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O mar tem fim, o céu talvez o tenha,
Mas ndo a dnsia da Coisa indefinida

Que o ser indefinida faz tamanha.

Fernando Pessoa
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Temperature is an environmental parameter that greatly affects the growth
of microorganisms, due to its impact on the activity of all enzymes in the
network. This is particularly relevant in habitats where there are large
temperature changes, either daily or seasonal. Understanding how
organisms have adapted to cope with these temperature-cycles can provide
valuable insight for the development and optimization of strains used in
industrial processes where sub- or supraoptimal temperatures are required.
Some examples are brewing and wine production where low temperatures
are preferred to preserve the flavors produced during yeast fermentation
and facilitate downstream processing by accelerating biomass
sedimentation. The yeast Saccharomyces cerevisiae is used in many
fermentation processes and, therefore, it is considered as a good model to
study the impact of temperature on metabolism. Besides being widely
applied in industry and the large number of analytical and genetic tools
available to study it, this yeast is also exposed to broad ranges of
temperatures in its natural environment.

The first step to evaluate the impact of temperature on growth is to study
it in conditions where there is no other limiting factor, such as the substrate
concentration. By performing sequential-batch fermentations at mild
suboptimal temperatures (12, 18, 24 and 30 °C) it was possible to obtain
relations for the temperature dependency of the main (CO2, ethanol, biomass,
glycerol) and minor production rates (acetate, lactate, succinate and
pyruvate) during growth under anaerobic-glucose-excess conditions. It was
observed that the yields of the main products on substrate are temperature-
independent, meaning that there are no major changes in growth
stoichiometry during temperature changes at mild suboptimal temperatures.
The temperature impact on the consumption and production rates was
quantified using an empirical equation from literature (the Ratkowsky
equation), allowing the construction of a black-box model that describes the
temperature dependency of growth and (by)product formation in S.
cerevisiae in glucose-excess conditions.

To assess if the obtained black-box model could be extrapolated to other
conditions, the black-box model was extended to glucose-limiting regimes.
The parameterization and validation of the model was done by performing
different temperature perturbations to anaerobic glucose-limited chemostat
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cultures at 12 and 30 °C. It was confirmed that the growth stoichiometry is
temperature independent also for glucose-limited conditions.

However, acetate production and storage carbohydrate metabolism were
strongly affected by changes in the residual substrate concentration, which
increased at lower temperatures as a consequence of the lower specific
activity of the glucose transporters. A comparison between the kinetic
parameters from the 12 °C and 30 °C chemostats allowed concluding that
different hexose transporters must have been expressed in the two
cultivations. However, because the kinetic parameters obtained from the
temperature shift experiments carried out in the 12 °C chemostat were the
same as the ones describing the effect of temperature under glucose-excess
conditions (batch), it was concluded that the expression of different hexose
transporters is most likely a consequence of the very different residual
glucose concentration and not temperature itself.

A strong metabolic regulation by the extracellular substrate concentration
was also observed when extending the study to intracellular metabolism.
Plotting the level of each glycolytic metabolite against the residual glucose
concentration from batch cultivations at different temperatures and during
different temperature shifts applied to glucose-limited chemostats, resulted
in unique saturation curves. Each metabolite concentration increased with
increasing residual glucose level, reaching a stable level at non-limiting
glucose concentrations. For each metabolite, all measurements of its
intracellular level versus residual glucose concentration appeared to fall on
the same curve, irrespective of the cultivation temperature and conditions
applied (dynamic temperature shift, steady-state chemostat or batch). It is
shown that, for the mild suboptimal temperature range (12 - 30 °C), the
enzyme levels, equilibrium and affinity constants can be considered as
temperature independent, while the cultivation temperature significantly
affects the specific catalytic activity. An important finding, obtained from
theoretical considerations and mathematical modeling of these experiments,
was that the observed unique relation between intracellular metabolite level
and extracellular glucose concentration for each metabolite indicates that
the temperature impact on the catalytic capacity is the same, or at least very
similar, for all glycolytic enzymes of S. cerevisiae. It is also shown that this
property results in minimal changes in intracellular metabolite levels during
temperature perturbations, and thus reduces the need for energy-costly



Summary

changes in enzyme levels to maintain the metabolite homeostasis during
such perturbations.

From this research it became clear that the metabolic response to
temperature changes during growth under glucose-limiting conditions is a
consequence of simultaneous changes in the residual substrate
concentration and the catalytic capacities of the enzymes. Nonetheless, there
are still very few kinetic models that can describe the impact of the residual
substrate concentration on the kinetics of anaerobic growth and on the
regulation of central carbon metabolism in S. cerevisiae. This was addressed
by developing a kinetic model of anaerobic yeast glycolysis. It was possible
to minimize the number of parameters used by applying a thermodynamic
classification of the reactions in the network based on data gathered from
anaerobic chemostat cultivations at different growth rates (from 0.025 to
0.27 h1). The resulting kinetic model required only a few complex
mechanistic rate equations, while the remaining kinetic functions could be
simplified without compromising the performance of the model.

From in vitro enzyme activity measurements and estimation of the
protein content in the cell it was possible to calculate the enzyme production
rates. It was found that, except for hexokinase, the residual glucose
concentration also regulates the production of each glycolytic enzyme
according to a Hill function that is valid for both aerobic and anaerobic
conditions. By including the kinetics of enzyme production together with the
in vivo parameters estimated for the different enzymatic reactions, the
kinetic model could describe the glycolytic fluxes, metabolite levels and
changes in enzyme concentrations for the considered range of growth rates
and residual glucose concentration. Also it was shown that the model can
easily be extended to describe dynamic conditions such as mild temperature
shifts.

Besides the relevant findings regarding temperature impact on yeast
metabolism, this thesis presents a framework to study the impact of
temperature and residual glucose concentration on the metabolism of
organisms. It is critical to make rational decisions on the experimental setup
applied since different temperatures may trigger changes in other important
metabolic regulators such as substrate concentration. The models and
experimental approaches presented here can directly be applied to other
organisms or to study more extreme temperature conditions.



Temperatuur is een omgevingsparameter die grote invloed heeft op de groei
van micro-organismen, door het effect op de activiteit van alle enzymen in de
cel. Dit geldt met name in een omgeving waar er grote
temperatuurverschillen bestaan, dagelijks of seizoensgebonden. Kennis over
hoe organismen zich hebben aangepast aan deze temperatuur-cycli kan
waardevol inzicht geven voor de ontwikkeling en optimalisatie van stammen
die worden gebruikt in industriéle processen waarbij sub- of supraoptimale
temperaturen vereist zijn. Enkele voorbeelden hiervan zijn het brouwen van
bier en de productie van wijn, waar lage temperaturen de voorkeur hebben
om de smaken te behouden en de opwerking te vergemakkelijken door het
versnellen van biomassa sedimentatie. De gist Saccharomyces cerevisiae
wordt in vele fermentatieprocessen gebruikt en kan derhalve als een goed
model worden beschouwd voor de studie van de invloed van temperatuur op
het metabolisme. Bovendien wordt deze gist reeds op grote schaal toegepast
in de industrie, zijn er een groot aantal analytische methoden en genetische
beschikbaar om deze gist te kunnen bestuderen en wordt deze ook in het
natuurlijke leefmilieu aan een breed bereik van temperaturen blootgesteld.

De eerste stap om het effect van temperatuur op de groei te evalueren is
deze te bestuderen in omstandigheden waarin geen andere beperkende
factor is, zoals bijvoorbeeld de substraatconcentratie. Door het uitvoeren van
series van opeenvolgende batch fermentaties bij verschillende temperaturen
(12, 18, 24 en 30 °C) kon de relatie tussen de kweektemperatuur en de
vormingssnelheid van de belangrijkste producten (CO>, ethanol, biomassa en
glycerol) maar ook van producten die in mindere mate worden gevormd
(acetaat, lactaat, succinaat en pyruvaat) worden verkregen tijdens de groei
onder anaerobe omstandigheden en een overmaat aan substraat (glucose).
Er werd waargenomen dat de opbrengsten van de belangrijkste producten
onafhankelijk zijn van de temperatuur, hetgeen betekent dat er geen
significante wijzigingen in de stoichiometrie zijn tijdens groei bij milde
suboptimale temperaturen (12 - 30 °C). Het effect van de temperatuur op de
snelheden van substraat consumptie, groei en (bij)productvorming kon
worden gekwantificeerd met behulp van een empirische vergelijking uit
literatuur (het Ratkowsky model), waarmee het mogelijk was een black-box
model te construeren dat de temperatuurafhankelijkheid van groei en
productvorming in S. cerevisiae beschrijft. Maar omdat in de uitgevoerde

10



Samenvatting

experimenten de afhankelijkheid van temperatuur samen met de
stoichiometrische en kinetische parameters tijdens groei bij een overmaat
aan glucose werden verkregen, was het nodig om het model te evalueren
onder glucose gelimiteerde omstandigheden, in een kweeksysteem met een
ingestelde toevoersnelheid van glucose die lager is dan nodig voor maximale
groei (d.w.z. een chemostaat).

De parameterschatting en validatie van het model voor deze condities
werd gedaan door het uitvoeren van verschillende temperatuur perturbaties
in anaerobe chemostaat culturen bij 12 en 30 °C. Bevestigd werd dat de groei
stoichiometrie ook temperatuur onafhankelijk is bij glucose-limiterende
omstandigheden. Echter, acetaat productie en koolhydraatmetabolisme
bleken sterk te worden beinvloed door veranderingen in de substraat
concentratie, die stijgt bij dalende temperatuur, als gevolg van de lagere
capaciteit van de glucose transporters (die zorgen voor de opname van
glucose uit het medium door de cellen) bij lagere temperaturen. Een
vergelijking tussen de kinetische parameters voor glucose transport bepaald
voor chemostaat cultures uitgevoerd bij 12 °C en 30 °C leidde tot de
conclusie dat verschillende glucose transporters tot expressie moeten zijn
gebracht bij deze verschillende temperaturen. Maar aangezien de kinetische
parameters bepaald voor de 12 °C chemostaat dezelfde waren als die
verkregen zijn uit het effect van temperatuur onder batch omstandigheden,
kan er worden geconcludeerd dat de expressie van verschillende glucose
transporters  waarschijnlijk een gevolg is van de residuele
glucoseconcentratie en niet van de temperatuur.

Een sterke invloed van de extracellulaire substraatconcentratie werd ook
waargenomen bij het bestuderen van het intracellulaire metabolisme. Het
uitzetten van de intracellulaire concentratie van elke glycolytische
metaboliet tegen de extracellulaire glucose concentratie tijdens batch
cultivatie en tijdens verschillende temperatuur perturbaties uitgevoerd in
glucose-gelimiteerde chemostaten, resulteerde in unieke relaties voor elke
metaboliet, waarbij bij toenemende glucose concentratie de metaboliet
concentratie asymptotisch een maximum bereikt. Hierbij gold dat de
temperatuur waarbij de intracellulaire metaboliet concentratie en de
extracellulaire glucose concentratie waren gemeten niet van belang was. Alle
metingen bleken op dezelfde curve te vallen. Hetzelfde gold voor de kweek
condities (dynamische temperatuurverschuiving, steady-state chemostaat of
batch). Er werd aangetoond dat voor de milde suboptimale temperaturen
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(12-30 °C) zowel de enzym niveaus als de evenwicht en affiniteitsconstanten
als temperatuur onafhankelijk kunnen worden beschouwd, terwijl de
kweektemperatuur bepalend is voor de specifieke katalytische activiteit van
het enzym. Een belangrijke conclusie, die zowel uit de theoretische
beschouwingen en mathematische modellen kon worden getrokken, was dat
de waargenomen unieke relatie tussen intracellulaire metaboliet niveaus en
extracellulaire glucose concentratie aangeeft dat het effect van de
temperatuur op de Kkatalytische capaciteit hetzelfde, of althans zeer
vergelijkbaar is voor alle glycolytische enzymen van S. cerevisiae. Voorts kon
worden aangetoond dat deze eigenschap leidt tot minimale veranderingen in
intracellulaire metabolietconcentraties gedurende temperatuur
veranderingen, waardoor het aanpassen van enzym activiteiten, om de
metaboliet homeostase bij dergelijke perturbaties te handhaven, middels
energie verbruikende cycli van enzym afbraak en synthese, tot een minimum
kan worden beperkt.

Uit dit onderzoek bleek dat de veranderingen van metaboliet
concentraties tijdens temperatuurveranderingen bij groei onder glucose-
limiterende omstandigheden het gevolg is van gelijktijdige verandering in de
resterende substraat concentratie en de katalytische capaciteit van de
enzymen. Toch zijn er nog maar weinig kinetische modellen die de invloed
van de resterende substraat concentratie op de kinetiek van intracellulair
metabolisme tijdens de anaerobe groei van S. cerevisiae kunnen beschrijven.
Daarom werd tijdens dit onderzoek een kinetisch model ontwikkeld voor de
anaerobe glycolyse in gist. Het bleek mogelijk om het aantal parameters in
dit model te minimaliseren door een thermodynamische indeling van de
reacties in het netwerk, op grond van gegevens uit anaerobe chemostaat
cultivaties uitgevoerd in een breed groeisnelheid gebied (0.025 tot 0.27 h-1).
Voor dit kinetische model bleken slechts een paar mechanistisch complexe
snelheidsvergelijkingen nodig te zijn, terwijl de resterende kinetische
functies vereenvoudigd konden worden zonder de prestaties van het model
geweld aan te doen. Van uitgevoerde in vitro enzymactiviteit metingen en
schattingen van het eiwitgehalte in de cel kon de enzymproductie snelheid
berekend worden. Behalve voor hexokinase, kon worden afgeleid dat de
productiesnelheid van ieder glycolytisch enzym volgens een Hill functie
afhankelijk zijn van de residuele glucose concentratie, wat gold voor zowel
aerobe als anaerobe omstandigheden. Door het toevoegen van deze kinetiek
van enzymproductie samen met de in vivo parameters geschat voor
verschillende enzymatische reacties aan het model, kan het kinetische model
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een beschrijving geven van zowel de glycolytische fluxen als veranderingen
in metaboliet concentraties en enzymconcentraties voor de toegepaste
experimentele condities (groeisnelheden, temperaturen en residuele glucose
concentraties). Ook werd aangetoond dat het model gemakkelijk kan worden
uitgebreid om dynamische omstandigheden zoals als gevolg van plotselinge
temperatuur veranderingen te beschrijven.

De resultaten van dit proefschrift vormen een raamwerk om de impact
van de temperatuur en residuele substraat concentratie op het metabolisme
van organismen te bestuderen. Het is van cruciaal belang om rationele
beslissingen te kunnen nemen over de toegepaste experimentele
omstandigheden, aangezien verschillende temperaturen kunnen leiden tot
veranderingen in andere belangrijke metabolische regulatoren, zoals
substraat concentratie. De gepresenteerde modellen en experimentele
benaderingen kunnen rechtstreeks worden toegepast om temperatuur
effecten op andere organismen en/of de effecten van meer extreme
temperaturen bestuderen.
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Temperature: its environmental and biotechnological relevance

Temperature is one of the physical properties that largely influences the
functioning of all organisms. To be able to survive, they need to be adapted
not only to the average temperature of their habitat, but in many cases also
need to withstand temperature oscillations, such as diurnal temperature
cycles (day and night conditions) and seasonal shifts (summer and winter).
Because diurnal cycles and seasonal shifts occur within significantly different
time scales (hours versus months), the way organisms respond can be
different for the two situations. The mechanisms employed by organisms to
respond to fast temperature changes (less than 12h) is commonly known as
temperature adaptation, while acclimation is usually employed to describe
physiological adjustments organisms go through during long-term
temperature changes.

The temperature profiles can be quite different between different places
on the globe (Figure 1.1). For instance, despite the fact that temperatures in
Oslo (Norway) are lower than in Lisbon (Portugal), the difference between
highest and lowest daily temperatures is similar for both cities (6 °C during
Winter and 10 °C during Summer time). Other cities, like Tete in
Mozambique, experience larger daily temperature shifts (average 11.3 °C)
than seasonal modifications in the maximum or minimum temperatures
throughout the year (average 7.3 °C). The opposite is seen for desert
locations such as Timimoun (Algeria) where annual temperatures can
change within a 39.5 °C range. Such differences in daily and seasonal
temperature profiles must have had a big impact on evolution and survival of
organisms in natural habitats. But the same should hold true for organisms
in an artificial environment, such as in industrial fermentation processes.
Many microorganisms are currently used for the production of a variety of
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Figure 1.1: Annual temperature profiles in Oslo, Lisbon, Timimoun and Tete. The data
were retrieved from the official website of meteorological institutes of the respective
country (references given in the plots, last accessed on the 29t October 2012).
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biochemicals, such as pharmaceutical compounds, flavors and nutritional
ingredients for the food industry. Traditionally, the organisms are selected
based on the product yield, i.e. the maximum amount of product of interest
they can produce from the feedstock used. However, the temperature for
which the maximum yield is achieved might not be compatible to the one
applied in the industrial process. For instance, if the optimal temperature for
production of a compound of interest is lower than the environmental
temperature, operational costs will be increased due to the need to cool
down the fermentation vessel. To be able to manipulate the metabolism of
organisms such that they produce optimally at cost-effective temperatures
would be very valuable to current biotechnological practices. But before
being able to do so it is essential to understand how temperature influences
the growth and product formation of microorganisms and which
mechanisms are used by cells to respond to temperature changes.

Temperature impact on microbial metabolism

The temperature for which the growth rate is maximal (also called optimal
growth temperature or To,) can be quite different between species.
Organisms that have evolved in cold habitats achieve their maximum growth
rates at relatively low temperatures while the opposite happens to
organisms from hot environments (Figure 1.2). This makes the notion of hot
and cold extremely context dependent. For a matter of simplicity, a
classification system has been created to categorize organisms regarding
their preferred temperature. Organisms for which the maximum growth rate
is obtained at temperatures lower than 10 °C are called psychrophilic, while
thermophiles achieve their maximum growth rate at temperatures higher
than 40 °C. The term mesophile is applied to organisms that achieve
maximum growth rates in the range 10 to 40 °C. Besides with respect to Top,
organisms can also be classified regarding the temperature ranges where,
optimally or not, they are able to grow. Eurythermal organisms can
withstand broad temperature ranges while stenothermal can only grow at
Very narrow ranges.

The fact that so many different classifications regarding temperature
behavior exist could indicate that the temperature impact on metabolism
would be tremendously different between species. However, a few
conserved characteristics can be noticed between the different classifications
(Figure 1.2). For the temperature range immediately below Ty, (mild-
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suboptimal range), the growth rate of all organisms decreases with
decreasing temperature, following the Arrenhius law for chemical reactions.
Temperatures higher than Ty, on the other hand, also result in a decrease in
growth rate, but the effect is much more severe. This behavior for the entire
span of temperature where growth can occur is very similar to the
temperature impact on the rate of enzyme-catalyzed reactions, the most
abundant type of reactions in an organism.

N
umax
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/
/
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Figure 1.2: Normalized growth-rate dependencies with temperature for psychrophilic,
mesophilic and thermophilic organismes.

The rate of most chemical reactions increases with increasing
temperature due to the higher kinetic energy of the reactants. The same
holds true for enzymatic reactions but the conformation of proteins, such as
enzymes, is also sensitive to temperature changes. Conditions very far apart
from the optimum (both high or low temperatures) can result in enzyme
denaturation (structural alterations of the way enzymes are folded), leading
to irreversible modifications of the site where substrate and/or products
would bind (active site). Under such conditions, the rate of the enzyme-
catalyzed reactions will steeply decrease, even at increasing temperature.
Because each enzyme has its own unique amino acid composition and
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structure, it is generally expected that different enzymes have different
temperature sensitivities. Many people have already tried to investigate the
temperature impact on purified enzymes via in vitro activity measurements
(Hazel and Prosser, 1974). One of the goals of such studies was to identify
potential reactions that could become rate-controlling steps in a pathway,
due to severe loss of the enzyme activity at lower temperatures. However, in
many cases the results were not coherent between different laboratories nor
could they be directly reconciled with physiological observations, such as
growth rate dependency with temperature. The lack of consistency between
studies indicates in part that the artificial conditions applied in in vitro
assays might compromise the observed temperature-relations. In any case, it
is improbable that a full comprehension of the temperature impact on the
physiology of organisms can come from studies on isolated enzymes. The
overall response upon temperature changes is likely to be determined by the
combined effect of temperature on all the different enzymes in the organism,
together with possible specific genetic-regulation mechanisms triggered to
compensate for the decreased specific catalytic activity of the enzyme at
lower temperatures.

Mechanisms of temperature compensation in microorganisms

Some pluricellular organisms, such as mammals, are able to cope with
temperature fluctuations by maintaining a constant internal temperature.
Microorganisms, on the contrary, are poikilotherms, meaning that their
internal temperature is intrinsically dependent on the ambient one.
Therefore, changes in environmental temperature will immediately have an
impact on the metabolism of microorganisms. Because of their small size
(Mm scale), they cannot simply migrate to spots or habitats with more
optimal conditions upon changes in temperature. Also they need to keep the
lowest generation time possible (or high growth rate) so they are not
outcompeted by other organisms once temperatures are suboptimal. So
there must be mechanisms by which microorganisms minimize temperature
impact on their metabolism.

Many studies have focused on physiological responses to compensate for
suboptimal temperatures, such as cell composition. For instance, Woods
(2003) has postulated that cells counteract the decrease in rates of
biochemical reactions at low temperature by increasing their protein and
RNA contents. This hypothesis came from an extensive analysis of literature
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data concerning the total nitrogen (N) and phosphorus (P) contents of
organisms exposed to temperature shifts of at least 5 °C. Generally the
increase of the cellular P content is related to RNA levels, whereas N relates
to the total protein content. Besides the positive effect that a higher protein
content (namely higher enzyme levels) has on the rates of biochemical
reactions, it can also help to protect cells against intracellular freezing. A
high soluble protein content decreases the freezing point of the cytosol,
allowing metabolites and other cell components to keep flowing easily inside
the cell.

A similar function has been reported to the increase of the intracellular
amounts of carbohydrates such as trehalose. Schade et al. (2004) have
observed that, under carbon-excess conditions, the yeast Saccharomyces
cerevisiae does not accumulate carbohydrates in response to cold (10 °C)
during the first 2h. A reproducible increase of storage carbohydrates
(namely trehalose and glycogen) only happened 12h after the cold shock
from 30 °C to 10 °C and should therefore be considered as an acclimation
response. However there was no decrease in growth rate or viability in
mutants that did not accumulate glycogen or/nor trehalose, raising the
question if modifications in total carbohydrate content are, in fact, a
necessary mechanism of temperature acclimation.

A trait of temperature acclimation for which there is more consensuses
are changes in total lipid content or composition during growth at low
temperatures. Lower temperatures lead to an increase of the total amount of
lipids in mesophilic organisms, together with an elongation of the fatty acids
and a higher percentage of unsaturation (Kishimoto, 1994; Suutari and
Laakso, 1994). The increase in unsaturation percentage and chain length
leads to a decrease of the melting point of the fatty acids, allowing cell
membranes at low temperatures to remain in a fluidic state, to ensure
proper functioning of membrane-bound proteins.

It is interesting to point out at this stage that the combination of the
results mentioned above point towards an increase in the total amounts of
all cell components (either protein, lipids, RNA or storage carbohydrates) at
lower temperatures. However, this is simply not feasible from a biochemical
and mathematical point of view. Because protein production is an energy
demanding process, cells usually do not accumulate carbohydrates in
conditions where high protein production rates are needed (e.g. high growth
rates). Even if the increased protein content comes from a decrease in its
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degradation rate at lower temperatures, the average reported increase in
protein, total lipid and carbohydrate contents (usually expressed as mass
percentage) would in some cases imply a sum of all those fractions higher
than 100%.

An interesting study of Brown and Rose (1969) with the mesophilic yeast
Candida utilis has shown that changes in cell composition are highly
connected to the experimental setup used (carbon source and nutrient
availability). Similar conclusions were also drawn by Tai et al. (2007b) when
comparing results from anaerobic glucose-limited and nitrogen-limited
chemostat cultivations of S. cerevisiae. These condition-specific responses
indicate that, except for the alterations in the lipids present in the cellular
membrane, changes in cell composition are not the main mechanism of
temperature compensation. Temperature specific responses would therefore
be likely related to the regulation of activity and expression of particular
enzymes.

Similar to what happens with other types of stress (such as pH, nutrients
availability...), the optimization of enzymatic rates can be achieved by
increasing the amount of the rate-controlling enzymes (vertical regulation)
or by modifying intracellular and extracellular concentrations of reactants
and co-factors (metabolite regulation).

Vertical regulation can be investigated through measurements of the
transcriptome and proteome of the cell at different temperatures.
Unfortunately, most results show that genes that are differently expressed at
lower temperatures are also dependent on the experimental conditions
applied, namely the substrate availability (Table 1.1). Moreover, published
transcriptome data do not provide any indications for temperature-induced
changes in the expression of isoenzymes that could compensate for the loss
of catalytic activity at lower temperatures. In addition, most studies show
very little correlation between transcript levels and enzyme activities,
making it even harder to discriminate between specific mechanisms of
temperature regulation. Metabolome data (i.e. measurements of the
concentrations of substrates, reactants and co-factors) could probably
provide the missing link, but there are a very limited number of studies that
have carried out such measurements at different temperatures.

Even if available, it would be very likely that also here the experimental
conditions play a role determining the metabolome response to temperature
shifts. A way to obtain comprehensive knowledge from the gathered data
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Family of genes differently regulated in cold-shock and acclimation

Table 1.1

experiments with the yeast Saccharomyces cerevisiae.

Reference Saharaetal, 2002  Schade et al.,, 2004 Murata et al., 2006 Schade et al,, 2004 Taietal., 2007b
Conditions Cold shock Cold shock Cold shock Batch Chemostat
from 30 to 10 °C from 30 to 10 °C from 25 to 4 °C acclimation at 10 °C acclimation at 12 °C
+ Protein synthesis,
mainly with binding  + Protein synthesis
functions or cofactor  (ribosomal protein » Carbohydrate
D « Heat-shock « Heat-shock requirements; genes) and metabolism;
own- A . ; -
roteins. roteins. . ; i modification; .
Regulated Genes P P Protein activity ) .mmmno:mm =
regulation and fate « Nucleotide stimulus;
(mostly RPL and RPS  biosynthesis; « Transport.
and enzymes for « Vesicle transport.
tRNA synthesis).
+ RNA polymerase
and RNA processing
genes; + Genes related to
transport, lipid and
+ 4hafter cold shock, oy id e « Cell rescue, defense
both genes for aminoaclds . . + Carbohydrate
g boli d and virulence; .
production and metabolism an ) metabolism and + Nuclear export;
Up- degradation of transcription; * Energy production  regulation; « Ribosome
regulated Genes lycogen were over  * RNA helicases, RNA and metabolism (inc. Storage biogenesis and
glycog . glycolysis and
expressed; processing and RNA storsge carbohydrates assembly.
« Genes for trehalose Uo_%qumm.m genes; carbohydrates). metabolism.
metabolism were « Fatty acid
desaturases.

down-regulated up
to 4h, and after up-
regulated;
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and to be able to unravel the temperature impact on metabolism from the
effects of other environmental conditions (such as nutrient availability) is to
apply a systems biology approach, thereby combining experimentation
under strictly controlled conditions and kinetic modeling.

Incorporation of temperature effects in kinetic metabolic models: a
promising tool to obtain interpretable results?

Kinetic models are mathematical representations of the impact different
factors have on the activity of the enzymes present in a metabolic pathway. If
the assumptions used to build the kinetic model are sufficiently correct, it
can be used to describe fluxes and concentrations of effectors (metabolites,
enzymes, transcript levels...) for a set of experimental conditions. This in
silico approach is valuable to test different hypotheses that would otherwise
be too complicated to be understood (e.g. the complex relations between
different metabolite levels under dynamic conditions) or not yet possible to
be experimentally verified (e.g. in vivo enzyme activities).

To this date there are only very few kinetic metabolic models in which the
effects of temperature-are taken into account, most likely due to the
complexity of interactions underneath the microbial response to
temperature changes. An in silico study from Chaui-Berlinck et al. (2004) has
led to the conclusion that changes in the flux through a pathway as a
consequence of temperature alterations cannot be predicted based on the
analysis of the temperature impact on the isolated pathway components (e.g.
catalytic activities of each enzyme). More recently, Ruoff et al. (2007) have
presented several model-driven hypotheses for the strategies by which
organisms could maintain fluxes at different temperatures. By taking into
account metabolic and hierarchical control analysis, the authors could derive
for which network topologies (i.e. reversibility, presence of regulation loops,
branching,...) it is possible to have mechanisms that compensate the loss of
catalytic activity at lower temperatures. Unfortunately, none of the studies
could present experimental evidences that established the in vivo
mechanisms used by the organisms to compensate for temperature changes,
nor which reaction or metabolite pool determines the metabolic flux at
different temperatures. Hatakeyama and Kaneko (2012) have recently
presented an interesting model that illustrates temperature impact on
setting circadian rhythms in cyanobacteria. Although the in silico predictions
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could already point out which proteins regulate the response to temperature
oscillations, the conditions applied in the model were too specific to allow it
to be used with other organisms.

Another reason for the small number of kinetic models that include
temperature-dependency is the scarceness of experimental data available to
build it or to establish the initial hypotheses. Frequently the mathematical
functions used to describe the rate of an enzymatic reaction are very
complex and with a high number of parameters. If the experimental data
used to estimate such parameters do not cover a wide range of fluxes and
concentrations, it might happen that the kinetic parameters will never be
identified, compromising the predictive power of the model. It is therefore
crucial to couple the development of kinetic models to rational experimental
design, aiming at obtaining sufficiently rich datasets that cover a wide range
of fluxes and concentrations.

Saccharomyces cerevisiae as an experimental platform

To study mechanisms of temperature compensation it is wise to use an
organism known to be able to grow at broad ranges of temperature and that
is easy to cultivate under laboratory conditions. This allows setting precise
experimental conditions and obtaining data for a wide range of
temperatures, fluxes and intracellular metabolite concentrations. For these
reasons, the yeast Saccharomyces cerevisiae appears to be a suitable
candidate to be used as a model organism.

S. cerevisiae is a mesophilic poikilotherm (To,® 36 °C) known to inhabit
environments subjected to broad temperature ranges. Moreover, S.
cerevisiae is used in a variety of industrial processes. These range from
ancient practices (such as beer brewing) to more recent processes such as
production of heterologous proteins (e.g. insulin precursors) and bioethanol.
More interestingly, many of the biotechnological processes that use S.
cerevisiae need to occur at temperatures not optimal for its growth.
Examples are the production of ale beer, where a fermentation step at 20 °C
is followed by a temperature drop to 10 °C so cells can quickly settle and be
separated from the broth (Scott and Hall, 1970). Also baking industry is quite
interested in temperature effect on metabolism due to the need of having
yeasts cultures that are inactive but tolerant to low shelf-temperatures (see
patents from Baensch et al., 1998; Gysler et al., 1996; Kawasaki et al., 2000).
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To understand how S. cerevisiae responds to temperature provides valuable
information to be used in strain development programs.

The biotechnological relevance of S. cerevisiae has led to a large number of
studies regarding its metabolism under many different experimental
conditions (see, for instance, Hohmann and Mager, 2003; Walker, 1998).
Such data might be valuable when dissociating the temperature impact from
the effect of other experimental parameters. Also a considerable number of
analytical tools to study S. cerevisiae is available, including enzyme activity
measurements and intracellular metabolite analysis, that allow obtaining
relevant in vivo data for the development of kinetic models.

Aim and outline of this thesis

The aim of this thesis is to elucidate mechanisms used by S. cerevisiae to
respond to temperature changes by applying both experimental and
modeling approaches. A top-down approach was used, meaning that the
temperature impact on substrate uptake and rates of by-products formation
was quantified before taking a look at the intracellular behavior. Because
temperature extremes strongly affect the structure of proteins, increasing
the complexity of the response to temperature, this study only focuses on the
mild-suboptimal range (12 to 30 °C). Also this is likely to be the most
relevant environmental range since the T,y of most microorganisms is close
to the maximum temperature reached in their natural habitat.

The first step taken was to evaluate the temperature impact under
glucose-excess conditions, since the fluxes under such settings are maximal
and independent of the extracellular substrate concentration (Chapter 2). A
sequential-batch setup was used to guarantee that inoculum cells were fully
adapted to the temperature applied and that there was no interference from
carryover of substrates/products from previous cultivation conditions
(either pre-culture or previous batch). In this way it was assured that the
observed changes in rate and stoichiometry of growth were exclusively a
consequence of the fermentation temperature.

To evaluate if the results from glucose-excess conditions are also valid
under glucose limitation, a series of experiments were conducted in
anaerobic glucose-limited chemostats at a fixed growth rate, while the
temperature was changed within the range of 12-30 °C within different
timescales, i.e. from 15 minutes to 1.5h (Chapter 3). Temperature
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perturbations were applied to both 12 °C and 30 °C chemostat cultures to
evaluate if the adaptive response would be different in cells acclimated to
low temperatures. In other words, if the regulation of the glycolytic flux upon
temperature changes could be different between the two steady-state
cultures due to the adjustments of enzyme expression levels or cell
physiology in acclimated cells. With the data gathered it was possible to
develop a black-box model capable of reproducing the changes in fluxes
upon temperature perturbations, both in batch and glucose-limited
chemostat cultivations. Also the temperature impact on the in vivo Kinetics of
central carbon metabolism could be discriminated from the kinetic effect of
limiting glucose concentration.

Although the results obtained from the experiments described above
provided already a good indication on how temperature influences the
growth and product yields of the main anaerobic by-products, the derived
black-box description did not provide indications on which enzymes are the
ones controlling the response to temperature changes in a broad range of
substrate concentrations. To answer this, two hypotheses on how the
activity of the different enzymes in a network should change with
temperature in order to sustain the fluxes determined in chapters 2 and 3
were drawn from a theoretical model (Chapter 4). According to the results
of the theoretical model, the intracellular metabolite levels measured during
different temperature-perturbation experiments allows to verify if: (1) all
enzymes have similar temperature sensitivity or (2) if there is one enzyme
for which the catalytic activity becomes limiting at low temperatures.
Intracellular metabolite measurements of cells grown in batch cultivations at
different temperatures and in glucose-limited chemostat cultivations
subjected to dynamic temperature conditions, allowed validating which of
the hypotheses better represents the temperature response of central-
carbon metabolism. Surprisingly, the results accentuated the tremendous
impact of the extracellular glucose concentration on the regulation of the
glycolytic flux. To develop a temperature-dependent kinetic model valid for
glucose-limited conditions, it is essential that this dependency is taken into
account, forcing the model to be robust and stable for a wide range of both
fluxes and metabolite concentrations.

Chapter 5 presents the experimental and theoretical strategies used to
construct such a model. A first version of the model was built without taking
the effect of temperature into account. To obtain the model parameters,
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anaerobic glucose-limited chemostat cultivations were carried out at a large
range of different growth rates (0.025 to 0.27 h-1) at 30 °C. The advantage of
using steady-state cultivations is that the fluxes can be accurately estimated,
in comparison to dynamic conditions such as pulse experiments. This,
together with measurements of the enzyme activities and intracellular
metabolite levels for the different growth rates, allowed evaluating which
kinetic format is the best to reproduce the in vivo flux of each individual
glycolytic reaction for the measured range of intracellular metabolite levels.
Once the kinetic parameters were identified, it was possible to insert the
kinetic equations into the steady-state glycolytic model. Subsequently the
cultivation temperature was included as an extra variable by incorporating
the Ratkowsky equation for each enzymatic reaction (see Chapter 2). This
resulted in a kinetic model for anaerobic yeast glycolysis, including the
temperature-dependency of rates. This model proved to be valid for different
steady-state temperatures as well as for dynamic temperature changes that
do not require stress-related responses (e.g. enzyme phosphorylation).

Last but not least, a resume of the major conclusions drawn from this
thesis, together with a discussion of its environmental and biotechnological
relevance, is provided in Chapter 6. Because temperature affects the
metabolism of all organisms and this study only focused on S. cerevisiae
under anaerobic mild-hypothermic temperatures, some thoughts will also be
presented regarding the validity of the results and applicability of the
approaches followed to study other organisms and/or temperature ranges.
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Abstract

This chapter presents a characterization of the stoichiometry and kinetics of
anaerobic batch growth of Saccharomyces cerevisiae at -cultivation
temperatures between 12 and 30 °C. To minimize the influence of the
inoculum condition and ensure full adaptation to the cultivation
temperature, the experiments were carried out in sequencing batch reactors.
It was observed that the growth rate obtained in the first batch performed
after each temperature shift was 10 to 30% different compared with the
subsequent batches at the same temperature, which were much more
reproducible. This indicates that the sequencing batch approach provides
accurate and reproducible growth rate data.

Data reconciliation was applied to the measured time patterns of
substrate, biomass, carbon dioxide and by-products with the constraint that
the elemental conservation relations were satisfied, allowing to obtain
consistent best estimates of all uptake and secretion rates. Subsequently it
was attempted to obtain an appropriate model description of the
temperature dependency of these rates. It was found that the Ratkowsky
model provided a better description of the temperature dependency of
growth, uptake and secretion rates than the Arrhenius law. Most interesting
was to find that most of the biomass specific rates have the same
temperature dependency, leading to a near temperature independent batch
stoichiometry.
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Introduction

Temperature impact on microbial growth is a recurrent topic in
biotechnology studies. Its main interest comes from the effect temperature
has on the kinetic properties of all organisms and the need to conciliate
fermentation temperature and cost-effective industrial production. In the
brewing and wine industries, for example, low temperatures are favorable
for the preservation of flavors, but detrimental for growth and ethanol
production rates of the yeast strains used.

It is known that temperature influences all biochemical reaction rates but,
on the other hand, it should be realized that the amounts of compounds
being produced are intrinsically related to the amounts of substrates
consumed. This relation is in such a way that all the balances to the elements
(for instance carbon, nitrogen, oxygen,...) should be satisfied. Therefore, a
change in one of the metabolic rates will certainly have an impact at some
other point of the metabolic network. So, to obtain a proper characterization
of a biological system, it is important to consider all quantifiable uptake and
secretion fluxes. Previous attempts to describe the temperature dependency
of microbial metabolism have been limited to modeling the impact of the
temperature on the growth rate or on the kinetic parameters of a single
product of interest (Boulton, 1980; Kovarova et al, 1996). Thereby other
relevant conversion rates, such as production of glycerol and CO», have often
not been taken into account. There is therefore a lack of consistent data that
allows obtaining a description of the temperature impact on microbial
central metabolism as a whole.

To undertake such studies it is essential to have accurate and reliable
data. The use of batch cultivations in shake flasks, under non-well defined
conditions, may lead to unreliable and incomplete results, due to lack of
dissolved oxygen control, off-gas readings and pH control. From thus
obtained data it is not possible to verify whether the observed changes have
been caused exclusively by temperature differences. In addition, attention
must be given to the influence of the pre-culture composition and population
heterogeneity on the obtained batch culture results. If cultures are directly
inoculated from a working cell stock or from a pre-culture carried out under
conditions different from the ones used in the main fermentation, there can
be carryover of compounds that interfere with the growth of the organism. It
is also important to realize that the presence of subpopulations in the
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inoculum can influence the overall response to the cultivation conditions
applied (Den Besten et al., 2007; Van Derlinden et al,, 2008).

Furthermore, a study from Shaw (1967) on the effect of abrupt
temperature shifts on the growth of several yeast strains, has shown that
there is a transient state where the observed growth rate is different from
the one reached after adaptation to the new temperature. If the shift is
performed to temperatures lower than the optimum, a lag phase might be
observed, of which the duration depends on the absolute value of the
temperature shift. These are strong indications that one should be careful
when using results from single batch experiments.

Sequencing batch reactors (SBR) have been extensively used in research
on waste water treatment processes (Wilderer et al., 2001) and have lately
shown an increased application as an evolutionary engineering tool (Sauer,
2001). Basically, an SBR consists of a fill-and-draw system, where part of the
broth from the previous batch cultivation is used as inoculum for the
subsequent one. It has recently been shown that the use of an SBR setup
significantly improved the reproducibility of batch cultivations of S.
cerevisiae (Abbott et al., 2009). Therefore we have chosen to apply SBR
cultivation to investigate the temperature dependencies of growth, substrate
uptake and formation of all main (by)products of Saccharomyces cerevisiae
during anaerobic batch growth at 12, 18, 24 and 30 °C. Based on the obtained
data the temperature dependency of the kinetics and stoichiometry of the
growth of S. cerevisiae under these conditions is thoroughly evaluated. A
comparison is made between applicability of two of the most widely used
models to describe the temperature impact on mesophilic growth: the
Arrhenius law and the model of Ratkowsky et al. (1982).

Proper relations are this way obtained between all relevant production
and consumption rates for a temperature range relevant for industrial
applications. Also the estimated parameters might be further use to develop
more detailed kinetic models as, for instance, the temperature impact on
glycolysis.
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Materials and Methods

Strain and growth conditions

Saccharomyces cerevisiae strain CEN.PK113-7D Mata (Entian and Kotter,
2007) was initially grown in a shake flask at 30 °C, as described by Van den
Brink et al. (2008). This strain is adapted to mild temperatures (15 to 40 °C)
and grows optimally at temperatures close to 35 °C (Postmus et al, 2008).
When cells reached mid-exponential phase (ODsgonm = 2.0), 100 mL of culture
were used to inoculate a 1L fermentor (Applikon, Schiedam, The
Netherlands) with 650 mL of medium containing 0.3 g.L-1 (NH4)2504 0.3 g.L!
K2H2PO04, 3.0 g.L-1 (NH4):H2PO4, 0.5 g.L-1 MgS04.7H20, 0.4 g.L-! of Tween 80,
10 mg.L! ergosterol and 25 gLt glucose. Furthermore 1 ml.L! of vitamin
and 1 mlLL1! trace-elements solution with compositions as described by
Postma et al. (1989) were added together with 0.15 g.L-1 of antifoam
(Antifoam C, Sigma Aldrich, Saint Louis, USA).

The pH of the fermentor was continuously measured and controlled at 5.0
by automatic addition of 2M H,S04 or 2M KOH, by means of a Biostat B plus
controller (Sartorius BBI systems, Melsungen, Germany). The -culture
temperature was measured continuously using a temperature sensor inside
the fermentor and was controlled via the thermocirculator of the Biostat B
plus. Fully anaerobic conditions were obtained by continuous sparging both
the fermentor and medium vessel with nitrogen gas (0.69 mol. h'l = 0.26
L.min'1) via a Brooks 5850 TR mass flow controller (Hatfield, PA, USA). This
guarantied that the medium used to refill the fermentor would not contain
oxygen. The fermentations were performed at an overpressure of 0.2 bar and
at a stirrer speed of 600 rpm.

The progression of all batches was monitored online by both measuring
the concentration of CO; in the exhaust gas (NGA 2000 gas analyzer,
Rosemount, Minnesota, USA) and the total amount of base added. When base
addition stopped for a pre-defined amount of time, the broth volume was
decreased to 100 mL and refilled with fresh medium to start a new batch.
After 3 sequential batches were carried out at a certain temperature set-
point (30, 24, 18 or 12 °C), the temperature of the setup was changed during
the fermentor refilling. Two runs of at least 15 sequential batches were
performed following this approach. To evaluate whether genetic and/or
physiological changes had occurred after the series of sequential batch
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cultivations, the last 3 batches were carried out at the same temperature as
the first series (30 °C).

To make sure that the cultures were fully adapted, two initial batches
were run at each cultivation temperature, before samples were taken. At
least 5 samples for optical density (OD¢so) and extracellular metabolites
were taken during each batch culture.

Measurements of both dry weight and ODesso were performed in batches at
all temperatures studied to obtain the ODgso to dry weight calibration line.

Analytical methods

Rapid sampling of culture filtrate for extracellular metabolite analysis was
performed with the cold steel beads method (Mashego et al,, 2003). The
amount of beads was adjusted, depending on the cultivation temperature, to
prevent freezing of the sample. The filtrate samples were stored at -20 °C
until analysis. Samples were analyzed in duplicate using high-performance
liquid chromatography (HPLC) with a Bio-Rad Aminex column at a
temperature of 60 °C. The mobile phase was 5.0 mM phosphoric acid of
which the flow rate was set to 0.6 ml.min-l. Glucose, ethanol and glycerol
were measured using a Waters 2410 refractive index detector, while a
Waters 2487 dual-wavelength absorbance detector at 214 nm was used for
acetate and lactate quantification.

The amounts of succinate and pyruvate were measured by GC-MS analysis
following the protocol of Cipollina et al. (2009), using 13C-labelled-cell-
extract as internal standard.

Estimation of rates, temperature-parameters and data reconciliation

During unlimited growth in batch culture, all biomass specific net conversion
rates can be assumed constant and maximal. The change in time of the
amounts of all compounds (N(t)), which are consumed and produced by the
organism, is then described by
dN,
gt = G N (1),

(2.1)
where i is one of the eleven compounds involved: the substrate glucose (S),
biomass (X), ethanol (Eth), glycerol (Gly), carbon dioxide (CO), acetate
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(Ace), succinate (Suc), pyruvate (Pyr), lactate (Lac), water (H.0) and
ammonia (NH4*). Integration of equation (2.1) for biomass (X) and the
definition of growth rate, ima=0max % yields the exponential growth equation:
— hroct
N, (t) = N, (0) &=, 22
The CO; production rate, Fcoz, can be calculated from the measured
concentration of CO; in the off-gas and the N gassing rate. It suffices to
substitute equation (2.2) into equation (2.1) to obtain the equation for the
exponential increase of the CO2 production rate during unlimited batch
growth:

e o ONeo _

o, dt - qmax,COZ

N, (0) gn'. (2.3)

By combining equations (2.1) and (2.2) and subsequent integration, a
relation is obtained describing the exponential change of the amounts of the
consumed and produced compounds in the fermentation broth as a function
of time,

N, (t) = N (0) + Qo Ny (0) (e -1). (2.4)
lumax
A correction had to be made for ethanol, as evaporation significantly
influences the result. Therefore a term accounting for evaporation (-
KevadNewor(t)) was included in the compound balance (equation (2.1)). After
integration, the result describing the amount of ethanol in the broth as a
function of time is:

N, (O kgt N, (O .
Neth(t) :(Neth(o)_ qnax,iﬂj g’ + qnm,# g=' (2.5)

lumax + kevap H max + kevap

The evaporation constant, Keyap for the bioreactor was determined for
different temperatures in separate experiments (data not shown) and found
t0 be Keyad T)=2.63x10.exp(-4670/T)where T is the temperature in K.

As the above mentioned set of 11 reactants represent all significant
compounds converted, the elemental conservation relations (i.e. for C, H, O
and N) can be used as constraints for the reconciliation of the measurement
data. The elemental conservation relations have the form
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11
D NGy =0, (2.6)
i=1

where n; are the relevant stoichiometric coefficients for each relation.

To estimate the maximum biomass specific conversion rates at each
temperature (Lna{T) and Omax(T)) and the initial amounts, N;(0), an
optimization routine was applied where the weighted residual sum of
squares between the nine experimental measurements (for i=S, X, Eth, Gly,
CO3, Ace, Suc, Pyr and Lac) and amounts predicted by equations (2.2) - (2.5)
was minimized under the constraint that the four elemental conservation
relations were satisfied. As the complete system contains eleven net
conversion rates, the four constraints between them dictate that only seven
conversion rates have to be determined to obtain the complete set of rates. If
measurements are available for nine compounds, the complete system is two
times over determined, allowing data reconciliation and gross error
detection (Verheijen, 2003).

With the obtained estimates of Qmaxjit is possible to express each rate
relative to the substrate uptake rate (further on called yield on substrate) for
each temperature,

Ys = qu,i/ Oraxs- (2.7)

In order to analyze whether these ratios are temperature dependent, a
model was tested wherein the ratios between all net conversion rates were
fixed, independent of the cultivation temperature. This was achieved by
incorporating these yields (equation (2.7)) in equation (2.4):

N, (O
N, (t)=N (0)+Y, qms%( ét ~1). (2.8)

By doing so, the initial problem was reduced from 36 unknown rates
(Omax;i of the 9 carbon containing components for the 4 different
temperatures studied), to 12 (4 gmaxsvalues for the 4 different temperatures
and 8 Yjs values).

The same optimization approach was used to test the validity of the two
temperature models: the Arrhenius law and the model of Ratkowsky et al.
(1982) (respectively equations (2.9) and (2.10)).
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_Ea
qmaxj = Al"e RT (2-9)
O =0 -(T= T ¥ (2.10)

To this end, equation (2.9) or (2.10) was substituted in equation (2.4) and
either the pre-exponential parameter and activation energy of the Arrhenius
law (respectively A and E&), and the empirical parameters from the
Ratkowsky model (b*i and Tyn,) were estimated.

Statistical analysis of the estimated parameters

Chi-squared tests were used to determine the adequacy of the models with
respect to the experimental errors while F-tests were applied to evaluate the
statistical consistency of model reduction. The reasoning behind the choice
of these tests can be found in Verheijen (2003). For all cases, a significance
level of 0.05 was used. At least two rounds of iterations were run for each
step to ensure that the solution was not a local minimum. A detailed
description of the applied statistical procedures can be found in the appendix

(page 45).

Results and Discussion

Performance of the sequential-batch setup

Two identical runs of sequential-batch-fermentations were performed,
whereby the cultivation temperature was subsequently decreased from 30 to
24,18, 12 °C and increased back to the initial temperature of 30 °C. At least 3
successive fermentations were carried out at each temperature (see Figure
2.1). Examples of the obtained exponential curves of cumulative CO;
production for the four different cultivation temperatures are presented in
Figure 2.2.

Fitting of equation (2.4) to the obtained CO curves provides pmax values
for each cultivation. The good reproduction of the experimental data,
including the initial measurements at time zero, indicated that a lag phase
was either very short or absent. This can be explained by the fact that
subsequent batches were initiated directly at the end of the exponential
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phase of the previous one, and that the amount of inoculum used was
relatively high (13 % w/w).

|
Il J ]
/| / /
/| / /
3 12°C 30°C

Time (h)

Total Base Added

Figure 2.1: Description of the sequential batch experiment used to investigate the
impact of temperature on the net conversion rates. Each run of sequential-batch-
fermentations consisted of 5 series of 3 batch cultivations carried out at 30, 24, 18 and
12 7. (x) indicate the times at which samples were taken for extracellular metabolite
analysis.

When plotting the obtained growth rates as a function of the number of
fermentations (1, 2 or 3), it was observed that the growth rate of the first
batch of each series was, in most cases, significantly different from the
subsequent ones (Figure 2.3). The difference was largest (24%) for the first
batch of the entire run of sequential fermentations. This was not unexpected
because of the physiological changes that the inoculum, grown aerobically in
shake flasks, has to go through, to adapt to the fully anaerobic conditions of
the SBR. These adaptations include adjustments of enzyme levels to
compensate for the loss of respiratory capacity, as was observed by Larsson
etal (1997).

The deviations observed for the first batches at different temperatures
are also in accordance with the transient-growth theory developed by Shaw
(1967) who reports that temperature shifts performed in a moderate range
close to the optimum growth temperature cause a fast adaptation to the new
temperature. For larger shifts, a transient period is generally observed
where the growth rate is different than after adaptation to the new
temperature. The temperature range where the transient state can be
observed depends on the physiology of the organism (Shaw, 1967). In the
present study it was seen that the differences between growth rates
determined for the 24 °C batches are smaller when compared to the ones
performed at 18 and 12 °C. This indicates that temperatures between 24 and
30 °C are within the moderate range, while for temperatures of 18 °C or
lower this strain can no longer immediately adapt to the new temperature,
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causing a transient state of growth. These overall results indicate that even
considering the milder shifts, such as a 6 °C step in temperature, the cells are
not able to fully adapt in one single batch.

90-
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S oA
g 60
£ 45 4 30°C
8“‘ 304 = 24°C
18 °C
15+ 0
12°C
0 T T T T T T 1
0 5 10 15 20 25 30 35

Time (h)

Figure 2.2: Time profiles of the cumulative amounts of carbon dioxide produced
during batches at 30 C, 24 °C, 18 “C and 12 °C. The data shown refer to batch number
2 of each temperature. The dots represent the experimental data, while the lines
represent the fitted exponential equations.

As an example, in a previous study with the same strain and medium
conditions, the growth rate obtained with single batch fermentations at 30 °C
was 0.34 +0.01 h'! (Tai et al, 2007a). As can be seen in Figure 2.3 this value
is significantly different from the one obtained in the third batch using the
sequential batch setup (0.28 +0.01 h-1). This points out that sampling during
the first four generations can lead to unreliable results concerning
physiological properties and kinetic parameters such as fima(T).

Estimates of the biomass specific conversion rates and temperature
(in)dependency of growth stoichiometry

From the measured time profiles of substrate, biomass, CO; and excreted
products the respective biomass specific net conversion rates were obtained
for each cultivation temperature, following the parameter estimation and
data reconciliation procedure outlined in the materials and methods section.
With this procedure the complete dataset of nine time profiles was used to
obtain a consistent estimation of all biomass specific net conversion rates at
different cultivation temperatures, with minimized experimental error in the
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estimated rates, thus obtaining a reliable set of parameters for further
modeling steps.
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Figure 2.3: Growth rates obtained from the time profiles of cumulative CO; production.

The error bars indicate the standard error obtained from the average of two different
runs of sequential-batch experiments.

It was observed for all temperatures that an optimal solution could only
be obtained when data points were used until two biomass-doubling-times.
Taking data into account beyond two doubling times resulted in increasing
deviations from the exponential functions (equations (2.2) to (2.5)). This
observation is most likely associated with the residual glucose concentration
at that time point (approximately 40 mM) which is close to the affinity
constant determined for the mid exponential phase in cells grown from
similar initial glucose concentrations (Maier et al, 2002). Due to that, the
glucose uptake rate at that stage becomes notably lower than the Qs max
Therefore, including measurements done at later time points will result in
underestimation of the maximum uptake and secretion rates.

As can be seen from Figure 2.3, the measured metabolite profiles could
be satisfactory described using the fitted parameters. From the reconciled
rates (Table 2.1) it was possible to calculate the yields of consumed and
produced compounds on substrate for each temperature studied.
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Figure 2.4: Time patterns of the amounts of metabolites measured during sequential
batch cultivations at 30 C (0), 24 C (), 18 € (O) and 12 C (#). The points
represent the experimental data, while the lines represent the best estimates from the
data reconciliation routine. The error bars refer to the standard deviations of at least
two measurements.

As presented in Figure 2.4, the thus obtained yields appear in most cases
to be temperature independent, implying that the stoichiometry of growth
did not change significantly with temperature. To evaluate this hypothesis,
the data reconciliation procedure was applied to the complete dataset
whereby, one at a time, the rate of each compound was replaced by a yield on
substrate, according to equation (2.8). Secondly, a similar procedure was
applied whereby the yields of all components were fixed at the same time.

For all cases tested, the model could still successfully describe the
experimental data (p values of the chi-square test between 0.191 and 0.999).
However, the results from the F-test suggested that the goodness of fit was
significantly less when fixing the yields of ethanol (p=0.013), glycerol
(p=0.004) and/or acetate (p=1x10-5). Clearly, the inferior fit after fixing the
acetate yield is caused by the fact that acetate production was strongly
influenced by the cultivation temperature, as can be seen from the changing
yield coefficient in Figure 2.5. An explanation for this change in stoichiometry
could be the increased glycerol production at lower temperatures. It has
been shown that glycerol is an important component for thermotolerance
and, for that reason, S. cerevisiae accumulates glycerol when transferred
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from 30 to 12 °C (Panadero et al, 2006). An increase in glycerol production
results in an overproduction of NAD* that, under anaerobic conditions, can
only be compensated by the production of a more oxidized compound than
ethanol, e.g. acetate, so the redox balance in the cell can be maintained.

Even though in Figure 2.5 there seems to be a change in the yield
coefficients for lactate and succinate, this observation could not be
statistically supported (p values were higher than 0.7). This might be a
consequence of the relatively large measurement errors for succinate and
lactate (in average 15%) that result from the low accuracy of the analytical
platform used for the low concentrations range of these metabolites.

Nevertheless, since even for the lower temperature studied the carbon
involved in acetate production is only 1.6% of the total carbon flowing in the
cell, it is possible to assume that for the main glycolytic pathway the
stoichiometry is temperature independent. This means that the glucose
consumed per mol of catabolic products formed remains practically the
same, independently of the temperature.

Table 2.1: Biomass specific conversion rates obtained from batch cultivations carried
out at different temperatures. The values presented are the average from two different
runs of sequential batch fermentations of the third batch at each temperature.

Fluxes Cultivation Temperature
(mmol.gpw1.h1) 30°C 24 °C 18 °C 12 °C

(-gs) 18.00+0.58 11.50 £0.29 6.85 £0.25 2.99 £0.13
i (h'1) 0.279 £0.012 0.194 £0.007 0.104 £0.006  0.036 £0.002
qco2 29.59+£1.01 18.52+0.49 11.01 +£0.44 4.91 +0.22
gEth 27.69+098 17.24+0.47 10.12 £0.43 4,52 £0.21
Jalyc 3.41+0.24 2.29 +£0.11 1.62 £0.08 0.724 +£0.060
gace @ 467 +34 401 +19 299 +21 144 +16
qrac (@ 23220 176.7 £7.7 78.313.0 233421
gpyr @ 138 +20 103.1 7.3 45.2 4.5 16.4+£2.9
qsuc @ 53.1+8.9 441 +0.9 20.7 £1.1 8.1+0.8
gHz0 2.362+£0.202 1.691+0.115 0.705+£0.098 0.161 £0.049
(-qnua+) 1.563 £0.070 1.087 £0.042 0.583 +£0.035 0.201 £0.013

(@ Fluxes expressed in yumol.gpwLhL
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Figure 2.5: Yields on substrate as a function of temperature. The values were
calculated from the reconciled net conversion rates. The error bars refer to the
standard errors.

Temperature dependency of the net conversion rates: Arrhenius versus
Ratkowsky

Apart from the stoichiometric coefficients, also the kinetic parameters that
determine the temperature impact on growth, substrate uptake and product
secretion rates are crucial to obtain a proper mathematical model for the
temperature dependency of growth. To this end, both the Arrhenius law
(equation (2.9)) and the Ratkowsky model (equation (2.10)) were tested.
None of the yields were fixed during these modeling steps so it would be
possible to independently estimate the temperature-parameters for all the
individual compounds.

As can be seen from Figure 2.6, the Ratkowsky model provided a better
fit to the data than the Arrhenius law (p value of 0.182 for the Ratkowsky
model and 0.013 for the Arrhenius law). However, one should keep in mind
that the theory underneath the Arrhenius law comes from single reaction
rate constants while the rates in biological systems (substrates taken up and
products excreted) are a result of a sequence of metabolic reactions, each
with potentially different temperature coefficients. On the other hand, the
Ratkowsky formula was found to describe especially the growth processes
adequately over a considerable range and for several microorganisms
(Ratkowsky et al., 1982).

Nevertheless, both models studied provided an indication for the
temperature independency of stoichiometry. It was observed that the Ty,
parameter from Ratkowsky and Eg from Arrhenius was the same for all
uptake and secretion rates (respectively 273.37 +273.61 K and 73.1+2.1
k].mol-1). If we then consider equations (2.9) and (2.10), this means that the
only way to satisfy the elemental balances is to have constant yields. It
should also be mentioned that a large error was obtained for the Ty, in all
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the optimizations performed, even when testing the hypothesis of different
Tmin for the different metabolites (data not shown). This observation has
been previously discussed by Bernaerts et al. (2002) and is a consequence of
the lack of accurate growth rate data at near-freezing temperatures, which
hampers a precise estimation of this parameter.

(-as) m GEtoh
2 0.36 40
= =
: 201 0.304 3 |
g A 024 §30 x
o 15 = . =g
3 . £o.18 3 20 .
104 B o
£ . 0.12 . E 40! .
o 5 - 0.061 o .
0 0.00 0
9 12 15 18 21 24 27 30 33 9 12 15 18 21 24 27 30 33 9 12 15 18 21 24 27 30 33
Temperature (°C) Temperature (°C) Temperature (°C)
dcoz qalyc acet
- 35 . 5 ‘_0.6
= 304 3 < 4] <05
£ 25| H 50.4
2204 23 2
© 15/ S 5| 303
E 1o E Eo2y
T 5 — o1 -~ o0.14 —
0 o! - 0.0: -
9 12 15 18 21 24 27 30 33 9 12 15 18 21 24 27 30 33 9 12 15 18 21 24 27 30 33
Temperature (°C) Temperature (°C) Temperature (°C)
Apyr Asuc Guact
= 0.20, . 0.08, ~ 0.3,
2 0.15 S S
50 £0.06 z
> o0 3 & 0.2
3¢ 3 0.041 3
< 0.05] . E 002/ E01 y
= R p e = —
0.00 0.00 0.0
9 12 15 18 21 24 27 30 33 9 12 15 18 21 24 27 30 33 9 12 15 18 21 24 27 30 33
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 2.6: Biomass specific fluxes calculated from the experimental data
reconciliation (W ), the Arrhenius law (......) and the Ratkowsky model (-----).

Conclusions

This study investigated the global impact of mild hypothermic temperatures
on the anaerobic growth of S. cerevisiae.

It was demonstrated that by using a sequencing batch approach, the
influence of inoculum composition and presence of transient states for the
prediction of growth rates could be eliminated. It also became clear that
using data obtained during the first 4 generations after a 6 °C shift might lead
to wrong Umnaxpredictions. In general, this strengthens that scientists need to
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take into account the physiological adaptation of the organism to the culture
conditions applied and its impact on the results obtained.

Our complete set of measurements (biomass, substrate, CO;, ethanol,
glycerol, acetate, lactate, succinate and pyruvate) allowed obtaining a
consistent set of (max,; values for each temperature tested that satisfied the
elemental balances. An analysis of the Qmax irates allowed concluding that the
stoichiometry of anaerobic growth of S. cerevisiae is not changing with
temperature for the major carbon fluxes, meaning that the yields on glucose
can be considered temperature independent for the range tested. All other
Omax, rates can therefore be easily calculated from the temperature
dependent (maxs and the temperature-independent yield coefficients,
excluding the need for temperature-dependent rate equations for the
majority of the metabolites.

Appendices

Nomenclature

A Pre-exponential parameter of the Arrhenius model (mmol.C-molx-1.h-1)
b* Parameter adapted from Ratkowsky et al. (1982) (mmol.C-molx-1.h-1.K-2)
EG} Activation energy from the Arrhenius model (J.mol1)

F Flow of compound i (mmol.h-1)

N (t) Amount of component i (mol)

n Stoichiometric coefficient of compound i

OD,,, Optical density measured at 660 nm

OQxj Biomass specific production rate of component i (mmol.C-molxt.h1)

R Gas constant (kJ.K-1.mol1)

t Time (h)

T Temperature (K)

T .. Parameter of the model from Ratkowsky et al. (1982) (K)

YIJ Macroscopic yield of compound j into compound 7 (moli.mol;1)

U

Specific growth rate (h-1)
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Subindexes

Ace Acetate

CQ, carbon dioxide

Eth  Ethanol

Gly  Glycerol

Lac Lactate

Pyr  Pyruvate

S Carbon source (glucose)
Suc Succinate

X Biomass

i Index for metabolite compounds
j Index for different observation times
k Index for different temperatures

Formal description of the estimation routines applied for data
reconciliation and temperature modeling

To estimate the rates at each temperature (Qmax; fmnay and the initial
amounts of all the components (N;(0)), an optimization routine was applied
to each temperature data set, where the overall residual sum of squares
between experimental measurements, N; for component i at t =tj, and the
amounts predicted by equation (2.4) (N(tj)) was minimized:

. ‘&N, - Nt N, , ’
{ N/' (O)!amax/' ’l&max} —arg min Z Z . ’(t/ ' 0’-(0)’qma><l "umax)
g

Ni (O)'qmax/ ’lumax . ..
i i

S'I'zniqmax/ =0
i

(2.11)

As explained before, it was further imposed as constraint that the
elemental conservation relations should be satisfied. Therefore, the sum of
the product between the stoichiometric coefficients n; and the respective
rate had to balance, and are introduced above as constraint for the
optimization.
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This procedure provides the best estimates of the initial concentrations
and rates for all the considered metabolites, and for each individual
temperature.

To model the temperature impact on the biomass specific rates Qmax{(T),
the rates in balance (2.4) were replaced by the Arrhenius and Ratkowsky
equations, leading to best estimates of the parameters of the temperature
models:

N;(0,T,).A Ea O-I'jk

f]<[f 2
(K.0.7,).4.Ea) =arg, _min ZZZ(N i k’N’(O’T)’A”Ea’)]
S‘r'zniqmaxiZO p '

(2.12)

(8,07)5.7,}=arg min zzz’[ “N.¢ TN, >brm.n>]

N; (0T )b T U/].k

sAt.Zn,qmax/— oT,
(2.13)

Finally, in order to investigate if the stoichiometry of growth was
temperature independent, a model was tested where Qmax; was replaced by
its correlation with the yield on substrate (Y;s):

<t, v
| [N,jk ~N,(t,,N,(O,T,

{NI(O’Tk)’dmax,S(Tk)’);IS} :arg ZZZ

N(Or)qmaxs T 2

sthqmaxJ—O orT,

i

>,amaxs<rk>,y,s>T

ik

(2.14)
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Abstract

Many kinetic models that describe the impact of temperature on metabolism
have been derived from batch culture studies. Because in such cultivations
all nutrients are in excess, changes in the growth and other biomass specific
rates will be uniquely a consequence of the different temperatures applied.
However, such models have limited value for substrate-limited conditions,
which are often applied in industrial fermentation processes. To develop a
model capable of describing the temperature dependency of growth under
glucose-limiting conditions, it is necessary to apply experimental design
strategies where, by perturbing the temperature of the cultivation, both the
substrate uptake rate and its residual concentration will change over a wide
range.

Four temperature shifts have been designed and applied to anaerobic
glucose-limited chemostat cultivations of Saccharomyces cerevisiae. From the
gathered data it was possible to build a temperature-dependent black-box
model that covers the anaerobic glucose-uptake rate and production of
carbon dioxide, ethanol, biomass, glycerol, acetate, succinate, pyruvate and
lactate. Results from experiments with different initial steady-state
temperature and rates of temperature perturbation were compared. It was
found that the yield on glucose for most extracellular compounds is
independent of temperature and residual glucose concentration. The
exceptions were the acetate yield and storage carbohydrate metabolism,
where there is a strong impact of the extracellular glucose concentration but
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not temperature. Only the kinetics of glucose uptake was different between
temperature shifts applied to 30 °C and 12 °C chemostat cultivations. This
appeared to be related to the expression of different glucose transporters in
chemostats at different steady-state temperatures, as a consequence of the
higher residual glucose concentration at lower temperatures.

Introduction

Temperature receives more and more emphasis in microbiology studies,
where focus is being given to understand the regulation mechanisms below
the optimal temperature for growth. This knowledge can ultimately help to
select or improve the strains that are more productive at a temperature of
the industrial process that is otherwise suboptimal to growth. To perform
this sort of studies it is necessary to cultivate the organisms at different
temperatures. However, depending on the experimental setup chosen,
drawing clear conclusions regarding the impact of temperature on
metabolism might be hindered by the effect of co-varying variables, such as
substrate concentration or growth rate.

Shake-flasks and batch cultivations are still the preferred setups to study
the effect of temperature on the physiology of microorganisms. An example
is the previous chapter where, by performing anaerobic sequential-batch
fermentations at different temperatures, it was found that there are no
significant changes in the yields on glucose of the major catabolic products of
Saccharomyces cerevisiae between 12 and 30 °C. Information on the effect of
the temperature on the stoichiometry and the consumption and production
rates of the relevant metabolites is crucial for constructing black-box kinetic
models that quantify the temperature impact on uptake and secretion fluxes.
In batch fermentations the substrate concentration is in excess and plays no
kinetic role. As a consequence, the growth rate is always maximal and a
change in temperature results in a change of (maximum) growth rate. This
implies that observations obtained from substrate-excess conditions reflect
the combined action of temperature and growth rate on the regulation of
fluxes. Experiments in glucose-limited conditions with the same growth rate
and different temperatures can be run to avoid the effect of varying growth
rate. The question then rises whether models developed from batch data can
be extrapolated to describe glucose-limited processes were the growth rate
of the cells is controlled by the substrate feed rate and whereby the residual
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substrate concentration, besides temperature, plays a role in regulating the
kinetics of growth and product formation. Because it is known that residual
substrate also plays a role as signal molecule and/or regulator (Gancedo,
2008) it is important to take its concentration into account when
investigating temperature effects under substrate limited cultivation
conditions.

A way to investigate this could be to perform glucose-limited chemostat
cultivations at different temperatures and growth rates. If in chemostat
cultures the outflow rate, and thus the specific growth rate, is set to be the
same for lower temperatures, the residual glucose concentration, and
possibly enzyme levels, would change as a way to compensate for the
decrease of their catalytic activities at lower temperatures. However, to
gather from steady-state chemostat cultivations at different temperatures a
relevant range of fluxes and residual substrate concentrations, required to
obtain a sufficiently rich dataset to allow proper parameter estimation,
involves extensive and time-demanding laboratory work. Also the fact that,
during prolonged cultivations, enzyme levels could have adapted to the
different conditions (temperature and growth rate) would hamper the
separation of the impact of residual substrate concentration and
temperature in the kinetic response to temperature shifts (Mashego et al,
2005).

Rapid perturbation experiments have been widely used to investigate
metabolic regulation and in vivo enzyme kinetics (Taymaz-Nikerel et al.,
2011; Theobald et al, 1997; Oldiges and Takors, 2005). The advantage of
such type of experiments is that the time of the perturbation can be kept
short enough to avoid significant changes in enzyme levels, avoiding an
impact on the overall metabolism. Changes in fluxes will then be a direct
consequence of the perturbation applied. By applying rapid temperature
shifts to steady-state chemostat cultivations, it is possible to perturb the
fluxes in a controlled way by setting the rate of the temperature shift. For
instance, fast temperature shifts in glucose-limited chemostats will initially
impose large changes in the glycolytic flux at a relatively narrow range of
extracellular glucose concentrations. This means that a small number of
different temperature perturbations would be sufficient to obtain a wide
range of fluxes and residual substrate concentrations at different
temperatures without massive changes in enzyme levels.
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In this study we explore the use of different temperature perturbations to
model the dependence of uptake and secretion rates on temperature in
anaerobic cultivations of Saccharomyces cerevisiae where the substrate
concentration is growth limiting. A black-box model to describe the
temperature dependency of growth and (by)product formation was
constructed, using parameters obtained from both batch fermentations
(Chapter 2) and steady-state chemostat cultures at 12 and 30 °C. The model
was further validated and optimized with data from linear-temperature-
shifts performed to the same chemostat cultures. This approach allowed
distinguishing between the impact of temperature and the impact of residual
glucose concentration on changes in the substrate uptake and production
rates of (by)products in glucose-limiting cultivations.

Materials and Methods

Cultivation procedures

Strain and Media

Saccharomyces cerevisiae CEN.PK113-7D (Mata) (Entian and Kotter, 2007;
Nijkamp et al.,, 2012) was used in all experiments.

The pre-culture medium contained 5.0 g.L-1 (NH4)2S04, 3.0 g.L-1 KH2PO,,
0.5 gLt MgS047H;0, 18 gL glucose and 1.0 mlLL1! of a trace element
solution and 1.0 ml.L! of a vitamin solution. The compositions of the trace
element and vitamin solutions were the same as described by (Verduyn et al,
1990).

The synthetic medium used for the chemostat cultivations contained 0.3
g.L-1 (NH4)2S04, 0.3 g.L'1 K;H2PO4, 3.0 g.L-t NH4H2PO4, 0.5 g.L-1 MgS04.7H20,
0.4 g.L-1 of Tween 80, 10 mg.L-1ergosterol, 25 g.L'1 glucose, 1.0 ml.L1 of trace
element solution and 1.0 ml.L! of vitamin solution (both solutions with the
same compositions as used for preparing the pre-culture medium).

The pre-culture medium and vitamin solution were filter sterilized via a
PVDF membrane with 0.2 um pore diameter (Millipore, Massachusetts, USA).
The synthetic medium without glucose and ergosterol was heat-sterilized for
20 min at 120 °C. The glucose solution was heat-sterilized for 20 min at 110
°C before being added to the medium.
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Chemostat cultivations

1 ml of a working cell stock of Saccharomyces cerevisiae was used to
inoculate 100 ml of pre-culture medium in a 500 ml un-baffled shake flask.
This pre-culture was grown for 7h at 30 °C and 200 rpm on a gyratory
shaker. The whole pre-culture was used to inoculate 900 ml of synthetic
medium in a 2.0 L fermentor (Applikon, Schiedam, The Netherlands). Cells
were grown under anaerobic glucose-limited conditions at a dilution rate (D)
of 0.03 h'l. The working volume of the culture was kept at 1.0 liter viaan
electrical level sensor that controlled the effluent pump. The amount of
effluent was monitored with a balance during the entire experiments, so it
was possible to calculate the flow out from the fermentor. At the end of each
fermentation, the total amount of broth was withdrawn and weighted to
obtain the accurate working volume.

The pH was monitored online and maintained at 5.0 by automatic
addition of 2.0 M KOH or 2.0 M H,SO4 using a Biostat Bplus controller
(Sartorius BBI Systems, Melsungen, Germany). The pH sensor (type 465-50-
S7, Mettler-Toledo, Urdof, Switzerland) was equipped with automatic
temperature compensation. Oxygen diffusion from the environment into the
liquid media was avoided by using oxygen impermeable Norprene tubings
and butyl septa, as well as by sparging the medium vessel and fermentor
with pure nitrogen gas (Nz). The N; flow rates for both medium vessel and
fermentor were controlled at 0.35 vvm by means of mass flow controllers
(Brooks 5850 TR, Hatfield, PA, USA).

The temperature was initially set to either 12 or 30 °C. After 5 residence
times (7 days) of constant CO; readings and base addition profiles, samples
were taken to measure the steady-state concentration of biomass dry weight
and extracellular metabolites. Subsequently temperature was linearly
changed in time (intervals of 0.25 to 0.5h) between 12 and 30 °C, according
to the profiles shown in Figure 3.1. Shifts A30, B30 and C30 were applied to
30 °C chemostats, and A12 to a chemostat at 12 °C. The temperature profiles
were defined and controlled via the MFCS/ win 2.1 software (Sartorius BBI
Systems, Melsungen, Germany).

51



Chapter 3:

30 A30 30 B30 30 C30
§27 °627 §27
o 24 o 24 o 24
=] =) =)
& 21 & 21 & 21
(0] [0} (0]
[oN o o
: 18 : 18 : 18
2 15 S 15 S 15
12 A2 Py —
12 3456 1 2 3456 12 3 45 6
Time (h) Time (h) Time (h)

Figure 3.1: Temperature-perturbation profiles applied to chemostat cultivations
(dilution rate of 0.03 h-1). For shifts A12 and A30 the temperature increase/decrease
took 1.5h. The temperature decrease in experiments B30 and C30 were performed
within 30 minutes. The temperature increase in experiments B30 and C30 took,
respectively, 30 and 15 minutes.

Analytical procedures

Quantification of extracellular metabolite concentrations

For extracellular metabolites and residual substrate, 2.0 ml of broth samples
were taken and processed as described by Canelas et al. (2008), with
exception for the amount of steel beads. The amount of beads at -20 °C
required to decrease the temperature of the sampled broth instantly to 1 °C
was obtained from the heat balance for the system steel-water, as described
by Mashego et al. (2003). The residual amounts of glucose in these samples,
as well as the concentrations of ethanol, glycerol and acetate, were
determined by high-performance liquid chromatography analysis with a Bio-
Rad Aminex HPX-87H column at 60 °C. The column was eluted with 5 mM
phosphoric acid at a flow rate of 0.6 ml.min-1. Acetate was detected with a
Waters 2487 dual-wavelength absorbance detector at 214 nm. Glucose,
ethanol, and glycerol were detected with a Waters 2410 refractive index
detector. The pyruvate and succinate contents were measured by GC-MS
using U-13C-labeled cell extract as internal standard (Wu et al,, 2005).

The dry weight was measured in duplo, following the method described
by Mashego et al. (2005).
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Off-gas analysis

The CO; production was monitored online by measuring its volume fraction
in the off-gas. The exhaust gas was cooled with a condenser connected to a
cryostatset at 5 °C and dried with a Permapure dryer (Inacom Instruments,
Overberg, The Netherlands) before analysis of the CO,by a Rosemount NGA
2000 gas analyzer (Minnesota, USA).

Analysis of storage carbohydrate content

The trehalose and glycogen contents were measured by the enzymatic
method developed by Parrou and Francois (1997), where trehalose and
glycogen are hydrolyzed to glucose by, respectively, trehalase and
amyloglucosidase. The glucose concentration in these samples was
determined with the enzymatic kit 0716251 from R-Biopharm/Roche
(Darmstadt, Germany).

Modeling and statistical procedures

Calculation of biomass-specific rates and data reconciliation

The biomass-specific net conversion rates, i.e., growth rate, glucose
consumption rate, and the production rates of carbon dioxide, ethanol,
glycerol, acetate, succinate, pyruvate and lactate during the chemostat
experiments, were calculated from their steady-state mole balances. The
experimentally set gas and liquid inflow rates and the measured
concentrations of compounds, including their experimental errors, were
used as input data for these calculations. Because with the available set of
measurements an over determined system was obtained, data reconciliation
and gross error detection could be applied. Under the constraint that the
elemental conservation relations should be satisfied, standard data
reconciliation techniques were used to obtain the best estimates of the net
conversion rates with their standard errors, according to Verheijen (2009).

The reconciliation was considered acceptable if there were no significant
measurement deviations at a significance level of 5%, and the weighed sum
of squares was lower than the degree of redundancy of the system.
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Black-box modeling of temperature dependency

The general mole balance for each compound i in the broth can be written as:

% = I:inC:in,i - FoutCout,i + q C:X V (31)
wherein N, represents the amount of compound | in the bioreactor (mmol),
Fin and Fq the feed and effluent flows, (L.h1), Cy; and C,y; the
concentrations of compound i in the feed and effluent (mmol.L-1), g the
biomass specific conversion rate of compound i in the reactor (mmol.gpw1.h-
1), Cxthe biomass concentration (gpw.L'1) and V the liquid volume in the
reactor (L).

For the mole balance of ethanol, evaporation from the chemostat was also
taken into account. The balance then became:

dN

d—iwh = I:incetoh, in_ ( Fout+ kevay) C etoh ou’(l_ q etop Q/ (3-2)

wherein Keyap is the ethanol evaporation rate expressed as mole of ethanol
evaporated per mole of ethanol present in the vessel per hour. The rate of
ethanol evaporation was experimentally determined for the chemostat
cultivation conditions applied and was assumed to change with temperature
(T) according to the Arrhenius law (Chapter 2):

-3510

k =5.74x1(ReT*7315 (3.3)

evap

For the CO; balance, and since the chemostat was run under anaerobic
conditions, it was assumed that the off gas was composed only of nitrogen
and carbon dioxide. Measurements of the O, content in the dried off-gas
never showed values above 0.002% (data not shown) indicating that the
above assumption is correct. Therefore, the volumetric fraction of N; in the
off gas (xﬁllzﬂ) could be calculated according to:

X = 1= %3 (3.4)

Because nitrogen is not metabolized under these experimental conditions,
the inflow of gaseous nitrogen (4[/:32 in Lyo.h™) will be the same as its outflow

from the fermentor:
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in out in in out ,out
wNZ - wNZ < wgasxl\& - wgasxly (35)

out

The flux of gas leaving the fermentor ({/,g

) in L.ht was calculated from
equations (3.4) and (3.5), and taking into account that the inflow gas only
contained nitrogen ( XK:Z =1)as:
in
;)Z; = (1_ )g:;otz) (3.6)

To convert the gas flow from Lh™ to mmol.h™ the ideal gas law was
applied to normal gas conditions (273.15 K and 100 kPa). So 1 mmol of gas is
equivalent to 0.022473 L of gas. The (co» was then calculated according to
the gas-phase CO; balance, where Nco»is the total amount of CO2 (mmol).

dN UIXOUF
co, _ g “co cC Vv 3.7
dt  22.473x10° oo, x (3.7)

The feed rate of the chemostat, in kg.h-1, was calculated from the total
mass balance as:

I:in = I:out - I:base-l-‘»a Cco (3'8)

Fout is the gravimetrically determined effluent flow, ¢to, is the mass of
carbon dioxide leaving the fermentor, Fpsse is the mass flow of base added
during the fermentation to maintain pH 5.0. The rates of water and ethanol
evaporation were negligible when compared to the other terms of this total
mass balance. Therefore, they were not included in this calculation. For
conversion of the obtained feed flow from kg.h-1 to L.h-1 the specific gravity of
the feed medium was assumed to be equal to one, using water as the
reference fluid.

In the previous chapter it was found that the anaerobic stoichiometry of
growth of S. cerevisiae in batch cultures did not change significantly with
temperature between 12 and 30 °C. Therefore gs was defined as the only
temperature-dependent rate, while all other production rates, including
growth rate, were calculated by multiplying its experimental yield (moli.mols-
1) with the absolute value of the biomass specific glucose consumption rate:

G = Y|s| 05| (3.9)
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For gs hyperbolic-substrate uptake kinetics was assumed with Qs maxas
the only temperature-dependent parameter and Ksassumed as temperature
independent:

S
T,5|= T —— 3.10
qS( ) qS,max( ) KS+S ( )
The relation between (smax and temperature was described by an
empirical function (Ratkowsky et al, 1982) as:

qS,max = b* (T_ Tmin)2 (311)

T is temperature in °C and b and T, are the empirical parameters from
the Ratkowsky model in, respectively mmol.gow.h1.°C2 and °C. Model
simulations and parameter estimations were carried out with gPROMS v3.2.0
(Process Systems Enterprise, London, UK). The initial conditions
(extracellular concentrations) and experimental-design parameters, such as
Fin or V, were set to the values experimentally determined during the
chemostat cultivations. The temperature profiles shown in Figure 3.1 were
given as input to the model. More details on the model can be found in the
appendix (page 71).

Results

Temperature impact on growth stoichiometry: glucose limited versus
glucose excess conditions

S. cerevisiae was grown in anaerobic glucose-limited chemostat cultures at a
dilution rate of 0.03 h-! and temperatures of 12 and 30 °C. The experimental
data showed that the carbon and degree of reduction recoveries were close
to 100%, allowing performing data reconciliation analysis. The results, in
terms of reconciled concentrations and calculated yields of biomass and
(by)products on glucose, are presented in Table 3.1.

For the majority of the measured compounds no significant differences in
yields were observed between 12 and 30 °C chemostats. Only the yields for
acetate and succinate were significantly different, whereby the acetate yield
was higher at 12 °C and the succinate yield was lower. Nevertheless, these
differences are small compared to the total molar amount of glucose
converted, i.e. 0.5% and 0.2 % for acetate and succinate respectively.
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The same trend was also observed under glucose excess conditions
(anaerobic batch cultivations). The stoichiometry of growth and (by)product
formation appeared independent of the cultivation temperature in the range
12 - 30 °C for the major compounds (Figure 3.2). The exceptions in batch
conditions were acetate and glycerol yields on glucose, which appeared
temperature dependent under glucose-excess conditions.

A comparison of the yields obtained for the two substrate-availability
regimes shows that the biomass yield on glucose is the only stoichiometric
parameter that is the same for both cultivation conditions. In glucose-limited
conditions the ethanol and CO yields were slightly higher compared to
glucose excess conditions. This increase is stoichiometrically compensated
by lower yields of glycerol and organic acids such as pyruvate and lactate
(see appendix, page 74).

Table 3.1: Reconciled extracellular concentrations and yields on substrate obtained in
glucose-limited anaerobic chemostats at 12 and 30 °C and dilution rate of 0.03 h'1. The
standard errors refer to the average data of two independent chemostats.

Cout Yi/s

Metabolite (mM) (moli.molguc?)

12 °C 30°C 12 °C 30°C
Glucose 233 £0.17 0.20 = 0.02 —
Biomass 2 213+ 006 197 *0.14 0.58 + 0.01 0.54 + 0.02
Co, b 0.74 £ 0.01 0.68 = 0.01 1.72 + 0.05 1.74 = 0.08
Ethanol 227 * 4 207 £ 5 1.63 = 0.05 1.65 = 0.08
Glycerol 17.5 + 0.5 179 + 0.5 0.122 = 0.004 0.122 = 0.006
Acetate 24 0.3 0.47 = 0.03 0.0167 = 0.0014 0.0033 = 0.0004
Succinate 0.28 + 0.01 0.59 + 0.05 0.0019 = 0.0001 0.0043 = 0.0003
Pyruvate 0.21 £ 0.01 0.17 £ 0.02 0.0015 + 0.0001 0.0013 £ 0.0001
Lactate 1.07 £ 0.11 0.78 + 0.02 0.0075 * 0.0006 0.0069 = 0.0006

a concentrations expressed in g/kg.

b concentrations expressed as volume percentage of CO; in the off-gas.

Experimental results from dynamic temperature perturbations

The stoichiometric differences observed between glucose-limited and
glucose-excess conditions raised the question if the temperature impact on
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metabolism would be similar or deviate for both substrate availability
regimes.

This question is particularly complex to answer for glucose-limiting
chemostat conditions, because temperature perturbations will also induce
changes in the residual glucose concentration (Table 3.1). To discriminate
between the impact of temperature and residual glucose concentration on
the anaerobic metabolism of S. cerevisiae, different experiments with
dynamic temperature conditions were designed and applied to glucose-
limited anaerobic chemostats (Figure 3.1). Because the duration of the
temperature perturbations was not longer than three hours and the dilution
rate was maintained at a low value (0.03 h-1), it is unlikely that there were
significant variations in enzyme levels during the temperature perturbations
(Helbig et al,, 2011).
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Figure 3.2: Yields on glucose obtained in the chemostats at 12 and 30 C (4)
compared to the values obtained in batch cultivations from Chapter 2 at 12, 18, 24 and
30 C(0).
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The extracellular concentration profiles of glucose, ethanol, CO, glycerol
and acetate measured during the different temperature-perturbation
experiments are shown in Figure 3.3. As already observed during steady-
state conditions at 12 and 30 °C, the residual glucose concentration displays
an opposite behaviour compared to the temperature profile applied. Because
during chemostat cultivations the metabolic fluxes are constrained by the
dilution rate imposed, a decrease in glucose transport capacity caused by
lower temperatures will be compensated by an increase of the extracellular
glucose level.

Experiment C30 was designed to cover the broadest range of extracellular
glucose concentrations, allowing in the end to obtain values from 0.20 to 7
mM. Experiments A30, A12 and B30 showed similar changes in residual
glucose concentration (0.2 to 2 mM). Although this is a narrower range of
concentrations compared to experiment C30, it represents still a
considerable 10-fold difference between highest and lowest concentration.

Because the CO; production rate, and thus the amount of CO; in the off-
gas, is proportional to the flux through central carbon metabolism, it can be
inferred from the profiles shown in Figure 3.3 that in experiments B30 and
C30 the flux changes were larger (about eight fold) than for experiments A30
and A12 (approximately five fold). This was caused by the accumulation of
glucose during the period the culture was kept at a constant temperature of
12 °C after the shift down from 30 °C, and subsequent consumption at a high
rate when the temperature was rapidly increased back to 30 °C.

These results show that the experimental design was successful in
achieving large fold changes in both fluxes and residual glucose
concentrations. But, so far, only limited conclusions can be drawn from a
qualitative analysis of the experimental data, because the effects of glucose
limitation and temperature are known to be non-linear. Therefore, they
cannot be separated by intuition. For instance, it is not immediately clear
why in experiment C30 the residual glucose concentration accumulates to
levels so much higher than in the 12 °C steady-state reference in experiment
A12. Also some of the profiles obtained do not show a direct correlation
between temperature of the broth and metabolite levels. The acetate levels
for example, increased only during periods where the temperature increased
while no significant changes were observed during periods where the
temperature was maintained at 12 °C (perturbations B30 and C30).
Therefore, changes in acetate levels could neither be immediately correlated
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Figure 3.3: Glucose uptake rate and extracellular concentrations of the most relevant
metabolites obtained by experimental measurements (x) or by model simulations for
the four temperature perturbations shown in Figure 3.1. In green are the simulated
profiles using the Ratkowsky parameters from batch cultivations (Chapter 2) and the
substrate-saturation constant determined by Tai et al. (2007a). The black line refers to
the simulation with the optimized parameters b”and Ks
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to extracellular glucose concentration nor cultivation temperature. As will be
shown, more insight can only be obtained from a modeling approach, which
allows studying the effects of simultaneous changes in conditions
(temperature, residual glucose) on the culture behavior in a more
quantitative way.

Results of black-box model assuming constant yields for all products

A black-box model was developed to describe changes in extracellular
metabolite levels during the different temperature perturbations applied to
glucose-limited chemostat cultivations. Because the changes in yields for
which a temperature-dependency was observed (acetate and succinate)
represent less than 0.5% (mol/mols) of the glucose uptake rate, the first
version of the black-box model was built with the assumption that the
stoichiometry is constant and temperature independent for all products. The
reconciled glucose-based yields used to parameterize the model and the
concentrations set as initial conditions are presented in Table 3.1. The
independent variables determined by the experimental setup used (Fi, V,
Sh,-..) and the temperature profiles with time (T(t)) were set to the values
described in the “Cultivation Procedures” section (see Materials and Methods
for more details). The temperature impact on the maximum glucose uptake
rate (Osmay Was described by the Ratkowsky equation (3.11), using the
temperature parameters as determined for glucose excess conditions in
Chapter 2 (Tmin = 0.22 °C and b*gmc = 0.0211 mmol.gpw1.h1.°C2). Because
different glucose transporters are expressed in glucose-limited chemostats
at 12 and 30 °C (Tai et al, 2007a), the Ks value was assumed to depend on
the temperature of the steady-state chemostat preceding the temperature
perturbation, whereby we used the values determined by Tai et al. (2007a)
for the same experimental conditions as applied in this work. The Ks values
were assumed not to change during the fast temperature shifts.

A good fit of the model prediction to the experimental data was obtained
for the extracellular glucose profile during the linear temperature shifts
applied to the 12 °C chemostat (A12) (green curve in Figure 3.3). It was
therefore concluded that the parameters of the Ratkowsky model, which
were estimated for glucose-excess (batch) experiments, were also valid to
describe the effects of dynamic temperature changes under glucose-limited
conditions, as applied in experiment A12. However, as can be seen from
Figure 3.3, the glucose profiles for temperature shifts A30, B30 and C30
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were not properly described (green curves). By performing a parameter
estimation to obtain the best fit of the model to the measured glucose
profiles for these shifts, a value for parameter b of 0.0121 +0.0003
mmol.gpw1.h-1.°C-2 was obtained for biomass cultivated at 30 °C. An attempt
to optimize the temperature parameter Tn, lead to the conclusion that this
parameter is the same for all the shifts performed, independently of the
initial chemostat temperature or the glucose availability regime. This
indicates that cells grown in batch and chemostat fermentations have similar
temperature sensitivities.

The optimization of b for experiments A30, B30 and C30 caused an
improvement of the overall fit of the model to the dynamic data, including
CO; and ethanol (black curves in Figure 3.3).

The obtained profiles of the specific glucose uptake rate explains the large
accumulation of residual substrate observed once the temperature was kept
constant at 12 °C for 30 minutes (experiment B30) and 2.5 hours
(experiment C30) after the rapid shift down to 30 °C. Because the glucose
transport capacity is lower in the 30 °C chemostats and the biomass yield is
temperature independent, the maximum growth rate achievable at 12 °C is
0.024 h-l. This value is lower than the 0.03 h-limposed as dilution rate
(Figure 3.4), causing a partial washout of cells from the fermentor.
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Figure 3.4: Growth rate profiles achieved during the different temperature-
perturbation experiments. The shadow areas indicate time periods where temperature
was increasing from 12 to 30 C (grey) or decreasing from 30 to 12 C (light blue). The
red line refers to the experimental dilution rate of the chemostat cultivations (0.03 h1).
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Metabolism under dynamic temperature conditions

Still there were some profiles for which the model was not providing a
satisfactory fit. The profiles of extracellular acetate concentrations were not
being reproduced by the simulations and some inconsistencies were
observed between the experimental and simulated CO; profiles. These last
ones could neither be explained based on the temperature impact on CO;
solubility nor the equilibrium with bicarbonate. The black-box model, as will
be shown below, was used to test different hypotheses that could explain
these differences.

Results of black-box model considering changes in acetate yields

Acetate production represents a small fraction of the compounds secreted by
the cells grown anaerobically and, therefore, changes its conversion rates
will have a small impact on the major carbon fluxes (CO; ethanol and
biomass). However, the discrepancies between the experimental and
simulated acetate profiles indicate that the yield on substrate of acetate was
not constant during the shift experiments. As already shown in Figure 3.2,
the acetate yield on substrate increases at lower temperatures, both for
batch and chemostat cultivations. But because for the same temperature
Yacetsis larger in glucose-excess compared to glucose-limited conditions it
was not possible only from the steady-state chemostat data to evaluate to
which extent glucose concentration, enzyme levels and/or temperature
determine acetate production in the cell.

In order to better describe the acetate metabolism, an equation was
added to the black-box model that describes Yacts as a function of
temperature and the residual substrate concentration (equation (3.12)). The
choice for the kinetic format was made empirically from the data in Table
3.1 and Figure 3.2, which pointed to a linear relation between temperature
and the acetate yield on substrate, as well as for an activating effect of the
residual glucose concentration.
max —a.T)L (3.12)

Acet,S
* KS Acet+ S

YAC&‘I‘,S = (Y
The kinetic parameters were estimated by solving the over-determined
system of equations composed by equation (3.12) and the yields on

substrate for acetate and extracellular glucose concentration of the different
experimental setups (batch cultivations at different temperatures and the
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steady-state chemostats at 12 and 30 °C) presented in Table 3.1 and Figure
3.2. The solution that led to the minimum squared-sum of the residues

(difference between experimental and estimated values were Yy s= 0.056

mol.mols, a= 0.85x10-3 mol.mols-1.°C-1 and Ksacer 3.26 mM. To guarantee
that element balances were still satisfied when imposing changes in the
stoichiometry of the model, Qgion and gco, were calculated from, respectively,
the redox and carbon balances.

As it can be seen by the yellow line in Figure 3.5, although the trends
showed some improvement compared to the model predictions where Yacets
was set to be constant (Figure 3.3), the results from the model simulation
could still not fit satisfactory the experimental measurements once Yacet swas
set to change as a function of temperature and residual glucose
concentration. The underestimation of the acetate concentrations upon the
temperature increase from 12 to 30 °C indicated that the yield change is
more pronounced than what predicted from the parameters of equation
(3.12).

A new parameter estimation routine was applied to obtain a proper fit of
the extracellular acetate concentrations. This time, the kinetic parameters
Yaess @ and Ks acewere obtained by fitting equation (3.12) to the acetate
levels measured during the temperature-perturbation experiments A12,
A30,B30 and C30 (black line in Figure 3.5).

The same set of parameters could be used to describe the acetate
metabolism for all temperature perturbations performed (Yya s= 0.313
mol.molsl, a = 590 x103 molmols1.°C1 and Kspcer = 6.50 mM.),
independently of the initial steady-state temperature. But the increase in all
kinetic parameters, and especially of Yy s, caused an average three-fold
increase of the acetate production rates during the dynamic temperature
conditions compared to the results from the model with the parameters from
steady-state conditions. If these optimized parameters would hold for batch
cultivations, the acetate yields would be in average 4.6 times higher than the
values determined in Chapter 2. These results, as will be further discussed,
indicate the presence of overflow metabolism together with changes in the

capacities of enzymes coupled to acetate metabolism between carbon-
limited and carbon-excess cultivations.
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Figure 3.5: Simulation profiles obtained when the acetate yield changes with
temperature and residual substrate concentration according to equation (3.12). (x)
experimental measurements; () simulated profiles using the parameters estimated
from the acetate yields in batch cultivations at different temperatures and the steady-
state chemostats at 12 and 30 C (Figure 3.2); (---) simulated profiles using the
parameters estimated from the acetate concentrations measured during the
temperature-perturbation experiments A30, A12, B30 and C30.
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As expected, the improvements in the simulation results for acetate did
not affect the simulation of other metabolite concentrations. As a result,
there were still small discrepancies in the CO; profiles for which the
available data on extracellular metabolite pools did not provide further
leads. Therefore it was investigated if temperature related changes in the
intracellular space did occur, such as storage-carbohydrate content
(trehalose and glycogen), which are reported to play a role in the response to
temperature fluctuations. The metabolism of storage carbohydrates could
therefore provide an explanation for the remaining small deviations.

Impact of storage carbohydrate metabolism on the overall results of the
black-box model

The incorporation of a residual-glucose dependent acetate yield in the
model, which led to slight changes in Yoz sand Ygon s improved the fitting of
CO; profiles, namely during the period the temperature was kept at 12 °C in
shifts B30 and C30.

However, there were still misfits of CO2 predictions compared to the
experimental measurements in the off-gas (black line of Figure 3.5). For
instance, the model could not predict the increase of CO2 production during
the first 30 minutes of experiment A30, nor the dynamic behavior of the CO2
composition of the off-gas after the sudden temperature increase from 12 to
30 °C in experiments B30 and C30. An explanation could be the
mobilization/accumulation of glycogen and trehalose as a consequence of
changing temperature and residual glucose concentration. These two storage
carbohydrates are the most relevant carbon-storage pools in S. cerevisiae
grown under anaerobic conditions and it has been reported that their levels
are highly dependent on temperature and growth rate (for a review see
Francois et al., 2012). The mobilization of storage carbohydrates during
temperature shifts could lead to a higher glycolytic flux and, from there,
more catabolic products such as CO2.

The intracellular amounts of trehalose and glycogen measured during the
different temperature perturbations can be found in Figure 3.6. For shifts
A30 and A12, both trehalose and glycogen levels decrease with decreasing
temperature. However, for shifts B30 and C30, there was no significant
change in storage-carbohydrate pools during the fast temperature drop. For
these two experiments (B30 and C30), storage mobilization seems to be
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mostly dependent on the fast increase of glucose-uptake rate once the
temperature of the broth returned to 30 °C at a high residual glucose level.
Also the fold change in total storage content was independent of the time
that the culture spent at 12 °C or the residual glucose level at the time of the
temperature increase. The absence of a coherent behavior of the storage-
carbohydrate concentrations between the four different experimental setups
suggests that, besides temperature, also the glycolytic flux and/or the
residual glucose concentration might be determining the metabolism of
glycogen and trehalose.
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Figure 3.6: Intracellular amounts of trehalose and glycogen during the different
temperature shifts (blue line). Levels are expressed in fimol glucose equivalent per
gram dry weight.

Due to the cycling of these compounds in the cell it was not possible to
determine the kinetics of storage metabolism only from concentration
measurements of the storage compounds. An increase in the amount of
storage compounds can be a consequence of a decrease in degradation rate
or an increase in production rate. The degradation of both trehalose and
glycogen leads to production of glucose, so a decrease of the levels of
storage-carbohydrate metabolites indicates that there is more glucose
metabolized into ethanol and CO;. Shift C30 displays a linear decrease in
total storage-carbohydrate amount of about 200 pmols/gsw between 3.75
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and 5h (where temperature is constant at 30 2C). This corresponds to an
additional supply of glucose during this time period at a rate of 0.16
mmol.gpw.hl. From the CO; production yield it can be calculated that this
additional glucose supply from storage mobilization would lead to an
increase of the CO, production rate with 0.278 mmol.gpw1.h-1. This could
explain the 0.2% (v/v) higher CO; in the off gas measured for this time
period compared to the simulated CO; profiles. Therefore, storage dynamics
have a significant effect in these dynamic experiments.

Discussion

The strong coupling of temperature, growth rate and residual glucose
concentration in glucose-limited conditions hinders the direct interpretation
of experimental data from experiments with temperature perturbations.
Therefore, kinetic studies on the impact of temperature on metabolism do
not frequently deliver more than an empirical analysis of the observed
changes in uptake/secretion fluxes and/or extracellular metabolite
concentrations. These results are not easily applicable to experimental
conditions other than the ones applied. This is often caused by the narrow
range of fluxes and concentrations that is obtained from standard
experimental setups (e.g. batch and chemostat cultivations) and the lack of a
consistent set of measurements that allows establishing proper
stoichiometric relations between the substrate consumed and the
production of biomass and metabolic (by)products. In previous temperature
studies it has not been possible to discriminate between the impact of
temperature and other simultaneously changing variables such as growth
rate, residual substrate concentration and enzyme levels. This is particularly
relevant in substrate-limiting conditions where the extracellular substrate
concentration plays an important role in flux regulation. Relevant kinetic
studies on the temperature effect on metabolism should be based on large
fold changes of fluxes and concentration of the limiting substrate while
maintaining the enzyme levels constant.

This study shows that applying different fast temperature perturbations
under glucose-limited conditions is a useful approach to separate the impact
of temperature from the effect of the extracellular concentration of the
limiting substrate on the anaerobic metabolism of S. cerevisiae. The resulting
broad range of fluxes and metabolite levels obtained in these experiments
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allowed accurate estimations of most of the kinetic parameters, which
cannot be easily done only from steady-state data.

For instance, in this study it could be shown that the higher acetate yield
reported for chemostat cultivations at low temperatures (Pizarro et al,
2008; Tai et al., 2007a) is likely to be a consequence of the positive effect that
higher residual glucose concentration and low temperatures have on acetate
production. This is consistent with the stoichiometric differences observed
between batch and steady-state chemostat cultivations at the same
temperature. A similar increase of the acetate yield with increasing dilution
rate (and therefore residual glucose concentration) has been reported for
anaerobic chemostat cultivations performed at constant temperature
(Nissen et al, 1997; Verduyn et al, 1990). However, it could not be
determined from these published data if this was a consequence of the
increasing glycolytic flux, metabolic regulation or adjustments in enzyme
levels. It is generally accepted that this increase in acetate yield is a
consequence of overflow metabolism by which the production of by-
products from pyruvate branch-points can be increased at high glycolytic
fluxes while, at the same time the activity of the enzyme that converts
acetate into acetyl-CoA (acetyl-CoA synthetase) is insufficient (Postma et al.,
1989). It is unlikely that there were changes in enzyme expression levels
during the relatively short time frames of the here reported temperature
perturbation experiments (maximum three hours). Therefore, the hyperbolic
stimulation of acetate production by residual glucose, leading to overflow of
acetate during the temperature-perturbations, must be a consequence of
metabolic regulation of one of the intermediate steps (between glucose
uptake and acetate production). However, the highest acetate yield obtained
during the linear temperature shifts (0.12 mol/mols) was 2.4 fold higher that
the value measured during batch cultivations at 12 °C. This observation
indicates that, in case that overflow metabolism is the only reason for the
observed changes in acetate yield during temperature-perturbations in
glucose-limited cultivations, the capacity of enzymes coupled to acetate
metabolism should be higher under glucose-excess conditions. Further
studies on acetate metabolism (namely measurements of the activity of
acetyl-CoA synthetase in anaerobic conditions) should help elucidate the role
of residual glucose concentration on the overflow metabolism.

No significant differences were found for the yields of ethanol, CO,,
glycerol and biomass on glucose, nor for the acetate production kinetic
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parameters (Y:;Z’t‘ s, aand Ks ace) between the different shifts. It has also been

evaluated the hypotheses of glycerol yield being dependent on temperature
and/or residual glucose concentration since glycerol metabolism is often
coupled to acetate production as a way to balance the redox state of the cell.
However, it was not possible to obtain an empirical equation to describe the
four different experiments (A30, A12, B30 and C30) with the same set of
parameters. For instance, the parameters obtained by fitting an expression
for the glycerol yield similar to equation (3.12) to the dataset from
experiment C30, would lead to an overestimation of the glycerol profile in
experiment A12 of about 1.5 fold (data not shown). Additionally, because the
range of glycerol concentrations measured was not very broad, it was not
possible to test different sets of kinetic parameters for each individual
experiment and this way evaluate if there were changes in enzyme capacities
between the different experiments. Therefore, there was not found any
indication that the stoichiometry of anaerobic growth is significantly
changed by mild-suboptimal temperatures, independently of the glucose
availability regime (excess or limitation).

Differences in enzyme expression levels could in some cases be captured
from perturbations applied to steady-state cultures grown at different
temperatures. By comparing the results from shifts A30 and A12 it was
concluded that only the expression of hexose transporters seems to have an
impact on the kinetics of the system. The lower value of b™ for the 30 °C
chemostats compared to the one obtained for batch cultivations and 12 °C
chemostats matches quite well with the decrease in the glucose transport
capacity observed by Tai et al. (2007a). Because the b value for 12 °C
chemostats is the same as the one determined for batch experiments at
different temperatures, it is possible to conclude from the black-box model
results that the change in glucose transport capacity is a consequence of the
residual substrate concentration in the chemostat and not temperature.
Further experimental support for this conclusion is the observed change in
transcripts related to hexose transporters between 12 and 30 °C chemostats
and different growth rates at the same temperature. Fazio et al. (2008) have
determined that the transcripts levels of the high affinity hexose
transporters HXT2 and HXT4 are the ones that increase most significantly
between a dilution rate of 0.03 and 0.2 h! whereas HXT5 and HXT16
decreased. The same observation was made by Tai et al. (2007a) when
comparing 12 °C chemostats (high residual glucose levels) with 30 °C (low
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residual glucose). This indicates that it is most likely the extracellular glucose
concentration and not temperature that determines the expression of the
genes related to substrate transporters.

From all these observations it was possible to construct a temperature-
dependent black-box model that describes the temperature dependency of
the anaerobic glucose metabolism of S. cerevisiae in both glucose-limiting
(chemostats) and excess conditions (batch). Some minor differences
between simulated and experimental measurements are still observed for
CO2, which are most likely related to complex temperature related changes in
storage metabolism. Further developments with respect to kinetic modeling
of trehalose and glycogen metabolism are needed to explain the observed
deviations. But overall the final model reproduces quite accurately the
profiles of extracellular compounds in the broth during fast temperature-
shifts experiments. It can also be easily extended to other feeding regimes
(e.g. fed-batch) and provides a starting point to study the temperature
impact under different substrate limitations (e.g. nitrogen limitation) or
different organisms.

Appendices

Description of the developed black-box model

This section resumes the equations and parameters used to construct the
final version of the black-box model. Details on the meaning of the different
variables and assumptions made can be found in the Materials and Methods

(page 53).

Rate equations
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Temperature Profiles

The following equations have been used to define the temperature-shift
profiles of experiments A30, A12, B30 and C30 (Figure 3.1).1 is time
expressed in hours.

A30

A12

B30
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1.5
fort=[153, T= 12+M(t— 1.5

1.5
fort=[0,1.9, T 12+ (30713

1.5
fort=[153, T= 30+@(t— 1.5
fort=[0,04, T= 30+M

0.5
fort=[0.54, T=12
fort=[1,1.29, T= 1}M(t— il

73



Chapter 3:

mH:Wﬁq,Tzsmggj@
0.5
€30 fort=[0.5,2.94 , T =12
(30-12)

fort=[25d, T=12 (t- 25

0.5

Yields on substrate obtained for lactate, succinate and pyruvate in batch
and chemostat cultivations at different temperatures

Lactate
0,020
= 0,016 ®
[}
£ oon2 ® ¢
o
£ 0,008 e
>
0,004 -
0,000 | , ! ! | . . :
9 12 15 18 21 24 27 30 33
Temperature (°C)
Pyruvate
0,012 -
2 ¢
9 0,008
E t
3 ¢
: ¢
£
= 0,004
0,000 : : : : : : : :
9 12 15 18 21 24 27 30 33
Temperature (°C)
Succinate
0,005 -
= 0,004 - °
£
£ 0,003 § ® +
o
£ 0002
>
0,001 -
0,000

9 12 15 18 21 24 27 30 33
Temperature (°C)
Figure 3.7: Yields on substrate obtained for lactate, pyruvate and succinate on

anaerobic chemostat cultivations at 12 and 30 C (£\) compared to the values obtained
in anaerobic batch cultivations from Chapter 2 (o).
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Abstract

Temperature strongly affects microbial growth, and many microorganisms
have to deal with temperature fluctuations in their natural environment. To
understand regulation strategies that underlie microbial temperature
responses and adaptation, we studied glycolytic pathway Kkinetics in
Saccharomyces cerevisiae during temperature changes.

Saccharomyces cerevisiae was grown under different temperature regimes
and glucose availability conditions. These included glucose-excess batch
cultures at different temperatures and glucose-limited chemostat cultures,
subjected to fast linear temperature shifts and circadian sinoidal
temperature cycles. An observed temperature-independent relation between
intracellular levels of glycolytic metabolites and residual glucose
concentration for all experimental conditions revealed that it is the substrate
availability rather than temperature that determines intracellular metabolite
profiles. This observation corresponded with predictions generated in silico
with a kinetic model of yeast glycolysis, when the catalytic capacities of all
glycolytic enzymes were set to share the same normalized temperature
dependency.

From an evolutionary perspective, such similar temperature
dependencies allow cells to adapt more rapidly to temperature changes,
because they result in minimal perturbations of intracellular metabolite
levels, thus circumventing the need for extensive modification of enzyme
levels.
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Introduction

Growth and survival of microorganisms is strongly affected by
environmental variables such as temperature, nutrient and oxygen
availability, pH and osmolarity. Since, in natural environments, these
parameters are highly dynamic, microorganisms have to cope with
fluctuating, often non-optimal growth conditions. Suboptimal growth
temperatures have major impacts on cell physiology including decreasing
membrane fluidity and a reduced efficiency of protein synthesis and folding
(Feller and Gerday, 2003; Sahara et al, 2002; Thieringer et al, 1998). In
addition, the catalytic capacity of each enzyme in the cell decreases when the
temperature is lowered. This temperature impact can, in many cases, be
described by an Arrhenius equation (Russell et al., 1990).

In the past decade, the response of the mesophilic yeast Saccharomyces
cerevisiae to suboptimal temperatures has been the focus of several studies
(Beltran et al., 2008; Pizarro et al., 2008; Tai et al, 2007a). Interest in this
subject is motivated by the biotechnological applications of S. cerevisiae. In
particular, brewing and winemaking are two processes in which yeast is
subjected to suboptimal temperatures (typically 12 to 15 °C) to obtain
specific desired flavor compounds (Pizarro et al., 2008; Redon et al.,, 2011).
Moreover, its experimental accessibility to genome-scale analysis makes S.
cerevisiae an attractive model organism for systems biology studies on
temperature responses. With a few exceptions (Sahara et al, 2002; Schade et
al, 2004), studies on low temperature responses of S. cerevisiae have
focussed on so-called cold shock experiments. In such experiments,
instantaneous exposure to low temperatures triggers a general
environmental stress response in addition to temperature-specific responses
(Al-Fageeh and Smales, 2006; Homma et al, 2003; Murata et al, 2006;
Sahara et al, 2002; Schade et al., 2004). To investigate long-term acclimation
rather than rapid adaptation to low temperature, thereby preventing a cold
shock effect, growth of S. cerevisiae has been studied at 30 and 12 °C in
anaerobic glucose-limited chemostat cultures (Tai et al, 2007a). Since the
maximum specific growth rate of S. cerevisiae at 12 °C is circa sevenfold
lower than at 30°C (Cruz et al.,, 2012; Tai et al., 2007a), a low dilution rate of
0.03 h-'lwas used for both temperatures in this chemostat study (Pizarro et
al, 2008; Postmus et al, 2008; Tai et al, 2007a). In anaerobic cultures,
substrate-level phosphorylation in glycolysis is the sole mechanism for ATP
synthesis. Tai et al. (2007a) observed that, despite substantially lower

76



Temperature impact on the kinetic parameters of glycolytic enzymes

specific catalytic capacities of the glycolytic enzymes at 12 °C as compared to
30 °C, chemostat cultures maintained the same glycolytic flux at these two
temperatures. Because in these chemostat cultivations the growth rate was
set to be the same for both conditions (0.03 h), this indicated that the
biomass yield was the same for both temperatures. Moreover, yeast did not
compensate for the lower temperature by increased synthesis of glycolytic
enzymes. Instead, metabolic regulation, i.e., regulation by changes in the
concentrations of substrates, products and effectors (Ter Kuile and
Westerhoff, 2001) was identified as the main strategy for temperature
compensation. Especially for highly expressed pathways such as glycolysis,
whose enzymes can account for up to 20% of the protein content of S.
cerevisiae, repeated cycles of protein degradation and synthesis would
represent a substantial burden. It was therefore hypothesized that the
observed dominant role of metabolic regulation represents an evolutionary
adaptation to environments with frequent (e.g. circadian) temperature
fluctuations (Tai et al., 2007a).

Nevertheless, physiological studies carried out at tightly controlled
constant temperatures or during very fast temperature changes (e.g. cold or
heat shock experiments) represent artificial conditions, considering that
many microorganisms are exposed to circadian and seasonal temperature
fluctuations in their natural habitats. Evolution in such habitats is likely to
have resulted in regulatory strategies to optimize performance under
dynamic temperature regimes. Analyzing and understanding such strategies
is a typical systems biology challenge, and requires integration of biological
experiments with mathematical modeling (Bruggeman and Westerhoff,
2007; Heinemann and Sauer, 2010; Westerhoff et al., 2009).

The aim of this study is to identify and understand mechanisms employed
by S. cerevisiae to control glycolytic flux and intracellular metabolite levels
under dynamic temperature regimes. To this end, we investigated the impact
of dynamic temperature regimes with different time constants (Figure 4.1)
using a systems approach, integrating mathematical modeling and
experimentation. Our results indicate that if the temperature dependencies
of the catalytic capacities of enzymes in a pathway are highly similar,
changes in metabolite levels during temperature changes are minimal.

77



Chapter 4:

A LTS (glucose limited) B CTC (glucose limited)
33 334
~ 30 —~ 30
O o7 Q o7
g 24 g 24 -
= 21 ..@ 21
o 18- o 18-
g 15 g 15
o y () i
212 212
9 ‘ ‘ : ‘ . : 9 ‘ ‘ ‘ : ‘
0 1 2 3 4 5 6 0 6 12 18 24 30 36
Time (h) Time (h)
C SBR (glucose excess )
33
~ 30—
8 27 -
O 24 e
> -
& 21
o 18-
g 15
(0]
Q12
9 . . . ‘
0 10 20 30 40
Time (h)

Figure 4.1: Temperature profiles applied to the different simulations and experiments.
(A) Linear temperature shifts (LTS) from 12 C (blue) or 30 % (red) applied to steady-
state chemostats; (B) circadian temperature cycles (CTC) in glucose-limited chemostat
cultures; (C) Sequential batch reactors (SBR) operated at different temperatures.

Methods

Model description

The published kinetic model for yeast glycolysis (Teusink et al,, 2000) was
developed to simulate a buffered cell environment where growth is absent
and extracellular concentrations are constant. These constraints and the fact
that this model was solely based on kinetic parameters that were estimated
from in vitro experiments, render it unstable in simulations of dynamic
conditions. To avoid stability problems when incorporating temperature
changes and to better mimic the experimental setups applied in this study,
several adjustments were made to the original model.
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To enable simulation of scenarios in which extracellular concentrations
are highly dynamic, mass balances for glucose, ethanol, glycerol and
succinate were included in the model, according to equation (4.1):

dN
—= qi NX (t) + I:in c;,in - I%ut C;,out( t)’ (4'1)

dt

Equation (4.1) indicates how the amount of component i in the broth
(Ni(T)) will change based on its biomass specific production or consumption
rate () and the amount of biomass present in the broth (Ny(T)). The terms
FinCiin and Fo,Ci oy refer to transport of the component via, respectively, the
inlet and outlet streams of the fermenter. F is the flow rate (L.h-1) whereas C;
(mM) is the concentration of component i in each stream. The parameters
were set to be the same as in the experimental setup. The ethanol
evaporation rate was taken into account in the mass balance of this
compound following the same approach as in Chapter 3.

Temperature was included in the model by replacing the different
catalytic activities by a temperature dependent function. In a previous study,
the Ratkowsky model (Ratkowsky et al.,, 1982; equation (4.2)) was found to
better describe the temperature impact on metabolic fluxes in anaerobic,
glucose-excess cultures of S. cerevisiae grown at temperatures between 12 to
30 °C than the Arrhenius law (Chapter 2). Therefore, the Ratkowsky model
was used as the temperature-dependent function R(T) with the parameters
obtained in Chapter 2.

Vmax,j (M= t}(T_ -Ir-nin)z (4.2)

At temperatures between 12 and 30 °C, temperature has little impact on
the yields of biomass and fermentation products in anaerobic S. cerevisiae
cultures (Chapters 2 and 3). Therefore the stoichiometric coefficient by for
each reaction was calculated from the ratio of its flux and the glucose uptake
rate (Veonsumptiod in the original conditions of the Teusink model (30 °C):

V?OOC
b =By 5 (4.3)
consumption

The model was implemented and run in gPROMS (Process Systems
Enterprise).
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Strain and growth conditions

Saccharomyces cerevisiae CEN.PK113-7D Mata (Entian and Kotter, 2007;
Nijkamp et al., 2012) was grown anaerobically in medium containing 0.3 g.L-
1 Of (NH4)2$O4, 0.3 ng Of K2H2P04, 3.0 ng NH4H2PO4, 05 ng MgSO47H20,
0.4 gLt of Tween 80, 10 mg. L-! ergosterol and glucose (25 g.L1). The
medium was supplemented with 1 ml.L-! each of a trace element solution and
a vitamin solution (Verduyn et al, 1990) as well as with 0.15 gL -1 of
antifoam (Silcolapse 5020, Bluestar Silicones, St. Fons, France).

The sequential batch experiments were performed in 1L fermenters with
a working volume of 750 ml, whereas 2L fermenters were used for
chemostat cultivation (Applikon, Schiedam, The Netherlands). The working
volumes for linear-temperature-shifts (LTS) and circadian-temperature-
cycles (CTC) experiments were 1.0 and 1.4 L, respectively. The stirring speed
was set at 600 rpm for all cultures and the pH was controlled to 5.0 through
automatic addition of 2.0 M KOH or 2.0M of H,SO4 using a Biostat Bplus
controller (Sartorius BBI Systems, Melsungen, Germany). The impact of
temperature on the pH measurement was taken into account by sensor
calibration. In order to avoid oxygen diffusion into the cultures, Norprene
tubing was used for all connections and both medium vessel and fermenter
were continuously sparged with pure nitrogen gas (N>) at a flow rate of 0.35
vvm via an Ion Science Saga digital flow meter (Cambridge, UK).

An overview of the different temperature studies made is given in Figure
4.1. For the experiments in glucose excess conditions (SBR), two sequential
batch cycles were run at each temperature (30, 24, 18 and 12 °C) before
samples were taken in the third cycle, to assure that cells were fully adapted
to the new temperature (Chapter 2). Duplicate samples were taken at three
different time points of the exponential phase for each temperature.

The linear-temperature-shifts (LTS) and circadian-temperature-cycles
(CTC) experiments were performed in glucose-limited cultures grown at a
dilution rate of 0.03 h-L. After 5 residence times at constant temperature (30
or 12 °C), the temperature in LTS experiments was linearly increased or
decreased at a rate of 0.2 °C.min"l. Samples were taken when temperature
reached 30, 24, 18 and 12 °C and up to 3 h after the temperature returned to
the initial set-point. The temperature profiles in the SBR and LTS
experiments were defined and controlled via the MFCS/ win 2.1 software
(Sartorius BBI Systems, Melsungen, Germany)
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For CTC-experiments, a pre-programmed sinoid temperature profile
(temperature (°C) = 21+9sin(m/12-t (h) +1.57) was started after 3 residence
times at a constant temperature of 30 °C. This profile was designed to mimic
a circadian temperature cycle. Low-temperature thermostats (Lauda RE304,
Lauda-Konigshofen, Germany) ensured that the temperature was precisely
controlled throughout the experiments. Samples were taken during the 5t
and the 6t temperature cycle, by which time carbon dioxide profiles and
metabolite concentrations during consecutive cycles were highly similar. To
minimize disturbance, sampling volumes did not exceed 5 % of the reactor
volume during a single temperature cycle and minimum intervals of 3 h were
maintained between sampling points.

Analytical methods

Extracellular glucose was measured in 2 ml of broth samples, rapidly taken
with syringes containing steel beads at -20 °C (Canelas et al, 2008). The
number of beads was adjusted for each initial broth temperature, such that
the temperature of all samples would decrease instantaneously to 1 °C.
Residual glucose concentrations were measured via high-performance liquid
chromatography with a Bio-Rad Aminex HPX-87H column at 60 °C. The
column was eluted with 5 mM phosphoric acid at a flow rate of 0.6 ml.min-1.
Glucose was detected with a Waters 2410 refractive index detector. Biomass
dry weight was measured in duplicate samples as described in Mashego et al.
(2005).

Intracellular metabolite samples were taken by withdrawing 1.2 ml of
broth directly to 6 ml of 100% methanol at -40 °C via a rapid sampling setup.
Samples were washed with cold methanol and extracted with boiling ethanol
as described in Canelas et al. (2008). The concentrations of glucose-6-
phosphate (G6P), fructose-6-phosphate (F6P), fructose-1,6-bisphosphate
(FBP), phospho-enol-pyruvate (PEP), glycerol-3-phosphate (G3P), malate
(MAL), fumarate (FUM), succinate (SUC), a-ketoglutarate (aKG), citrate
(CIT), glucose-1-phosphate (G1P), UDP-glucose (UDPgluc), trehalose-6-
phosphate (T6P), mannose-6-phosphate (M6P), 6-phosphogluconate (P6G)
and sedoheptulose-7-phosphate (S7P) were measured by LC-MS according
to the protocol developed by Van Dam et al. (2002). The nucleotide
concentrations (ATP, ADP and AMP) were measured according to Seifar et al.
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(2009). Uniformly labeled 13C-cell-extract was applied in both analytical
platforms as internal standard (Wu et al., 2005.)

In vitro enzyme assays of the glycolytic enzymes were performed with
freshly prepared cell extracts on a Hitachi model 100-60 spectrophotometer
at 30 °C and 340 nm (&340 of reduced pyridine-dinucleotide cofactors 6.3 mM-
1). All enzymes were assayed as described previously (Jansen et al., 2005)
with the exception of phosphofructokinase (PFK; EC 2.7.1.11), which was
assayed according to De Jong-Gubbels et al (1995), with minor
modifications. The assay mixture contained: imidazole/HCl (pH 7.0) 50 mM,
MgCl, 5 mM, NADH 0.15 mM, fructose 2,6-diphosphate 0.10 mM, aldolase
(EC 4.1.2.13) (Sigma) 2.1 Uml!, a-glycerophosphate dehydrogenase-
triosephosphate isomerase, 1.2 U mlland 12.4 U.ml, respectively (Sigma)
and cell extract. After recording background activity with 0.5 mM fructose 6-
phosphate, the reaction was started with 1.0 mM ATP. All assays were
performed at two concentrations of cell extract. Specific activities in
duplicate experiments differed by less than 12 %. Enzyme activities are
expressed as umol substrate converted per min per mg protein (U.mgprotein™1).
Protein concentrations in cell extracts were determined according to Lowry
et al. (1951), using dried bovine serum albumin (fatty-acid free; Sigma) as
the standard.

Results

A minimal model to describe temperature dependency of metabolic
fluxes

To understand and model the impact of temperature dynamics on metabolic
fluxes, it is essential to consider the influence of temperature on the kinetic
parameters of enzyme-catalyzed reactions. The in vivo rate of an enzyme-
catalyzed reaction depends on the concentration of the enzyme (€), its
specific catalytic capacity (Ko, the affinities of the enzyme for substrates,
products, co-factors and/or inhibitors (usually represented by the saturation
constants Kp, Ks or Kg) and the thermodynamic equilibrium constant (Keg)
(equation (4.4)).

K

€q

V= eKat' f( KP’ KS! KE! s P1 a[l_L] (44)
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In this rate equation, the specific format of the mechanistic kinetic
function f(KpKsKgS,P,E) depends on the catalytic mechanism of the
reaction. The mass-action ratio (I ) only depends on the stoichiometry and

thermodynamic properties of the reaction (Hess and Brand, 1965).

Three main questions need to be addressed when modeling the impact of
temperature on metabolic networks:

1. Which kinetic parameters are temperature dependent?
2. How can temperature dependency be described for those who are?
3. Can the same mechanism be applied to all enzymes?

It is well know that each enzyme has an optimum temperature at which
its catalytic capacity (K.a) is maximal, while k.,; decreases at values below
and above the optimum temperature (for a review see Feller and Gerday,
2003). Quantitative relations, describing the impact of temperature on K.y,
can be established by in vitro activity measurements at different
temperatures and at saturating reactant concentrations. There are, however,
only few data available on in vitro enzyme activity measurements at different
temperatures for yeast glycolytic enzymes. A recent study focused on only
two different temperatures (12 and 30 °C), thus precluding the derivation of
a proper quantitative relation for the temperature dependency of Ky (Tai et
al, 2007a).

Even when information about in vitro temperature-dependencies of
enzymes was available, this would not necessarily provide an accurate
reflection of the in vivo situation Teusink et al, 2000. Analysis of the
temperature impact on enzyme levels (€) needs to be done carefully, since
these are intrinsically context dependent. For example, glycolytic enzyme
levels in S. cerevisiae are strongly influenced by specific growth rate (Van
Hoek et al., 2000), nutrient limitation regimes (Van den Brink et al., 2008)
and number of generations (Mashego et al, 2005). Tai et al (2007a)
minimized these influences by growing S. cerevisiae in anaerobic chemostat
cultures at 12 and 30 °C under otherwise identical conditions. Under these
conditions, the glycolytic flux was the same for both temperatures and the
levels of glycolytic enzymes were found to be very similar (average absolute
fold change 1.5 * 0.1) at both temperatures. In the same experiments, Kea,
estimated from in vitro enzyme assays, was 3.9 * 0.5 fold lower at 12 °C than
at 30 °C. It was therefore inferred that changes in enzyme levels are not the
primary regulation mechanism used by cells to, at equal flux, compensate for
the loss of catalytic capacity at lower temperatures. Similar conclusions were
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drawn by Postmus et al. (2008), when studying the impact of supraoptimal
temperatures on the regulation of glycolytic flux in aerobically grown S.
cerevisiae.

Changes in temperature might also affect the equilibrium constants of
reactions and the binding affinities of enzymes. The temperature impact on
the equilibrium constant K¢ is described by the Van 't Hoff equation
(equation (4.5)).

K AH? (1 1
In| =292 ==/~ | = -= (4.5)
Kear RT T
When applying this equation, it can be found that the changes of the
equilibrium constants for the glycolytic reactions differ by less than twofold

(in average change 1.2 + 0.2) for temperatures between 12 and 30 °C (Table
4.1).

Table 4.1: Thermodynamic equilibrium constants (Keg) of selected glycolytic reactions
at 12 and 30 °C. Keqvalues were calculated from Alberty, 2003 considering a reference
condition of 298.15 K, I = 0.25M and pH 7.0. The fold change refers to the ratio Keq12
Ty 30T

IKeg ™ ™

Enzyme Abrev. Keq Fold
12 °C 30°C change
Hexokinase HXK  7.7x10° 3.5x10° 0.45
Phosphoglucose isomerase PGI 0.27 0.29 -0.93
Phosphofructokinase PFK  5.0x10° 2.4x10° 2.08
Fructose-1,6-biphosphate aldolase FBA  9.3x10*  1.4x10°  -1.51
Triosphosphate isomerase TPI 0.040 0.048 -1.20
deémzrrfggggg'?"phOSphate TDH  0.66 0.69 -1.05
Phosphoglycerate kinase PGK 20 16 1.25
Phosphoglycerate mutase PGM 0.074 0.087 -1.18
Enolase ENO 5.1 4.5 1.13
Pyruvate kinase PYK 3.9x10* 1.4x10° 2.79

Based on a mechanistic description (Feller and Gerday, 1997), it can be
assumed that temperature has a minor impact on the binding affinities of
the enzymes, because they are a measure of the equilibrium between the
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enzyme and the enzyme-substrate complex. Furthermore, temperature
changes within the mesophilic range (10 to 40 °C) do not result in major
structural alterations of the active sites of enzymes from mesophilic
microorganisms (Feller, 2010; Hazel and Prosser, 1974). Therefore, changes
in binding affinities caused by temperature-induced structural changes are
expected to be negligible. In the mesophilic range, temperature induced
changes in the glycolytic flux are therefore mainly caused by changes of ke,
because this effect is by far the largest and works in the same direction for all
enzymes. Consequently, the temperature sensitivity of K. for the different
enzymes in a network will determine its overall response to dynamic
temperature conditions.

This raises the key question whether the catalytic capacities of all
enzymes of a pathway would have different or identical temperature
dependencies. Consider for instance the following simple linear pathway
where A and B are intracellular metabolites, while Sand P are extracellular:

SO%. AD®. BOYL P (4.6)

Under steady-state conditions (no accumulation of metabolites) all fluxes
are the same, i.e. v; =V, = V3. This can be formally written by a system of
equations (4.7), representing the steady-state balances of intracellular
metabolites A and B, where N is the matrix containing the stoichiometric
coefficients of the reactions.

. vy 0
b Sl

Taking into account that the fluxes v; can be described by rate equations
of the form of equation (4.4), the system of two metabolite balances
becomes, for a reference temperature (To):

6 K2, Of(Ky S A Kgy)
N e, Tgt,z f( Ka Kgy A B Keqz) =0 (4.8)
& 0K s Uf(Kgy B Kega)

When it is furthermore assumed that the pathway is irreversible (as, for
instance, anaerobic yeast glycolysis), the concentration of P plays no role.
This set of algebraic relations can then be solved to obtain the intracellular

¥y
g
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metabolite levels at the reference temperature, for given values of the
extracellular concentration of S thus yielding relations for the intracellular
levels of A and B as a function of the extracellular concentration of substrate
Sfor the reference temperature. It should be noted here that this conclusion
is also valid for pathways containing reversible reactions, as long as the
steady-state assumption is fulfilled.

Assuming that the catalytic capacity of each enzyme as a function of
temperature can be described by the function R(T) and the rate at the
reference temperature, such that K= kT°cat,i R(T) and that the stoichiometry
does not change significantly with temperature (Chapters 2 and 3), the
description of the system at a temperature T different from Ty becomes:

e R(MNOK.OM(K, S AKy
Ne, (R( T) 0K, ,Of K, K, ABK,,)|=0 (4.9)
e R(T)OK, .01 K, BK,,)

If each enzyme has its own temperature dependent function R(T), the
ratio between A, B and S will be different for each temperature and
dependent on the parameters of the corresponding temperature function. If,
on the other hand, the temperature function of the single enzymes follows
the same mechanism with the same parameters, e.g. Ry(T)=Rx(T)=Rs(T), then
eq. (4.9) will become equal to eq. (4.8). This would then imply that the
relations describing the intracellular concentrations of A and B as a function
of the extracellular substrate concentration are temperature independent.
The differences between these two scenarios can be tested in vivo to provide
insight into the temperature dependency of enzymes.

Considering the simple network described above, we now assume a
dynamic temperature situation in which the concentration of Sis high and
non-limiting and thus fluxes v;to V,are at their maximum values. If the
catalytic capacities of the enzymes in a pathway or network share the same
temperature dependency, changes in temperature will cause all enzyme
activities to change with the same factor. In such a scenario, no changes in
intracellular metabolite levels will occur and thus the cells maintain
complete homeostasis during temperature changes, without the need to
adjust enzyme levels. If, however, for a substrate-limited system (i.e. the flux
through the pathway is limited by the supply of §) it is experimentally
imposed that the fluxes remain the same even at lower temperature (e.g.in a
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chemostat cultures at constant dilution rate), S as well as the metabolite
concentrations A and B will change to compensate for the lower enzymatic
capacities.

In silico evaluation of different k.-temperature relationships in yeast
glycolysis

To evaluate the impact of different or identical temperature dependencies of
the ke, of the enzymes in yeast glycolysis, simulations were carried out with
a detailed kinetic model of this pathway developed by Teusink et al. (2000).
Several modifications were made to the published version of the model to,
amongst others, account for biomass growth and to include temperature
dependency of enzyme capacities (see Materials and Methods). Using this
model different substrate feeding regimes and temperature profiles were
simulated to distinguish between the effects of temperature and of
extracellular glucose concentration on glycolytic flux. This distinction is
especially important for glucose-limited conditions, where the glycolytic flux
is highly correlated with the extracellular glucose concentration because, as
shown by Diderich et al. (1999) and Schaaff et al. (1989), glucose transport is
a key growth-rate-controlling process. Therefore, in glucose-limited
chemostat cultures, temperature dynamics will affect the extracellular
glucose concentration via changes in glycolytic capacity. These changes in
the extracellular glucose concentration will then propagate through all
intracellular metabolite levels, yielding temperature-independent relations
between intracellular metabolite and extracellular glucose levels. If, on the
other hand, a different relationship between intracellular metabolite levels
and extracellular glucose concentrations is observed for different
temperature profiles, this would indicate that the temperature impact on Ky
differs for the different enzymes in yeast glycolysis (see simple example in
the preceding paragraph).

Two distinct rounds of simulations with different substrate feeding
regimes were performed to evaluate the impact of the parameters of the
temperature-dependent function R(T) on the intracellular metabolite
profiles. In the first round, the temperature sensitivity of one of the glycolytic
enzymes was set to be different from all others. In the second round,
temperature sensitivities were set to be identical for all enzymes, implying
that a decrease in temperature resulted in the same relative decrease of key
for all enzymes. In both rounds, simulations were performed for circadian
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temperature cycles, linear temperature shifts starting from 30 °C steady-
state conditions and batch cultures grown at 12, 18, 24 and 30 °C
(temperature profiles are illustrated in Figure 4.1).

All simulations resulted in trends between intracellular metabolite levels
and the extracellular glucose concentration. As expected, different
temperature profiles or substrate-feeding regimes caused different trends
when at least one of the enzymes was set to have a different temperature
sensitivity compared to the others. For instance, when the temperature
sensitivity of the k. of glyceraldehyde 3-phosphate dehydrogenase (TDH)
was set to be two fold lower than that of the other glycolytic enzymes, the
simulated values of the intracellular G6P, F6P and FBP levels under glucose-
excess conditions clearly decreased with decreasing temperature (Figure
4.2A).

Differences were less pronounced for the model simulations of glucose-
limited conditions, where metabolites upstream of TDH (G6P, F6P) showed
no differences and only FBP was mildly affected by the change in
temperature sensitivity. Furthermore FBP levels correlated poorly with the
extracellular glucose concentration, especially for the fastest temperature
shifts applied (circles in Figure 4.2A). Similar results were obtained when
changing the sensitivity of the other glycolytic enzymes (see Appendix 0),
indicating that this observation is not related to the flux towards the
reaction, nor to its kinetic mechanism or reversibility. It was noticed that
only metabolites upstream of the reaction with the different temperature
sensitivity displayed such deviating trends. These observations are
consistent with experimental and modeling results of Fendt et al. (2010) on
the impact of changes in the abundance of single enzymes in metabolic
pathways and with the ‘passive network mechanism’ proposed by these
authors.

When temperature sensitivities were assumed to be identical for all
glycolytic enzymes, the intracellular concentrations of glycolytic
intermediates under glucose-excess conditions were predicted to be
temperature independent (Figure 4.2B). Conversely, simulations of glucose-
limited conditions revealed strong changes of intracellular metabolite
concentrations during the temperature shifts. The range of intracellular
levels was broader than in the previous simulation (Figure 4.2A).
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Figure 4.2: Simulation results of intracellular metabolite levels, normalized to the
levels under glucose-excess conditions at 30 C. (A) Keat of glyceraldehyde 3-phosphate
dehydrogenase (TDH) was set to be 2 times less sensitive to temperature than the other
glycolytic enzymes; (B) all were set to have the same temperature dependency. The
symbols refer to simulations of: sinoidal temperature cycles (4), linear temperature
shifts applied to 30 <C steady-state chemostats (O) and batch fermentations at
different temperatures (LJ). The colors indicate the culture temperature at the time of
sampling. Simulation results considering different temperature sensitivities for
phosphofructokinase and pyruvate kinase can be found in the appendix (page 101).
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Nevertheless, because the temperature sensitivity was set to be identical
for all enzymes, intracellular metabolite concentrations showed highly
similar correlations with the extracellular glucose concentration,
irrespective of the simulated temperature profile. The results of these
simulations agree with the results obtained with the simple example
network (equation 4.6), thus showing that model predictions are
independent of the assumed kinetic mechanisms of the enzymes involved, as
long as the assumption of temperature independent K; holds true. Therefore,
experimental analysis of the relations between the extracellular glucose
concentration and intracellular metabolite levels for different cultivation
conditions and temperature regimes should resolve the question whether or
not all enzymes in a pathway share the same K.;-temperature relationship.
Although based on model simulations the major differences between the two
hypotheses are expected in glucose-excess conditions, in vivo there might be
more than one enzyme with significantly different temperature dependency.
Therefore, the deviating trends of intracellular metabolite levels simulated in
glucose-limited conditions compared to glucose-excess conditions might be
augmented. Experimental analysis under both conditions is important to
decipher and quantify the temperature dependency of the glycolytic
enzymes.

Experimental evaluation of model predictions

To experimentally investigate K.rtemperature relationships in yeast
glycolysis, anaerobic cultures were grown under different substrate feeding
regimes and dynamic temperature conditions. The experimental setups used
included batch cultures at 12, 18, 24 and 30 °C, to evaluate the temperature
impact on intracellular metabolite levels under glucose excess conditions
(sequential batch experiments (SBR)) and different sets of dynamic
temperature shifts between 12 and 30 °C performed in glucose-limited
chemostat cultures. These dynamic experiments comprised short term (3 h)
linear temperature shifts (12-30-12 °C) and (30- 12 - 30 °C) applied to
steady-state cultures at 12 and 30 °C (LTS12 and LTS30) and sinoidal
circadian temperature cycles (CTC) with 24 h frequency (Figure 4.1).

Experiments LTS12 and LTS30 aimed at understanding if different pre-
cultivation temperatures would affect the metabolic response to
temperature shifts. The different timescale of the temperature perturbations
between LTS and CTC allowed to better discriminate between impact of
90



Temperature impact on the kinetic parameters of glycolytic enzymes

temperature and substrate concentration (see previous paragraphs). The
CO; production rate was monitored on-line during all experiments since, in
anaerobic cultures, it provides an accurate measure for (changes in)
glycolytic flux.

In vitro enzyme activity assays were performed during CTC cultivation,
since this setup had the slowest temperature dynamics and, consequently,
the highest chance of hierarchical regulation of the glycolytic flux (ie.,
changes in enzyme levels). Nevertheless, levels of glycolytic enzymes did not
significantly change during the temperature cycles (Figure 4.3 and Appendix
0). This observation, together with previous results (Tai et al, 2007a),
confirms that temperature changes have negligible impact on glycolytic
enzyme levels in S. cerevisiae. On the other hand, intracellular metabolite
levels and extracellular glucose concentrations showed a dynamic behavior
in the CTC and LTS experiments (Figure 4.4).

In the SBR experiments, glucose was present in excess, and therefore the
glycolytic flux depended exclusively on the cultivation temperature, through
its impact on K. Even though the glycolytic flux in batch cultures was
observed to be six-fold lower at 12 °C than at 30 °C, intracellular metabolite
levels were independent of the growth temperature (Figure 4.4D)

When temperature dynamics were applied to anaerobic glucose-limited
chemostat cultures (LTS and CTC experiments), the residual glucose
concentration was observed to increase with decreasing temperature as
response to a decrease of the glucose transport capacity. As a result, the
metabolite profiles show the inverse dynamics when compared to the
temperature profiles applied to the chemostat cultivations (Figure 4.4A-C).
When the intracellular metabolite levels, measured during the LTS and CTC
experiments, were plotted in one graph as a function of the residual glucose
concentration, a single relation between metabolite level and residual
glucose was obtained (Figure 4.5 and appendix on page 104). It can be
inferred from these results that the metabolic response was independent of
the initial steady-state temperature (12 or 30 °C) or the dynamics of the
temperature perturbation applied, indicating that hierarchical regulation of
yeast glycolytic flux does not play a significant role during temperature
dynamics. Furthermore, based on the in silico evaluation of different
scenarios, these results support the notion that all glycolytic enzymes in S.
cerevisiae share a similar temperature- k. relationship.
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Figure 4.3: Measured biomass specific capacities (Vmay of four glycolytic enzymes,
during circadian temperature cycles in glucose limited chemostats. Vo values were
obtained from in vitro enzyme activity assays performed at 30 °C in cell free extracts. A.
Phosphoglucose isomerase (PGI); B. Phosphofructokinase (PFK); C. Glyceraldehyde-3-
phosphate dehydrogenase (TDH); D. Pyruvate kinase (PYK). Results for the other
glycolytic enzymes can be found in appendix (page 101).
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Figure 4.4: Experimental results of residual glucose concentration, CO; production and
intracellular glycolytic metabolite levels versus time for fast linear temperature shifts
(A and B), circadian temperature cycles (C) and batch cultivations (D) at different
temperatures. The coloured solid lines in panels A, B and C represent the applied
temperature profiles. Error bars indicate the standard error of the average from at
least two duplicate samples and two independent cultures.
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Figure 4.5: Experimentally obtained relations between intracellular levels of glycolytic
intermediates and extracellular glucose concentration. The different symbols represent
data from different experiments, ie. sinoidal temperature cycles (A), linear
temperature shifts starting at 30 C (O) or 12 € (<) and batch cultivations at
different temperatures (O). Error bars refer to the standard error of the average of at
least two duplicate samples and two independent runs of experiments. Colors indicate
the temperature of the culture at the time of sampling.
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Discussion

Considering that chemical reactions in aqueous solutions have activation
energies between 42 and 125 k].mol", it can be estimated that reaction rates
change by two fold for every 10 °C temperature change (Connors, 1990).
However, temperature effects on individual enzyme-catalysed reactions can
deviate substantially from this ‘rule of thumb’, for example due to the impact
of temperature on protein structure. As illustrated with a simple linear
metabolic pathway (equation (4.6)), different temperature dependencies of
enzyme reactions inevitably result in (large) changes in concentrations of
pathway metabolites. Similar changes in metabolite levels are observed
when expression levels of individual enzymes in a pathway are modified
(Fendt et al, 2010). Hierarchical regulation, i.e. regulation at the level of
enzyme synthesis (Ter Kuile and Westerhoff, 2001), would then be needed to
restore and maintain homeostasis.

Previous in vitro assays in cell extracts, performed at 12 and 30 °C,
suggested large differences in temperature dependency for the ten glycolytic
enzymes in S. cerevisiae (Tai et al, 2007a). However, in vitro studies with
optimized assays, in which parameters such as pH and concentrations of
salts, cofactors and effectors differ for each enzyme, are not representative
for the intracellular environment (Van Eunen et al.,, 2010). The differences in,
among others, protein content, osmotic pressure, substrate diffusion
between the in vitro and in vivo conditions might lead to different flux versus
temperature relationships.

To avoid the inherent problems of in vitro studies on enzyme kinetics, we
developed a novel systems biology approach for analyzing kinetic regulation
strategies under temperature dynamics. By combining in silico simulation of
different strategies with experimental analysis of metabolite and substrate
concentrations under various controlled temperature and substrate-feeding
regimes, regulation strategies could, for the first time, be analyzed without
relying on kinetic parameters derived from in vitro experiments. The in silico
simulations predicted that similar temperature dependencies of the k.4 of all
glycolytic enzymes should result in a single relation between metabolite
level and residual substrate concentration for each metabolite, independent
of temperature. Consequently, in batch cultures growing at saturating
substrate concentrations, intracellular concentrations of glycolytic
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intermediates should be independent of the growth temperature. In glucose-
limited chemostat cultures, each metabolite level is then predicted to solely
depend on the residual glucose concentration and not on the temperature as
such (Figure 4.6).

Experimental results obtained under conditions of glucose excess, were
consistent with this scenario and could not be reconciled with the alternative
scenario in which temperature dependencies of the k.5 values of individual
glycolytic enzymes were different. Although the experimental results of
metabolite levels versus residual glucose for the glucose limited chemostat
experiments (LTS and CTC) showed similar trends as the model simulations,
the experimental errors of the metabolite data did not allow discriminating
between the two simulated scenarios (i.e. the same temperature dependency
for all enzymes versus a single enzyme different). However, if several
glycolytic enzymes have different temperature sensitivities, the differences
should be larger. Unfortunately, simulations in which several glycolytic
enzymes have different temperature sensitivities did not result in a stable
model.

All simulations were carried out using the model parameters published by
Teusink et al. (2000). It should be realized, however, that different initial
conditions, in our case anaerobic glucose-limited chemostat cultures at 12
and 30 °C, could have resulted in different expression levels of glycolytic
isoenzymes, which could have led to differences in enzyme kinetic properties
in both conditions. A genome wide transcriptome analysis of cells cultivated
under both conditions (Tai et al, 2007a) did not provide indications for
significant differences in the expression of glycolytic isoenzymes.
Nevertheless, changes were observed in the expression levels of the different
hexose transporters between the 12 and 30 °C chemostat cultivations.
Determination of the glucose transport kinetics for both conditions indeed
showed that the glucose transport capacity of cells grown in 12 °C
chemostats was higher than that of cells grown at 30 °C (Tai et al., 2007a).
Changes in the kinetics of glucose transport could have had a repercussion
on the metabolite profiles as a function of the residual glucose concentration
between shifts LTS12 and LTS30. Nevertheless, it was measured that the
increase in the K., of glucose transport at 12 °C was coupled to an increase in
the glucose saturation constant (Kg), in such a way that the ratio Ks/key is
not significantly different for the two conditions. Moreover, the increase in
glucose transport capacity observed for the 12 °C chemostat (1.59) is
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significantly lower than the decrease in glucose transport capacity caused by
the temperature decrease (6.4 fold change). Considering the similar Ks/Kca
ratio and the limited difference in K. at 30 °C for both conditions, the effect
must have been small in our experiments.
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Figure 4.6: Overview of the impact of temperature on glycolytic flux in anaerobic
cultures of S. cerevisiae. The two panels represent growth under glucose-limited (A)
and glucose-excess (B) conditions. The thickness of the arrows and diameter of the
circles reflect the relative flux through the glycolytic enzymes and the intracellular
concentrations of glycolytic intermediates, respectively. Blue and red symbols indicate
growth at 12 C and 30 %, respectively.
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Although this study was focused on yeast glycolysis, pentose phosphate
pathway (PPP) metabolites were also found to correlate primarily with
extracellular glucose concentration rather than with the temperature.
Conversely, tricarboxylic acid pathway (TCA) and storage carbohydrate-
related metabolites showed a different behavior, as their levels seemed to be
primarily dependent on the initial steady-state temperature (Figure 4.7). It
should be noted that under anaerobic conditions, the TCA, PPP and storage
metabolism fluxes are generally much lower than the glycolytic flux (Nissen
etal, 1997). Therefore, changes in metabolites from these pathways will be
slower under dynamic conditions. In the SBR experiments no significant
difference was observed in the TCA pathway metabolite levels at different
temperatures. This was likely due to the higher turnover times (time needed
to refill or empty a metabolic pool), rather than different temperature
sensitivities. Levels of precursors of storage carbohydrates (e.g. T6P) were
too low in glucose-excess conditions to allow a good analysis of the
temperature impact in this pathway. However, T6P levels under glucose
limited conditions indicate a different regulation mechanism of trehalose-6-
phosphate synthase or trehalose-6-phosphate phosphatase compared to
glycolytic enzymes. Further model developments and experimental
investigations should help to determine if the differences observed for the
TCA and storage carbohydrate metabolism are a consequence of
transcriptional regulation (reflected, for instance, in different enzyme levels),
higher turnover times or significantly different temperature sensitivities.
Analyzing the correlation between residual substrate levels and intracellular
metabolite concentrations in different temperature conditions might enable
to pinpoint which metabolic pathways are the most sensible to temperature
perturbations and likely to be relevant in the overall response of S. cerevisiae
to temperature perturbations.

Evolutionary ‘synchronization’ of the temperature dependencies of the
catalytic capacities of enzymes in a metabolic pathway, may confer selective
advantages to microorganisms that are subjected to frequent temperature
changes. Firstly, changes of metabolite levels in response to temperature
changes are minimized, thereby avoiding the need for energetically costly
cycles of de novo synthesis and degradation of enzymes. This preservation of
homeostasis may be particularly important for central metabolism, of which
intermediates serve as precursors for several biosynthetic pathways.
Secondly, based on metabolic control analysis, it can be inferred that this
minimization of changes in metabolite concentrations causes pathway fluxes
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Figure 4.7: Intracellular concentrations of metabolites from the tricarboxylic acid
pathway, pentose-phosphate pathway and storage carbohydrate metabolism. Malate
(Mal) and citrate (Cit) from the TCA pathway; sedoheptulose-7-phosphate (S7P) from
the PPP; trehalose-6-phosphate (T6P) as a precursor of storage carbohydrates.
Samples were taken during sinoidal temperature cycles (4), linear temperature shifts
from 30 C (O) or 12 C (<) and from batches at different temperatures (LJ).
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Figure 4.7 (cont.): Error bars refer to the standard error of the averages of at least
two duplicate samples and two independent experiments. The different colors indicate
the temperature of the culture at the time of sampling.

to be minimally sensitive to temperature variations (see Appendix, page
105).

Recent studies on temperature as an evolutionary pressure indicate that
temperature optima for growth are a key factor for survival of sympatric
strains (Gongcalves et al, 2011; Libkind et al., 2011; Salvado et al., 2011). Our
results indicate that, in addition to temperature optima, microbial strategies
for kinetic adaptation to temperature dynamics (e.g. circadian temperature
cycles) may play a key role in determining microbial fitness in natural
environments. Further research should reveal whether microorganisms
evolved in environments with a steady temperature (e.g. obligate
commensals of homoeothermic vertebrates) show a different Kkinetic
regulatory strategy than found for glycolysis in S. cerevisiae.
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Appendices

In vitro enzymatic capacities of glycolytic enzymes during circadian

temperature cycles
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Figure 4.8: Enzymatic capacities (Viay of the glycolytic enzymes that are not shown in
Figure 4.3 (page 92), estimated from in vitro enzyme activity assays measured at 30 °C
in cell free extracts of S. cerevisiae cultivated in glucose-limited anaerobic chemostats
subjected to circadian temperature cycles (CTC). A. Hexokinase (HXK); B. Fructose bi-
phosphate aldolase (FBA); C. Triose phosphate isomerase (TPI); D. Phosphoglycerate
kinase (PGK); E. Phosphoglycerate mutase (PGM); F. Enolase (ENO).
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Simulation results considering different temperature-sensitivities
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Figure 4.9: Intracellular concentrations derived from model simulations considering that Keq; of
phosphofructokinase (PFK) is 2 times less sensitive to temperature than the other glycolytic
enzymes. The symbols refer to simulations of: sinoidal temperature cycles (4) and linear
temperature shifts from 30 C steady-state chemostats (O); batch fermentations at different
temperatures (LJ). The colors indicate the culture temperature at the time of sampling. All
concentrations are normalized to the levels under glucose excess conditions at 30 °C.
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Figure 4.10: Intracellular concentrations derived from model simulations considering that kcat
of pyruvate kinase (PYK) is 2 times less sensitive to temperature than the other glycolytic
enzymes. The symbols refer to simulations of: sinoidal temperature cycles (4) and linear
temperature shifts from 30 C steady-state chemostats (O); batch fermentations at different
temperatures (LJ). The colors indicate the culture temperature at the time of sampling. All
concentrations are normalized to the levels under glucose excess conditions at 30 °C.
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Nucleotide levels profiles measured during different

perturbation experiments
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Figure 4.11: Nucleotide levels profiles as a function of the extracellular glucose from
experiments with sinoidal temperature cycles (4), linear temperature shifts from 30 C (O) or 12
C (X) and from batches at different temperatures (LJ). The error bars refer to the standard error
of two duplicate samples from at least two independent runs of experiments. The different colors
indicate the temperature of the sample.
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Demonstration that similar temperature-dependencies of k.: lead to
minimal flux change upon temperature perturbations

To demonstrate how the temperature dependency of k., influences the flux
change, we will consider once more the simple network (4.6) (page 82).
According to metabolic control analysis (Van Gulik et al., 2003), the change in
flux through the pathway (J) compared to the flux at a reference condition
(with flux J° and biomass specific capacity V) can be quantified based on the
change in enzymatic capacity of the three different enzymes (Vi/V;") and the

3
. J° . 0 _
flux control coefficients C™' , in such way that E C =1,
i=1

J - 1 (4.10)
JO Jf£+cjg£+CJg£ .

C
V, V, V,

As we have discussed in the main section, the enzyme levels are not
affected by temperature, meaning that the change in V,%V; will be uniquely a
consequence of the temperature impact on the catalytic activity (Kcay)
according once more to function R(T).

Vi kcati RI (T) (411)

From equation (7.11) and knowing that for temperatures below the
optimal growth temperature (this study) k. decreases with decreasing
temperature, it can be seen that:

T<T° - 0<R(T)<1
T=T"-R(T)=1 (4.12)
T>T° - R(T)>1

By replacing equation (4.11) in (4.10) we obtain the relation between the
change in flux with temperature:
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3 1
TN &N o
Jooch ¢t cC
R(T) R(T) R(T)

We will now consider that, for temperatures lower than the reference

(4.13)

temperature (TO), the catalytic activity of enzyme 1 decreases less severely
than for enzymes 2 and 3. This means that Ry(T) will be higher than Ry(T) or
Rs(T). Multiplying equation (4.13) by Ry(T) we obtain equation (4.14) where
the ratios Ry(T)/ Ry(T) and Ry(T)/ Rs(T) will always be higher than 1.

J R(T)
3 oot R, e RIT)
R(T) ~ R(T)

If, on the other hand, we speculate that evolution led to a situation where
all k., have the same low-temperature-sensitivity, all enzymes would have
the same temperature function as the one of enzyme 1 (Ry(T) = Ry(T) =
Rs(T)). This means that, when multiplying equation (4.13) by Ry(T)equation
(4.15) can be derived.

S B R

(4.14)

0 0 0 4.15
JO CJl +CJ2 +CJ3 ( )

Because the denominator in equation (4.15) will always be higher than 1,
the flux decrease as a consequence of temperature drop is minimal only if K.y
values of the different enzymes have the same temperature dependency.

Even in cases where J/F is different than Ry(T) (for instance if the overall
change in flux is the average of the functions Ry(T), Ry(T) and Ry(T)), only in
the extreme cases where the enzyme with the highest temperature

0
sensitivity has no impact on the flux through the pathway (CJ‘ close to 0),
will the flux change be less than in the situation where all enzymes have
similar temperature sensitivities (Figure 4.12).

This points out that, besides minimizing changes in intracellular
metabolite levels, identical temperature sensitivities of the enzymes in a
pathway can also minimize the changes in flux in response to temperature
fluctuations. This can be beneficial in competitive environments since the
growth rate of the microorganisms would not be drastically reduced when
temperature decreases.
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Jia

o4 08
i

o5 02

Figure 4.12: Impact of the control coefficients C” in the overall change in flux with
temperature. For the simulation considering different temperature sensitivities of the
different enzymes it was assumed that the function R(T) was 0.7, 0.5 and 0.2 for,
respectively, enzymes 1, 2 and 3. The green surface represents the situation where all
the enzymes have the same temperature dependencies, considering that the overall

change in flux JIX would be the average of the R(T) values used in the previous
simulation.
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Abstract

The results from the previous chapters have indicated that mild suboptimal
temperatures have no major impact on the stoichiometry of growth, nor they
require adjustment in the levels of the glycolytic enzymes to compensate for
the loss of specific catalytic activity at temperatures lower that the optimal
one. It was on the other hand clearly demonstrated that the residual glucose
concentration has a major impact on the uptake and secretion rates during
temperature perturbations done to glucose-limited chemostat cultivations.
Nevertheless, it is not possible at this moment to predict the impact of
residual glucose concentration on intracellular metabolite concentrations
and glycolytic fluxes, as there are no models that can describe the metabolite
levels measured from anaerobic chemostat cultivations as function of
residual glucose concentration and temperature.

This work aimed at developing an in vivo kinetic model of anaerobic yeast
glycolysis that can provide insight to the impact of residual glucose
concentration, growth rate and temperature on the central-carbon
metabolism of Saccharomyces cerevisiae. Such models will allow a better
understanding of the kinetic mechanisms used by the cell to cope with
several environmental perturbations at the same time (e.g. changes in
substrate concentrations and temperature).

To construct the kinetic model it was first needed to gather a dataset
capable to cover a sufficiently broad range of metabolite concentrations and
fluxes. Such a large range is needed to estimate the in vivo kinetic parameters
of each glycolytic enzyme. Steady-state glucose-limited anaerobic
chemostats were run at different dilution rates (from 0.025 to 0.26 h-1) and

109



Chapter 5:

constant temperature (30 °C). Samples were taken to measure extra-and
intracellular metabolite concentrations, elemental biomass composition and
enzyme activities. By applying data reconciliation and metabolic flux analysis
it was possible to estimate the intracellular fluxes together with the uptake
and secretion rates. Enzyme levels could be predicted because it appeared
that the production rates of most glycolytic enzymes are only dependent on
the residual glucose concentration, following a Hill-type saturation function.

With all the collected data (fluxes, metabolite levels and enzyme
activities) it was possible to parameterize the kinetic function of each
glycolytic enzyme that describes the flux through a reaction as a function of
the concentrations of the effectors (substrates, products and co-factors). The
choice of which kinetic format to use was made based on thermodynamic
analysis. Mechanistic equations were used to describe the Kkinetics of
reactions operating far-from-equilibrium while the Q-linear-kinetic format
was used for reactions operating at near-equilibrium. Reactions operating in
pseudo-equilibrium did not require the use of kinetic equations as they were
assumed to be in equilibrium. The K¢q estimated from the in vivo data could
be used to describe such reactions.

The developed model could successfully describe the profiles of glycolytic
metabolites measured during the experiments and the changes in enzyme
activities measured from the in vitro assays. To further test the robustness of
the model, temperature was included as a variable. The resulting model was
validated using the experimental data obtained from linear temperature
perturbations applied to glucose-limited chemostat cultivations.

Introduction

The results presented in the previous chapters regarding the black-box
behavior at different temperatures and glucose regimes (excess and
limitation) have allowed understanding how Saccharomyces cerevisiae has
evolved to cope with dynamic temperature conditions. It has been concluded
that, in the mild-suboptimal range, temperature has no major impact on the
stoichiometry of growth. Also no significant influence on the equilibrium
constant (Keg), saturation constants (Ks Kp, K;,...) and enzyme levels could be
found. The only kinetic parameter that is sensitive to temperature conditions
is the catalytic activity of the enzymes (K.a), where temperature changes lead
to the same alterations in the kg4 of all the glycolytic enzymes.
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As shown in Chapter 4, when comparing the measured intracellular
concentrations with the ones estimated in silico, the currently available
kinetic models of yeast glycolysis are still unable to describe in vivo
intracellular metabolite data or to be stable for the range of fluxes and
residual glucose concentrations covered by dynamic temperature conditions.
A predictive kinetic model of yeast central metabolism, describing the
intracellular metabolite concentrations, enzyme levels and fluxes as a
function of residual glucose and cultivation temperature, is a valuable tool. It
can be used to predict the metabolism under other dynamic temperature
conditions, but also for a comprehensive analysis of the impact of those
variables under other complex experimental settings where fluxes and
residual substrate concentrations change concomitantly (e.g. fed-batch
setups).

To build such a model it is important to have a dataset that gives
information on the behavior of all the kinetic effectors of the individual
enzymes in glycolysis. These include metabolite concentrations, enzyme
activities and fluxes.

In spite of the high industrial relevance of Saccharomyces cerevisiae, there
is very few data concerning the influence of growth rate or residual substrate
concentration on the anaerobic metabolism of this yeast. Some of the
available literature (e.g. Nissen et al.,, 1997; Verduyn et al, 1990) presents a
black-box description, but no insight concerning the impact of the growth
rate or residual glucose on the intracellular metabolites and enzyme levels.
Another study from Fazio et al, 2008 gives very relevant information on
changes in transcript levels at different growth rates but no extrapolation
could be made to changes in the kinetics of anaerobic growth. So, before
modeling the anaerobic glycolytic metabolism at different growth rates or
temperatures, it is important to gather a dataset that allows a global analysis
of the central-carbon metabolism and to accurately parameterize the kinetics
of each enzymatic reaction.

Another crucial point to consider when building a kinetic model is the
mathematical format used to describe the relation between rates and the
metabolite concentrations. Mechanistic rate equations, such as the ones
derived from in vitro studies of the enzyme reaction rates, often have many
parameters. This hinders their proper in vivo quantification and complicates
the analysis of which effectors play the most relevant role in regulating the
reaction rate (e.g. substrates, products, co-factors,...). Some strategies have
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been developed to minimize the number of parameters of kinetic models,
such as the application of approximate kinetic formats (e.g. lin-log kinetics,
log-linear kinetics, power-law,...) and model reduction (for a review see
Nikerel, 2009). But one of the problems is that these formats may fail to
provide accurate simulations when applied to a broad range of fluxes and/or
metabolite concentrations. Canelas et al, 2011 have recently tried to
overcome these problems by developing a reaction classification method. By
carrying out a thermodynamic analysis of each reaction, using the measured
metabolite concentrations for a wide range of reaction rates, it is possible to
group enzymatic reactions as operating in pseudo-, near- or far-from
equilibrium. It has been reported by Canelas et al. (2011), that only 25% of
the reactions from aerobic central-carbon metabolism have to be classified
as irreversible and need to be described by mechanistic equations. A linear
equation with only two parameters can be used to describe the rates of near-
equilibrium reactions (Q-linear kinetics), while no parameters besides the
equilibrium constant need to be used for pseudo-equilibrium reactions since
they operate very close to thermodynamic equilibrium. Another benefit of
this method is that the parameters obtained for the near-equilibrium
reactions are obtained from in vivo data, guaranteeing that, when used in the
glycolytic model, they will describe the measured intracellular
concentrations at least for the range of fluxes used to parameterize the
equation.

This chapter presents the development of a temperature-dependent in
vivo kinetic model of anaerobic yeast glycolysis. To build the model it was
first necessary to carry out experiments to characterize the metabolic state
of Saccharomyces cerevisiae in anaerobic, glucose-limiting conditions for a
wide range of growth rates (0.026 to 0.27 h-1). By using well-defined and
tightly controlled steady-state chemostat cultivations it was possible to
accurately quantify the intracellular fluxes, the concentrations of intra- and
extracellular metabolites and the changes in enzyme levels. This
comprehensive dataset, together with measurements of enzyme activities
and biomass composition, allowed setting up an in vivo kinetic model
according to the reaction classification method developed by Canelas et al.
(2011). The model was validated with an independent dataset from the
temperature shift experiments.
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Materials and Methods

Fermentation setup

Strain and Media

All cultivations were done with Saccharomyces cerevisiae strain CEN.PK113-
7D (MATa) (Entian and Kotter, 2007; Nijkamp et al.,, 2012).

Pre-cultures were grown in 100 ml of synthetic medium containing 5.0 g.L
1 (NH4)2S04, 3.0 g..-1 KH2PO4, 0.5 g..-1 MgS04.7H:0, 18 g.Lt glucose and 1.0
ml.L-! of a trace element solution and vitamin solution with the composition
described by Verduyn et al. (1990). This medium was filter sterilized directly
into sterile 500 ml shake-flasks, using 0.2 pm PVDF membranes (Millipore,
Massachusetts, USA).

The glucose-limited chemostat cultivations were fed with medium
composed by 0.3 g.L-t (NH4)2SOsand K;H;POs4, 3.0 g.L-1 NH4H,PO4, 0.5 gL
MgS04.7H;0, 0.4 g.L-1 of Tween 80, 10 mg.L-1ergosterol, 25 g/L glucose, 0.15
g.L-1 antifoam C (Sigma-Aldrich, Missouri, USA) and 1 ml.L-! of the same trace
element and vitamin solutions used to prepare the pre-culture medium. A
solution composed by the salts, glucose, vitamin and trace-element solutions
were filter sterilized with a Sartopore 150 filter (Sartorius, Goettingen,
Germany) into a previously heat sterilized vessel (20 min at 121 °C)
containing the antifoam. The Tween 80 and ergosterol were mixed together
in 30 ml pure ethanol to assure its total dissolution and sterility and later
added to the medium vessel.

Steady-state chemostat cultures at different dilution rates

Five chemostat cultivations were run in parallel under anaerobic glucose-
limited conditions. For each chemostat, the dilution rate was changed
stepwise (up or down) according to the diagram presented in Figure 5.1. All
chemostats were sampled at the 4th and 5t residence time after each change
in dilution rate, which corresponds respectively to 6.2 and 7.2 generations.
After the second sample, the set point of the feed pump was manually
changed to match the new dilution rate. This experimental approach was
used to reduce the number of fermentations needed to study a broad
number of growth rates while assuring that steady state conditions are
achieved. The total number of generations per fermentation was kept below
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22, to avoid long-term adaptation (Mashego et al., 2005). Nevertheless, to
check that there was indeed no long-term adaptation, the last dilution rate of
each chemostat was set to be the same as the first one and the
measurements of extracellular metabolite concentrations were compared.
Instead of running duplicate fermentations, dilution rates were split in an
intercalated way between fermentations runs such that the results obtained
could indicate the reproducibility of this experimental approach.

All cultivations were carried out at 30 °C in 2 L fermenters (Applikon,
Schiedam, The Netherlands) containing a working volume of 1.4 L of medium
and were continuously stirred at 800 rpm. A 2.0 M solution of KOH was
automatically added to maintain the pH of the broth at 5.0. Nitrogen gas (N2)
was sparged at a rate of 0.5 L.min'! to both fermentation broth and medium
vessel to maintain fully anaerobic conditions throughout the experiments.
The stirrer speed, temperature, pH and gas-inflow set points were controlled
by a Biostat Bplus controller (Sartorius BBI Systems, Melsungen, Germany).

0.28L
0.24r
0.2 J

F1

0.04 ] , F2

O 1 1
0O 50 100 150 200 250 300 350 400 450 500 550 60
Age (h)

Figure 5.1: Dilution rate profiles applied to the five different chemostats (F1 - F5).
Sampling took place when steady state was reached, and twice for every dilution rate,
one volume change apart. After the second sample, the dilution rate was changed up or
down, according to the setup.
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Analytical methods

Off-gas analysis

The flow rate of the N, stream was determined with an Ion Science Saga
digital flow meter (Cambridge, UK). The amount of CO; present in the off-gas
was measured online with a Rosemount NGA 2000 gas analyzer (Minnesota,
USA). Before measurement of the CO; mol fraction, the part of the gas stream
entering the off-gas analyzer was dried with a Permapure dryer (Inacom
Instruments, Overberg, The Netherlands) to avoid the interference of other
compounds (e.g. water and ethanol).

Sampling and analysis of extracellular metabolite concentrations

2.0 ml of broth were sampled directly into syringes containing 64.5 g of cold
steel beads (-20 °C). This resulted in immediate cooling of the sample to a
temperature slightly above 0 °C for quenching of metabolic activity.
Immediately thereafter the sample was filtered through 0.2 pm membrane
filters as described by Canelas et al. (2008) to remove the cells.

The concentrations of glucose, ethanol, glycerol, acetate and lactate were
measured by high-performance liquid chromatography, using an Aminex
HPX-87H column (Bio-Rad Laboratories, California, USA) at 60 °C and eluted
with 5 mM phosphoric acid at a flow rate of 0.6 ml.min-1. Glucose, ethanol
and glycerol were detected by Waters 2410 refractive index detector
whereas acetate and lactate with a Waters 2487 dual-wavelength
absorbance detector (Waters Corporation, Massachusetts, USA) at 214 nm.
Acetaldehyde concentrations were determined by GC, using a HP Innowax
19095N-121 column (Agilent, California, USA) coupled to a FID detector. The
column temperature was 70 °C while the injector and detector were,
respectively, at 180 °C and 200 °C. The injection volume was set to 0.2 pl.

Pyruvate and succinate concentrations in the fermentation broth were
quantified with GC-MS using U-13C-labeled cell extract as internal standard,
as described by Wu et al. (2005).

Sampling and analysis of intracellular metabolite concentrations

1.2 ml of broth were withdrawn within 0.9 seconds into 6 ml of 100% (v/v)
cold methanol (-40 °C) using the rapid sampling setup described by Lange et
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al. (2001). Biomass was collected and washed using the filtration setup
developed by Douma et al. (2010). Uniformly labeled !3C-cell-extract was
added to the biomass cake as internal standard in the same ratio as
previously reported by Wu et al. (2005) (100 pl extract per 1 g sample). The
intracellular metabolites were extracted with boiling ethanol (75% v/v)
following the protocol described by Canelas et al. (2008). The concentrations
of G6P, F6P, F16P, GAP, DHAP, 2PG, 3PG and T6P were measured by GC-MS
using the protocol described by Cipollina et al (2009). Pyruvate
concentrations were also measured by GC-MS, but using the protocol
described by De Jonge et al. (2011). The concentrations of nucleotides (ATP,
ADP and AMP) were quantified by ion-pair reverse-phase LC-MS/MS (Seifar
etal,2009).

The volume of the cytosol was assumed to be 1.7 mlgpw! when
converting the measured concentrations to mmol.L-! (Canelas et al., 2011).

Biomass concentration and composition (elemental and macromolecular)

15 ml of broth was sampled at 4th and 5% residence times and filtered
through 0.45 pm pore-diameter filters (Supor-450, Pall Corp. Michigan,
USA). Biomass dry weight was determined after drying the filters for 48h at
75 °C as described by Wu et al. (2005).

Samples for elemental composition determination were processed as
follows: 10 ml of broth was withdrawn from chemostat fermentations at a
dilution rate of 0.026, 0.03, 0.05, 0.1, 0.206, 0.232 and 0.263 h! and
centrifuged. After discarding the supernadant, the pellets were washed twice
with 40 ml demi water, and after freeze-dried for 48h. Samples were then
sent to the Energieonderzoek Centrum Nederland (ECN, Petten,
Netherlands) where the carbon (C), hydrogen (H), nitrogen (N) and oxygen
(O) content was determined with an element analyzer (Interscience, Breda,
The Netherlands).

The molecular weight of dry biomass (MW in gpw/Cmolx) was calculated

from the carbon percentage in the dry biomass (gc) according to equation
(5.1).

mw, = Zow vy =290515 01 (0.1)

9c 9c
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To derive the macromolecular composition it was assumed that the
proteins, lipids, carbohydrates and nucleic acids had the elemental
compositions determined by Lange and Heijnen (2001) who used the same
strain growing under aerobic conditions. Based on the measured elemental
composition of biomass and the one of the macromolecules, a data
reconciliation routine was set to calculate the macromolecular biomass
composition. Details on the assumptions made and overall procedure can be
found in the supplementary information (page 154).

Enzyme activity measurements

Enzyme activities from 0.03, 0.05, 0.16, 0.20, 0.22 and 0.27 h-1 cultivations
were measured with in vitro assays at 30 °C and 340 nm, using the protocol
described by Jansen et al. (2005). Measurements were done to two different
concentrations of freshly prepared cell extracts and the protein
concentrations were determined with the Lowry assay (Lowry et al.,, 1951)
using dried bovine serum albumin as standard.

Statistical and modeling procedures

Stoichiometric model and data reconciliation

The intracellular fluxes were calculated by combining a data reconciliation
approach with flux balance analysis. More precisely, the measured
concentrations of the extracellular compounds, the in- and outflows, the
evaporation rate of ethanol and acetaldehyde, their errors, and the biomass
composition were used as input to solve the over determined system
comprised by the steady-state molar balances of the extracellular
components on the broth and gas phase and the stoichiometric model
previously described by Daran-Lapujade et al. (2004). The extracellular
components considered were glucose, CO,, ethanol, biomass, glycero],
acetate, lactate, succinate, pyruvate and acetaldehyde. Standard data
reconciliation techniques, as explained by Verheijen (2009), were used to
obtain the flux distributions and respective errors.

Having the stoichiometric model it was also possible to estimate the
amount of glycolytic intermediates needed for biomass formation and the
fluxes from the model boundaries as a function of growth rate. Functions
were fitted to these profiles and added as input to the kinetic model.
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Reaction classification according to thermodynamic analysis

The approach followed to select the kinetic format to be used in the final
model was the one used by Canelas et al. (2011). Resuming, the flux through
a reaction (V) can be expressed as a function of its mass-action ratio (I')
according to the general equation:

r

v=V...5(% p {1—K—J (5.2)

eq

Keq is the equilibrium constant, Vi the catalytic capacity of the enzyme
and A(x,p) is the mathematical expression that describes the binding of
reactants and effectors (X) to the enzyme according to the affinity
parameters (p) and the mechanism of the enzyme-catalyzed reaction. The
term 1-I'/K¢q represents the dimensionless thermodynamic driving force,
which can be directly related to the Gibbs-free-energy of the reaction
(Canelas etal.,, 2011).

By plotting the flux as a function of the mass-action ratio (I'), it is possible
to determine the thermodynamic state of the reaction (i.e. its displacement
from equilibrium) by comparing the magnitude of I' with K¢qand the overall
profile of v versus I for the entire range of fluxes. If the order of magnitude
of I' is significantly lower than K¢, for the entire range of conditions
evaluated, the reaction is likely to be far-from-equilibrium and mechanistic
rate equations are needed to describe the kinetics of the enzyme reaction. If
the order of magnitude of " is similar to Ke¢qand no significant displacement
from equilibrium is measurable for the range of conditions evaluated (i.e.
/Keq ® 1), the reaction operates at pseudo-equilibrium. No rate equation is
needed to describe the kinetics of pseudo-equilibrium reactions and the
mass balance of one of its effectors (product P; or substrate S) can be
replaced in the model by the algebraic equilibrium equation:

« =R (5.3)
eq |—| Ss .
Finally, if the order of magnitude of I" is similar to K¢q but there is a

statistically significant displacement from equilibrium that increases with
increasing flux ('/Keq becomes increasingly lower than 1), the reaction
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operates at near-equilibrium. For such cases, Canelas et al. (2011) have
hypothesized that the rate equation (5.2) containing generally a highly
parameterized and non-linear S(X,p) function can be simplified to a linear
relation containing only two parameters.

The statistical methodology applied to classify the different reactions
from the in vivo metabolite concentrations and fluxes was the same as the
one used by Canelas et al. (2011). The threshold p-value of the weighted
linear regression of I versus v was set at 0.005.

Kinetic model for different growth rates at constant temperature (30 °C)

The reactions described by the developed kinetic model of anaerobic yeast
glycolysis are presented in Figure 5.2. Because no data was available on the
concentrations of 1,3-phosphoglycerate, the reactions catalyzed by
glyceraldehyde phosphate dehydrogenase (TDH) and phosphoglycerate
kinase (PGK) were lumped. The first version of the model was built to
describe steady-state fluxes and intracellular metabolite concentrations at
different growth rates/residual substrate concentrations but constant
cultivation (30 °C). The choice of the kinetic format to use for each enzymatic
reaction and consequent parameterization was made according to the
reaction classification method developed by Canelas et al. (2011). For the
reactions classified as being far-from-equilibrium, a literature survey was
made to gather mechanistic equations used to describe the kinetics of that
reaction. The one that provided the best fit for the range of in vivo
concentration measured was the one selected for the kinetic model. The
growth rate was given as input to the model and the glucose uptake rate was
calculated using the Herbert-Pirt relation obtained from the experimental
data. Detailed information on the structure and parameters of the Kinetic
model, including the functions used to describe the boundary fluxes and
coefficients of the biomass formation reaction, are given in Appendix 5.2
(page 156).

Validation of the model

Data from cultivations subjected to dynamic-temperature conditions were
used for an independent validation of the Kkinetic model. Temperature was
added as a variable by including the Ratkowsky equation to describe the
temperature impact on the catalytic activity of each glycolytic enzyme
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(Ratkowsky et al, 1982). Following the results from the previous chapter,
the decrease in catalytic activity as a consequence of a temperature drop was
set to be the same for all enzymes and all other kinetic parameters
(equilibrium and saturation constants) were fixed to be temperature
independent. Because no information was found regarding the impact of
mild suboptimal temperatures on the enzyme production and degradation
rates, it was initially set that the temperature impact on these reactions is
the same as for the glycolytic enzymes. For this version of the model, the
black-box model developed in Chapter 3 was coupled to the kinetic model of
yeast glycolysis, including the hyperbolic function to describe the glucose
uptake rate.

To validate the temperature-dependent kinetic model, temperature
perturbations were simulated from 30 and 12 °C steady-state conditions.
Temperature was linearly changed between 30 and 12 °C for 1.5h and after
set back to return to the initial steady-state vale in the same amount of time.
These temperature profiles are the same as shifts A30 and A12 reported in
Chapters 3 and 4 (see, for instance, page 51), allowing comparing the
simulated metabolite levels with the experimental measurements obtained
in the previous chapters. Because the simulated temperature perturbations
did not take longer than 3h, it was assumed that there were no significant
changes in biomass composition. As a consequence, the coefficients of
biomass formation were set to be constant (temperature and growth rate
independent) at the values determined for the initial steady-state growth
rate (0.03 h'1).

Results

Primary data obtained from anaerobic glucose-limited chemostats run
at different dilution rates and 30 °C

Five glucose-limited anaerobic fermentations were carried out with stepwise
increases/decreases of the dilution rate (Figure 5.1). In this way it was
possible to cover a broad range of dilution rates (0.026 to 0.27 h-'1) with a
limited number of experiments, without compromising steady-state results.
By sampling at different growth rates it was possible to gather a rich dataset
containing information on intra- and extracellular metabolite levels, biomass
composition, in vitro enzyme activities and reaction fluxes. This section
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presents an overview of the main results obtained from the performed
chemostat experiments.
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Figure 5.2: Network described by the model (glycolysis and boundary conditions). The
boundary reactions, for which the flux values were set as a function of glucose uptake
rate, are represented in blue. The biomass reaction has been included in the mass
balances of all metabolites except GLUC, F6P, F16P and AMP. Because no
measurements are available for 13PG, the reactions catalyzed by glyceraldehyde
phosphate dehydrogenase (TDH) and phosphoglycerate kinase (PGK) were lumped
together into one reaction (TDH/PGK) as well as phosphoglycerate mutase (PGM) and
enolase (ENO). T6P was included as an inhibitor of hexokinase (HXK).

Extracellular metabolome and net production/consumption rates

The measured concentrations of residual glucose, biomass and main by-
products can be seen in Figure 5.3. No significant differences could be found
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between the results obtained towards the end of the fermentations and the
ones obtained for the same dilution rate during the first five volume changes.
This pointed out that neither long-term adaptation nor evolution occurred
during these experiments.
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Figure 5.3: Steady-state concentrations of extracellular metabolites measured during
anaerobic glucose-limited chemostat cultivations. The different colors indicate the
fermentation run from where the samples were obtained, as depicted in Figure 5.1.
Succinate concentrations are the closed symbols while pyruvate levels are depicted in
the open symbols.

For the range of dilution rates applied, the most significant changes in
concentrations occurred for the extracellular glucose, where levels increased
with growth rate from 0.3 to 12 mM. This increase was steeper at higher
dilution rates, likely as a consequence of both the glucose transport capacity
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being closer to its maximum value and near-washout conditions being
reached, as can be seen from the decrease of biomass concentration for
dilution rates (D) higher than 0.25 hl. As expected, lower biomass
concentrations are also observed at low dilution rates (< 0.1 hl) as a
consequence of the energy necessary for maintenance reactions. Changes in
trends of extracellular metabolite concentrations versus growth rate were
also observed for the other by-products. To better evaluate these variations
one should analyze the changes in the biomass-specific production rates and
stoichiometry with growth rate.

Uptake and secretion fluxes

A data reconciliation routine was applied to obtain best estimates of the
biomass-specific-net-conversion rates (Qmes) and to evaluate if there were
gross measurement errors that could cause the observed changes in
monotony of the trends (Verheijen, 2009). The measurements of the
extracellular concentrations, the values of experimental settings (flow rates,
broth volume, gas inflow rate,...) and their respective errors were used to
estimate the uptake and production rates that satisfied the elemental carbon
and redox balances, as described in the Materials and Methods section. The
estimated (aescan be found in Figure 5.4.

For most of the experimental data obtained the reconciliation appeared
statistically acceptable, i.e. there was no indication for gross measurement
errors. The only exception was the data from fermentation 4 at the dilution
rates of 0.24 and 0.27 h-1, indicating that it was not possible to achieve steady
state within five generation-times. This was not the case for fermentation 5
at the same growth rates. The only difference between the two cultivations
was the sequence of dilution rates (see Figure 5.1). This points out to the
need of more time to reach steady-state conditions in setups operating at
high dilution rate. The results from fermentation 4 were not taken into
account for the steady-state analysis of anaerobic metabolism.

No large deviations were found in the trends of biomass specific
conversion rates (g-rates)versus dilution rate for the five fermentations,
indicating that the results from the different runs were consistent. Therefore,
the data obtained from fermentations 1 to 5 could be combined to one
dataset.
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Figure 5.4: Steady-state conversion rates of extracellular metabolites estimated from
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Plotting the glucose uptake rate (Qs) as function of growth rate (L)
resulted in a linear relation, and could thus be described by the Herbert-Pirt
equation (5.4). Using this relation it was possible to estimate the maximum
theoretical yield of biomass production (Yxs max 17.35 #0.09 gpw.mols1) and
the flux of glucose metabolized for maintenance of the cell (ms= 0.41 £0.05
mmol. gpw1.h1).

(0.4)
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The fold increases in production rates between 0.026 and 0.27 h-l was
different for the different metabolites. For instance, ethanol and CO; show a
total fold increase similar to the glucose uptake (approximately 7.5 fold
change) whereas glycerol and lactate increased respectively 15 and 24 fold.
This observation, together with the non-linearity of qac: and gpyr profiles,
points to changes in the stoichiometry of growth.

To evaluate this, the yields of the different (by)products on glucose were
calculated. Because previous observations (described in Chapter 3) had
suggested that the extracellular substrate concentration is a regulator of the
production of some metabolites, the yields on substrate from all the
experimental setups investigated in this thesis (glucose-limited chemostats
at 30 °C and different dilution rates, chemostats cultivated at 12 °C (D=0.03
h-1), and the batches at 12, 18, 24 and 30 °C) were plotted together as a
function of growth rate and the residual glucose level (Figure 5.5).

Acetate, lactate and pyruvate were the metabolites for which the yield on
glucose changed the most. For the majority of the compounds there seems to
be a change in monotony at a dilution of 0.1 h-1. For example, the biomass
yield increased with growth rate until a dilution rate of 0.1 h'!, remaining
constant afterwards. The opposite behavior was observed for pyruvate
production. The yields on substrate of glycerol, acetate and lactate increased
faster when growth rate was higher than 0.1 h-1.

By comparing the plots of the different yields on substrate as function of
growth rate (Figure 5.5A) or residual glucose (Figure 5.5B) it was possible
to conclude that growth rate determines the yield of lactate and biomass
production (i.e. the data from all different experimental setups fall within the
same curve when plotting Y|, sand Yy sas a function of growth rate).

On the other hand the residual glucose concentration is likely to control
the production of CO,, ethanol, pyruvate and lactate. It is still not clear the
mechanism underneath regulation of acetate and glycerol production. For
acetate, the trends of Yaesobtained from batch cultivations are similar to
the ones obtained in glucose-limited conditions when plotted as a function of
glucose concentration. Nevertheless, the order of magnitude is significantly
higher in substrate-excess fermentations. At this stage it cannot be excluded
a potential effect of both residual glucose and temperature that determines
the changes in acetate metabolism. For glycerol, on the other hand, is not
possible to establish a correlation with any of the variables (temperature,
residual glucose concentration or growth rate).
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Figure 5.5: Yields on substrate of biomass and anaerobic by-products as a function of
growth rate (upper panel) and residual glucose concentration (lower panel) calculated
from reconciled Qrates. (A ) yields from glucose-limited chemostat cultivations carried
out at 30 °C and different growth rates (this chapter); () yields obtained from
glucose-limited chemostat cultivations carried out at 30 and 12 °C (Chapter 3); (©)
yields from the sequential batch cultivations carried out in Chapter 2. The different
colors indicate the temperature of the broth.
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Intracellular metabolome

In order to build and validate a kinetic model it is essential to measure the
intracellular metabolite levels from the pathway of interest. Therefore, the
concentrations of the glycolytic metabolites and adenylate nucleotides were
measured for all the dilution rates (Figure 5.6).

GeP FéP F16P GAP
g 20
3 05 i 5 gt 0.2 f i
-3 tia =04 { i —15 1 % _ I ‘;L i .
i < ' Bl m, out 414 E f i b Fous| gty i, 1T
S s i =03l 3 11 lif = ik 2 Gl p 1
g‘ 2 }g:‘ Y E B &% Pt g 10 I E i ; i
S . SEMNIE =3 3 ¥ 6 01f = L
o 002 o 12 5]
s >
! 0.1 E 0.05
0 0 0 0
0 01 0.2 03 0 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 0.2 0.3
Growth rate (h‘1) Growth rate (h'w) Growth rate (h‘1] Growth rate (h'1)
DHAP P3G PEP PYR
0.05| s
3 0.8 .
' i M [ i
25 P tr 0% 3 ] i 5 14
= Pl so06 1 s i i = :
£z i £ W h Too |t ] * Lt £4 |
- c E i 3 : -
s g i g i { | g3
£15 £04 g i g §
i L £
& 8| 4t boog0e g * Sgl  me T HE
02 4 d Moty
i 0.01 4 2
0 0 0 0
] 01 0.2 03 01 0.2 0.3 0 0.1 0.2 03 0 0.1 0.2 0.3
Growth rate (h‘1) Growth rate (h'1) Growth rate (h'1] Growth rate (h‘1)
ATP ADP AMP AXP
12
i 05| i
8 i 10|
150, 1 . 1
. - pes ~ 0.4 ;.4 + -
H = ! = i 1] =8
- T gl il :
= 3 1 C1t M s 0.3 i ¢ 8 5t
2 & 2 ! g 43 it 2 a0
S4 e S R S nE 38 -
¥ 0.2 jd 4
2 05
041 2
0 0 0
0 0.1 0.2 0.3 (] 0.1 0.2 0.3 0 0.1 0.2 0.3 0 0.1 02 03
Growth rate (h™') Growth rate (") Growth rate (") Growth rate (h™")

Figure 5.6: Glycolytic metabolites and adenosine nucleotides measured for the
different dilution rates. AXP refers to the sum of ATP, ADP and AMP.

It could be observed that, although the residual glucose concentration
changed approximately 65 fold, the intracellular metabolite levels do not
change more than two to three fold for the 10 fold change of growth rates
applied in this study (0.026 to 0.27 h-1). Except for F6P and GAP, the levels of
the glycolytic metabolites increased with growth rate, although there seems
to be a change in the slope when the dilution rate is higher than 0.1 h-1. The
ATP concentrations increased with increasing growth rate, while the
opposite trend was observed for ADP and AMP. The total level of adenylate
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nucleotides (ATP+ADP+AMP) did not change significantly with growth rate.
The average value for the entire range of growth rates applied was calculated
to be 5.63 £0.15 mM.

An overview of the range of concentrations measured compared to
intracellular metabolite levels obtained from temperature shift experiments
can be seen in Figure 5.7. All the measured glycolytic metabolites present a
correlation with the extracellular glucose concentration that is similar to the
one previously reported for dynamic temperature conditions, despite the
changes in the catalytic activity of the enzymes upon temperature
perturbations. This observation supports the conclusions from Chapter 4,
whereby it is more likely that it is the residual glucose concentration and not
temperature that determines the intracellular metabolite concentrations in
glucose-limited cultivations at different temperatures.

Biomass composition as a function of growth rate

Information on the macromolecular biomass composition is important to
calculate the amount of key metabolites needed for biomass synthesis. Also it
could provide an explanation for the observed changes in the stoichiometry
of (by)product formation under anaerobic conditions, as well as the
metabolic shift at p = 0.1 h-1, characterized by the change in monotony of the
fluxes and concentration profiles of as a function of growth rate.

The elemental biomass composition was determined for samples taken
from the steady states carried out at D = 0.026, 0.03, 0.05, 0.1, 0.2, 0.23 and
0.27 h-l. The results are presented in Table 5.1. It was observed that, per
Cmol, the H content did not change significantly with growth rate (average
value 1.882+0.008 moly/Cmol) whereas the N and O contents respectively
increased and decreased with increasing dilution rate. With the values of
elemental composition as a function of growth rate it was possible to apply a
reconciliation procedure similar to the one used by Lange et al. (2000) to
determine the macromolecular biomass composition, i.e. the levels of
carbohydrates, protein, lipids and nucleic acids, for the different growth
rates. Details on the procedure and assumptions made to deduce the
macromolecular content from the elemental composition can be found in
Appendix 5.1 (page 154).
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Figure 5.7: Intracellular metabolite profiles as a function of the residual glucose
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Table 5.1: Elemental composition of biomass (mol/Cmol) obtained for different
dilution rates. The error was obtained by propagation of the analytical errors of at
least two measurements of the same sample.

D (h1) C H N 0

0.026 1.00 +0.00 1.89 %0.00 0.14 =0.00 0.67 £0.00
0.030 1.00 +0.01 1.86 +0.06 0.14 +0.00 0.66 £0.00
0.052 1.00 £0.00 1.88 +0.01 0.15 +0.00 0.63 £0.00
0.100 1.00 £0.01 1.87 %£0.03 0.17 =0.00 0.62 £0.00
0.206 1.00 +0.00 1.90 £0.03 0.18 =0.00 0.59 £0.00
0.232 1.00 £0.00 1.86 +0.06 0.19 +0.00 0.58 £0.00
0.263 1.00 £0.00 1.91 +0.01 0.19 +0.00 0.57 £0.00

Overall there seems to be a 35% increase of the total protein amount in
the biomass with increased growth rate, which is compensated by a similar
decrease in the total carbohydrate amount (Figure 5.8). The RNA content in
the cell doubles between the lowest and highest growth rate, while the total
lipid content is constant (0.1083 Cmoliipia/Cmolx).

From the reconciled elemental composition it was possible to calculate
the biomass molecular weight. Apparently the symmetrical behavior of the
most abundant components (carbohydrates and protein) allows the cell to
maintain a constant molecular weight. The average value obtained for the
different growth rates was 25.98 +0.11 gpw/Cmolx.

In vitro enzyme activities

To be able to simulate fluxes and metabolite concentrations, it is important
to determine if there are changes in the enzyme levels for the entire range of
growth rates studied. If that is the case, functions need to be added to
describe variations in enzyme activities with growth rate. In vitro enzyme
activity assays were carried out with cell extracts from the anaerobic
chemostat cultivations. A survey was made to gather in vitro enzyme activity
measurements done to different steady-state cultures of S. cerevisiae
CEN.PK113-7D grown in glucose-limited chemostats.
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Figure 5.8: Macromolecular composition of biomass as a function of the growth rate.

The aim was to determine if there could be a conserved relation between
enzyme activities and growth rate between aerobic and anaerobic conditions
that could be used to extrapolate the enzyme activities for which no
experimental measurement was available under anaerobic conditions. Only
literature data with measurements obtained using similar in vitro protocols
was taken into account. This minimized the impact of experimental
differences on the search for correlations between aerobic and anaerobic
conditions. The data sources used are described in Table 5.2 and the results
gathered are presented in Figure 5.9.

Different relations between in vitro activity and growth rate were
obtained for the six glycolytic enzymes measured. It was observed that
hexokinase was the enzyme for which activities change the most with
growth rate (approximately a six fold decrease at increasing growth rate
between 0.03 and 0.27 h'1). Enolase (ENO) and phosphoglycerate mutase
(PGM) present a two-fold difference in activity while the other enzymes
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analyzed did not change more than 1.5 fold. Although overall the changes in
enzyme activity are not as significant as the changes in flux, they are of the
same order of magnitude as the measured changes in intracellular
metabolite concentrations. Therefore it must be expected that changes in
enzyme capacity with growth rate can have an impact on the
parameterization of the model.

Table 5.2: Resume of data sources for enzyme activity measurements of S. cerevisiae
CEN.PK 113-7D grown at 30 °C and using glucose as carbon source. (Aer.) and (Anaer.)
refer, respectively, to aerobic and anaerobic conditions.

Reference Aer. Anaer . D (h™)
B This study X From 0.03t0 0.27 h™
O Mashego et al. (2005) X 0.1h*
A Taijetal. (2008) 0.03h™
<& Canelas et al. (2010) X 0.4 (batch) and 0.1 h™*
A Van Hoek et al. (2000) X From 0.05 to 0.375 h™
X  Van den Brink et al. (2008) X 0.1h*
O Abbot et al. (2009) X 0.1h*
HXK PGI FBA
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Figure 5.9: Enzyme activities as a function of the growth rate in aerobic (open
symbols) and anaerobic conditions (closed symbols). For a more detailed reference of
the data sources used, please consult the symbols in Table 5.2.

The activities under anaerobic conditions where more than two fold
higher that the ones measured for aerobic cultures ate the same growth rate.
But no unique relationship was found between the measured enzyme
activities and growth rate, neither for anaerobic nor aerobic data. Also no
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correlation was found when plotting the enzyme activities as a function of
the residual glucose concentration or the substrate(s) of the enzymatic
reactions (data not shown).

Stoichiometric model, lumped biomass reaction and flux distribution

Description of the full stoichiometric model

Besides the concentrations of the kinetic effectors (substrate, products,
enzyme levels,...), also the fluxes through the reactions are needed to
parameterize a kinetic model. When samples are taken in steady-state
conditions (i.e. when there is no accumulation of intracellular metabolites),
the intracellular fluxes can be estimated by metabolic flux analysis, such as
exemplified by Van Gulik and Heijnen (1995). The same approach has been
followed to determine the fluxes through the central carbon metabolism in
the anaerobic chemostat cultivations carried out in this study.

An anaerobic stoichiometric model of S. cerevisiae was developed from a
previously published compartmented stoichiometric model (Daran-Lapujade
et al, 2004). Literature data were used to make a thorough revision of this
scaffold model and to adapt it to anaerobic conditions. Transcript data from
Fazio et al. (2008) was used to support decisions on cofactor specificity of
reactions (NADH or NADPH coupling reactions) caused by the expression of
different isoenzymes under anaerobic conditions. For instance, it was set
that under anaerobic conditions, acetaldehyde dehydrogenase uses NADP+ as
cofactor. Another example is lactate production that, under anaerobic
conditions, can occur in the methylglyoxal bypass via methylglyoxal
reductase (resulting in NADPH consumption and NADH production) or via
methylglyoxal glyoxylase using glutathione. It was observed from the RNA
expression data under different conditions and different growth rates of
Fazio et al (2008) that the Gre2 expression of the gene related to
methylglyoxal redutase (Gre2) is negligible under anaerobic conditions
compared to Glo1. It can therefore be concluded that lactate is produced via
methylglyoxal glyoxylase and not redutase.

No changes of the anaerobic model were made regarding the
stoichiometry of anabolic reactions, except for the desaturation of fatty acids.
Because palmitoleate and stearate cannot be desaturated in the absence of
oxygen (Bloomfield and Bloch, 1960), these reactions have been replaced by
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transport of oleic and palmitoleic acid from the extracellular medium in
anaerobic conditions. Furthermore, a reaction was introduced to account for
the maintenance energy requirements and, in this way, satisfy the ATP and
ADP balances.

However, from the set of reactions used in the full-anaerobic-
stoichiometric model it was not possible to satisfy the balances for the NAD*
and NADH species. For dilution rates lower than 0.1 h-! there is a 35%
surplus gap in the NADH balance. This gap decreases linearly to 5% when
increasing the growth rate from 0.1 to 0.26 h-1, and could not be closed, even
considering different co-factor specificity of some reactions (e.g. proline
dehydrogenase:pyrroline-5-carboxylate reductase (Matsuzawa and Ishiguro,
1980), methylenetertrahydrofolate reductase (Raymond et al., 1999) and
isocitrate dehydrogenase (Haselbeck and McAlister-Henn, 1993)). Because
the redox balance is satisfied when considering the extracellular components
alone (black-box model) it must be concluded that there are reactions
missing in the intracellular stoichiometric model that act as NADH sink.
Because it was not possible from genome databases (www.yeastgenome.org)
neither from available literature on redox metabolism to find a candidate for
the missing reaction, the NAD*/NADH balance was not used as constraint in
the stoichiometric model.

Lumped model and final biomass reaction

Full stoichiometric models of organisms can be used to perform metabolic
flux analysis and determine the rates of production/consumption of most
intracellular metabolites in the cell. However, because this study targets
specifically the kinetic behavior of anaerobic yeast glycolysis under different
growth rates, it seemed appropriate to lump the anabolic reactions of the full
stoichiometric model towards biomass in order to focus on central carbon
metabolism. By lumping the full stoichiometric model it is also possible to
estimate the amounts of glycolytic metabolites consumed for biomass
formation and include these in the kinetic model of anaerobic yeast
glycolysis.

A stoichiometric matrix with all anabolic reactions was put in row echelon
form and used to calculate the quantity of the precursors from central
metabolism needed to form one Cmol biomass with the macromolecular
composition determined in page 131 for each growth rate. As expected from
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the changes in the biomass composition versus growth rate, the demand for
precursors normally associated with carbohydrate synthesis (e.g. G6P)
decreased with increasing growth rate, opposed to the higher requirements
of metabolites from lower glycolysis (e.g. 3PG and PEP), which are
precursors of aminoacid biosynthesis. Although statistically significant, the
changes in the coefficients of the lumped biomass formation reaction were
relatively mild (average fold change was 1.38+0.13) compared to the 10-fold
range of growth rates applied.

By performing a metabolic flux analysis using the lumped-stoichiometric
model described above it was possible to estimate the intracellular flux
distribution of the network depicted in Figure 5.2. The measured
concentrations of extracellular glucose and (by)products with their standard
errors were used as input for the model and the network fluxes were
obtained in a similar way as described for the data reconciliation procedure.
The only difference was that also the molar balances for the intracellular
compound were used as constraints.

No significant differences were found between the predictions of the full
and lumped stoichiometric model, indicating that the latter one can be used
to describe the central carbon metabolism of anaerobic yeast glycolysis (data
not shown). The intracellular fluxes obtained from the lumped
stoichiometric model were used to parameterize the kinetic model as will be
described below.

Thermodynamic reaction classification

From the measured intracellular levels of the glycolytic metabolites and the
flux estimates it is possible to classify the different enzymatic reactions in the
network according to their displacement from thermodynamic equilibrium
(see Materials and Methods, page 118). In a previous study, Canelas et al.
(2011) carried out a thermodynamic reaction classification using aerobic S.
cerevisiae data. In this study the enzyme levels were assumed constant.
However, as already shown in this chapter, the changes in enzyme activities
under anaerobic conditions were of the same order of magnitude as the
changes in metabolite levels, and neglecting these could compromise the
analysis of thermodynamic displacement. Therefore the changes of enzyme
levels with growth rate were taken into account in the reaction classification
procedure for anaerobic conditions. Assuming that adjustments in enzyme
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capacity (Vmay are a consequence of changes in enzyme levels (€) and that
Vax= €Keap €quation (5.2) can be rewritten as:

:
kg1 5

€q

The specific catalytic activity of each enzyme (K. is in this way
considered to be constant for the range of conditions evaluated. Because the
data gathered from the in vitro enzyme activity assays in this study did not
cover all the glycolytic enzymes for all dilution rates studied, an attempt was
made to determine kinetic functions that could describe the changes in
enzyme levels (€) with growth rate based on literature data.

Kinetics of enzyme production

Most kinetic models available in literature do not include changes in enzyme
levels. However, as presented in Figure 5.9, this assumption is not realistic
for the current conditions. The kinetics of enzyme production should then be
included in the kinetic model so the changes in enzyme levels for each
growth rate are properly described in the final model from the balance to the
enzyme amounts.

In general, the production rate of an enzyme (Ve; in U.gpwl.h1) can be
calculated from a mass-balance including the enzyme activities (& in U.mgpror
1y and the whole cell protein amount (Prot in mgprot.gowt), which reads:

de _

= Ver ™ (Kaeg: T 44)-€PrOt (5.6)

For steady-state conditions the accumulation term vanishes, and thus the
production rate will be the same as the sum of the degradation rate
(Kgeg,i;&-Prot) and the dilution term (/.6.Prot).

Ve = (Kaeqi + 14)-6.Prot (5.7)

A study from Van Eunen (2010) regarding protein degradation rates in
aerobic glucose-limited chemostat cultivations at 0.1 h-1, has shown that at
30 °C Kgeg,i is lower than 10% the value of y Therefore, in the absence of
other data regarding the degradation rates for all glycolytic enzymes, it was
assumed that Kgegis negligible compared to the growth rate when calculating
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the enzyme production rate. This means that the protein production rate can
be calculated from the experimental measurements of enzyme activities and
the whole cell protein amount obtained from the biomass composition.

v,; = u.6.Prot (5.8)

Having the estimates for the enzyme production rates it was possible to
test different hypothesis for regulation mechanisms. It has been tried to plot
Vei of each enzyme as a function of its substrate and/or product
concentration but no correlation was found (data not shown). The opposite
was seen when plotting the enzyme production rates as a function of the
extracellular glucose concentration for the different data sources (Figure
5.10). This indicates that glucose can be acting as a signaling molecule for
expression of genes related to glycolytic enzyme production under glucose-
limited conditions. Except for hexokinase, all enzymes showed a hyperbolic
curve when plotting their production rate as a function of the extracellular
glucose. More interestingly is that, except for TPI, both aerobic and anaerobic
data appear to fall on the same curve.
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Figure 5.10: Enzyme production rates as a function of the extracellular glucose
concentration in aerobic (open symbols) and anaerobic conditions (closed symbols).
For a more detailed reference of the data sources used, please consult the symbols in
Table 5.2.

A Hill type function was used to describe the enzyme production rate
(Ve,), using the residual glucose concentration as the activator:
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Vv, =V 1 (5.9)

e, maxg m
K
[
GLUC,,
whereinK. is the dissociation constant, m is the Hill coefficient and Viaxeis
the maximum enzyme production rate. Initial estimates of the parameters of
the Hill function were obtained by regression of the experimentally

determined enzyme production rates (equation (5.7)) and equation (5.8).
The values obtained for each individual enzyme are presented in Table 5.3.

Table 5.3: Parameters of the Hill function used to calculate the enzyme-production
rate as a function of the residual glucose concentration, and the average enzyme

activity from the in vitro assays ( §. Prot).

Enzyme Vinax.e Ke m q .Prot
(Ugpwlh?l)  (mM) (--) (U.gow")
PGI 700 1.20 1 2540
PFK 60 0.29 3 291
FBA 400 1.42 1 1345
TPI 9795 0.35 3 34372
TDH 1202 0.97 1 3666
PGM 2183 0.83 2 6660
ENO 184 0.81 2 733
PYK 1082 0.61 2 2375

By substituting the parameters of Table 5.3 in equation (5.8) it was
possible to calculate the enzyme production rates for all the anaerobic
cultivations carried out in this study. Having Ve j it was possible to establish
the mass balances of the different enzymes and estimate the enzymatic
activity for the different growth rates or residual glucose concentrations.

Results from the reaction classification

Having the estimates of enzyme activities for all the growth rates it was
possible to normalize the fluxes through the different enzymatic reactions
with the changes in enzyme levels. It is important to note here that g,as

138



Temperature and glucose dependent kinetic model of anaerobic yeast glycolysis

calculated from the parameters in Table 5.3, would express the in vitro
enzyme activity (U.mgporl). However, it is known that the activities
measured from such assays are not likely to represent the in vivo enzyme
capacity (Van Eunen et al., 2010). The values of g Prot estimated from the
enzyme balance (5.6) were normalized with the average in vitro enzyme
capacity measured for the range of dilution rates considered in this study (

g.Prot values in Table 5.3). By doing so it was possible to avoid any impact

of using in vitro measurements when estimating the kinetic parameters of
the reactions operating near- and far-from-equilibrium.

The mass-action ratios were calculated for each individual reaction and
plotted as a function of the flux corrected with the changes in enzyme
activities (Figure 5.11). Because it was not possible to measure the
intracellular glucose concentrations, the glucose uptake was lumped
together with the glucose phosphorylation step catalyzed by hexokinase
(HXK). Also the reactions catalyzed by TDH and PGK were lumped into one
and classified as such due to the unavailability of measurements of 1,3-
phosphoglycerate (13BPG). The resulting reaction (TDH/PGK) was assumed
to operate in pseudo-equilibrium so it would allow estimating the
NAD+/NADH ratio according to equation (5.10).

KTDH — P3GATP.NADH

€d T GAP.ADP.NAD.Pi (5.10)

The equilibrium constant assumed was the one reported by Visser et al.
(2000) (139.2 7.5 M). The phosphate level (P;) was assumed to be constant
at 50 mM for all growth rates, as used in the study of Canelas et al. (2011).

The profiles of the mass-action ratios as a function of the fluxes are
displayed in Figure 5.11. Similar to what reported by Canelas et al. (2011)
for aerobic glucose-limited cultivations, it was concluded that most reactions
operate near-equilibrium (more precisely PGI, FBA, TPI, ENO and ADK). The
reactions HXT/HXK, phosphofructokinase (PFK) and pyruvate kinase (PYK)
were classified as far-from-equilibrium and, therefore, require the use of
mechanistic equations to describe the relation between flux and metabolite
levels. No other reaction besides TDH/PGK was classified as being in pseudo-
equilibrium. Triosephosphate isomerase (TPI) appears to operate in near-
equilibrium whereas it had been classified as being in pseudo-equilibrium
under aerobic conditions (Canelas et al, 2011). Aerobically, a p-value of
0.0056 was obtained when classifying TPI. This is quite close to the
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Figure 5.11: Mass-action ratios () as a function of the flux (v) divided by the
normalized enzyme level ((g.Prot).( Q_Prot)'l).

threshold value of 0.0050 used as a statistical boundary to distinguish
reactions operating near- from pseudo-equilibrium.

Phosphoglycerate mutase (PGM) displayed a profile that, according to
equation (5.5), goes against thermodynamic impositions. The mass-action
ratio is increasing with increasing flux, to values that are higher than the
estimated equilibrium constant. No error or problems could be detected in
the measurements of the metabolites 2PG and 3PG or the in vitro activity
measurements of PGM. So analytical error was excluded as being the cause
for this observation. An explanation could be a positive correlation between
flux and the phosphorylation state of PGM as shown by Oliveira et al. (2012).
But because there is very few data to support this theory and quantify the
changes in enzyme activity as a consequence of post-transcriptional
regulation, PGM was lumped with enolase (ENO) for the current kinetic
model of yeast glycolysis.
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Assuming constant enzyme activities of the entire range of fluxes, as done
by Canelas et al. (2011), did not change the classification for none of the
enzymatic reactions.

Construction of the kinetic model of anaerobic yeast glycolysis for
different growth rates

TDH/PGK, as discussed on the previous section, was the only reaction in the
kinetic model considered to be in pseudo-equilibrium. Therefore, no mass
balance was included for 3-phosphoglycerate (3PG) and its concentrations
were calculated from equation (5.10).

Because the redox-balance was not included in the stoichiometric model,
it was not possible to include the mass balances of the redox co-factors
(NAD+* and NADH) in the kinetic model. As an alternative, the NAD*/NADH
ratio for the different growth rates was calculated from equation (5.10). This
resulted in a linear relation between the NAD+*/NADH ratio and growth rate
(Figure 5.12), which was used in the kinetic model to obtain the changes in
the redox status of the cell (equation (5.11) with fin mmol.Cmol-1.h-1).

NAD*
=0.01324+0.1665 (5.11)
NADH
(3 012 a5
5 01 4 % 'fFrD
. A 4
i * - 24 _{'-” | ﬂE‘:FG
i 2 E - A A i‘ i é . /
'-3“3 % ‘_:"f Eom A oay T 3 75'_2: ;“,‘.m
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Figure 5.12: Empirical relation used to describe the redox ratio as a function of
growth rate (left graph), the concentrations of trehalose-6-phosphate (T6P) (central
graph) and the flux of ATP hydrolysis (varp) as a function of the ATP/ADP ratio (right
graph).

The reactions classified as being in near-equilibrium were parameterized
according to the Q-linear kinetics (equation (5.5)). The parameters were
estimated by applying a weighted linear regression to the profiles of PGI,
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FBA, TPI, ENO/PGM and ADK presented in Figure 5.11. The values obtained
can be found in

Table 5.4.

Table 5.4: Kinetic parameters used for PGI, FBA, TPI, TDH/PGK, PGM/ENO and ADK.
The BK.avalues are expressed in pimol.gpw.s. Keq has no units except for FBA and
TDH/PGK where it is expressed in mM.

PGI FBA TPI PGM/ENO ADK
Keq 0.193 + 0.028 + 0.077 0.084 + 1.05 +
0.004 0.002 0.005 0.006 0.02
Anaerobic Bk 8.78 6.56 7.29 0.22
cat 78 56 + 29 + 22 %
0.65 1.50 2.14 1431 £3.01 0.019
Keq 0.259 + 0.010 + 0.039 + 0.464 + 0.96 +
0.003 0.000 0.002 0.011 0.02
Aerobic @
BKcar 4.07 + .68+ nd ® e
0.17 0.64

(@) Parameters obtained by Canelas et al. (2011).
(b) Not determined for the lumped reaction.

The mechanistic expressions used in the models of Teusink et al. (2000)
and Rizzi et al. (1997) were tested to describe the observed change in fluxes
as a consequence of the measured intracellular metabolite concentrations of
the reactions far-from-equilibrium (phosphofructokinase (PFK) and
pyruvate kinase (PYK)). Due to the high number of parameters, the
parameter estimation was started by estimating the Vp, values (taking into
account the changes of enzyme levels with growth rate) while maintaining
the affinity parameters constant. Thereafter the best estimates of the affinity
parameters were obtained, while maintaining the V5 values constant.

The kinetic expression from the model of Van Eunen et al. (2012) was
used to describe HXK. It is an extension of the equation used by Teusink et al.
(2000), with competitive inhibition by trehalose-6-phosphate (T6P):

(GLUCEX ATP _ G6PADP J
_ maxHXK K K K DK [KeqHXK

VHXK -
4 GLUC, , G6P  T6P |[ . ATP _ADP
K K K

m,GLUC m,ATP m,GLUC m,ADP

(5.12)

m,GLUC Km,GGP Ki,T6P m,ATP i,ADP
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The T6P concentrations were set as a linear function of growth rate, as
observed in Figure 5.12.

For estimation of the kinetic parameters it was set that the Vpax uxkshould

change with growth rate according to the enzyme activity measurements
(Figure 5.9).

Table 5.5: Kinetic parameters estimated for the lumped reaction for glucose
transport and hexokinase (HXT/HXK).

Van Eunen et al. (2012) This study
Keq 3800 3800
Km.cLuc(mM) 0.08 0.572
Km,atp(mM) 0.15 0.144
Km,cep(mM) 30 39.61
Km,app(MmM) 0.23 0.0181
KiTep (mM) 0.2 0.0129
a “(mmol.Cmol™.h?) 559.6 3769.3
AV /D | e -10.092

@) In the case Vmaxis not constant, the value presented refers to the intercept
(growth rate = 0 h'1).

For PFK and PYK, the best solution was found using the equations from
Rizzi et al. (1997). Specially the activation of PYK by fructose-1,6-
biphosphate, which was not included in the Teusink model, has shown to be
essential for a good description of the in vivo data (data not shown). For both
enzymes no major readjustments had to be made to the affinity constants as
long as the enzyme capacity (Vima was allowed to change with growth rate.
However, Vnaxhas been predicted to change more than what was initially
estimated from the kinetics of enzyme production discussed in the previous
section (page 136).

ATP F6P 1

Verk = Vmax,PFK )

(5.13)
ATP+K jrps FOP+K pgp, 141,
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VR
Fep |
Keepa

[1+ ATP _ ADP AMP]

KATP1,4 I<ADP2,4 KAMP2,4

Keopa = KFBPS4
[1

ADP } L=

KATP4 = KATPSA (1"'—

KADF’C,4

, ADP AMPJ

I<ADP1,4 KAMP1,4

Table 5.6: Kinetic parameters used to describe the kinetics of phosphofructokinase

(PFK).

Rizzietal. (1997) This study
Kamp 24 (mM) 0.01 0.010
Kamp 1,4 (mM) 8.74 9.019
Kapp ¢4 (mM) 0.36 0.36
Kapp 24 (mM) 0.25 0.251
Kapp 1,4 (mM) 239 171.287
Karps4 (mM) 0.004 0.004
Karp 1,4 (mM) 0.25 0.250
Kreps4 (MM) 0.008 0.0080
Lo 4357 4320.2
Vimax@ (mmol.Cmol™.h™) 367.2845 6283.138
Ao/ mmmeee 31.407

(@) In the case Vyais not constant, the value presented refers to the intercept
(growth rate = 0 h1).

PEP[ PEP J”'l
+1
KPEP KPEP ADP (5_14.)

max ATP, n ADP+K .

1 !
A Ko +[PEP +1J
FI6P | "\ Koep

Keiep

Veyk=V,
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Table 5.7: Kinetic parameters used for PYK.

Rizzi et al. (1997) This study

Kapp (MM) 0.6 0.5515
Kpep (MM) 0.6 0.4474
Kare (mM) 2 2.3028
Keisp (MM) 3.9 1.7152

L 100 92.3759
n 4 4
Vinax@ (mmol.Cmol™.h™) 5780 13196
AVpo/BDmu | - 33.408

(@) In the case Vmax is not constant, the value presented refers to the intercept
(growth rate = 0 h'1).

The flux of ATP being hydrolyzed to maintenance of the cell (VaTp) was set
to be a linear function of the ATP/ADP ratio (equation (5.15)) as observed in
Figure 5.12. No other correlation was found between VaTp and nucleotides
concentrations or ratios (data not shown).

Vare =o.378/% -0.02 (5.15)

Simulation results

A model of anaerobic yeast glycolysis was built by combining the equations
obtained by the reaction classification method to describe the kinetics of the
enzymatic reactions with the molar balances of the different metabolic
intermediates and the kinetic equations that describe the enzyme production
rates. Simulations were run by setting a stepwise increase in growth rate
(0.02 to 0.28 h'1) after a steady state was reached (every seven generation
times). The obtained intracellular fluxes as a function of growth rate can be
seen in Figure 5.13. The deviations from linearity of the fluxes from lower
glycolysis and, more significantly, from lactate, glycerol and pyruvate
branches reflect the changes in the stoichiometry of the network caused by
the change of the biomass composition and the product yields on glucose of
organic acids (acetate, lactate, pyruvate and succinate) with the growth rate.
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Figure 5.13: Fluxes simulated from the kinetic model (black line) compared to the
steady-state values estimated by flux balance analysis of anaerobic chemostat
cultivations at 30 C (x).

With increasing growth rate, more carbon is channeled towards the pentose
phosphate pathway, biomass formation and, consequently, glycerol
formation. The carbon being redirected to lower glycolysis and ethanol
production decreases.

The simulated enzyme production rates were very close to the values
estimated from experimental data (Figure 5.14).

The model could also provide quite a good description of the changes in
metabolite concentrations with growth rate under anaerobic conditions
(Figure 5.15). This observation, together with the similar correlation
between extracellular glucose and intracellular metabolite concentrations
obtained with this setting compared to previous temperature-shift
experiments done to anaerobic glucose-limited chemostats (Figure 5.7)
motivated to extend this model to dynamic temperature conditions.
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Figure 5.14: Normalized enzyme production rates simulated by the kinetic model
(black line) compared to the values estimated by the in vitro enzyme activity
measurements and equation (5.7) (x). Because no data was available regarding
changes in activity of PFK and PYK under anaerobic conditions, the kinetic parameters
were taken from aerobic data.

Model validation using data from experiments with dynamic
temperature conditions

Previous studies on the impact of temperature on the Kinetic parameters of
enzymes from central carbon metabolism have allowed quantifying the drop
in the catalytic activities of the glycolytic enzymes with decreasing
temperature in the mild suboptimal range. By incorporating this relation into
the model it was possible to include temperature as a variable and simulate
dynamic temperature conditions. The temperature impact on the maximal
enzyme production rate (Vmaxe) in equation (5.9) was not included in the
model.

The metabolite profiles obtained when simulating the linear temperature-
shifts A30 and A12 from Chapter 3 are shown in Figure 5.16.

The temperature-dependent model could reproduce the major trends of
the metabolite concentrations, even when simulating temperature
perturbations applied to 12 °C chemostats. The simulated profiles that
deviated the most when compared to experimental measurements were the
nucleotide concentrations (Figure 5.17). Somehow the model could not
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Figure 5.15: Simulated concentrations of glycolytic metabolites (black line) compared
to the steady-state values measured in anaerobic chemostats cultivations at 30 °C (x).

capture the increase in ATP levels measured during time periods where
temperature decreased. Because the flux estimates from the kinetic model
were consistent with the profiles obtained from the black-box model, it is not
likely that the demand of ATP for maintenance reactions changes with
temperature. Despite these differences between experimental and simulated
nucleotides concentrations, the overall model fit seemed to indicate that the
model could be used to make in silico predictions on the temperature impact
on parameters not easily assessed by experimental approaches.

Because no information was available on changes in the redox state of the
cell (NAD+/NADH ratio) during temperature changes, some simulations were
run to test if the linear relation obtained with growth rate from the
anaerobic chemostats at different growth rates but constant temperature
was valid also for dynamic conditions. By simulating a scenario where the
NAD+/NADH ratio would be constant during the temperature perturbations
it was observed that most of the metabolite levels would change
considerably less compared to the conditions where the redox ratio is
changing. This strongly indicated that changes in NAD*/NADH are a
consequence of metabolic regulation and not adjustment of the levels of
redox-related enzymes.
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Figure 5.16: Experimental and simulated concentrations of glycolytic metabolites
during dynamic temperature conditions.

Another interesting point of analysis is the temperature impact on the
enzyme production rate. A first simulation had been carried out where it was
imposed that the temperature impact on the maximum enzyme production
rate was the same as for the glycolytic enzymes. However, by doing so, the
higher residual glucose concentration obtained under steady-state
conditions in 12 °C chemostats compared to 30 °C was not enough to
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compensate for the loss of capacity of enzyme production at the lower
temperature. As a consequence, the enzyme levels in 12 °C chemostats were
significantly lower than at 30 °C, leading to significant deviations in the
simulated metabolite trends compared to the experimental measurements.
This in silico analysis has allowed concluding that the temperature impact on
protein production rate is likely to be milder compared to the one quantified
for catabolic reactions.
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Figure 5.17: Simulated and measured concentrations of the adenosine nucleotides
during linear temperature perturbations.

Discussion

Robust kinetic models capable of describing the in vivo central carbon
metabolism of S. cerevisiae can be extremely useful not only to develop
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industrial fermentation processes, but also to better study and understand
the regulation mechanisms used by yeast to change its growth rate upon
environmental changes (temperature, substrate availability...). This chapter
aimed at delivering an in vivo model that can be easily scalable to other
experimental conditions (e.g. aerobic conditions) and further optimized to
test the impact of different factors on the regulation of central carbon
metabolism in yeast.

The first step done was to gather a relevant dataset containing
information on the behavior of the different effectors of enzyme-catalyzed
reactions. By performing parallel chemostat fermentations with different
stepwise changes in dilution rate it was possible to collect steady-state data
from twelve growth rates between 0.026 and 0.27 h-! with a limited number
of chemostat experiments. The measured metabolite concentrations and the
estimated rates of production of the most relevant (by)products have shown
that the results between the different cultivations were reproducible and
that long-term adaptation was avoided by limiting the maximum number of
generations per fermentation to 22. The reproducibility of this approach was
also supported by the agreements of the estimated yields on substrate
compared to previously published data. For instance, the parameters of the
Herbert-Pirt equation match the values reported by Boender et al. (2009).

The gathered data on extra- and intracellular metabolite levels, glycolytic
fluxes and changes in enzyme activities with growth rate have allowed to
apply the reaction classification method developed by Canelas et al. (2011)
and parameterize the reactions operating near- and in pseudo-equilibrium.
Although the thermodynamic classification obtained for anaerobic
conditions is quite similar to the one reported for aerobic conditions, the
kinetic parameters were not the same for the two conditions. This was
particularly unexpected regarding the values of the equilibrium constants
(Keg), because these should reflect the thermodynamic equilibrium of the
chemical reaction, which is independent of the nature or quantity of the
catalyst (e.g. enzyme amounts or expression of isoenzymes). Because the
analytical methods and strains used were similar in both studies, the
difference in Kinetic parameters between aerobic and anaerobic datasets
provides an indication that the Q-linear approach might be simply the result
of an empirical observation and caution should be used when trying to give a
thermodynamic meaning to the estimated parameters.
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Another difference compared to previous work from Canelas et al. (2011)
is that, for anaerobic conditions, changes in enzyme activity might need to be
taken into account when describing the kinetics of glycolytic reactions. The
absolute change in enzyme activities measured from in vitro assays indicated
that, although small when compared to the change in growth rate, it is in the
same order of value as the changes in metabolite levels and mass-action
ratio. This means that it cannot be excluded that, contrary to what assumed
for aerobic conditions where the metabolite concentrations changed a factor
3 to 4 more, enzyme activities play a significant role in regulating the
glycolytic flux at different growth rates in anaerobic conditions.
Nevertheless, the similarity in the reaction classification between anaerobic
and aerobic conditions and, most of all, the comparable kinetic functions
obtained for the enzyme production rates as a function of the extracellular
glucose concentration indicate that a modification of the theory underneath
the Q-linear kinetics approach or a different (approximate) Kinetic format
might help to construct a kinetic model valid for both aerobic and anaerobic
conditions.

However some problems still remain to be tackled. The high dependency
of intracellular metabolite levels and enzyme production rates on the
extracellular glucose concentration stresses the need for accurate models of
the kinetics of glucose uptake. This would allow modeling separately the
glucose uptake and phosphorylation steps and understand the apparent
decrease in capacity of hexokinase with increasing growth rate. Further
analytical developments to measure intracellular glucose content and studies
on the link between storage-carbohydrate metabolism and glycolysis are
expected to shed some light on this topic.

Also the in silico results did not allow explaining the observed shift in
metabolite profiles and yields on glucose for growth rates higher than 0.1 h-..
For instance, no enzymes were operating near their maximum capacity and
the same set of kinetic parameters could be used to describe the whole range
of fluxes and metabolite concentrations. Therefore, it is unlikely that the
metabolic shift comes from changes in the kinetics of enzyme conversion due
to the expression of other isoenzymes. An explanation could be the observed
changes in biomass composition with growth rate, namely the increase in
protein and decrease in carbohydrate contents at higher growth rates. A
specific growth rate of 0.1 h-1 could mark the transition to a metabolic state
where energy supply is saturated considering the higher biosynthetic
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demands. To expand the current model to other pathways, namely carboxylic
acid and glycerol production, could provide more clues to explain this
observation.

Another observation from the simulation results is the mild impact
temperature has on the enzyme production rates. This is likely the
consequence of both the increased transcription of genes related to
ribosome biogenesis (Tai et al, 2007b) and higher RNA stability at lower
temperatures. This means that the conclusions of Chapter 4, where it was
seen that the activity of the glycolytic enzymes decreased with the same fold-
change with decreasing temperature, cannot be extended to complex
polymeric reactions, such as protein production.

Nevertheless, applying a simplified kinetic approach using only two
kinetic parameters for reactions operating at near-equilibrium, it was
possible to developed a model that reproduces quite well the glycolytic
metabolite levels and fluxes for the range of anaerobic growth rates
evaluated. More interestingly, it could be shown that a kinetic model built
exclusively from steady-state data can be used to describe mild dynamic
conditions such as temperature-shifts. This opens possibilities to study in
silico the impact of other regulation mechanisms, such as enzyme
phosphorylation, on the metabolism under more drastic conditions (e.g.
glucose pulses).
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Appendices

5.1 Methods used to derive the macromolecular biomass composition

To derive the macromolecular composition it was set that the proteins,
lipids, carbohydrates and nucleic acids had the elemental compositions
determined by de Lange et al. (2001) for the same strain growing in aerobic
conditions (Table 5.8).

Table 5.8: Elemental composition of the macromolecular components as determined
by de Lange et al. (2001). MW refers to the molecular weight (g/Cmol).

C H 0 N P S m ch M
etal arge w

water 0.00 2.00 1.00 0.00 0.00 0.00 0.00 0.00 18.02
phosphate 0.00 1.00 4.00 0.00 1.00 0.00 o0.00 -2.00 | 95.98
sulphate 0.00 0.00 4.00 0.00 0.00 1.00 o0.00 -2.00 | 96.06
DNA 1.00 126 061 038 0.10 0.00 0.00 0.00 | 31.52
protein 1.00 158 0.32 0.27 0.00 0.00 0.00 -0.01 | 22.63
carbohyd. 1.00 1.67 083 0.00 0.00 0.00 0.00 0.00 | 27.03
RNA 1.00 1.23 0.74 039 0.11 0.00 0.00 0.00 | 33.76
lipid 1.00 187 0.15 0.01 0.01 0.00 0.00 0.00 16.72
metal 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 | 37.24

Based on the elemental composition of biomass estimated from ECN
measurements and the one of the macromolecules. a data reconciliation
routine was set to calculate the macromolecular biomass composition.

Because no measurements were available regarding the total lipid, DNA,
water and sulphate content in the cell, it was set that its values were
independent of the growth rate and to have the same average value
calculated by de Lange et al. (2001). This meant that the variables to be
determined were the protein, RNA and total carbohydrate.

The RNA content can be set as being a function of the protein production
rate (Qpro) Which is obtained by multiplying the amount of protein in the cell
by the growth rate. This observation can be seen for both the data of de
Lange et al. (2001) as for the anaerobic data from Nissen et al., 1997, as
presented in Figure 0.18. To be sure that the regression applied to obtain
the correlation between RNA amount and gprt would be valid for the entire
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range of dilution rates in this study, it was decided to also take into
consideration the data from Nissen et al. (1996), even though it refers to
measurements done in other strain. The equation obtained was (R2=0.88):

RNAQ/ gpy) = (0.33i 0.04) X qprot(gprot [ Qo)+ (0.0391 0.0049 (5.16)
From the work of de Lange et al. (2001) it was also possible to observe

that the phosphate content in the cell has an inverse correlation with the
protein content and production rates (Figure 0.18).

0.14 0.016
0412 0.014 .
04 0.012 s .
= 0.01
3 008 3
o 2 0.008
2 0.06 2
< &, 0.006
g o004 S
< 0.004
0.02 0.002
0 . . 0 .
0 0.05 0.1 0.15 0.2 0.25 03 0 0.02 0.04 0.06 0.08 0.1
Gprot (Fprot/Tow-h) Gprot (Jprot/Tow-h)

Figure 0.18: Correlation between protein production rate (qpro:) and the RNA (left
plot) and HPO,?- amounts in the cell (right plot). The black line indicates the regression
obtained by considering the data from de Lange et al. (2001) () and Nissen et al.
(1996) (M).

By having the RNA levels described as a function of the protein
production rate and having set that the DNA and lipid contents to be
constant, it was possible to calculate the total protein content from the N
balance, using the nitrogen content in the biomolecules (N;) according to the
values presented in Table 5.8 and the Nyjom Obtained from the elemental
composition:

ProtN_, = BiomassN,, = RNANg.,~DNANy, —Lipid.N,;;  (5.17)

prot biom

The total carbohydrate content (Carb) can be calculated in a similar way
from the carbon balance:

CarbC_, = Biomas<

carb

= Prot.C,,, - RNACgy, ~ DNAC,y, - Lipid.C,

(5.18)

biom prot

These mass balances where included in a reconciliation routine where, by
using the elemental composition measurements as an input, the amount of
carbohydrate, protein, RNA and phosphate could be calculated as a function
of growth rate.
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5.2 Details of the kinetic model

List of abbreviations used

Abbreviation

Name

Molecular Formula

Intracellular metabolites

ADP
AMP
ATP
DHAP
F16P
F6P
G6P
GAP
GLYC
H
NAD
NADH
Pi
PEP
P13G
P2G
P3G
PYR
T6P

ADP
AMP
ATP

dihydroxyacetone-phosphate
fructosel.6-bisphosphate

fructose6-phosphate
glucose6-phosphate

glyceraldehyde 3-phosphate

glycerol

hydrogen

NAD

NADH

phosphate
phosphoenol-pyruvate
1,3-phosphoglycerate
2-phosphoglycerate
3-phosphoglycerate
pyruvate
Trehalose-6-phosphate

Extracellular Metabolites

X
ACTALex
ACTex
CO,
ETOHex
GLUCex
GLYCex
LACex
PYRex
SUCex

biomass
acetaldehyde
acetate
carbon dioxide
ETOH

glucose
glycerol
lactate
pyruvate
succinate

C10H 12N5010F)2_3
C1oH12Ns07,P
C10H 12N5013F)3_4
C3HsO6P™?
CoH10012P™
CeH1,04P™
CeH1104P™
C3HsO6P?
C3HgO3

"

PHO,*?
C3H,06P™°
C3H4010P, ™"
C3H,0.P?
C3H,0,P°
C3Hs05™
C12Hz1014P”

(growth rate dependent)

C,H,O
C,H30,™
CO,
C,HgO
CeH12056
CSHSOS
C3Hs03™"
C3H305™
C4H,0,7
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List of reactions described by the kinetic model

Code Enzyme EC Reaction
Glycolysis
HK  hexokinase 2.7.1.1 1ATP+1GLUC- 1ADP+1G6P+1H*
PGI  G6P isomerase 5.3.1.9 1G6P e 1F6P
PFK  phophofructokinase 2.7.1.11 1ATP+1F6P— 1ADP +1F16P +1H*
FBA fructose biphophate aldolase =~ 4.1.2.13 1F16P < 1 DHAP + 1 GAP
TPl  triose phosphate isomerase 5.3.1.1 1DHAP & 1GAP
1GAP + 1NAD*+1P; & 113PG+ 1 H* + 1
TDH GAP dehydrogenase 1.2.1.12 <
NADH
PGK  phosphoglycerate kinase 2.7.2.3 113PG+1ADP < 13PG + 1 ATP
GPM  phophoglycerate mutase 54.2.1 13PGe 12PG
ENO enolase 42.1.11 12PGo 1H,0+1PEP
PYK pyruvate Kinase 2.7.1.40 1ADP+1H*+1PEP—1ATP+1PYR
Pentose phosphate pathway
1 G6P + 1 NADP+ + H.0— 1 6PG + 1 H* + 1
ZWF  G6P dehydrogenase 11.149 . opy
TKL1 transketolase 1 2.2.1.1 1RIB5P+1XYL5P < 1GAP + 1 SED7P
TAL transaldolase 2.2.1.2 1GAP+1SED7P & 1E4P + 1 F6P
TKL2 transketolase 2 2.2.1.1 1E4P+1XYL5P & 1F6P +1 GAP
Pyruvate branchpoint
1ATP +1C02+1H20 + 1 PYR— 1 ADP + 2
PYC pyruvate carboxylase 6.4.1.1 He + 1 OXACT + 1 P,
PDC  pyruvate decarboxylase 4.1.1.1 1H*+1PYR— 1ACTAL+1CO.
1 CoA + 1 NAD* + 1 PYR - 1 AcCoA + 1 CO,
PDH pyruvate dehydrogenase +1NADH
Glycerol metabolism
0.5 F16P + 1 H* + 1 NADH — 1 GOH3P + 1
GDP  glycerol dehydrogenase 1118 .\p
Transport

gs  Glucose transporter

GLYCt Glycerol transporter

GLUCex — GLUC

GLYC & GLYCex
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ETOHt Ethanol transporter ETOH & ETOHex
ACTt Acetate transporter ACT + H* > ACTex + Hex
SuCt  Succinate transport SUC + 2 H* - SUCex + 2 Htex
PYRt Pyruvate transporter PYR + H* > PYRext + H*ex
€Ot COy diffusion €Oz — COzex

Biomass and Energy

Biomass formation (see next section)
VATP ATP used for maintenance ATP + H* > ADP + P; + H*ex
ADK  Adenylate kinase AMP + ATP < 2 ADP

Stoichiometry of Biomass Formation

The following equations describe the functions used to calculate the
coefficients of the biomass reaction (BR;) as a function of growth rate. They
were obtained by fitting third order polynomials to the coefficients
estimated when lumping the full stoichiometric model (see page 134).

BRgep = 5.93x10-9.48 - 3.14x10-%6.L£ + 5.80x10-04 1 - 8.18x10-92;
BRgap = 4.86x10-11,18 - 2.59x10-98.LE + 4.61x10%. 1 + 4.93x10-%%;
BRp3; = -6.88x1010.18 + 3.66x10°97. £ - 7.91x1095. [ - 1.34x10-92;
BRpgp = -9.54x10-10.48 + 5.07x10-97.L£ - 9.04x1095. 14 - 9.6 7x10-93;
BRpyg = -3.42x1099.18 + 1.82x10°96,LE - 3.24x1094. 4 - 3.47x10-92;
BRyrp = -3.36x1098, 18 + 1.79x10-95. 12 - 3.28x10-93. 4 - 5.33x10-0%;
BRapp = - BRarp;

BRyap = -2.56x10-99.18 + 1.36x10-96.L£ - 2.66x1 004 L4 - 3.48x10-92;
BRnapn = - BRnap;

BRcoz = 2.87x10-99.18 - 1.53x10-96, L2 + 2.65x10-04 u + 2.82x10-92;

Boundary reactions

The fluxes through the model boundaries were calculated from the equations
described below. They were obtained by fitting different functions to the
boundary fluxes obtained from metabolic flux analysis.
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Veyri= 0.000022 ¢ - 0.0039 g+ 0.246;
Vpyc =4.95x102 gs- 1.1;

Vacs = 0.0202 g- 0.408;

Vopp = 2.31x10¢ ¢ - 1.13x103 o> + 0.0298 q- 8.65;
Vg = 2.23x102 ¢— 0.343;

Vrke = 0.017 g - 0.215;

VTaL = VKL

Veepor= 0.0686 @ - 1.19;

Viact = 0.0000361 ¢f + 0.00581 @- 0.0711;
Vepy = 0.0252 - 0.61;

Vepc = 1.55 @+ 13.4;
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New insights gained from this research

Although temperature is a crucial parameter for the growth of organisms,
not much is known on how they have evolved to cope with suboptimal and
dynamic temperature conditions, as these occur in their natural habitats.
This is particularly relevant for poikilothermic organisms (such as
microorganisms) since their internal temperature is directly dependent on
the temperature of their environment. This is valid either in their natural
habitat or in an artificial environment such as industrial fermentations.
Changes in temperature settings might also lead to alterations of other
parameters, such as growth rate or residual substrate concentration. These
are likely to cause modifications at different omics levels (metabolomics,
fluxomics, proteomics or transcriptomics) increasing the complexity of the
results obtained. Therefore, to fully understand how temperature influences
the metabolism of microorganisms, it is important to incorporate data from
different experimental conditions and regulatory levels in a comprehensive
way.

This thesis presents a fruitful effort on understanding the mechanisms used
by the yeast Saccharomyces cerevisiae growing anaerobically on glucose to
regulate the central carbon metabolism in the temperature range between
12 and 30 °C. This temperature range is relevant in industrial processes,
such as beer fermentation, and during diurnal temperature profiles in
natural habitats. Meaningful conclusions could be drawn by applying a
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Systems Biology approach, where data on metabolite levels, in vitro enzyme
activities and fluxes from different experimental conditions were used to
validate in silico model predictions. By studying different temperatures in
both glucose-excess and glucose-limiting conditions it was possible to avoid
context dependent conclusions on the mechanisms used by S. cerevisiae to
respond to temperature changes in the suboptimal range. Another important
feature of this study is the use of fast dynamic temperature conditions
(minutes to hours) instead of constant ones. This approach has shown to be
crucial to differentiate between the impact of suboptimal temperatures as
such from the effect of growth rate or extracellular glucose concentration on
cellular metabolism. Also it allowed obtaining a dataset with large fold
change in both rates and metabolite concentrations from a limited number of
experiments.

Although in vivo enzymatic activities are strongly temperature dependent,
it appears that flux-regulation mechanisms in yeast (either metabolic or
hierarchical) are more sensitive to changes in residual substrate
concentration than to temperature, within the studied range of 12 to 30 °C.
Even though the growth rate can vary up to six fold due to the lower
glycolytic capacity at 12 °C compared to 30 °C, this range of temperatures is
not likely to require activation of temperature-specific mechanisms to
regulate yeast glycolysis, such as changes in enzyme levels or expression of
different isoenzymes. The yields on glucose of the most significant
fermentation products (CO,, ethanol, biomass, glycerol, acetate, lactate,
succinate and pyruvate) were not significantly changed in the temperature
range between 12 and 30 °C. More interestingly, it could be demonstrated in
vivo that changes in cultivation temperature resulted in changes of the
catalytic activities of the glycolytic enzymes that were identical for each
enzyme. This identical temperature dependency of the enzymes of a pathway
results in minimization of changes in the intracellular metabolite level, thus
maintaining metabolite homeostasis under dynamic temperature conditions.

Relevance of these results in environmental and biotechnological
contexts

The minor changes in enzyme levels observed for the range of growth rates
studied (0.026 to 0.27 h'1) together with the minimal alterations of
metabolite levels upon temperature perturbations in the mild suboptimal
range (12 - 30 °C), highlight the robustness of Saccharomyces cerevisiae. This
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means that this yeast is able to sustain perturbations in its environment,
such as changes in substrate amount and temperature, without requiring
energy-costly cycles of enzyme synthesis and breakdown. This feature is
probably an evolutionary consequence of the variety of environmental
conditions S. cerevisiae needs to cope with in its natural habitat, which
includes broad diurnal temperature ranges and large changes in substrate
concentration.

Robustness is a very desirable attribute of industrial strains. Contrary to
what happens in lab-scale conditions, it is very hard to maintain a
homogeneous environment in large-scale fermentors. Very often, substrate
concentration gradients are formed due to poor mixing efficiency, as well as
temperature gradients, especially when there are external-loop cooling
systems. The use of robust strains helps minimizing the impact of such
heterogeneous fermentation conditions on the production of the desired
compound. The research presented in this thesis suggests that suboptimal
temperature gradients in large-scale fermentors are unlikely to have an
impact on the production yields (Schmid et al., 2009).

On the other hand, the observed robustness upon temperature
perturbations can be seen as a hurdle for strain improvement programs.
There was no evidence for different rate-controlling steps at different
suboptimal temperatures, meaning that it is unlikely that metabolic
engineering strategies targeting one single enzyme would provide strains for
which the growth rate is less sensitive to temperature changes compared to
the parental one. Also, in light of the near absence of hierarchical regulation
between 12 and 30 °C steady-state chemostats, one might argue if
evolutionary engineering strategies (such as performing fermentations for a
high number of generations at low temperatures) will lead to evolved strains
which can better cope to low temperatures or simply with higher affinity for
the substrate. Evolutionary engineering strategies need to be designed
according to the specific target of the strain improvement program. For
instance, to aim at strains with lower optimum growth temperature (i.e.
more psychrophilic) might require a different experimental setup than when
targeting for strains able to maintain high growth rates for a broader range
of temperatures.
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Remarks on experimental setups used to study the impact of
temperature on metabolic networks

Chemostat cultivations operated at the same dilution rate are very often
chosen as a way to avoid growth-rate dependent responses when studying
temperature impact on metabolism (see, for example, Tai et al. (2007Db)).
This approach can be misleading since, as shown by the results of this thesis,
it is the residual substrate concentration and not fluxes that mostly
determine metabolic response upon temperature changes. By setting the
same growth rate at different temperatures, the residual substrate
concentration is known to adjust to compensate for the temperature-induced
changes in catalytic activity of the enzymes. So, to study the impact of
temperature on the physiology and metabolism of cells under glucose-
limited conditions, it would be wiser to compare chemostats with the same
extracellular glucose concentration. For instance, as shown in Chapter 5,
chemostat cultivations carried out at 12 °C and dilution rate of 0.03 ht!
should be compared to cultivations at 30 °C and 0.2 h-1. The residual glucose
concentration, intracellular metabolite levels and enzyme amounts are very
comparable between these two conditions, making them the best settings to
look for temperature specific responses in other metabolic pathways.

The observation that temperature sensitivities of the different glycolytic
enzymes under in vivo conditions are the same raises more concerns
regarding the reliability of in vitro enzyme activity measurements to
understand in vivo processes. In vitro studies have reported different
temperature sensitivities for the glycolytic enzymes in S. cerevisiae (Tai et al.,
2007a), contradicting the conclusions from this thesis. It is interesting to
point out that the enzymes that have shown higher temperature sensitivities
are the ones where coupling enzymes from animal cells were used in the
analytical protocol. As discussed in the introduction section, animal cells
have evolved in an environment where temperature is conserved in a very
narrow range (the internal body temperature). It is therefore possible that,
although used in excess amounts under standard assay conditions (30 °C),
the activity losses of the coupling enzymes at lower temperatures could be
more severe than for yeast enzymes, interfering with the outcome of in vitro
enzyme activity assays. The results from this thesis suggest that the
development of in vivo kinetic models can provide more reliable information
concerning changes in the specific catalytic activity of the enzymes than in
vitro assays done to cell extracts.
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Nonetheless, at this moment it is still not possible to identify in vivo if the
changes in enzyme activities are a consequence exclusively from the
temperature impact on the catalytic activity, or if other compensation
mechanisms, such as reversible phosphorylation or changes in intracellular
pH, can also be playing a role. A nice alternative to test this could rely on in
vitro glycolysis systems where multi-enzyme networks can be analyzed in
real-time (Bujara et al,, 2011). The impact of changes in enzyme activities
can be determined by measuring the changes in metabolite concentrations
using mass spectrometry methods. This not only avoids the use of coupling
enzymes but also the experimental conditions will be the same for all
enzymes, better mimicking the in vivo situation.

Prospects on temperature studies under settings different from the
ones applied in this thesis

This research focused on the anaerobic central carbon metabolism of S.
cerevisae in the mild-hypothermic range (12 to 30 °C). However, this scope
can be considered rather narrow when compared with the span of
temperatures in natural environments and the different organisms that it
can affect. It seems therefore appropriate to consider contributions this
thesis can give to study the temperature impact on other biological systems
or other growth conditions via other experimental setups.

Temperature impact on metabolic pathways other than glycolysis

Although no adaptation mechanism of central carbon metabolism could be
pointed out as being a specific response to temperature dynamics, this does
not exclude that enzymes from other metabolic pathways might respond
differently to temperature changes. An example is glycogen metabolism
since it is still not clear why concentrations in steady-state 12 °C chemostats
(high residual glucose concentration) are higher than at 30 °C, while during
the dynamic temperature conditions the glycogen levels seem to decrease
with increasing extracellular substrate concentration. Nitrogen-limited
cultivations could help understanding if changes in glycogen levels are a
temperature-specific response since, under these conditions, the storage
carbohydrate content is lower compared to carbon-limited cultivations.

It would also be very interesting to extend the study to anabolic pathways
and not restrain it to catabolic ones such as glycolysis. The results from this
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thesis do not exclude the possibility of changes in biomass composition at
lower temperatures, which would require specific regulation mechanisms of
biosynthetic pathways (e.g. lipid synthesis). The general character of the
theoretical model developed in Chapter 4 allows it to be directly applied to
study other pathways and to set the fundaments for experimental design in
settings where hierarchical regulation may play a more relevant role.

Impact of more extreme temperature conditions on the metabolism of S.

cerevisiae

The findings of this research are restricted to mild suboptimal temperatures.
However, many industrial processes require temperatures higher than the
optimal growth temperature. Some studies are available on the impact of
supraoptimal temperatures on growth and metabolic response of S.
cerevisiae (Postmus et al., 2008; Postmus et al., 2012). Nonetheless, they use
experimental approaches similar to the ones described for cold studies, with
all the disadvantages already discussed in the introduction chapter of this
thesis. Extension of temperature studies to more extreme conditions could
be achieved by first quantifying the temperature impact on growth rate for
the entire span of temperatures where growth can occur. This can be done
by using, for instance, the extended empirical model of Ratkowsky et al
(1983). Having such a relation between the growth rate and temperature
would allow simulating the kinetic model developed within this thesis for the
entire range of temperatures and compare the results to experimental
observations. Nonetheless, as mentioned before, high temperatures can
cause enzyme denaturation, imposing more complex regulation mechanisms
of cell metabolism. Factors such as cell viability, protein degradation rates
and RNA stability will very likely need to be taken into account when
studying supraoptimal temperatures and heat-shock responses.

Temperature impact on other organisms (poikilotherms or not)

One big question raised by this thesis is if the striking observation of similar
temperature-dependencies of glycolytic enzymes can be extended to other
organisms or is merely an intrinsic property of yeast cells. It has been
reported that there are large differences in responses to temperature
changes amongst different organisms. For instance, it is known that
mammals use reversible phosphorylation as a way to respond to
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temperature shifts (Storey, 1997) and that affinities and inhibition constants
of enzymes from animal cells decrease with decreasing temperature
(Macdonald and Storey, 2005) to compensate for the lower maximal rate at
lower temperature. However, in these situations, a decrease in temperature
also causes a drop in the tissue’s pH. Although external pH was set to be
constant during all temperature perturbations carried out during this
research, it cannot be guaranteed that the intracellular pH was constant.
Therefore, it cannot be excluded that intracellular pH can be used by yeast to
compensate the temperature impact on the catalytic activity.

Nonetheless, studies on the composition of proteins from extremophiles
have shown that they are very similar to the ones from mesophiles (Arnold
et al, 2001). This observation, together with the similarity of growth-rate
profiles with temperature for most unicellular organisms, indicates that
identical temperature sensitivities of the glycolytic enzymes in mild
hypothermic ranges can be a conserved characteristic between organisms. If
proven to be the case, this can beautifully illustrate the principle of unity in
biochemistry for all organisms, as first described by Kluyver and Donker
(1961).
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