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In the respirofermentative yeast Kluyveromyces lactis, only a single genetic locus encodes glucose transporters
that can support fermentative growth. This locus is polymorphic in wild-type isolates carrying either KHT1 and
KHT2, two tandemly arranged HX7-like genes, or RAG1, a low-affinity transporter gene that arose by recom-
bination between KHT1 and KHT2. Here we show that KHT1 is a glucose-induced gene encoding a low-affinity
transporter very similar to Raglp. Kht2p has a lower K,, (3.7 mM) and a more complex regulation. Tran-
scription is high in the absence of glucose, further induced by low glucose concentrations, and repressed at
higher glucose concentrations. The response of KHT1 and KHT2 gene regulation to high but not to low
concentrations of glucose depends on glucose transport. The function of either Khtlp or Kht2p is sufficient to
mediate the characteristic response to high glucose, which is impaired in a khtI kht2 deletion mutant. Thus, the
KHT genes are subject to mutual feedback regulation. Moreover, glucose repression of the endogenous
B-galactosidase (LAC4) promoter and glucose induction of pyruvate decarboxylase were abolished in the kht1
kht2 mutant. These phenotypes could be partially restored by HXT gene family members from Saccharomyces
cerevisiae. The results indicate that the specific responses to high but not to low glucose concentrations require

a high rate of glucose uptake.

Most organisms have evolved sophisticated regulatory strat-
egies to adapt their metabolism to the availability of nutrients.
Substrate uptake is a first key function that is regulated. Signals
that control substrate uptake depend on the nature and con-
centration of available nutrients and the nutritional state of the
cell. Since substrate uptake feeds back on the nutritional state,
a regulatory circuit exists, the components of which are only
beginning to be understood even in such intensely studied
pathways as glycolysis in Saccharomyces cerevisiae (see refer-
ence 20 for a recent review).

S. cerevisiae cells are apparently able to sense the extracel-
lular glucose concentration and transmit the signal over the
membrane into the cytoplasm (20, 32). Two types of receptors
have been proposed: hexose transporter-like receptors, which
are involved in controlling hexose transporter (HX7) gene
expression (30), and a G protein-coupled receptor that is re-
quired for the activation of the protein kinase A signaling
pathway by cyclic AMP (22, 32, 36).

Intracellularly, glucose-phosphorylating enzymes play an im-
portant role in glucose regulation. Whether these enzymes
exert their influence on glucose regulation through their met-
abolic activity or whether they function as intracellular signal-
ing molecules is still a controversial issue (13, 15, 19, 33).

A signaling function has clearly been established for the
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galactose-phosphorylating enzyme of the yeast Kluyveromyces
lactis. This galactokinase (KlGallp) is required to activate
transcription of lactose and galactose metabolic genes (26).
Upon binding of its substrates galactose and ATP, KlGallp can
interact with the KIGal80 protein, an inhibitor of the transcrip-
tion activator KlGaldp (an ortholog of S. cerevisiae Galdp)
(45). KlGallp-KIGal80p interaction relieves KlGal4p inhibi-
tion and does not require galactokinase enzymatic activity. The
KIGALSO gene is also under control of KlGaldp, and KIGALS0
induction counteracts KlGal4p activation (44). Thus, the dy-
namics of induction depends crucially on the dynamics of
KlGal80p inactivation. This, in turn, depends on the rate of
lactose and galactose uptake, since the signaling molecule is
intracellular galactose.

The induction process can be impaired in the presence of
glucose if the concentration of KlGal4p is below a critical
threshold (34, 43). Transcription of the LAC4-LACI2 genes,
encoding B-galactosidase and lactose permease, respectively,
and controlled by KlGal4p from a large bidirectional promoter
(9, 17, 35), is particularly sensitive to glucose.

By screening for reduced B-galactosidase expression in glu-
cose-lactose medium, mutations in glucose transporters were
obtained that reduced the inhibitory effect of glucose (38).

By complementation of these mutants, two new K. lactis
hexose transporter genes were isolated, KHT1 and KHT?2 (38).
These genes are closely linked and tandemly transcribed. Mu-
tations in any of these genes slightly reduced the repression by
glucose of lactose induction, whereas in the khtl kht2 double
mutant, the glucose effect was completely abolished. Not only
the inducible LAC/GAL regulon, but also glucose repression of
lactate dehydrogenase and malate dehydrogenase, was affected
in the khtl kht2 mutant.

KHTI and KHT2 map to the same chromosomal locus as the
low-affinity glucose transporter gene RAGI described earlier
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TABLE 1. Yeast strains used in this study

Strain Relevant characteristics Parent strain(s) Source or
reference
K. lactis
JA6 a adel-600 adeT-600 trpl-11 ura3-12 SD11.U2 X W600B 9
JA6/DLAR lac4::ura3 JA6/DLA (lac4::URA3) fluoroorotic acid-resistant 17
derivative
JA6/CM57 Chromosomal integration of KHTI-'lacZ fusion JAG6 (integration of pPBM3157) This work
JA6/CM58 Chromosomal integration of KHT2-'lacZ fusion JAG6 (integration of pPBM3158) This work
JA6/DT12R khtl::ura3::kht2 JAG6/DT12 (kht1::URA3::kht2) fluoroorotic acid 38
resistant derivative
DTI12R/57 Chromosomal insertion of KHT1-'lacZ fusion JA6/DT12R integration of pBM3157 This work
DT12R/58 Chromosomal insertion of KHT2-'lacZ fusion JA6/DT12R integration of pBM3158 This work
ST105 RAGI AWJ-8¢c X MG1/2 38
ST106 ragl::URA3 ST105 38
S. cerevisiae Ahxt1-17 gal2 stll agt] mph2-3 CEN.PK2-1C 40

EBY.VW4000

(11). The sequence of RAGI is almost identical to that of
KHT1I, except for the 3’ end (encoding K-A-M-L in RAG! and
K-R-F in KHT1I), which is identical to the 3’ end of KHT2,
indicating that RAGI arose by recombination between KHT!
and KHT?2 (38).

The presence of KHT1 and KHT2 correlated with a higher
sensitivity to glucose repression found in only a few K. lactis
strains (7). A natural isolate that was entirely insensitive to
glucose repression was shown to carry a defective ragl allele
(18). These findings suggested that glucose repression in K.
lactis depends on particular glucose transporters.

The KHT1/RAG1-KHT2 gene cluster is the only genetic lo-
cus in the respirofermentative yeast K. lactis that contains
glucose permeases relevant for fermentative metabolism.

Another hexose transporter gene, HGTI, encoding a high-
affinity transporter has a transport capacity too low to suppress
the so-called “Rag™” phenotype of ragl mutants (Rag® =
resistant against antimycin A on glucose) (18). A ragl hgtl
double mutant like the kA1 kht2 mutant is still able to grow on
glucose as a carbon source, indicating the presence of more
still unidentified glucose transporters (5). Here we extend the
studies on glucose transport in K. lactis by characterizing the
Khtlp and Kht2p transport kinetics and by analyzing regula-
tion of the KHT1 and KHT?2 genes. We show that transporter
gene regulation is influenced by transport activity and that
Khtlp and Kht2p mutually control each other, depending on

glucose availability. In the absence of both transporters, the
high glucose response is impaired, supporting the view that the
rate of sugar transport is a crucial parameter in intracellular
glucose signaling.

MATERIALS AND METHODS

Strains and culture conditions. The yeast strains used in this study are listed
in Table 1. Strains JA6/CM57, JA6/CMS58, DT12R/57, and DT12R/58 arose from
ectopic integration of BamHI-linearized plasmids pBM3157 and pBM3158, re-
spectively, into the genomes of strains JA6/DL4R (lac4) and JA6/DT12R (khtI
kht2). JA6/CM57 and JA6/CMSS carry single integrations, as shown by Southern
blot hybridization, whereas DT12R/57 and DT12R/58 carry multiple copies.
Cells were grown in batch culture at 30°C in synthetic minimal medium contain-
ing (per liter) 6.7 g of yeast nitrogen base (YNB) without amino acids (Difco)
supplemented with required amino acids and bases. Carbon sources were rou-
tinely added at 2% (wt/vol) for glucose and galactose and 3% (wt/vol) for
glycerol. Solid media were prepared by adding Bacto agar (Difco) to a final
concentration of 2% (wt/vol). The B-galactosidase activity of K. lactis clones was
checked on solid medium containing X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside [40 pg/ml]).

Yeast transformation. Competent cells of K. lactis were routinely prepared
according to the method of Klebe et al. (21) and stored at —70°C (14). Trans-
formation with linearized plasmid DNA for chromosomal integration was per-
formed by the lithium acetate method (1).

DNA manipulation, preparation of yeast RNA, and Northern blot analysis.
The plasmids used are listed in Table 2. pPBM3157 and pBM3158 are derivatives
of plasmid YEp357R (28) carrying the promoter sequences of KHTI and KHT2,
respectively, as BamHI-EcoRI fragments fused to 'lacZ. Both plasmids were
kindly supplied by S. Ozcan (Lexington, Ky.). The isolation of total DNA from

TABLE 2. Plasmids used in this study

Plasmid Relevant characteristics® Source or reference
pBM3157 YEp357 with KHT1 promoter (+3 to —1110) fused to 'lacZ S. Ozcan, unpublished data
pBM3158 YEp357 with KHT2 promoter (+3 to —1642) fused to 'lacZ S. Ozcan, unpublished data
pKATUC4 KICEN2-ARS1-KARS12-ScTRPI-ScURA3-vector 44
pIW10-7 pUCI2 with RAGI gene 38
pIW10-23 PUCI2 with KHT1-KHT2 38
pY10-7 KATUCH cassette in pJW10-7 37
pY10-23 KATUCH cassette in pJW10-23 (KHTI-KHT2) 37
pVSH1 pKATUC42 with HXT1 This work
pVGAL2 pKATUC42 with GAL2 This work
p33-KHT1 YCplac33 with KHT1 16; this work
p33-KHT2 YCplac33 with KHT2 16; this work

¢ Details available on request.
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K. lactis was done as described earlier (7). All DNA techniques were performed
according to standard procedures (1, 25).

Total RNA was isolated from K. lactis cells grown to the exponential phase by
a hot phenol method. For Northern blot analysis, total RNA was fractionated by
electrophoresis in 1.3% agarose—formaldehyde gels. Separated RNA was trans-
ferred to nylon membranes (Qiabrane; Qiagen) by capillary blotting with 20X
SSC (1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate) (25). Prehybridization
and hybridization were performed in high-sodium dodecyl sulfate (SDS) buffer
(Church buffer) containing 7% (wt/vol) SDS, 50% (vol/vol) formamide, 5X SSC,
2% (wt/vol) Boehringer blocking reagent, 50 mM sodium phosphate (pH 7.0),
and 0.1% (wt/vol) N-lauroylsarcosine. Incubation was overnight at 53°C. The
following washes were performed: (i) 2X SSC-0.1% SDS at room temperature
(twice, 15 min per wash) and (ii) 0.5X SSC-0.1% SDS at 68°C (twice, 15 min per
wash). Membranes were exposed to X-ray film at —70°C. Labeling of DNA
probes was done by random-primed DNA synthesis with [a-*P]dATP by using
the Hexa labeling kit (MBI Fermentas).

B-Galactosidase assays. B-Galactosidase activity (K. lactis Lac4p) was deter-
mined in crude extracts at 30°C as described previously (43). The activity of LacZ
fusion proteins was measured in crude extracts at 37°C in LacZ buffer (27). In
JA6/DT12-derived strains containing lacZ fusion genes, LAC4-derived back-
ground B-galactosidase activity was subtracted from the total activity by including
parent strain DT12R in each experiment. The background never exceeded 15%
of the lacZ activity and was not influenced by the glucose concentration. Protein
concentrations were determined according to the method of Lowry (24) with
bovine serum albumin as a standard.

Glucose determination. Glucose concentrations in the culture supernatants
were determined by using the glucose oxidase/peroxidase assay (3).

Glucose transport measurements. Transport of [*C]glucose was determined
in 5-s glucose-uptake assays as described previously (31).

RESULTS AND DISCUSSION

KHT1 and KHT?2 encode functional glucose transporters
with low and intermediate affinity, respectively. The fact that
KHTI1 and KHT?2 are both able to complement the Rag™ phe-
notype of a K. lactis ragl mutant indicated that they encode
functional glucose transporters (38). To further characterize
the gene products, we first compared the kinetics of glucose
uptake in a wild-type strain carrying both genes to that of a
strain containing only RAGI. Glucose transport kinetics was
determined in 5-s-uptake measurements (Fig. 1A). For strain
JA6 (KHT! KHT?2), a biphasic curve with a high-affinity branch
(K,,, = 4.5 mM) was obtained. In strain ST105 (RAGI), the
high-affinity branch was missing. Exact quantitation of K,,, was
difficult in this strain due to high background at the high
substrate concentrations; a rough estimate of 80 mM may not
be significantly different from the K,,, of 20 to 50 mM described
before for RAGI (39).

Deletion of RAGI in the latter strain further reduced glu-
cose uptake, but the mutant was still able to grow on glucose at
about the same rate (data not shown). Therefore, to determine
the kinetic parameters of KHTI- and KHT2-mediated glucose
uptake in the absence of any interfering transporters, we trans-
ferred these genes individually into the glucose-negative S.
cerevisiae strain EBY.VW4000. In this strain, all 17 HXT genes,
the galactose permease gene GAL2, and three members of the
maltose permease family had been deleted. EBY.VW4000 is
unable to grow on glucose medium, and no glucose consump-
tion is detectable (40). Transformation with centromeric vec-
tors carrying the K. lactis gene KHT1 or KHT?2 restored growth
on glucose, confirming that both KHT gene products mediate
glucose uptake. Apparently, no K. lactis-specific factors are
required for functional expression of these genes in S. cerevi-
siae.

Uptake measurements gave linear Eadie-Hofstee plots (Fig.
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FIG. 1. (A) Transport of [**C]glucose in K. lactis strains. Glucose
transport rates in different K. lactis strains were determined by 5-s-
uptake measurements of ['*CJglucose (31). Results are displayed in
Eadie-Hofstee plots as uptake rates per milligram of dry weight (TG).
The strains differed in the genetic background (squares versus trian-
gles) and the presence (solid symbols) or absence (open symbols) of
the low-affinity transporter gene KHT1 or RAG1.Solid triangles, JA6
(KHTI KHT2); open triangles, JA6 (kht] KHT2); solid squares, ST105
(RAGT); open squares, ST106 (ragl) (38). (B) Transport of [*C]glu-
cose mediated by Khtlp and Kht2p in the glucose-uptake-deficient S.
cerevisiae mutant EBY.VW4000. The strain was transformed with cen-
tromeric vectors carrying KHT1 (squares) and KHT?2 (triangles), re-
spectively.

1B) with a K,,, for Khtlp of 13 mM and a K,,, for Kht2p of 3.7
mM. The K, of Khtlp, as determined in S. cerevisae, was
somewhat lower than that of Raglp (39); however, given the
general difficulties in determining low-affinity uptake, we doubt
that this difference reflects significant differences between
Raglp and Khtlp (38). Kht2p has an affinity for the glucose
intermediate between the low-affinity transporter Raglp and
the high-affinity transporter Hgtlp (K, = 1 mM) described
before (5, 39).

Expression of KHT1 and KHT?2 is differentially regulated by
glucose. To study the regulation of the KHT1 and KHT?2 genes,
KHTI and KHT?2 promoter-driven lacZ reporter gene expres-
sion was analyzed. The fusion genes were integrated into the
chromosome of K. lactis strain JA6/DLAR (KHTI KHT?2 lac4)
mutated for the endogenous B-galactosidase gene, and re-
porter gene expression was measured in cells shifted from
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FIG. 2. Regulation by glucose of KHT1 and KHT?2 promoter activity. Transformants of K. lactis strain JA6/DL4R (KHT1 KHT2 lac4) carrying
single chromosomal insertions of KHT1-'lacZ and KHT2-'lacZ gene fusions, respectively, were grown to the exponential phase in YNB medium
with 3% glycerol, collected by centrifugation, and resuspended at time 0 (¢) in the same glycerol medium containing different amounts of glucose
as additional carbon sources (no glucose ¢, 0.1% glucose A 2% glucose B, and 5% glucose @). During batch cultivation at 30°C, samples were
taken at the indicated time points for determination of lacZ activity (solid symbols) and cell density (open symbols with dotted lines) OD600,

optical density at 600 nm.

glycerol to different concentrations of glucose (Fig. 2). For
strain JA6/CMS57 carrying the KHTI-'lacZ fusion, B-galactosi-
dase activity was low in glycerol and induced by glucose. En-
zyme activity increased with the external glucose concentration
up to a concentration of about 2% (100 mM) (Fig. 2) (data not
shown) and proceeded slowly with about a twofold increase in
4 h.

In contrast, the regulation of KH72 is more complex. The
KHT2-'lacZ fusion (strain JA6/CMS8) was expressed at a
higher basal level in glycerol and induced about twofold by
0.1% (5 mM) glucose, whereas high glucose (2%) resulted in a
weak repression of promoter activity.

The induction by glucose of KHT1 is apparently identical to
that of RAG1I, a fact that is not surprising given the sequence
identity between KHT1 and RAGI in the 5'-upstream region
and most of the coding region. The difference in the 3’ ends
between these genes has no obvious influence on regulation of
promoter activity.

Northern blot analysis with a probe encompassing KH71 and
KHT?2 showed that in logarithmic cells, reporter gene expres-
sion roughly reflected transcript levels (Fig. 3A). In wild-type
cells grown in 2% glucose medium, the shorter KHTI-specific
transcript dominated (lane 1), whereas in glycerol, the longer
KHT2-specific signal was more prominent (lane 5), confirming
a higher level of expression of this gene in the absence of
glucose. The ratio between KHT1 and KHT2 mRNAs from
glucose-grown cells varied from experiment to experiment,
depending on the time in glucose medium and the density of
the culture (data not shown). In most experiments, a very low
KHT?2 transcript level was observed in cells grown in high-
glucose medium for extended periods (Fig. 3A, lane 1).

The regulation of KHT2 resembles that of the S. cerevisiae
HXTO6/7 genes (6, 23). Interestingly, in a Clustal analysis, HX76
and HXT7, which are nearly identical, turned out to be the
closest relatives to KH72 among the HXT genes. Like the

KHTI-KHT?2 locus in K. lactis (38), the HXT6-HXT7 locus
seems to be recombinogenic, and some strains contain an
HXT6/7 chimeric gene (10, 23). In the S. cerevisiae genome,
HXT3 and HXT6/7 form a gene cluster similar to KHTI-KHT?2,
with respect to regulation and properties of the gene products.
In a strain retaining only HX73, HXT6, and HXT7, no growth
deficiencies on glucose, fructose, and mannose could be ob-
served (40). We speculate that this gene cluster evolved before
the separation of K. lactis and S. cerevisiae species and repre-
sents another example of synteny between S. cerevisiae and K.
lactis genomes as found at many loci (2, 41).

The kht1 kht2 double mutation eliminates the high glucose
response of the KHT1 and KHT2 genes. To examine the de-
pendence of gene regulation on the structural integrity of the
KHT transporter genes, the khtl, kht2, and kht1 kht2 mutants
described previously (38) were analyzed in parallel to the wild
type (Fig. 3). Interpretation of the banding pattern in Northern
blots is complicated by the fact that the k4¢2 mutant had been
generated by introducing the RAGI gene into the khtl kht2
deletion instead of KHT1. Since RAG]1 differs at the very 3’
end from KHT]I, it gives rise to an mRNA that is slightly longer
than in the parent strain and migrates at the same position as
the KHT?2 transcript (Fig. 3A, lane 3). With a short 5" probe,
the KHT1 and RAG-specific signals were identified (Fig. 3B).
KHTI promoter activity could be monitored even in kAt mu-
tants, since a small kht1::URA3 fusion was formed. This fusion
transcript migrated close to the HHT1 transcript used as a
loading control (Fig. 3A); therefore, the two probes were ap-
plied sequentially to the same filter (Fig. 3B, top and middle
panels).

The intensity of the KHTI- and kht1::URA3 band was stron-
ger on glucose (2%) than on glycerol in all four strains exam-
ined (Fig. 3B, lanes 1, 3, 5, and 7). However, in the kht! kht2
double mutant, the induced level was reduced compared to
those of the wild type and single mutants, indicating that at
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FIG. 3. Northern blot analysis of KHTI- and KHT2-specific tran-
scription in wild-type (WT) and kAt mutant cells. K. lactis strain JA6
and congenic kAt disruption mutants were grown to the exponential
phase in YNB minimal medium containing 2% glucose (glu) (lanes 1
to 4) or 3% glycerol (gly) (lanes 5 to 8), and poly(A)" RNA was
isolated. Five micrograms of poly(A)" RNA samples was fractionated
by electrophoresis on a 1.3% agarose gel in the presence of formalde-
hyde. Plasmid pJW10-23 carrying the entire KHT-KHT?2 locus (38) (A)
and a small KHT1 5'-specific probe (Hpal-Xhol fragment of pJW10-7
[38] [B]) were used as probes. An HHT1 (histone H3) probe was added
as a loading control. Note that in panel A, a weak khtl::ura3 fusion
transcript overlaps with the HHT] signal in lanes 2 and 7. In panel B,
the two probes were applied sequentially (top and middle panels). A
longer exposure of the top panel is shown at the bottom to visualize the
weak cross-hybridizing transcript X.

least one of the KHT genes is required for full induction of
KHTI and that the two genes can substitute for one another.
KHT? transcription could not be analyzed in the same way,
since no KHT2-specific transcript was formed in kAf2 mutants.
(Note that the signal in Fig. 3A, lane 3, is RAGI.)
Therefore, the KHT-'lacZ fusions were integrated into the
genome of the khtl kht2 strain JA6/DT12R, and the influence
of the mutations on KHT1 and KHT2 promoter activities was
determined by reporter gene assays (Table 3). For the KHT!
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promoter, no influence of the khtl kht2 mutations was detect-
able in low glucose (0.1%). The wild type and mutant had
roughly the same ratio of B-galactosidase activity in glycerol
versus glucose (2.7- and 3.3-fold, respectively). However, in 2%
glucose, induction in the double mutant was weaker than in the
wild type (3.3-fold versus 5.1-fold, respectively), in agreement
with the results obtained by Northern analysis (Fig. 3).

For the KHT2 promoter, the influence of the mutations was
even more striking. Whereas in the wild type, a modest induc-
tion by low glucose (2.1-fold) and a slight repression (0.4-fold
induction) in high glucose were observed, induction was high
(4.8-fold) in low glucose and even higher (5.4-fold) in high
glucose. These results suggested that Khtp transporter activity
was not required for induction but for repression of KH72
gene expression at a high glucose concentration.

In the double mutant, another transcript of unknown origin,
labeled “X” in Fig. 3B, was also released from glucose repres-
sion (compare lanes 3 and 4 to lanes 7 and 8 in Fig. 3B, bottom
panel).

Taken together, the results indicate that in the absence of
both KHT transporters, the specific high-glucose response of
the KHTI1 and KHT2 promoters does not occur, whereas the
responses to low glucose were not affected by the mutations.

Several transporter genes restore the high-glucose response
in kht1 kht2 double mutants. To examine whether complemen-
tation of the glucose uptake deficiency was sufficient to restore
the high-glucose response in the double mutant, transporter
genes were introduced on centromeric plasmids into the khtl
kht2 strains carrying the integrated KHTI-lacZ and KHT2-lacZ
fusions, respectively. (Table 3). In transformants with the
KHTI-KHT?2 tandem genes (plasmid pY10-23), the wild-type
regulation of the KHT1 and KHT2 promoters was completely
(KHT!-'lacZ) or almost completely (KHT2-'lacZ) restored.
Partial induction of the KHTI promoter and partial repression
of the KHT2 promoter by glucose were observed with RAG1
(with plasmid pY10-7), and a weaker effect was seen with the
S. cerevisiae HXTI gene (on pVSH1), encoding a low-affinity
hexose transporter.

We also assayed the ability of the S. cerevisiae GAL2 gene to
complement the glucose uptake deficiency of the khtl kht2
mutant strain. The galactose permease encoded by GAL2 had
been shown to be able to mediate glucose uptake (23, 31), but
the regulation of GAL2 (induction by galactose) suggested that
it is not a component of a glucose signaling pathway. To over-
come the requirement of galactose for the Gal4p-regulated
GAL? gene, the KIGALS0 gene was disrupted in the khtl kht2
mutant background. The resulting triple mutant was Rag™ like
the parent, but a centromeric GAL2 plasmid clearly improved
growth on 2% glucose plus antimycin A, an effect not observed
when the KIGALS80 gene was functional (data not shown).
Thus, Gal2p was able to function as a glucose transporter in K.
lactis.

The triple mutant was used to analyze regulation of the
LAC4 promoter (Table 3). The KHTI KHT2 Kligal§0 strain
showed fivefold-lower LAC4-encoded B-galactosidase activity
on glucose compared to glycerol (13,500 mU/mg of protein).
This implies that glucose not only inhibits galactose induction
of the LAC/GAL genes, but also represses the induced pro-
moter to some extent. This form of glucose repression was
abolished in the kht1 kht2 Kilgal80 triple mutant. Again, repres-
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TABLE 3. Influence of hexose transporters on glucose induction and repression

Glucose induction at glucose concn:

Genetic Gene on

background plasmid KHT1'-lacZ? KHT?2'-lacZ? LAC< PDCee
0.1% 2964 0.1%¢ 206 (2%) (2%)
Wild-type Vector 2.7 5.1 2.1 0.4 0.2 52
khtl kht2 Vector 33 33 48 5.4 0.9 1.0
khtl kht2 KHTI KHT? ND/ 6.2 ND 1.0 ND ND
khtl kht2 RAGI ND 4.6 ND 1.7 0.4 3.4
khtl kht2 ScHXTI ND 43 ND 33 0.6 1.0
khtl kht2 GAL2 ND ND ND ND 0.3 5.8

“ Fold- induction relative to glycerol (3%) cultures, mean of at least three independent experiments, deviations <15%.

b B-galactosidase activity.

¢ Pyruvate decarboxylase activity.

4 Glucose (0.1 or 2%) was added to 3% glycerol medium.
¢ In gal80 mutant background.

/ND, not determined.

sion could be restored by transformation with the RAGI- as
well as with the GALZ2-containing centromeric plasmid,;
ScHXTI gave a weaker effect.

We also analyzed glucose induction of the glycolytic enzyme
pyruvate decarboxylase encoded by the unique glucose-induc-
ible gene, KIPDCI (4, 12). In glycerol-grown cells, pyruvate
decarboxylase activities varied between 60 and 260 mU/mg of
protein. A fivefold induction by glucose observed in the Kigal80
mutant was completely abolished in the kht! kht2 KigalS0 mu-
tant and could be fully or partially restored by GAL2 and
RAGI, respectively. No effect was observed with S. cerevisiae
HXT1 in this case.

Thus, the khtl kht2 mutation had a broad influence on glu-
cose-regulated gene expression in general and was not re-
stricted to the inducible LAC/GAL regulon (38). Formally, the
possibility exists that the KHT gene products have regulatory
activity in addition to their transport function, like the S. cer-
evisiae Snf3p and Rgt2p proteins, which serve as membrane-
bound high- and low-affinity glucose receptors, respectively
(30).

However, there is no indication that Khtlp and Kht2p are
such glucose sensors. (i) Based on sequence similarity (65%
identity), KHTI and KHT?2 clearly belong to the HXT gene
family, with much weaker resemblance to SNF3 and RGT2
(25% identity), and the cytoplasmic tail characteristic of the
latter gene products is not found in Khtlp and Kht2p. (ii) Both
KHTI1 and KHT?2 encode functional glucose transporters, and
the regulatory phenotype displayed by the khtl kht2 double
mutant could be restored by S. cerevisiae hexose transporter
genes such as HXTI and GAL?2. (iii) There is a correlation
between glucose uptake capacity and glucose signaling. The
Hxt1p transporter, which has a very low affinity for glucose and
requires high glucose concentrations for induction (29), had a
weaker effect on glucose repression and induction than RAG!
and GAL2. The correlation between glucose uptake and the
glucose response of gene expression is consistent with recent
results from S. cerevisiae showing a correlation between relief
from glucose repression and the decrease in glucose transport
capacity. Even under high-glucose conditions, an increase in
SUC?2 expression was detected when cells displayed reduced
glucose uptake (31, 42).

We conclude that Khtlp and Kht2p influence regulation

through their transport function and that glucose sensing oc-
curs intracellularly.

An intracellular sensing mechanism for glucose does not
exclude an additional extracellular sensor. The RAG4 gene
conferring a Rag™ phenotype when mutated encodes an Snf3/
Rgt2-related protein with a long C-terminal cytoplasmic tail
containing the conserved sequence motif (3a). It is a regulator
of RAG1 and may mediate the low glucose response of KHT1/
RAG1, which we have shown here to be independent of KHT
and KHT2. A combination of extracellular and intracellular
sensing mechanisms would ensure that the high-glucose re-
sponse is only triggered if the cell is able to metabolize the
available glucose.

We propose that in K. lactis glucose repression correlates
with fermentative metabolism. Both forms of regulation re-
quire the transport capacity of the cell to exceed a threshold
level. This level cannot be reached in the khtl kht2 or ragl
mutant. The presence of either KHT1/RAG1 or KHT?2 alone is
sufficient to overcome the threshold. By a self-sustaining pro-
cess caused by further induction of KHT1/RAGI and other
fermentative genes (like the pyruvate decarboxylase gene
KIPDC1I) and by favoring the utilization of glucose over other
carbon sources through glucose repression, the metabolism is
shifted towards fermentation. The presence of both genes
KHTI and KHT?2 favors this metabolic shift due to the high
basal expression of KHT?2 resulting in a higher uptake capacity
in noninduced cells. Since KHT? itself is subject to glucose
repression, the transporter with the higher K,,,, Kht2p, is re-
placed by the one with the lower K,, if there is a high and
constant supply of glucose. The slow and concentration-depen-
dent induction of Kht1p/Raglp enables the cells to monitor the
availability of glucose over time; its low-affinity ensures a con-
centration-dependent rate of transport at subsaturating glu-
cose levels.

In S. cerevisiae, the abundance of hexose transporter genes
and their specific regulation indicate that this yeast tries to
sustain the highest possible glucose transport activity, such that
the glycolytic flux is largely determined by the extracellular
glucose concentration. In contrast, the respirofermentative
yeast K. lactis does not fully exploit its glucose uptake capacity
during oxidative growth. Sugar uptake may therefore be pri-
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marily controlled by the availability of oxygen and by the cel-
lular demand rather than by the extracellular supply (8).
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