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A b s t r a c t  

Growth yields of Saccharomyces cerevisiae and Candida utilis in carbon-limited chemostat cultures were 
evaluated. The yields on ethanol and acetate were much lower in S. cerevisiae, in line with earlier reports that 
site I phosphorylation is absent in this yeast. However, during aerobic growth on glucose both organisms had 
the same cell yield. This can be attributed to two factors: 
- S. cerevisiae had a lower protein content than C. utilis; 
- uptake of glucose by C. utilis requires energy whereas in S. cerevisiae it occurs via facilitated diffusion. 
Theoretical calculations showed that, as a result of these two factors, the ATP requirement for biomass 
formation in C. utilis is 35% higher than in S. cerevisiae (theoretical YATP values of 20.8 and 28.1, 
respectively). The experimental YATP for anaerobic growth of S. cerevisiae on glucose was 16 g biomass-mol 
ATP -1. 

In vivo P/O-ratios can be calculated for aerobic growth on ethanol and acetate, provided that the gap 
between the theoretical and experimental ATP requirements as observed for growth on glucose is taken into 
account. This was done in two ways: 
- via the assumption that the gap is independent of the growth substrate (i.e. a fixed amount of ATP bridges 

the difference between the theoretical and experimental values). 
- alternatively, on the assumption that the difference is a fraction of the total ATP expenditure, that is 

dependent on the substrate. 
Calculations of P/O-ratios for growth of both yeasts on glucose, ethanol, and acetate made clear that only by 
assuming a fixed difference between theoretical and experimental ATP requirements, the P/O-ratios are 
more or less independent of the growth substrate. These P/O-ratios are approximately 30% lower than the 
calculated mechanistic values. 

I n t r o d u c t i o n  

In the seventies much attention has been paid to 
the potential use of microorganisms as a source of 
single-cell protein (SCP). However, the costs of the 
processes developed were too high for SCP to c o m -  

pete with other sources of protein, such as soy- 
beans. 

The only profitable SCP process carried out on 
an industrial scale is the production of baker's 
yeast. The product is mainly used as a biocatalyst in 
the rising of dough (Beudeker et al. 1990). An 



50 

important aspect of baker's yeast production, and 
of SCP production in general, is that the price of 
the final product is governed to a large extent by 
the price of the raw materials, notably the molas- 
ses. 

Studies on the bioenergetics of microbial metab- 
olism are important for practical purposes, since 
they indicate the limits to which the cell yield can be 
improved by physiological or genetical manipula- 
tions. It has been shown, for instance, that in me- 
thylotrophic organisms the biochemistry of the as- 
similation route of methanol has a significant effect 
on the cell-yield (Harder & van Dijken 1976; Har- 
der et al. 1981). However, the assimilation pathway 
(s) of more common carbon sources for growth of 
yeasts (like glucose, glycerol, ethanol) are general- 
ly very similar in different yeast species. Therefore, 
the differences in cell yield observed in yeasts can 
generally not be explained by differences in ana- 
bolic pathways. 

In this study the effect of a number of character- 
istics affecting bioenergetics, such as mechanism of 
solute transport, cell composition, and efficiency of 
oxidative phosphorylation, will be discussed on the 
basis of a comparative study on cell yields of two 
industrially important yeasts: Saccharomyces cere- 
visiae ('baker's yeast') and Candida utilis ('fodder 
yeast'). 

Materials and methods 

Organisms and growth conditions 

Saccharomyces cerevisiae CBS 8066 and Candida 
utilis CBS 621 were obtained from the Centraal 
Bureau voor Schimmelcultures, Yeast Division, 
Delft, The Netherlands, and maintained on agar 
slants at 4 ~ C. 

The yeasts were grown in aerobic (60-80% of air 
saturation) carbon-limited chemostat cultures at pH 
5.0 and 30~ in mineral medium as described by 
Postma et al. (1989). Unless mentioned otherwise, 
the dilution rate was 0.10 h -1. The carbon and energy 
source was glucose (5 g.1-1), glycerol (5 g.1-1), etha- 
nol (3.5 g.l-t), or acetic acid (7.5 g.l-t). This result- 
ed in a biomass concentration of approximately 

2.5 g.1-1. In case of growth on ethanol, the reser- 
voir vessel was placed in a refrigerator. In all cases 
ammonium sulphate (5 g-1 -a ) was used as nitrogen 
source. 

Biomass yields were determined in triplicate; the 
variation was less than 3%. Yields were also deter- 
mined with only half the amount of carbon source 
added; no differences were observed as compared 
to the yields with standard amounts, thus confirm- 
ing carbon-limited growth conditions. 

Analytical methods 

Glucose, glycerol and acetate were determined 
with Boehringer test-kits no. 676543, 148270 and 
148261, respectively. Ethanol was assayed colori- 
metrically according to Verduyn et al. (1984). 

Protein content of biomass was assayed with a 
modified biuret method: a 10 ml sample of culture 
fluid (2-3 g.1-1 dry weight) was washed twice with 
distilled water and concentrated twice. The con- 
centrate was boiled in 1 M NaOH (final concentra- 
tion) for 10 min and subsequently cooled on ice. 
CUSO4.5 H20 was added to a final concentration of 
25 mM. After 5 min at room temperature, the mix- 
ture was centrifuged in an Eppendorf table top 
centrifuge (13,000 rpm) for 2 min and the absorb- 
ance of the supernatant was read at 550 nm with a 
spectrophotometer. Variation in duplicate samples 
was less than 5%. 

The carbon, hydrogen and nitrogen contents of 
biomass were determined with an Elemental Ana- 
lyser 240B (Perkin Elmer). Before analysis, fresh 
cell samples were washed twice with distilled water 
and dried at 70 ~ C for 48 h. The elemental composi- 
tion of biomass was calculated from an analysis of 
the contents in carbon, hydrogen and nitrogen. 
Oxygen content was calculated on the assumption 
that C, H, N and O make up 94% of the dry weight 
(including ash; cf. Verduyn et al. 1990a). Oxygen 
consumption and carbon dioxide production were 
determined and calculated according to van Urk et 
al. (1988). 



Calculations of theoretical energy requirements for 
biomass formation 

The calculations on the theoretical Y ~  for aerobic 
growth are similar to those for anaerobic situations 
and have already been described in detail previous- 
ly (Verduyn et al. 1990b). A difference between 
aerobic and anaerobic growth lies in the synthesis 
of lipids. Under anaerobic conditions, it can be 
assumed that all lipid in biomass is formed from 
oleic acid in the medium. For the lipid composition 
under aerobic conditions, a simplification has been 
made according to Bruinenberg et al. (1983), in 
that all lipid is assumed to be in the form of triglyce- 
rides with three long-chain neutral fatty acids; i.e.: 
palmitoleic acid 13.7; linoleic acid 5.5; oleic acid 
8.2; and glycerol 9 mmol-100g cells -I. Actually 
most lipid in chemostat-grown yeasts consists of 
phospholipids with a polar head (like phosphatidyl 
choline) and fatty acyl residues that are unsaturat- 
ed to a large extent. However, the fatty acyl resid- 
ues make up the major weight fraction of phospho- 
lipids. This simplification does not significantly af- 
fect calculations on the overall energetics of bio- 
mass formation. Fatty acid synthesis cannot proceed 
directly from mitochondrial acetyl-CoA, since this 
compound cannot cross the mitochondrial mem- 
brane to the cytosol, where the actual fatty acid 
synthesis takes place. Instead, acetyl-CoA first has 
to be converted into citrate, which then crosses the 
membrane and is split into acetyl-CoA and ox- 
aloacetate (OAA) by ATP-dependent citrate lyase 
(E.C.4.1.3.8.); this requires a net input of 1 ATP 
per acetyl-CoA synthesized (Evans et al. 1983). 
OAA may then re-enter the mitochondrion where 
it can be used to form another citrate with a new 
acetyl-CoA. An average fat content of approxi- 
mately 7% for non-oleaginous yeasts as reported 
by Oura (1972) has been used. 

The biosynthesis and composition of the other 
main cell components, i.e. protein, carbohydrate, 
and RNA (assumed to be 7% of dry weight at D = 
0.10h-'), as well as the transport costs of nutrients 
other than the carbon sources, have been discussed 
elsewhere (Verduyn et al. 1990b). 
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Results and discussion 

A comparison between theoretical and experimen- 
tal growth yields is complicated by the fact that 
growth yields in aerobic organisms depend on both 
the energy requirement for biosynthesis (YATP) and 
the ATP yield of respiration (P/O-ratio), according 
to the equation: 

YAVr' ---- Yo'(P/O) -1. 

This equation represents the most simple case of a 
substrate for which the dissimilation does not yield 
ATP by substrate phosphorylation, as is the case 
for methanol. 

However, neither the YATP not the P/O-ratio can 
be determined independently of each other in aero- 
bic cultures. In the case of fermentable substrates, 
this problem can be circumvented by determining 
YATP anaerobically in continuous culture and using 
this value for the aerobic situation to calculate the 
P/O-ratio. 

ATP requirement for anaerobic chemostat growth 
of S. cerevisiae on glucose 

Estimates of YATP in anaerobic S. cerevisiae cultur- 
es average 10.5-11 g biomass.mol ATP formed -I 
(Bauchop & Elsden 1960; Korman~hikov~i et al. 
1969). However, these results were obtained from 
batch cultures, in which the YATP strongly depends 
on the time of harvesting as shown by Haukeli & 
Lie (1971). These authors observed a continuous 
decrease in YATP of various yeast strains as a func- 
tion of the number of generations. Although no 
explanation has been offered for this phenomenon, 
it could point to a medium limitation. Reliable data 
can only be obtained under energy limitation in 
sugar-limited chemostat cultures, that is when it 
can be shown that the biomass concentration in the 
culture is linearly proportional to the amount of 
carbon- and -energy source provided. From analyt- 
ical data on anaerobic growth of S. cerevisiae H1022 
in chemostat cultures by Schatzmann (1975), a YAXP 
of approximately 16.5 can be calculated at a dilution 
rate of 0.10h -1. Indeed, a value of 15.8 _+ 0.6 has 
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been reported for this strain (Verduyn et al. 1990b). 
A YATP of 14.0 + 0.5 was found for S. cerevisiae 
CBS 8066, which had a slightly higher protein con- 
tent. However, this latter strain produced acetate 
and it was calculated that YATP corrected for un- 
coupling by acetate was approximately 15 + 0.5 g 
biomass.mol ATP -1. The 'true' YATP (i.e. without 
uncoupling by acetic acid) thus appears very similar 
for both strains and is assumed to be 16 g biomass- 
�9 mol ATP formed -1 at a dilution rate of 0.10h -1 
(Verduyn et al. 1990b). 

If the maintenance energy (Pirt 1965) is known, 
the experimental Y~,~, can be calculated according 
to:  

observed (YATP) -1= mATP'//ZI+ 
experimental (y~,~)-l. 

However, as discussed previously (Verduyn et al. 
1990b), the correction of YAW for maintenance has 
only a small effect on the final value. It was shown 
that the actual maintenance could not be deter- 
mined accurately during growth on glucose, due to 
the fact that the biomass composition of S. cere- 
visiae CBS 8066 changes with the dilution rate un- 
der anaerobic conditions (Verduyn et al. 1990a). 
Such a change in biomass composition also occurs 
under aerobic conditions (Fiechter &von  Meyen- 
burg 1969; Furakawa et al. 1983; Verduyn, results 
not published). From the results presented for aer- 
obic chemostat growth of S. cerevisiae 8066 it is 
obvious that, even down to a dilution rate of 0.05 h -~, 
the effect of maintenance cannot be observed 
either (Postma et al. 1989). According to values 
reported in the literature, the maintenance of 
yeasts is small as compared to that in most bacteria. 
Hence, the influence of the maintenance on bio- 
energetics of yeasts appears to be small as already 
discussed by various authors (Lagunas & Ruiz 
1988; Roels 1983). In this study the effect of main- 
tenance will consequently be neglected. 

Theoretical analysis of biomass formation from 
glucose 

The theoretical energy requirement for the forma- 

tion of 100 g of S. cerevisiae CBS 8066 during anaer- 
obic glucose-limited chemostat growth has been 
calculated as 28.3 g biomass.mol ATP -1 at a dilu- 
tion rate of 0.10h -1 (Verduyn et al. 1990b). This 
value is much higher than the experimental value of 
16 (see previous section). Therefore, either more 
ATP is required for the synthesis of certain cell 
components, or part of the ATP produced during 
dissimilation is expended in processes that do not 
lead to biomass formation. This is sometimes in- 
dicated as 'uncoupling between energy generation 
and biomass formation'. Little progress has been 
made in identifying the nature of this uncoupling, 
although a number of processes which could con- 
tribute have been proposed (Lagunas 1976; Lagu- 
n a s &  Ruiz 1988; Stouthamer 1979; Tempest & 
Neijssel (1984). However, since there is insufficient 
information so far about the magnitudes or relative 
contribution of any of these factors (including 
amongst others futile cycles and permeability of 
membranes to protons) this will not further be 
discussed here. 

Experimental analysis of growth yields of yeasts in 
aerobic carbon- and energy-limited chemostat 
cultures 

It is evident from previous calculations on bio- 
energetics (e.g. Babel & Mtiller 1985; Stouthamer 
1973; Verduyn et al. 1990b) that the polymer com- 
position has a major impact on the theoretical ener- 
gy requirement for cellgrowth. During growth on 
glucose, the polymerization of amino acids as well 
as the transport of various nutrients represent a 
large fraction of the total calculated ATP require- 
ment. Hence it is important to include the polymer 
composition in theoretical considerations on bio- 
energetics. Since a survey of literature data in- 
dicates that, on an average, the RNA- and lipid 
contents of yeasts grown in continuous culture are 
virtually similar (cf. Verduyn et al. 1990b for refer- 
ences), only the actual protein content has been 
measured in this study. Furthermore, small varia- 
tions in RNA and lipids hardly influence the final 
ATP requirement. An additional reason to mea- 
sure the protein content is that literature data in- 
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dicate large differences in the protein content of 
various yeasts; even during chemostat growth of 
various C. utilis strains under supposedly carbon- 
limited conditions, protein contents reported var- 
ied from 34% (Brown & Rose 1969) to 56% (Shul- 
go'vskaya et al. 1988). 

We have determined the cell yields for S. cere- 
visiae and C. utilis during carbon-limited chemostat 
growth at a dilution rate of 0.10 h -~ for a number of 
carbon sources (Table 1). In addition, the protein 
and nitrogen-contents were also determined. A 
constant ration of 5.4 + 0.2 was observed between 
the contents of protein and nitrogen (Table 1). It is 
evident that the yield on some carbon sources (e.g. 
ethanol) can be quite different for both yeasts. 
Nevertheless, as far as is known, their assimilation 
routes are the same. It must be concluded that 
other factors determine the differences in cell 
yield, for instance the efficiency of respiration. The 
reverse is not true: similar yields (as during growth 
on glucose; Table 1) does not mean that the effi- 
ciencies of respiration are also similar. It is well 
known that S. cerevisiae lacks site I (Ohnishi 1973), 
whereas this is present in C. utilis (Aiking et al. 
1977; Light & Garland 1971). 

overall theoretical energy requirement for C. utilis 
is considerably higher than for S. cerevisiae. This is 
due to the fact that the protein content of C. utilis is 
25% higher than that of S. cerevisiae (Table 1), and 
as a consequence more energy is required in the 
synthesis, and especially in the polymerization, of 
amino acids. In addition, the higher protein con- 
tent also necessitates an increased ammonium up- 
take, which is an energy-requiring process. The 
most significant difference, however, lies in the fact 
that, in contrast to S.cerevisiae which takes up glu- 
cose by facilitated diffusion (Lang & Cirillo 1987; 
Romano 1982), C. utilis exhibits active transport of 
glucose (Eddy & Hopkins 1985; Peinado et al. 
1989; Postma et al. 1988). Therefore, with an H+/ 
ATP stoichiometry of the plasma membrane AT- 
Pase of 1 (Malpartida & Serrano 1981; Nelson & 
Taiz 1989; Perlin et al. 1986), and a H+/sugar stoi- 
chiometry of 1 (Peinado et al. 1989), the transport 
on one mol of glucose requires 1 mol ATP. 

Thus, despite the same yield on glucose (Table 
1), the energy requirements for the formation of a 
given amount of biomass are quite different for 
both yeasts (Table 2). 

Theoretical comparison of  the energy requirements 
for aerobic glucose-limited growth of  S. cerevisiae 
and C. utilis 

The calculated ATP requirement for the formation 
of biomass during aerobic growth on glucose of S. 
cerevisiae and C. utilis is shown in Table 2. The 

Calculation of P/O-ratios for growth on glucose 

Previously, several methods have been used to cal- 
culate the effective (in vivo) P/O-ratio in micro- 
organisms. The method developed by von Meyen- 
burg (1969) involved the construction of gas bal- 
ances for S. cerevisiae at a number of different 
dilution rates, both in the fully respiratory range of 

Table 1. Cell yields (g biomass.g carbon source-i), and contents of protein and nitrogen (expressed as % of dry weight) of S. cerevisiae 
CBS 8066 and C. utilis CBS 621 grown in carbon-limited chemostat cultures at a dilution rate of 0,10h -1. 

Organism C-source Yield Protein Nitrogen Protein/nitrogen 

S. cerevisiae Glucose 0.51 42 7.6 5.5 
Glycerol no growth 
Ethanol 0.61 46 8.6 5.4 
Acetic acid 0.29 47 8.9 5.3 

C. utilis Glucose 0.51 52 9,8 5.3 
Glycerol 0.58 52 9.7 5.4 
Ethanol 0.69 52 9.8 5.3 
Acetic acid 0.39 53 9.7 5.5 
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growth rates, and in the range where fermentation 
and respiration coexist. He assumed that YATP 
should be constant at all growth rates and that only 
for one value of P/O this condition could be ful- 
filled. Indeed this seemed the case at a P/O of 
approximately 1. Unfortunately, later research in- 
to the physiology of S. cerevisiae at different dilu- 
tion rates has shown that the original gas data ob- 
tained by von Meyenburg only represent 'transient' 
states (Barford & Hall 1979; Rieger et al. 1983). 
Furthermore, it is highly unlikely that YA'r• is con- 
stant at all growth rates, since it is well known that 
the protein content of S. cerevisiae increases signif- 
icantly with increasing growth rate (Furukawa et 
al. 1983; Verduyn et al. 1990a; Fiechter & v o n  
Meyenburg 1969), both under anaerobic and aero- 
bic conditions. Therefore a decrease in YATP is ex- 
pected with increasing growth rate (cf. Table 2). 
This has indeed been confirmed: in anaerobic glu- 
cose-limited chemostat cultures of S. cerevisiae, 
YAav decreases with increasing growth rate (Ver- 
duyn et al. 1990b). 

Harder & van Dijken (1976) introduced the so- 
called 'coupling factor' (k) which was based upon 
the observation that, for growth on glucose, the 
observed and theoretical values for Y~,~, differed 
by about a factor of two: the average experimental 
Y~,~ (which has mainly been determined for bacte- 
ria) is 12-16g biomass-mol ATP formed -~ (van 
Gent-Ruyters et al. 1975; Stouthamer & Betten- 
haussen 1975) and the theoretical value for a 'typ- 
ical' bacterium is approximately 28 as calculated by 
Stouthamer (1973). Therefore the equation 

(YATP) -1 = me'/& -1 -1- r,b"~,XATP//Vmax~-I 

was introduced (k = 14/28 = 0.5). This equation 
was subsequently used to calculate YATP for other 
substrates than glucose (Babel & Miiller 1985; 
Dijkhuizen et al. 1977). In effect the use of a cou- 
pling factor means that a fraction of all ATP pro- 
duced in the dissimilation (including that formed 
by substrate phosphorylation) is subsequently lost 
in an unidentified manner. There is a peculiar in- 
consistency in the use of this k-factor: ATP formed 
by substrate phosphorylation in anabolic processes 
is supposed to be used stoichiometrically (no k- 

factor is applied), whereas ATP formed during ca- 
tabolism is not (a k-factor is applied). 

Finally, a third method has been proposed by 
Harder et al. (1981). This method is based on the 
assumption that the effective P/O is much lower 
than the mechanistic value, because of a poor cou- 
pling between respiration and ATP formation, i.e. 
a poor efficiency of energy generation. Calcula- 
tions were then performed with a P/O which was 
50% of the assumed mechanistic P/O-ratio (maxi- 
mal value with full coupling), which at that time 
was assumed to be 2 and 3 for two or three sites, 
respectively. This method can be represented by 
the equation (m, has been omitted): 

(YATP) -1= Yo.(k.mechanistic P/O) -1 

A considerable number of theoretical studies have 
been published on this subject (e.g. Gunter & Jen- 
sen 1986; Roels 1983; Stucki 1980). The general 
conclusion from these studies is that the effective 
P/O-ratio will be considerably lower than the 
mechanistic value. There is no agreement, how- 
ever, on the efficiency of energy generation in vivo, 
various estimates of an effective P/O-ratio ranging 
between 50% and 80% of the mechanistic value 

Table 2. Calculation of the theoretical Y~-~ for S. cerevisiae and 
C. utilis during aerobic glucose-limited chemostat growth at a 
dilution rate of 0.10 h -1. 

S. cerevisiae C.utilis 

Amino acid synthesis 162 
polymerization 1587 

Carbohydrate synthesis 482 
Lipid synthesis 179 
RNA synthesis 135 

polymerization 47 
Turnover of m-RNA 71 
NADPH generation 77 
Transport: Glucose 0 

Ammonium 580 
Potassium and 240 
phosphorus 

200 
1960 
358 
179 
135 
47 
71 
88 

822 
700 
240 

Total 3560 4800 
r a a  x Theoretical YATP 28.1 20.8 

Data are expressed as mmol ATP.100g biomass -1. 



(Harder et al. 1981; Roels 1983; Stucki 1980). Un- 
fortunately, mechanistic P/O-ratios are still used in 
many calculations on bioenergetics, and this conse- 
quently leads to low YAxp-values. No doubt, part of 
the confusion arises from the fact that the use of a 
P/O-ratio of 1.8-2.0 leads to a YATP of approximate- 
ly 10-11 g biomass.mol ATP -1, which is generally 
believed to be the correct value for anaerobic 
growth of yeasts on glucose, even though higher 
values have been reported (see Haukelie & Lie 
1971 for references). 

At this point a different approach should be con- 
sidered, which has not been reported in the litera- 
ture so far. The difference between the theoretical 
and the experimetal ATP requirements might be an 
approximately constant (fixed) amount of ATP, 
independent of the carbon source employed. It is 
obvious that the knowledge of cellular processes is 
still far from complete.Therefore, theoretical cal- 
culations on Y~-~ do not cover all cellular processes 
which require an input of energy. In this respect 
one can think of intracellular transport both of 
metabolites and of proteins (across vacuolar and 
mitochondrial membranes, for instance), and of 
proofreading in protein synthesis. At least part of 
the gap between the theoretical and experimental 
ATP requirements might be due to such processes. 

In our study, the relation between the P/O-ratio 
and the cell yield is calculated basically according 
to van Dijken & Harder (1975). This involves cal- 
culation, for assumed values of the P/O-ratio, of 
the amount of glucose to be dissimilated for the 
energy production, starting from a given YATP (as 
determined for anaerobic growth). This amount is 
then added to the amount required for biosynthetic 
purposes as obtained from an assimilation equa- 
tion. The yield can then be calculated. The reduc- 
ing equivalents required for ATP production orig- 
inate from two sources: Firstly, a net production of 
NADH and/or FADH is obtained in the overall 
anabolic reactions of most carbon sources com- 
monly employed for yeast growth (Bruinenberg et 
al. 1983; Gommers et al. 1988). The assimilation 
equation for the production of 100 g biomass of S. 
cerevisiae 8066, including glucose required for the 
formation of NADPH (as calculated according to 
Verduyn et al. 1990a), is given by: 
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775 C6H120 6 + 540 NH3---~ 
1000 C3,75H6.602.18N0.54 (100 g biomass) + 
902 CO: + 1426 NADH + 735 H20 (1) 

The surplus of reducing equivalents produced dur- 
ing anabolic reactions may be oxidized to provide 
energy. However, this yields insufficient energy to 
cover the requirements for biomass formation. 

Secondly, reducing equivalents are provided by 
dissimilation. For example, with a YATP of 16, 6250 
mmol ATP are required for the formation of 100 g 
biomass. During anabolic reactions 1426 mmol 
NADH are produced (Equation 1). With a (cho- 
sen) effective P/O-ratio of 1.0, this would yield 
1426 mmol ATP, so still 4824 mmol ATP must be 
obtained via dissimilation of glucose. One mmol of 
glucose yields 16 ATP (including 4 by substrate 
phosphorylation). Hence the amount of glucose 
required is 4824/16 = 302 mmol, and this has to be 
added to the amount required for anabolic reac- 
tions as given in the assimilation equation. Thus, 
overall 1077 mmol glucose (or 194 g) is required for 
the formation of 100 g biomass. The yield will then 
be 100/194= 0.52g biomass.g glucose -1. In this 
way the cell yield has been calculated as a function 
of the P/O-ratio (Fig. 1). The experimental yield 
was 0.51 g cells.g glucose -1 (Table 1), correspond- 
ing to an effective P/O-ratio of approximately 0.95 
(Fig. 1). 

Similar calculations for C. utilis are complicated 
by the fact that anaerobic growth of this yeast is 
either not observed (van Dijken & Scheffers 1986), 
or only occurs at extremely low growth rates (Hau- 
keli & Lie 1971). Therefore, YATP cannot be accu- 
rately determined experimentally for C. utilis. It is, 
however, possible to calculate the experimental 
YATP on the basis of a 'k'-factor. Alternatively, as 
discussed above, it can be assumed that there is a 
fixed difference between theoretical and experi- 
mental ATP-requirements. The value of 0.5 for k as 
originally used by Harder & van Dijken (1976) has 
been modified to 0.57. This value is obtained by 
dividing the experimental YA~ of approximately 16 
(obtained from anaerobic glucose-limited chemo- 
stat experiments with S. cerevisiae at a dilution rate 
of 0.10 h -1, Verduyn et al. 1990b) by the theoretical 
Y~-~, of approximately 28 (Table 2). With these 
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Fig. 1. Calculated cell yield (g biomass-g glucose -t) as a function 
of the P/O-ratio for S. cerevisiae (El) and C. utilis (IlL assuming 
a fixed difference between the theoretical and the experimental 
ATP requirements of 2700 ATP.100g biomass -1. The dashed 
lined indicate the observed growth yields in carbon-limited che- 
mostat culture at D = 0.10h -1, and the corresponding P/O- 
ratio. 

values of 16 and 28, the difference is 2700 ATP.100 g 
biomass -1. The calculations for the relation be- 
tween the cell yield and the P/O-ratio for C. utilis 
will be based on the latter data. Thus, the energy 
requirement for the formation of 100 g biomass is 
assumed to be the theoretical amount of 4800 (Ta- 
ble 2) + 2700 = 7500 ATP.100 g biomass -1 (a YATP 
of 13.3). If the k-factor had been chosen, the final 
result would have been lower: 0.57 x 20.8 --- 11.9). 
The calculations are basically similar to those for S. 
cerevisiae, but it should be kept in mind that trans- 
port of each molecule of glucose in C. utilis requires 
1 ATPeq., i.e. with a P/O-ratio of 1.0 only 15 rather 
than 16 mmol ATP will be formed per mmol glu- 
cose dissimilated. The assimilation equation for C. 
utilis can be represented by: 

821 C6H120 6 + 700 NH3---* 
1000 C3.9H6.601.93N0.70 + 1026 CO2 + 
1038 H20 + 1638 NADH (2) 

With the yield of 0.51 g biomass, g glucose- 1 (Table 
1), the effective P/O-ratio is approximately 1.4 
(Fig. 1). With a Y ATP of 1t.9 obtained via the 

application of a k-factor, the effective P/O-ratio 
would be about 1.6. 

Growth yields on two-carbon compounds 

Many studies on the bioenergetics of microorgan- 
isms have focussed on growth on methanol, due to 
the potential use of this cheap raw material as a 
carbon source for the production of single-cell pro- 
tein. Little attention has been paid to other carbon 
sources, in particular those requiring gluconeoge- 
nesis. Nevertheless, growth on, for instance, etha- 
nol or acetate is interesting, since it follows quite 
different pathways from those of glucose. It may 
therefore provide an 'independent' assessment of, 
for instance, the applicability of a coupling factor. 
Pathways for growth of yeasts on ethanol and ace- 
tate are very similar, as ethanol is converted into 
acetate via NAD-alcoholdehydrogenase and NAD 
(P)-acetaldehyde dehydrogenases. 

The assimilation of ethanol for S. cerevisiae can 
be described by: 

2584 
1000 
1100 

C2I-I60 + 610 NH3 + 1672 H20) 
C4H6.5Ol.94N0.61 + 1168 C O  2 Jt- 

FADH + 5989 NADH (3) 

and for C. utilis: 

2544 
1000 
1108 

C2H60 + 700 N H  3 + 1606 H 2 0  

C3.9H6.501.93N0.70 + 1188 CO2 + 
FADH + 5880 NADH (4) 

In these calculations it is assumed that NADPH is 
provided via NADP-acetaldehyde reductase, 
which is present at high activities during growth of 
yeasts on ethanol (Bruinenberg et al. 1983) so that 
involvement of the hexose monophosphate path- 
way for the production of NADPH is not required. 
It is furthermore assumed that NADPH-produc- 
tion via this route is exactly balanced with con- 
sumption, i.e. that the fraction of ethanol oxidized 
via the NADP-dependent enzyme exactly covers 
the need for NADPH, while the remainder of the 
ethanol is oxidized via NAD-acetaldehyde dehy- 
drogenase. With Equations 3 and 4, the relation 



between the P/O-ratio and the cell yield can now be 
determined. This has been done for two estimates 
of the experimental Y~ , :  
- assuming a 'k'-factor of 0.57, and 
- assuming a fixed difference of 2700 mmol 

ATP.100g biomass -1 between the theoretical 
and the experimental ATP requirements. 

The theoretical Y~,~ is similar for both yeasts and 
has a value of 9.5 g biomass.mol ATP -1 (Table 3). 
This value is much lower than that found for glu- 
cose, which is due to the high energy requirements 
for activation of acetate (net input of 2 ATP) and 
the high ATP-requirement for gluconeogenesis. 
With an experimental yield of 0.61 g biomass.g eth- 
anol -1 for S. cerevisiae (Table 1) the values for the 
effective P/O are 1.5 (with k-factor) and 1.0 (with 
fixed difference), respectively (Fig. 2). Thus, with 
low Y~[-values, taking either a fraction or a fixed 
difference of the theoretical value gives quite dif- 
ferent results for the actual P/O-ratio. The same 
conclusion can be drawn for C. utilis (yield 0.69 g 
biomass.g ethanol -1, Table 1) with effective P/O- 
values of 1.8 and 1.3, respectively (Fig. 2). 

A comparison of Figs 1 and 2 shows that growth 
on ethanol reaches a maximal yield which becomes 
independent of the P/O-ratio, whereas the yield for 

Table 3. Energy requirements for the formation of 100 g biomass 
from ethanol and acetate (assuming passive uptake) for S, cere- 
visiae and C. utilis. 

S. cerevisiae C. utilis 

Amino acid synthesis 3772 
polymerization 1734 

Carbohydrate synthesis 3135 
Lipid synthesis 651 
RNA-synthesis and 
polymerization 341 
Turnover of m-RNA 71 
NADPH generation 0 
Transport: Carbon source 0 

Ammonium 620 
Potassium and 240 
phosphorus 

4264 
1960 
2329 

651 

341 
71 
0 
0 

700 
240 

Total 10564 10556 
m a x  Theoretical YArP 9.5 9.5 

Data are expressed as mmol ATP-100g biomass -1. 
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Fig. 2. Calculated cell yield (g biomass.g ethanol -L) as a func- 
tion of the P/O-ratio for both S. cerevisiae and C. utilis, assum- 
ing that the difference between the theoretical and experimental 
YAar is given by a k-factor of 0.57 (D) or by a fixed difference of 
2700 ATP-100 g biomass -1 (11). The dashed line shows the ob- 
served cell yield of C. utilis and the corresponding P/O-ratios. 

growth on glucose continues to increase with the 
P/O-ratio. The maximal attainable yield for growth 
on ethanol can be calculated from Equation 3 or 4 
and is 1000/(46. 2.584)= 0.84g biomass.g etha- 
nol -1. At this point, growth becomes carbon- rath- 
er than energy-limited. In contrast, growth on glu- 
cose (maximal attainable yield 0.68-0.72g bio- 
mass.g glucose -1, equations 1 and 2) would still be 
energy-limited even if an effective P/O-ratio as 
high as 3.0 would be possible (Fig. 1). 

For growth on acetate, the theoretical Y~,~ cal- 
culated for growth on ethanol can be used (Table 
3). In all previous bioenergetic studies on growth 
on acetate, transport of acetate is regarded as an 
active, i.e. energy-requiring process. However, it 
should be realized that the proton taken up togeth- 
er with the acetate anion is subsequently used in 
metabolism. Therefore acetate transport should be 
treated as a passive (or facilitated) transport pro- 
cess. The effective P/O-ratios calculated for growth 
on acetate are 2.3 and 1.7 for C. utilis (k-factor and 
fixed difference, respectively) and 1.6 and 1.15 for 
S. cerevisiae. 
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Compartmentation and P/O-ratio 

In the calculation of the P/O-ratios as described 
above, the effective in vivo value has been ob- 
tained, irrespective of the nature of the reducing 
equivalents; i.e. the total amount of ATP required 
(corrected for substrate level phosphorylation) is 
divided by the total amount of reducing equiv- 
alents. It seems likely that the P/O-ratio is influen- 
ced by the relative fraction of mitochondrial versus 
cytosolic reducing equivalents. Unlike mammalian 
mitochondria, mitochondria from yeasts and plants 
can oxidize exogenously produced (i.e. cytosolic) 
reducing equivalents, in addition to the normal 
intramitochondrial oxidation (MOiler & Palmer 
1981; Schuurmans Stekhoven 1966). Reducing 
equivalents are unable to cross the mitochondrial 
membrane, however (von Jagow & Klingenberg 
1970), and thus remain strictly separated, unless 
some form of shuttle operates. S. cerevisiae lacks 
energy conservation at site I (Ohnishi 1973) and 
hence possesses a virtually symmetrical electron 
transport chain. Therefore, it appears likely that 
the P/O-ratio of S. cerevisiae will not vary much for 
different substrates, since the localization or the 
nature of the reducing equivalents (FADH or 
NADH) plays a minor role. For C. utilis, the sit- 
uation is more complex, since in this organism ox- 
idation of mitochondrial (but not cytosolic) NADH 
is coupled to the generation of energy at site I, as in 
mammals. Furthermore, mitochondrial NADH 
passes through one more energy-generating site 
(i.e. site I) than FADH. 

With recent data on maximal P/O-ratios, ob- 
tained from studies with isolated (mainly mamma- 
lian) mitochondria, it is possible to calculate the 
mechanistic P/O-ratios for growth of S. cerevisiae 
and C. utilis on various carbon sources. It should be 
stressed that the values thus obtained have no di- 
rect meaning for the in vivo situation, due to the 
incomplete coupling of respiration and ATP gener- 
ation as discussed above. However, such calcula- 
tions will indicate to what extent the P/O-ratio may 
vary during growth on different substrates. Fur- 
thermore they will give an indication of the theoret- 
ical energy gain of an organism with three instead 
of two sites. A general overview of some recently 

reported values for the P/2e ratios (ATP generated 
per passage of 2 electrons) for the various sites, as 
well as the overall maximal P/O-ratio is presented 
in Table 4. The P/2e data for sites I and II average 
1.0 and 0.5, respectively. Some variation is found 
for site III (the cytochrome c oxidase). It has been 
suggested that the stoichiometry of site III is in- 
trinsically variable, and that the number of protons 
translocated per 2 electrons is high at very low 
values of the proton-motive force (Murphy & 
Brand 1988). The data in Table 4 depend on some 
assumptions regarding net H+/ATP-stoichiometry 
of the mitochondrial ATPase, which is assumed to 
be 3, similar to the value for the bacterial enzyme 
(Kashket 1982). However, a further proton is re- 
quired for the uptake of inorganic phosphate into 
the mitochondrion, so that the effective H+/ATP 
ratio is 4 for the mitochondrial enzyme (see Beavis 
1987a for references). Data for P/O-ratios recently 
obtained with yeast mitochondria (Ouhabi et al. 
1989) are in good agreement with the values for 
mammalian mitochondria. With these data, the 
mechanistic P/O-ratio for growth on glucose may 
be calculated. For these calculations the most com- 
monly shown P/2e data for the three sites have been 
taken, i.e. the P/2e ratios are assumed to be 1, 0.5 
and 1 for sites I, II and III, respectively. Thus the 
maximal P/O-ratio for oxidation of mitochondrial 
NADH is 2.5 (with three sites) and 1.5 for FADH, 
cytoplasmic NADH and mitochondrial NADH (in 
case only two sites are operative). In the case of C. 
utilis it is necessary to establish the localization of 
all reducing equivalents used in catabolic reactions. 
For reducing equivalents originating from anabolic 
reactions, a simplification has been made in that 
the amino acid biosynthesis, as starting from cen- 
tral mitochondrial metabolic precursors (KG, 
OAA), is assumed to be cytosolic. The localization 
of other reducing equivalents is mostly known. The 
total calculated number of reducing equivalents is 
virtually similar for both yeasts (Table 5). The 
overall mechanistic P/O-ratios for S. cerevisiae and 
C. utilis are 1.5 and 2.0, respectively (Table 5). 
Similar calculations for growth on ethanol are com- 
plicated by the fact that in yeasts several isoen- 
zymes may occur of the first two enzymes involved 
in the metabolism of ethanol, alcohol dehydroge- 
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Table 4. General overview of some recently reported values of ATP/2e for the various sites, and mechanistic P/O-ratio for isolated 
mitochondria. 

ATP/2e Mechanistic P/O References 

Site I II III succinate-O2 NADH-O2 

Rat liver mitochondria 
1.0 0.5 1.0 1.5 2.5 

1.0 0.5 1.25 1.75 2.75 

S. cerevisiae mitochondria 
nd nd nd 1.5" 1.5" 

Wikstr6m (1984) 
Mitchell et al. (1986) 
Brown & Brand (1988) 
Beavis (1987a, b) 

Ouhabi et al. (1989) 

* For mitochondrial NADH (oxidation of ethanol). 
nd : not determined. 

nases and acetaldehyde dehydrogenases. Alcohol 
dehydrogenases are found in the cytosol (at least 
two forms) and in the mitochondria (Branden et al. 
1975; Fraenkel 1982).Acetaldehyde dehydroge- 
nases are also found in both mitochondria and cyto- 
sol (Jacobson & Bernofsky 1974; Llorente & Nti- 
fiez de Castro 1977). Indeed, even mitochondria 
isolated from glucose-limited chemostat cultures of 
S. cerevisiae grown at a low dilution rate oxidize 
both ethanol and acetaldehyde (van Urk et al. 
1989). Furthermore, the next enzyme (acetyl-CoA 
synthetase, E.C. 6.2.1.1), which activates acetate, 
is generally thought to be mitochondrial (Satyan- 
arayana & Klein 1976), but has also been partially 
recovered in the microsomal fraction under certain 
cultivation conditions (Klein & Jahnke 1971). 
However, the variation in the mechanistic P/O- 
ratio can be calculated for two extreme cases. In 

the first case, both alcohol dehydrogenase and ace- 
taldehyde dehydrogenase are taken as mitochon- 
drial, and in the second case both are assumed to be 
cytosolic. Acetyl-CoA synthetase is assumed to be 
mitochondrial in both cases. Since a major part of 
the total number of reducing equivalents is formed 
in the conversion of ethanol to acetic acid, these 
two cases result in a large difference in the fraction 
of mitochondrial NADH: for C. utilis 77% and 
28% of the total number of reducing equivalents, 
respectively. Nevertheless, the calculated mecha- 
nistic P/O-ratio differs by less than 30%: 2.3 and 
1.8, respectively (calculations not shown). For S. 
cerevisiae a value of 1.5 is calculated. For acetate, 
the mechanistic P/O-ratios for C. utilis and S. cere- 
visiae are calculated to be 2.1 and 1.5, respectively. 
The data on effective and mechanistic P/O-ratios 
have been summarized in Table 6. 

Table 5. Amount (mmoH00g biomass -~) and localization (% 
of total in parentheses) of reducing equivalents used in dissimi- 
lation, and overall calculated mechanistic P/O-ratio for aerobic 
glucose-limited chemostat growth of S. cerevisiae and C. utilis 
(D=  0.10h-~). 

S. cerevisiae C. utilis 

Mitochondrial FADH 627 (12%) 536 (11%) 
NADH 2888 (56%) 2559 (53%) 

Cytosolic NADH 1673 (32%) 1769 (36%) 
Total reducing equivalents 5188 4864 
Mechanistic P/O-ratio 1.5 2.0 

Concluding remarks 

From the theoretical calculations on the mecha- 
nistic P/O-ratio shown above, it can be concluded 
that the mechanistic P/O-ratio is only affected to a 
small extent by the localization of the reducing 
equivalents used for dissimilatory purposes. This 
suggests that the P/O-ratio is largely independent 
of the carbon source (Table 6). Furthermore the 
calculations show that the mechanistic P/O-ratio in 
C. utilis is 30--50% higher than in S. cerevisiae 
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(Table 6). These values can be compared to effec- 
tive P/O-ratios as calculated from an experimental 
YATP, which is estimated from a theoretical value by 
taking either a fixed fraction of this value (the 
k-factor) or adding a fixed amount of ATP to the 
theoretical requirement. Only in the latter case, an 
approximately constant P/O-ratio is calculated, al- 
though all values for growth on acetic acid are 
significantly higher (Table 6). In the case of the use 
of a k-factor, very large differences in the effective 
P/O-ratio are calculated for different carbon sour- 
ces, for instance 70% in the case of growth of S. 
cerevisiae on glucose and acetate (Table 6). In fact 
the values then become equal to the mechanistic 
P/O-ratio. However, it can be shown experimental- 
ly that the P/O-ratio of C. utilis is indeed higher 
than for S. cerevisiae: this is evident from the fact 
that the yield of C. utilis on ethanol and acetate is 
significantly higher than for S. cerevisiae (Table 1), 
despite the fact that the theoretical YATP for growth 
of both yeasts on these carbon sources is similar 
(Table 3). During growth on glucose, the higher 
P/O-ratio of C. utilis is masked by a lower Y ~  due 
to the high protein content and the presence of an 
active transport system for glucose (Table 2). This 
results in the same yield as for S. cerevisiae (Table 
1). Summarizing, the data presented here suggest 
that the gap between theoretical and experimental 
YATP could be an approximately fixed amount of 
ATP. 

The various methods to calculate YATP o r  P/O- 

ratios all have their specific drawbacks. The data 
on theoretical Y~[-values (Tables 2, 3) are prob- 
ably premature and incomplete. Nevertheless, 
they show that, for instance, the energy investment 
for synthesis of amino acids from ethanol is an 
order of magnitude higher than that for glucose 
(Tables 2, 3). Transport of metabolites across the 
plasma membrane of C. utilis makes up a signif- 
icant fraction of the theoretical Y~,~ on glucose 
(Table 2).However, with respect to transport pro- 
cesses it should be kept in mind that eukaryotes 
have a high degree of compartmentation. This in 
turn necessitates extensive intracellular transport 
of metabolites and proteins across various mem- 
branes. The only intracellular transport process 
currently taken into account in theoretical studies 
of bioenergetics is that of phosphate required for 
oxidative phosphorylation. A further point which 
is difficult to assess is the actual cost of protein 
synthesis. Presently, a figure of 4 ATP per amino 
acid is used for elongation of a peptide chain. It 
should be realized that this is a minimum figure 
which does not take into account the energy costs 
of addition of incorrect amino acids to the chain or 
subsequent proofreading (cf. Lewin 1985; Stout- 
hamer et al. 1990; Thompson 1988). 

An uncertain factor is the potential role of py- 
rophosphate (PPi) in bioenergetics. It is well 
known that PPi can partly replace ATP in a number 
of bacteria (Gottschalk & Andreesen 1979). More 
recently, it has been shown that many plants con- 

Table 6. Effective P/O-ratios calculated from theoretical Y~,§ for chemostat growth (D = 0.10 h- ' )  of S. cerevisiae and C. utilis 
on various carbon sources, assuming that the difference between the theoretical and the experimental YATP is given by a fixed factor (k = 
0.57) or a fixed difference of 2700 mmol ATP.100 g biomass-1. The calculated mechanistic P/O-ratio is also shown. 

C-source Theor.Y~,]~ Mechanistic P/O k-Factor Fixed difference 

YATI' P/O YATP P/O 

S. cerevisiae 
Glucose 28.1 1.5 16.0 0.95 16.0 0.95 
Ethanol 9.5 1.5 5.4 1.5 7.6 1.0 
Acetic acid 9.5 1.5 5.4 1.6 7.6 1.15 
C. utilis 
Glucose 20.8 2.0 11.9 1.5 13.3 1.4 
Ethanol 9.5 1.8-2.3" 5.4 1.9 7.6 1.3 
Acetic acid 9.5 2.1 5.4 2.1 7.6 1.6 

* Values with alcohol dehydrogenase(s) and acetaldehyde dehydrogenase(s) both cytosolic or both mitochondrial, respectively. 



tain a PPi-phosphofructokinase and that they can 
generate a proton-motive force across vacuolar 
membranes by a PPrdriven proton pump (re- 
viewed by Taiz 1986). If for instance the mitochon- 
drial pyrophosphatase of yeasts would function as a 
proton pump, this could have important implica- 
tions for situations in which large amounts of PPi 
are formed, as occurs during growth on carbon 
sources which are assimilated via acetate. In this 
case the P/O-ratios for growth on ethanol and ace- 
tate as presented in Table 6 would have been over- 
estimated. 

Despite the limited knowledge of some cellular 
processes and the extensive cell compartmentation 
of eukaryotes it appears that facultatively anaero- 
bic yeasts form a good model system for energetical 
studies. Most studies on bioenergetics of microor- 
ganisms have focussed on bacteria. However, bac- 
teria exhibit heterofermentative anaerobic growth, 
which is associated with the production of large 
amounts of acids (e.g. Frankena et al. 1985) or 
homofermentative fermentation of glucose to for 
instance acetic acid (Schwartz & Keller 1982). 
Acids, however, may uncouple energy generation 
from biomass formation (Baronofsky et al. 1984; 
Tuttle & Dugan 1976; Verduyn et al. 1990b), al- 
though this probably depends to a major extent on 
the culture pH. Alternatively, export of acids may 
yield energy under certain conditions, as shown for 
lactate efflux by Streptococcus cremoris (Otto et al. 
1980). In contrast, yeasts only form two main fer- 
mentation products under anaerobic conditions, 
ethanol and glycerol, which are neutral and leave 
the cell by passive diffusion. This simple fermenta- 
tion pattern facilitates the determination of YATP 
under various anaerobic growth conditions in che- 
mostat cultures and reduces the chance of interfe- 
rence by acidic fermentation products. It can then 
be attempted to translate these data to aerobic 
situations. 
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