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Abstract

The importance of the physiological state for the catabolic capacity during carbon- and
energy-starving conditions was studied. Endogenous metabolism was low in cells depleted of
carbon and energy source. This does not necessarily mean that these cells do not have the
capacity for a higher catabolic activity. To measure the catabolic capacity of starved cells,
carbon- and energy-depleted cells were suspended in synthetic fresh water and the respiratory
and fermentative rates were examined after addition of glucose. The catabolic capacity was
studied in cells of different physiological states. Stationary phase cells, which were depleted
of their carbon and energy source for 6 h, showed a lower respiratory capacity, but almost
as high a fermentative capacity as cells originating from the logarithmic phase of growth on
glucose. With extended starvation time of stationary phase cells, the fermentative capacity
decreased, while the respiratory capacity increased. Transition phase cells, characterised by a
metabolic shift from a mixed respiratory-fermentative catabolism to a purely respiratory
catabolism, showed, when newly harvested, a lower fermentative capacity than log phase
cells with a mixed respiratory-fermentative catabolism. However, the fermentative capacity
decreased during starvation of carbon and energy source for log phase cells, whereas
transition phase cells increased the fermentative capacity to the same level as that of newly
harvested log phase cells after 4 days without carbon or energy source.

The addition of glucose to stationary phase cells under non-growth conditions (no
nitrogen source) resulted in ATP production rates of between 50% and almost 100% of the
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ATP produced by newly harvested log phase cells under the same conditions. Much higher
rates of ATP production were attained for these different types of physiological states than
can be explained by maintenance energy requirements. The suggested explanation for this
over-consumption of energy during non-growth conditions in response to energy excess is
metabolic uncoupling. This behaviour is discussed in relation to maintenance energy require-
ments during different environmental conditions.
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1. Introduction

In his classical, mathematical description of bacterial maintenance energy re-
quirements, Pirt [1] divided substrate consumption into the portion used for
growth-associated reactions and the constant portion used for maintenance, which
is growth-rate independent. It was later suggested that the maintenance portion
includes two components one independent and the other dependent on the growth
rate (for a review, see Ref. [2]). However, a unifying mathematical description has
not yet been presented (for a discussion, see Refs. [3] and [4]). This may reflect the
fact that we still need a better understanding of what, precisely, constitutes the
maintenance energy requirements of micro-organisms.

The functions that are generally considered to be included in maintenance energy
requirements are those needed for maintaining cellular homeostasis, such as the
turnover of macromolecular components and the preservation of the intracellular
ionic composition. The maintenance energy demand, however, can be anything
between zero and one hundred per cent of the total metabolic energy turnover,
depending on external circumstances. The minimum maintenance energy demand
during optimal growth is often considered negligible in yeasts (for a discussion, see
for example, Ref. [5]). In contrast, during growth under conditions of extreme
external stress, the maintenance energy requirement may exceed the maximum
amount of energy that can possibly be diverted to maintenance functions. Such a
situation will prevent further growth and may even result in cell death, see, for
example, Ref. [6]. High maintenance energy demands have, for instance, been
demonstrated for yeasts during growth at low extra cellular pH [6,7] and low
osmotic potential [8,9]. During non-growth conditions, the total metabolic energy
flux may be very small compared to growth conditions and may also under such
conditions be completely used for maintenance purposes. However, whether the
metabolic energy flux is largely and solely used for maintenance purposes during
non-growth conditions depends on which nutrient is limiting for growth. The
situation is very different for a culture that is limited by its carbon and energy
source compared to limitations such as nitrogen, sulphur or phosphate. In an
ammonium-starved culture of Saccharomyces cerevisiae, Lagunas and Ruiz [10]
determined the costs of known biosynthetic and maintenance processes to be as
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little as 15% of the total ATP produced. These data point to uncoupling between
anabolism and catabolism during conditions of energy excess compared to other
limiting nutrients, an event that has been reported also to occur during growth of
both bacteria and yeasts [2,11-13]. Why do mico-organisms under these situations
seemingly over-consume energy and, if this is the case, by which mechanism is
energy dissipated in these energy substrate-sufficient cultures where catabolism is
extensively dissociated from anabolism?

The aim of our work is to understand energy metabolic stratgies of yeasts in
response to environmental changes and to be able to differentiate between minimum
energy requests for survival and growth in comparison with situations where the
energy consumption is vastly greater than would be required to meet the cells’
minimum biosynthetic and bioenergetic demands. The present study was performed
to elucidate the importance of the physiological state for the cells response towards
energy or nutrient limitation during non-growth conditions.

2. Material and methods
2.1. Yeast strain, medium and growth conditions

S. cerevisiae (Baker’s yeast strain, Jistbolaget AB, Sweden) was maintained on
YPD agar and cultured during experiments in yeast nitrogen base without ammo-
nium sulphate and amino acids (YNB, Difco) supplemented with 5g1°! (10 g 1-!
in precultures) of glucose. This medium was further supplemented with 5 g 1-!
ammonium sulphate (carbon-starvation experiments) or with 0.3 g 17! ammonium
sulphate where indicated (nitrogen-starvation, experiments). The experiments were
conducted in a 4-1 fermentor (1601 Ultroferm; LKB, Sweden). The working volume
was 3 |. The temperature was 30°C, the stirring rate 300 rpm and the aeration rate
250 1 h~'. The pH was kept constant at 4.5 by automatic addition of 1 M NaOH.
Sampling was performed during three specific physiological states: during logarith-
mic growth on glucose, during the transition phase, and during the stationary
phase. Log and transition phase samples were starved for different periods of time
according to the starvation protocol (see below), before being tested for their
catabolic activity. Stationary phase cells were starved of carbon and energy source
(or nitrogen source, where indicated) in their cultivation medium for different
periods of time and were subsequently tested for their catabolic capacity.

2.2. Microcalorimetry

The heat production rate (dQ/df) was measured with a multichannel
microcalorimeter (Thermal Activity Monitor LKB 2277, Thermometric AB, Jir-
filla, Sweden) equipped with flow-through cells. The effective volume of the
flow-through cell was, with the flow rate used, 0.43 ml. The effective volume was
determined by a chemical calibration using a solution with a known heat prod-
uction [14].
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2.3. Starvation protocol

Cell samples of appropriate volume were washed twice in 0.9% NaCl solution.
The cells were suspended in 30 ml of YNB without amino acids, but supplemented
with ammonium sulphate (5 g 17" at the final concentration of 1 x 10® cells per ml.
The cell suspensions were thereafter carbon and energy starved for different periods
of time on a rotary shaker at 30°C.

2.4. Measurement of catabolic capacity

The cells were harvested by centrifugation and washed twice with L16 (NaHCO,,
84 mg 17! NaNO,, 12.75 mg 1-'; CaCl, - 2H,0, 14.70 mg 1-'; MgSO, - 7H,0,
12.32 mg 1-'; K,HPO,, 1.74 mg 1-'; Na,SiO, - 9H,0, 1.14 mg 1-'). The pellet was
resuspended in L16 and transferred to a 100-ml E-flask which was incubated at
30°C. Glucose (10 g 17'; final concentration) was immediately added and samples
were taken at selected time intervals for determination of ethanol concentrations. In
the experiments presented in Figs. 3-35, below, the cell suspension was connected to
a flow-through cell of the microcalorimeter before addition of glucose (10 g 17/,
final concentration). When a stable heat production rate was obtained, 1 or 10 mM
(final concentration) azide was added in order to inhibit respiration. The difference
in heat production rate before and after azide addition represents respiratory heat
production. The specific oxygen consumption rate can be calculated according to

dO,/dr = (dQ/dr)/AH,, (N

where dO,/dt is the specific oxygen consumption rate (mmol g~' h™"), dQ/d is the
difference in specific heat production rate before and after azide addition (J g
h='y and AH,, is the enthalpy change accompanying consumption of 1 mmol
oxygen (468.9 J mmol ).

When a stable heat signal was obtained after addition of azide, iodoacetic acid
(10 mM, final concentration) was added in order to inhibit glycolysis and thus also
fermentation. The specific ethanol production can be calculated according to Eq.

(2)
dEtOH/dr = (dQ/df)/AHon (2)

where dEtOH/d¢ is the specific ethanol production rate (mmol g=' h™"), dQ/ds is
the difference in heat production before and after addition of iodoacetic acid (J g~'
h™') and AHg,,, is the enthalpy change accompanying formation of 1 mmol
ethanol (50 J mmol™'). The small amounts of glycerol and acetate were neglected
in these calculations.

2.5. Dry weight determinations
Samples (2 x5 ml) were centrifuged for 5 min at 3500 x g, washed twice

with distilled water, dried for 24 h at 110°C and stored in a desiccator before
weighing.
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Fig. 1. Changes in heat production rate during aerobic growth of S. cerevisiae with 5 g 17! glucose as
carbon and energy source and 5 g 1-' ammonium sulphate as nitrogen source. The effective volume of
the measuring cell was 0.43 ml.
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2.6. Measurements of extracellular concentrations of ethanol

Samples (2 x 1.5 ml) were centrifuged for 1 min at 15000 x g. The supernatants
were frozen until analysed, using enzyme combination kits (Biochemica Test
Combination; Boehringer Mannheim GmbH, Germany).

2.7. Calculations of ATP production

The fermentative ATP production was calculated from the measurements of eth-
anol, glycerol and acetate production rates. One mole of ethanol or acetate produced
yields one mole of ATP formed whereas each mole of glycerol produced gives a con-
sumption of one mole of ATP. The respiratory ATP production was calculated from
the oxygen consumption rates. The calculations are based on a P/O ratio of 0 and
2, respectively. With a P/O ratio of 0 there is 4/6 mole ATP formed per mole O, con-
sumed ( by substrate level phosphorylation) and a P/O ratio of 2 gives 4.67 mole ATP
formed per mole O, consumed.

3. Results and discussion

A typical pattern of the rate of heat production during aerobic batch cultivation
of Saccharomyces cerevisiae with glucose as the sole carbon and energy source is
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Fig. 2. Changes in specific heat production rate of stationary phase cells (depleted of both carbon and
energy sources as well as nitrogen source) of S. cerevisiae after transfer to synthetic fresh water (L16)
and subsequent additions of azide and iodoacetic acid.

shown in Fig. 1. At the first maximum of the heat production rate, glucose became
limiting, which resulted in a shift from a mixed respiratory-fermentative catabolism
to a purely respiratory catabolism. During the following phase, ethanol (together
with small amounts of acetate and glycerol) produced during the respiro-fermenta-
tive phase was respired. Depletion of carbon resulted in a sharp drop in the rate of
heat production, back to the baseline, demonstrating the entrance of the stationary
phase (for more details, see Refs. [15] and [16]). Cells of three different physiolog-
ical states (Fig. 1) were tested for their catabolic capacity: log phase cells, growing
with a mixed respiratory-fermentative catabolism; transition phase cells, just enter-
ing the respiratory phase by using mainly ethanol as the carbon and energy source
for growth; and stationary phase cells, depleted of all external carbon and energy
sources. (Two different ammonium sulphate concentrations were used, 0.3 and 5.0
g 17!, respectively. With the lower concentration, stationary phase cells were not
only depleted of carbon and energy sources but also of the nitrogen source).

3.1. Endogenous metabolism
Stationary phase cells, persisting in their growth medium (depleted of external

carbon and energy sources or depleted of carbon, energy and nitrogen sources),
showed no measurable metabolic activity, as judged by calorimetric measurements.



A. Nilsson et al.[Thermochimica Acta 250 (1995) 233-245 239

If, however, cells from such cultures were transferred to a synthetic fresh-water salt
solution (L16), an increased metabolic activity was triggered (Fig. 2). This in-
creased activity was due to consumption of endogenous energy sources. After an
initial burst of activity, the rate of heat production stabilised at about 10 mW g~',
i.e. the endogenous metabolic activity corresponded to 36 J g~ h™'. Both respira-
tory and fermentative catabolism contributed to this metabolic activity, because
azide (10 mM, final concentration) and iodoacetic acid (10 mM, final concentra-
tion) both partly reduced the metabolic activity (Fig. 2). A lower final concentra-
tion of azide (1 mM) triggered the cells to an even higher level of metabolic activity.
This indicates that cells are also able to regulate their metabolic activity when using
endogenous metabolism.

3.2. Catabolic capacity

To study the catabolic capacity of cells originating from the three different
physiological states outlined in Fig. 1, cells were harvested and resuspended in
synthetic fresh-water (L16) and subsequently given a glucose pulse. The respiratory
capacity was determined from the difference in heat production rate before and
after addition of azide (Figs. 3 and 4), which inhibits respiration. The fermentative
capacity was determined in a similar way, but in this case iodoacetic acid was used
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Fig. 3. Changes in specific heat production rate of stationary phase cells (depleted of carbon and energy
sources) of S. cerevisiae after transfer to synthetic fresh water (L16) and subsequent additions of glucose,
azide and iodoacetic acid.
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Fig. 4. Changes in specific heat production rate of log phase cells (logarithmic growth on glucose) of S.
cerevisiae after transfer of synthetic fresh water (L16) and subsequent additions of glucose, azide and
iodoacetic acid.

in order to inhibit glycolysis (Figs. 3 and 4) and thereby fermentation. The ferm-
entative capacity measurements were verified by direct enzymatic measurements of
ethanol production, whereas the respiratory measurements have not yet been
verified with a direct method.

When comparing the heat production rate data in Fig. 3 with those presented in
Fig. 4, one realises that stationary phase cells starved of carbon and energy still
have a high fermentative as well as respiratory capacity. In a recent report [17], in
which the catabolic capacity of carbon- and nitrogen-starved cells were compared,
the respiratory capacity of stationary phase cells (starved of carbon and energy for
6 h) was calculated as one third of the respiratory capacity of log phase cells (see
Figs. 3 and 4). The values attained were 1 mmol and 3 mmol of oxygen consump-
tion per g biomass and h, respectively. The fermentative capacity was almost the
same in the log phase and stationary phase cells, i.e. about 12 mmol of ethanol
produced per g dry biomass and h (see Figs. 3 and 4). With increased time of
carbon and energy starvation, the fermentative capacity decreased slowly, while the
respiratory capacity increased. By assuming a P/O ratio varying from 0 to 2, the
respiratory and fermentative ATP production was calculated from the data pre-
sented by Larsson et al. [17] (Fig. 5). By assuming the same P/O ratio for the
different physiological states, the total ATP production in stationary phase cells
(starved of carbon and energy for 6 h) attained 65%-95% of that produced in log
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Fig. 5. Fermentative and respiratory ATP production of log phase cells (logarithmic growth on glucose)
and stationary phase cells (depleted of carbon and energy sources for 6, 27 and 50 h, respectively) of S.
cerevisiae after transfer to synthetic fresh water (L16) and subsequent addition of glucose (10 g 17! final
concentration). The open columns represent fermentative ATP production. The black and crosshatched
columns represent respiratory ATP production by assuming a P/O ratio of 0 and 2, respectively.

phase cells. After 50 h of carbon and energy starvation, the stationary phase cells
still had the ability to produce 55%-65% of the ATP produced by log phase cells
per unit of time. However, it has to be kept in mind that the values obtained for the
log phase cells also represent the rate of ATP production by resting cells (newly
harvested and suspended in synthetic fresh-water), when given a glucose pulse.
Because almost any biomass production can be excluded, except for a small
production of reserve material [10], large amounts of ATP seem to be produced for
unknown functions, both by cells originating from the log phase as well as from the
stationary phase. Such data can hardly be interpreted in any other way than that S.
cerevisiae is highly over-consuming the energy source when prevented from growth
by limitation of other nutrients, which is in accordance with the data presented by
Lagunas and Ruiz [10].

A surprising observation was that stationary phase cells, which are derepressed
from glucose repression after growth on a respiratory substrate (ethanol) and also
as a result of total carbon and energy depletion during the subsequent stationary
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Fig. 6. Relative ethanol production rates of log phase cells (logarithmic growth on glucose,
black columns) and transition phase cells (transition from glucose to ethanol as carbon and
energy source, open columns) of S. cerevisiae after starvation for 0, 1, 4 and 7 days. The cells
were harvested and starved in a medium without carbon (YNB without amino acids, Difco) for up to
7 days at 30°C. The ethanol production rate was measured by transferring the cells to a synthetic
fresh water solution (L16) and subsequent addition of glucose (10 g "' final concentration). Two
separate experiments were performed and the error bars show the variation between the duplicated
experiments.

phase, showed a lower respiratory capacity than cells originating from a logar-
ithmically growing culture on glucose which used a mainly fermentative
metabolism with only very limited respiratory rate due to catabolite rep-
ression. We also compared the fermentative capacity between log phase cells and
transition phase cells. The cells originating from these two physiological states
differed in that log phase cells were glucose-repressed, while the transition phase
cells were glucose-derepressed. As expected, newly harvested log phase cells
showed the highest fermentative capacity (Fig. 6), but this situation was reversed
after 1-4 days of starvation of carbon and energy source (all other nutrients
were available in excess) at 30°C. At day 4, the fermentative capacity of
the transition phase cells was as high as that of newly harvested log phase
cells. The rationale for this behaviour is difficult to explain with our present
knowledge. The conclusion so far is that the catabolic capacity is highly de-
pendent on the physiological state of the cells, being not only affected by the
phase of growth, but also by the starvation time and by the type of limiting
substance [17].
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Fig. 7. Hypothetical partitioning between the total metabolic energy turnover (open columns) and the
energy used for maintenance functions (black columns) under different conditions.

3.3. Maintenance energy requirements

Four different categories of behaviour in relation to the maintenance energy
demand can be distinguished. First, maintenance energy demands during optimal
growth conditions are usually considered small and even negligible in comparison
with the energy allocated to biosynthetic and other growth-associated processes
(Fig. 7A) [6,9]. This partitioning between energy used for growth-associated and for
maintenance processes, respectively, is, however, far from clear [4].

Second, maintenance energy demands may increase considerably due to an
external stress situation. During such a situation, all or a substantial part of the
total energy available can be used for maintenance purposes (Fig. 7B). For
example, when S. cerevisiae was growing in chemostats at an NaCl concentration of
0.9 M, the additional maintenance energy expenditure was, depending on the
growth rate, 14-31% of the total energy requirement for growth at 0 M NaCl
Including the energy conserved in the dominating osmoregulator, glycerol, the total
additional energy demand for growth at 0.9 M NaCl corresponded to 28-51% of
the energy required for growth at 0 M NaCl [8]. By assuming a P/O ratio of 1.0,
the additional maintenance demand imposed by salt stress was calculated to
correspond to 2—-3 mmol ATP per g and h [18], which is in accordance with a value
of 1.7 mmol ATP per g and h for anaerobic chemostats of S. cerevisiae cultured in
1 M NacCl [9]. The maintenance energy requirement was as high as 9 mmol ATP
per g and h at an external pH of 2.8 during anaerobic chemostat growth of S.
cerevisiae [6] and the catabolic energy turnover more than doubled during aerobic
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batch growth of Debaryomyces hansenii at an external pH of 3 compared to that at
pH 4.5-6 [7]. Verduyn et al. [6] calculated that the fermentation rate of S.
cerevisiae limits the supply of ATP for anabolism below a pH of 2.8 where growth
stops due to the high maintenance requirements at these extreme situations [6,7].

Third, knowledge of the maintenance energy requirement during non-growth
conditions is scarce and may be very difficult to determine, particularly if Bulthuis
et al. [4] are correct in their conclusion that the maintenance energy requirements
are not constant and, furthermore, probably not linearly correlated with growth
rate. The transition from active growth to survival during starvation has been
demonstrated to be an active process during which the cells have to rely on
endogenous sources (for a discussion see Ref. [19]), while the energy turnover
during long-term starvation-survival i1s probably very low (see above) and not
measurable by conventional methods. During starving conditions, the energy
available endogenously may be used completely for maintenance purposes (Fig.
7C), including de novo synthesis of starvation proteins.

Finally, a totally different situation to that which has been discussed above arises
during conditions of nutrient limitation, but with carbon and energy source in
excess (see above). The increased energy consumption during such conditions is
both for growing and non-growing cells separated from maintenance energy re-
quirements and can instead be referred to as uncoupling of catabolism from
anabolism. The questions, “why do micro-organisms consume energy in vastly
greater amounts than would be required to meet the cells’ minimum biosynthetic
and bioenergetic demands?” and ““by which mechanism is energy dissipated in these
cells where catabolism is extensively uncoupled from anabolism?”, still remain
unsolved. However, Teixeira de Mattos et al. [20] suggested that uncoupling of
metabolism from energy generation is a general feature of microbial metabolism,
which indeed is a hypothesis in agreement with our results. These authors [20] also
suggested that mechanisms allowing uncoupling of catabolism from anabolism
permit the organisms to respond to environmental changes and endow the organ-
isms with metabolic flexibility.
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