B),
large insertions were tolerated, and a 19-amino-acid deletion
between residues 322 and 340 still retained repressor activity
but was uninducible. Both of these mutations fall into the
only nonconserved region of the protein, which separates

the N-terminal two-thirds from the C-terminal blocks E and
F. In contrast to the rest of the protein, neither length nor
sequence seems to be important in this linker region.

The noninducible phenotype of the 19-amino-acid deletion
mentioned above may be due to the removal of residue 323,
which forms the C-terminal end of one of the two highly
conserved blocks. A Gly—Arg mutation of this residue is
responsible for noninducibility of the GAL80! mutant (42).
This GAL80%' mutation is special among the three known
noninducible (or superrepressing) GAL80® mutants (42): its
noninducible phenotype is lost when wild-type GAL4 is
replaced by the GAL4° missense allele GAL4-1le859 (51) and

fUASI bound (% of control)
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FIG. 6. Equilibrium competition experiment with the UASI frag-
ment from the LAC4 promoter (fUASI, ,.,) for Lac9 binding. Bind-
ing reaction mixtures contained 0.6 ng of labeled fUASI, ,, (4.7
fmol; 4.45 x 10* cpm), 0- to 20-fold molar excess of unlabeled
competitor fragment (fcomp), and 1 ug of S100 protein. Sonicated calf
thymus DNA was added to give a total of 100 ng of DNA. The S100
extract was prepared from the induced wild-type strain K. lactis JA6
transformed with plasmid pEXI.9G10-3, which allows inducible over-
expression of Lac9 (62). Competitor fragments were derived from the
K. lactis GAL80 promoter as described in Materials and Methods.
fGALS80 was cleaved with the restriction endonucleases Mboll or
Avall prior to competition in order to investigate UASI;,, 5 OF
UASIl; ;5 alone. Fragment fsitelll contains a UAS-related se-
quence from the LAC4 promoter which is not bound by Lac9 (13).
Samples were subjected to gel electrophoresis, and the Lac9-UASI
complex was quantitated by Cerenkov counting. The amount of
fUASI retarded in the reactions with a competitor fragment in relation
to a reaction without competitor fragment (9,200 cpm) was plotted
against the ratio of competitor fragment to labeled fUASI. Reactions
without Lac9 protein were used to calculate background radioactivity
(<65 cpm). The data represent the averages of two independent
experiments.
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TABLE 4. Effect of UAS,; 5 deletion on K. lactis GAL80 and LAC4 gene expression

Enzyme activity (mU/mg)*

Enzymg and Relevant genotype Transformed
strain genoyp plasmid Glucose Galactose ;ﬁ:‘;?;; Glycerol

GUS

JAG6 LAC9 GALS80 pC80GUS 1.5+03 108 + 28 10.2 £ 2.5 6.1 +1.4

JA6 LACY9 GALS0 pCD80GUS 1+0 2.5 0.7 0.8 +0.4 8.2+ 0.3

JA6/D801IR LAC9 gal80AIR pCD80GUS 0.9 +0.3 14 0.1 0.7 £ 0.2 8.6 + 0.3

DL9R lac9::ura3 GALS0 pCD80GUS 1.3 +0.5 8.8 + 0.6 1.1 =04 9.2 + 1.7
B-Galactosidase

JA6 LACY9 GALSO 1.3 0.2 2,430 = 790 185 87 + 48

JA6/DUASS0 LAC9 GAL80OAUAS® 20 =18 3,480 = 1,260 820 = 431 610 = 670

“ Mean value + standard deviation of two (pCD80GUS transformants) or five (pC80GUS transformants) independent measurements. For strain DLIR, glycerol

was added in addition to galactose. pC80

IGUS contains the wild-type K. lactis GAL80 promoter, whereas in pCD80GUS, the Lac9 binding sites were deleted.

® In the GAL80AUAS allele (GALS80-349/178), sequences from —349 to —178 including the two Lac9 binding sites have been deleted.

also when GAL4 is replaced by LACY in S. cerevisiae (50).
Interestingly, the s-1 mutation is located right at the position
where S. cerevisiae Gal80 and K. lactis Gal80 start to
diverge into the linker region. All three of the noninducible
GALS0® mutations are in a narrow region flanking the linker
(Fig. 3B). Blocks D and E therefore may play an important
role not only in interaction with Gal4/Lac9 but also in the
induction process.

Not only the structure but also the function of Gal80 is
conserved between K. lactis and S. cerevisiae. Null mutants
of gal80 express the Gal4/Lac9-controlled genes under non-
inducing conditions both in S. cerevisiae and in K. lactis. S.
cerevisiae GALS80 is able to complement the K. lactis gal80
mutation, and as shown before (46), K. lactis GALS80 is able
to regulate Gal4 function in K. lactis. LACY in S. cerevisiae
is active but not regulated (49, 50). In these experiments,
higher concentrations of Lac9 than of Gal4 were found,
suggesting that the concentration of Gal80 may be insuffi-
cient to repress Lac9 activity in S. cerevisiae. In line with
this finding, it was shown that Lac9 can be blocked in S.
cerevisiae strains overexpressing Gal80 or containing a
GALS80® mutant allele (50). Thus, the repressing activity of
Gal80 depends on both its concentration and its affinity for
the activator. The Gal80 repressor of both yeasts is able to
interact with the heterologous activator, and the lack of Lac9
regulation in S. cerevisiae seems to be due to quantitative
rather than qualitative differences.

However, there is a major difference between the pheno-
types of gal80 mutants of K. lactis and S. cerevisiae with
respect to glucose repression of the regulon. Whereas in S.
cerevisiae, the Gal4 activity is low in the absence of Gal80
when the medium contains glucose (21, 34, 35, 39). Lac9 is
able to almost fully induce the B-galactosidase and galactoki-
nase genes even when glucose is the sole carbon source. We
propose that this difference in sensitivity to glucose is a
result of a higher concentration of the activator in K. lactis
than in S. cerevisiae. In K. lactis, it was shown that glucose
repression can be suppressed even in the presence of Gal80
by a slight increase in the Lac9 concentration as it occurs in
some natural strains (4, 26, 63) or by a duplication of the
LAC9 gene (25) (Table 3). In S. cerevisiae, expression of
GAL4 on a multicopy plasmid produces a similar phenotype
(21). In an S. cerevisiae gal80 mutant, glucose repression
can also be overcome when GAL4 gene expression is mod-
erately elevated as a result of a migl mutation (39) or when
the gene is fused to a stronger promoter (15, 27). Activation
of Gal4 by mutating Gal80 is therefore not sufficient for

induction unless the concentration of Gal4 is elevated at the
same time (15, 27, 39). In contrast, a gal80 mutant of K.
lactis contains sufficient Lac9 activator to allow for induc-
tion. The influence of the gal80 mutation on activator gene
expression in K. lactis but not in S. cerevisiae (62) may
contribute to the phenotypic differences between the two
species, but we assume that even the noninduced Lac9 level
is higher than that of Gal4.

The fact that glucose repression also occurs in the absence
of the Lac9 activator as shown by the regulation of LAC4
and K. lactis GAL80 gene expression by the carbon source in
a lac9 deletion strain (Tables 1 and 3) suggests that glucose
does not act through the Lac9 molecule (although such an
effect cannot be excluded as an additional mechanism). We
propose that a glucose-dependent, Lac9-independent repres-
sion mechanism counteracts the induction process. The
efficiency of induction is determined by the total activity of
the activator in the cell, which in turn is a function of its
concentration and its specific activity. The latter is con-
trolled by the negative regulator Gal80, which responds only
to the presence or absence of galactose.

The GALS80 genes of K. lactis and S. cerevisiae are both
controlled by autoregulation. However, a much higher level
of induction is observed in K lactis. Accordingly, two
binding sites for the transcriptional activator are located in
the K. lactis GAL80 promoter, whereas only one Gal4
binding site is present in S. cerevisiae GAL80. Lac9 binds
with high affinity to these sites in vitro and probably also in
vivo, as indicated by the fact that overexpression of Lac9 by
a factor of 4 to 5 (62) gives only 30% higher K. lactis GAL80
gene expression levels under inducing conditions (Table 3;
compare JA6 and JA6/2-2) but 60% higher LAC4 levels (62).
At first glance, it is amazing that the GALS80 gene is induced
in galactose, that is, under conditions in which its function
does not seem to be required. Eliminating inducibility by
deleting the Lac9 binding sites had shown that the nonin-
duced level of the negative regulator is clearly sufficient to
inhibit Lac9 function in glucose-grown cells. This is in line
with data demonstrating that in S. cerevisiae, trace amounts
of a functional Gal80 peptide are sufficient to confer repres-
sion (41).

What is the function of the strong induction of K. lactis
GALS0 in galactose then? Since LAC9 gene expression is
induced only 2- to 3-fold, the 70-fold induction of K. lactis
GALSO leads to a large excess of the negative regulator over
Lac9 in galactose. Nevertheless, a further increase in K
lactis GAL80 gene expression reduces Lac9 activity (64),
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and similar results have been reported for S. cerevisiae (41,
42). A lowering of the Gal80 concentration as in strain
JA6/DUASS0 resulted in a small increase of Lac9-dependent
gene activation even in galactose (Table 4). Thus, despite the
large excess of Gal80 over the activator, variations in Gal80
concentration still have an influence on Lac9 activity. How-
ever, this effect is small during galactose induction, since the
negative regulator becomes inactivated by a galactose-de-
pendent signal. Accordingly, because of the low inhibitory
activity of Gal80, a reduction or even loss of function only
has a moderate effect, but a high concentration still provides
some negative control on the highly active Lac9 molecule.
We have shown that a noninducible K. lactis GAL8O0 gene is
not sufficient to allow for glucose repression in the presence
of galactose. Since under conditions of glucose repression,
gene activation by Lac9 very crucially depends on the total
activity of the activator (26, 63), any change not only in the
concentration but also in the specific activity of the activator
has a profound influence on the efficiency of glucose repres-
sion. Obviously, the specific activity of Lac9 being regulated
by Gal80 protein is influenced by the K. lactis GAL80 gene
expression rate.

The high variability of B-galactosidase activities obtained
in the K. lactis GAL80-AUAS mutant also suggests that
induction of the GAL80 gene may serve to stabilize the
regulon even in the absence of galactose, perhaps by coun-
terbalancing fluctuations in Lac9 levels. In addition, GAL80
induction may supply the cell with sufficient repressor to be
able to switch off the GAL regulon when galactose is
exhausted. Experiments are under way to test this predic-
tion.

The fact that the concentration of Gal80 protein has an
influence on the activator activity even under conditions in
which Gal80 is in excess over Lac9 is hard to reconcile with
a simple allosteric transition model for induction in which a
stable Gal4-Gal80 complex is converted from an inactive to
an active state upon induction. Any such model has to take
into account that active and inactive states of the activator
are in an equilibrium that is influenced by the Gal80 concen-
tration.
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