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Abstract In this paper the combined use of in vivo 1*C-nuclear
magnetic resonance spectroscopy and mathematical modelling
allowed the analysis of the response to ethanol stress in a
wild-type strain of Saccharomyces cerevisiae, in terms of a re-
duced metabolic activity. The model developed succeeded in
describing and interpreting the effects of increasing concentra-
tions of exogenous ethanol. In particular, the ratio between the
kinetic constants associated with ethanol production and glucose
consumption gave the estimation of the metabolic yield of the
processes in perfect agreement with experimental results.

© 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Due to the exposure to specific environmental stresses, mi-
croorganisms have to provide adaptive responses [1-3]. Sac-
charomyces cerevisiae represents an ideal eukaryotic model
system to investigate the effects of stress conditions on meta-
bolic processes. Among a great variety of physical, chemical,
and biological injuries which yeast cells can experience, etha-
nol represents the main source of stress during fermentation
[4,5]. The toxic effects of ethanol on S. cerevisiae cells are
known, and involve the modification of membrane lipid com-
position, the synthesis of stress proteins, modulation of ion
exchange processes, as well as a reduction of metabolic activ-
ity which causes the inhibition of glucose uptake, decreasing
of growth rate, and product formation [6,7].

The literature provides a large number of studies which
explain the processes taking place at the molecular level dur-
ing S. cerevisiae adaptive efforts in response to external stim-
uli [5,8-11]. Nevertheless, an approach able to describe and
understand the complex network of interactions among the
different components of the system needs to be developed.

Because of its ‘non-invasive’ and ‘non-destructive’ charac-
teristics, nuclear magnetic resonance (NMR) spectroscopy has
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been used to perform in vivo experiments using enriched sub-
strates.

This technique allows the mapping of the fate of metabo-
lites during fermentation, tracing the different pathways which
lead to the formation of the end-products of the process.
These features enable the investigation of chemical equilibria,
as well as the kinetics of metabolisation processes such as
substrate degradation and end-product formation [12-14].

In this study we propose a novel approach in order to
investigate the effects of the presence of external stress on S.
cerevisiae glucose degradation. In particular, the combined
use of in vivo BC-NMR spectroscopy and mathematical mod-
elling allowed the evaluation of the changes in the metabolic
yield of the fermentation process in a wild-type strain of S.
cerevisiae due to the presence of exogenous ethanol.

Experimental NMR data related to glucose consumption
and ethanol production were used in the present work to build
a mathematical model able to simulate the yeast metabolism
through fluxes of energy and matter within the system [15-22].

We also adopted the formalism introduced by H.T. Odum,
modified in order to take into account increasing levels of
complexity due to stress factors such as the presence of exog-
enous ethanol [23-25].

This approach was conceived to develop a flexible compart-
mental model, providing several new points of view on the
complex behaviour of cell metabolism: (i) the metabolisation
process was described using concise symbols for energy and
fluxes within the system and all main events related to the
glucose metabolism that occur in the cell culture; (ii) all the
parameters describing the state of the system were treated as
kinetic parameters and non-linear equations were developed
in order to describe their evolution in time; (iii) specific ki-
netic constants associated with the main processes taking
place within the system were calculated, each one having a
specific biological meaning [26].

The model includes different compartments: the carbon
source (e.g. glucose), the main fermentation product (e.g.
ethanol), and the number of active yeast cells (i.e. the number
of cells capable of degrading glucose), which interact exchang-
ing energy and matter during the biochemical phenomena in-
volved in the degradation processes (i.e. glucose degradation,
ethanol production, and feedback inhibition due to the pres-
ence of both endogenous and exogenous ethanol). As stated
above, one of the main features of this approach is the cal-
culation of kinetic parameters which describe the main pro-
cesses taking place during the fermentation, having a precise
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biological meaning [15-18,26]. The calculation of the kinetic
constant associated with the degradation of glucose, kp, and
that related to the ethanol production, kp, allowed the esti-
mation of the metabolic yield response of S. cerevisiae cells to
the inhibition effects due to an exogenous stress within the
system. In fact, the presence of ethanol affected the growth
rate of yeast cells, with a decreased amount of ethanol pro-
duced at the end of fermentation.

We found that increasing concentrations of exogenous etha-
nol lowered the metabolic yield of the yeast from 88% in the
absence of ethanol to about 55% in the presence of 50 g/l of
exogenous ethanol.

2. Materials and methods

S. cerevisiae strain K310 was isolated from spontaneous wine fer-
mentation [5,27]. K310 was grown in YPD (yeast peptone dextrose) at
30°C with rotary shaking up to saturation (cell concentration 1 X 10*
cells/ml). An aliquot of the saturated culture was inoculated in YPD,
adjusted to final pH 4.5 by adding 0.2 M citrate-phosphate buffer and
containing 100 g/l unlabelled glucose. The cell suspension was incu-
bated at 25°C without shaking (semiaerobiosis) for 10 h.

Stirring or shaking during cell growth should provoke oxidation
due to air oxygen that would introduce an additional undesirable
shock. It is well known that one of the main effects of fermentation
is a sort of oxidation which is exclusively due to ethanol production,
oxygen-derived oxidation being ruled out just because of semiaerobio-
sis (growth without shaking) [5]. Reproducibility of our experimental
system was warranted by the monitoring of many parameters during
growth and the model proved to be reproducible since it was adopted
in several previous studies [4,5,27].

Moreover, proteome maps, produced with protein extracts from the
same yeast strain grown within NMR tubes and larger batches under
the same semiaerobiosis conditions, showed no significant difference
(data available upon request), thus proving that protein expression is
unaffected. This indicated that at least the majority of the cells are
subjected to the same treatment in both narrow and larger containers,
where, theoretically, the impact of ethanol could be expected to be
different. This further supported the reproducibility of our experimen-
tal system.

Samples were then collected and the growth steps were monitored
by measuring the absorbance of the culture at 660 nm. For NMR
measurements, K310 cell suspension at 1x10° cells/ml, indicating an
early log phase of growth, was centrifuged for 5 min at room temper-
ature and 3000X g in a Beckman centrifuge model J2-21 equipped
with a JA10 rotor.
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The supernatant was discarded and the pellet was resuspended in
the same medium containing 100 g/l of [1-3*Clglucose. 20% (v/v) of
D,0O was added. Three sets of experiments were conducted. In each
set the cells were placed in the same batch conditions except for the
exogenous ethanol dilution rate which was 0, 20 and 50 g/l respec-
tively. 13C spectra were collected with a Bruker Avance DRX 600
spectrometer operating at 600 and 150 MHz for proton and carbon
nuclei, respectively. Carbon spectra were recorded under continuous
broad-band decoupling conditions at time intervals of about 3 min.
During the experiment the NMR probe was thermostated at 30°C.
The substrate and the end-product concentrations were calculated
from the area of NMR peaks through an appropriate calibration.
The total ethanol concentration was estimated by an enzymatic assay
by Sigma-Aldrich (kit code 332-C). The fitting procedure of experi-
mental data was performed using the program MLAB [28]. A parallel
growth was carried out during yeast growth under the NMR mon-
itoring. Samples were collected at time 0 and after 12, 16, 19, 22, 27,
36, 44, 50 and 62 h. At each sampling the pH of the cell suspension
was checked and growth was monitored by measuring the absorbance
of the culture at 660 nm (results not shown). The pH (4.5) never
changed during cell growth, as also already reported [5].

All high purity reagents were from Sigma-Aldrich (Milan, Italy),
Merck Eurolab (Milan, Italy), Carlo Erba (Rodano, MI, Italy), Serva
(Heidelberg, Germany). All the water used was Milli-Q quality (Milli-
pore, Bedford, MA, USA). [1-'*C]Glucose was from Cambridge Iso-
tope Laboratories (Andover, MA, USA).

3. Results and discussion

Fig. 1 reports the carbon-13 spectra displayed at time in-
tervals of about 20 min showing the metabolisation process
of 100 g/l of glucose by S. cerevisiae which transfers the
[1-13C]glucose-labelled carbon nuclei to the methyl group of
the end-product (i.e. ethanol).

Due to the high initial concentration of glucose, we as-
sumed that the main metabolic pathway for the degradation
of this substrate was the fermentation. In fact, when yeast
grows in the presence of high glucose concentrations, the neg-
ative impact exerted by the sugar on the other metabolic path-
ways makes the fermentation the sole degradation pathway.
Thus, we considered glucose as the unique carbon source and
ethanol as the main end-product of the fermentative process
[29,30].

The left panel of Fig. 2 shows the experimental data of
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Fig. 1. BC-NMR spectra obtained at 20-min intervals during glucose fermentation by S. cerevisiae.
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Fig. 2. Left: Data comparison of glucose and ethanol concentration collected in the presence of increasing exogenous ethanol concentrations.
Experiments were performed with 0 g/l of exogenous ethanol [glucose (M) and ethanol (O0)], 20 g/l of exogenous ethanol [glucose (@) and etha-
nol (O)] and 50 g/l of exogenous ethanol [glucose (a) and ethanol (a)]. Right: Yeast growth expressed as number of cells per ml in the ab-
sence of ethanol (O), in the presence of 20 g/l of exogenous ethanol (0J) and 50 g/l (a).

glucose and ethanol concentrations in relation to time for
three different experiments in which the fermentation process
of 100 g/l of glucose was carried out with 0, 20, and 50 g/l of
exogenous ethanol. Data show that the kinetics of glucose
degradation and ethanol production were strongly affected
by the presence of the external perturbation. In fact, in the
absence of exogenous ethanol, the fermentation process ended
after about 38 h to yield 45 g/l of endogenous ethanol, while
in the presence of 20 and 50 g/l ethanol, glucose consumption
ended after 43 and 55 h respectively, producing 41 and 28 g/l
of endogenous ethanol. The right panel of Fig. 2 reports the
growth of the yeast strain in the three different experimental
conditions. Data showed a change in the cell growth depend-
ing on the concentration of exogenous ethanol within the
system. In particular, the rate of growth, as well as the num-
ber of cells at the end of the process, decreased with increasing
ethanol concentration, following the same trend as the pro-
duction of endogenous ethanol.

These results clearly showed the main effects emerging upon
addition of ethanol: a lowering of the fermentation rate, a
decrease in the final concentration of the end-product, and
consequently a reduced efficiency of the fermentation process.

3.1. The modelling approach

The complex network of interactions between the compo-
nents of the systems under study can be understood by using a
theoretical approach able to describe and interpret the bio-
chemical phenomena occurring during the metabolisation pro-
cess. In this work we used a compartmental analysis which
implied the adoption of a phenomenological and macroscopic
point of view in modelling the different processes taking place
in the system [23-25].

The experimental evidence obtained from in vivo NMR
data was the basis for developing the energy system diagram
of the glucose conversion by S. cerevisiae reported in Fig. 3.
The model is composed of a few elements: glucose concentra-
tion, total ethanol concentration (which involves two distinct
compartments referring to exogenous and endogenous ethanol
concentrations), and an index related to the number of active

cells subject to a modulation due to the inhibition processes
taking place because of the presence of ethanol. An important
feature of the model is represented by the possibility of con-
sidering the extent of the damage induced by the addition of
exogenous ethanol on the cell culture at time zero. In fact, the
effective number of cells able to carry out the fermentation
changes depending on the amount of exogenous ethanol
added to the system at the beginning of the degradation pro-
cess. The dynamics of glucose metabolisation were assumed to
be the result of an autocatalytic process which depends on the
concentration of the available carbon source and on the cel-
lular activity. The presence of the sugar promotes an energy
flow to the active cells which allows the cell culture to grow.

The interaction between the total ethanol and the number
of actual active cells takes into account the inhibition effects
which produced the amount of inhibited cells during the fer-
mentation.

The entire system is represented by a set of non-linear dif-
ferential equations as follows:
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where [G], [Eendo] and [Ecxo] are the concentrations of glucose,
endogenous and exogenous ethanol, respectively. [C] is the
cellular activity during fermentation, [C],—¢ is the initial cellu-
lar activity, and [Cp] is the cellular activity in the absence of
exogenous ethanol which we assumed to be equal to 1. In this
work we consider the ‘cellular activity’ as an index related to
the concentration of cells capable of carrying out the fermen-
tation process. At time zero, in the presence of exogenous
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Fig. 3. Energy system diagram of the model of the fermentative
process.

ethanol, the initial concentration of cells is the same as in the
absence of ethanol, but the concentration of ‘active cells’ (i.e.
the cellular activity) decreases according to Eq. 4.

Both the rates of glucose degradation and ethanol produc-
tion are related to the glucose concentration and to cellular
activity (Eqgs. 1 and 2). Ethanol acts as an inhibition factor
modulating the cellular activity [C] (Eq. 4).

ki (with i=D, A, P, 1) represents the kinetic constants as-
sociated with the degradation of glucose (kp), production of
ethanol (kp), cellular activation (ks) promoted by the sub-
strate, and with cellular inhibition (k;) due to the total ethanol
within the system.

The constant / (Eq. 4) refers to a function which controls
the initial concentration of active cells ([C],—o) in the presence
of exogenous ethanol which reduces the cellular activity at the
beginning of the fermentation.

In the absence of exogenous stress, the initial cellular activ-
ity is assumed to be 1; as the concentration of the stress
source increases, the value of [C],—¢ decreases. Cellular activity
[C] includes both the inhibitory effects exerted by exogenous
ethanol at the beginning of the process and the negative feed-
back due to the increasing amount of ethanol during fermen-
tation.

Fig. 4 shows the results of the fitting procedure performed
on the three sets of experimental data reported in the left
panel of Fig. 2.

A non-linear least-squares estimation that makes use of the
Marquardt-Levenberg method allowed the calculation of the
constants kp, ka, k1, kp and A, fitting all data simultaneously,
shown in Table 1. The analysis of the values assumed by the
kinetic constants associated with the different processes high-
lights some interesting aspects of the phenomena under study.
In particular, the constant related to the degradation of glu-
cose, kp, assumes the same value for the three sets of data.
This suggests that the lowering of the fermentation rate ob-
served in the presence of exogenous ethanol was due to a
decrease of the cellular activity at the beginning of the fer-
mentation. In fact, experimental data showed that the yeast
cells were able to completely degrade the substrate even in the
presence of the stress source, implying that the concentration
of active cells represented the variable which strongly affected
the rate of glucose degradation.

The kinetic constant associated with ethanol production,
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kp, represents an index related to the efficiency of ethanol
production in the presence of exogenous ethanol. As noted
above, the yielded ethanol at the end of the fermentation
was different, depending on exogenous ethanol concentration.
According to the experimental results, the calculated kp values
decreased with increasing exogenous ethanol concentration;
this suggests that the stress induced by the presence of ethanol
subtracts fermentative ability that reduces the production rate
and the final concentration of ethanol.

The results reported in Table 1 also show that ks assumes a
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Fig. 4. Results of the simultaneous fit of data from experiments per-
formed at increasing ethanol concentrations. A-C: Experimental
time course of ethanol (O) and glucose (@) is compared with model
simulation (continuous line). In A S. cerevisiae was grown in the
absence of exogenous ethanol. In B and C the concentrations of
exogenous ethanol were 20 g/l and 50 g/l respectively.
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Table 1
Estimated values and coefficients of variation (CV) of the kinetics
parameters

Constant Value CV (%)
ko 8.78x 1073 (s71) 1.2
kp (ethanol=0 g/l) 4.05x1073 (s71 1.1
kp (ethanol =20 g/l) 3.64Xx1073 (s7) 1.1
kp (ethanol =50 g/l) 2.53%x1073 (s71) 1.1
ka 226%x1073 (s71) 0.4
ki 0.77x1073 (s71) 1.3
h 8.60x 1072 (I/g) 1.3

higher value than ki, suggesting that the ability of glucose to
promote the fermentation process is greater than the feedback
inhibition due to the presence of ethanol.

Let us consider the bioconversion of glucose into ethanol
occurring during the fermentation:

1 Glucose — 2 Ethanol (5)

The theoretical metabolic yield of the process can be calcu-
lated from the ratio between the weight of two moles of etha-
nol (i.e. 92 g) and one mole of glucose (i.e. 180 g), which gives
a value of 0.51 which represents the maximum achievable
yield.

The experimental metabolic yield (EMY) for the three dif-
ferent systems can be obtained from the ratio of the concen-
tration of produced ethanol to the concentration of glucose.
Fig. 5 reports the plot of endogenous ethanol vs glucose con-
centration in the absence of exogenous ethanol (a) and in the
presence of 20 g/l (b) and 50 g/l of ethanol (c). The slopes of
the straight lines represent the values of EMY for the fermen-
tation process carried out in different stress conditions; they
are also reported in Fig. 5. Results show that the yield of the
fermentation process decreased with increasing exogenous
ethanol concentration, and reaches the minimum efficiency
(about 28%) in the presence of 50 g/l of ethanol.

The analysis of the values of the kinetic parameters ob-
tained by mathematical modelling allowed the interpretation

Ethanol concentration (g/l)

T T T T T

T T T T T
0 20 40 60 80 100

Glucose concentration (g/l)

Fig. 5. Plot of endogenous ethanol vs glucose concentration for the
fermentation process of 100 g/l of glucose: (a) in the absence of
exogenous ethanol, (b) in the presence of 20 g/l of ethanol and (c) in
the presence of 50 g/l of ethanol. The slope of each line calculated
by linear regression of experimental data is also reported as EMY,
EMYZ() and EMY50.
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Fig. 6. Linear relationship between metabolic yield values obtained
from experimental results (EMY), and from mathematical modelling
(Ym) for the fermentation of 100 g/l of glucose in the absence of
ethanol (EMYy, Ymo), in the presence of 20 g/l of (EMY2, Ym),
and 50 g/l exogenous ethanol (EMYsy, Ymso).

of the responses of the yeast to the stress conditions applied to
the systems as well as the estimation of the metabolic yield of
the three processes. For this purpose, we can use Egs. 1 and 2
in order to calculate the yield of the fermentation from the
ratio between the amount of ethanol produced and the glu-
cose consumed during the degradation process:

dG = —kp|G][C]dt

dE = kp[G][C]dr

then
dE_ _kr
dG  kp

The ethanol produced and the glucose consumed by fermen-
tation can be explicited in terms of finite variations:

AE
AG
This relation shows that it is possible to derive the metabolic
yield of each process simply by calculating the ratio between
the kinetic constants associated with ethanol formation and
glucose consumption. These results, obtained from the math-
ematical model (Yy), were compared with the values calcu-
lated from experimental data (EMY) in the plot shown in Fig.
6. The linear relationship existing between the two sets of
results as well as the slope of the straight line (1.01) suggest
that the model developed is able to interpret coherently the
behaviour of the yeast cells in the presence of different con-
centrations of exogenous ethanol and to describe the stress
effects in terms of decreased metabolic activity in perfect
agreement with the experimental results.

kp
| E\ =TYwm (6)

4. Conclusions

The metabolic behaviour of complex systems such as eu-
karyotic cells is often difficult to analyse, since the informa-
tion that can be obtained from traditional studies is some-
times inadequate to clarify and understand the relationship
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between the various components of the system. For this rea-
son, the development of new approaches able to deal with the
complexity due to a large number of interactions has great
importance. In this paper, we applied an approach based on
in vivo NMR experiments and mathematical modelling in
order to analyse the metabolic response to ethanol stress of
a wild-type strain of S. cerevisiae. Considering the cellular
metabolic processes resulting from activation, inhibition and
feedback activities, we developed a model capable of consid-
ering higher levels of complexity due to increasing concentra-
tions of the stress source in the system. Kinetic model analysis
highlighted that increasing concentrations of exogenous etha-
nol produced two important effects: a lowering of the degra-
dation rate of glucose and a decreased production of endog-
enous ethanol, i.e. a reduced metabolic activity. The ratio
between the kinetic parameters related to ethanol production
(kp) and glucose consumption (kp) provided a theoretical es-
timation of the metabolic yield of the fermentation process in
relation to exogenous ethanol concentration in the yeast. Cal-
culated yield values decreased with increasing exogenous etha-
nol concentration, in perfect agreement with experimental re-
sults. These results point out that the kinetic model is able to
describe and interpret the extent of the stress effects induced
by the presence of ethanol on the fermentative ability of
S. cerevisiae.
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