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1. SUMMARY 

The central role of the redox couples NAD+/  
NADH and NADP+/NADPH in the metabolism 
of sugars by yeasts is discussed in relation to 
energy metabolism and product formation. Be- 
sides their physical compartmentation in cytosol 
and mitochondria, the two coenzyme systems are 
separated by chemical compartmentation as a 
consequence of the absence of transhydrogenase 
activity. This has considerable consequences for 
the redox balances of both coenzyme systems and 
hence for sugar metabolism in yeasts. 

As examples, the competition between respira- 
tion and fermentation of glucose, the Crabtree 
effect, the Custers effect, adaptation to anaerobio- 
sis, the activities of the hexose monophosphate 
pathway, and the fermentation of xylose in yeast 
are discussed. 

2. INTRODUCTION 

The catabolism of sugars by microorganisms is 
accomplished by a variety of metabolic pathways. 
Yeasts, as a group, are more homogeneous with 
respect to sugar catabolism than are bacteria. All 
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yeasts described so far are able to grow on glu- 
cose. Invariably, the major portion of this sugar is 
catabolised via the Embden-Meyerhof pathway; 
respiration proceeds only with oxygen as the 
terminal electron acceptor, and if fermentation 
occurs, ethanol is the major end product. Despite 
these similarities, however, many differences may 
be observed between different yeasts, especially 
with respect to the ability to utilise various sugars 
and the regulation of respiration and fermenta- 
tion. 

Fundamental knowledge of the physiology of 
yeasts is a prerequisite for the successful use of 
these organisms. This holds both for improve- 
ments in existing applications, such as production 
of ethanol and baker's yeast, and for the develop- 
ment of new processes. For example, commercial 
exploitation of yeasts as hosts for the expression 
of heterologous DNA requires research efforts in 
the field of physiology, since gene expression is 
governed by environmental conditions. 

In this article an attempt will be made to 
illustrate the usefulness of physiological studies as 
a basis for the exploitation of yeasts. Emphasis is 
placed on the formation and consumption of re- 
dox equivalents as a key to understanding the 
partitioning of the carbon flow over anabolic and 
catabolic pathways. 
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2.1. The redox couples NAD ÷ / N A D H  and 
NA DP ~ / NA DPH 

In the metabolism of sugars by yeasts the nico- 
tinamide adenine dinucleotides NAD(H) and 
NADP(H) play separate and distinct roles. NADH 
may be regarded as a predominantly catabolic 
reducing equivalent, whereas NADPH is mainly 
involved in anabolic processes (Fig. 1). Under 
conditions of oxygen depletion, NADH generated 
in glycolysis can be re-oxidised in the conversion 
of pyruvate to ethanol and CO 2. In the presence 
of oxygen many yeasts do not form ethanol and 
NADH,  generated during catabolism, is re- 
oxidized with oxygen. Since catabolic and anabolic 
pathways share the initial reactions of sugar 
metabolism, NADH is also formed during the 
assimilation of sugars to cell material. The forma- 
tion of NADH during assimilation (Fig. 1) is even 
higher than is anticipated on the basis of a com- 
parison of the reduction levels of sugar and bio- 
mass. This is due to the fact that the NADH 
produced during the formation of intermediates of 
glycolysis and TCA cycle is not the principal 
reductant for the conversion of these inter- 
mediates to the building blocks of cell polymers. 

Most anabolic reductive reactions require 
N A D PH rather than NADH. Since transhydro- 
genase (NADH + NADP + ~ NAD + + NADPH) 
is absent [1] in yeasts (section 4.3), the overall 
process of assimilation leads to the production of 
a considerable surplus of NADH [2,3]: 

737 C6HI206 + 680 NH 3 + 6 H2SO 4 

+931 NADP H + 1349 NAD + 

1000 C4H7.32OE.E4No.6850.oo 6 (100 g cells) 

+424 CO: + 931 NADP + + 1349 NADH 

+ 1358 H 2 0  + 418 H + (1) 

From this equation it can be seen that the forma- 
tion of 100 g biomass is associated with the pro- 
duction of 1349 mmol NADH, although the net 
production of reducing equivalents is only 418. 

The specific requirement for NADPH in the 
assimilation of sugars to cell material, in combina- 
tion with the absence of transhydrogenase activity, 
necessitates the conversion of part of the sugar 
exclusively for the purpose of generating reducing 
power in the form of NADPH (Fig. 1). This is 

glucose ; ~ CO 2 

NADPH 

glucose JA~PI ~ cells 

L-~N~DH 

glucose t = CO 2 

glucose ~ ~- ethanol ÷ C0 2 
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Fig. 1. Schematic representation of redox and ATP flows in 
assimilation and dissimilation of glucose. 

accomplished in the oxidative steps of the hexose 
monophosphate pathway [4]. Thus, in the overall 
process of aerobic growth and biomass formation, 
two separate flows of reducing equivalents can be 
distinguished: production of NADH for the pur- 
pose of ATP formation and production of N A D P H  
for reductive processes in the cell's anabolism, 
mainly in the synthesis of amino acids and fatty 
acids. A similar scheme holds for anaerobic 
growth. In this case, however, NADH plays no 
direct role in ATP formation and is reoxidised in 
the final reaction of the alcoholic fermentation. 

2.2. Redox balances and product formation 
Apart from ethanol, yeasts may excrete a variety 

of metabolic products. These include polyalcohols 
(glycerol, erythritol, arabinitol, xylitol, ribitol), 
monocarboxylic acids (mainly acetic and pyruvic 
acid), dicarboxylic and tricarboxylic acids (suc- 
cinic, citric, and isocitric acid). Generally, the 
metabolic basis for the formation of these prod- 
ucts and the fate of reducing power during their 
synthesis is poorly understood. Excretion of 
metabolites can occur under either aerobic or 
anaerobic conditions, and is dependent on the 
particular species and on environmental condi- 
tions. 

Incidentally, a considerable part of the carbon 
source may be converted to a single product that 
accumulates intracellularly. A typical example is 
the formation of fat by oleagenous yeasts. The 
results of Evans et al. [5] have revealed that lipid 
accumulation is the result of a very complex series 



of reactions occurring in different cell compart- 
ments. The production of fat in quantities ap- 
proaching 70-80% of the cell dry weight requires 
the formation of excessive amounts of NADPH. It 
is not yet clear what benefit the cell might derive 
from such an extreme bias. However, a clear ex- 
ample of product formation in yeasts for which a 
metabolic rationale can be put forward is the 
formation of ethanol and glycerol during anaerobic 
fermentation of sugars. Formation of both com- 
pounds is essentially required to maintain the 
redox balance. The formation of ethanol ensures 
reoxidation of the NADH formed in the oxidation 
of glyceraldehyde 3-phosphate, whereas produc- 
tion of glycerol originates from excess NADH 
generated in the assimilation of sugars to biomass. 
As can be seen from Eqn. 1, the formation of 100 
g biomass should, under anaerobic conditions, be 
associated with the formation of 1349 mmol 
glycerol, according to: 

1 glucose + 2 ATP + 2 NADH + 2 H + 

-o 2 glycerol + 2 ADP + 2 P~ + 2 NAD + (2) 

The energetically expensive formation of 
glycerol may thus be considered to represent a 
redox valve. Frequently, a higher glycerol con- 
centration than expected on the basis of Eqns. 1 
and 2 is observed, especially in the early stages of 
batch cultivation of Saccharomyces cerevisiae [6]. 
This may be explained by the formation of prod- 
ucts more oxidised than glucose, such as acetic 
acid. Acetate formation by yeasts, which can also 
occur under anaerobic conditions (see section 3.2) 
is frequently neglected, although it has an im- 
portant effect on the redox balance. Formation of 
a certain amount of acetic acid requires the pro- 
duction of double that amount of glycerol, accord- 
ing to: 

1 glucose + 4 NAD + --* 2 acetic acid + 2 CO 2 

+ 4  NADH + 4 H + (3) 

2 glucose + 4 NADH + 4 H + --* 4 glycerol 

+ 4 NAD + (4) 

3 glucose --* 4 glycerol + 2 acetic acid + 2 CO2 (5) 

It has long been known that glycerol is an im- 
portant by-product of anaerobic alcoholic fermen- 
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tation in yeasts. During beer and wine fermenta- 
tion and in the raising of dough for bread, consid- 
erable amounts of glycerol are usually formed. 
The ability of Saccharomyces yeasts to produce 
glycerol has even been industrially exploited. Dur- 
ing the first World War, the glycerol required for 
production of explosives was obtained on a large 
scale by way of the so-called 'Abfangverfahren'. 
This process employed the addition of bisulphite 
to cultures of fermenting yeast. In this way 
acetaldehyde is trapped, so that this intermediate 
can no longer serve as an electron acceptor in the 
re-oxidation of NADH. In order to restore its 
redox balance, the yeast is thus forced to produce 
glycerol [7,8]. 

Glycerol formation may also occur under 
strictly aerobic conditions, namely in osmo- 
tolerant yeasts such as Zygosaccharomyces bailii 
[9,10]. In this case the metabolic basis for glycerol 
formation is as yet obscure. 

2.3. Compartmentation of redox reactions 
In eukaryotic organisms redox reactions may 

occur in various cell compartments. These are 
surrounded by membranes impermeable to nico- 
tinamide adenine dinucleotides. As a result, each 
compartment must maintain a delicate balance 
between formation and consumption of reducing 
equivalents. This holds for both nicotinamide 
nucleotide systems, since the reducing power con- 
tained in NADH cannot be directly transferred to 
NADP +, or vice versa, due to the absence of 
transhydrogenase activity. 'Redox communica- 
tion' between different compartments is only pos- 
sible via shuttling of  oxidised and reduced 
metabolites over the bordering membrane. In con- 
trast to mammalian cells, yeasts have not been 
investigated in detail with respect to the metabolic 
implications of the compartmentation of redox 
reactions in cytosol, mitochondria and per- 
oxisomes. Studies on the location of the various 
isoenzymes involved in redox shuttling are com- 
plicated by difficulties in obtaining intact 
organelles from yeasts. This is due to the necessity 
of cell wall removal by lytic enzymes, a procedure 
which may damage subcellular organdies [11]. 

Most  (assimilatory)  processes involving 
NADPH as a reductant are located in the cytosol. 
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Significantly, the enzyme systems producing this 
reducing power, i.e., the hexose monophosphate 
pathway and NADP+-linked isocitrate dehydro- 
genase (Fig. 2) are located in the same compart- 
ment. Since citrate is produced intramitochondri- 

ally, export of citrate or isocitrate from the 
mitochondria to the cytosol is required for the 
production of NADPH by isocitrate oxidation. At 
present it is not known to what extent the cyto- 
solic NADP+-linked isocitrate dehydrogenase con- 
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Fig. 2. Schematic representation of the flows of reduced nicotinamide nucleotides in glucose metabolism and their subcellular 
location. (1) Oxidation of cytoplasmic NADH initiated by NADH dehydrogenase at the outer surface of the inner mitochondrial 
membrane. (2) Oxidation of NADH generated within the mitochondrion by NADH dehydrogenase located at the inner surface of the 
inner membrane. (3) Oxidation of NADPH by a dehydrogenase at the outer surface of the inner membrane. (4) Utilisation of 
NADPH in assimilatory processes (i.e. formation of nucleic acids, fatty acids and amino acids). (5) Reduction of oxygen by 
cytochrome oxidases. (6) Export of ATP by the ADP/ATP translocator. 



tributes to the synthesis of NADPH, as the en- 
zyme also has a function in the generation of 
2-oxoglutarate, the precursor of glutamate, in the 
cytoplasm. 

The fate of NADH in intermediary metabolism 
is much more complicated than that of NADPH. 
NADH is generated both in the cytosol (during 
glycolysis) and in the mitochondria (via TCA-cycle 
enzymes) (Fig. 2). In mammalian cells, various 
shuttle mechanisms are involved in the transport 
of reducing equivalents between mitochondria and 
cytosol [12]. Fungal and plant mitochondria, how- 
ever, differ from the mammalian organelle in being 
able to oxidise exogenous NAD(P)H directly 
[13,14]. This can be accomplished via one or more 
NAD(P)H dehydrogenases located at the outer 
surface of the inner membrane [15]. Oxidation of 
exogenous NAD(P)H by yeast mitochondria is 
subject to respiratory control [16]. When intact 
mitochondria of these organisms are disrupted, 
additional NADH oxidase activity is unmasked. 
This is a consequence of the presence of another 
NAD(P)H dehydrogenase, located on the inner 
surface of the inner membrane (Fig. 2). This en- 
zyme is functional in the re-oxidation of NADH 
produced by the TCA-cycle enzymes. Although a 
role for shuttle systems in the mitochondrial 
oxidation of cytoplasmic reducing equivalents 
cannot be excluded, it is relevant that the activity 
of the external (rotenon-insensitive) oxidase is high 
enough to be of physiological significance [16]. 

Knowledge of the subcellular location of the 
key reactions of glucose metabolism in yeasts is 
still incomplete, and it is not yet clear whether in 
different yeasts the same reactions are located in 
the same compartments. For example, in Candida 
utilis, as in mammalian cells, pyruvate carboxylase 
(EC 6.4.1.1) has been found to be mitochondrial 
[5]. In S. cerevisiae, on the other hand, the enzyme 
has been reported to be cytosolic in nature [17]. It 
is obvious that such differences in location may 
have important consequences for the regulation of 
metabolic processes. 

It is beyond the scope of this article to discuss 
the compartmentation of redox reactions during 
growth on non-sugar substrates. It must be re- 
alised, however, that the nature of subcellular 
compartmentation of metabolism is very much 
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dependent on the growth substrate. During growth 
of yeasts on acetate, for example, a net efflux of 
reducing equivalents from the mitochondria to the 
cytosol must occur for the purpose of gluconeo- 
genesis. In addition, the possible involvement in 
acetate metabolism of yet other compartments 
such as glyoxysomes with their associated shuttle 
systems further complicates the understanding of 
subcellular events. It must be concluded that more 
work is required on the location of various enzyme 
systems before the subcellular events in sugar 
metabolism by yeasts can be adequately described. 

3. THE NAD+/NADH BALANCE 

Yeasts can be divided into three groups with 
respect to their fermentative properties (Table 1). 
As discussed below, the occurrence of alcoholic 
fermentation in facultatively fermentative yeasts is 
by no means restricted to anaerobic conditions. 
Furthermore, it is also not coupled to the ability 
to grow under these conditions: many yeasts can 
rapidly ferment certain sugars to ethanol but are 
unable to grow at the expense of these sugars in 
the absence of oxygen. Even S. cerevisiae is aux- 
otrophic for certain growth factors under anaerobic 
conditions. It has long been known that prolonged 
anaerobic growth of this yeast is dependent on the 
medium composition. Cochin, a pupil of Pasteur, 
first demonstrated that malt extract sustained 
growth for only a limited number of generations, 
whereas in yeast extract-containing media, un- 
limited serial transfer under anaerobic conditions 
was possible (Fig. 3). Andreasen and Stier [18,19] 
identified the growth-promoting factors for S. 
cerevisiae with respect to anaerobic cultivation. 
They found that prolonged anaerobic growth is 
possible in mineral media supplemented with vari- 
ous vitamins, provided that sterols and un- 
saturated fatty acids are present. The synthesis of 
these components requires some oxygenase-cata- 
lysed reactions, and this explains the well-known 
stimulatory effect of traces of oxygen on anaerobic 
growth of S. cerevisiae. The work of Schatzmann 
[20] indicates that compounds needed for 
anaerobic growth of S. cerevisiae also include 
nicotinic acid. 
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Table 1 

Classification of yeasts on the basis of their fermentative 
capacities 

Class Example 

Obligately fermentative a Candida pintolopesii 
Facultatively fermentative 

Crabtree-positive Saccharomyces cerevisiae 
Crabtree-negative Candida utilis 

Non-fermentative b Rhodotorula rubra 

a Naturally occurring respiratory-deficient yeasts. 
h Many yeasts presently considered as non-fermentative may 

belong to the group of Crabtree-negative. facultatively 
fermentative yeasts. 

The subcellular events during anaerobic growth 
of  S. cerevisiae are still poorly understood.  It is 
known that part  of  the assimilatory processes re- 
quired for cell synthesis are located within the 
mi tochondr ia  [11], and hence t ransport  of  certain 
intermediates over the mitochondrial  membrane  
remains a necessity under  anaerobic  conditions. 
This raises the problem of energising these trans- 
port  processes in the absence of  electron transfer. 
The results of  ~ubik et al. [21] and Gbelskh et al. 
[22] strongly suggest that  under  anaerobic condi-  
tions t ransport  processes and other  energy-requir- 

ing reactions in mitochondria  are energised by the 
import  of  cytoplasmic ATP via reversal of  adeno-  
sine nucleotide translocation. Anaerobic  growth of  
S. cereoisiae was shown to be arrested in the 
presence of  bongkrekic acid, a specific inhibitor of 
the A T P / A D P  t r ans loca to r  of  the inner  
mitochondrial  membrane.  This inhibition could 
not be relieved by addit ion of a variety of  growth 
factors. 

So far, it is unclear why in a variety of  yeasts 
the role of  mitochondria  in anabolic reactions is 
even more impor tant  than in S. cerevisiae. Various 
Crabtree-negative yeasts such as C. utilis cannot  
grow anaerobically, despite their ability to per- 
form rapid alcoholic fermentation, in the same 
media which allow rapid anaerobic growth of  Sac- 
charomyces species. In this type of  yeast the petite 
mutat ion 123,24] seems to be lethal [25]. 

Even when an extract of aerobically grown C. 
utilis is present, this yeast fails to grow on glucose 
for more than two or three generations in the 
absence of  oxygen. The same phenomenon  was 
observed in a variety of  other Crabtree-negative 
yeasts such as Candida shehatae, Candida tenuis, 
Pachysolen tannophilus, Pichia segobiensis and 
Pichia stipitis (van Dijken et al., unpublished re- 
sults). The molecular basis for the correlation be- 

Fig. 3. The Cochin apparatus. Photograph of a drawing by Beijerinck from the collection of the Laboratory of Microbiology at Delft. 
Beijerinck and his successor Kluyver used the apparatus in classroom experiments to demonstrate that under strict anaerobiosis S. 
cerevisiae does not grow after three serial transfers in malt extract, in contrast to a medium with glucose and yeast extract. By pulling 
the wire through a bowl with mercury the yeast is transferred from one compartment to the next. 



tween the lethality of the petite mutation and the 
absence of a Crabtree effect [26,27] remains to be 
elucidated. 

Approximately one-third of the 439 species of 
yeasts listed by Barnett et al. [28] are classified as 
non-fermentative. The ability of yeasts to perform 
alcoholic fermentation with certain sugars is 
routinely tested in complex media using Durham 
tubes and static incubation. Absence of visible gas 
production under the test conditions is generally 
taken as a criterion for the inability to ferment the 
sugar in question. However, a recent study in our 
institute has revealed that this test is rather insen- 
sitive and not a good measure for fermentative 
ability. When ethanol formation rather than (visi- 
ble) CO 2 production was followed, many yeasts 
hitherto regarded as non-fermentative were found 
to perform a slow but significant alcoholic fer- 
mentation. However, slow fermentation under the 
test conditions is not necessarily indicative of poor 
fermentative capacity. Indeed, when such yeasts 
are grown under oxygen limitation, for example in 
shake-flask culture, alcoholic fermentation may 
proceed at rates approaching those observed in 
typical fermentative yeasts (Figs. 4-7). 

These results make clear that all species which 
at present are classified as non-fermentative should 
be retested under conditions of oxygen limitation 
before it can be concluded that they are truly 
non-fermentative. Apparently, the onset of al- 
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C. utilis CBS621 during growth in shake flasks on a medium 
containing 5% glucose and 1% yeast extract (J.P. van Dijkcn et 
el., unpublished results). 

coholic fermentation in these organisms is related 
to a delicate balance of the flow of N A D H  be- 
tween fermentation and respiration. 

3.1. Competition for reducing equivalents between 
fermentation and respiration 

Facultat ively fermentat ive yeasts differ in their 
response to env i ronmenta l  condi t ions  with respect 

to alcoholic fermentat ion.  As pointed out  above, 
in many  yeasts alcoholic fermentat ion occurs un-  
der condi t ions  of oxygen-l imitat ion.  However, in 

certain organisms a Crabtree effect operates (i.e., 

6 ~ -500 
I" \X 
,~ \\ -400 _ 

-300 ~ 

5 - 100 

~0 2o 3o ~0 5'o 6'0 7o 
b llme (h) 
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Dijken et al., unpublished results). 
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alcoholic fermentation occurs in the presence of 
excess sugar under strictly aerobic conditions). 
Those Crabtree-positive yeasts which possess the 
ability to grow on ethanol show diauxic growth in 
batch cultures on glucose (Fig. 4). In the first 
phase, growth occurs at the expense of glucose 
with concurrent production of ethanol. In this 
phase the synthesis of enzymes involved in oxida- 
tive metabolism is repressed. After exhaustion of 
glucose, growth resumes after an adaptation phase, 
and ethanol is respired [6]. Although this is a 
well-established phenomenon, it is frequently ne- 
glected in genetic and biochemical studies on the 
regulation of respiration in S. cereoisiae. Cultures 
growing in the presence of high concentrations 
(5-10%) of glucose are often designated as glu- 
cose-repressed, whereas cultures grown at lower 
sugar concentrations (0.1-1.0%) and harvested 
after the same incubation time are designated as 
derepressed glucose-grown cells. The differences in 
respiratory activity between the two types of cul- 
tures must, however, be explained on the basis of 
the fact that with high sugar concentrations, al- 
coholic fermentation of glucose still continues at 
the time of harvesting, whereas at that time the 
culture with low initial glucose has already entered 
the phase of ethanol consumption, with the con- 
comitant increase in respiratory activity. In other 
words, glucose-fermenting cells are compared with 
ethanol-oxidising cells, and thus the observed el'- 

fects of the glucose concentration on the proper- 
ties of the cells are indirect. Apart from this, 
shake-flask cultures are frequently used in studies 
on respiratory phenomena in S. cerevisiae. Such 
cultures become intrinsically oxygen-limited, and 
under these conditions alcoholic fermentation is 
triggered anyway, even in Crabtree-negative yeasts 
(Figs. 4-7). 

When adequate precautions are taken with re- 
spect to sufficient oxygen supply, a clear dif- 
ference is observed between Crabtree-positive and 
Crabtree-negative yeasts during growth on glucose. 
In batch cultures of Crabtree-positive yeasts, glu- 
cose is first fermented to ethanol, and only after 
glucose is depleted is the ethanol produced in the 
first phase oxidised to CO2. Crabtree-negative 
yeasts such as C. utilis, on the other hand, do not 
produce any ethanol under these conditions. It is 
important to note in this respect that measurement 
of a discrete dissolved oxygen concentration in the 
culture does not always guarantee sufficient aera- 
tion. This is especially true at high cell densities 
when a high oxygen transfer rate is required. We 
have observed in cultures of C. utilis that forma- 
tion of ethanol did occur, despite an apparently 
sufficient oxygen supply as indicated by the oxygen 
electrode. Depending on the geometry of the fer- 
menter, (semi-)anaerobic pockets, away from the 
electrode, may occur due to imperfect mixing. 
With equipment able to sustain strict aerobiosis 
(i.e., dissolved oxygen tensions in excess of 20% of 
air saturation) throughout the fermenter, batch 
cultures of C. utilis produced no ethanol. Thus, as 
a result of imperfect mixing, the organism may 
temporarily encounter oxygen tensions below the 
critical dissolved-oxygen tension [29-31] and, as a 
consequence, respiration may be impeded and fer- 
mentation triggered. 

With respect to glucose respiration in batch 
cultures, yeasts of the genus Brettanomyces exhibit 
a behaviour intermediate between that of S. cere- 
visiae and C. utilis. Brettanomyces spp. can be 
classified as Crabtree-positive yeasts since they 
exhibit aerobic alcoholic fermentation in the pres- 
ence of excess glucose. However, in addition to 
ethanol these yeasts also produce acetic acid, and 
a more complex pattern of substrate consumption 
and metabolite production is observed [32]. In the 



first phase, glucose is converted to ethanol and 
acetic acid. Afterwards, most of the ethanol is also 
oxidised to acetic acid. Finally, in the third phase, 
the acetic acid produced in the previous phases is 
oxidised to CO2 and water (Fig. 8). 

Aerobic glucose-limited chemostat cultures also 
reveal marked differences with respect to ethanol 
formation in different yeasts. Chemostat cultures 
of C utilis do not produce ethanol at all and the 
cell yield remains constant at approx. 0.5 g cells/g 
glucose up to the critical dilution rate (Fig. 9). In 
aerobic glucose-limited chemostat cultures of S. 
cerevisiae, on the other hand, ethanol formation 
becomes apparent above a certain dilution rate, 
the value of which is strain-dependent (Fig. 10). 
Above this dilution rate the cell yield decreases. In 
similar cultures of the yeast Brettanomyces inter- 
medias (Fig. 11) three stages can be distinguished. 
At low dilution rates the catabolism of glucose is 
by respiration to CO 2. At a certain dilution rate, 
acetic acid formation becomes apparent, but 
ethanol is not detectable. At slightly higher dilu- 
tion rates, both acetic acid and ethanol are pro- 
duced. We observed the same pattern of metabo- 
lite production in Brettanomyces lambicas, which 
had been reported to produce acetic acid at all 
dilution rates [33]. 

Although in aerobic glucose-limited chemostat 
cultures of S. cerevisiae alcoholic fermentation is 
absent at low dilution rates, the capacity to per- 
form alcoholic fermentation is nevertheless pre- 
sent. When such cultures are pulsed with glucose, 
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the sugar is rapidly converted to ethanol (Fig. 12). 
This ethanol production is instantaneous [34] al- 
though some acceleration occurs (Fig. 12). Besides 
ethanol, acetic acid is produced in significant 
quantities. This acid continues to accumulate after 
glucose is exhausted and oxidation of ethanol goes 
on. The extent to which acetic acid formation 
occurs in these experiments depends on the dilu- 
tion rate. At higher dilution rates (compare Figs. 
12 and 13) acid production is considerable, nota- 
bly in the phase of ethanol consumption, when the 
alcohol is almost quantitatively converted to acetic 
acid. In this respect S. cereoisiae has some similar- 
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Fig. 10. Cell yield and respiratory quotient (RQ) of S. cerevisiae 
CBS8066 in aerobic glucose-limited chemostat cultures on a 
mineral medium. Above a dilution rate of 0.3 h -1 ethanol 
production sets in (J.P. van Dijken et al., unpublished results). 



3 0 -  

25- 

Y 0b8 

23- 
E 

o u 

I0- 

4, 

A 

- - ÷  

olo 

+4" 

^ 
i ! 

-----~ 71mo(h) 

÷ 

S 
0'I L 016 0 1 8  

O(h -I ) 

-O6 

-05 

-OZ., 

-o3 o 

-02 >~ -  

-01 l 

30- 

25- 

20- 

~5- 

§ ~ 10- 

e ~  
5- 

T 

B 

¢/ ~,A 

o 08 OlO 
i --- n • 

012  014  0.16 0 1 8  

O ( h  -1)  

Fig. 11. Cell yield and product formation in aerobic glucose- 
limited chemostat cultures of B. intermedius CBS1943. (A) Cell 
yields as a function of D. (B) Concentrations of ethanol and 
acetic acid in steady-state cultures. Acetate formation starts at 
D = 0.14 h -  I, whereas ethanol formation is absent upto D = 
0.17 h -  1. 

ity to B. mtermedius. When excess glucose is added 
to a non-fermenting glucose-limited culture of B. 
intermedius, three phases can also be distinguished. 
Glucose is first converted to acetic acid and 
ethanol. After depletion of glucose, ethanol is 
oxidised to acetic acid, and finally the acetic acid 
is consumed (Fig. 14). 

The biochemical basis for the production of 
ethanol by Crabtree-positive yeasts such as S. 
cerevisiae under strictly aerobic conditions has 
been intensively studied, but is still far from being 
resolved. Originally it was thought that this ethanol 
production was solely due to an impediment in 
respiration as a consequence of the repression of 
t h e  s y n t h e s i s  o f  c e r t a i n  r e s p i r a t o r y  e n z y m e s .  I n  

fact, the Crabtree effect in yeasts is frequently 
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Fig. 12. Growth, glucose consumption and product formation 
after the addition of excess glucose to a culture of S. cerevisiae 
CBS8066, pregrown aerobically in a chemostat at D = 0.I h i 
under glucose limitation. During the experiment the dissolved 
oxygen tension was kept at 50% air saturation. Note that after 
the depletion of glucose some of the ethanol is further oxidised 
to acetic acid. Finally, after depletion of ethanol, oxidation of 
acetate goes on (J.P. van Dijken et al., unpublished results). 

defined on the basis of occurrence of alcoholic 
fermentation due to repression of respiration [6]. 
However, although repression of the synthesis of 
respiratory enzymes is likely to contribute to 
ethanol production in batch cultures, it is probably 
not the only basis for this phenomenon in 
glucose-limited chemostat cultures. Recent studies 
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Fig. 13. Growth, glucose consumption and product formation 
after the addition of excess glucose to a culture of S. cerevisiae 
CBS8066, pregrown aerobically in a chemostat at D = 0.2 h - l 
under glucose limitation. During the experiment the dissolved 
oxygen tension was kept at 50% air saturation. Note that, as 
compared to the experiment depicted in Fig. 12, cells pregrown 
at D - 0.2 h - 1 exhibit a more pronounced oxidation of ethanol 
to acetic acid O.P. van Dijken et al., unpublished results). 
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Fig. 14. Growth,  glucose consumption and product format ion 
after the addit ion o f  excess glucose to a culture o f  B. inter- 
mediu~ CBS1943, pregrown aerobically at D - 0.1 h -  i under 
glucose limitation. During the experiment the dissolved oxygen 
tension was kept at 50~$ air saturation. As compared to S. 
cerevisiae (Figs. 12 and 13) direct conversion of glucose to 
acetic acid by B. intermedius is much stronger (J.P. van Dijken 
et at., unpublished results). 

[35,36] have made clear that above a certain dilu- 
tion rate the transition from respiratory to 
fermentative catabolism may not be accompanied 
by decreased rates of oxygen consumption through 
repression of respiratory enzymes. In contrast to 
the response seen after a sudden single-step in- 
crease in dilution rate, careful stepwise increase 
may result in establishing steady-state cultures up 
to # max which perform alcoholic fermentation at a 
constant, unaffected rate of oxygen consumption 
(Fig. 15). Thus, via careful adaptation, a situation 
may be reached where the specific rate of oxygen 
consumption is not decreased but remains con- 
stant and independent of the dilution rate. Ap- 
parently, above a certain dilution rate, the cells 
cannot further increase their respiratory capacity. 
Any imbalance in metabolism, however, results in 
repression of synthesis of respiratory enzymes; the 
culture can only recover from such disturbances 
after many generations [35]. These phenomena 
demand reconsideration of the definition of the 
Crabtree effect in yeasts. Ethanol formation in 
Crabtree-positive yeasts under strictly aerobic 
conditions is apparently due to the inability of 
these organisms to increase the rate of respiration 
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Fig. 15. Schematic representation of the relationships between 
respiratory quotient (RQ) and specific rate of oxygen con- 
sumption (q O2), and the dilution rate in glucose-limited 
chemostat cultures of S. cerevisiae. (A) Repression of the 
synthesis of respiratory enzymes above a certain dilution rate 
results in a decrease of the specific rate of oxygen consump- 
tion. (B) Oxygen utilisation persists above the dilution rate 
where alcoholic fermentation sets in. This situation may be 
achieved by careful adaptation of the yeast to higher dilution 
rates. Small disturbances lead to a situation as depicted in Fig. 
15A. Recovery from repression of respiration may take 100 
generations or more [35]. 

above a certain value. This critical value, above 
which alcoholic fermentation occurs, is dependent 
on the strain and the culture conditions. In our 
opinion, the Crabtree effect in yeasts can better be 
defined in purely phenomenological terms, namely 
as the 'occurrence of alcoholic fermentation under 
strictly aerobic conditions'. This definition also 
covers ethanol production observed after pulsing 
glucose-limited chemostat cultures at low dilution 
rates. In that case, ethanol production cannot be 
explained by effects at the level of enzyme synthe- 
sis, since the appearance of ethanol is immediate. 
The occurrence of alcoholic fermentation at high 
dilution rates and after glucose pulsing of cultures 
at low dilution rates have been named the long- 
term and short-term Crabtree effects, respectively 
[37]. Both phenomena may have a common basis. 
All available evidence indicates a bottleneck in the 
respiratory system [38,39]. However, it is not yet 
possible to attribute these effects to particular 
enzymes. Competition between respiration and 
fermentation may be seen in terms of carbon 
flows. For example, a limited capacity of the 
mitochondrial transport system for pyruvate or 
insufficient activities of the pyruvate dehydro- 
genase complex and the TCA-cycle enzymes might 
be involved. Triggering of fermentation may also 
be interpreted in terms of redox metabolism. In 
this respect, the capacity of the external and inter- 
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nal NADH dehydrogenases and other components 
of the respiratory chain may play a crucial role. 
The activity of the respiratory chain is under 
respiratory control which further complicates an 
analysis of the relative kinetics of respiration and 
fermentation. 

In our opinion the most promising approach to 
solving the metabolic basis of the aerobic al- 
coholic fermentation is a broad comparative study 
with various yeasts. Such studies must include an 
analysis of the kinetics of growth and metabolite 
production under well-defined environmental con- 
ditions, measurement of enzyme levels, kinetic 
studies with purified enzymes, as well as investiga- 
tions on the subcellular location of possible bot- 
tleneck reactions. Different Crabtree-positive 
yeasts not only show marked differences in the 
extent of aerobic alcoholic fermentation, but the 
question should also be addressed why Crabtree- 
negative yeasts such as C. utilis do not perform 
alcoholic fermentation unless grown under oxygen 
limitation. 

The instantaneous formation of ethanol after 
pulsing glucose-limited chemostat cultures of S. 
cerevisiae with glucose does not seem to be caused 
by limitation at the level of the respiratory chain. 
This is evident from comparative studies of 
mitochondria isolated from S. cereoisiae and C. 
utilis growing at the same dilution rate. Oxidation 
of NADH by mitochondria from both organisms 
proceeded at a similar rate. This was found for 
intact mitochondria (external NADH oxidase) as 
well as for sonicated mitochondria (external plus 
internal NADH oxidase) (H. van Urk et al., un- 
published results). Furthermore, after adaptation, 
S. cerevisiae may exhibit oxygen consumption rates 
significantly higher than that occurring at the dilu- 
tion rate at which ethanol production in glucose- 
limited chemostat cultures is switched on. For 
example, after a glucose pulse, S. cerevisiae 
CBS8066 oxidises ethanol to acetic acid with asso- 
ciated qO 2 values approaching 10 mmol O2-(g 
cells) -~. h - I  as compared to a value of 7 at the 
'critical' dilution rate. qO 2 Values of 10 and more 
are also observed when S. cereoisiae is grown 
carbon-limited on mixtures of glucose and for- 
mate as an additional energy source (P.M. 
Bruinenberg et al., unpublished results). 

Although the capacity of the respiratory chain 
itself may not be the limiting factor for the com- 
plete oxidation of glucose to CO: under conditions 
of balanced growth, it seems very likely that the 
occurrence of aerobic alcoholic fermentation finds 
its explanation in a limited capacity of the aerobic 
catabolic pathway, in this respect reactions of the 
TCA cycle must be considered. A limited capacity 
for the oxidation of C 2 compounds, produced via 
pyruvate dehydrogenase (EC 1.2.4.1) or pyruvate 
decarboxylase (EC 4.1.1.1) may be involved. This 
would explain the formation of acetic acid under 
certain conditions, despite high rates of oxygen 
consumption. A limited oxidation capacity of 
mitochondria for pyruvate in S. cereuisiae seems 
unlikely: the rate of pyruvate oxidation by 
mitochondria of S. cerevisiae is similar to that of 
mitochondria of C. utilis, a yeast which does not 
perform aerobic alcoholic fermentation (H. van 
Urk et al., unpublished results). 

Another parameter, which of course is im- 
portant in the distribution of the carbon and 
redox flows between fermentation and respiration, 
is the activity of pyruvate decarboxylase, a key 
enzyme at the branching point of fermentation 
and respiration. Absence of this enzyme would 
preclude ethanol formation. Although the regu- 
lation of pyruvate decarboxylase in Crabtree- 
negative yeasts is somewhat different from that in 
S. cerevisiae, absence of aerobic alcoholic fermen- 
tation in Crabtree-negative yeasts is probably not 
exc!usively caused by a limited fermentation 
capacity. In aerobic glucose-limited chemostat cul- 
tures of C. utilis the activity of this enzyme is 0.1 
~tmol. min -1 (mg protein) -1 as compared to 0.4 
/~mol-min -1 (mg protein) -1 in such cultures of 
S. cereoisiae (J.P. van Dijken et al., unpublished 
results). The presence of pyruvate decarboxylase 
therefore apparently is not the only determinant 
for ethanol formation after glucose pulsing of 
carbon-limited cultures of C. utilis. 

3.2. Adaptation to anaerobiosis 
Not only the sugar concentration, but also the 

dissolved oxygen concentration is a critical param- 
eter in the distribution of N A D H  between the 
respiratory and the fermentative pathway in yeasts. 
Although under oxygen limitation often only 



qualiaative differences are observed between 
facultatively fermentative yeasts with respect to 
ethanol formation (Figs. 4-7), transfer to strict 
anaerobiosis reveals other striking differences. 
When aerobic steady-state cultures of C. utilis are 

made anaerobic and then pulsed with glucose, a 
long lag period preceeds the anaerobic formation 
of ethanol (Fig. 16). In a similar pulse experiment 
with S. cerevisiae, an immediate and rapid ethanol 
formation is apparent (Fig. 17). As pointed out 
above the slow adaptation of C. utilis to 
anaerobiosis is not solely due to insufficient levels 
of pyruvate decarboxylase, since steady-state levels 
of this enzyme are only four-fold lower than in S. 
cerevisiae. Rather, the formation of acetate and 
pyruvate by C. utilis after anaerobic pulsing (Fig. 
16) indicates that alcoholic fermentation may be 
impeded at the level of redox reactions. 

Absence of alcoholic fermentation in S. cere- 

visiae during sugar-limited growth at low dilution 
rates, and the' immediate occurrence of ethanol 
production after the introduction of anaerobiosis, 
are well-known factors in the production and 
functioning of baker's yeast. During large-scale 
cultivation of the organism in fed-batch cultures, 
aerobic alcoholic fermentation is suppressed by 
imposing sugar limitation. However, the potential 
fermentation capacity of the cells becomes ap- 
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Fig. 16. Growth, glucose consumption and product formation 
after the addition of excess glucose to a culture of C. tailis 
CBS621, prcgrown aerobically in a chemostat at D = 0.1 h -1 
under glucose limitation. During. the experiment the culture 
was kept anaerobic by flushing with oxygen-free nitrogen. The 
simultaneous introduction of excess glucose and anaerobiosis 
does not result in immediate alcoholic fermentation (J.P. van 
Dijken et al., unpublished results). 
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Fig. 17. Growth, glucose consumption and product formation 
after the addition of excess glucose to a culture of S. cerevisiae 
CBS8066, pregrown aerobically in a chemostat at D = 0.1 h - 1 
under glucose limitation. During the experiment the culture 
was kept anaerobic by flushing with oxygen-free nitrogen. The 
simultaneous introduction of excess glucose and anaerobiosis 
results in an immediate alcoholic fermentation (J.P. van Dijken 
et al., unpublished results). 

parent in the anaerobic fermentation of the sugars 
in the dough. 

Alcoholic fermentation after a pulse of glucose 
to chemostat cultures of S. cerevisiae proceeds 
more rapidly under anaerobic than under aerobic 
conditions (compare Figs. 12 and 17). This phe- 
nomenon is known as the Pasteur effect: inhibi- 
tion of glycolysis in the presence of oxygen [6]. 
The occurrence of the Pasteur effect is strongly 
dependent on the physiological status of the cells 
and is particularly evident in non-growing cells 
[40]. 

Present views on the modulation of glycolysis 
in yeasts by oxygen emphasise a major role for 
inorganic phosphate. Lagunas and Gancedo [41] 
have shown that under conditions which enhance 
the rate of glycolysis, the intraceIlular level of 
inorganic phosphate is increased. The concentra- 
tion of other possible effectors of glycolysis, such 
as fructose-2,6-bisphosphate, did not correlate with 
the rate of ethanol formation. Inorganic phos- 
phate is a strong allosteric activator of phos- 
phofructokinase (EC 2.7.1.11) and activation of 
glycolysis is thought to be effected, at least partly, 
via this enzyme [41]. Little attention has so far 
been paid to the crucial T-junction of fermenta- 
tion and respiration occurring at the level of 
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pyruvate. At first sight, an activating role for 
phosphate in alcoholic fermentation seems incom- 
patible with the effects of phosphate on pyruvate 
decarboxylase. Boiteux and Hess [42] have shown 
that inorganic phosphate is an inhibitor of pyru- 
vate decarboxylase. Inhibition of the enzyme by 
physiological concentrations of phosphate is com- 
petitive with pyruvate so that the action of phos- 
phate at the level of phosphofructokinase is coun- 
teracted. Interestingly, the degree of inhibition of 
pyruvate decarboxylase by phosphate is higher in 
C r a b t r e e - p o s i t i v e  S. cerevis iae than  in 
Crabtree-negative C. utilis (Table 2). The physio- 
logical significance of these differences in phos- 
phate inhibition of pyruvate decarboxylase re- 
mains to be established. 

Even Crabtree-positive yeasts do not react uni- 
formly to the introduction of anaerobiosis. When 
aerobic glucose-limited chemostat cultures of 
Brettanornyces intermedius are made anaerobic and 
pulsed with glucose, a long lag phase occurs be- 
fore alcoholic fermentation finally commences 
(Fig. 18). This contrasts with the behaviour of the 
same organism under aerobic conditions, where 
acetic acid and ethanol are formed after pulsing 
glucose-limited cells (Fig. 14). The negligible 
metabolic activity in B. intermedius after a sudden 
transfer from aerobiosis to anaerobiosis thus con- 
trasts to the behaviour of S. cerevisiae which even 
exhibits a Pasteur effect (stimulation of alcoholic 
fermentation under anaerobiosis). This behaviour 
of B. intermedius is known as the Custers effect: 

Table 2 

Effect of phosphate on the K m (raM) of pyruvate decarboxy- 
lases (EC 4.1.1.1) for pyruvate in Saccharomyces cereoisiae 
CBS8066 and Candida utilis CBS621 

In both yeasts the inhibition by phosphate was competitive 
with respect to pyruvate (J.P. van Dijken et al., unpublished 
results). 

Phosphate Enzyme source 

concentration S. cereoisiae 
(raM) 

C. utilis 

0 3.5 3.7 
10 7.7 4.5 
50 25.0 7.0 

1130 48.0 11.0 
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Fig. 18. Growth, glucose consumption and product formation 
after the addition of excess glucose to a culture of B. inter- 
medius CBS1943, pregrown aerobically in a chemostat at D = 
0.1 h-1 under glucose limitation. During the experiment the 
culture was kept anaerobic by flushing with ultra-pure nitro- 
gen. After the simultaneous introduction of excess glucose and 
anaerobiosis alcoholic fermentation is extremely slow as com- 
pared to that in S. cerevisiae (Fig. 17). From the fermentation 
balance it can be deduced that, apart from ethanol, glycerol, 
acetic acid, and another product (as yet unidentified) are 
formed (J.P. van Dijken et al., unpublished results). 

inhibition of alcoholic fermentation in the absence 
of oxygen [43]. This (transient) phenomenon is 
characteristic for all members of the genera Bret- 
tanomyces, Dekkera and Eeniella [44-46]. These 
yeasts have a strong tendency to form acetic acid. 
Under anaerobic conditions, formation of acetic 
acid from glucose leads to overproduction of 
NADH:  

1 glucose + 4 NAD ÷ --, 2 acetic acid + 2 CO 2 

+ 4 NADH + 4 H ÷ (6) 

Formation of acetic acid thus necessitates the 
formation of reduced products when oxygen is 
absent. Ethanol formation cannot compensate the 
production of excess NADH, since the conversion 
of glucose to ethanol is redox-neutral. That a 
disturbance of the redox balance is indeed the 
primary cause of the Custers effect is readily 
recognised from the effects of exogenous hydrogen 
acceptors such as acetoin. Acetoin can be reduced 
in B. intermedius by a constitutive butanediol 
dehydrogenase, according to: 

acetoin + N A D H  + H + ---, 2,3-butanediol + NAD ÷ 

(7) 

When acetoin is added to cultures of B. inter- 
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Fig. 19. Growth, glucose consumption and product formation 
after the addition of excess glucose to a culture of B. inter- 
medius CBS1943, pregrown aerobically in a chemostat at D = 
0.1 h-1  under glucose limitation. During the experiment the 
culture was kept anaerobic by flushing with oxygen-free nitro- 
gen. After the simultaneous introduction of excess glucose and 
anaerobiosis alcoholic fermentation is negligible (see also Fig. 
18). However, addition of 10 mM acetoin (indicated by the 
arrow) results in an immediate and rapid alcoholic fermenta- 
tion which halts when the acetoin has completely been reduced 
to 2,3-butanediol (data not shown). This is due to the produc- 
tion of stoichiometric amounts of acetic acid. After a lag phase 
production of ethanol, but not of acetic acid resumes (J.P. van 
Dijken et al., unpublished results). 

medius which have undergone a shift to 
anaerobiosis, immediate formation of ethanol and 
acetic acid is observed (Fig. 19). The rate of 
product formation is even higher than under 
strictly aerobic conditions (compare Figs. 19 and 
14). This effect of acetoin is observed in all species 
that display the Custers effect [43]. These yeasts 
are apparently unable to compensate, via the for- 
mation of reduced products such as glycerol, for 
the overproduction of redox equivalents under 
anaerobic conditions. When acetoin is exhausted, 
the culture again becomes metabolically inactive. 
After some time, however, ethanol formation, 
accompanied by glycerol production, sets in (Fig. 
19). Therefore, the sudden inhibition of glucose 
metabolism after the introduction of anaerobiosis 
is due to two factors: a strong tendency to pro- 
duce acetic acid and the inability to remove, via 
glycerol production, the excess of redox equiv- 
alents generated during this process [10]. 

The phenomena discussed above dearly il- 
lustrate that, under the same environmental condi- 
tions, different yeasts show different responses 
with respect to the occurrence of alcoholic fermen- 

213 

tation. However, it must be stressed that even with 
a single organism the occurrence of the various 
phenomena (Pasteur effect, Crabtree effect and 
Custers effect) very much depends on the history 
of the cells. This, as mentioned above, has clearly 
been demonstrated for the Pasteur effect [40]. A 
further example may serve to illustrate the impor- 
tance of the conditions under which a yeast has 
been precultured with respect to the phenomenol- 
ogy of alcoholic fermentation. 

When aerobic glucose-limited chemostat cul- 
tures of C. utilis are pulsed with excess glucose, 
the sugar is converted to CO 2 and biomass (Fig. 
20). Aerobic alcoholic fermentation (i.e., a 
Crabtree effect) which occurs characteristically 
under similar conditions in S. cereoisiae (Figs. 12 
and 13) and B. intermedius (Fig. 14) is absent in 
C. utilis. However, when this yeast is grown under 
oxygen limitation on glucose in chemostat culture, 
a different behaviour is observed. Under steady- 
state conditions ethanol is produced, due to limited 
oxygen supply (Fig. 21). When such a culture is 
pulsed with excess glucose under aerobic condi- 
tions, alcoholic fermentation continues, even at an 
enhanced rate. Thus, when precultivated under 
oxygen limitation, the Crabtree-negative yeast C. 
utilis may exhibit, although transiently, a Crabtree 
effect (Fig. 21). This example clearly illustrates the 
necessity of comparative studies: the Crabtree el- 
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Fig. 20. Growth, glucose consumption and product formation 
after the addition of excess glucose to a culture of C. utilis 
CBS621, pregrown aerobically in a chemostat at D - 0.1 h -  l 
under glucose limitation. During the experiment the dissolved 
oxygen tension was kept at 50~ air saturation. Glucose is 
almost completely converted to CO 2 and biomass. Minor 
amounts of acetic acid are formed, but ethanol production is 
absent (J.P. van Dijken et al., unpublished results). 
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Fig. 21. Growth, glucose consumption and product formation 
after the addition of excess glucose to a culture of C. utilis 
CBS621, pregrown oxygen-limited at D = 0.1 h -  t with glucose 
as carbon and energy source. Simultaneously with the addition 
of glucose also excess oxygen was introduced and this situation 
(50% air saturation) was maintained throughout the experi- 
ment. In the steady-state situation glucose was completely 
consumed and partially convened to ethanol. It can be calcu- 
lated that, after introduction of excess glucose, the rate of 
alcoholic fermentation increases, despite the presence of excess 
oxygen (J.P. van Dijken et al., unpublished results). 

fect in C. utilis, pregrown under oxygen limitation, 
may have a basis similar to that encountered in S. 
cereoisiae. 

4. THE NADP÷/NADPH BALANCE 

Whereas NADH is a reducing equivalent pro- 
duced and consumed mainly in catabolic reac- 
tions, NADPH must be regarded primarily as an 
anabolic reductant. The regulation of the redox 
balance with respect to formation and consump- 
tion of NADPH is of obvious importance in inter- 
mediary sugar metabolism. Bruinenberg et al. 
[3,47] pointed out that formation of NADPH in C. 
utilis (and probably in other yeasts as well) must 
occur via central metabolic routes, since transhy- 
drogenase is not detectable in this yeast. During 
growth on sugars, NADPH may be produced in 
the hexose monophosphate pathway and the 
NADP÷-linked isocitrate dehydrogenase reaction 
[3]. If NADPH production via these pathways 

were to exceed its consumption in the synthesis of 
amino acids, fatty acids and nucleic acids, ad- 
ditional NADPH-consuming mechanisms would 
be necessary. Under aerobic conditions oxidation 
of NADPH by the mitochondria could be in- 
volved, whereas under anaerobic conditions for- 
mation of products via NADPH-linked reductions 
are required. The evidence for the absence of 
transhydrogenase in yeasts and its implications for 
the metabolism of sugars are discussed below. 

4.1. The formation of NA DPH and its consumption 
in anabolic processes 

The requirements for NADPH in biosynthetic 
processes are dependent on the carbon and nitro- 
gen source for growth. In C. utilis CBS621 assimi- 
iatory nitrate reduction proceeds via NADPH-lin- 
ked nitrate and nitrite reductases, according to: 

NO~- + 4 NADPH + 6 H + 

--, NH~ + 3 H20 + 4 NADP + (8) 

Thus, whereas during growth of this yeast the 
formation of 100 g of cell material requires 931 
mmol of NADPH (Eqn. 1), during growth with 
nitrate an additional 680 × 4 NADPH have to be 
formed for the reduction of nitrate to the level of 
ammonia: 

737 C 6H1206  + 680 HNO 3 + 6 H E S O  4 

+3659 NADPH + 1349 NAD + +2302 H + 

1000 C4Hv.3202.24N0.68S0.006 (100  g cells) 

+424 CO 2 + 3659 NADP + + 1349 NADH 

+ 3398 H20 (9) 

Since the NADPH for assimilation must be pro- 
duced via the hexose monophosphate pathway 
and the NADP+-linked isocitrate dehydrogenase, 
it is to be expected that the carbon flow over these 
pathways will be, at least partially, dependent on 
the NADPH requirement of the assimilation pro- 
cess and will be manifested in the activities of 
these key enzymes in relation to the carbon and 
nitrogen source used for growth. Indeed, during 
growth of C. utilis on glucose with nitrate all 
enzymes of the HMP pathway are significantly 
higher than during growth with ammonia as the 
nitrogen source (Table 3) [47]. The activity of 
NADP+-linked isocitrate dehydrogenase is, how- 
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Table 3 

Activities of HMP pathway enzymes and NADP+-Iinked isocitrate dehydrogenase in Candida utilis CBS621, grown in chemostat  
cultures under carbon and energy limitation at D - 0.1 h -  l on glucose or xylose, with ammonium or nitrate as the nitrogen source 

Data  from P.M. Bruinenberg et al., J. Gen. Microbiol. 129 (1983) 965-971. 

Enzyme Glucose Xylose 

Ammonium Nitrate Ammon ium Nitrate 

Glucose-6-Pho~phate dehydrogenase 647 1784 1480 2 270 
6-Phosphogluconate dehydrogenase 298 590 561 722 
Transaldolase 102 379 302 456 
Transketolase 136 310 248 441 
Fructose-l ,6-bisphosphatase 55 48 38 65 
Isocitrate dehydrogenas¢ 350 494 475 516 

ever, not significantly affected by the nitrogen 
source. This does not necessarily mean that the 
NAD+-linked isocitrate dehydrogenase is unim- 
portant for the production of NADPH, since ac- 
tivity measurements in vitro only provide cir- 
cumstantial information on the flow of carbon. A 
more direct approach to establishing the relative 
contributions of the HMP pathway and the 
NADP+-iinked isocitrate dehydrogenase reaction 
is an estimation of the required flows of carbon 
via these reactions, on the basis of a theoretical 
assessment of the NADPH requirement for assi- 
milation [2].  Such calculations show that 
NADP+-linked isocitrate dehydrogenase alone 
cannot produce sufficient amounts of NADPH, 
especially not during growth with nitrate [3]. The 
following example may serve to illustrate this con- 
clusion. The cell yield of C. utilis during growth 
with nitrate is 0.43 g cells (g glucose) -1. Thus, 
from 1292 mmol glucose, 1130 g of cell material is 
synthesised during carbon-limited growth in 
chemostat culture. Part of the glucose is required 
for assimilation (i.e., 737 mmol, Eqn. 1). It follows 
that from a net amount of 1292 - 737 = 555 mmol 
glucose, all the NADPH required for assimilation 
(i.e., 3651 mmol) must be produced. If NADP ÷- 
linked isocitrate dehydrogenase were the only 
source of NADPH, no more than 2 NADPH can 
be generated for every glucose molecule catabo- 
lised, and thus only 1110 NADPH could be pro- 
duced. This example demonstrates the necessity of 
an alternative pathway with a high yield of 
NADPH per mol glucose catabolised. Thus, not 
only enzymic analyses but also theoretical consid- 

erations point to the HMP pathway as an im- 
portant route for NADPH formation. Only via 
this pathway can sufficient NADPH be formed to 
fulfil the requirements for biosynthesis during 
growth on glucose. 

The stoicheiometry of NADPH production via 
the HMP route depends on the mode of operation 
of this pathway. When there is no net recycling of 
the products of this pathway, the following set of 
equations applies with respect to NADPH produc- 
tion: 

3 glucose-6-P + 6 NADP + 

---, 3 pentose-P + 3 CO 2 + 6 NADPH + 6 H + 

(10) 

3 pentose-P ~ 2 hexose-P + 1 triose-P (11) 

2 hexose-P + 1 triose-P + 5 NADP + 
15 CO 2 + 5 NADPH + 5 H ÷ 

(via glycolysis and TCA cycle) (12) 

Via these reactions, 11/3 tool NADPH is formed 
per mol of glucose. During growth with nitrate, 
however, at least 3651/555 = 6.6 mol NADPH 
per mol glucose catabolised must be produced. 
Therefore adequate production of NADPH via 
the HMP pathway and TCA cycle requires recy- 
cling of the products of the HMP pathway (Fig. 
22). 

The NADPH requirement for assimilation and 
thus the flow of carbon over the NADPH-produc- 
ing pathways is also strongly dependent on the 
carbon source for growth. This is due to the fact 
that the extent to which NADPH production and 
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Fig. 22. Generation of NADPH by the HMP pathway and the 
tricarboxylic acid cycle in yeasts in the case that: (a) pentose 
phosphates are rearranged to hexose phosphates via transal- 
dolase/transketolase, fructose 1,6-bisphosphate aldolase and 
fructose 1,6-bisphosphatase; (b) pentose phosphates are re- 
arranged to hexose phosphates during repression of fructose 
1,6-biphosphatase; (c) NADPH is only generated via the 
NADP+-dependent isocitrate dehydrogenase. G-6-P, glucose 
6-phosphate; 6-PG, 6-phosphogluconate; F-6-P, fructose 6- 
phosphate; C5, pentose phosphate; GAP, glyceraldehyde 3- 
phosphate. The enzymes catalysing key reactions in these routes 
have been indicated by numbers (circled): 1, glucose 6-phos- 
phate dehydrogenase; 2, 6-phosphogluconate dehydrogenas¢; 
3, transaldolase and transketolase; 4, fructose 1,6-bisphosphate 
aldolase and fructose 1,6-bisphosphatase; 5, NADP+-linked 
isocitrate dehydrogenase (From [31). 

consumption occur during conversion of the 
growth substrate to intermediates of glycolysis 
and TCA cycle is variable. During growth of 
yeasts on glucose, formation of triose phosphates 
via glycolysis does neither require nor produce 
NADPH.  During growth on xylose, however, at 
least one N A D P H  is required for the formation of 
triose phosphates as a result of the involvement of 
NADPH-linked xylose reductase in the metabo- 

lism of xylose by C. utilis [48]. The importance of 
the HMP pathway as a source of NADPH is again 
apparent from the levels of its enzymes during 
growth on xylose. All activities of HMP pathway 
enzymes are higher in xylose-grown cells than in 
glucose-grown cells, and are even further increased 
during growth with nitrate as the nitrogen source 
(Table 3). 

4.2. Dissimilation of  N A D P H ?  
Although the function of NADPH as a re- 

ductant in biosynthetic processes is now well- 
established, its function in intermediary metabo- 
lism has been debated during the first part of this 

century. Indeed, NAD ÷ was first discovered as 
one of the agents stimulating in vitro glucose 
fermentation in yeasts [49] and in muscles [501, 
but nevertheless the elucidation of the chemical 
structure of NADP ÷ [51,52] preceded that of the 
cozymase (NAD ÷). Warburg and coworkers dem- 
onstrated that NADP ÷ was the hydrogen-transfer- 
ring agent of the reaction catalyzed by the 
'Zwischenferment'  (i.e., glucose 6-phosphate dehy- 
drogenase). Early schemes of glucose respiration 
in yeasts implied a major role for the Zwischenfer- 
ment. The reducing equivalents of this reaction 
(NADPH) were thought to be the substrate for 
oxygen-linked respiration via 'old yellow enzyme' 
[51,52] or 'new yellow enzyme' [53]. In those days, 
the function of NAD(H) was thought to be 
restricted to fermentative processes. Only after the 
work of Lehninger [54] did it become clear that 
NADH, and not NADPH, is the primary hydro- 
gen donor for the mitochondrial electron transport 
chain. 

Although the distinction between NADH as a 
catabolic and NADPH as an anabolic reductant 
holds in general, it is certainly not •absolute. In a 
variety of microorganisms, notably in certain 
bacteria, N A D P H  has been shown to be a sub- 
strate for the respiratory chain. Also in yeasts 
N A D P H  may be re-oxidised to NADP + with 
oxygen as the terminal electron acceptor. This 
may occur in reactions catalysed by mixed-func- 
tion oxidases (via cytochrome P450, yellow 

' ~ /  ' i V , > ,  , / <  / , 

'i' ,y,/. / 
..,,,,/ .,;?.,,,.,/.- : 

Fig. 23. Recorder tracings of oxygen consumption with NADH, 
NADPH or pyruvate by isolated mitochondria from C utilis 
CBS621. Respiratory control is observed after the addition of 
ADP (From [16]). 



enzymes) [55,56]. In addition, NADPH may be 
oxidised via the mitochondrial electron transport 
chain. Oxidation of cytoplasmic NADPH by in- 
tact mitochondria of the yeast C. utilis is subject 
to respiratory control (Fig. 23) [16]. The ability of 
yeast mitochondria to oxidise exogenous NADPH 
with concurrent ATP production indicates that 
under aerobic conditions overproduction of 
NADPH (i.e., production in amounts exceeding 
the requirement for biosynthesis) by the (cyto- 
plasmic) enzymes of the HMP pathway may occur 
in vivo. It was noticed as early as 1965 by Tem- 
pest and Herbert [57] that cells of C. utilis grown 
in xylose-limited chemostat cultures had a much 
higher glucose-dependent rate of oxygen con- 
sumption than glucose-grown cells. They con- 
cluded, in our opinion correctly, that this was due 
to higher levels of HMP-pathway enzymes in C. 
utilis during growth on xylose (Table 3), thus 
pointing to the possibility of catabolic re-oxida- 
tion of NADPH. 

4.3. Evidence for the absence of transhydrogenase in 
yeasts 

As mentioned above, transhydrogenase activity 
(NADH + NADP ÷ ~ NAD + + NADPH) could 
not be detected in cell-free extracts of C. utilis 
[47]. In vivo studies have confirmed the absence of 
transhydrogenase activity. This was indicated for 
instance by the finding that the cell yield on 
glucose, even in the presence of excess NADH, 
remains dependent on the NADPH requirement 
for biosynthesis. If transhydrogenase were absent 
one would expect the cell yield of a yeast growing 
on glucose in the presence of excess formate to be 
lower with nitrate than with ammonium as the 
nitrogen source. Oxidation of formate to CO: by 
NAD+-linked formate dehydrogenase would only 
replace the portion of glucose required for ATP 
formation via NADH oxidation, but not the part 
required for NADPH production (Fig. 1). Studies 
with chemostat cultures of C. utilis growing on 
mixtures of glucose and formate confirm this ex- 
pectation [58]. During growth with ammonia as 
the nitrogen source a maximum cell yield of 0.69 g 
cells (g glucose) -1 is obtained, whereas in the 
presence of nitrate as a nitrogen source cell yields 
in the presence of excess formate did not increase 
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aerobic chemostat cultures of C utilis CBS621, growing on 
mixtures of glucose and formate, with ammonium as the 
nitrogen source. The max imum growth yield is obtained at a 
formate: glucose ratio of 3.3 when the culture becomes 
carbon-limited. Ym~, NH~" = maximum theoretical yield on 
glucose with ammon ium as the nitrogen source (From [58]). 

above 0.56 g cells (g glucose)-t (Figs. 24 and 25). 
These results strongly support the assumption that 
the redox equivalents , generated by formate 
oxidation (i.e., NADH) cannot be used for the 
production of NADPH. 
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Fig. 25. Cell yields and residual formate concentrations in 
aerobic chemostat cultures of C utilis CBS621 growing on 
mixtures of glucose and formate with nitrate as the nitrogen 
source. The max imum growth yield is lower than with am- 
monium as the nitrogen source and is obtained at a formate: 
glucose ratio of 2.9. Y,,,~, NO~ = maximum theoretical yield 
on glucose with nitrate as the nitrogen source (From [58]). 
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4. 4. Activity of the HMP pathway in yeasts 
The absence of transhydrogenase activity in 

yeasts has an important bearing on the activity of 
the NADPH-producing pathways. For balanced 
growth, the rate of NADPH production must at 
least equal its rate of consumption in assimilatory 
processes. If such a balance were maintained, then 
the amount of sugar catabolised via the HMP 
pathway should be approximately the same for 
different yeasts of the same biomass composition. 

In the literature, widely diverging values have 
been reported for HMP pathway activities in yeasts 
as calculated from the results of radiorespiromet- 
ric studies. For S. cerevisiae, estimates of the con- 
tribution of the HMP pathway to glucose 
metabolism range from 2.5% [59] to 34% [60]. In 
Candida utilis, values between 30% [61] and 72% 
[60] have been reported, whereas in Rhodos- 
poridium toruloides (formerly Rhodotorula gracilis ), 
between 20 and 80% of the glucose may be 
metabolised via this pathway [62,63]. It is difficult 
to compare these values, since different growth 
conditions and different calculation methods have 
been used in these studies. P.M. Bruinenberg et al. 
(unpublished results), using radiorespirometry, 
performed a steady-state analysis of the activities 
of these three yeasts growing in chemostat cul- 
tures. Their data (Table 4) indicate that the contri- 
bution of the HMP pathway to glucose metabo- 

Table 4 

Fraction of radioactivity, recovered as 14CO2 during continu- 
ous substrate feeding to glucose-limited cultures of yeasts 
grown at D = 0.1 h -  1 with ammonium as the nitrogen source 

The percentages of glucose metabolism via the HMP pathway 
were calculated according to Katz and Wood [65]. Cell yields 
are expressed as g dry wt. (g glucose) -1. Data from P.M. 
Bruinenberg et al., unpublished results. 

Saccharo- Candida Rhodo- 
myces utilis sporidium 
cerevisiae t oruloides 

[U-14 C]Glucose 0.33 0.40 0.31 
[1-14 C]Glucose 0.37 0.33 0.37 
[6-14 C]Glucose 0.21 0.18 0.13 
Contribution of HMP 

pathway to glucose 
metabolism (%) 8 7 11 

Cell yield 0.51 0.51 0.50 

lism is similar in these three yeasts when grown 
glucose-limited at the same dilution rate. 

The high values of the HMP pathway's contri- 
bution to glucose metabolism reported by various 
authors may in part be explained by the calcula- 
tion methods used. With the formula of Wang and 
Krackov [64], which does not take recycling of 
hexose phosphates into account, the values are 
approximately twice those obtained with the for- 
mula of Katz and Wood [65], which covers possi- 
ble recycling. Different values obtained for a single 
yeast probably also result from differences in 
growth conditions. Radiorespirometric studies are 
usually performed with batch cultures, in which 
different organisms have different growth rates. 
Studies with chemostat cultures are rare [60,66] 
and even when these have been used, the cells 
taken were subjected to transient-state analysis. 
Mian et al. [60], for example, studied washed cell 
suspensions in the absence of ammonium. Since 
ammonium is an allosteric activator of phos- 
phofructokinase [67,68], its absence may lead to 
metabolism of a higher proportion of the glucose 
via the HMP pathway. Furthermore, as pointed 
out in a previous paragraph, pulsing of yeast cells 
with glucose may lead to a drastic rearrangement 
of metabolism, the nature and extent of which is 
dependent on the yeast species. Therefore the 
conclusion is justified that comparative radiorespi- 
rometric studies can only adequately be per- 
formed with steady-state cultures, fed with differ- 
ent specifically labelled glucose substrates from 
the reservoir, and not by pulseanalysis. 

In vivo analysis of HMP pathway activities in 
steady-state cultures of C. utilis (Table 5) confirm 
the conclusion from the enzymic analyses (Table 
3) that the flow of carbon via this pathway is 
dependent on cultivation conditions. When nitrate 
serves as the nitrogen source for C. utilis, the flow 
of carbon over the HMP pathway is increased 
three-fold as compared to growth with am- 
monium. When excess formate is present as an 
additional source of NADH, the ratio of CO 2 
from [1-14C]glucose to CO 2 from [6-14C]glucose 
drastically increases (P.M. Bruinenberg et al., un- 
published results). This is due to the sparing effect 
of formate on glucose catabolism via the TCA 
cycle. However, formate does not replace the por- 



Table 5 

Fraction of radioactivity, recovered as 14CO2 during continu- 
ous substrate feeding to glucose-limited cultures of Candida 
utilis CBS621 grown at D -  0.1 h - I  with ammonium or 
nitrate as the nitrogen source, or with additional formate in the 
medium with ammonium as the nitrogen source 

The percentages of glucose metabolism via the HMP pathway 
were calculated according to Katz and Wood [651. Cell yields 
are expressed as g dry wt. (g glucose)-k Data from P.M. 
Bruinenberg et al., unpublished results. 

Glucose Glucose 

Ammo- Nitrate + formate 

nium Ammonium 

[U-14C]Glucose 0.40 0.47 0.23 
[1-14C]Glucose 0.33 0.59 0.32 
[6-14C]Olucose 0.18 0.24 0.06 
Contribution of HMP 

pathway to glucose 
metabolism (%) 7 21 11 

Cell yield 0.51 0.43 0.69 

tion of glucose metabolized via the HMP pathway, 
which remains active for the production of 
NADPH. These results (Table 5) provide ad- 
ditional evidence that the NADH produced dur- 
ing formate oxidation cannot serve as a source of 
NADPH via transhydrogenase. 

The flow of glucose via the HMP pathway, 
required to produce the NADPH for biosynthesis, 
cannot be precisely evaluated theoretically. This is 
due to the unknown contribution of NADP+-Iin - 
ked isocitrate dehydrogenase to the overall NAD- 
PH production. When, however, NADPH forma- 
tion via this reaction is neglected, theoretical 
minimum values of HMP pathway activities are 
calculated which are close to the values obtained 
from radiorespirometric studies (P.M. Bruinen- 
berg et al., unpublished results). This indicates 
that dissimilation of NADPH via the mitochon- 
drial electron transport chain is not very im- 
portant in quantitative terms. Rather, the amount 
of NADPH produced in the HMP pathway seems 
to be adjusted to the amount required for bio- 
synthesis. The balance of NADPH production 
and consumption is thus primarily maintained at 
the production level, via adjustments of enzyme 
levels (Table 3) and modulation of enzyme activi- 
ties. The latter control mechanism is probably 
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accomplished via inhibition of glucose 6-phos- 
phate dehydrogenase by NADPH [69,70]. 

5. INTERCONNECTIONS BETWEEN THE 
NAD(H) AND NADP(H) BALANCES 

Under aerobic conditions yeasts may balance 
any 'overproduction' of redox equivalents by 
mitochondrial respiration. Under anaerobic condi- 
tions, on the other hand, a redox balance must be 
obtained for both nicotinamide adenine dinucleo- 
tide coenzyme systems separately via product for- 
mation. For example, production of NADPH in 
amounts exceeding the requirements of assimi- 
lation can only be compensated via NADPH-lin- 
ked reductions. Similarly, overproduction of 
NADH can only be balanced by NADH-consum- 
ing reactions. Production and consumption of 
NADPH and NADH are thus entirely separated 
processes, though NAD(H) and NADP(H)-linked 
reactions may be tightly coupled in a single 
metabolic pathway. This holds, for example, for 
the metabolism of xylose in yeasts (Fig. 26). In C. 
utilis and many other yeasts the metabolism of 
xylose proceeds via an initial reduction to xylitol 
with an NADPH-linked xylose reductase. Subse- 
quently xylitol is converted to xylulose by an 
NAD+-linked xylitol dehydrogenase. Thus, as a 
consequence of the absence of transhydrogenase, 
the reduction equivalents produced in the second 
reaction cannot be used for the initial reduction 
step. The metabolic implications of this mode of 
xylose metabolism are discussed below, 

Of the 439 species listed by Barnett et al. [28], 
291 are known as facultatively fermentative with 
respect to metabolism of glucose. Of all yeasts, 
317 possess the ability to grow on xylose aerobi- 
cally and 193 species share both properties. Sig- 
nificantly, only very few yeasts have been found to 
ferment xylose anaerobically [71]. This phenome- 
non has been called a Kluyver effect [72] and is 
defined as the inability of a facultatively fermenta- 
tive yeast to metabolise a certain sugar anaerobi- 
cally although the sugar is rapidly metabolised 
aerobically. This is a general phenomenon ob- 
served for many sugars in a large variety of yeasts 
[72]. Apparently these yeasts cannot combine their 
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x y l o s e ~  xylitoI ~ x y l u t o s e  

NADPH NADP ° NAD ° NADH 

Fig. 26. Initial reactions of xylose metabolism in yeasts. Due to 
the absence of transhydrogenase activity, the NADH produced 
in the conversion of xylitol to xylulose cannot be used for the 
NADPH-linked reduction of D-xylose to xylitol. 

fermentative capacities with anaerobic conversion 
of such sugars. In many cases the metabolic basis 
for this incapacity is not known. For xylose, how- 
ever, it has become clear that a deregulation of the 
redox balance prevents anaerobic alcoholic fer- 
mentation of the sugar. 

When aerobic batch cultures of C. utilis grow- 
ing on xylose as a carbon and energy source are 
shifted to anaerobic conditions, growth and xylose 
consumption are arrested (Fig. 27). This is not due 
to the absence of the key enzymes of the fermenta- 
tive route (i.e., pyruvate decarboxylase and al- 
cohol dehydrogenase). When glucose is added to 
anaerobic xylose-grown C. utilis, the hexose is 
rapidly fermented to ethanol [48]. The metabolic 
inactivity of C. utilis towards xylose under 
anaerobic conditions apparently resides in the ini- 
tial steps of xylose metabolism. When xylose iso- 
merase is added to such cultures, the blockade in 
xylose metabolism is relieved (Fig. 27). Ap- 
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Fig. 27. Effect of anaerobiosis on xylose metabolism in batch 
cultures of Candida utilis CBS621. Addition of xylose iso- 
merase results in alcoholic fermentation of xylose (From [48]). 

parently, xylulose can be fermented when pro- 
vided extracellularly via xylose isomerase, but can- 
not be formed intracellularly via xylose reductase 
and xylitol dehydrogenase. 

Only a few yeasts are capable of anaerobic 
alcoholic fermentation of xylose [71]. Interest- 
ingly, in all xylose-fermenting yeasts investigated 
to date, the reduction of xylose to xylitol may 
proceed with both N A D P H  and NADH.  In Pichia 
stipitis the ratio between the NADH-  and 
NADPH-linked xylose reductase activities was in- 
dependent of the cultivation conditions and both 
activities co-purified to a homogenous preparation 
[73]. In Pachysolen tannophilus, on the other hand, 
the ratio between the two activities varied. In 
contrast to P. stipitis which possesses only one 
xylose reductase, active with both NADH and 
NADPH,  P. tannophilus contains two xylose re- 
ductases. One enzyme is specific for N A D P H  and 
the other reacts with both NADPH and N A D H  
[74]. The presence of NADPH-  and NADH-linked 
xylose reductase activities, whether or not cata- 
lysed by a single enzyme, in the few yeasts capable 
of anaerobic xylose fermentation provides a clue 
to their exceptional behaviour. 

In Candida utilis, metabolism of xylose via 
NADPH-linked xylose reductase would lead to an 
overproduction of N A D H  under anaerobic condi- 
tions (Fig. 28). This would explain the organism's 
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Fig. 28. Schematic representation of xylose metabolism via 
NADPH-linked xylose reductas¢ in the case that alcoholic 
fermentation would occur. The scheme makes clear that this 
would lead to a discrepancy between production and consump- 
tion of NADH in the overall conversion of xylose to ethanol 
(From [48]). 
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Fig. 29.. Schematic representation of xylose metabolism via 
NADH-linked iy!ose reductase. Formation of ethanol can pro- 
ceed with a clOsed redox balance (From P.M. Bruinenberg et al. 
(1984) Appl. Microbiol. Biotechnol. 19, 256-269). 

inability to ferment xylose in contrast to its ability 
to ferment xylulose, since with this latter substrate 
overproduction of NADH does not occur. In 
organisms like Pichia stipitis the NADH produced 
by xylitol dehydrogenase can be used for the 
initial reduction of xylose, overproduction of 
NADH need not occur (Fig. 29), and a relatively 
rapid anaerobic xylose fermentation is possible 
(Fig. 30). 

The metabolic schemes depicted in Figs. 28 and 
29 are based on the formation of triose and hexose 
phosphates via transaldolase and transketolase re- 
actions. Recent work of Ratledge and coworkers 
has provided evidence in favour of another route 
of pentose phosphate metabolism, namely via 
phosphoketolase. During aerobic growth of a 
variety of yeasts on xylose, induction of phos- 
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Fig. 30. Shift from aerobic to anaerobic conditions in a batch 
culture of Pichia slip#is CBS5773 with D-xyiose as the sub- 
strate. In contrast to C. utilis, P. stipitis exhibits alcoholic 
fermentation under anaerobic conditions (From P.M. Bruinen- 
berg et al. (1984) Appl. Microbiol. Biotechnol. 19, 256-269). 
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Fig. 31. Schematic representation of xylose metabolism, indi- 
cating the consequences of the involvement of NADPH-linked 
xylose reductase in combination with phosphoketolase (Eqn. 
13). Formation of ethanol under anaerobic conditions with a 
closed redox balance is only possible in case acetyl phosphate is 
converted to ethanol via NADH-iinked enzymes. 

phoketolase activity was observed [63,75]. This 
enzyme catalyzes the direct conversion of xylulose 
5-phosphate to triose phosphate: 

xylulose 5-P + Pi -" glyceraldehyde 3-P + acetyI-P 

(13) 

A scheme based on the functioning of phos- 
phoketolase in xylose metabolism is shown in Fig. 
31. From this figure it is clear that metabolism of 
xylose via NADPH-linked xylose reductase and 
phosphoketolase still requires the functioning of 
transaldolase and transketolase to provide the 
HMP pathway with hexose phosphates for the 
formation of NADPH. However, in this case, 
metabolism of xylose via an NADPH-linked re- 
ductase is no longer incompatible with anaerobic 
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Fig. 32. Schematic representation of alcoholic fermentation of 
xylose via NADH-l inked xylose reductase and phosphoketo- 
lase. Under anaerobic conditions a closed redox balance is only 
obtained when equal amounts of ethanol and acetic acid are 
formed, 
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alcoholic fermentation. The N A D H  produced in 
the conversion of xylitol to xylulose could be used 
for the reduction of  acetyl phosphate  to ethanol. 
Such a scheme, on the other hand, does not  ex- 
plain the marked differences in behaviour of  C. 
utilis towards xyiose and xyluiose under  anaerobic 
conditions. Moreover,  in the case that xylose 
metabolism proceeds via N A D H - l i n k e d  xylose re- 
ductase the involvement of  phosphoketolase  would 
lead to a shortage of  N A D H  unless ethanol and 
acetic acid are produced in stoichiometric amounts  
(Fig. 32). However,  experiments with P. stipitis 

(Fig. 30) show that the major  product  of  xylose 
fermentat ion is ethanol, and acetic acid is only 
produced in minor  quantities. It can thus be con- 
cluded that al though phosphoketolase  is most  
likely a key enzyme in aerobic metabolism of 
xylose in yeasts [63], under  anaerobic condit ions 
this enzyme is probably  by-passed. 

6. C O N C L U D I N G  R E M A R K S  

In this review, we have illustrated the crucial 
role of redox balances in sugar metabol ism by 
yeasts. The absence of  t ranshydrogenase activity 
in yeasts implies that redox equivalents cannot  be 
exchanged between the two nicot inamide adenine 
dinucleotide systems, N A D ( H )  and N A D P ( H ) .  
This may be regarded as 'chemical  compar tmenta-  
tion'.  Also, mi tochondr ia  and other  organelles in 
the yeast cell, being separated from the cytosol by 
membranes  impermeable to the coenzymes,  must 
each maintain their own redox balances for both 
coenzyme systems. 

This is of  significance for the formation of  
b iomass  and fermentat ion products ,  as ex- 
emplified by experiments on glucose metabolism 
in some model organisms under  various environ- 
mental  conditions. Moreover,  also the interrela- 
tions between the N A D ( H )  and N A D P ( H )  bal- 
ances in yeasts may have impor tant  consequences,  
as is illustrated by studies on alcoholic fermenta- 
tion of xylose. 

In view of  the complexities of  redox balances in 
yeasts, further studies are needed, especially re- 
garding the metabolism of other  sugars. The 
fundamenta l  insights anticipated might lead to 

improvements  in current processes, as well as to 
the development  of  novel applications of  a variety 
of  yeasts. 
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