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Abstract Promoter regions of the K1QCR7, KlQCR8 
and K1CYC1 genes, coding for subunits of the bcl- 
complex and cytochrome c respectively, in the short- 
term Crabtree-negative yeast Kluyveromyces Iactis dif- 
fer markedly in sequence from their Saccharomyces 
cerevisiae counterparts. They have, however, conserved 
very similar configurations of binding-site motifs for 
various transcription factors known to be involved in 
global and carbon-source regulation in S. cerevisiae. To 
investigate the carbon source-dependent expression of 
these genes in K. lactis, we have carried out medium- 
shift experiments and determined transcript levels dur- 
ing the shifts. In sharp contrast to the situation in 
S. cerevisiae, the level of expression in K. lactis is not 
affected when glucose is added to a non-fermentable 
carbon-source medium. However, the genes are not 
constitutively expressed, but become significantly 
induced when the cells are shifted from glucose to a non- 
fermentable carbon source. Finally, induction of tran- 
scriptional activation does not occur in media contain- 
ing both glucose and non-fermentable carbon sources. 
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Introduction 

Growth of the yeast Saccharomyces cerevisiae on a 
fermentable carbon source such as glucose leads to 
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dramatic changes in the pattern of gene expression, 
including the induction of genes involved in glycolysis 
and the repression of genes involved in other catabolic 
pathways (recently reviewed by Entian and Barnett 
1992; Gancedo 1992; Trumbly 1992). This response is 
intimately bound up with the yeast cell's ability to sense 
and assimilate nutrients. For a limited number of genes, 
both genetic and biochemical analysis have yielded 
information on the chain of events that is triggered 
following uptake of glucose by the cell, leading event- 
ually to changes in transcription. A major effect of 
glucose in S. cerevisiae is the repression of respiratory 
function. Although glucose effects on mRNA stability 
and translation have been reported (Lombardo et al. 
1992), the primary mechanism for repression is down- 
regulation of the transcription of nuclear genes encod- 
ing mitochondrial respiratory chain proteins (Forsburg 
and Guarente 1989a). One common feature of the 
promoters of these genes is the presence of binding sites 
for the transcription factors HAP2/3/4, which form 
a heterotrimeric complex capable of activating tran- 
scription in the absence of glucose (Forsburg and 
Guarente 1989 b). HAP2 and 3 are homologues of the 
mammalian NF-Y/CCAAT-binding proteins and are 
synthesised constitutively (Chodosh et al. 1988; Li et al. 
1992). In contrast, synthesis of HAP4, the component 
of the complex thought to be responsible for activation, 
is glucose-repressible and the low levels of this protein 
in glucose-repressed cells may be a major factor in 
restricting transcription from promoters of genes for 
respiratory components to basal levels (Forsburg and 
Guarente 1989b). The promoters of these nuclear 
genes, encoding mitochondrial proteins, often contain 
additional cis-acting elements, including glucose-re- 
sponsive elements and binding sites for the general 
transcription factors ABF1, CPF1 and RAP1 (reviewed 
by Ditttey 1992). For the ScQCR8 gene, encoding 
subunit VIII of the mitochondrial ubiquinol cyto- 
chrome c oxidoreductase (QCR) or bcl-complex, ABF1 
has been shown to be necessary for maintaining basal 
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transcription rates under glucose repression and for 
a rapid and efficient upswing of transcription on escape 
from glucose-repression. CPF1, whose binding site 
overlaps with that for ABF1, appears to act as a nega- 
tive regulator of transcription (De Winde and Grivell 
1992). In order to extend our understanding of the 
individual contributions of the various factors to tran- 
scriptional activation, we have undertaken a study of 
the QCR counterpart genes, and the corresponding 
transcription factors, in the yeast KIuyveromyces Iactis. 

In terms of the highly conserved sequences of its 
proteins, K. lactis is closely related to S. cerevisiae. In 
terms of regulatory factors, however, work so far has 
uncovered an informative divergence which has shed 
light on transcriptional regulatory mechanisms in both 
of these yeasts (Mylin et al. 1991; Czyz et al. 1993; 
Zenke et al. 1993; Mulder et al. 1994 a, d). 

We have in previous papers reported the isolation of 
the KlQCR7 (Mulder et al. 1994c) and KIQCR8 genes 
(Mulder et al. 1994b), respectively encoding subunits 
VII and VIII of the bc 1-complex of K. lactis, and shown 
that the promoters of both genes lack overall DNA 
sequence similarity with their S. cerevisiae counter- 
parts, but share binding sites for the transcription fac- 
tors HAP2/3/4, ABF1 and CPF1. 

In the present paper we examine the carbon source- 
dependent expression of K. lactis genes encoding com- 
ponents of the respiratory chain. Despite the similarity 
in configuration of binding sites for the various tran- 
scription factors in the promoter regions, we find that 
transcription in K. lactis is inducible on non-ferment- 
able carbon sources when glucose is absent. Contrast- 
ing to the situation in S. cerevisiae, addition of glucose 
to a non-fermentable carbon-source medium does not 
affect the level of expression. 

Materials and methods 

S~rains and growth conditions. K. lactis strain CBS2359 was used in 
all experiments and cells of this strain were grown overnight in 10 ml 
of WO medium (0.67% yeast nitrogen base, 2% D-glucose) at 30 ~ 
These cultures were used to inoculate 40 ml or 500 ml of YP media 
(1% yeast extract, 2% Bacto-peptone) supplemented with either 5 % 
D-glucose (YPD5), 2% D-glucose (YPD2), or 2% (w/v) ethanol and 
2 % glycerol (YPEG), depending on the kind of experiment, and were 
again grown overnight to a/)6o0 of 1.0-2.0 as measured on a Cam- 
Spec spectrophotometer. For medium-shift experiments, the 40-ml 
YPD2 culture was subsequently pelleted for 5 min at 5000 rpm 
(Sorvall) at 25 ~ and resuspended in 1 ml of sterile water (30 ~ 
250-la 1 aliquots were added to both 40 ml of YPD2 and 40 ml of 
YPD5 and the remainder was added to 40 ml of YPEG. The cul- 
tures were allowed to grow for an additional 4 5 h and thereafter 
harvested, transferred to a 1.5-ml reaction tube, frozen in liquid 
nitrogen and kept at - 2 0  ~ until RNA was isolated. For time- 
course medium-shift experiments, the 500-ml YP overnight culture 
was pelleted as described above. The pellet was resuspended in 
sterile water and added to 500 ml of fresh YP medium at 30 ~ and 
containing the appropriate amount and type of carbon source; 10-ml 
aliquots were withdrawn at fixed time points, added to 10 ml of 
water (0 ~ and stored on ice to immediately stop cell metabolism. 

The/?6oo was measured and cells were harvested and treated as 
stated above. In some experiments, the shift was achieved without 
change of medium by the addition of an appropriate volume of 
a stock solution containing either 50% D-glucose or 20% 
ethanol/20% glycerol to a final concentration of respectively 5% 
glucose and 2% ethanol/2% glycerol. 

Northern blottiny. RNA isolation was performed essentially as de- 
scribed by De Winde and Grivell (1992) and spectrophotometrically 
quantified at 260 nm (CamSpec); 15 lag of RNA was dectrophoresed 
on a 1.2% non-denaturing agarose gel in 0.25 x TBE buffer 
(1 x TBE: 89 mM Tris, 89 mM boric acid, 2.5 mM EDTA at pH 8.3) 
and subsequently blotted to a Hybond N filter (Amersham) accord- 
ing to procedures recommended by the manufacturer. Hybridisation 
and washing conditions were used as described (De Winde and 
Grivell 1992). Blots were exposed to either Kodak X-Omat S- or X- 
Ar-films for various time periods at - 7 0 ~  As DNA probes we 
used: a 500-bp EcoRI-HindIII fragment of plasmid pART6, contain- 
ing the KlCYC1 gene (Freire-Picos et al. 1993); a 2100-bp KpnI- 
KpnI fragment containing the chromosomal-linked K1APA2 and 
KIQCR7 genes (Mulder et al. 1994c); a 840-bp HindIII-SaII frag- 
ment derived from pJH1 possessing the ScQCR8 gene (De Winde 
and Grivell 1992); a 335-bp HindIII-HindIII fragment containing 
the K1QCR8 gene; a 540-bp KpnI-PstI ft'agment containing the 
K1FPS1 gene and a 1600-bp SalI-EcoRI fragment containing both 
K1FPS1 and KlQCR8, all three being derived from plasmid 
pKi # 11.1 (Mulder et al. 1994 b); and a 900-bp EcoRI-HindIII frag- 
ment of plasmid pK17, containing the K. lactis actin gene (Deshler 
et al. 1989). 

Results 

Medium-shift experiments 

In initial experiments designed to characterise carbon- 
source dependency of gene expression in K. lactis, 
conditions similar to those routinely used in our labor- 
atory for the study of S. cerevisiae (De Winde and 
Grivell 1992) were found to yield irreproducible re- 
sponses. Better control of responses was obtained by 
use of the protocol described in Materials and methods. 
Essential features of this protocol are that high cell 
densities are avoided and all cultures have the same 
environmental history. Figure 1 shows the results 

Fig. 1 Medium-shift 
experiment. K. Iac~is strain 
CBS2359 was grown in a 40-ml 
YPD2 culture, which was 
pelleted and subdivided over 
40 ml of medium containing the 
carbon source indicated below 
the panels. RNA was isolated 
after 5 h growth at 30 ~ For 
each sample 15 lag of RNA was 
loaded four times on a 1.2% 
non-denaturing agarose gel, 
electrophoresed and blotted. 
The blot was cut into four 
identical pieces and these were 
hybridised with DNA probes as 
indicated. 



obtained when wild-type K. lactis cells were pre-cul- 
tured in 2% glucose and transferred to either 5% 
glucose, 2% glucose, or ethanol/glycerol. Similar to the 
corresponding S. cerevisiae genes, expression of the 
KIQCR7, KlQCR8 and KlCYC1 genes is significantly 
induced on a non-fermentable carbon source. However, 
the expression under glucose growth conditions is, in 
particular for the KIQCR7 and KIQCR8 genes, rela- 
tively high compared to the situation in S. cerevisiae. In 
contrast, but like S. cerevisiae, constitutive expression is 
observed for the K. lactis actin gene and for the KlAPA2 
and K1FPS1 genes, which are closely-linked to 
KIQCR7 (Mulder et al. 1994c) and K1QCR8 (Mulder 
et al. 1994b) respectively. The insensitivity of expres- 
sion of the KIFPS1 and KIAPA2 genes to a change 
of carbon source, coupled with the fact that their 
sequences are present on the same DNA-probe frag- 
ments as the corresponding QCR genes, makes 
their transcripts highly suitable and convenient 
internal standards in Northern blot analysis. They 
were therefore used as such in subsequent experi- 
ments. 
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Glucose fails to affect the level of expression of K. lactis 
genes coding for respiratory chain components following 
a glucose shift 

To investigate what effects the addition of glucose 
would have on the level of expression of the genes 
encoding for respiratory chain components, a glucose- 
shift experiment was performed. Cells were grown in 
YPEG and glucose was added to a final concentration 
of 5%. Both growth and transcript levels were deter- 
mined at fixed time-points after the shift. As shown 
in Fig. 2A, expression of the K1QCRT, KIQCR8 
and KlCYC1 genes is not significantly affected by the 
addition of glucose, a response which is in marked 
contrast to the situation in S. cerevisiae (Zitomer et al. 
1979; Maarse et al. 1988; De Winde and Grivell 1992; 
Gancedo 1992). In this latter organism the level of 
expression of the counterpart genes drops to almost 
undetectable levels within 30 rain using similar experi- 
mental conditions. The slight differences in expression 
between the various time-point samples observable in 

Fig. 2A, B Medium shift by 
addition of glucose to an 
ethanol/glycerol-containing 
medium. K. lactis strain 
CBS2359 was grown as 
described in the text. RNA was 
isolated from each time-point 
sample and growth was 
spectrophotometrically 
monitored at 600 nm (panel B). 
At time point zero the culture 
had a D of 0.56 and glucose was 
added to a final concentration of 
5%. Approximately 15 btg of 
RNA was triplicate loaded on 
a 1.2% agarose gel and 
electrophoresed. The blot was 
cut in three identical pieces and 
hybridised with DNA probes as 
indicated (panel A). 
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Fig. 2 A are due to small differences in RNA loading, as 
already seen on the ethidium bromide-stained gel. The 
absence of any effect of glucose on the level of expres- 
sion in K. lactis is consistent with the report of De 
Deken (1966) who observed that synthesis of enzymes 
of the respiratory chain of several yeast species, includ- 
ing K. lactis, is not repressed by glucose. At the level of 
transcription, therefore, our results, support the earlier 
findings of De Deken (1966). 

Transcription of the KIQCRT, KIQCR8 and KICYCI genes is 
strongly induced on non.fermentable carbon sources 

The absence of glucose repression in K. lactis does not 
necessarily mean that the KlQCR7, KlQCR8 and 
KlCYC1 genes are constitutively transcribed. As in 

S. cerevisiae, repression and activation of transcription 
are likely to be distinct and opposing processes, as is 
well illustrated by the complex regulation of the GAL4 
gene (Griggs and Johnston 1993) and the HEM1 gene 
(Keng and Guarente 1987). In these cases induction of 
expression is the net result of transcriptional activation 
superimposed on the absence of repression. As already 
shown in Fig. 1 the genes studied here are more highly 
expressed on a non-fermentable carbon source than on 
glucose. We decided to investigate this transcriptional 
activation in more detail by performing a shift to a non- 
fermentable carbon source in which the YPD2 medium 
was quantifiably removed and changed for YPEG. 
Figure 3 shows that the transcript levels of all three 
genes increase significantly in amount within 2-30 min 
after the shift and continue to increase steadily up to 
90 min. As in S. cerevisiae, expression of the KlAPA2 
and KIFPS1 genes is only slightly affected by the change 
of carbon source (Anderson et al. 1989; Plateau et al. 
1990). 

Fig. 3 Medium shift from fermentable to non-fermentable carbon 
source. K. Iactis strain CBS2359 was grown in 500 ml of YPD2 
medium and the medium was changed for YPEG as detailed in text. 
Approximately 15 gg RNA at each time-point sample was quadru- 
ple-loaded onto a 1.2% agarose gel and electrophoresed. After 
blotting the blot was cut into four identical pieces and hybridised 
with DNA-probes as indicated. 

Glucose blocks the induction of transcription on 
non.fermentable carbon sources 

(Mazzoni et al. 1992) have reported that expression of 
the K. lactis ADH4 gene is specifically induced by 
ethanol, even in the presence of glucose. To check 
whether a similar mechanism underlies the apparent 
absence of effect of glucose on the level of expression of 
the genes for respiratory components, a medium shift 
entailing a complete substitution of the YPEG medium 
by YPD5 was carried out. As is clear from Fig. 4, 

Fig. 4 Medium shift from non-fermentable to fermentable carbon 
source. K. lactis strain CBS2359 was grown in 500 ml of YPEG and 
the medium was changed for YPD5 as described in the text. After 
4 h, ethanol and glycerol were added to a final concentration of 2% 
each. RNA was isolated and approximately 15 gg was triplicate- 
loaded onto a 1.2% agarose gel and electrophoresed and sub- 
sequently blotted. The blot was cut into three identical pieces and 
hybridised with DNA probes as indicated. Note that the time-point 
sample 60 rain after the EG addition contains more RNA than the 
other samples, as was determined by the ethidium bromide-stained 
agarose gel 



271 

transcripts of both K1QCR7 and KIQCR8 are unaffec- 
ted by the change of medium and this situation remains 
unchanged even if a mixture of ethanol and glycerol is 
subsequently added to the medium. Since this latter 
behaviour contrasts with the marked induction seen on 
the shift to a non-fermentable carbon source, as de- 
scribed above, we conclude that induction on 
ethanol/glycerol medium can only occur in the absence 
of glucose. A similar response has recently been de- 
scribed by Lodi et al. (1994) for the carbon source 
dependent expression of the K. lactis DLD1 gene. We 
conclude that the transcriptional regulation of the 
QCR8 genes is yeast-species specific. Despite the facts 
that the promoters share, cis-acting elements at similar 
positions, and the yeast species possess conserved cor- 
responding trans-acting factors, the complex interplay 
between these elements and factors determines the dif- 
ference in the rate of transcription. Deletion analysis 
had already shown that K. lactis contains factor(s) 
distinct from those binding to the defined UAS that are 
capable of activating the transcription of the KlQCR8 
gene (Mulder et al. 1994b). Whether these additional 
factors have homologs in S. cerevisiae, and whether 
these are interchangeable, has yet to be elucidated. As 
will be further discussed in the following section these 
differences, when taken together with differences in the 
nutrient-signalling pathways, are likely to determine 
overall species-specific transcriptional behaviour. 

Discussion 

Results presented above clearly show that, in K. lactis, 
genes encoding three mitochondrial proteins are not 
glucose-repressible. They are, however, inducible by 
growth on non-fermentable C sources and this induc- 
tion is prevented by glucose. This behaviour contrasts 
with that of the corresponding genes in S. cerevisiae, 
but is in itself not surprising; as early as 1966, levels of 
various respiratory enzymes in K. lactis were shown to 
be insensitive to glucose-repression (De Deken 1966). 
Our results confirm these observations at the level of 
transcription, but demonstrate in addition that the 
corresponding genes do become transcriptionally in- 
duced on non-fermentable carbon sources. Surprising, 
however, is the fact that for the homologous QCR8 
genes both the pattern and level of expression are 
strongly yeast species-specific, despite the relatively 
well-conserved promoter structure between the two 
yeasts: binding sites are present for the transcription 
factors HAP2/3/4, ABF1 and CPF1 and these factors, 
despite significant differences in sequence, are even 
functionally interchangeable (Gongalves et al. 1992; 
Mulder et al. 1994 a, d). 

Although unexpected, these findings are in line with 
two previous observations concerning the involvement 
of the HAP2/3 factors in the carbon-source response of 

K. lactis. First, in contrast to S. cerevisiae, K. lactis 
mutants disrupted in the gene for either protein con- 
tinue to transcribe genes of the respiratory complex 
subunits and second, such mutants retain respiratory 
function (Mulder et al. 1994a; C.C. Nguyen and 
M. Bolotin-Fukuhara, personal communication). 
Taken together, these observations point to multiple 
differences in responses to nutrient-sensing mecha- 
nisms between the two yeast. The dependence of K. 
lactis on respiratory function, even whilst growing on 
glucose, accounts for the drastic decrease in growth 
rate displayed by cells carrying disruptions in genes for 
subunits of complex III of the respiratory chain (Mul- 
der et al. 1994b, c). 

In contrast to S. cerevisiae, K. lactis has been classi- 
fied as a so-called Crabtree-negative yeast, indicating 
that glucose is not metabolised to ethanol in the pres- 
ence of oxygen, (Crabtree 1929). This classification 
requires qualification, since the Crabtree-effect, as ori- 
ginally defined, concerns only the short-term fermen- 
tative response of cells to glucose (Petrik et al. 1983; 
Van Urk et al. 1989), whereas the term has come to be 
loosely applied to long-term responses to glucose 
during growth under steady state conditions. These 
latter responses are probably better referred to as the 
Warburg effect (Racker and Spector 1981). K. lactis is 
a short-term Crabtree-negative yeast, but during steady 
state growth on glucose, the cells do produce some 
ethanol under aerobic conditions (Shain et al. 1992; 
Wdsolowski-Louvel et al. 1992) and, as we also demon- 
strate in this report, the respiratory pathway is not 
repressed. Both fermentative and oxidative metabolic 
pathways co-exist (De Deken 1966; Mazzoni et al. 
1992) and thus we propose to classify K. laais as 
a short-term Crabtree-negative and a long-term Crab- 
tree-, or Warburg-positive yeast. De Deken (1966) has 
suggested that the Crabtree effect is related to, or me- 
diated by, glucose repression, while other authors have 
suggested that the effect is attributable to a limited 
capacity of the respiratory chain (Rieger et al. 1983; 
K/ippeli and Sonnleitner 1986). Neither view is likely to 
be correct. First, Van Urk et al. (1989) have shown that 
the respiratory capacities of Crabtree-negative and- 
positive yeasts are very similar. Second, Sierkstra et al. 
(1993) have demonstrated that in S. cerevisiae a Crab- 
tree effect is also exerted by the non-repressing sugar 
galactose. These authors therefore propose that the 
metabolic changes observed at the onset of the Crab- 
tree effect derive from changes in flux through the 
glycolytic and pentose-phosphate pathways, resulting 
in an increased flux of NADH into NAD. The basis for 
the presence or absence of the (short-term) Crabtree 
effect therefore possibly lies in the regulation of glucose 
uptake, the level of glycolytic activity, the activity of the 
enzyme glucose-6-phosphate dehydrogenase, and in 
the cell's ability to balance the activity of pyruvate 
dehydrogenase (PDH) relative to pyruvate decar- 
boxylase (PDC) (Wenzel 1994). The genes encoding 
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subunits of either of these latter enzymes may therefore 
turn out to be candidates for regulation at this branch 
point of respiratory and fermentative metabolism. In 
line with this expectation, the promoter of the ScLPD1 
gene, encoding one of the subunits of PDH in 
S. cerevisiae, possesses binding sites for the transcrip- 
tion factors ABF1, CPF1, HAP2/34, GCN4 and RAP1 
(Bowman et al. 1992; Sinclair et al. 1994). Characterisa- 
tion of the corresponding K. lactis genes, encoding 
subunits of the PDH and PDC complexes, and elucida- 
tion of the extent and mechanism of the carbon source- 
control of expression will be of great interest. 

The reported species-specific response of carbon 
source-dependent expression is probably due to the 
differences outlined above, most likely acting in com- 
bination with other components of the nutrient- 
signalling pathway (reviewed by (Gancedo 1992) that 
collectively influence the activity of these transcription 
factors differently in the two yeasts. Here too, the isola- 
tion and characterisation of the K. lactis homologs of 
these components, such as SNFt/SNF4, SSN6/TUP1 
and MIG1, will be highly informative. 

Clearly, more detailed comparisons will be necessary 
to gain a better understanding of transcriptional re- 
sponses in both yeasts and of the roles played by 
individual factors. 
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