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Abstract. Pyruvate decarboxylase, PDCase, activity in 
wild-type yeast cells growing on ethanol is quite low but 
increases up to tenfold upon addition of glucose, less with 
galactose and only slightly with glycerol. PDCase levels 
in glycolysis mutant strains growing on ethanol or acetate 
were higher than in the wild-type strain. These levels 
correlated with the sum of the concentrations of three- 
carbon glycolytic metabolites. The highest accumulation 
was observed in a fructose bisphosphate aldolase deletion 
mutant concomitant with the highest PDCase activity 
ever observed under gluconeogenic conditions. Glucose 
addition induced an increase in PDCase activity in all 
mutants. However, the enzyme activities never reached 
wild-type level. On the other hand, the PDCase levels in 
the different mutants again correlated with the sum of 
the concentrations of the three-carbon glycolytic metabo- 
lites. This was interpreted to mean that full induction of 
PDCase activity requires the accumulation of hexose- 
and triosephosphates. 

Key words: Saccharomyces cerevisiae - Pyruvate de- 
carboxylase - Pyruvate kinase - Signalling - Glycoly- 
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Glycolysis in Saccharomyces cerevisiae is an inducible 
pathway which is activated by fermentable sugars (re- 
viewed by Entian and Barnett 1992). Variations in the 
activities of glycolytic enzymes in response to the availa- 
bility of glucose were first reported by Maitra and Lobo 
(1971a). This was subsequently shown to be due to 
regulation at the transcriptional level for pyruvate kinase 
(Burke etal. 1983), pyruvate decarboxylase (Schmitt 
et al. 1983; Schaaff et al. 1989; Hohmann and Cederberg 
1990) and several other glycolytic enzymes (Moore et al. 
1991, and references therein). 

Abbreviations: PDCase, pyruvate decarboxylase; dw, dry weight; 
PEP, phosphoenolpyruvate; WT, wild-type 

Correspondence to: F. K. Zimmermann 

Pyruvate decarboxylase is the key enzyme of alcoholic 
fermentation in yeast. It converts pyruvate to acetal- 
dehyde which is the substrate for alcohol dehydrogenase. 
Three structural genes coding for pyruvate decarboxylase 
have been identified in Saccharomyces cerevisiae and 
sequenced: PDC1 (Kellermann et al. 1986; Hohmann 
and Cederberg 1990), PDC5 (Hohmann and Cedermann 
1990; Seeboth etal. 1990) and PDC6 (Hohmann 
1991a, b). The three structural genes are differentially 
expressed at the transcriptional level (Schaaffet al. 1989; 
Hohmann 1991b). However~ the PDC1 encoded enzyme 
accounts for most of the pyruvate decarboxylase activity 
in wild-type yeast cells growing on glycolytic and gluco- 
neogenic substrates (Hohmann and Cederberg 1990). 
Cis-acting elements and trans-acting factors are re- 
sponsible for the regulation of PDC1 expression (Butler 
et al. 1990; Butler and McConnell 1988; Kellermann and 
Hollenberg 1988; Hohmann 1992). 

Induction of glycolytic enzyme activities by fermen- 
table sugars must be triggered by specific glycolytic 
metabolites. Maitra and Lobo (1971b) were the first to 
use glycolytic mutants to identify the inducing metabo- 
lites. Recently, Boles etal, (1993) could show that 
different metabolic signals control the activation of 
glycolysis in S. cerevisiae. While metabolization of su- 
gars beyond fructose-6-phosphate is dispensable for the 
complete induction of pyruvate kinase, full induction of 
pyruvate decarboxylase requires the formation of one or 
several metabolites beyond the phosphofructokinase re- 
action. Here we report the use of disruption/deletion 
mutants in the middle and lower part of glycolysis to 
identify additional metabolites required for full induction 
of pyruvate decarboxylase. 

Materials and methods 

Yeast strahzs and culture conditions 

The isogenic wild-type strains ENY.WA-1A (MATch, ura3-52, 
leu2-3, 112, trpl 289, hts3-deltal, MAL2-8 c, II,IAL3, SUC3) and 
ENY.WA-14A (MATch, leu2-3, 112, trpl-289, his3-deltal, 
MAL2-8c; MAL3, SUC3) and the isogenic hxkl/hxk2 deletion 
strain WAY.10-1C (MATa, ura3-52, his3-deltal, hxklA::HIS3, 



hxk2A. :LEU2, MAL2-8 ~, MAL3, SUC3) were kindly provided by 
K. D. Entian and M. Rose (Universit/it Frankfurt/Main, Ger- 
many). Strain EBY8 is a fbal disruption mutant of ENY.WA-1A 
(Boles and Zimmermann 1993) obtained by transformation with 
the gene disruption plasmid of Schwelberger et al. (1989). All 
mutants constructed in this work were derived from strain ENY.- 
WA-1A. The yeast cells were grown at 28 ~ in a YEP medium 
(1% yeast extract, 2% bactopeptone) or m a synthetic medium 
containing 0.17% Difco yeast nitrogen base, 0.5% (NH4)2SO4 and 
amino acids~ These two basic media were supplemented with 
different carbon sources. 

Molecular biology techniques 

DNA was prepared and manipulated according to the procedures 
described in Sambrook et al. (1989). pUC18, pUC19 and plasmids 
from the series of Gietz and Sugino (1988) served as vectors. E. colt 
strains JM101 and SURE (Stratagene GmbH, Heidelberg, Ger- 
many) were used for the propagation of plasmids. Yeast specific 
techniques were described by Guthrie and Fink (1991). Plasmids 
were transformed into yeast according to Schiestl and Gietz (1989). 

Construction of  deletion plasmids 

a) pEB77 (pgklA"LEU2): A 3.0-kb HindlII fragment carrying 
PGK1 from plasm~d pPGKI-1 (Seehaus et al. 1985) was subctoned 
into pUCI9 resulting in pEB7. The 1.8-kb DraI/Bg/II fragment of 
pEB7 containing most parts of the PGK1 gene from -659 bp to 
+ 1157 bp according to the published sequences (Hitzemann et al. 
1982; Ogden et al. 1986) was replaced by a 2.5-kb BglII/ScaI 
fragment carrying LEU2 from plasmid YEpl3. 

b) pEB66 (gpmlA : :LEU2) : A 1.3-kb Hb~dIII/SalI fragment car- 
rying GPM1 from plasmid pPGM-7e (Seehaus et al 1985) was 
subcloned into pUC18 resulting in pEB6. The 0.8-kb MscI/SfuI 
fragment of pEB6 containing most parts of the GPM1 gene from 
- 161 bp to + 641 bp according to the published sequences (White 
and Fothergill-Gilmore 1988; Heinisch et al. 1991) was replaced by 
a 2.5-kb SmaI/AccI fragment w~th the LEU2 gene originally cloned 
into pUCI9. 

c) pEB55 (pyklA ::LEU2) �9 A 6.9-kb HindIII/XbaI fragment car- 
rying PYK1 from plasmid pPYKI-6  (J. Heinisch, unpubhshed; 
Seehaus et al. 1985) was subcloned into pUC18 resulting in pEB5. 
The 1.7-kb XbaI/HpaI fragment ofpEB5 containing the PYK1 gene 
from +4 bp to 168 bp behind the stop codon according to the 
published sequence (Burke et al. 1983) was replaced by a 3.1-kb 
XbaI/Smal fragment with the LEU2 gene originally cloned into 
pUC19. 

Construction of  mutant strains 

The deletion mutants were constructed following the one-step gene 
replacement Iwocedure of Rothstein (1983). pEB77 was digested 
with HindIll, pEB66 with HindIII and SatI, and pEB55 with BamHI 
and H/ndIIl. The fragments were transformed separately into the 
haploid strain ENY.WA-1A selecting for leucm prototrophy on a 
medium supplemented with 3% ethanol and 3% glycerol. The 
resulting mutant strains EBY71 (pgklA:.'LEU2), EBY66 
(gpmld::LEU2) and EBY55 (pyklA::LEU2) did not grow on a 
2% glucose medium. The TPH gene in plasmld pATPI of Ozcan 
et al. (unpubhshed data) had been completely replaced by the HIS3 
gene. pATPI was digested with EcoRI/SnaBI and transformed into 
strain ENY.WA-1A selecting for histidin prototrophy on a medium 
supplemented with 3% ethanol and 0.1% galactose, resulting in 
strain EBY88 (tpilA ' "HIS3). The attempted deletaon mutants were 
characterized by Southern-blot analysis, their lack of enzyme 
activity or their growth properties (data not shown). Strain WAY10- 
1C (hxklA .'HIS3, hxk2zl.'.LEU2) was crossed with strain ENY.- 
WA-14A and tetrad analysis was performed, resulting in strains 
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WI-1 and W1-3 (hxk2A..LEU2) and W1-2 and Wl-4 
( hxk 1A " .'ItlS3 ). 

Enzyme activities and metabolite concentrations 

Determinatmn of enzyme activities and metabolite concentrations 
were performed essentially as described by Boles and Zimmermann 
(1993) and Boles et al. (1993). 

Results 

Recent ly  we cou ld  d e m o n s t r a t e  tha t  full i nduc t ion  o f  
py ruva t e  deca rboxy la se  depends  on  the f o r m a t i o n  o f  
me tabo l i t e s  in the lower  p a r t  o f  glycolysis  (Boles et al. 
1993). In  o rde r  to charac te r ize  the  induc ing  me tabo l i t e  (s) 
in m o r e  deta i l  we cons t ruc ted  m u t a n t s  wi th  d i s rup t ions  
or  de le t ions  of  the genes cod ing  for  f ruc tose  b i s p h o s p h a t e  
a ldo lase  (FBA1) ,  t r iose p h o s p h a t e  i somerase  ( T P H ) ,  
p h o s p h o g l y c e r a t e  k inase  (PGK1),  p h o s p h o g l y c e r a t e  
mutase  (GPM1)  and  py ruva t e  k inase  (PYK1) .  

D u r i n g  g luconeogenic  g rowth  on  e thano l  (tpilA, 
pgk lA,  gpmlA and  pyk lA  m u t a n t s )  or  ace ta te  ( foalA 
m u t a n t )  levels o f  p y r u v a t e  deca rboxy la se  were h igher  
than  in wi ld - type  by a fac tor  3 - 4  in the fbal ,  gprnl and  
the pgk l  mutan t s ,  b u t  only  a b o u t  twofo ld  in the tpil and 
p y k l  m u t a n t s  (Fig.  1). I n d u c t i o n  o f  py ruva t e  deca rboxy-  
lase b y  glucose a d d e d  to these cul tures  was less t han  in 
the wi ld - type  s t ra in  (Fig.  1). In teres t ingly ,  a d is t inct  
h i e ra rchy  be tween  the d i f ferent  m u t a n t  s t ra ins  cou ld  be 
observed.  G lucose  a d d i t i o n  to the  fba lA  m u t a n t  caused  
near ly  no increase  in p y r u v a t e  deca rboxy la se  activity.  A n  
increas ingly  enhanced  i nduc t i on  could  be obse rved  in the 

" •  1100 

E 
1000 

E 900 

t/) 800 
...r 
>, 

700 

0 
�9 , 0  600 s. ._  

0 
5oo 

" 0  

40@ 

gpm I 

~-WT 

pykl 

tpil 

x._ 

>, 
t~ 

0 ~ 

0 1 2 3 4 5 6 7 8 9 10 11 12 

time (h) 
Fig. l. Pyruvate decarboxylase activity m cells of the wild-type 
strain ENY.WA-1A (+), strains EBY8 (fbalA) (,), EBY88 (tpilA) 
([]), EBY71 (pgklA) Ix), EBY66 (gprnlA) (o) and EBY55 
(pyklA) (~) after the addition of 1% glucose to ethanol-grown 
cells (to acetate-grown cells in the case of EBY8) 
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Table 1. Concentrations of glycolytic metabohtes. Extracts were 
prepared after growth on rich media with 1% ethanol (EtOH) and 
2 h after the addition of 2% gtucose (GIc) to the cultures. 
Additionally, extracts of wild-type cells were prepared after growth 
on rich media with 3% glycerol (Glyc) or 2% galactose (Gal). 

Concentrations of glycerate-l,3-bisphosphate were not detectable. 
Wild-type = ENY.WA-1A; tpilA = EBY88; pgklA = EBY71; 
gpmlA = EBY66; pyklA = EBY55; PEP = phos?hoenolpyru- 
vate: dw = dry weight 

Metabolites tpi l A pgk l A gpm l A 
(nmol/mg dw) 

EtOH Glc EtOH Glc EtOH Glc 

pyk l A Wild-type 

EtOH Glc Glyc Gal EtOH Glc 

GIc-6-P 0.4 2.6 2.4 1.1 1 0 0.8 
Fru-6-P 0.2 0.5 0.5 0.3 0.2 0.3 
Fru-l,6-P2 0.5 6.2 1.0 16.7 1.8 9.3 
Triose-P 4.3 9.5 0.3 9.0 0.1 1.9 
3-P-glycerate 5.1 0.1 19.5 0.2 0.3 22.4 
2-P-glycerate 0.9 0.1 1.0 0.2 2.4 0.5 
PEP 2.3 <0.1 8.8 0.1 13.3 0.2 
Pyruvate 0.9 0.4 2.0 0.4 4.5 0.2 
ATP 3,3 2.1 0.7 0.6 1.8 1.2 

0.9 0.6 2.5 1.2 1.1 3.3 
0.2 0.1 0.3 Ol 0.2 0.3 
0.2 3.4 0.2 1.4 0.2 8.5 

<0.1 1.0 0.3 0.4 0.3 1.0 
0.2 7.0 2.6 0.8 0.4 1.3 
0.1 2.9 0.5 0.3 0.2 0.2 
0.2 11.2 1.7 0.2 0.3 0.1 
0.2 0.2 0.4 0.4 0.3 2.4 
1.4 1.1 3.0 4.5 3.5 3.1 

m u t a n t s  wi th  b locks  fur ther  d o w n s t r e a m  in the glycolyt ic  
pa thway .  

The  dif ferent  m u t a n t  s t ra ins  accumula t ed  unusua l ly  
high levels o f  g lycolyt ic  in te rmedia tes  be low the b lock  
unde r  g luconeogenic  g rowth  cond i t ions  or  a b o v e  the 
b lock  two hours  af ter  glucose a d d i t i o n  (Table  1; Boles 
and  Z i m m e r m a n n  1993). The  m o l a r  concen t ra t ions  un-  
der  g luconeogenic  and  glycolyt ic  g rowth  cond i t ions  o f  
all the t h r ee - ca rbon  me tabo l i t e s  f rom the t r iose phos-  
pha tes  to py ruva t e  were added .  The  sums o f  these 
me tabo l i t e s  co r re l a t ed  well wi th  the py ruva t e  deca rboxy -  
lase activi t ies unde r  g luconeogenic  as well as g lycolyt ic  
g rowth  cond i t ions  (Fig.  2). Such a co r re la t ion  d id  no t  
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Fig. 2. Pyruvate decarboxylase activity In different strains as a 
function of the sum of three-carbon glycolytic metabohtes after 
growth on ethanol (or acetate in the case offbalA) (*) and 4 h 
after the addition of glucose to the cultures (+) (metabolite 
concentrations from 2 hours after glucose-addition). (151) = wild- 
type values. GIc = glucose; EtOH = ethanok dw = dry weight: 
pfk = pflcl/pfk2 double deletion mutant 

app ly  to wi ld - type  cells where  the levels o f  t h r ee -ca rbon  
me tabo l i t e s  increased  only threefo ld  f rom g luconeogenic  
to g lycolyt ic  g rowth  condi t ions .  This ind ica ted  tha t  full 
i nduc t ion  depends  on  a cer ta in  ra t io  be tween hexose  
phospha t e s  and  th r ee -ca rbon  metabo l i t e s ,  a no t i on  sup- 
p o r t e d  by  the fact  tha t  the g p m l  m u t a n t  unde r  glycolyt ic  
g rowth  cond i t ions  accumula t ed  the h ighest  concen t ra -  
t ions o f  t h r ee -ca rbon  me tabo l i t e s  and  concom i t an t l y  
showed the highest  g lucose- induced  py ruva t e  deca rboxy-  
lase activit ies.  

G a l a c t o s e  is s lowly m e t a b o l i z e d  by  S. cerevisiae. It  
i nduced  py ruva t e  deca rboxy la se  to only  500 m U / m g  
prote in .  Schmi t t  et al. (1983) observed  tha t  py ruva te  
deca rboxy l a se  ac t iv i ty  was still lower  in cells g rowing  on 
glycerol  bu t  never theless  h igher  than  on e thanol .  These  
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ENY.WA-IA (+), strains EBY8 (jbalA) (*), EBY88 (tpilA) ([]), 
EBY71 (pgklA) (x) and EBY66 (gpmlA) (0) after the addition 
of 1% glucose to ethanol-grown cells (to acetate-grown cells m the 
case of EBY8) 
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low activities corresponded in both cases with slightly 
elevated levels of hexose phosphates and three-carbon 
glycolytic metabolites (Table 1 ; Boles and Zimmermann 
1993). 

We investigated whether phosphorylated hexoses or 
the hexokinases themselves are involved in pyruvate 
decarboxylase induction and used mutants with deletions 
of one or both of the hexokinase genes. Pyruvate 
decarboxylase was normally induced by glucose in hxkl 
or hxk2 single deletion mutants (1513mU/mg and 
1279 mU/mg protein, respectively, 6 h after addition of 
2% glucose to ethanol-grown cells) as previously shown 
for hxk2 mutants by Entian and Zimmermann (1980). 
Fructose cannot be phosphorylated in hxkl/hxk2 double 
mutants and did not induce pyruvate decarboxylase at 
all (37 mU/mg protein 6 h after addition of 2% fructose 
to ethanol-grown cells) whereas glucose did 
(1162 mU/mg protein 6 h after addition of 2% glucose 
to ethanol-grown cells) because it is phosphorylated by 
an additional glucokinase (Maitra and Lobo 1983). 

Pyruvate kinase and decarboxylase are induced by 
different signals (Boles et al. 1993). As shown in Fig. 3, 
the pyruvate kinase activities after gluconeogenic growth 
were three times higher than in the wild-type in thefbal  
and two times higher in the gpml and the pgkl mutants. 
In contrast to this, pyruvate kinase levels in the wild-type 
range were observed in the tpil mutant (Fig. 3), the pgil 
single and the pfkl/pfk2 double mutants (Boles et al. 
1993). Glucose induced wild-type level pyruvate kinase 
activities in tpil, pgkl and gpml mutants. In contrast to 
this, induction was reduced in the fbal mutant. 

Discussion 

Induction of glycolysis must be triggered by either free 
hexoses or their metabolites. This can be tested for 
fructose in hexokinase mutants. There are two hexoki- 
nases in yeast coded by HXK1 and HXK2 (Lobo and 
Maitra 1977) which phosphorylate fructose and glucose 
whereas an additional glucokinase coded by GLK1 
(Maitra and Lobo 1983) phosphorylates only glucose. 
Glucose, but not fructose, can induce pyruvate decarb- 
oxylase in a hxkl/hxk2 double mutant. It was originally 
proposed that hexose uptake in yeast requires an imme- 
diate phosphorylation (Bisson and Fraenkel 1984). Ho- 
wever, sub sequent experiments by Fuhrmann et al. (1989) 
using yeast vesicles prepared from different mutant 
strains showed that hexose uptake did not depend on 
phosphorylation. This means that fructose is taken up 
in the hxkl/hxk2 double mutant but intracellular fructose 
does not induce pyruvate decarboxylase. 

Glucose-6-phosphate accumulates to high levels in 
phosphoglucose isomerase mutants as already shown by 
Maitra (1971). This demonstrates also that glucose is 
taken up. However, there is hardly any induction of 
pyruvate decarboxylase by glucose in pgil deletion mu- 
tants (Boles and Zimmermann 1993). Consequently, 
neither glucose nor glucose-6-phosphate alone induce this 
enzyme. On the other hand, fructose leads to a partial 
induction in this mutant. However, this does not necessa- 

rily mean that fructose-6-phosphate causes this partial 
induction because fructose-6-phosphate can be degraded 
in apgil deletion mutant (Boles et al. 1993). Nevertheless, 
fructose metabolism in a pgil mutant is partially blocked 
at the level of glyceraldehyde-3-phosphate dehydro- 
genase (Boles et al. 1993) probably due to a depletion 
of free inorganic phosphate (Hohmann et al. 1993). 
Therefore, the concentrations of glycolytic metabolites 
below the glyceraldehyde dehydrogenase reaction are low 
while those above increase. Interestingly enough, pyru- 
vate decarboxylase induction under such conditions is 
only about 50% of the corresponding wild-type values 
(Boles and Zimmermann 1993). 

Pyruvate kinase cannot be induced with fructose in a 
pgil mutant whereas glucose is sufficient for a partial 
induction. This indicates that formation of glucose-6- 
phosphate promotes at least a partial induction of 
pyruvate kinase. Full induction of pyruvate kinase by 
glucose is observed in a pj7cl/pflc2 double mutant (Boles 
etal. 1993). This indicates that neither fructose-l,6- 
bisphosphate nor any of the three-carbon glycolytic 
metabolites are required for full induction. 

Consequently, formation of glucose-6-phosphate con- 
tributes to the induction of these two enzymes. However, 
a full induction of pyruvate kinase requires in addition 
to the synthesis of glucose-6-phosphate fructose-6-phos- 
phate or another nonglycolytic metabolite derived from 
it. Pyruvate decarboxylase cannot be fully induced nei- 
ther in a pfkl/pfk2 double (Boles et al. 1993) nor in a 
fbal single mutant (Fig. 1). This indicates that full 
induction requires in addition to the formation of gluco- 
se-6-phosphate one or several three-carbon glycolytic 
metabolites. 

Metabolites of the lower glycolytic pathway can 
partially induce pyruvate kinase and decarboxylase. 
However, they are not required for full induction of 
pyruvate kinase, they represent a group of less efficient 
alternative inducers. In contrast to this, they are indispen- 
sable for full induction of pyruvate decarboxylase in 
combination with glncose-6-phosphate. Consequently, 
induction of pyruvate decarboxylase is under a more 
complex control than induction of pyruvate kinase. 

Induction of pyruvate kinase by metabolites of the 
lower glycolytic pathway appears to be a cumulative 
effect of all three-carbon metabolites (Fig.3). There is 
no obvious inducing key metabolite. This applies also to 
the limited induction of pyruvate decarboxylase under 
gluconeogenic conditions and to the co-induction under 
glycolytic conditons (Fig. 1 and 2). 

Pyruvate decarboxylase and pyruvate kinase synthesis 
are under transcriptional control (Schmitt et al. 1983; 
Burke et al. 1983). This means that the inducing signal(s) 
must affect a transcription initiation complex in the 
nucleus. At present, there is no obvious candidate or 
candidates for the sensing of so many different metabo- 
lites generating a signal which finally activates transcrip- 
tion of the PDC1 and PYK1 structural genes, A direct 
interaction of a metabolite with a transcription factor 
has been reported by Sze et al. (1992) who showed that 
the yeast Leu3 protein binds as a transcriptional activator 
of the upstream activation sites of leucine biosynthetic 
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genes LEU1,  LEU2,  and  L E U 4  bu t  only  in the presence 
of  an  in termediate  of  leucine biosynthesis,  ~-isopropyl-  
malate.  Consequent ly ,  it is conceivable  that  one or several 
componen t s  of a t ranscr ip t ion  in i t ia t ion  complex in the 
ups t ream sequences of  the PDC1 and  P Y K 1  genes are 
only  fully activated in the presence of  a gene-specific 
complemen t  of  glycolytic intermediates.  

Acknowledgements. We thank Prof. K. D. Entian and M. Rose 
(University of Frankfurt/Main, Germany) for kind provision of 
the yeast strains ENY.WA-1A, ENY.WA-14A and WAY10-1C, 
and Prof. M. Ciriacy (University of Dfisseldorf, Germany) for the 
tpil deletion plasmid. We are grateful to A. Mohr for her excellent 
technical assistance_ The work in our laboratory was partly suppor- 
ted by the Deutsche Forschungsgemeinsehaft. 

References 

B~sson LF, Fraenkel DG (1984) Expression of kmase-dependent 
glucose uptake in Saccharomyces cerevisiae. J Bacteriol 159: 
1013 1017 

Boles E, Zimmermann FK (1993) Saccharomyces cerevis~ae phos- 
phoglucose isomerase and fructose bisphosphate aldolase can 
be replaced functionally by the corresponding enzymes of 
Escherichia coli and Drosophila melanogaster. Curr Genet 23: 
187-191 

Boles E, HeinischJ, ZimmermannFK (1993) Different signals 
control the activation of glycolysis in the yeast Saccharomyces 
cerevisiae. Yeast (in press) 

Burke RL, Tekamp-OlsonP, Najarian R (1983) The isolation, 
characterization and sequence of the pyruvate kinase gene of 
Saccharomyces cerevisiae. J Biol Chem 258:2193-2201 

Butler G, McConnellDJ (1988) Identification of an upstream 
activation site in the pyruvate decarboxylase structural gene 
( PDC1) of Saccharomyces cerevisiae. Curr Genet 14:405-412 

Butler G, Dawes IW, McConnell DJ (1990) TUF factor binds to 
the upstream region of the pyruvate decarboxylase structural 
gene (PDC1) of Saccharomyces cerevisiae. Mol Gen Genet 
223 : 449-456 

Entian KD, Barnett JA (1992) Regulation of sugar utilization by 
Saccharomyces cerevisiae. Trends Biochem Sci 17:506-5t0 

Entian KD, Zimmermann FK (1980) Glycolytic enzymes and inter- 
mediates in carbon catabolite repression mutants of Saccharo- 
myces cerevisiae_ Mol Gen Genet 177:345-350 

Fuhrmann GF, V61ker B, Sander S, Potthast M (1989) Kinetic 
analysis and simulation of glucose transport in Saccharomyces 
cerevisiae cells. Experientia 45:1018-1023 

GietzRD, SuginoA (1988) New yeast-Eseherichia eoli shuttle 
vectors constructed with in vitro mutagenized yeasr genes lacking 
six-base pair restriction sites. Gene 74:527-534 

GuthrieC, Fink GR (eds) (]991) Guide to yeast genetics and 
molecular bioiogy. In: Methods in enzymology, vol 194. Acade- 
mic Press, New York 

Hemisch J, Borstel RC von, Rodicio R (1991) Sequence and locali- 
zation of the gene encoding yeast phosphoglycerate mutase. 
Curr Genet 20:167-171 

Hitzemann RA, Hagie FE, Hayflick JS, Chen CY, Seeburg PH, 
Derynck R (1982) The primary structure of the Saccharomyces 
eerevisiae gene for 3-phosphoglycerate kinase. Nucleic Acids 
Res 10:7791-7808 

Hohrnann S (1991a) Structure and expression of yeast pyruvate 
decarboxylase structural genes. In: Bisswanger H, U]lrich J (eds) 
Biochemistry and physiology of thiamin diphosphate enzymes. 
Proceedings of the International Meeting on the Function of 
Thiamin Diphosphate Enzymes. VCH, Weinheim, pp 106-114 

Hohmann S (1991b) Characterization of PDC6, a third structural 
gene for pyruvate decarboxylase in Saccharomyces cerevisiae. J 
Bacteriol 173 : 7963--7969 

Hohmann S (1992) Characterization of PDC2, a regulatory gene 

of pyruvate decarboxylase synthesis. Yeast 8 (special issue 
August 1992), $89 

Hohmann S, Neves M J, Koning W de, Alijo R, Ramos J, Theve- 
lein JM (1993) The growth and signalling defects of the ggsl 
(fdpl/bypl) deletion mutant on glucose are suppressed by a 
deletion of the gene encoding hexokinase. PII. Curr Genet 23: 
281-289 

Hohmann S, Cederberg H (1990) Autoregulation may control the 
expression of yeast pyruvate decarboxylase genes PDC1 and 
PDC5. Eur J Biochem 188:615-621 

Kellermann E, Hollenberg CP (1988) The glucose- and ethanol- 
dependent regulation of PDC1 from Saccharomyces cerevisiae 
are controlled by two distinct promoter regions. Curr Genet 14: 
337-344 

Kellerrnann E, Seeboth PG, Hollenberg CP (1986) Analysis of the 
primary structure and promoter function of a pyruvate decarb- 
oxylase gene (PDC1) from Saccharomyees cerevisiae. Nucleic 
Acids Res 14:8963-8977 

Lobo Z, Maitra PK (1977) Genetics of yeast hexokinase. Genetics 
86:727-744 

Maltra PK (1971) Glucose and fructose metabolism in a phos- 
phoglucoisomeraseless mutant of Saccharomyces cerevisiae. J 
Bacteriol 107:759-769 

Maitra PK, Lobo Z (1971a) A kinetic study of glycolytlc enzyme 
synthesis in yeast. J Biol Chem 246:475-488 

Maitra PK, Lobo Z (1971 b) Control of glycolytie enzyme synthesis 
in yeast by products of the hexokinase reaction. J Biol Cheln 
246: 489-499 

Maitra PK, Lobo Z (1983) Genetics of yeast glucokinase. Genetics 
105:501-515 

Moore PA, Sagliocco FA, Wood RMC, Brown AJP (1991) Yeast 
glycolytic mRNAs are differentially regulated. Mol Cell Biol 
11:5330-5337 

Ogden JE, Stanway C, Kim S. Mellor J, Kingsman A J, Kings- 
man SM (1986) Efficient expression of the Saccharomyces 
cerevisiae PGKgene depends on an upstream activation sequence 
but does not require TATA sequences. Mol Ceil Biol 6: 
4335-4343 

Rothstein RJ (1983) One step gene disruption an yeast Methods 
Enzymol 101 : 202-211 

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a 
laboratory manual, 2nd edn. Cold Spring Harbor Laboratortes, 
Cold Spring Harbor, NY 

Sehaaffi, Green JBA, Gozalbo D, Hohmann S (1989) A deletion 
of the PDC1 gene for pyruvate decarboxylase of yeast causes 
a different phenotype than previously isolated point mutations. 
Curt Genet 15:75-81 

Schlestl RH, Gietz RD, (1989) High efficiency transformation of 
intact yeast cells by single stranded nucleic acids as carrier. Curt 
Genet 16:339-346 

Schmitt HD, Ciriacy M, Zimmermann FK (1983) The synthesis of 
yeast pyruvate decarboxylase is regulated by large variations in 
the messenger RNA level. Mol Gen Genet 192:247-252 

Schwelberger HG, Kohlwein SD. PaltaufF (1989) Molecular clo- 
ning. primary structure and disruption of the structural gene of 
aldolase from Saccharomyces cerevisiae. Eur J Biochem 180: 
301-308 

Seeboth PG, Bohnsack K, Hollenberg CP (1990) pdcl ~ mutants of 
Saccharomyces cerevisiae give evidence for an additional structu- 
ral PDC gene: cloning of PDC5, a gene homologous to PDC1. 
J Bacteriol 172:678-685 

Seehaus T, Rodicio R, Heinisch J, Aguilera A, Schmitt HD, Zim- 
mermann FK (1985) Specific gene probes as tools in yeast 
taxonomy. Curr Genet 10:103-110 

Sze JY, Woontner M, Jaehnmg JA, Kohlhaw GB (1992) In vitro 
transcriptional activation by a metabohc intermediate: activa- 
tion by Leu3 depends on e-lsopropylmalate. Science 258: 
1143-1145 

White MF0 Fothergill-GllmoreLA (1988) Sequence of the gene 
encoding phosphoglycerate mutase from Saccharomyces cerevi- 
siae. FEBS Lett 229:383-387 


