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The fructose-1,6-bisphosphatase gene was used with multicopy plasmids to study rapid reversible and irreversible inacti- 
vation after addition of glucose to derepressed Saccharomyces cerevisiae cells. Both inactivation systems could inactivate 
the enzyme, even if 20-fold over-expressed. The putative serine residue, at which fructose-1,6-bisphosphatase is phospho- 
rylated, was changed to an alanine residue without notably affecting the catalytic activity. No rapid reversible inactivation 
was observed with the mutated enzyme. Nonetheless, the modified enzyme was still irreversibly inactivated, clearly 
demonstrating that phosphorylation is an independent regulatory circuit that reduces fructose-1,6-bisphosphatase activity 

within seconds. Furthermore, irreversible glucose inactivation was not triggered by phosphorylation of the enzyme. 
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I. I N T R O D U C T I O N  

Carbohydra t e  metabol ism is precisely regulated 
in Saccharomyces  cerevisiae. As well as glucose 
repression (reviewed in [1,2]), which entails long- 
term adapta t ion  o f  the yeast to growth  on glucose, 
there is also glucose inactivation. This is a short-  
term regulatory mechanism,  which by proteolytic 
degrada t ion  reduces the amoun t  o f  enzyme 
available (reviewed in [3]). Al though  intensively in- 
vestigated and observed as early as 1966 for  cyto- 
plasmic malate  dehydrogenase  [4], there is little in- 
fo rma t ion  about  the molecular  mechanism of  
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glucose inactivation. Other  enzymes inactivate are 
FBPase  [5] and P E P  carboxykinase  [6,7]. Inactiva- 
t ion is the result o f  irreversible proteolytic degrada-  
t ion, since the amoun t  o f  immune-precipi table pro-  
tein cor responded exactly with the decrease in en- 
zyme activity. This was first demonst ra ted  for  
cytoplasmic malate dehydrogenase  (EC 1.1.1.37) 
[8] and also conf i rmed for  FBPase  [9] and P E P  
carboxykinase  [10]. However ,  Lenz and Holzer  
[11], using g lucose-grown cells in s ta t ionary phase, 
observed that  FBPase  inact ivat ion remained rever- 
sible during the first few minutes o f  inactivation. 
Dur ing this time interval FBPase  remained immune  
precipitable [12]. Reversible inact ivat ion was also 
described subsequently for  cells derepressed under  
ca rbon  source limitation, but not  in cells growing 
on  ethanol  [13], which were used in earlier ex- 
periments.  Phosphory la t ion  at a serine residue 
within the N-terminal  par t  o f  the enzyme was 
shown to be responsible for  the decrease in activity 
[14]. Phosphory la t ion  o f  FBPase  is clearly trig- 
gered by act ivat ion o f  adenylate cyclase, leading to 
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a rise in cAMP concentration which, in turn, ac- 
tivates a serine kinase (reviewed in [15]). The 
mechanism by which adenylate cyclase is activated 
is still unknown. 

Since rapid reversible inactivation preceded ir- 
reversible inactivation, phosphorylation was pro- 
posed as the triggering reaction that makes the en- 
zyme accessible to the proteolytic machinery 
[16,17]. However, no reversible phase of  inactiva- 
tion was detected for cytoplasmic malate dehydro- 
genase [13] and atempts to demonstrate phos- 
phorylation of  this enzyme failed (Holzer, personal 
communication).  In order to investigate the role of  
protein phosphorylation in irreversible inacti- 
vation, the FBPase structural gene has been 
isolated [18] and the putative serine residue, at 
which phosphorylation occurs, changed to alanine. 
Our results presented here showed unequivocally 
that irreversible inactivation of  FBPase is indepen- 
dent of  the phosphorylation reaction. 

2. E X P E R I M E N T A L  

For inactivation kinetics, isogenic strains ENY.WA-7C (Mata 
leu2-3 1eu2-112 M A L 3  SUC3 MAL2-8  ~) and WAY.5-4A/1 
(Mata his3-za I ura3-52 M A L 3  SUC3 MAL2-8  ~ fbp l : :HIS3)  
were used. For genotypes,  growth, derepression, inactivation, 
and reactivation conditions see [13,18]. The FBPase containing 
plasmid,  pJS142, derived from YEp352, has been isolated after 
complementa t ion of  strain WAY.5-4A/1 ,  and was kindly pro- 
vided by H.-J.  Sch/iller. Recombinant  plasmids were amplified 
and purified as cited in [18]. One unit of  enzyme activity is 
defined as/~mol substrate converted per min. 

For in vitro mutagenesis  the H i n d l l I / E c o R V  fragment of  
FBPase was subcloned into pBR328. After  digestion with NdeI 
and E c o R V  the resulting 57 bp fragment  was removed by gel 
electrophoresis and a double-stranded synthetic piece of  DNA 
was inserted instead. For construction steps see section 3.3, 
fig.2. Established protocols were followed as for standard 
techniques o f  recombinant  DNA [19]. Synthetic oligonucleo- 
tides were synthesized on a 380B DNA synthesizer (Applied 
Biosystems; D-6108 Weiterstadt,  FRG). 

3. RESULTS 

3.1. Multicopy expression of FBPase 
As reported recently, the cloned HindlII/XhoI 

fragment, containing the FBPase open reading 
frame, had a promoter  size of  318 bp and gave only 
low level expression even with episomal shuttle vec- 
tors [18]. This was indicate of  an upstream activa- 
tion element as target site for positive regulation, 

which is assumed to be involved in the release of 
cells from glucose repression [20]. This interpreta- 
tion was confirmed when the 3.8 kbp XbaI frag- 
ment, including a 2.2 kbp promoter region 
(pJS142), gave high level expression (table 1). On 
glucose FBPase activity was completely repressed 
and after transfer to derepression medium the ac- 
tivity started to increase after 3 h and reached a 
maximum after 7 h. The specific activity on ethanol 
was increased about 13-fold relative to the single- 
copy wild type and could be further increased when 
cells were also transferred to derepression medium 
(table 1). 

3.2. Glucose inactivation of multicopy expressed 
FBPase 

The high level of  expression of  FBPase made it 
practical to test the capacity of  the glucose inactiva- 
tion system. Transformant cells pre-grown on 
glucose were derepressed for various times before 
glucose was added. After 4 h of  derepression, when 
the cells had reached about the maximum level of  
the wild type, rapid reversible and irreversible inac- 
tivation occurred as in the wild type. This was also 
true with cells having five-fold increased activity 
(derepression time: 5 h). Even after complete 
derepression (derepression time: 6 h) inactivation 
kinetics were totally comparable to those of the 
single-copy wild type (fig. 1). The same observation 
was made when cells, pre-grown on ethanol, were 
derepressed and inactivated, although the specific 
activity was 580 mU/mg,  compared with 30 

Table 1 

Specific activity of  FBPase in wild type, short promoter  FBPase 
(plasmid pRV28, promoter  size: 0.3 bp), long promoter  FBPase 
(plasmid pJS142, promoter  size: 2.2 kbp) and FBPase Ala 
(plasmid pRV44, promoter  size: 2.2 kbp) after growth on dif- 
ferent carbon sources and after derepression with SC Na- 

acetate 

Specific activity (nmol /min .  mg) 

SC glucose 
( -  uracil) YEP ethanol 

Strain Plasmid 0 h a 6 h 0 h 6 h 

ENY.WA-7C none 2 30 25 45 
WAY.5-4A/1 pRV28 1 9 
WAY.5-4A/1 pJS142 3 380 230 581 
WAY.5-4A/ I  pRV44 2 280 180 375 

a Depression time with SC Na-acetate 
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Fig. 1. Inactivation of FBPase transformants after different 
derepression times. Cells were grown on SC 2°70 glucose 
medium, lacking uracil ( ), and YEP 3070 ethanol ( - - - ) ,  
respectively. In late logarithmic phase cells were washed twice, 
and resuspended in derepression medium (SC 0.3% Na-acetate). 
Inactivation was started after 4 h derepression (•), 5 h derepres- 

sion (*) and 6 h derepression (e). 
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m U / m g  in s ingle-copy wi ld- type  cells ( f ig . l ) .  
Hence ,  the glucose inac t iva t ion  system by far  ex- 
ceeded the capac i ty  necessary  to inact iva te  the 
a m o u n t  o f  FBPase  present  in wi ld- type  cells. 

3.3. In vitro mutagenesis o f  FBPase 
The  site o f  F B P a s e  p h o s p h o r y l a t i o n  was loca ted  

by  pep t ide  m a p p i n g  at Ser l l  [14]. In  o rde r  to  
e luc ida te  the role o f  enzyme p h o s p h o r y l a t i o n  in 
g lucose  inac t iva t ion ,  Ser 11 was mutagen ized  in 
v i t ro  to  A l a  H, by  replac ing  the nat ive  D N A  se- 
quence  be tween  res t r ic t ion  sites NdeI and  EcoRV 
[18] with two a p p r o p r i a t e  o l igonucleo t ides  (fig.2).  
To  mani fes t  the  correct  in vi t ro mutagenes is ,  the  
newly  synthesized FBPase  A]~ f ragment  was se- 
quenced  in the f inal  cons t ruc t  (fig.2).  The  specific 
ac t iv i ty  o f  the  resul t ing F B P a s e  Ala was on ly  sl ightly 
r educed ,  re lat ive to  tha t  o f  the FBPase  ( table 1). 

Fig. 2. Construction of FBPase Ala. Part of the FBPase open 
reading frame was replaced by the DNA sequence given above. 
The changed bases with respect to wild type are marked by an 
asterisk. The resulting FBPase Ala fragment (m) was recombined 
with the respective 5'- (rn) and 3'-sequences ( i )  by several 
cloning steps (ooooD,-). Finally, the resulting YEp24-derived 

yeast/E, cola vector, pRV44, was obtained. 

3.4. Inactivation o f  FBPase  4ta 
W h e n  glucose was a d d e d  to derepressed  t rans-  

f o r m a n t s  con ta in ing  F B P a s e  Ala, no inac t iva t ion  
was obse rved  within the first  10 man, whereas  wild 
type  F B P a s e  lost  a b o u t  40% of  its ini t ia l  ac t iv i ty  
(fig.3).  Clear ly ,  r ap id  reversible  inac t iva t ion  was 
no t  expressed.  Hence ,  Ser la is the only  site o f  
p h o s p h o r y l a t i o n  which reduces  FBPase  act ivi ty.  
Despi te  the lack o f  r ap id  reversible  inac t iva t ion ,  
F B P a s e  gia act ivi ty  s tar ted  to  decrease  15 man af ter  
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Fig. 3. Inactivations experiments with transformants containing 
plasmid pJS142 (FBPase) (o) or pRV44 (FBPase A]a) (a), 
respectively. FBPase ( - - - )  (initial activities 359 and 262 
nmol/min • mg), malate dehydrogenase ( ) (initial activities 
252 and 208 nmol/min, mg, respectively). Control experiments 
without addition of glucose showed no change in FBPase activi- 

ty during the experimental interval. 

adding glucose and, although almost no growth oc- 
curred, within 45 min, the specific activity fell 
below 40% of the initial activity. Similar kinetics 
were obtained when ethanol grown cells were 
derepressed and inactivated (not shown). As an ad- 
ditional control, malate dehydrogenase activity 
was followed (fig.3). Of  the two malate dehydro- 
genase isoenzymes present only the cytoplasmic en- 
zyme is irreversibly degraded [21,22]. Within the 
first 45 rain, the inactivation kinetics were similar 
to those of  FBPaseA~a; thereafter, malate 
dehydrogenase inactivation slowed down, as 
mitochondrial malate dehydrogenase activity in- 
terfered with the process. 

4. DISCUSSION 

From the above results, phosphorylation of 
FBPase appears to be an independent regulatory 
mechanism and rapid reversible inactivation is not 
the event that triggers irreversible inactivation. 
Hence several independent control systems exist, 
that adapt the yeast cell to glueose as carbon 
source. First, as an immediate reaction, FBPase is 
phosphorylated to reduce enzyme activity. Second- 

ly, irreversible inactivation follows, degrading 
most of  the FBPase activity, and thirdly, transcrip- 
tion of  FBPase is repressed simultaneously. 

By replacing Ser 1~ by Asp which mimics 
phosphorylation, Marcus et al. [23] showed recent- 
ly, that one effect of  phosphorylation is to increase 
sensitivity of  FBPase for the low molecular mass 
inhibitors fructose 2,6-bisphosphate [24] and AMP 
[26], hence, giving an allosterically reduced activi- 
ty. Fructose 2,6-bisphosphate also acts as an ac- 
tivator of phosphofructokinase [25], and so 
stimulates glycolysis. Hitherto, it was unclear 
whether only FBPase was phosphorylated and not 
cytoplasmic malate dehydrogenase, too. This 
report shows phosphorylation to be an indepen- 
dent process. These findings, and the very similar 
inactivation kinetics of  FBPase A]a and cytoplasmic 
malate dehydrogenase give some support to the 
view that all gluconeogenic enzymes subject to 
glucose inactivation are degraded by a common 
mechanism. This conclusion was also consistent 
with the finding that, under conditions that block- 
ed irreversible degradation of  cytoplasmic malate 
dehydrogenase, PEP carboxykinase behaved 
similarly, whereas FBPase inactivation remained 
reversible for at least 2 h [13]. 

The finding that FBPase is normally inactivated, 
even if strongly overproduced, contrasts with those 
recently obtained, when the FBPase open reading 
frame was fused to nonglucose-repressible pro- 
moters [27] yielding high activity even on glucose. 
From this observations these authors concluded 
that the glucose inactivation is only of marginal im- 
portance. An explanation for these conflicting 
results might be that a component of the inactiva- 
tion system could be repressed by glucose. In this 
case, no glucose inactivation would occur if the 
cells were grown on glucose. One such component 
might be the glucose repressible glucose carrier en- 
coded by the SNF3 gene [28]. The ability of un- 
couplers to inactivate [29] lends some support to 
this suggestion, as they might mimic a proton 
driven glucose uptake, so far unrecognized. 
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