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How eukaryotic cells sense availability of glucose, their
preferred carbon and energy source, is an important,
unsolved problem. Bakers’ yeast $accharomyces cere-
visiag uses two glucose transporter homologs, Snf3
and Rgt2, as glucose sensors that generate a signal
for induction of expression of genes encoding hexose
transporters (HXT genes). We present evidence that
these proteins generate an intracellular glucose signal
without transporting glucose. The Snf3 and Rgt2 glu-
cose sensors contain unusually long C-terminal tails
that are predicted to be in the cytoplasm. These tails
appear to be the signaling domains of Snf3 and Rgt2
because they are necessary for glucose signaling by
Snf3 and Rgt2, and transplantation of the C-terminal
tail of Snf3 onto the Hxt1 and Hxt2 glucose transporters
converts them into glucose sensors that can generate
a signal for glucose-inducedHXT gene expression.
These results support the idea that yeast senses glucose
using two modified glucose transporters that serve as
glucose receptors.
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Introduction

Glucose, the preferred carbon and energy source for mos
eukaryotic cells, has significant and varied effects on cell
function. Consequently, maintaining glucose homeostasis
is of great importance to many organisms. How cells

important,
unanswered question. A signal transduction pathway
responsible for glucose-induced gene expression in baker

perceive and respond to glucose is an

yeast Gaccharomyces cerevisjabas come into focus

recently. Transcription of several of the 20 genes that

encode hexose transporters or highly related protélXg (
genes) (Bissowrt al, 1993; Kruckeberg, 1996; Boles and

t

s,

and represses their expression; glucose inactivates Rgtl
repressor function, leading to derepressioh BT expres-
sion (Marshall-Carlsort al., 1991; Erickson and Johnston,
1994; Cxcan and Johnston, 1995z€anet al, 1996a).
Inhibition of Rgtl by glucose requires Grrl, which may
be part of a ubiquitin-conjugating enzyme complex (Flick
and Johnston, 1991; Barradt al, 1994; Vallieret al.,
1994; Li and Johnston, 1997).

The glucose signal that triggers inhibition of Rgtl
function appears to be generated by Snf3 and Rgz240
et al, 1996b), which are similar to glucose transporters
and are members of a large family of 20 known or
predicted glucose transporters in yeast. Most of these Hxt
proteins are very similar to each other, sharing between
50 and 100% amino acid sequence identity. Snf3 and Rgt2
are the most divergent family members, being only ~25%
similar to their relatives (Bissoet al., 1993; Kruckeberg,
1996; Boles and Hollenberg, 1997). A distinguishing
characteristic of Snf3 and Rgt2 is their unusually long
C-terminal extensions>200 amino acids) that are pre-
dicted to reside in the cytoplasm (Marshall-Carlstral.,
1990). All other known or predicted hexose transporters
(from any organism) have C-terminal cytoplasmic tails of
only ~50 amino acids.

Work in several laboratories suggested that Snf3 plays
a regulatory rather than a metabolic role in glucose
transport (Marshall-Carlsort al, 1990, 1991; Bisson
et al, 1993; Koet al,, 1993; Qzcan and Johnston, 1995;
Liang and Gaber, 1996; Cooret al, 1995, 1997). We
have presented evidence that Snf3 and Rgt2 are sensors
of extracellular glucose that are involved in generation of
an intracellular glucose signal that triggers the induction
of HXT gene expression @@anet al, 1996b). The key
result that led to this idea is that a dominant mutation in
RGT2and SNF3 (Marshall-Carlsoret al, 1990) causes
constitutive induction ofHXT gene expression, even in
the absence of the inducer glucosez¢@net al., 1996b).
We believe this mutation converts the glucose sensors into
their glucose-bound form. This result led us to conclude
that glucose sensing and signaling is a receptor-mediated
process which is independent of glucose metabolism. Here
we provide further evidence that glucose signaling is not
the result of glucose transport and that the C-termini of
Rgt2 and Snf3 are the glucose signaling domains of these
glucose sensors.

Hollenberg, 1997) is induced by glucose. Expression of Results

HXT1is induced only in response to high concentrations

of glucose; transcription oHXT2 and HXT4 is induced
only by low levels of glucose (Zcan and Johnston, 1995,

Snf3 and Rgt2 have separate but overlapping
functions

1996; Schulte and Ciriacy, 1995). Glucose induction of Previous results indicated that Snf3 and Rgt2 probably
the HXT genes is mediated by a repression mechanismsense different levels of glucose Z€anet al, 1996b);

involving the zinc-finger-containing protein Rgtl: in the
absence of glucose, Rgtl binds to th&XT promoters
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Snf3 seems to function as a sensor of low levels of glucose
because it is required for low glucose-induced expression
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Table I. Rgt2p and Snf3p have distinct, but overlapping functions in glucose signaling

Genotype Construct MegBrgalactosidase activity (Ux SD
HXT1:lacz HXT2:lacz
A B C D
Gly 4% Glu Gly Gly + 0.1% Glu
1 WT vector 1.1 £0.15 353+ 32 14+ 0.5 348+ 30
2 CEN-SNF3 14 =02 364+ 22 21+ 4 335+ 18
3 CEN-RGT2 1.2 =03 394+ 80 19+ 7 314+ 40
4 ADH-SNF3 30 *7 329+ 21 274+ 23 327+ 57
5 ADH-RGT2 37 =9 396+ 74 298+ 46 308+ 26
6 rgt2A vector 0.6 =0.14 68+ 7 19+ 4 397+ 83
7 CEN-SNF3 09 *=0.2 72+ 8
8 CEN-RGT2 16 *0.1 403+ 69
9 snfA vector 0.7 = 0.09 227+ 30 10+ 1.8 24+ 2
10 CEN-SNF3 21+ 3 332+ 77
11 CEN-RGT2 11+15 27+ 4
12 rgt2A snfA vector 0.42+ 0.2 0.88*+ 0.2 6+ 1.4 14+ 3
13 ADH-HXT1 0.7 £0.2 0.7 £0.1 4+ 0.9 12+ 1

Abbreviations: Gly, 5% glycerot- 0.5% galactose; Gly+ 0.1% glu, 5% glycerok 0.1% glucose; 4% Glu, 4% glucose. VecterpRS316;CEN-
SNF3= pBM3111; CEN-RGT2= pBM3272; ADH-SNF3= pBM3135; ADH-RGT2= pBM3333; ADH-HXT1= pBM3362. The data shown in

lanes 6C/D and 9A/B are fromZanet al. (1996b).

of HXT2 (Table I, compare lines 9D and 10D) but not
high glucose-induced expressionldXT1 (line 9B). Rgt2

of glucose) (Table I, lines 4A and 4C, and lines 5A and
5C). We believe this is because the glucose receptors, like

appears to sense high concentrations of glucose becausall receptors, are in equilibrium between the unliganded

it is required for full induction ofHXT1 expression by
high levels of glucose (Table I, compare lines 6B—8B) but
not for induction ofHXT2 by low levels of glucose (line

and ligand-bound form. Higher levels of the receptors
necessarily increase the amount of receptor in the ligand-
bound form, leading to constitutive signaling. Note that

6D). To support the idea that Snf3 and Rgt2 have different HXT1expression in the absence of glucose is only partially

affinities for glucose, we tested whether tBBIF3or the
RGT2 gene in single copy is sufficient to complement
rgt2 or snf3 mutants, respectively. The decrease in high
glucose-induced HXT1 expression caused bygt2
mutations cannot be restored BNF3(line 7B), nor can
the defect inHXT2 induction by low levels of glucose in

a snf3 mutant be restored bRGT2 (line 11D). Thus,
RGT2and SNF3have separate, non-redundant functions.

Induction of HXT1 expression by high concentrations

of glucose is completely abolished in thef3 rgt2double
mutant (Table 1, line 12B). Consequently, teaf3 rgt2
double mutant grows poorly on high concentrations of
glucose (Figure 3; see below). This is in contrassnd3
mutants, which exhibit no reduction of high glucose-
induced HXT1 expression (line 9B), andgt2 mutants,
which have only ~5- to 6-fold reduction HHXT1transcrip-
tion at high concentrations of glucose (line 6B)z@an
etal, 1996b). Thus, Snf3 appears to contribute to induction
of HXT1 transcription by high levels of glucose. We
believe that these results reflect the different relative

constitutive (lines 4A and 5A); this is because induction
of HXT1 expression at high levels of glucose requires a
second, Rgt2-independent pathway¢anet al., 1996b).

Glucose transport is neither necessary nor

sufficient for signaling

To test whether Snf3 and Rgt2 can transport glucose, we
expressed them in a strain unable to grow on glucose
because it is deleted for sevetXT genes lixt1IA—hxt7A,
called thehxt null mutant) (Reifenbergeet al., 1995,
1997) (Figure 1). Expression in this strain of any one
of the sevenHXT genes restores growth on glucose
(Reifenbergeet al., 1995). We overexpressed in this strain
SNF3 RGT2and HXT1 from the ADH1 promoter on a
multicopy plasmid and assayed growth on glucose media.
Overexpression oAXT1 fully restored growth of thdaxt

null strain. By contrast, neitheBNF3 nor RGT2 when
overexpressed, were able to restore growth ofhktenull
mutant (Figure 1). While we cannot be certain that
increased levels of Rgt2 and Snf3 are expressed and reach

affinities of these sensors for glucose: Rgt2 is probably a the membranes in these cells, the fact that expression of

sensor of high levels of glucose (a low-affinity receptor);
Snf3 is probably a sensor of low levels of glucose (a high-
affinity receptor; see Discussion).

Snf3 and Rgt2 are limiting components of the
glucose signaling pathway
Previous data obtained with domin&NF3-1andRGT2-1

SNF3 and RGT2 from the ADH1 promoter leads to
constitutiveHXT gene expression (Table 1, lines 4A, 4C,
5A and 5C) suggests that this is the case. Thus, even
though they are similar to glucose transporters, Snf3 and
Rgt2 appear unable to transport sufficient amounts of
glucose to correct the growth defect of tine null mutant.

To test ifbona fideglucose transporters can provide for

mutants suggested that these two proteins are the limitingglucose signaling, we expressed thiXT1 and HXT2

components of the glucose signaling pathwayzdgén

et al, 1996b). This is supported by the observation that
overexpression of eith&NF3or RGT2causes constitutive
expression oHXT1 and HXT2 (i.e. even in the absence

genes from theADH1 promoter on a multicopy plasmid

in snf3andrgt2 mutant cells and tested for restoration of
HXT gene expression (Table II). Both of these plasmids
express functional glucose transporters because they
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enable a mutant defective in glucose transport to grow on
glucose (Figure 1, and data not shown), but neither is able
to restore the glucose signaling defect sff3 or rgt2
mutants, indicating that thid XT induction defect in these
mutants is not due simply to impaired glucose transport.

The C-terminal tails of Snf3 and Rgt2 are

necessary for glucose signaling

An unusual feature of Snf3 and Rgt2 that distinguishes
them from all other known glucose transporters is their
long C-terminal tails, which are predicted to reside in the
cytoplasm. The sequences of the Snf3 and Rgt2 tails are
dissimilar, except for a stretch of 25 amino acids, 16 of
which are identical among the repeats. Snf3 has two of
these sequences; Rgt2 has only one (Figure 2). Deletion
of the Rgt2 C-terminal tailRGT2\2) abolishes its ability

to sense high levels of glucose and indHe€T Lexpression
(Table 111, line 3B), and deletion of the Snf3 taBNF2)
abolishes its ability to sense low levels of glucose and
induce HXT2 expression (line 7D). Furthermore, the
dominant mutationsSNF3-1 and RGT2-1 (Arg231 and
Arg229, respectively, changed to lysine), which cause
constitutive (glucose-independent) expression ofHixa
genes (Table l1ll, lines 10A and C, and 12A and C; see

galactose glucose + Ant. A

ADH-HXTI

ADH-HXT1

vector
ADH-SNF3

vector
ADH-SNF3

ADH-RGT? ADH-RGT2

Fig. 1. Analysis of glucose transport activity of overexpresSatF3
RGT2andHXT1 genes inhxtlA—-hxt7A (hxf) strain. Thehxt mutant
transformed with the ADH1 vector aloneDH1-SNF3 ADH1-RGT2
and ADH1-HXT1was scored for growth on YNB medium containing
either 2% galactose or 2% glucose with antimycin Aug/ml). The
cells were grown first on YNB medium lacking uracil with 2%
galactose as carbon source and then replica plated on YNB medium
containing 2% glucose with antimycin A.

A
66 543
569
Hxtl: NHy—{ 12 transmembrane domains |—COOH
¥ 542 678 702 7714 798 884
Snf3: NH2——IEransmembl'ane domains COOH
1A1
A2
P St6 666 690 763
Rgtz: N H2—|L2 transmembrane domains-—w——' COOH
Al
1A2
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SNF3-1. repeat: 1 mll)lr(l;bfﬁ”ra Il.,l\ll a!l(]\lllli(l}rll’slll mnf?
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RGT2 repeat: ' YVDLGNGLG LNTYNRGPPSIiSDSt
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Fig. 2. (A) Schematic representation of the Snf3, Rgt2 and Hxtl
protein structure. The repeats of the C-terminal tails of Snf3 and Rgt2
are indicated by boxes. In addition, the C-terminal tail deletions from
Table IIl are shown. The numbers indicate the amino acid position.

(B) Alignment of the repeated sequences in the C-terminal tail of Snf3
and Rgt2. Snf3 has two repeats [amino acids 678-702 (2. repeat) and
774 to 798 (1. repeat)], Rgt2 has only one (666—690). The amino acids
that are identical within the repeats are indicated.

also (rcanet al, 1996b), do not manifest their effect
when the C-terminal tails of Snf3 and Rgt2 are deleted
(lines 11A and C, and 13A and C). Thus, the C-terminal
tails of both Snf3 and Rgt2 are essential for glucose
signaling.

The 25 amino acid repeats seem to be the functional
units of the C-terminal tails of Snf3 and Rgt2 because an
Rgt2 protein that retains its 25 amino acid repeat but is
missing all distal sequenceRGT2\L) is still partially
functional, mediating 2-fold induction ¢ XT1expression
(Table IIl, compare lines 1B, 2B and 4B). Similarly, Snf3
retaining one of its two repeatsSNF\1) is partially
functional, providing ~3-fold induction oHXT2 expres-
sion (compare lines 5D, 6D and 8D). However, overexpres-
sion of the Snf3 or Rgt2 tails by themselves does not
restore the glucose signaling defecsaf3or rgt2 mutants
(Table IV, lines 3B, 4B, 7D and 8D). Thus, the C-terminal

Table Il. The glucose signaling defect ajt2A andsnf3A mutants is not simply caused by impaired transport

Genotype Plasmid Meaprgalactosidase activity (Ux SD

HXT1:lacz HXT2::lacz

A B C D

Gly 4% Glu Gly Gly + 0.1% Glu
1 WT vector 1.1 £0.15 353+ 32 14+ 0.5 348+ 30
2 ADH-HXT1 13 =02 328+ 31 20x 4 340+ 16
3 ADH-HXT2 0.8 *=0.16 336+ 51 18+ 4 334+ 59
4 rgt2A vector 0.66+ 0.14 68+ 7
5 ADH-HXT1 05 *0.1 75+ 11
6 ADH-HXT2 0.6 *0.12 61+ 4
7  snfA vector 10+ 1.8 24+ 2
8 ADH-HXT1 11+2 29+ 4
9 ADH-HXT2 9+1 37+ 6

@Abbreviations: see Table I; vecter pRS426;ADH-HXT1= pBM3362; ADH-HXT2= pBM3138.
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Table Ill. The C-terminal tail of Rgt2p and Snf3p is essential for glucose sigrfaling

Genotype Plasmid Meaprgalactosidase activity (Ux SD
HXT1:lacz HXT2::lacZ
A B C D
Gly 4% Glu Gly Gly + 0.1% Glu
1 rgt2A vector 0.6+ 0.14 68+ 7
2 CEN-RGT2 16+0.1 403= 69 (5.9¥)
3 RGT2A2 1.0+ 0.3 71+ 10 (1.0x)
4 RGTAL 1.2+0.2 134+ 24 (2.0x)
5 snfA vector 10+ 1.8 24+ 2
6 CEN-SNF3 21+ 3 332+ 77 (13.8¥)
7 SNF2 11+2 21+ 4 (0.88%)
8 SNFa1 132 69 + 15 (2.9X)
9 WT vector 1.1+ 0.15 353+ 32 14+ 0.5 348+ 30
10 RGT2-1 33 x4 384+ 13 272+ 36 367+ 74
11 RGT2-AT 1.3+0.3 360+ 56 13+ 3 336+ 38
12 SNF3-1 29 + 5 349+ 37 301+ 31 327+ 57
13 SNF3-AT 09+0.1 355+ 48 16+ 3 359+ 32

3Abbreviations: see Table I; vecter pRS316;CEN-RGT2= pBM3272;RGTAL = pBM3312;RGTA2 = pBM3279; CEN-SNF3= pBM3111;
SNF3\1 = pBM3319; SNF\2 = pBM3363;RGT2-1= pBM3270; RGT2-AT = pBM3277; SNF3-1= pBM3259; SNF3-AT = pBM3335.

Table IV. Overexpression of the C-terminal tail of Rgt2p and Snf3p is not sufficient for glucose sighaling

Genotype Plasmid Meaf-galactosidase activity (Ux SD

HXT1:lacz HXT2::lacZz

A B C D

Gly 4% Glu Gly Gly + 0.1% Glu
1 rgt2A vector 0.6+ 0.14 68x 7
2 CEN-RGT2 16+0.1 403+ 69
3 RGT2-T 0.6 = 0.04 64+ 5
4 SNF3-T 0.5+ 0.07 67+ 11
5 snfaA vector 10+ 1.8 24+ 2
6 CEN-SNF3 21+ 3 332+ 77
7 RGT2-T 13+ 3 287
8 SNF3-T 12+ 1 22+ 3

3Abbreviations: see Table I; vecter pRS426;CEN-RGT2= pBM3272; CEN-SNF3= pBM3111;SNF3-T= pBM3578;RGT2-T= pBM3576.

tails of Rgt2 and Snf3 are necessary, but are not by the absence of glucose) (Table V, lines 5A and 10C). This

themselves sufficient, for signaling. is similar to results obtained wheé8NF3andRGT2were

overexpressed (Table 1), and further supports the view
Attachment of the Snf3 C-terminus to Hxt1 and that the concentration of glucose sensors is the limiting
Hxt2 converts these glucose transporters into factor for signaling.

glucose sensors
To test whether the C-terminal tail of Snf3 allows glucose Snf3 and Rgt2 are required for glucose repression
signaling when attached to other glucose transporters, weof GAL1 and SUC2 expression
attached it to the Hxtl and Hxt2. Indeed, bd#XT1- The snf3 rgt2 double mutant is severely defective in
SNF3 and HXT2-SNF3chimeras partially complement induction of HXT expression (likegrrl mutants), and
the signaling defect oénf3 and rgt2 mutants (Table V, therefore grows poorly on glucose-containing media. Over-
lines 3B, 4B, 8D and 9D). Since neither wild-typtXT1 expression ofHXT1 (from the ADH1 promoter on a
nor HXT2 could repair the signaling defect ehf3 and multicopy plasmid) in thenf3 rgt2double mutant restores
rgt2 mutants (even when overexpressed) (Table 1), we growth of this mutant on glucose (Figure 3), suggesting
conclude that the C-terminal tail of Snf3 confers upon that its poor growth on glucose is due to a defect in
these glucose transporters the ability to signal glucose glucose transport. Overexpression HXT1 does not,
availability. However, these chimeric proteins do not signal however, repair the glucose induction defect HXT
as well as Snf3 or Rgt2, indicating that other residues of expression (Table I, lines 13B and D), supporting the idea
Snf3 and Rgt2 (probably in the transmembrane domain) that the glucose induction signal is generated independ-
are important for optimal function of the glucose sensors. ently of glucose metabolism.

Overexpression of thélXT1-SNF3chimera from the Because thesnf3 rgt2 double mutant has severely
ADH1 promoter in thesnf3 and rgt2 mutant strain also  reduced glucose transport, we expected it to be defective
causes a low level of constitutiveXT expression (i.e. in  in glucose repression @AL1andSUC2expression (like
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Table V. Attachment of Snf3p C-terminus to Hxtlp and Hxt2p converts them into glucose sénsors

Genotype Plasmid Meaprgalactosidase activity (Ux SD
HXT1:lacz HXT2::lacz
A B C D
Gly 4% Glu Gly Gly + 0.1% Glu
1 rgt2A vector 0.6+ 0.14 68+ 7
2 CEN-RGT2 16+0.1 403= 69 (5.9¥)
3 pHXT1-HXT1/SNF3 0.8+ 0.06 182+ 41 (2.7X)
4 pHXT2-HXT2/SNF3 0.7+ 0.14 153+ 37 (2.3X)
5 pADH-HXT1/SNF3 5 *08 263+ 20 (3.9X)
6 snfr vector 10+ 1.8 24+ 2
7 CEN-SNF3 21 £3 322+ 77 (13¥)
8 pHXT1-HXT1/SNF3 92+ 12 89+ 11 (3.7X)
9 pHXT2-HXT2/SNF3 11 =15 117+ 21 (4.9¥)
10 pADH-HXT1/SNF3 56 6 94 + 11 (3.9¥)

8Abbreviations: see Table I; vecter pRS316;,CEN-RGT2= pBM3272; CEN-SNF3= pBM3111;pHXT1-HXT1/SNF3= pBM3436; pHXT2-
HXT2/SNF3= pBM3654; pADH-HXT1/SNF3= pBM3273.

grrl mutants) (Flick and Johnston, 1991z@net al, galactose glucose + Ant. A
1994). IndeediGAL1landSUC2expression is not repressed snf3A 1g12A -vector snf3A rgt24 -vector
by 4% glucose in thenf3 rgt2double mutant, in contrast n— .

to snf3 or rgt2 single mutants (Table VI). Thesnf3
rgt2 double mutant displays a 3-fold decreaseSOC2
expression at low concentrations of glucose because low
levels of glucose induc8UC2expression, and this requires
SNF3(Ozcanet al., 1997).

WT -ADH-HXT1
snf3A rgt2A -ADH-HXT1
WT -ADH-HXT1
snf3A rgt2A -ADH-HXT1

Discussion WT -vector WT -vector

Snf3 and Rgt2 appear to serve as sensors of glucose that.

: - : : Fig. 3. The growth defect of thenf3 rgt2double mutant on 2%
generate an intracellular glucose signal for induction of glucose with antimycin A (Lig/mi) is complemented by

HXT gene Qx_preSSion in yeast. Even though both proteins gyerexpression of thelXT1 gene. Cells were grown first on YNB-2%
are very similar to glucose transporters, they apparently galactose plates and then transferred (replica plated) to YNB-2%

do not transport glucose, since they do not enable a mutantglucose plates with antimycin A.

deficient in glucose transport to grow on glucose (Figure

1). .Th_ere are two possible explanatlons fof this Ob.ser_ Table VI. The snf3A rgt2A double mutant is defective in glucose
vation; Snf3 and Rgt2 could bind glucose without being (epression

able to translocate it across the plasma membrane, or they
could transport glucose, but with a capacity insufficient Genotype MearB-galactosidase activity (Ux SD
to allow growth of thehxt null mutant on glucose. Since

both proteins should be present in cells at relatively high GALL:lacz SuCz:lacz

levels in our experiment (they were expressed from _the Gluigal Gal Glu Gly+ 0.1% Glu
strong ADH1 promoter on a multicopy plasmid, and this

causes constitutive glucose signaling), we favor the ideaWT <01 = 128+19 <01 = 75%12

snfa rgt2A 337 137+ 26 163 26%x5

that Snf3 and Rgt2 do not translocate glucose, but are ion o1 112+ 15 <01 59+ 11

instead glucose receptors.
Conversely, transport of glucose does not appear to beaabbreviations: see Table I; vecter pRS316;GALL:lacZ =

sufficient for generation of the glucose signal because pBM690; SUC2::lacZ= pBM3082.

overexpression of theona fideglucose transportetdXT1

or HXT2 does not restore the glucose signaling defect of mutant is defective in glucose transport and grows poorly

snf3 or rgt2 mutants. This indicates that the signaling on glucose-containing media. Because of its glucose

defect of these mutants is not due simply to impaired transport defect, thenf3 rgt2mutant is also defective in

glucose transport. The facts that Snf3 and Rgt2 do not glucose repression dBAL1 and SUC2 expression (like

seem to transport glucose, and that known glucose trans-grrl mutants) (Table VI). Even though the growth defect

porters are unable to signal glucose availability bolsters of the snf3 rgt2double mutant on glucose is corrected by

our confidence in the idea that Snf3 and Rgt2 are glucoseoverexpression oHXT1, the defect in glucose induction

receptors that generate an intracellular signal for induction of HXT expression is not, lending further support to the

of gene expression. idea that the signal for glucose induction is generated
The snf3 rgt2double mutant is completely defective in  independently of glucose metabolism.
glucose induction oHXT expression, in contrast to the Induction of HXT1expression by high levels of glucose

single mutants (Table I). As a consequence, this doubleis reduced ~5-fold in angt2 mutant, but is unaffected by
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a snf3 mutation. Induction ofHXT2 expression by low  Snf3 or Rgt2, presumably by interacting with their
levels of glucose is abolished in snf3 mutant, but C-terminal tails, has not been identified. Hxk2, the main
unaffected by amgt2 mutation. This suggests that the two glucose-phosphorylating enzyme in yeast, seems a likely
proteins have different affinities for glucose; Rgt2 appears candidate because it carries out the first step of glucose
to be a sensor of high levels of glucose (a low-affinity metabolism and is partially required for glucose induction
receptor) and Snf3 appears to be a sensor of low levelsof HXT expression (Bissoret al, 1993; CGzcan and
of glucose (a high-affinity receptor). Snf3 also contributes Johnston, 1995). Yang and Bisson (1996) identif&d1
to high glucose induction ofiXT1 transcription because which encodes a putative serine/threonine protein kinase,
the snf3 rgt2double mutant has a more severe defect in as another candidate. However, we found that deletion of
high glucose-inducedXT1expression than thgt2 single SKS1has no effect on glucose-inducétXT expression
mutant (Table I, line 12). A function for Snf3 at high (unpublished result).
concentrations of glucose was also suggested by the Recently, a glucose transporter from the yédaivero-
observation that it is required for repressionHXT6 and myces lactis was identified RAG4 DDBJ/EMBL/
HXT7 expression at high levels of glucose (Liang and GenBank accession No. Y14849). Iti650% identical to
Gaber, 1996). This is expected behavior for a high-affinity snf3 and Rgt2 fron$.cerevisiaelnterestingly, the.lactis
receptor, since it should bind ligand at both low and high Rag4 protein also has a long C-terminal tail of ~251
concentrationsSNF3expression is repressed by glucose amino acids that contains one copy of the same repeated
(Celenzaet al, 1988; Bissonet al, 1993; Grcan and  sequence found in the C-terminal tails of Snf3 and Rgt2.
Johnston, 1995), but the basal level @iF3expression  This finding is consistent with the idea that the 25 amino
apparently is sufficient to provide enough Snf3 under gcig C-terminal repeat plays an important role in signaling
glucose repression cond|t|(_)ns for it to sense glucose andby Snf3 and Rgt2. It is possible that Rag4 also functions
generate the intracellular signal. as a glucose sensor in the yelddactis, and might regulate
Rgt2, presumably being a low-affinity glucose receptor, he high glucose-induced expression of Kakactis hexose
is expected to sense only high levels of glucose. 'ndeed*transporterRAGl

rgt2 mutations have no effect on low glucose-induced  Giher transporters of small molecules also function as
expression oHXT2(Table I; also see Zranetal, 1996b).  gengors. Sensing of certain sugars by bacteria is mediated
Recent results of Jiangt al. (1997) support the idea that by sugar transporters (Postrea al, 1993; Saieret al,
Rgt2 functions as a high glucose sensor; Rgt2, but not 1g96)” However, this cannot be viewed as a receptor-
Snf3, is required for normal inactivation of the maltose o yiated event, because signal generation is coupled to
permease caused by high Iev_els of glucose. In ado.“t'on’transport and metabolism (phosphorylation) of the sugar.
the dominant RGT2-1 mutation causes constitutive he glucose transporter Rco3 MEurospora crassanay
degradation of maltose permease (even in the absence o unction as a nutrient sensor; like Snf3 and Rgt2, it is
gllflgr?esleczngIggg:nilHa}?a?(thions of Snf3 and Rgt2, which required for expression of glucose transporter activity,

! glucose regulation of gene expression and glucose repres-

are predicted to reside in the cytoplasm, distinguish Z. .
these proteins from the yeast Hxt proteins and glucose sion (Madlet al, 1997). MepZ-appea.r-s to plgyaregqlatory
1role in pseudohypal growth in addition to its function as

transporters of many other organisms. The sequences oa high-affinity transporter of ammonium ions (Lorenz and

these tails are similar only in a 25 amino acid repeat |, . . .
(Figure 2). Our results suggest that these repeats areHe'tman’ 1996). Thus, sensing and generation of an

important for Snf3 and Rgt2 signaling function. At least intracellular signal by transporters in response to n.utrients
one of the two repeats in the Snf3 tail is required for ”?a¥| be Ia general phenomenorg. Ig se%m_s p053|ble|_that
induction of HXT2 expression by low levels of glucose S'TI' arg up()lse_ reﬁep.torsl.may € foun I:n n;arr;nma|an
(Table 11l), consistent with previous observations that at C€llS: Possibly in the insulin-producing cells of the pan-
least one of the two repeats in Snf3 is necessary for €S, which must sense the level of available glucose and

growth of cells on raffinose (Marshall-Carlsehal., 1990; respond appropriately. _
Bisson et al, 1993). The repeated sequences in the 1he ability of cells to sense nutrients and respond by
C-terminal tails of Snf3 and Rgt2 contain putative altering gene expression is familiar, but dom_g this by a
phosphorylation sites for casein kinase Il (Figure receptor-mediated process is unusual_. Parad|gms_for how
2, Bissonet al, 1993), and conserved glycine residues Small molecules affect gene expression are provided by
that might constitute a nucleotide-binding domain thelac operon ofEscherichia coliwhere an intracellular
(DXGXGX 15 53XG; Sarasteet al, 1990). metabolite of the nutrient lactose (allolactose) induces
The C-terminal tail of Snf3 is able to generate an 9ene expression by binding to and inhibiting function of
intracellular glucose signal when attached to either Hxtl the Lac repressor (Schlat al., 1995), theGAL genes of
or Hxt2. This suggests that Snf3 and Rgt2 consist of two S.cerevisiagwhere galactose is thought to bind to the
domains: a 12 transmembrane domain responsible forGal3 protein to effect induction of gene expression (Zenke
binding glucose and a C-terminal domain in the cytoplasm et al, 1996), and steroid hormones in mammalian cells,
that transmits the glucose signal to the next intracellular which bind to intracellular receptors and modify their
component of the signal transduction pathway. However, ability to affect transcription (Yamamoto, 1995). In con-
because attachment of the Snf3 tail to Hxtl or Hxt2 trast, glucose sensing and signaling by yeast seems to be
results in only partial signaling, other residues in the areceptor-mediated process, more akin to peptide hormone
transmembrane domain of Snf3 and Rgt2 must be import- signaling in mammalian cells. The chemotactic response
ant for optimal function of the glucose sensors. of bacteria, in which certain nutrients are sensed using
The protein(s) that receives the glucose signal from cell surface receptors and cause altered cell movement,
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provides one of the few other examples of receptor-
mediated nutrient sensing (Parkinson and Kofoid, 1992).

Materials and methods

Strains and plasmids

Growth conditions and media have been described previoustgai©®
and Johnston, 1995). The strains used in this study are YM4127 (wild-
type), YM4718 (gt2::HIS3) and YM4714 énf3::hisG. The complete
genotype of these strains is described ‘iac@n et al. (1996b). To
construct thergt2 snf3double mutant (YM6107), the complete coding
region of RGT2was disrupted in thenf3mutant YM4714 with a PCR
product of GFP-HIS3 as described by Niedenthat al. (1996). The

hxt null strain htx1A-hxt7A, RE700A) was constructed and generously
provided by Reifenbergest al. (1995).

The plasmid pBM3111, containing ttf&NF3gene on a CEN vector,
was constructed by subcloning tBal-Pst fragment of pBL8 (Marshall-
Carlsonet al., 1990) containingNF3into Ycplac33 (Gietz and Sugino,
1988). TheRGT2-CENconstruct (pBM3272) was obtained by PCR
amplification of theRGT2gene as arXba—Xhd fragment using the
primers OM1018: TGCTCTAGATCCCTTTTTCCTGAAACCXpd site
at —795 relative to the ATG) and OM1019: CCGCTCGAGGTTG-
ACCCATTTTGTATTCC (Xhd site starts 213 bp downstream of the
stop codon). The plasmids pBM3135 and pBM3333, which express the
SNF3and RGT2genes, respectively, from th&DH1 promoter in the
multicopy plasmid pRS426, were created by PCR amplification. The
SNF3coding region was amplified as a 2.4 Kindlll-BanH| fragment
with the oligonucleotides OM958: GGCAAGCTTCCATGGACCCTAA-
TAGTAACAGTTCTAG (Hindlll site starts at the ATG and mutates the
naturalBanH| site) and OM957: CGCGGATCCCCGCTTAATTAATA-
CATCG (BanHl site starts at the stop codon). For the amplification of
the RGT2 coding region as arEcoR|-BanHI fragment, the primers
OM1124: CCGGAATTCATGAACGATAGCCAAAACTG EcdRlI site
starts at+1) and OM1125: CGCGGATCCTTATTGGGGGGAAGTGT-
ATTG (BanHl site starts at the stop codon) were used. To create the
ADH-HXT1plasmid (pBM3362), th&ecoRV-Dral fragment of HXT1
was subcloned into pRS426 containing thBH1 promoter as a 0.8 kb
Hindlll-Sal fragment (pBM2974). ThADH-HXT2plasmid (pBM3138)
was created by subcloning th&€XT2 coding region as &8glll-BanH]|
fragment into pPBM2974. ThéiXT2 gene was amplified by PCR using
the oligonucleotides OM1028: GGCAGATCTATGTCTGAATTCGCTA-
CTAGC (Bglll site starts at the ATG) and OM944: CGCGGATCCCTTA-
TTCCTCGGAAACTC @BanHI site starts at the stop codon). The
RGT2\1 plasmid (pBM3312) that is deleted for all sequences downstream
of theRGT2repeat was constructed by PCR amplificatiofR@T2with
the oligonucleotides OM1034: CGCGGATCCATGGCGCCCTTGAAA-
CTTTC (BanHl site starts at —1200) and OM1126: CCGGAATTCTTAC-
CTCATAGAACTCATCAGTAG (EcdRlI site starts at-2086), followed
by subcloning of theEcdRI-BanHI fragment into pRS316 (Sikorski
and Hieter, 1989). The plasmid containiRGGT2A2 (pBM3279), which
is deleted for the C-terminal tail oRGT2,was created by digesting
pBM3272 withSal (cuts within theRGT2gene and in the multicloning
site of pRS316) followed by religation. Th®NF3 deletionsSNF3\1
(pBM3319) andSNFA2 (pBM3363) are theEcdRI-Sal fragments
of the previously described plasmids sfif3lacZ and snfAl10-lacZ
(Marshall-Carlsoret al.,, 1990, but without théacZ gene), respectively,
subcloned into pRS316. Plasmid pBM325NF3-1 has been described
previously (xcanet al.,, 1996b). The plasmid containing the dominant
RGT2-1mutation in pRS316 (pBM3270) was created using the same
oligonucleotides as described for pBM3272 (OM1018/0M1019). Dele-
tion of the C-terminal tails oRGT2-1and SNF3-1was accomplished
by cutting pBM3270 withSal (truncates the tail) and religating to yield
pBM3277 RGT2-1AT), and cutting pBM3333 witlEcaRV (cuts within
the SNF3tail) and religating to yield pBM33355NF3-1AT). Plasmids
pBM3576 and pBM3578, which contain the C-terminal tailsRET2
and SNF3 respectively, fused to thADH1 promoter, were obtained
by cloning PCR products into pBM3531ADH1-HA-pRS424). The
oligonucleotides used to amplify tHRGT2tail were OM1029: CGCGG-
ATCCGGGGATTGACTTTGGAAG BanHl site starts at+1644) and
OM1030: CGGCTCGAGTTATTGGGGGGAAGTGTATTGXhd site
starts at the stop codon). THeNF3 tail was amplified using oligo-
nucleotides OM1333 (CGCGGATTCAAACGAAGGGTTTGACAT-
TAG; BanHI site starts at+1629) and OM957 BanHI site starts
downstream of the stop codon).

The HXT-SNF3chimeras were constructed as follows: pBM3273
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(HXT1-SNF3ail) was made by amplifying the region BiXT1encoding

its transmembrane region by PCR using oligonucleotides OM1027 (GGC-
AAGCTTATGAATTCAACTCCCGATC) and OM1025 (AATGTCAAA-
CCCTTCGTTTCGAAGAAAAAGACGTAAAAGTAAG) with pBM-
2648 as template. The region 8NF3encoding the C-terminal tail was
amplified using oligonucleotides OM1092 (ACTTTTACGTCTTTTTCT-
TCGAAACGAAGGGTTTGACATTAG,; includes sequences from the 3
end of theHXT21L PCR product for priming in the third PCR described
below) and OM957 with pBM3111 as template. The gel-purified products
of these two PCRs were combined in a third reaction with OM1027
(primes at the 5end of HXT1) and OM957 (primes at the’ 3nd of
SNF3 to yield a chimeric product fusingdXT1 nucleotide 1536 to
SNF3nucleotide 1627 (relative to the ATG of each gene). The product
was cleaved wittHindlll and BanHI (sites incorporated at the end of
primers OM1027 and OM957) and inserted between Hedlll and
BanH| sites of pPBM2974 [pRS426 (Christiansehal., 1992) containing

the ADH1 promoter]. TheADH1 promoter was swapped for théXT1
promoter by replacing thelpal—Xba fragment of pBM3435 [the 4.1 kb
Hindlll fragment containing ~1200 bp of upstream promoter sequence
and the entireHXT1 coding sequence inserted into pRS316 (Sikorski
and Hieter, 1989)] with the 1.8 kblpal-Xba fragment of pBM3273
containing theHXTI-SNF3fusion. pBM3454 HXT2-SNF3tail) was
made by amplifying the region dfiXT2 encoding its transmembrane
region by PCR using oligonucleotides OM1028 and OM1026 (AATGT-
CAAACCCTTCGTTTCAAAGAAAAACACGTAGAAGAATG) with
pBM2649 as template. The region 8NF3encoding the C-terminal tail
was amplified using oligonucleotides OM1092 (includes sequences from
the 3 end of theHXT2 PCR product for priming in the third PCR
described below) plus OM957 with pBM3111 as template. The gel-
purified products of these two PCRs were combined in a third reaction
with OM1028 (primes at the’5end of HXT2 and OM957 (primes at
the 3 end of SNF3 to generate the chimeric product fusihgXxT2
nucleotide 1510 t&&NF3nucleotide 1627 (relative to the ATG of each
gene). The product of the reaction was cleaved Wittd11l (cuts within
HXT2 and inserted in the correct orientation in pBM2649 (au2
plasmid containingHXT2 contributes theHXT2 2883 bp Hindlll
fragment containing the promoter and immediate 1203 nucleotides of
coding sequence to the final plasmid).

The Gall::lacZ reporter (pBM690) contains thecoRI-BarrH| frag-
ment of theGAL1 promoter from pBM252 (Johnston and Davis, 1984)
fused tolacZ in the vector Ycp50. The construction of tis&JC2::lacZ
plasmid (pBM3082) was described byzanet al. (1997).

p-galactosidase (B-Gal) assays

B-galactosidase activity was assayed in permeabilized cells grown to
mid-log phase as described previously (Yocetral, 1984). Activities

are reported in Miller units. The mean activities are the averages of four
to six assays of at least four independent transformants. Cells were pre-
grown on yeast nitrogen base (YNB) containing 5% glycerol plus 0.5%
galactose lacking the appropriate amino acids, and transferred to YNB
medium containing 4% glucose, 5% glycerol plus 0.5% galactose,
or 5% glycerol plus 0.1% glucose, and incubated overnight before
B-galactosidase activity was assayed.

Acknowledgements

We thank Haru Murata for construction of t®H-SNF3and ADH—
HXT2 Marian Carlson for th&NF3deletion constructs, M.Ciriacy and
E.Reifenberger for théxt null mutant, and Martin Schmidt for sharing
information prior to publication and for helpful discussions. This work
was supported by NIH grant GM32540 and funds provided by the
McDonnell Foundation.

References

Barral,Y., Jentsch,S. and Mann,C. (1995) G1 cyclin turnover and nutrient
uptake are controlled by a common pathway in ye@smnes Dey 9,
399-409.

Bisson,L.F., Coons,D.M., Kruckeberg,A.L. and Lewis,D.A. (1993) Yeast
sugar transporter€rit. Rev. Biochem. Mol. Bigl28, 259-308.

Boles,E. and Hollenberg,C.P. (1997) The molecular genetics of hexose
transport in yeast&EMS Microbiol. Rey.21, 85-111.

Celenza,J.L., Marshall-Carlson,L. and Carlson,M. (1988) The y¥E8
gene encodes a glucose transporter homologous to the mammalian
protein.Proc. Natl Acad. Sci. USA5, 2130-2134.



Glucose sensing and signaling in yeast

Christianson,T.W., Sikorski,R.S., Dante,M., Shero,J.H. and Hieter,P. Ozcan,S., Vallier,L.G., Flick,J.S., Carlson,M. and Johnston,M. (1997)

(1992) Multifunctional yeast high-copy-number shuttle vect@sne
110, 119-122.

Coons,D.M., Boulton,R.B. and Bisson,L.F. (1995) Computer-assisted
nonlinear regression analysis of the multicomponent glucose uptake
kinetics of Saccharomyces cerevisiak Bacteriol, 177, 3251-3258.

Coons,D.M., Vagnoli,P. and Bisson,L.F. (1997) The C-terminal domain
of Snf3p is sufficient to complement the growth defectsaf3 null
mutations inSaccharomyces cerevisia@NF3 functions in glucose
recognition.Yeast 13, 9-20.

Entian,K.-D., Kopetzki,E., Fiigich,K.U. and Mecke,D. (1984) Cloning
of hexokinase isoenzyme Pl frorBaccharomyces cerevisia®|
transformants confirm the unique role of hexokinase isoenzyme PII
for glucose repression in yeastdol. Gen. Genet 198 50-54.

Erickson,J.R. and Johnston,M (1994) Suppressors reveal two classes 0
glucose repression genes in the ye&stccharomyces cerevisiae
Genetics 136, 1271-1278.

Flick,J.S. and Johnston,M. (199GRR1of Saccharomyces cerevisiae
is required for glucose repression and encodes a protein with leucine-
rich repeatsMol. Cell. Biol, 11, 5101-5112.

Gietz,R.D. and Sugino,A. (1988) New yedsseherichia colishuttle
vectors constructed witim vitro mutagenized yeast genes lacking six-
base pair restriction site§ene 74, 527-534.

Jiang,H., Medintz,l. and Michels,C.A. (1997) Two glucose sensing/
signaling pathways stimulate glucose-induced inactivation of maltose
permease irBaccharomycedMol. Biol. Cell, 8, 1293-1304.

Johnston,M. and Davis,R.W. (1984) Sequences that reg@atel—
GAL10promoter inS.cerevisiaeMol. Cell. Biol., 4, 1440-1448.

Expression of th&&UC2gene ofSaccharomyces cerevisiageinduced
by low levels of glucoseYeast 13, 127-137.

Parkinson,J.S., and Kofoid,E.C. (1992) Communication modules in
bacterial signaling proteingnnu. Rev. Gengt26, 71-112.

Postma,P.W., Lengeler,J.W. and Jacobson,G.R. (1993) Phosphoenol-
pyruvate:carbohydrate phosphotransferase systems of bacteria.
Microbiol. Rev, 57, 543-594.

Reifenberger,E., Freidel,K. and Ciriacy,M. (1995) Identification of novel
HXT genes in Saccharomyces cerevisiaeveals the impact of
individual hexose transporters on glycolytic fliMol. Microbiol., 16,
157-167.

Reifenberger,E., Boles,E. and Ciriacy,M. (1997) Kinetic characterization
of individual hexose transporters &accharomyces cerevisiand

¢ their regulation to the triggering mechanisms of glucose repression

Eur. J. Biochem 245 324-333.

Saier,M.H.Jr, Chauvaux,S., Cook,G.M., Deutscher,J., Paulsen,l.T.,
Reizer,J. and Ye,J.J. (1996) Catabolite repression and inducer control
in Gram-positive bacteriaMlicrobiology, 142, 217-230.

Saraste,M., Sibbald,P.R. and Wittinghofer,A. (1990) The P-loop—a
common motif in ATP- and GTP-binding proteingends Biochem.
Sci, 15, 430-434.

Schlax,P.J., Capp,M.W. and Record,M.T.,Jr (1995) Inhibition of
transcription initiation by lac repressar. Mol. Biol., 245 331-350.

Schulte,F. and Ciriacy,M. (1999)TR1/MTH1encodes a repressor for
HXT genes.Yeast 11, S239.

Sikorski,R.S. and Hieter,P. (1989) A system of shuttle vectors and
yeast host strains designed for efficient manipulation of DNA in
Saccharomyces cerevisiag@enetics 122, 19-27.

Ko,C.H., Liang,H. and Gaber,R.F. (1993) Roles of multiple glucose Vallier,L.G., Coons,D., Bisson,L.F. and Carlson,M. (1994) Altered

transporters irSaccharomyces cerevisiagol. Cell. Biol., 13, 638—
648.

Kruckeberg,A.L. (1996) The hexose transporter familatcharomyces
cerevisiae Arch. Microbiol, 166, 283-292.

Li,F.N. and Johnston,M. (1997) Grrl @accharomyces cerevisiag
connected to the ubiquitin proteolysis machinery through Skp1l:

regulatory responses to glucose are associated with a glucose transport
defect ingrrl mutants ofSaccharomyces cerevisiae. Genetit36,
1279-1285.

Yang,Z. and Bisson,L.F. (1996) Tt&KS1protein kinase is a multicopy

suppressor of thenf3 mutation of Saccharomyces cerevisiae. Yeast
12, 1407-1419.

coupling glucose sensing to gene expression and the cell cycle. Yamamoto,K.R. (1995) Multilayered control of intracellular receptor

EMBO J, 16, 5629-5638.

Liang,H. and Gaber,R.F. (1996) A novel signal transduction pathway in
Saccharomyces cerevisiatefined by Snf3-regulated expression of
HXT6. Mol. Biol. Cell 7, 1953-1966.

Lorenz,M. and Heitman,J. (1996) Ammonia permeases are receptors for
pseudohyphal growth. Idbstracts of the 1996 Yeast Genetics and
Molecular Biology Meeting, Madison, \Wp. 3B.

Madi,L., McBride,A., Bailey,L.A. and Ebbole,D.J. (199®0-3, a gene
involved in glucose transport and conidiation Neurospora crassa
Genetics 146, 499-508.

Marshall-Carlson,L., Celenza,J.L., Laurent,B.C. and Carlson,M. (1990)
Mutational analysis of the SNF3 glucose transportesaécharomyces
cerevisiae. Mol. Cell. Bio) 10, 1105-1115.

Marshall-Carlson,L., Neigeborn,L., Coons,D., Bisson,L. and Carlson,M.
(1991) Dominant and recessive suppressors that restore glucose
transport in a yeastnf3mutant.Genetics 128 505-512.

Neigeborn,L., Schwartzberg,P., Reid,R. and Carlson,M. (1986) Null
mutations in theSNF3 gene of Saccharomyces cerevisiamuse a
different phenotype than do previously isolated missense mutations
Mol. Cell. Biol., 6, 3569-3574.

Niedenthal,R.K., Riles,L., Johnston,M. and Hegemann,J.H. (1996) Green
fluorescent protein as a marker for gene expression and subcellular

_localization in budding yeasWeasf 12, 773-786.

Ozcan,S. and Johnston,M. (1995) Three different regulatory mechanisms
enable yeast hexose transportdK{T) genes to be induced by different
levels of glucoseMol. Cell. Biol, 15, 1564-1572.

Ozcan,S. and Johnston,M. (1996) Two different repressors collaborate
to restrict the yeast glucose transporter gei¥3 2 andHXT4to low
levels of glucoseMol. Cell. Biol, 16, 5536-5545.

Ozcan,S., Schulte,F., Freidel,K., Weber,A. and Ciriacy,M. (1994) Glucose
uptake and metabolism igrrl/cat80 mutants of Saccharomyces
cerevisiae Eur. J. Biochem 224, 605-611.

Ozcan,S., Leong,T. and Johnston,M. (1996a) Rgt$.ckrevisiaga key
regulator of glucose-induced genes, is both an activator and repressor
of transcription.Mol. Cell. Biol,, 16, 1564-1572.

Ozcan,S., Dover,J., Rosenwald,A.G.; 6. and Johnston,M. (1996b)
Two glucose transporters is.cerevisiaeare glucose sensors that
generate a signal for induction of gene expressiknoc. Natl Acad.

Sci. USA 93, 12428-12432.

function. Harvey Lect, 91, 1-19.

Yocum,R.R., Hanley,S., West,J.R. and Ptashne,M. (1984) Usacgf
fusions to delimit regulatory elements of the inducible divergent
GAL1-GAL10promoter site inSaccharomyces cerevisiddol. Cell.
Biol., 4, 1985-1998.

Zenke,F.T., Engles,R., Vollenbroich,V., Meyer,J., Hollenberg,C.P. and
Breunig,K.D. (1996) Activation of Galdp by galactose-dependent
interaction of galactokinase and Gal8®ztience272, 1662-1665.

Received November 17, 1997; revised and accepted March 9, 1998

2573



