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Abstract

The availability of oxygen has a major effect on all organisms. The yeast Sac-
charomyces cerevisiae is able to adapt its metabolism for growth in different
conditions of oxygen provision, and to grow even under complete lack of oxy-
gen. Although the physiology of S. cerevisiae has mainly been studied under
fully aerobic and anaerobic conditions, less is known of metabolism under oxy-
gen-limited conditions and of the adaptation to changing conditions of oxygen
provision. This study compared the physiology of S. cerevisiae in conditions of
five levels of oxygen provision (0, 0.5, 1.0, 2.8 and 20.9% O, in feed gas) by
using measurements on metabolite, transcriptome and proteome levels. On the
transcriptional level, the main differences were observed between the three level
groups, 0, 0.5-2.8 and 20.9% O, which led to fully fermentative, respiro-
fermentative and fully respiratory modes of metabolism, respectively. However,
proteome analysis suggested post-transcriptional regulation at the level of 0.5
O,. The analysis of metabolite and transcript levels of central carbon metabolism
also suggested post-transcriptional regulation especially in glycolysis. Further, a
global upregulation of genes related to respiratory pathways was observed in the
oxygen-limited conditions and the same trend was seen in the proteome analysis
and in the activities of enzymes of the TCA cycle.

The responses of intracellular metabolites related to central carbon metabo-
lism and transcriptional responses to change in oxygen availability were studied.
As a response to sudden oxygen depletion, concentrations of the metabolites of
central carbon metabolism responded faster than the corresponding levels of
gene expression. In general, the genome-wide transcriptional responses to oxy-
gen depletion were highly similar when two different initial conditions of oxy-
gen provision (20.9 and 1.0% O,) were compared. The genes related to growth
and cell proliferation were transiently downregulated whereas the genes related
to protein degradation and phosphate uptake were transiently upregulated. In the
cultures initially receiving 1.0% O,, a transient upregulation of genes related to
fatty acid oxidation, peroxisomal biogenesis, response to oxidative stress and
pentose phosphate pathway was observed.



Additionally, this work analysed the effect of oxygen on transcription of genes
belonging to the hexose transporter gene family. Although the specific glucose
uptake rate was highest in fully anaerobic conditions, none of the hxt genes
showed highest expression in anaerobic conditions. However, the expression of
genes encoding the moderately low affinity transporters decreased with the de-
creasing oxygen level. Thus it was concluded that there is a relative increase in
high affinity transport in anaerobic conditions supporting the high uptake rate.
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Tiivistelma

Toisin kuin useimmat aitotumalliset eliét, leivinhiiva Saccharomyces cerevisiae
pystyy kasvamaan erilaisissa happipitoisuuksissa, jopa téysin hapettomissa
oloissa. Tatd ominaisuutta on hyddennetty laajasti erilaisissa bioprosesseissa.
Jotta naista prosesseista saataisiin mahdollisimman tehokkaita, on tarkea tietaa
miten leivinhiivan aineenvaihduntaa séadellddn hapen vaikutuksesta. Tassa vai-
toskirjatydssa tutkittiin leivinhiivan aineenvaihduntaa olosuhteissa, joissa syote-
tyn hapen maara oli tarkasti madritetty. Ty0ssd kaytettiin viittd eri happipitoi-
suutta (0, 0.5, 1.0, 2.8 ja 20.9 % happea kasvatukseen syotetyssd kaasuseokses-
sa) seké olosuhteita, joissa hapen sy6tttdd muutettiin akillisesti. Tydssa mitattiin
solunsisaisia ja -ulkoisia aineenvaihduntatuotteita ja geenien ilmentymista. Ha-
pensy6ton eri tasoilla mitattiin myds proteiinien mééria ja entsyymien aktiivi-
suuksia.

Geenien ilmentymisen ja solunulkoisten aineenvaihduntatuotteiden perusteella
naytti silta, etta leivinhiivan aineenvaihdunta on hyvin samankaltaista rajoitetun
hapen olosuhteissa (0.5, 1.0 ja 2.8 O,), mutta eroaa niissa selvésti hapettomista
(0% Oy) ja normaalin hapen olosuhteista (20.9 % O,). Proteiinitasoja vertailta-
essa kuitenkin havaittiin, ettd aineenvaihdunta ei ole taysin samanlaista happira-
joitetuissa olosuhteissa, erityisesti 0.5 ja 1.0 % hapensy6ton vélilla nahtiin eroja,
mika kertoo todené&koisesti geenitason ylapuolella tapahtuvasta saatelysta.

Tassa tydssa havaittiin myds, ettd suurin osa hengitykseen liittyista geeneistéa
ilmentyi voimakkaammin happirajoitteisissa kuin normaalin hapen olosuhteissa,
ja sama tulos nakyi myos kyseessa olevien proteiinien tasoissa ja sitruunahappo-
kierron entsyymien aktiivisuuksissa. Tdmé& kertoo luultavasti siité, ettd solu yrit-
taa saada rajoitetun hapen mahdollisimman tehokkaasti kayttdonsa. Liséksi ha-
vaittiin, ettd vaikka glukoosin sisdanottonopeus on suurin hapettomissa olosuh-
teissa, glukoosinkuljettajaproteiineja koodaavien geenien ilmentyminen ei ole
talloin voimakkaimmillaan. Sen sijaan hapen mééarén laskiessa keskimadrdisen



affiniteetin omaavia glukoosinkuljettajia koodaavien geenien tasot laskivat.
Edelldmainittu aiheuttaa todennékoisesti sen, ettd solukalvolla on hapettomissa
olosuhteissa suhteellisesti enemman proteiineja, joilla on korkea affiniteetti glu-
koosia kohtaan kuin hapellisissa olosuhteissa.

Lopetettaessa hapensyottd &killisesti kokonaan, aineenvaihdunnan muutokset
nékyivat nopeammin solunsiséisten aineenvaihduntatuotteiden maéarissa kuin
geenien ilmentymisessd. Havaittiin. ettd muutokset olivat hyvin samankaltaisia
riippumatta siitd kuinka paljon happea kasvatuksiin oli alunperin syétetty. Hapen
loppuessa kasvuun ja solujen uudistumiseen liittyvien geenien ilmentymistasot
laskivat, kun taas proteiinien hajotukseen liittyvien geenien ilmentymistasot
nousivat. Lisaksi havaittiin stressivasteeseen liittyvid muutoksia.
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1. Introduction

1.1 Oxygen

Oxygen is an essential molecule for most eukaryotic organisms. In the early,
prebiotic atmosphere of earth, oxygen was present only in trace amounts if at all
[1, 2]. Approximately two to three billion years ago the emergence of the first
photosynthetic organisms led to slow accumulation of atmospheric oxygen [3].
The concentration of oxygen in the atmosphere has varied between 10 and 35%
during the last 550 million years [4] and stabilised at its present level of 21% the
during last 200 million years [5].

The first eukaryotes appeared on earth at around the same time as the increase
in atmospheric oxygen occurred [6-8]. The level of oxygen has been suggested
to have constrained the evolution of receptor proteins, which are important in the
communication across membranes and between cells and are thus crucial for
eukaryotes [9]. As the oxygen level increased, the size and number of communi-
cation-related transmembrane proteins increased [9]. In addition to transmem-
brane proteins, sterols play a key role in the transport of materials across the cell
membrane. The biosynthesis of sterols is an oxygen-dependent process facili-
tated by high atmospheric oxygen levels. Only a few prokaryotes are able to
synthesise sterols [10].

Most known eukaryotes rely on oxygen during growth even though oxygen
can also be harmful to them. Free radicals which are formed in the mitochondrial
reactions can damage the cell membranes and DNA [11, 12]. There are also
some eukaryotes which can survive and grow (temporarily) without oxygen [13].
The unicellular eukaryote Saccharomyces cerevisiae (baker’s yeast) is able to
grow both in the presence and absence of oxygen. However, in the absence of
oxygen, sterols and unsaturated fatty acids have to be obtained from the envi-

15



1. Introduction

ronment [14, 15]. The ability of growth in diverse oxygen concentrations and the
ability to produce ethanol even in the presence of oxygen, has made S. cerevisiae
an important industrial organism.

S. cerevisiae has long been used for the leavening of bread and for biomass
production. S. cerevisiae and other Saccharomyces yeasts also make an impor-
tant contribution in the brewing and wine-making. More recent applications of S.
cerevisiae can be found in the production of heterologous proteins such as hepa-
titis b vaccine and insulin and in the production of bulk chemicals such as fuel
ethanol and lactic acid [16]. In this thesis, the term yeast refers to S. cerevisiae.

The provision of an optimal level of oxygen is still problematic in industrial
scale bioreactors. The level of oxygen influences product and by-product forma-
tion and thus the economics of the process [17, 18]. Full oxygenation in large
reactors is expensive and sometimes even impossible. On the other hand, too
high oxygen levels may lead to biomass growth at the expense of product forma-
tion. Anaerobic conditions lead to ethanol production, which is not favourable in
cultivations for protein production and anaerobic conditions may be energeti-
cally less efficient since ATP is produced by substrate-level phosphorylation
only. Furthermore, production of e.g. heterologous proteins may require high
cell densities, which makes mixing more difficult and leads to temporal or local
oxygen gradients inside the production vessels. These gradients cause differ-
ences in the physiology of the cells [19].

1.2 Fermentative and respiratory metabolism of
S. cerevisiae

During fermentative and mixed respiro-fermentative growth, S. cerevisiae con-
verts six-carbon sugars to two- and three-carbon components. This conversion,
and subsequent use of the two- and three-carbon components (ethanol, acetate,
glycerol) as carbon source, is energically less efficient than conversion of sugars
directly to CO, by respiration. However, this strategy (make-accumulate-
consume-strategy) gives yeast an advantage over many microorganisms for
which ethanol is toxic [20]. In nature, S. cerevisiae lives on fruit surfaces and
competes for resources with other yeasts, moulds and bacteria [16].

The ability of S. cerevisiae to consume ethanol is thought to have arisen from
the duplication and differentiation of the ADH gene 80 million years ago [21],
after the whole genome duplication which occurred 100 million years ago [22,
23]. The genome of S. cerevisiae contains five alcohol dehydrogenases which
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1. Introduction

are involved in the metabolism of ethanol. ADH1, ADH3, ADH4 and ADH5
encode alcohol dehydrogenase isoforms used during the formation of ethanol
whereas the enzyme encoded by ADH?2 is used during the consumption of etha-
nol. At about the same time as ADH duplication, eight additional gene duplications
occurred, six of which are involved in the conversion of glucose to ethanol [21].

In S. cerevisiae, fully fermentative metabolism occurs only under anaerobic
conditions while fully respiratory metabolism occurs on the respiratory carbon
sources (e.g. ethanol, glycerol, acetate, fatty acids) and at low specific growth
rates on the fermentative carbon sources (e.g. glucose, fructose, galactose).
When both oxygen and excess sugars are present, S. cerevisiae uses respiro-
fermentative metabolism. As the sugars become used, yeast undergoes a diauxic
shift during which the growth is switched from the respiro-fermentative to the
respiratory mode. The respiro-fermentative growth in high concentrations of
sugars in the presence of oxygen has been suggested to result either from the rate
of glycolysis exceeding the rate of pyruvate dehydrogenase enzyme or from
carbon catabolite repression [24, 25]. The most studied repressor is glucose,
which is known to repress the genes needed in mitochondrial respiration, utilisa-
tion of alternative carbon sources and gluconeogenesis, via a complex mecha-
nism which is not yet fully understood (for review see [24, 26]). The presence of
glucose also affects MRNA turnover and protein translation rate and degradation
[24]. In addition to glucose, the presence of other sugars such as fructose, mal-
tose and galactose leads to respiro-fermentative metabolism in the presence of
oxygen [24]. The yeasts that produce ethanol from sugars in the aerobic condi-
tions are called crabtree-positive. In the study of Vemuri et al. [27], an alterna-
tive oxidase from Histoplasma capsulatum was over-expressed in S. cerevisiae,
resulting in increased expression of several genes encoding the enzymes of the
TCA cycle and decreased aerobic ethanol formation in the presence of high con-
centration of sugars. These results suggest that the crabtree effect is a conse-
guence of limited capacity of the respiratory system involved in oxidation of
mitochondrial NADH.

1.3 Central carbon metabolism of S. cerevisiae

The central carbon metabolism of S. cerevisiae provides precursors for biosyn-
thesis, energy as ATP and reducing power in the form of NAD(P)H and FADH,
(Figure 1). In glycolysis, glucose taken up by hexose transporters is rapidly
phosphorylated and converted to pyruvate. Pyruvate can be further converted to
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1. Introduction

acetaldehyde by pyruvate decarboxylase (fermentation), to acetyl-CoA by pyru-
vate dehydrogenase (respiration) or to oxaloacetate by pyruvate carboxylase
(gluconeogenesis). In high intracellular concentrations of pyruvate, the pyruvate
decarboxylase reaction is favoured [28]. In this fermentative pathway to ethanol,
NADH formed in the glycolysis and biomass formation is reoxidised. NADH
can also be oxidised by respiration and through glycerol formation, the latter
occurring especially under anaerobic conditions and under conditions in which
respiration is repressed [29].

The control of glycolysis is still largely unknown, although it has been exten-
sively studied [30-32]. Individual enzymes are known to be allosterically regu-
lated [33-38] and glucose transport has been suggested to play a role in the regu-
lation of glycolytic rate [39]. Transcriptional regulation of the genes encoding
glycolytic enzymes also occurs [37, 40-42] although the flux through glycolysis
is thought to be controlled mainly post-transcriptionally [43, 44].

Under conditions in which aerobic respiration takes place, pyruvate is taken
into the tricarboxylic acid (TCA) cycle through Acetyl-CoA. Acetyl-CoA enters
the TCA cycle in a reaction in which citrate synthase converts oxaloacetate to
citrate. The TCA cycle produces NADH and FADH; for the respiratory chain
and precursors for amino acid biosynthesis. The genes encoding the enzymes of
the TCA cycle are subject to glucose-repression [45, 46]. However, the flux
through the TCA cycle is most probably regulated by growth rate or glucose
uptake rate and not by extracellular glucose concentration [47]. In addition, sev-
eral genes encoding the enzymes of the TCA cycle are under positive regulation
by the Hap2/3/4/5p complex which also regulates other genes related to respira-
tion [48]. In respiratory-deficient cells, the control of CIT1, ACO1, IDH1, and
IDH2, encoding for enzymes of the TCA cycle, switches to transcription factors
Rgtlp, Rgt2p and Rtg3p. This switch has been suggested to ensure the synthesis
of a-ketoglutarate [49]. In batch cultures with high glucose concentration and in
the of oxygen, TCA cycle functions only partially (see section 1.5), providing a
precursor for amino acid synthesis [50].

To enable growth on non-sugar carbon sources, gluconeogenesis is used to
synthesise glucose. Gluconeogenesis is essentially the reversal of glycolysis, but
as two enzymes in glycolysis catalyse irreversible reactions, these reactions are
circumvented by the enzymes pyruvate carboxylase (Pyclp, Pyc2p), phosphoe-
nolpyruvate carboxykinase (Pcklp) and fructose-1,6-bisphosphatase (Fbpl). The
genes encoding these enzymes are under transcriptional regulation [51-53]. In
addition, Fbplp is subject to glucose-induced protein degradation [54].
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In addition to gluconeogenesis, the glyoxylate cycle is required for growth on two-
carbon substrates. In the glyoxylate cycle, these two-carbon substrates are con-
verted to four-carbon compounds. Many of the reactions of the TCA cycle and the
glyoxylate cycle are identical, but are catalysed by different isoenzymes. Whereas
enzymes of the TCA cycle are located in mitochondria, the glyoxylate cycle oc-
curs in cytosol and in peroxisomes [55]. The enzymes functioning only in the gly-
oxylate cycle are isocitrate lyase (Icl1p) and malate synthase (Mlslp, Dal7p) [56—
58]. Synthesis of these enzymes is repressed in cells grown on glucose [55].

Under aerobic conditions, the reactions of the pentose phosphate pathway
(PPP) produce reducing power in the form of NADPH and precursors for nu-
cleotide and amino acid biosynthesis in the form of ribose 5-phosphate and
erythrose 4-phosphate. The regulation of PPP has been thought to occur
through the need for NADPH and biosynthetic precursors [59]. Especially the
activity of the first enzyme of the PPP, glucose 6-phosphate dehydrogenase
(Zwf1p), is largely affected by the ratio of NADP to NADPH [60, 61]. How-
ever, regulation of other enzymes of the PPP also affects the activity of the
pathway and in addition PPP is important in the protection against oxidative
stress and is subject to regulation by the Yaplp and Sth5p transcription factors
[62, 63]. Many of the enzymes of the PPP exist as two isoforms. The physio-
logical role of the minor isoforms is not known, but it is known that they re-
spond similarly during diauxic shift and in response to e.g. histone depletion,
heat shock and nitrogen depletion [46, 64, 65].

1.4 Mitochondrial respiratory chain

The respiratory chain uses electrons from NADH and FADH, to create a trans-
membrane proton gradient that is used to synthesise ATP by ATP synthase. In S.
cerevisiae, the respiratory chain is present under both aerobic and anaerobic
conditions, although the protein levels are lower in the absence of oxygen [66,
67]. Activity of the respiratory chain can be detected within 25-30 minutes after
oxygenation of glucose-repressed anaerobic cells of S. cerevisiae, although at
least 400 minutes are needed for full activity [68].

The respiratory chain in yeast consists of complexes II, 11, IV and V whereas
it lacks the complex | (Figure 2). The functions of complex I (NADH dehydro-
genase) are replaced by an internal (Ndilp) and two external (Ndelp and Nde2p)
NADH dehydrogenases and a glycerol 3-phosphate dehydrogenase shuttle con-
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sisting of cytosolic glycerol 3-phosphate dehydrogenase (Gpd1p) and mitochon-
drial FAD-linked glycerol 3-phosphate dehydrogenase (Gut2p) [69, 70].
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Figure 2. The mitochondrial respiratory chain of S.cerevisiae.

Complex Il (succinate dehydrogenase) oxidises succinate to fumarate and re-
duces ubiquinone. Ubiquinone is oxidised by complex Il (Cytochrome bc) and
the electrons are transferred to cytochrome c. Complex IV (cytochrome ¢ oxi-
dase) oxidises cytochrome ¢ by reducing oxygen to water. Complexes Il and IV
translocate protons across the inner mitochondrial membrane, resulting in a pro-
ton gradient. Complex VV (ATP synthase) uses the proton gradient in the synthe-
sis of ATP. Complexes Ill and IV can form supercomplexes and complex V can
exist both as a monomer and a dimer [71]. In addition, complex Il can form su-
percomplexes with the mitochondrial membrane-bound dehydrogenases Gut2p,
Ndelp, Nde2p and Ndilp [72].

Succinate dehydrogenase (complex 1) consisting of four subunits Sdhlp,
Sdh2p, Sdh3p and Sdh4p, is also a component of the TCA cycle [73]. The cyto-
chrome bc (complex I11) consists of three catalytic subunits encoded by COB1,
RIP1 and CYT1 and seven additional subunits encoded by COR1, QCR2 and
QCRG6-10 [74]. Cytochrome ¢ is encoded by two isoforms, CYC1 and CYC7, of
which CYCL1 is expressed under aerobic conditions and CYC7 under hypoxic and
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anaerobic conditions [75]. Cytochrome c oxidase (complex 1V) consists of 9
subunits encoded by both mitochondrial and nuclear genomes. The three largest
subunits performing catalytic functions (encoded by COX1, COX2 and COX3)
are mitochondrially encoded [76]. Nuclearly encoded subunits function in the
assembly or stability of the holoenzyme or modulate the catalysis (COX4,
COX5a, COX5b and COX6-COX9) [76]. Cox5a and Cox5b are interchangeable
subunits, which affect the turnover rate of the enzyme [77]. COX5a is expressed
under aerobic conditions, whereas COX5B is expressed under hypoxic and an-
aerobic conditions [75, 78]. Genes encoding for different subunits of cytochrome
¢ oxidase exhibit different kinetics during transition from anaerobic to aerobic
conditions. Some of them are fully induced rapidly, whereas others need more
than two hours for full induction [75]. ATP synthase (complex 1V) is encoded by
ATP6, ATP8 and ATP9 located in the mitochondrial genome and ATP4, ATP5,
ATP7, ATP14, ATP17-12, INF1, STF1 and STF2 which are encoded in the nu-
clear genome [79]. The genes encoding the subunits of respiratory chain com-
plexes and cytochrome ¢ are glucose repressed [80-82] and are regulated by
oxygen concentration (see section 1.5). In addition, under glucose limitation, the
amounts of cytochrome ¢ oxidase, cytochrome ¢ and cytochrome bc are maximal
when 5% oxygen is provided in the gas stream, whereas the activity of cyto-
chrome c oxidase is maximal when 10% oxygen is provided [83].

In addition to harvesting the chemical energy and storing it as ATP, mito-
chondria house parts of the metabolism of amino acids, lipids, heme and iron
[84-87], and play an important role in apoptosis [88]. Sickmann et al. identified
750 different proteins in yeast mitochondria using various protein separation
methods and tandem mass spectrometry [89]. Reinders et al. refined the mito-
chondrial proteome of S. cerevisiae, covering 851 proteins [90]. When the mito-
chondrial proteome of yeast was compared under fermentative (glucose) and
respiratory (glycerol) conditions, the overall differences were small; only 18
proteins were found to be differentially expressed under these conditions [91].
When yeast proteomes from cells grown on glucose and lactate were compared,
more proteins were detected in lactate-grown cells [92]. A study by Reinders et
al.(2006) which identified yeast mitochondrial phosphoproteins suggested that
many mitochondrial functions are regulated by reversible phosphorylation of
proteins [90].
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1.5 Growth under anaerobic conditions and oxygen-
mediated transcriptional regulation

Under anaerobic conditions, energy is harvested by substrate-level phosphoryla-
tion in glycolysis. The conversion of one molecule of glucose yields two mole-
cules of ATP and two molecules of NADH. This NADH can be reoxidised
through conversion of pyruvate to ethanol. Residual TCA cycle activity that is
maintained to provide precursors for biosynthetic reactions also produces reduc-
ing equivalents in the form of NADH and FADH,. The NAD/NADH ratio is
regulated by production of glycerol, particularly through the action of NADH-
dependent glycerol 3-phosphate dehydrogenase. This enzyme is encoded by two
genes, GPD1 and GPD?2, the latter of which is primarily used for redox balanc-
ing under anaerobic conditions [93]. FADH, is reoxidised by cytoplasmic fu-
marate reductase, encoded by FRDS1 [94]. Flavin co-factors are exchanged be-
tween the cytosol and mitochondria by the carrier protein FIx1p [95, 96]. Under
anaerobic conditions, TCA cycle operates as two branches because of low or
zero oxoglutarate dehydrogenase and succinate dehydrogenase activities [97,
98]. In addition to production of biosynthetic precursors, the action of the TCA
cycle also leads to excretion of organic acids under anaerobic conditions.

The biosynthesis of heme, sterols, unsaturated fatty acids and deoxyribonu-
cleotides is generally thought to require oxygen [14, 15, 99, 100], although con-
tradicting evidence has also been reported [66, 101]. Consequently, the plasma
membrane of S. cerevisiae contains more saturated fatty acids and less total
sterol, less ergosterol and squalene under anaerobic than under aerobic condi-
tions [102]. In yeasts that cannot grow under anaerobic conditions, synthesis of
pyrimidines requires oxygen, but in S. cerevisiae the enzyme dihydro-orotate
dehydrogenase is cytosolic and independent on the functionality of the respira-
tory chain [99, 103].

Deoxyribonucleotides are synthesised from ribonucleotides by ribonucleotide
reductases (RNRs) [100]. There are three classes of RNRs of which class | pro-
teins are dependent on oxygen, class Il proteins operate only in the absence
oxygen and class Il proteins can function both in the presence and absence of
oxygen. Only class | RNR is known in S. cerevisiae [104, 105], but as the se-
guence homologies of these proteins is very low, it is possible that class Il or 111
proteins are also present [19].

During anaerobic growth, sterols and unsaturated fatty acids must be provided
in the growth medium [14, 15, 99, 100]. Unsaturated fatty acids are synthesised
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from saturated fatty acids by a single oxygen-dependent acyl-CoA desaturase,
encoded by OLE1 [106] whereas in the sterol biosynthesis pathway oxygen is
required in six enzymatic reactions [107] and references therein. In the absence
of oxygen, the cell wall of S. cerevisiae is remodelled for the import of sterols
and unsaturated fatty acids [19, 108, 109]. Under aerobic and anaerobic condi-
tions, different classes of cell wall mannoproteins are used and this switch is
regulated on the transcriptional level. Under anaerobic conditions, CWP1 and
CWRP?2 transcription is on a lower level and transcription of PAU, DAN and TIR
genes are on a higher level than under aerobic conditions [110].

The transcription factors Mox1p, Mox2p, Rox1p, Mot3p Upc2p, Ecm22p and
Sutlp are known to play a role in the remodelling of cell walls and import of
sterols [19, 111]. Nearly one third of anaerobically upregulated genes contain
Upc2p/Ecm22p-binding sites in their promoters [108, 112]. Upc2 regulates the
expression of DAN/TIR genes and the genes of sterol biosynthesis. Mox1p and
Mox2p modulate the action of Upc2 in a heme-dependent way and Mot3p also
regulates some of these genes [109]. In addition to Upc2p, Ecm22p regulates the
genes of sterol biosynthesis. Upc2p and Ecm22p bind the same sequence and the
binding is dependent on sterol concentration [113]. The target genes of Sutlp are
not known, but the overexpression SUT1 has been shown to enable uptake of
sterols under aerobic conditions [114, 115].

Heme levels decline during growth under anaerobic conditions, and the con-
centration of heme plays an important role in the regulation of genes needed
under anaerobic and strictly oxygen-limited conditions [116-118]. However, it
has been reported that cells grown under anaerobic conditions contain small
amounts of heme and it has thus been suggested that electron carriers other than
oxygen could function during synthesis of heme [66, 101]. In addition, there are
at least two types of heme pools in the cell, a protein-bound and a free pool, and
it is not known how these two pools contribute to the transcriptional regulation
[116]. Under aerobic conditions, a heme-activated transcription factor Hapl
activates the expression of genes encoding the respiratory chain complexes and
those related to oxidative stress [118, 119]. Haplp also induces the expression of
ROX1, which encodes a repressor of genes needed during severe hypoxia or
under anaerobic conditions [117, 120]. In addition, Haplp acts as a repressor of
genes involved in ergosterol biosynthesis in the absence of heme [121]. Another
heme-activated transcription factor Hap2/3/4/5p is also involved in the activation
of many genes related to respiratory metabolism in the presence of oxygen [48,
122]. However, the exact mechanisms of regulation of Hap2/3/4/5p by heme and
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oxygen are unknown [123]. In addition, Hap2/3/4/5p regulates the expression of
respiratory genes during glucose derepression [124].

Under strictly oxygen-restricted conditions, S. cerevisiae adapts the expres-
sion of certain genes to improve oxygen utilisation [118]. These genes are re-
lated to those functions that require oxygen (respiration and heme, sterol and
unsaturated fatty acid biosynthesis). Some of these genes have counterparts that
are used under aerobic conditions [125]. As stated above, Rox1p acts as a rep-
ressor of many of the genes needed under strictly oxygen-restricted conditions
[117]. In addition, Ixrlp functions in the induction of certain genes during severe
oxygen restriction [126-128]. Furthermore, induction of OLEL is regulated by
low oxygen response element (LORE) [129] and cytochrome c¢ oxidase is in-
volved in the induction of at least OLE1 and CYC7 [130]. Additionally, compu-
tational evidence of Hypoxia response elements (HRE) in the yeast genome has
recently been published [131]. In mammals, these elements are crucial in the
regulation of gene expression under oxygen restriction [132].

In the absence of oxygen, mitochondria are present as precursor structures
called promitochondria, which differ in their number, morphology and ultra-
structure from the mitochondria present in the presence of oxygen [133, 134].
During growth on the respiratory carbon source glycerol, mitochondria are typi-
cally strongly branched and tubular, whereas during growth on fermentable car-
bon source glucose, the mitochondrial network is relatively simple [135]. Cells
under anaerobicity typically contain only one promitochondrion whereas aero-
bic, ethanol- grown cells contain 20-30 mitochondria [68, 136, 137]. The mito-
chondrial structure is maintained by balanced fusion and fission [138]. In addi-
tion, it has been shown that dimerisation of ATP synthase is involved in control
of the biogenesis of the inner mitochondrial membrane [139]. However, al-
though respiration and mitochondrial morphology are linked, respiration is not
required for normal mitochondrial morphology [140]. Furthermore, during tran-
sition from anaerobic to aerobic conditions, changes in the mitochondrial mor-
phology continue for several hours after respiratory capacity has reached its
maximum, indicating that one particular mitohcondrial morphology is not a pre-
requisite for increased respiration rate. This suggests that mitochondrial structure
is formed and maintained for other functions than respiration, one of which is
the mitochondrial inheritance [140]. In addition, mitochondria have been sug-
gested to have a role in the anaerobic uptake of sterols. Deletion of certain genes
encoding mitochondrial proteins leads to deficiency in the aerobic uptake of
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sterols and to the formation of electron-dense mitochondrial inclusions in a mutant
that otherwise would be able to transport sterols in the presence of oxygen [141].

1.6 Oxidative stress

During growth in the presence of oxygen, the mitochondrial respiratory chain
produces reactive oxygen species (ROS) [11, 142]. In addition, ROS are gener-
ated when cells are exposed to heavy metals, ionising radiation or redox-cycling
chemicals [143]. It has also been suggested that ROS produced by the mitochon-
drial respiratory chain function as signalling molecules during oxygen sensing
especially under oxygen-restricted conditions [125, 144, 145]. Transiently ele-
vated ROS levels are seen as a response to anoxia [146, 147]. In addition, tran-
sient oxidative stress as a response to anoxia is seen as increased levels of car-
bonylation of mitochondrial and cytosolic proteins, accumulation of 8-hydroxy-
2’-deoxyguanosine in the mitochondrial and nuclear DNA, and as increased
expression of SOD1 [146].

Generally, the cells respire more when more oxygen is available and conse-
guently many genes involved in the protection against oxidative stress are in-
duced by oxygen [145]. Furthermore, respiring cells are more resistant to exter-
nal oxidants such as H,0, and superoxide anions than fermentative cells [148].
When oxygen provision exceeds 30% of the gas stream, toxic effects are ob-
served [149]. In addition, exposure to sub-lethal concentrations of oxidants leads
to an adaptive response which protects cells against subsequent exposure to
higher concentrations of oxidants [150, 151]. Different oxidants confer some-
what different responses in S. cerevisiae, the most studied ones being H,O, and
menadione, which produce superoxide anions in the cells [148, 152, 153].

Cells use both enzymatic and non-enzymatic systems in the defence against
oxidative stress (reviewed by [143]). In S. cerevisiae, glutathione, metal-
lothioneins, thioredoxin, glutaredoxin and possibly trehalose and flavohaemo-
globin act as non-enzymatic defence systems. The enzymes used in the protec-
tion against reactive oxygen species are catalases and superoxide dismutatases.
In addition, as glutathione and thioredoxin reductases require NADPH, the pen-
tose phosphate pathway plays an important role in defence against oxidative
stress [154].

The transcriptional responses to oxidative stress are mediated by Yaplp,
Skn7p and Msn2p/4p transcription factor,s of which Msn2p/4p is also involved
in the regulation of general stress response evoked by many stress situations [64,
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155-157]. As a response to oxidative stress, Yaplp relocalises from the cyto-
plasm to the nucleus, inducing the transcription of its target genes. [157]. Yaplp
and Skn7p regulate a partially shared group of target genes. Skn7p and Yaplp
are needed for induction of catalase, superoxide dismutase and of proteins of the
thioredoxin system whereas only Yaplp upregulates the genes related to the
glutathione system and the pentose phosphate pathway [63].

1.7 Genome-wide studies on responses to oxygen

Although major changes in the physiology of S. cerevisiae under anaerobic con-
ditions are observed, only 23 genes, for most of which the function is unknown,
are essential only under anaerobic conditions [158]. In addition, of 1300 genes
that are essential for aerobic growth only 33 are not required for anaerobic
growth. Interestingly, these genes are not regulated by oxygen [158]. Further,
gene regulation under anaerobic and aerobic conditions also depends on other
factors such as carbon or nitrogen source [159, 160]. Ter Linde and co-workers
identified 369 genes which had highly different levels of expression in aerobic
and anaerobic glucose-limited conditions [161]. The genes that had the greatest
differences between the two conditions included those involved in respiration,
oxygen toxicity and fatty acid oxidation, and also included many with unknown
functions. Piper and co-workers also compared the aerobic and anaerobic tran-
scriptome of S. cerevisiae under glucose limitation and found 877 transcripts to
be differentially expressed [162]. Tai and co-workers found that only 155 of
these genes responded consistently to anaerobiosis under four different macronu-
trient limitations [160]. These genes included those of transport, cell wall or-
ganisation, metabolism and energy and once again, 55 of them were of unknown
function.

Lai and co-workers studied the transcriptome of yeast during transition from
aerobic to anaerobic conditions in batch cultivations on galactose and glucose
[163, 164]. On galactose, DNA replication and repair-, cell cycle-, rRNA proc-
essing and protein synthesis -related networks controlled by Fhilp, MCB, SCB,
PAC and RRPE transcription factor binding sites were transiently downregu-
lated. At the same time, the Msn2/4p controlled networks related to import and
utilisation of different carbon sources were transiently upregulated. These re-
sponses, which were not seen on glucose, are similar to the general stress re-
sponse in S.cerevisiae. These responses were suggested to result from cessation
of respiration, which is not as significant on glucose due to the already low ac-
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tivity of respiration under conditions of glucose repression [163]. In accordance
with this hypothesis, it was shown that treatment of galactose-grown cells with
the respiratory chain inhibitor antimycin A leads to a similar transient transcrip-
tomic response to that resulting from anoxia [165]. On both glucose and galac-
tose, slower responses of Haplp, Hap2/3/4/5p, Rox1p, Upc2p and Mot3p —
regulated networks were observed [163, 164]. Lai et al. also studied the tran-
scriptional response after re-oxygenation and found that this response was simi-
lar in both glucose and galactose and dominated by Yaplp-controlled networks
related to oxidative stress and networks regulated by heme [164]. In a study of
Kundaje by co-workers (2008), a machine learning algorithm was used to inte-
grate information about the oxygen-related regulation in S. cerevisiae. The re-
sults indicated that the network of oxygen regulation is significantly different
from the general stress response network [166].

On the proteome level, less is known concerning the effect of oxygen than on
the transcriptional level. The proteome of S. cerevisiae has been compared in
anaerobic and aerobic glucose-limited conditions and during growth on xylose
[44, 167, 168]. Bruckmann and co-workers used 2D electrophoresis and reported
differences mainly in cytoplasmic proteins involved in energy metabolism, c-
compound and carbohydrate metabolism. Altogether 110 spots were identified,
the levels of which differed more than twofold between aerobic and anaerobic
conditions [168]. De Groot and co-workers used methods based on mass spec-
trometry and were able to quantify and identify 474 proteins. The results of the
study of de Groot and co-workers indicated that glycolysis, amino-acyl-tRNA
synthesis, purine nucleotide synthesis and amino acid biosynthesis are regulated
on the post-transcriptional level [44]. The levels of proteins involved in transla-
tion and synthesis of precursor molecules for translation were on a higher level
under anaerobic than aerobic conditions, even though the overall translation rate
was equal under both conditions. The authors suggested that this could be due to
an increased need for synthesis of glycolytic proteins, which represent a substan-
tial percentage of cellular protein [44].

1.8 Glucose transport

Glucose and fructose are the preferred carbon and energy sources for S. cere-
visiae [169]. Generally, Crabtree-positive yeasts such as S. cerevisiae utilise
only facilitated-diffusion glucose-transport systems, whereas high-affinity pro-
ton-symport mechanisms with much lower Km values for glucose are common
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in Crabtree-negative yeasts and are used by them under glucose-limited condi-
tions [25, 170-172]. The facilitated-diffusion glucose-transport system of S.
cerevisiae is encoded by 20 genes, of which 18 encode transporters (Hxtlp-
Hxt17p, Gal2p) and two encode sensor proteins (Snf3p, Rgt2p) [173, 174]. The
diversity of the transporters gives S. cerevisiae the ability to utilise efficiently
different levels of glucose.

The transporters encoded by HXT1 to HXT4 and HXT6 to HXT7 are consid-
ered to be the major hexose transporters in S. cerevisiae. These transporters have
been classified as high (Hxt6p, Hxt7p), moderately low (Hxt2p, Hxt4p) and low
(Hxtlp, Hxt3p) affinity transporters. However, Hxt2p exhibits both high and low
affinity transport kinetics in cells grown on low glucose concentration [175]. In
addition, HXT5 encodes a moderately low affinity transporter, the specific func-
tion of which is not known [176]. However, it is known to be regulated by
growth rate, osmolarity, sporulation and glucose concentration [176, 177]. De-
pending on the strain background, deletion of either HXT1-7 or of all 18 hexose
transporters is needed to completely abolish growth on glucose [178, 179].

Extracellular glucose concentration sensed via the Snf3p and Rtg2p receptors
affects the transcription of the major hexose transporters [180-183] (Figure 3).
As a response to glucose, Snf3p and Rgt2p generate a signal that stimulates the
degradation of Mthlp and Std1lp via Grrlp-dependent degradation [184-186].
Mthlp and Stdlp associate with Rgtlp which represses the HXT genes [187].
The release of repression of the HXT genes requires both the degradation of
Mthlp and Std1lp and phosphorylation of Rgtlp [180]. Rgtlp is phosphorylated
by protein kinase A, which in turn is activated by the G-protein coupled receptor
Gprlp [188]. In addition, in high glucose concentrations, Rgtlp acts as an acti-
vator of the low affinity transporter Hxtlp [189]. Furthermore, the glucose re-
pression pathway mediated by Snflp-Miglp acts by repressing the expression of
genes encoding the moderately low affinity transporters HXT2 and HXT4 and
genes encoding MTH1 and SNF3 [190].
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Figure 3. Regulation of genes encoding the major hexose transporters. Positive regula-
tion is marked by a line with an arrowhead and negative regulation by a line with a bar at
the end. The figure is adapted from Kim and Johnston 2006 [188].

HXT8-HXT17 encode transporters with mainly unknown functions. Although the
expression of all but HXT11 and HXT12 is regulated by extracellular glucose
concentration, the expression levels of all these genes is very low both under
glucose limitation and glucose excess [183, 191]. Some of these transporters
may function in the transport of other compounds than glucose. Transporters
encoded by HXT9 and HXT11 are involved in drug resistance process [192], and
Hxt9p and Hxt10p are able to transport arsenic trioxide into the cell [193]. In
addition, HXT17 contains a binding site for Maclp transcription factor, which
regulates copper-uptake genes under copper-deficient conditions [194, 195].
Further, HXT13 and HXT17 are induced on non-fermentable carbon sources and
HXT17 is upregulated in cells grown on medium containing galactose and raffi-
nose at pH 7.7, but not at pH 4.7 [196].
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1.9 Aims of the study

Oxygen has a major effect on cellular metabolism. The general aim of this study
was to obtain further knowledge on the regulation of the metabolism of S. cere-
visiae in regard to oxygen provision. This knowledge would greatly benefit the
planning of new bioprocesses and the control of those already in use.

In the beginning of this work, most of the studies available had concentrated
on comparing the fully aerobic and fully anaerobic growth of S. cerevisiae
whereas less data existed on oxygen-limited conditions. Especially the genome-
wide data and studies combining simultaneous measurements of different levels
of metabolism were lacking. In addition, it was not known whether previous
adaptation to oxygen-restricted conditions prepared the cells to sudden oxygen
depletion, compared to cells grown under fully aerobic conditions.

Although glycolysis has a central role in the metabolism of S. cerevisiae, the
control of this pathway is still not fully understood. One of the controlling
mechanisms has been suggested to be the transport of hexoses into the cell.
Oxygen greatly affects the glucose uptake rate and the flux through glycolysis.
Thus this study aimed at determining out how the glucose transporters are regu-
lated by the availability of oxygen.

The specific aims of this study were

1) to compare the physiology of Saccharomyces cerevisiae under condi-
tions of different oxygen provision by using measurements of multiple
levels of metabolism

2) to study the responses of transcriptome and intracellular metabolites to
changes in oxygen availability

3) to analyse the effect of oxygen provision on the expression of genes be-
longing to the hexose transporter gene family.
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2. Materials and methods

2.1 Summary of methods

Materials and methods are described in detail in the original articles I-1V. Meth-
ods are summarised in Table 1.

Table 1. Methods used in this study.

Method Study

Biomass determination |
Enzyme activity assays ]
Extracellular metabolite analysis |
Intracellular metabolite extraction and analysis |
Microarray analysis I, 1Iv
Protein identification ]

RNA extraction 1, Iv
Sequencing Il

Steady state chemostat cultivations of S.cerevisiae [ TY
Time-course chemostat cultivations of S.cerevisiae [ {11V
TRAC I,

2DE proteome analysis ]
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2.2 Chemostat cultures

Chemostat cultures and analyses carried out in this study are summarised in
Table 2.

Table 2. Chemostat cultivations carried out in studies I-IV and in unpublished studies and
the analyses of these cultivations.

Cultivation Analyses Study
Steady state cultures receiving Extracellular metabolite analysis |
0, 0.5, 1.0, 2.8 or 20.9% oxygen Intracellular metabolite analysis |

Transcription analysis using TRAC I,
Transcription analysis using microarrays 1
Proteomics analysis using 2DE 1
Enzyme activity measurements 1

Time course analysis from aerobic Extracellular metabolite analysis |

(0.5, 1.0, 2.8 or 20.9% oxygen) Intracellular metabolite analysis |

to anaerobic conditions Transcription analysis using TRAC I,
Transcription analysis using microarrays 1\

Time course analysis from anaerobic | Extracellular metabolite analysis I, PYFF3,

to aerobic (1.0 or 20.9% oxygen) Intracellular metabolite analysis unpublished

conditions Transcription analysis using TRAC results
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3. Results

3.1 Cultivations and physiology (1)

In order to study the effects of oxygen on S. cerevisiae, both steady state and
time-course analyses were used. In the steady state setup, cells were grown in
glucose-limited chemostats with 0, 0.5, 1.0, 2.8 or 20.9% oxygen provision in
the incoming air. In the first time-course setup, oxygen feed was replaced with
nitrogen in cultures which initially received 0.5, 1.0, 2.8 or 20.9% O,. The cul-
tures were followed until a new anaerobic steady state was achieved (cultures
initially receiving 0.5, 1.0 and 20.9% O,) or for 4 hours after anaerobicity was
reached (cultures initially receiving 2.8% O,). In the second time-course analy-
sis, cultures initially in anaerobic steady state were given 1.0% or 20.9% O, and
followed until a new steady state was achieved or until the cultures started to
oscillate (yeast cells synchronised their cell cycle). Oscillations were observed in
cultures provided with 20.9% O,.

The biomass concentration (g L™) and the specific oxygen uptake rate (OUR)
had very strong positive correlation (>0.9) with oxygen provision in the steady
states receiving 0-2.8% O, (Table 3). In 20.9% O, the biomass concentration
and OUR were only slightly higher compared to 2.8% O,. The specific carbon
dioxide evolution rate (CER), the specific glucose consumption rate and the
specific ethanol production rate had high (>0.7) negative correlation to oxygen
provision in 0-2.8% O,. However, in 20.9% O, CER, specific glucose consump-
tion rate and specific ethanol consumption rate were only slightly lower than in
2.8% 0,. Glycerol was produced only under anaerobic conditions. The main
difference between 2.8% and 20.9% O, was that 20.9% O, sustained fully respi-
ratory metabolism, as no ethanol was produced at this level of oxygen provision (1).
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Table 3. Physiological parameters in glucose-limited chemostat cultivations of
CEN.PK113-1A under provision of 0, 0.5, 1, 2.8 or 20.9% oxygen (I).

3. Results

0% 0.5% 1.0% 2.8% 20.9%
Oxygen solubility 0 6 12 34 250
(M)
Biomass 1.0 £0.02 2.1 £0.02 3.0+ 0.03 4.8 +0.05 5.0+ 0.03
gL
Yield (x/C) 0.12+0.03 | 0.27+0.01 | 0.36 +0.03 | 0.56 +0.01 | 0.60 £ 0.01
(Cmol Cmol-")
Specific OUR 0 12+0.02 | 1.7+£0.02 | 25+0.04 | 2.7+0.04
[mmol (g DW)'h™]
Specific CER 11.3+0.30 4.6 £0.06 3.7+0.04 3.0+ 0.03 2.6+0.03
[mmol (g DW)'h™]
Specific glucose 37.1+3.0 143+11 114+ 0.5 8.0+0.3 6.6+ 0.5
consumption rate
[Cmol (g DW)'h™
Specific ethanol 16.7+16 | 55+05 | 3.2:02 | 0.2+0.01 0
production rate
[Cmol (g DW)'h™]
Specific glycerol 3.0+£0.3 ND** ND ND ND
production rate
[Cmol (g DW)'h™]

* Solubility of O, in pure water at 30°C
** Not determined

In the time-course experiments in which oxygen (0.5-20.9%) was replaced with
nitrogen, the ethanol and glycerol concentrations started to increase within one
hour of the switch (I, Figure. 3). Biomass concentration also started to decrease
almost immediately, but the cells continued to grow at a rate of 0.06 h™ during
the washout and returned to 0.1 h™* after approximately 15 hours. A new steady
state was achieved in 36 hours (1).

When the initially anaerobic cultures were given 1.0 or 20.9% O,, biomass ac-
cumulation and oxygen uptake started after two hours. Between 2 and 10 hours
cultures receiving 1.0% and 20.9% O, had specific growth rates of 0.21 h™* and
0.32 h™, respectively. After 10 hours, the growth rate of 0.1 h™ was restored. In
both cultures receiving 1.0 or 20.9% O,, glycerol production stopped as soon as
oxygen was present in the environment and glycerol was washed out of the cul-
ture at a rate of ~0.13 h-1. In cultures receiving 20.9% O,, ethanol was washed
out at the dilution rate for the first 2 to 3 h, and then at rates up to ~0.81 h-1 until
all ethanol was removed. In cultures receiving 1.0% O,, ethanol production con-
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tinued after the shift at a slower rate than before the shift and ethanol was re-
moved from these cultures at a rate of 0.04 h™ [197], (II).

3.2 Intracellular metabolites (I)

The concentrations of metabolites of upper glycolysis (G6P, F6P, FBP) and the
TCA cycle (citrate, succinate, fumarate, malate) were higher in the anaerobic
than in the aerobic conditions as were the concentrations of pyruvate, 6-
phosphogluconate (6PG), combined pentose phosphate pool and mannose 6-
phosphate. Concentrations of the metabolites of lower glycolysis (2PG+3PG,
PEP) and trehalose 6-phosphate (T6P) were lower under anaerobic than under
aerobic conditions (I, Figure. 1).

When the aerobic (0.5-20.9% O,) conditions were turned to anaerobic, the lev-
els of metabolites started to change immediately (within 10 minutes) and mostly in
the direction predicted on the basis of the steady state data. However, it took 30
hours before they had reached the new steady state level. Furthermore, the concen-
trations of most of the metabolites responded similarly independently of the initial
oxygen concentration. Clear exceptions were T6P, which showed transient
upregulation in 0.5-2.8% O, before the final downregulation, and 6PG, which
showed transient downregulation in the 1.0% and 20.9% O, before the final
upregulation. In addition, decrease in concentration of 6PG was observed already
at 0.2 hours in the initially fully aerobic cultures, whereas in the initially oxygen-
limited cultures the decrease was not seen until 3 hours (I, Figure 4 and Figure 5).

When oxygen (1.0 or 20.9%) was added to anaerobic cultures, the levels of
TCA cycle intermediates and FBP decreased within 1 to 2 h, whereas the levels
of metabolites of lower glycolysis increased. Generally, changes in the metabo-
lite concentrations required more than 10 minutes. Similar changes were ob-
served with 1.0% and with 20.9% O, [197].
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3.3 Transcriptional analyses (I, II, IlI, 1V)
3.3.1 Targeted analysis using TRAC (I,Il)

3.3.1.1 Analysis of central carbon metabolism (1)

Transcription of 71 selected genes, mostly related to the central carbon metabo-
lism, was measured with the TRAC method. 92% of these genes showed signifi-
cant (p<0.05) differences in their expression between the fully aerobic (20.9%
0,) and anaerobic conditions, most of them having higher expression levels in
aerobic than anaerobic conditions. Only ADH1, COX5h, ACS1 and PYC1 were
more highly expressed under anaerobic than under aerobic steady state condi-
tions. Expression of most of the genes related to glycolysis was on the same
level in 0 to 1.0% O, whereas higher levels were observed in 2.8% than in lower
oxygen levels. The expression of genes related to the TCA cycle showed higher
levels already at 0.5% O, than under anaerobic conditions. Most of the genes
related to the pentose phosphate pathway (PPP) showed higher expression levels
in 2.8% O, than in the lower oxygen concentrations. In total, 50% of all the
genes measured showed significant differences in expression between 2.8 and
20.9% O, (I, Figurel).

During the time-courses from aerobic (0.5-20.9% O,) to anaerobic conditions,
the expression levels of many genes did not change during the first hour or in
some cases even during the first 8 hours. Many genes showed transient re-
sponses of both down- and upregulation. The duration of these responses was
affected by the initial level of oxygen provision. Glycolytic genes generally
showed no downregulation until 24 hours after the shift and some of them
showed transient upregulation. The genes of the TCA cycle were downregulated
already 2 to 3 hours after the shift. Most of the genes related to the PPP showed
either transient of permanent downregulation, but transient upregulation was
also observed. Genes related to ethanol consumption, respiration and some genes
involved in acetate metabolism were consistently downregulated within 1 hour
(1, Figure 6 and Figure7).

During the time-courses from anaerobic to aerobic (1.0 or 20.9% O,) condi-
tions, most glycolytic genes were transiently downregulated within 10 min after
the shift. Most TCA cycle genes were upregulated after 2-3 hours. Provision of
1.0% O, had little effect on the genes of the PPP whereas GND1, ZFW1 and
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TKL1 were upregulated as a response to provision of 20.9% oxygen. In general,
the level of oxygen provision affected the transcriptional responses [197].

3.3.1.2 Analysis of hexose transporters (Il)

The transcription of HXT2, HXT4 and HXT5, encoding for moderately low affinity
transporters was on a higher level in the fully aerobic (20.9% O,) than in any of
the intermediate oxygen or anaerobic conditions (I, Figure. 1). The transcription
of HXT6, encoding for a high affinity transporter, and HXT13 and HXT15/16,
encoding for transporters with unknown functions, was on a higher level under the
intermediate oxygen conditions compared to either the fully aerobic or anaerobic
conditions. The expression of HTX7, encoding for a high affinity transporter with
high similarity to the protein encoded by HXT6, reached its highest level in 2.8%
and 20.9 % O,. None of the HXT genes showed higher level of transcription in the
anaerobic than under the fully aerobic conditions. Expression of HXT9, HXT14
and GAL2 was not detected under the conditions studied (I1).

As a response to the change in oxygen provision (from 1.0 or 20.9% O, to an-
aerobic and vice versa), the transcription of most of the hexose transporters
HXT1 to HXT7 changed either transiently or permanently. The permanent
changes were in the direction predicted from the steady state analysis. The tran-
sient changes were affected by the level of aeration.

As a response to lack of oxygen in the cultures which were initially fully aero-
bic, HXT1, HXT2, HXT4 and HXT5 were downregulated, HXT6 was perma-
nently upregulated and HXT3 and HXT7 were transiently upregulated. While
HXT1-HXT4 and HXT6-HXT7 responded in 0.2-1 hours, the transcription of
HXTS5 remained unchanged for the first 3 hours. Lack of oxygen in the cultures
which were initially oxygen-limited, led to responses of some of the HXT genes
which were clearly different than those observed in the initially fully aerobic
cultures. HXT1, HXT4, and HXT7 were either transiently or permanently down-
regulated and HXT3, HXT5 and HXT6 were transiently upregulated before
downregulation. In addition, HXT2 was upregulated.

During transition from the anaerobic to the fully aerobic conditions, HXT3,
HXT6 and HXT7 were downregulated and HXT2 and HXT4 were upregulated
either transiently or permanently. HXT5 was downregulated before final upregu-
lation. The responses to oxygen provision were similar, but not exactly the same
when limited oxygen was provided, compared to 20.9% oxygen provision. When
limited oxygen was provided to the anaerobically grown cells, HXT2 was per-
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manently and HXT6 transiently downregulated. HXT4 was transiently and HXT5
permanently upregulated.

In general, the responses of the transporter genes HXT8 to HXT17 were
weaker than the responses of HXT1 to HXT7. The highest responses were ob-
served for HXT13 and HXT15/16 when the oxygen provision was changed from
oxygen-limited to anaerobic and vice versa. As a response to lack of oxygen in
oxygen-limited conditions, HXT13 and HXT15/16 were downregulated and as a
response to limited oxygen under anaerobic conditions, these genes were
upregulated. During the transitions between fully aerobic and anaerobic condi-
tions the expression of HXT13 and HXT15/16 did not change (I, Figure 2 and
Figure 3).

3.3.2 Global analysis using microarrays (I, 1V)

3.3.2.1 Different levels of oxygen provision (lll)

The level of oxygen provision, not only the presence and absence of oxygen,
affected a significant part of the transcriptome of S. cerevisiae. The expression
of 3435 genes had significant (p<0.01) differences under five steady state condi-
tions studied (0, 0.5, 1.0, 2.8 and 20.9% O,). However, the expression level of
only a few genes correlated strictly with oxygen concentration in the feed gas
(1. The main differences in the transcriptome were observed between the fully
aerobic, intermediate oxygen and anaerobic conditions. Especially the levels of
0.5 and 1.0% oxygen were very similar to each other: only 10 genes were found
to have significant (p<0.01) differences in their expression levels between these
two conditions (I11, Figure 1 and Table 1).

Analysis of gene expression data with fuzzy c-means clustering resulted in 22
clusters with different expression profiles (11, Figure 2). The promoters and 3’
untranslated regions (3’UTRs) of the genes in these clusters were analysed for the
most informative regulatory motifs. 17 transcription factor binding sites and 7
3’UTR motifs, of which some had significant co-occurrence and/or co-localisation
patterns, were identified (lll, Figure 3) In addition, GO categories and KEGG-
pathways over-represented in these clusters were analysed (11, Table S1).

Under conditions of intermediate oxygen availability (0.5-2.8 % O,), the
genes related to oxidative phosphorylation, TCA cycle and metal ion homeosta-
sis were more highly expressed than under either aerobic or anaerobic condi-
tions. These genes included nearly all the genes (34 out of 37) encoding the nu-

39



3. Results

clearly-encoded subunits of the respiratory chain complexes and all but three of
the genes encoding for the main enzymes of the TCA cycle. Of the genes encod-
ing the main enzymes of the TCA cycle, FUM1, LSC1 and LSC2 had their high-
est expression under fully aerobic conditions. The promoters of genes of the
respiratory pathway and the TCA cycle were enriched in binding sites for
Hap2/3/4/5p transcription factor and for two previously undescribed 3’UTR
elements. In addition, many respiratory enzymes contain metals and accordingly,
9 out of 16 genes known to be involved in transport of iron from the extracellu-
lar medium to the cytosol had higher expression levels in 2.8% than 20.9% O,.

In addition to the respiratory pathways, several genes related to the MAPK
signalling pathway of mating and filamentous growth had their highest levels of
expression under the intermediate oxygen conditions. The genes encoding tran-
scription factors Stel2p and Teclp, that are activated by these MAPK pathways
and control the expression of genes needed in mating and filamentous growth
[198, 199], also showed the same behaviour.

In contrast to the respiratory pathways, most genes related to the mitochon-
drial protein synthesis and import were present at higher levels under all oxygen-
limited and anaerobic conditions, compared to the fully aerobic conditions.
These genes were enriched for Puf3p 3’UTR motif.

Lipid metabolism was highly affected by the oxygen level provided. Genes en-
coding activities of fatty acid p-oxidation and genes related to peroxisomal bio-
genesis had their highest levels of expression under the fully aerobic conditions
and similar, lower levels of expression under all three intermediate oxygen levels.
In the anaerobic conditions, the expression levels of these genes were similar to or
even lower than under the intermediate oxygen conditions. The genes encoding
known regulatory elements of these genes, namely PIP2 and OAF1 [200] were
also found to be similarly expressed. The genes related to sterol synthesis and
uptake had either the lowest level of expression in the intermediate oxygen or
were transcribed at a lower level under all oxygen-containing conditions, com-
pared to the anaerobic conditions. In the promoters of these genes two putative
transcription factor binding sites with strong positive co-occurrence were over-
represented. One of these motifs corresponded to AR1 and SRE motifs which are
known to function in the regulation of genes of ergosterol biosynthesis [112, 201].

Stress-related effects were also seen in the data. Binding sites of several
stress-related transcription factors (Msn2p/Msn4p, Gislp and Xbplp) [202-204]
were identified in the promoter analysis of clustering results. Binding sites for
the transcription factors Msn2p, Msndp, Gislp were over-represented among
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genes in two clusters which were enriched in genes belonging to the GO cate-
gory of response to stress. In one of these clusters, the expression level of genes
was on similar level in 0 to 1.0% O,, on the lowest level in 2.8% O, and the
highest level under fully aerobic conditions. The genes in the second cluster had
their lowest levels of expression under the anaerobic conditions, similar, inter-
mediate level of expression under the intermediate oxygen conditions and the
highest level of expression under the fully aerobic conditions. In the second clus-
ter binding sites for Ume6p and two unknown sites were also over-represented.
In addition, the gene encoding Xbpl was a member of this cluster and the bind-
ing site of Xbplp was under-represented in the promoters of genes of this clus-
ter. Furthermore, the binding site for Xbpl was over-represented in two clusters,
the expression profiles of which negatively correlated with the expression level
of XBP1. The four core bases of binding site of Xbpl were found in the promot-
ers of approximately 70% of the genes in these clusters. Many of these genes
were related to cell division and cell wall organisation.

Of the genes of the central carbon metabolism, major changes in the expres-
sion of genes of the PPP were observed. The expression of genes encoding the
minor isoforms of enzymes of the PPP had their highest level of expression un-
der the fully aerobic conditions, lower level of expression in the intermediate
oxygen and lowest expression under the anaerobic conditions. The expression of
genes encoding the major isoforms of the PPP enzymes was not significantly
affected by oxygen concentration.

3.3.2.2 Change in oxygen provision (IV)

In order to study the dynamics of transcriptional regulation by oxygen, time-
course analysis was performed. Steady state cultures, which were initially fully
aerobic (20.9% O,) or oxygen-limited (1.0% O,), were switched to anaerobicity
and followed until a new steady state was obtained. Whereas the transcriptional
response to oxygen depletion was faster in the initially oxygen-limited than in
the fully aerobic cultures (I1V, Figure 1), the overall patterns of gene expression
were very similar. 1169 genes responding to lack of oxygen showed a correla-
tion of >0.9 in their expression profiles (1V).

The multidimensional reporter features algorithm was used to analyse the
transcriptional responses in the context of the network of all known interactions
between transcription factors and other regulatory proteins and genes [205]. The
analysis identifies the features of which the surrounding genes have had highly
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correlated expression in the time series. The regulators shared by and specific for
the two initial conditions are summarised in Table 4.

Analysis of gene expression data with fuzzy c-means clustering resulted in 24
and 22 clusters with different expression profiles in the initially fully aerobic and
oxygen-limited cultures, respectively (1V, Figures 2 and 3). The promoters and
3’ untranslated regions (3’UTRs) of the genes in these clusters were analysed for
the most informative regulatory motifs. In the initially fully aerobic cultures, 8
transcription factor binding sites and 4 3’UTR motifs were identified (1V, Figure
S1). In the initially fully aerobic cultures, 14 transcription factor binding sites
and 8 3’UTR motifs were identified (IV, Figure S2). In addition, GO categories
and KEGG-pathways over-represented in these clusters were analysed (1V, Ta-

bles S2 and S3).

Table 4. Reporter features identified when initially fully aerobic (20.9% O.) or oxygen-
limited (1.0% O3) cultures were switched to anaerobicity.

20.9% and 1.0% O

specific for 20.9% O,

specific for 1.0% O,

Growth

BAS1, RAP1, IFH1, RSC30,
ESA1, GTS1

Protein degradation
RPT6, SNF7

Stress

MSN2, MSN4, HSF1, HOG1
Fatty acid B-oxidation
OAF1, PIP2

Sterol biosynthesis
UPC2

Carbon-source regulation
ADR1

Vesicle trafficking

SLY1

Methionine biosynthesis
MET1

Growth

LYS14, AMA1

Protein degradation
RPT4

Stress and nutrient limitation
TPK2, RAS2, HAA1
Metabolic kinases
SNF1, SNF4

Glycolysis

GCR1

Response to copper ion
CuUP2

Unknown function
RIM9

Growth

SFP1, MBP1

Protein degradation
RPN4

Heme

HAP2/3/4/5, HAP1
Methionine biosynthesis
MET4

Arginine transport
YHC3

Both culture conditions responded to the lack of oxygen by transient downregu-
lation of genes related to growth and cell proliferation (amino acid and purine
metabolism, ribosomal biogenesis, RNA processing, biogenesis of RNA poly-
merases and genes related to cell cycle and DNA replication and repair). Some
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of the clusters containing these genes showed more rapid responses in the oxy-
gen-limited cultures, but mostly the gene expression patterns were similar under
the two conditions studied. Under both conditions, PAC motif and binding sites
of transcription factors Raplp and Xbplp were over-represented in the promot-
ers of the genes belonging to these clusters. Under the fully aerobic conditions,
two putative 3’UTR motifs were over-represented. One of these motifs was also
identified in a shorter form under the oxygen-limited conditions. Additionally
under the oxygen-limited conditions, RRPE motif, binding sites of transcription
factors Baslp and Swidp, and 3’UTR motifs for binding of Pufdp and Puf5p
were over-represented.

Specifically, the genes related to biosynthesis of the amino acid methionine
and to sulphate assimilation were rapidly and transiently downregulated in both
the fully aerobic and the oxygen-limited cultures. In the fully aerobic cultures,
the response of these genes was over after 1 h whereas in the oxygen-limited
cultures the recovery was complete only after 8 hours.

Transient downregulation was also seen in the transcription of genes related to
mitochondrial translation and protein targeting to mitochondria in both culture
conditions studied. In the fully aerobic cultures, the expression of these genes
recovered to a higher level than in the initial steady state. Under both conditions,
3’UTR motif for binding of Puf3p was over-represented in the clusters contain-
ing these genes.

Transient upregulation of genes related to protein degradation mechanisms
was observed in both the fully aerobic and the oxygen-limited cultures. In the
oxygen-limited cultures, binding sites of Msn2p/Msn4p, Gislp, Rpn4p and one
putative transcription factor binding site were enriched among genes related to
protein degradation. Furthermore, genes related to reserve energy metabolism
(storage and degradation of trehalose and glycogen) were transiently upregulated
in both cultures. In the oxygen-limited cultures, binding sites of Msn2p/Msn4p,
Gislp and Umeb6p, a putative transcription factor binding site and a putative
3’UTR motif were enriched among these genes.

Under both culture conditions, genes related to fatty acid oxidation, perox-
isomal biogenesis and response to oxidative stress showed downregulation to-
wards the anaerobic steady state. In the initially oxygen-limited cultures binding
site of Ume6p, one putative transcription factor binding site and two putative
3’UTR motifs were over-represented in the cluster containing these genes. Fur-
thermore, in the initially oxygen-limited cultures, some genes related to fatty
acid oxidation and peroxisomal biogenesis, together with genes related to re-
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sponse to oxidative stress, genes of oxidative phosphorylation, TCA cycle and
pentose phosphate pathway were transiently upregulated before the final down-
regulation.

Genes related to transport of different compounds responded to lack of oxygen
in both the initially fully aerobic and oxygen-limited cultures. Genes related to
sterol and iron transport and cell wall biogenesis were upregulated towards
steady state. In the initially oxygen-limited cultures the upregulation did not start
until after 3 hours whereas in the fully aerobic cultures, a response was seen
already at 0.2 hours. Under both culture conditions, genes encoding phosphate
transporters were transiently upregulated as a response to lack of oxygen. Fur-
thermore, many genes related to uptake of amino acids and other nitrogen con-
taining metabolites responded by either transient or permanent upregulation
during the adaptation to anaerobic conditions in both cultures (1V, Figure 4).

Additionally, the redox cofactor NADH was identified as a Reporter Metabolite
after 24 h, when the anaerobic steady state was established, independent of the
initial metabolic state, but in the initially fully aerobic cultures NADH was identi-
fied as a Reporter also in the earlier phase of adaptation, between 1 and 3 h. In the
initially oxygen-limited cultures, the cofactor NADPH was identified as a Re-
porter Metabolite between 1 and 3 h after the switch to anaerobic conditions.

The responses of the genes related to central carbon metabolism were seen in
the clustering analysis and were further studied by the Reporter metabolite
analysis. If genes encoding the enzymes producing and/or consuming a metabo-
lite have significantly differential gene expression between different time points,
the metabolite is defined as a reporter by the Reporter metabolite algorithm
[206]. The Reporter metabolite analysis revealed that the temporally differential
expression of the genes encoding the enzymes of central carbon metabolism as a
response to oxygen depletion was dependent on the initial metabolic state of the
culture (1V, Figure 7). The metabolites of the pentose phosphate pathway and
the upper glycolysis were identified as reporters between 0 and 0.2 hours in the
initially oxygen-limited cultures whereas in the initially fully aerobic culture
metabolites of the pentose phosphate pathway and glyoxylate cycle were identi-
fied as reporters between 0.2 and 1 hours. In the initially fully aerobic cultures,
the metabolites of the TCA cycle and cofactor NADH responded after 1 and 3
hours. Additionally, NADH was identified as a reporter between 1 and 3 hours
and between 24 and 79 hours. In the initially oxygen-limited cultures, NADPH
was identified between 1 and 3 hours. In the clustering analysis, it was observed
that in the initially oxygen-limited cultures, genes of NADPH regeneration and
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the pentose phosphate pathway were either transiently downregulated (TAL1,
TKL1, SOL3, RKI1, GND1) or showed transient upregulation before final
downregulation (SOL4, GND2, TKL2), whereas in the initially fully aerobic
cultures, these genes were transiently (TAL1, TKL1, RKI1, GND1, ADHS,
PYC2) or permanently (SOL4, GND2, TKL2) downregulated.

3.3.3 Comparison of TRAC and microarray analyses (l, Ill, IV)

The gene expression levels of selected genes related to central carbon metabo-
lism were measured with the TRAC and Affymetrix methods (I, 111, 1V) and the
results of these analyses were compared for the steady state data (111) and for the
data from initially fully aerobic time-course analysis (data not published). For
the initially oxygen-limited cultivation, the comparison was not performed since
separate cultivations had been performed for the TRAC and Affymetrix analysis
and the sampling points were not exactly the same. In addition, the expression
levels of HXT genes were measured with both these methods (I1, 111, 1V), but the
Affymetrix measurements were not reliable for all these genes because of high
sequence homologies in the coding regions of the genes. The probes used in the
TRAC analysis were manually designed so that these homologies were taken
into account (I1).

In the steady state data 61 of the 71 selected genes related to central carbon
metabolism showed statistically significant differences in their expression levels
with both the Affymetrix (p<0.01) (I1l) and the TRAC (p<0.05) (I) methods.
Most of the genes (16) that showed >3-fold differences in their expression in the
different oxygen levels also showed a high average correlation of 0.8 between
the TRAC and the Affymetrix analyses. The genes (13) that showed 2- to 3-fold
difference in their expression had a good average correlation of 0.6. Finally, the
genes (24) that showed <2-fold difference in their expression had a low average
correlation of 0.2. However, five of these genes also had a good correlation of
>0.7. The genes that showed >2-fold differences in their expression levels and
had low correlation between the TRAC and the Affymetrix data were GPD2,
CIT2, ACS1, HAP1, MAEL1L and PCK1, the signals of the three latter genes being
very close to the detection limit using TRAC (l11).

In the time-course data of the cultivations in which fully aerobic conditions
were turned anaerobic, 48 of 67 selected genes had significant changes in their
expression levels. 41 of the 48 genes showed good correlation of >0.6 between
the two methods. Of the 7 genes that showed correlation <0.6, 5 showed <2-fold
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differences in their expression levels. The two showing >2-fold differences in
their expression and low correlation between the TRAC and the Affymetrix data
were CIT2 and CIT3.

3.3.4 Comparison of transcriptional, proteomics and enzyme
activity analyses in different oxygen concentrations (ll1)

2D gel analysis of cells cultivated in five different levels of oxygen provision
resulted in a proteome dataset of 484 protein spots. Of the 484 spots, the intensi-
ties of 145 differed significantly (p< 0.01) when the cells were provided differ-
ent levels of oxygen. In all the levels of oxygen provision studied, the Pearson’s
correlations between proteins identified in the 2D gels and the mRNA levels of
the corresponding genes in the transcriptome were similar, with r-values be-
tween 0.41 and 0.55 (I11). For a more detailed comparison, the 107 protein spots
from the 2D gels and the corresponding transcripts that showed significant dif-
ferences between the different oxygen levels were hierarchically clustered (111,
Figure 5). The clustering analysis revealed that for many protein and transcript
pairs, correlation of expression levels was high in 0, 1, 2.8 and 20.9% O, and
low in 0.5% O,.

Enzymes of the TCA cycle and proteins involved in respiration showed either
a slight increase in quantity (1.5- to 2-fold) under the intermediate oxygen condi-
tions (0.5-2.8% O,) compared to the fully aerobic and the anaerobic conditions,
or a strong increase (3 to 64-fold) under the fully aerobic conditions, or did not
differ in the different levels of oxygen provision. Activities of the enzymes of
the TCA cycle could not be measured directly, but the combined activities of all
isoforms of the enzymes citrate synthase (CS), aconitase (ACO), isocitrate de-
hydrogenase (IDH) and malate dehydrogenase (MDH) were analysed from crude
cell extracts (I, Figure 4). All these enzymes showed highest activities under
the intermediate oxygen conditions and strongly correlated (correlation >0.89)
with the transcriptome data for the corresponding genes of the TCA cycle (CIT1,
ACOl, IDH1,2 and MDHL1, respectively). In the proteome analysis, only 1dh2p
and Acolp were identified: Idh2p showed increase in intermediate oxygen
whereas Acolp did not change.

Of the enzymes of the pentose phosphate pathway, Rkilp (ribose 5-phosphate
Ketol-Isomerase) and Tkl2p (transketolase 2) were identified in the proteome
analysis (111, Table S1). These showed correlations of 0.86 and 0.78 to the corre-
sponding gene expression levels, respectively. The enzyme activities of glucose
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6-phosphate dehydrogenase (G6DPH) and 6-phosphogluconate dehydrogenase
(6PGDH) and the combined activities of isoforms of transketolase (TKL) and
transaldolase (TAL) were measured (I1l, Figure 4). The activity of G6PDH
showed a correlation of 0.7 to ZWF1. The activity of 6PGDH showed correla-
tions of 0.6 and 0.3 with GND1 and GND2, respectively. The activities of TKL
and TAL had a correlation of 0.5 with TKL1 and TALL, respectively, and no
correlation to TKL2 and ORF YGRO043C, respectively.

Of the proteins involved in glucose fermentation many were found as multiple
pl isoforms which differed in relative quantities in different oxygen levels.
These included Adhlp (3 pl isoforms), Adh2p (3), Ald4p (2), Ald6p (2), Enolp
(6), Eno2p (4), Gpm1p (3), Fbalp (2) and Hxk1p (2).
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4.1 Physiological responses to oxygen

The effect of oxygen on the physiology of S. cerevisiae was studied in highly
controlled glucose-limited chemostat cultivations. Under steady state conditions
of five different levels of oxygen provision (0, 0.5, 1.0, 2.8 and 20.9%), data of
extra- and intracellular metabolites, expression of genes, levels of proteins and
levels of enzyme activities were obtained. The data obtained from the central
carbon metabolism are summarised in Figure 4 for glucose transport and fermen-
tation and in Figure 5 for the PPP and TCA cycle. In addition, the fluxes through
central carbon metabolism have been measured under these conditions and pub-
lished separately [207].

The provision of 20.9% or 2.8% O, led only to small differences in the bio-
mass concentration and the specific glucose and oxygen consumption rates. A
clear difference was that provision of 2.8% O, led to respiro-fermentative
growth, whereas provision of 20.9% O, supported purely respiratory growth.
However, only minor differences were observed in the metabolic flux distribu-
tion between 20.9% and 2.8% O, respiratory pathways also carrying the most of
the carbon flux in 2.8 % O, [207]. Interestingly, whereas the flux distribution
was similar in 20.9% and 2.8% O,, the transcriptional profiles under these two
culture conditions were clearly different. On the other hand, the provision of 0.5,
1.0 and 2.8 % of oxygen led only to small differences on the transcriptome level,
but the measurements of flux distribution under these three conditions revealed
distinct modes respiro-fermentative metabolism [207]. In addition, on the pro-
teome level differences were observed between 0.5% and 1.0% O,, suggesting
that post-transcriptional regulation mechanisms were responsible for the differ-
ent physiological modes.

After a switch from aerobic (0.5, 1.0, 2.8 or 20.9% O,) to anaerobic conditions,
considerable time (four to five generations) was needed for the cells to reach a
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new steady state regardless of the initial oxygen concentration provided. Thus, the
provision of a low amount of oxygen does not prepare yeast for full anaerobicity.
In a previous study an even longer time (>10 generations) was required for the
new transcriptional steady state to be obtained after a shift from galactose to glu-
cose [208]. Interestingly, S. cerevisiae requires more time to adapt to new condi-
tions than the filamentous fungus Trichoderma reesei, which needs less than one
generation to achieve a new transcriptional steady state [209].

4.2 Fermentative pathways, glucose transport and
reserve carbohydrate metabolism

In the steady state analysis, glycolytic genes were found to be largely unaffected
(Affymetrix) or on a slightly higher level under the aerobic than the anaerobic
conditions (TRAC), although the levels of glycolytic metabolites showed clear
differences between the conditions of different oxygen provision. However, on
the proteome level differences were seen. For many glycolytic proteins, different
isoforms were observed which showed differences in their levels in different
oxygen concentrations. These results are in accordance with earlier studies
which have shown that the regulation of glycolysis occurs mostly on the post-
transcriptional level [43, 44]. The time-course analyses also supported this ob-
servation, as the responses of the glycolytic metabolites and genes did not corre-
late with each other. Although glycolysis has been extensively studied, the exact
mechanism of its control is not known. Most probably, the control is distributed
over a number of steps [33, 210-212, 212]. One of the controlling mechanisms
of glycolysis has been suggested to be transport of glucose into the cell [39,
213]. Under conditions of restricted respiration, the carbon flux through glycoly-
sis is increased [50, 207, 214-216] and the specific glucose consumption rate is
inversely related to oxygen provided to the system. Interestingly, in the current
study, the expression levels of the genes encoding hexose transporters were not
positively correlated with the glucose uptake rate. Instead, the expression levels
of the genes encoding moderately low affinity transporters (HXT2, HXT4 and
HXT5) were low when the specific glucose consumption rate was high. It was
thus concluded that the relative increase in the high affinity compared to low
affinity transport was sufficient to allow for the higher specific glucose con-
sumption rate.

During the adaptation to anaerobic conditions a reporter metabolites of upper
glycolysis were identified only in the cultures that were initially oxygen-limited.
As upper glycolysis is the entry point of the storage carbohydrates, this response
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may be related to the regulation of genes associated with the storage and mobili-
sation of trehalose and glycogen. In fact, the concentration of T6P, an intermedi-
ate in trehalose synthesis and one of the regulators of glycolysis [217], was de-
pendent on the initial level of oxygen provision. However, in the clustering
analysis a transient upregulation of genes of reserve carbohydrate metabolism
was observed in both the initially fully aerobic and in the initially oxygen-
limited cultures. The simultaneous upregulation of genes encoding both the en-
zymes needed in the mobilisation and storage of reserve carbohydrates has pre-
viously been observed as a response to stress and has been suggested to be in-
volved in maintaining a constant glucose concentration inside the cell [218, 219].
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4.3 The respiratory pathway and the pentose phosphate
pathway

Under the steady state conditions of intermediate oxygen provision, higher levels
of the genes related to the TCA cycle and respiratory pathways was observed
compared to the fully aerobic or anaerobic conditions. The effect of this regula-
tion was also seen on the proteome level as higher concentrations of some of the
proteins of the TCA cycle and respiratory chain and in addition as higher activi-
ties of the enzymes of the TCA cycle. Furthermore, many genes related to trans-
port of iron and zinc had their highest level of expression under the conditions of
intermediate oxygen, reflecting the high demand of respiratory enzymes for
metal ions. Of the respiratory genes Hap3/4/5p complex and two putative 3’UTR
motifs were enriched. The Hap3/4/5p is suggested to play a role in the activation
of respiration during growth rates above 0.08 h™ to allow for higher respiratory
capacity [48, 123]. The findings of the current study suggest that under the con-
ditions of restricted oxygen, but not in the complete absence of oxygen the cells
also try to enhance the respiration by upregulation of respiratory genes. Under
these conditions the upregulation is not sufficient to enable fully respiratory
growth. However, it is possible that the regulation is needed to sustain respira-
tory energy metabolism, which has been observed still to account for 25 % of
ATP generation at 0.5 % O, [207]. Further, similar to the results of the current
study, maximal amounts of cytochromes (5% O,) and maximal activity of cyto-
chrome ¢ oxidase (10% O,) were observed in lower oxygen provision than that
which supported fully respiratory metabolism (26%) [83, 149].

In contrast to the expression of genes encoding the enzymes of the TCA cycle,
the intracellular levels of the TCA cycle acids were highest under the anaerobic
conditions. This in accordance with earlier studies measuring intracellular me-
tabolites under anaerobic and aerobic conditions [220]. The extracellular con-
centrations of these acids are high also in anaerobic batch cultures on glucose,
which is thought to be due to TCA cycle functioning as two branches under an-
aerobic conditions to provide biosynthetic precursors for amino acids [97, 98].

During adaptation of fully aerobic cultures to anaerobic conditions, the genes
encoding the enzymes of the TCA cycle and the respiratory pathway were down-
regulated. However, during adaptation of the oxygen-limited cultures to the an-
aerobic conditions, some of these genes were transiently upregulated. Transient
upregulation of the genes of oxidative phosphorylation and the TCA cycle has
previously been reported during adaptation to anaerobic conditions in batch cul-
tures on galactose, but not on glucose, suggesting that the response is linked to
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termination of respiration [163, 164]. It is thus interesting that the response was
not observed in the fully aerobic cultures.

The genes related to oxygen-demanding processes of fatty acid oxidation and
peroxisomal biogenesis were also transiently upregulated during the adaptation of
oxygen-limited cultures to anaerobic conditions. It has previously been observed
that the genes related to peroxisomal activities and anaplerotic reactions are
upregulated in respiratory-deficient yeast cells as a response to the loss of oxida-
tive phosphorylation, in order to increase supplies of acetyl-CoA and OAA [221].

The PPP provides precursors and reducing power for biosynthesis, but it is also
important in the protection against oxidative stress [222, 223]. In the steady state
analysis, expression of the genes encoding the main isoforms of the enzymes of
the PPP, and the combined activities of major and minor isoenzymes of PPP were
mostly unaffected by provision of oxygen, or smaller than twofold differences
were seen with exception of TAL1 in TRAC analysis. The specific flux through
the oxidative part of PPP also remains constant under the conditions studied [207].
In addition, as Yaplp-regulated pathways specific to oxidative stress were not
identified in either the reporter features analysis or the promoter analysis of clus-
tered gene expression, it appears that the oxygen concentration provided was not
too high for the cells even under the fully aerobic conditions. In the time-course
analysis, the genes encoding the major isoforms of enzymes of the PPP were tran-
siently downregulated during the adaptation to anaerobic conditions. This transient
downregulation was possibly due to the transient decrease in the growth rate and
thus decrease in the need for the biosynthetic precursors.

In contrast to major isoforms, the expression of the genes encoding the minor
isoforms of the enzymes of PPP was transiently upregulated during the adapta-
tion of oxygen-limited cultures to anaerobic conditions. Interestingly, a differ-
ence between the conditions was also observed on the metabolite level. The tran-
sient decrease in the concentration of 6PG was observed already after 0.2 hours
in the initially fully aerobic cultures whereas in the initially oxygen-limited cul-
tures the decrease was not observed until 3 hours. Further, the expression of the
genes encoding the minor isoforms of the PPP enzymes was strongly affected by
provision of oxygen in the steady state cultures. The physiological role of the
minor isoenzymes is not known. Under the steady conditions, the expression of
genes correlated to the physiological state, being highest under purely respira-
tory conditions, lowest in fermentative conditions and on an intermediate level
under respiro-fermentative conditions. This may suggest that they are beneficial
under conditions of high respiration, which hypothesis is supported by previous
findings that they are induced after diauxic shift [46].
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4.4 Growth, protein degradation and stress

In the time-course analysis, a transient downregulation of genes related to
growth and cell proliferation was observed. Especially, downregulation of both
cytosolic and mitochondrial translation machineries was observed, but genes
related to cell cycle, amino acid and purine biosynthesis and DNA replication
and repair were also downregulated. Simultaneously to downregulation of
growth-related genes, the genes encoding the protein degradation mechanisms
were transiently upregulated. These changes are shared with the phenomenon of
environmental stress response, a common response of certain patterns of genes
to a variety of stressful situations [64, 155]. It has been suggested that at least
part of this response, which also includes other processes such as reserve energy
metabolism, carbohydrate metabolism and oxidative stress defence, is actually a
response to changes in the growth rate [224]. Especially for the genes encoding
ribosomal proteins, it has been shown that in steady state chemostat cultures,
their expression is positively correlated with the specific growth-rate [225, 226].
However, it has also been suggested that under dynamic conditions their re-
sponses are regulated by the external environment rather than by the specific
growth rate [227]. This is supported by the findings that the gene expression
responds faster than the growth rate and also that no correlation between growth
rate and ribosomal gene expression has been observed during recovery from
environmental perturbations [227]. In the current study, a recovery to the origi-
nal level in the expression of the ribosomal genes was also observed within 3 to
8 h whereas the specific growth rate was below 0.1 h™ for approximately 15 h.

Among the genes related to growth and cell profiliferation, a set of transcrip-
tion factor binding sites (PAC, RRPE, RAP1, XBP1, BAS1, SWI4) was identi-
fied which may be involved in the regulation of genes. However, the rapid (10
min) downregulation seen in particular in the expression of genes encoding the
translational machineries indicates active degradation mediated by 3’UTR ele-
ments. It has been shown that in the case of heat and osmotic stress, the decay of
mRNA plays an important role [228-230]. In our dataset, two putative 3’UTR
motifs were identified in the fully aerobic cultures, whereas in the oxygen-
limited cultures PUF4, PUF5 and a putative motif were identified. PUF4 motif
is known to be involved in the decay of the mRNAs of genes related to rRNA
synthesis and processing and ribosomal biogenesis [228] whereas both PUF4
and PUF5 are associated with mRNAs encoding nuclear components [231].

The genes induced in the environmental stress response are mostly regulated
by Msn2p and Msn4p transcription factors [64, 155], and these were also identi-
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fied in the analysis of the current data. However, a pattern of other known and
putative transcription factors was also identified. Furthermore, stress-related
responses mediated by Msn2p/Msn4p, Gislp, Ume6p and Xbpl were also ob-
served in the steady state data. In general, the fully respiratory conditions ap-
peared to be the most stressful for the cells.

4.5 Transport of sterols, phosphate and nitrogen-
containing compounds

Under the anaerobic conditions, the cell wall and cell membrane of S. cerevisiae
is modified to enable the uptake of substances requiring oxygen for their biosyn-
thesis. In accordance with earlier studies [110, 112, 232], the genes of the DAN
and TIR families encoding cell wall mannoproteins and the regulators of sterol
biosynthesis and uptake (UPC2, ECM22) were on their highest level under the
fully anaerobic conditions and on a lower level under all oxygen-containing
conditions. The genes encoding the enzymes of ergosterol biosynthesis were also
on their highest level under anaerobic conditions. Although ergosterol biosyn-
thesis requires oxygen, upregulation of these genes has previously been observed
under anaerobic and severely oxygen-restricted conditions [44, 113, 164]. It was
suggested that this upregulation gives the cells an advantage in situations in
which small amounts of oxygen suddenly become available [233]. In the time-
course analysis, the switch to anaerobic conditions led to upregulation of the
genes related to sterol transport, although in the initially oxygen-limited cultures
the expression levels of these genes remained constant for the first 3 hours after
the shift. A delayed response of these genes has also been observed in batch
cultivations of glucose as a response to anaerobic conditions [164]. It is however
unclear why the response was faster under the fully aerobic conditions.

In the time-course analysis, upregulation of amino acid transport was observed
as a response to anaerobic conditions. It is interesting that at the same time the
cells shut down their biosynthesis for amino acids and upregulated the genes
related to the uptake of these compounds. However, it may be an energetically
more feasible strategy to use externally provided resources. Lai et al. [163, 164]
suggested that when the cells experience a sudden depletion of oxygen, at least
part of this response is related to balancing the energy status.

In addition, a transient increase in the expression of genes encoding the phos-
phate transporters was seen in the time-course analysis. Previously, a transient
increase in the intracellular phosphate and polyphosphate levels resulting from
increase in transport of extracellular phosphate was observed after a shift to an-
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aerobiosis [234]. Although it is unclear why this happens, it has been suggested
to be related to the regulation of glycolysis.

4.6 TRAC vs. Affymetrix

In the current study, two methods for transcript analysis were used. The TRAC
analysis enabled the accurate analysis of expression levels encoding the hexose
transporters, the sequences of which have high similarities to each other. In addi-
tion, with TRAC we were able to analyse a selected set of genes of central car-
bon metabolism in a steady state setup and in six different time-course setups.
Genome-wide Affymetrix analysis was then used to analyse the steady state
cultures and two of the time-course setups.

In general, the data obtained from TRAC and Affymetrix analyses correlated
well in situations in which >2-fold differences in the expression levels were
observed. In large-scale studies comparing different methods of gene expression
analysis, lower correlations have been often also been observed with smaller
changes than with larger changes [235-237]. However, discrepancies were also
seen in situations in which large changes in the gene expression were observed.
These could result from multiple different factors, such as probe design, sample
treatment and normalisation of the data.
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In S. cerevisiae, provision of 0%, 0.5-2.8% and 20.9% oxygen led to fully fer-
mentative, respiro-fermentative and fully respiratory modes of growth, respec-
tively. On the transcriptional level, the main differences were observed between
these three modes of metabolism. Especially the expression levels in 0.5 and
1.0% of oxygen provision were very similar. However, these two conditions
differed on the proteome level, suggesting that post-transcriptional regulation
occurred at this level of oxygen provision. In addition, proteomic analysis of
glycolytic enzymes revealed oxygen-responsive isoforms, the level of which
varied in the different oxygen concentrations. As the controlling mechanisms of
glycolysis are still not fully understood, it would be important to study the role
of these isoforms in the oxygen-mediated regulation of the pathway. One of the
controlling mechanisms of glycolysis has been suggested to be transport of glu-
cose into the cell. In this work, it was concluded that to enable the higher spe-
cific glucose uptake rate in the anaerobic and oxygen-limited than fully aerobic
cells, the transcription of moderately low affinity transporters was decreased.

Under the oxygen-limited conditions, transcriptional adjustments for more ef-
ficient energy metabolism were observed. A global upregulation of genes encod-
ing the respiratory pathways was accompanied by higher concentrations of the
proteins related to respiration and higher activities of the enzymes of the TCA
cycle. In addition, the genes encoding the mitochondrial translation machinery
were more highly expressed in all the oxygen-limited and anaerobic than under
the fully aerobic conditions, suggesting separate regulation mechanism from that
of genes directly related to respiration. This also indicates an important, non-
respiratory—related role for mitochondria under anaerobic conditions. Although
mitochondria are known to exist in the absence of oxygen in the form differing
from that of aerobic mitochondria, their function under anaerobic conditions is
not known and would be an interesting subject of further studies.
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There were only small differences in the transcriptional responses of cells ini-
tially in the oxygen-limited and the fully aerobic metabolic states to sudden oxy-
gen depletion. Thus at least the levels of oxygen limitation used in this work did
not prepare the cells for complete anaerobiosis. As the oxygen provision was
stopped, there was transient decrease in the growth rate and in the expression of
genes related to growth and cell proliferation. In addition, stress-related changes
were observed and the transient upregulation of genes related to protein degrada-
tion suggested a remodeling of the metabolism for the new state.

Mass spectrometry—based methods for measurements of intracellular metabo-
lite levels and for studies of the proteome are constantly developing. With the
use of these new methods a more complete analysis of the metabolism will be-
come possible. Especially, a larger spectrum of metabolites would enable the use
of more sophisticated computational tools to combine the transcriptional and
metabolite level data. In addition, although much is already known concerning
the mechanisms regulating the metabolism of S. cerevisiae as a response to oxy-
gen, there has been no evidence for the proteins that may directly sense the oxy-
gen concentration in the environment. It might be that those kind of proteins do
not exist at all, but as it is known that the lipid composition of the cell membrane
is greatly affected by the provision of oxygen it would also be particularly inter-
esting to study the behaviour of the membrane proteins.
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Saccharomyces cerevisiae CEN.PK113-1A was grown in glucose-limited chemostat
culture with 0%, 0.5%, 1.0%, 2.8% or 20.9% O, in the inlet gas (D =0.10 h pH
5, 30 °C) to determine the effects of oxygen on 17 metabolites and 69 genes related
to central carbon metabolism. The concentrations of tricarboxylic acid cycle
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2.8% or 20.9% O,. Ethanol production was observed with 2.8% or less O,. After
steady-state analysis in defined oxygen concentrations, the conditions were
switched from aerobic to anaerobic. Metabolite and transcript levels were
monitored for up to 96h after the transition, and this showed that more than
30 h was required for the cells to fully adapt to anaerobiosis. Levels of metabolites
of upper glycolysis and the TCA cycle increased following the transition to
anaerobic conditions, whereas those of metabolites of lower glycolysis generally
decreased. Gene regulation was more complex, with some genes showing transient
upregulation or downregulation during the adaptation to anaerobic conditions.
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controlled, oxygen-restricted industrial processes, because

Introduction the energy balance is probably negative under completely

The physiology of Saccharomyces cerevisiae under fermenta-
tive, respiratory and respirofermentative conditions has
always attracted considerable attention, both because it is
one of the few eukaryotic organisms that can grow in truly
anaerobic conditions, and because of the industrial impor-
tance of growth in anaerobic or aerobic conditions for the
production of ethanol, proteins, cell biomass, and other
products. The ability of S. cerevisiae to ferment glucose to
ethanol even in aerobic conditions (the Crabtree effect) has
made the understanding of respirofermentative growth
important for optimizing aerobic processes in which ethanol
is an undesirable byproduct. Furthermore, the development
of S. cerevisiae as a host organism for the production of
novel products such as lactic acid or 3-hydroxypropanoic
acid may lead to an increase in the application of well-
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anaerobic conditions, whereas high oxygen concentrations
lead to a loss in product yield (van Maris et al., 2004).
Inadequate mixing in high-cell-density and very high-cell-
density cultures may result in regions of very low oxygen
provision, to which processes operating under oxygen-
restricted conditions will be particularly vulnerable, and
it is important to understand how cells respond to small
changes in oxygen concentration and variable oxygen
provision.

Although respirofermentative physiology and the transi-
tion between respirofermentative and purely fermentative
growth can be studied in batch cultures (e.g. Burke et al.,
1997; Lai et al., 2006), it is difficult to separate the effects of
changing nutrient concentrations and specific growth rate
from the effects of oxygen provision. Furthermore, purely
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respiratory growth in batch cultures is obtained by
growing cells on nonfermentable or poorly fermentable
carbon sources, adding carbon source to the variables.
Respirofermentative physiology has also been obtained
by growing cells in glucose-limited chemostat cultures, in
which respirofermentative growth occurs at high specific
growth rates, and respiratory growth at low specific growth
rates (e.g. Frick & Wittmann, 2005). However, in this case,
respirofermentative physiology is not distinguished from
growth rate-related physiology. Franzén (2003) determined
metabolic fluxes in S. cerevisiae in anaerobic and very low
oxygen [0.1-2 mmol O, (gbiomass)71 h™'] continuous flow
cultures at various dilution rates, but there is a general lack
of information on the effects of low oxygen concentration
on yeast cell physiology in constant conditions.

In order to understand the response of S. cerevisiae to
oxygen, we assessed the physiology of CEN.PK113-1A cells
in terms of 17 metabolites and 69 genes related to
central carbon metabolism during glucose-limited steady
states with various concentrations of provided oxygen.
After assessment of the steady states, anaerobic condi-
tions were imposed in the same cultures to determine
how the cells achieved their new, anaerobic steady state.
By maintaining the cells under otherwise constant condi-
tions, the effects of glucose repression and changes in
specific growth rate that occur in batch cultures were
minimized.

This work also highlights some of the problems and
possibilities of identifying biomarkers for aerobic/anaerobic
physiology. The increasing demand for information on
microbial physiology that can be obtained directly from a
production system, and then used to optimize the actual
production process, requires the identification of one or a
few marker genes or metabolites that would be indicative of
the critical physiology for the specific process. Data obtained
from both steady-state and transient conditions will be
useful for their identification.

Materials and methods

Strain and medium

Saccharomyces cerevisiae CEN.PK113-1A (MATo, URA3,
HIS3, LEU2, TRP1, MAL2-8¢c, SUC2) was kindly provided
by Dr P. Kotter (Institut fiir Mikrobiologie, J.W. Goethe
Universitdt Frankfurt, Germany; de Jong-Gubbels et al.,
1998) and stored in glycerol (30% v/v) at — 80 °C.

Yeasts were grown in the defined minimal medium
described by Verduyn et al. (1992), with 10 g glucose L™" as
carbon source, and supplemented with 10 mg ergosterol L™
and 420mg Tween-80L™'. BDH silicone antifoam
(0.5mLL ") was used to prevent foam production in the
cultures.

© 2007 Federation of European Microbiological Societies
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Culture conditions

Cells were grown in 0.8-1L of medium in B. Braun Biotech
International (Sartorius AG, Germany) Biostat CT (2.5L
working volume) bioreactors. Cultures were inoculated to an
initial ODgpgnm Of ¢. 0.5, and maintained as batch cultures
for 6-9h, after which continuous medium feed was started
while the cells were still growing exponentially. Chemostat
cultures were maintained at D=0.10 4 0.02h™", pH 5.0, and
30 °C, with 1.5 volume gas [volume culture] ' min™" (vvm).
For cultures that received < 20.9% O, in the gas stream, O,
was replaced with the equivalent volume of N, so that total
gas flow was kept constant for all experiments. The kja
(overall oxygen transfer coefficient) for the bioreactor under
these conditions was 0.035-0.039s ™" (in pure water), and
the solubility of oxygen under these conditions is given in
Table 1, to facilitate comparison with other published data.
The dissolved oxygen tension in cultures receiving 20.9% O,
was 83%, but it was 0% in cultures receiving 2.8% O, or less.
Steady-state samples were taken after the cultures had been
in constant conditions for a minimum of four residence
times (six generations). Steady states were assessed over four
to nine residence times (six to 13 generations) for constant
biomass production, carbon dioxide evolution and oxygen
uptake rates (CER and OUR), alkali utilization, and extra-
cellular metabolites, as well as constant intracellular metabo-
lites and gene transcription.

Cultures that were fed 2.8% or 20.9% O, were subject to
oscillations. To prevent these, c. 5% of the total cell
concentration in the bioreactor was added to the culture as
cells in mid-exponential to late exponential phase at the
time when continuous medium feed was started (Zamamiri
et al., 2001).

The gas concentration (CO,, 13C0,, 0,5, N,, and Ar) was
analyzed continuously in an Omnistar quadrupole mass
spectrometer (Balzers AG, Liechtenstein), calibrated with
3% CO, in Ar. Washout kinetics were determined as
described by Esener et al. (1981).

Biomass determination

Biomass was measured as ODgppnm and as cell dry weight
(DW). For DW determination, cells were collected by
centrifugation and washed with one to two sample volumes
of distilled water. Duplicate (5mL) or triplicate (2mL)
samples were taken for all DW measurements. Cells were
dried to a constant weight at 100 °C.

Metabolite and chemical analyses

Extracellular metabolites (ethanol, glycerol, pyruvate, and
acetate) and glucose were analyzed by HPLC on an Aminex
HPX-87H column (BioRad Laboratories, Hercules, CA)
with 25mM H,SO, as eluant and a flow rate of

FEMS Yeast Res xx (2007) 000-000
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0.5mLmin"". The column was maintained at 55 °C. Peaks
were detected using a Waters 410 differential refractometer
and a Waters 2487 dual-wavelength UV (210 nm) detector.
Glucose concentrations were also sometimes determined
enzymatically using the Roche (Germany) Glucose GOD-
PAP measurement kit (Cat. no. 1448676 216).

Intracellular metabolites were extracted from cells that
had been transferred to 60% v/v methanol at —40°C
immediately after their removal from the bioreactor, col-
lected by centrifugation at 2000g at — 19°C for 5min,
washed once with 60% v/v cold (—40°C) methanol at
—19°C (de Koning & van Dam, 1992), frozen in liquid
N,, and stored at — 80 °C. Metabolites were subsequently
extracted in boiling ethanol (Gonzalez et al., 1997), and
analyzed by liquid chromatography (LC)-MS/MS (van
Dam et al., 2002) using a Waters HT-Alliance HPLC coupled
with a Micromass Quattro Micro triple quadrupole mass
spectrometer. Internal standards were derived from a
[°Clglucose fed-batch culture, as described by Wu et al.
(2005).

Adenosine nucleotides (ATP, ADP, and AMP) were sepa-
rated and quantified using ion-pairing LC-electrospray
ionization (ESI)-MS with diisopropyl amine (DIPA) as
the ion-pairing reagent. HPLC was carried out in an Agilent
1100 (Santa Clara, CA) with an Xterra MS Cjg
(1 x 150 mm) column (Waters, Milford MA). Mobile phases
were: (1) 60mM DIPA (pH 7) (solution A), and (2)
methanol/DIPA (6 mM) 80:20 (pH 7) (solution B), the
pH being adjusted with formic acid. Elution was carried out
with 5% (v/v) solution B at 80puLmin™', for a 5-uL
injection volume. Isopropanol (40puLmin') was then
added to enhance the ionization efficiency in the mass
spectrometer. The nucleotides were detected by ESI-MS
(positive ionization mode) with a Micromass Quattro II
triple quadrupole mass spectrometer (UK). The adduct ions
formed by DIPA with nucleotides in ESI-MS were used
for quantification: single ion monitoring quantification ions
were 551 m/z for AMP (AMP+2 DIPA+H"), 732 m/z for
ADP (ADP+2 DIPA+H™), and 812 m/z for ATP (ATP+2
DIPA+H").

Transcript analysis

Transcriptional analysis was performed with the TRanscript
analysis with aid of Affinity Capture (TRAC) assay
described by Rautio et al. (2006a) for 69 genes involved
in central carbon and related metabolism. mRNA was
extracted from 10-mL samples (10-50 mg DW) that had
been rapidly frozen in liquid N, and stored at — 80 °C.
GeneScan-120LIZ size standard (Applied Biosystems, Foster
City, CA) was added to each sample to calibrate
the separation of the detection probes by size. In addition,
in vitro synthesized mRNA (MEGAscript transcription kit;

© 2007 Federation of European Microbiological Societies
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Ambion, Austin, TX) of the Escherichia coli traT gene
was also added to each sample [1.5fmol (100 pL)fl] SO
that the results for each probe in any analysis could be
correlated with this internal standard, eliminating experi-
mental variation in different hybridizations and samples.
Probes were divided into seven probe pools with eight
to 11 probes per pool. The identity of the probes was
determined by the migration behavior, and the quantity by
the peak area.

Total polyA RNA was quantified from the cell lysate after
elution of polyA RNA in dimethyl pyrocarbonate-treated
H,O0, using the RiboGreen RNA quantification kit (Molecu-
lar Probes, Leiden, the Netherlands). mRNA expression
levels are given as the standardized (using traT internal
standard) amount per total polyA RNA.

Statistical analyses

Data are given as mean = SEM. Where appropriate, values
were compared by aNova, and significant differences were
determined using Fisher’s multiple range test.

—4&— F1, 6BP

- -o- - Citrate
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Results and discussion

Steady-state metabolite and transcript levels in
aerobic (20.9% 0,) and anaerobic cultures

The physiology of S. cerevisiae CEN.PK113-1A was strongly
affected by changes in oxygen concentration, as expected.
The metabolite concentrations observed during aerobic
steady states (Fig. 1) were similar to those reported by
Mashego et al. (2005), Wu et al. (2005) and Visser et al.
(2004) for S. cerevisiae CEN.PK113-7D (the MATa strain
equivalent to CEN.PK113-1A) in glucose-limited chemo-
stats at D=0.05h"" in the presence of 31 mM ethanol.
Metabolites of upper glycolysis [glucose 6-phosphate
(G6P), fructose 6-phosphate (F6P), and fructose 1,6-bi-
sphosphate (F1,6BP)] were maintained at significantly high-
er concentrations in anaerobic than in aerobic conditions, as
was pyruvate (Fig. 1). 2-Phosphoglycerate (2PG)+3-phos-
phoglycerate (3PG) and phosphoenolpyruvate (PEP) con-
centrations were significantly lower in anaerobic than
in aerobic conditions (Fig. 1). A similar increase in the
concentrations of hexose phosphates and reduction in the
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Fig. 1. Metabolite concentrations in steady-state glucose-limited chemostat cultures (D=0.10h~", pH 5.0, 30°C, 1.5 vm gas flow) of Saccharomyces
cerevisiae CEN.PK113-1A. Error bars indicate + SEM for seven to 24 samples taken during steady states in two (0.5% and 2.8% O,) or four (0%, 1.0%
and 20.9% O,) cultivations. Data points with the same letter (a—e) did not differ significantly (P > 0.05, Fisher’s multiple range test) from data points for
the same metabolite showing the same letter. M6P, maltose 6-phosphate; T6P, trehalose 6-phosphate.
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Fig. 2. Relative mRNA levels for genes involved in central carbon metabolism, and some genes involved in transcription, redox regulation and stress
responses in Saccharomyces cerevisiae CEN.PK113-1A in steady-state, glucose-limited chemostat cultures (D=0.10h"", pH 5.0, 30°C, 1.5wm gas
flow) with various concentrations of oxygen provision. Error bars indicate + SEM for four to eight samples taken during steady states in duplicate
cultivations. Lines indicate (adjacent) data points that did (lines with positive or negative slope; P < 0.05, Fisher’s multiple range test) or did not (lines

with slope =0; P > 0.05) differ significantly from each other.

concentrations of 2PG+3PG and PEP is observed during
respirofermentative growth following addition of a pulse of
glucose (Visser et al., 2004; Wu et al., 2005), when the low
concentrations of 2PG+3PG and PEP are thought to reflect
a dynamic response to F1,6BP regulation of pyruvate kinase.

Tricaboxylic acid cycle (TCA) metabolites (citrate, succi-
nate, fumarate, and malate) concentrations were also sig-
nificantly higher in anaerobic than in aerobic conditions
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(Fig. 1), as observed by Villas-Bbas et al. (2005a) in
anaerobic, as compared to aerobic, batch cultures of
CEN.PK113-7D. The high concentrations of TCA cycle
metabolites in anaerobic conditions are maintained while
there is low flux through the pathway (Nissen et al., 1997;
Franzén, 2003) and low or zero oxoglutarate dehydrogenase,
isocitrate dehydrogenase (Machado et al., 1975) and succi-
nate dehydrogenase (Camarasa et al., 2003) activities. TCA
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Fig. 3. Biomass, ethanol and glycerol concentrations during glucose-limited chemostat cultures of Saccharomyces cerevisiae CEN.PK113-1A following
a shift from aerobic (0.5%, 1.0%, 2.8% or 20.9% O-) to anaerobic conditions. Cultures were maintained at D=0.10h~", pH 5.0, 30°C, and 1.5wm
gas flow throughout the culture, with N, replacing air in the gas to maintain a constant gas flow. Error bars for biomass indicate 4 SEM (n=3-5).

cycle metabolites provide precursors for amino acid bio-
synthesis during anaerobic growth, but it is not clear why
relatively high concentrations of these metabolites are
maintained during anaerobic growth.

Individual pentose phosphates were not separated by the
LC-MS/MS method used here, but together showed higher
concentrations under anaerobic than in any aerobic condi-
tion (Fig. 1).

The adenylate energy charge [AEC, calculated as
([ATP]+1/2[ADP])/([ATP] +[ADP]+[AMP])] was the
same (0.83 +0.01; P > 0.05) under anaerobic and aerobic
conditions, and comparable to values observed in both
anaerobic and aerobic batch (0.8-0.9; Ball & Atkinson,
1975) and aerobic chemostat (0.8-0.9; D=0.05h""; Mashe-
go et al., 2005) cultures of S. cerevisiae.

Using TRAC analysis, we found that all except six (HAP3,
HAP4, HXK1, MDH2, PYK2, and URAI) of the 69 genes
related to central carbon metabolism that were considered
here showed significant differences (P < 0.05) in expression
in aerobic and anaerobic cultures (Fig. 2). Only ADHI,
COX5b, ACS1 and PYCI were more highly expressed in
anaerobic than in aerobic (20.9% O,) steady states (Fig. 2),
whereas the other 59 genes showed lower expression in the
anaerobic conditions. ter Linde et al. (1999) identified 219
genes that showed higher transcription in aerobic glucose-
limited chemostat cultures of S. cerevisiae CEN.PK113-7D
than in anaerobic cultures, and 140 genes that had lower
expression in the aerobic glucose-limited chemostat cul-
tures. However, of the 69 genes considered here, ter Linde
et al. (1999) observed significant differences in expression
between aerobic and anaerobic glucose-limited chemostat
cultures for only 26, of which five (ADHI, CIT2, COX5b,
MAE], and GPPI) showed higher expression under anaero-
bic than under aerobic conditions. Thus, both studies
identified ADHI1 and COX5b as genes more strongly ex-
pressed in anaerobic than aerobic conditions. We did find
that both GPP1 and MAEI were more highly expressed in
anaerobic conditions than with 0.5% or 1.0% O, although
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they had higher expression in fully aerobic conditions. The
relatively high expression of PYC1, which was not identified
by ter Linde et al. (1999) as an anaerobically upregulated
gene (less than twofold induction), that we observed in
anaerobic conditions presumably reflects its role in provid-
ing C4 intermediates for growth (Brewster et al., 1994).
None of these anaerobically upregulated genes was men-
tioned in the study published by Piper et al. (2002), which
did not list anaerobic genes with less than an eightfold
increase in expression, and would thus not include this
subset. Low expression of ADH2, CIT3 and LSCI in
anaerobic, as compared to aerobic, conditions was observed
by both Piper et al. (2002) and ter Linde et al. (1999), as well
as in this study (Fig. 2), and the low expression of most
genes involved in the TCA cycle in anaerobic conditions was
also observed by Piper et al. (2002).

Biomass concentration and specific consumption or
production of glucose, oxygen, ethanol and glycerol during
steady-state growth of S. cerevisiae CEN.PK113-1A in glu-
cose-limited culture are given in Table 1.

Respirofermentative growth in low oxygen

Provision of only 0.5% O, resulted in significantly lower
concentrations of the metabolites of upper glycolysis, such
as G6P, F6P, and F1,6BP, in comparison with anaerobic
cultures, whereas the concentrations of the lower glycolysis
metabolites 2PG+3PG and PEP were increased (Fig. 1). The
concentrations of TCA cycle metabolites such as citrate,
succinate, malate and fumarate decreased as compared to
anaerobic cultures (Fig. 1). Glycolytic gene transcription, in
contrast to metabolite concentration, was largely unaffected
(relative to anaerobic cultures) by provision of up to 1% O,
whereas most of the TCA cycle genes were upregulated with
provision of only 0.5% O, (Fig. 2).

Reduction of the oxygen input from 20.9% to 2.8% was
sufficient to allow net ethanol production, even though
there was sufficient oxygen to maintain a high yield of
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biomass on glucose and a high OUR (Table 1). The high
level of expression of ADHI did not result in substantial
ethanol production, but ADH2 was strongly repressed, so it
seemed unlikely that substantial simultaneous consumption
was occurring (Fig. 2). Approximately 50% of the 69 genes

FEMS Yeast Res xx (2007) 000-000

7

considered here showed either significantly higher (23%) or
lower (31%) expression with 2.8% O,, as compared to
20.9% O, (Fig. 2). All glycolytic and TCA cycle genes
analyzed and most genes of the pentose phosphate pathway
(PPP) showed higher expression levels with 2.8% O,, as
compared to more anaerobic conditions. However, the
metabolite pools of the cells grown in 2.8% O, were more
similar to those of cells grown in 0.5% or 1.0% O, than that
of cells grown in 20.9% O, (Fig. 1). Cells growing in
sufficient but low oxygen concentration were clearly very
different from cells growing in abundant oxygen.

The difference in the metabolic condition of cells growing
with 2.8% O, as compared to those grown with 20.9% O,
was also apparent in the low AEC, which was only
0.54 4 0.03 when 2.8% O, was supplied (D=0.10h"", pH
5.0). Unlike E. coli, which requires an AEC of at least 0.8 for
growth (Chapman et al., 1971), S. cerevisiae remains able to
grow in conditions supporting an AEC as low as 0.4 (Polakis
& Bartley, 1966).

Shifting from aerobic conditions to anaerobic
conditions

When conditions were switched from aerobic (0.5-20.8%
0,) to anaerobic (0% O,), ethanol and glycerol concentra-
tions in the culture started to increase within an hour of the
shift, requiring ¢. 36h to reach the steady-state values
observed in anaerobic cultures (Fig. 3). Biomass concentra-
tions also began to decrease almost immediately (Fig. 3).
Although biomass concentration decreased after the switch
to anaerobic conditions, cells continued to grow at
¢.0.06 h™" during the washout.

On the basis of the steady-state concentrations, most
glycolytic and TCA cycle metabolites were expected to
increase to reach steady-state anaerobic concentrations,
following a switch to anaerobic conditions, as was observed
(Figs 4 and 5). An initial increase in metabolite concentra-
tion occurred within < 10 min, except for citrate, but new

«

Fig. 4. Relative changes in the concentration of intracellular metabolites
during glucose-limited chemostat cultures of Saccharomyces cerevisiae
CEN.PK113-1A, following a shift from aerobic (0.5%, 1.0%, 2.8% or
20.9% O,) to anaerobic conditions, with time increasing from left to
right. For each metabolite, the bars indicate relative concentrations in
cultures that initially received oxygen as follows: top two bars 0.5%, the
next two bars 1.0%, the next bar 2.8%, and the bottom two bars
20.9%. Yellow indicates no change in concentration. Red indicates
increasing concentrations of the metabolite (from light red indicating a
1.5-2-fold increase, to bright red indicating a > 10-fold increase), and
green indicates reduced concentrations (from light green indicating
1.4-2-fold lower concentration, to bright green indicating > sevenfold
lower). Cultures were maintained at D=0.10h"", pH 5.0, 30°C, and
1.5vvm gas flow throughout the culture, with N replacing air in the gas
to maintain a constant gas flow.
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Fig. 5. Metabolite concentrations in Saccharomyces cerevisiae CEN.PK113-1A after a shift from growth in 20.9% O, to 0% O, in glucose-limited
chemostat cultures (D=0.10h~", pH 5.0, 30 °C, 1.5 wm gas flow). (a) Glycolytic metabolites that increase. (b) TCA cycle metabolites that increase. (c)
Metabolites that decrease. (d) Glycolytic metabolites, G6P green, F1,6BP blue, F6P black, pyruvate red. Data from two cultures are shown (connecting
lines indicate data from one culture, and separate data points data from the other culture).

steady-state concentrations generally required at least 30 h
(i.e. three retention times or four to five generations) to
become established (Fig. 5). 2PG+3PG and PEP of lower
glycolysis both decreased in concentration within 10 min of
the switch from aerobic to anaerobic conditions (Fig. 5).
The gradual adjustment of most metabolites to the anaero-
bic steady-state concentration was generally independent of
the initial oxygen concentration provided, reflecting the fact
that metabolite concentrations generally differed signifi-
cantly between anaerobic conditions and any level of oxygen
provision (Fig. 1).

For several of the genes considered here, the shift to
anaerobic conditions had no effect on transcription during
the first hour (e.g. SDHI, ADRI, PDAI, and PDBI), and in
some cases even for 8h (e.g. HAPI and KGD1I), after the
change (Fig. 6), being comparable to the ‘chronic’ response
to anaerobiosis described by Lai et al. (2005) for batch
cultures of S. cerevisiae JM43. We also observed that several
genes involved in carbohydrate utilization and reserve
energy metabolism (e.g. GLKI, HXKI, PGII, and TPSI)
showed weak transient responses to the anaerobic shift in
the glucose-limited chemostats. These genes showed transi-
ent upregulation in response to anaerobiosis in batch
cultures with galactose (but not glucose) as the carbon
source (Lai et al., 2005), leading to the suggestion that these
genes could be regulated by oxygen provision when glucose
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was not repressing this. Our data support this suggestion
while confirming the importance of balancing the energy
supply during the transition to fermentative growth.

The three genes that showed higher expression in anaerobic
than aerobic chemostat cultures (COX5b, ADHI1, and PYCI;
Fig. 2) also showed stable upregulation following a transition
from 20.9% O, to anaerobic conditions (Figs 6 and 7).
However, many other genes showed transient upregulation
(Figs 6 and 7), typically during the first 8 h (approximately one
generation) after the change. Genes with higher expression in
2.8% than in 20.9% O, (e.g. GPD2, SDH2, CYC1, PDAI, and
HAPI) did not exhibit transient upregulation following the
shift to anaerobic conditions, indicating that cells did not pass
through a physiological condition corresponding to that
observed in the steady state with 2.8% O, when adjusting to
anaerobiosis. Transient downregulation was also observed
(Figs 6 and 7), with rapid downregulation, but more gradual
subsequent recovery. The duration of transient responses was
affected by the initial oxygen concentration before the change
(Fig. 6).

The effect of oxygen provision on glycolysis and
the PPP

Although glycolytic genes were generally more highly
expressed with 2.8% or 20.9% O, than with less or no O,

FEMS Yeast Res xx (2007) 000-000

/8



Yeast central carbon metabolism at various oxygen levels

Approx. time (h) -0.30212 3 4 5 6 7 8 2427309096 Approx. time (h) -0.3021 2 3 4 5 6 7 8 24273090 96
PGI1 - GLK1 |
— — B
PFK1 HXK1 .
Glucose L
PEK2 - metabolism PGML
—
FBAL PGM2
Glycolysis
PGKL . FBP1
SV MDH2
= — E—
= —————— -
PYK1 Gluconeo PCKL | w=
i genesis ___  m—
PYK2 = ——— PYCL
B
cIT3 PYC2 =
KGD1 ADR1 = ——
1l
Lsc1 -_—— - — HAPL -
I ] -
Lsc2 = i Transcription HAP2
TCA SDH1 = HAPA
L -_
SDH2 — ROX1 — -
I
——
SDH3 MAEL
SDH4 =ﬂ PDAL
== o . —
FUM1 = L=
ZWF1 ™ P
! L}
GNDL I— ———l
— H—
Glycerol
PPP TKL1 -
TKL2 —
TALL
YGRO43C ACS1
= "]
|
ADH1 Acetate
Ethanol ADH2
PDC1
[ S
COX5a — .
T
Coxsb Glyoxylate IcL1 i —
cycle
cYB2 MLS1 e e gg——m
|
Respiration CYCL I URA1
— — L} __ p—
cver ERGI10 a
NDE1 ! L Other GOR1 - -
NDE2 . - PRX1
I e

Fig. 6. Relative changes in the level of mMRNA expression for genes involved in central carbon metabolism, transcription or respiration in glucose-limited
chemostat cultures of Saccharomyces cerevisiae CEN.PK113-1A following a shift from aerobic (0.5%, 1.0%, 2.8% or 20.9% O,) to anaerobic
conditions, with time increasing from left to right. For each gene, the top two bars indicate relative transcription in cultures that initially received 0.5%
0,, the next two bars cultures that initially received 1.0% O, the next bar a culture that initially received 2.8% O,, and the bottom two bars cultures
that initially received 20.9% O,. Yellow indicates no change in expression. Red indicates increasing levels of expression (from light red indicating a
1.5-2-fold increase, to bright red indicating a > 10-fold increase), and green indicates decreased expression (from light green indicating 1.4-2-fold
lower expression, to bright green indicating > sevenfold lower expression), as illustrated in Fig. 4. Cultures were maintained at D=0.10h~", pH 5.0,

30°C, and 1.5 vvm gas flow throughout the culture, with N, replacing air in the gas to maintain a constant gas flow.

FEMS Yeast Res xx (2007) 000-000

/9

© 2007 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved

higher
initial O,



10
60 - o
(a) 07 —e—ADH1
- 50 b 406 - ——PYC1
2 & —=—COX5b
= {105 &
o3 4t 5
£z 104 £8
o - 30 o X
c | S 8
gz 03 9
2< 20t g
s 10.2 %
[}
14 L o
10 lo1
0 0
-20 0 20 40 60 80 100 120
Time (h) after shift to anaerobic condition
—e— PYK1
() 80 1° —a—GPM1L
70 —o—PDC1
14
60 L —=— PCK1
I —o0—CIT3

0 - 0
=20 0 20 40 60 80100120
Time (h after shift to anaerobic condition) |

50

40+

Relative gene transcription
(PYK1, GPM1, PDC1)
Relative gene transcription
(PCK1, CIT3)

=

10

0

-5 0 5 10 15 20 25 30 35

Time (h) after shift to anaerobic condition

M.G. Wiebe et al.

10

—e—ADH2
—=—COX5a|
s 8 § —o—CYB2
2 =2 —a—LSC1
3 8 =
g5 58
= E |
o o, [SI
g g o
oL 4 O >
[ v O
=23 2
= s
[} [}
o 2
0
-20 0 20 40 60 80 100 120
Time (h) after shift to anaerobic condition
(dy 10 s 16 —o0—TKL1
: —=—GND1
- g L 3 5 c —e—ALD6
o 2 o
2 | = —a—NDE2
5~ [ 45 <
2 E‘ 6 | -20 0 20 40 60 80100120 g L
c = c 0
£5 5z
25 $eg
3 g 3 Q
o 4 F o
v E o <
2z~ 2 =
k& k&
[J] [J]
2 F
4 ;] X
O 1 1 1 1 1 1 1 O

-5 0 5 10 15 20 25 30 35
Time (h) after shift to anaerobic condition
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(Fig. 2), these genes generally showed no downregulation
following a shift from aerobic to anaerobic conditions until
at least 24 h after the shift. GPM1 and PYK], in fact, were
initially upregulated following the shift (Fig. 6). In contrast,
most genes involved in the TCA cycle were downregulated,
as expected, but generally only after 2 or 3h in anaerobic
conditions. Downregulation of PPP genes also occurred
(Fig. 6).

As the amount of oxygen available for cellular metabolism
is reduced, the relative flux through the PPP diminishes (cf.
Gombert et al., 2001; Fiaux et al., 2003; Franzén, 2003; van
Winden et al, 2005), and the flux through glycolysis
increases. However, mRNA transcripts of the genes involved
in glycolysis and those involved in the PPP are maintained at
higher levels in conditions in which oxygen is readily
available than in conditions with little or no oxygen (Fig.
2). Thus, although the slight increase in transcription of
glycolytic genes following a shift from aerobic to anaerobic
conditions may reflect the cells’ initial means of increasing
the flux through the pathway and increasing energy provi-
sion through ethanol production, it can only be transitory,
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as transcription levels need to be reduced to achieve the
anaerobic steady state. The downregulation of PPP genes
presumably contributes to the shift in flux towards glyco-
lysis, but much of the control for the glycolytic flux must
occur posttranscriptionally, as is also implied by the sharp
changes in glycolytic metabolite concentrations, particularly
those of lower glycolysis. Daran-Lapujade et al. (2004)
also concluded that regulation of glycolytic genes for
CEN.PK113-7D grown aerobically on different carbon
sources was primarily posttranscriptional, whereas there
was evidence that both transcriptional and posttranscrip-
tional regulation occurred for genes of the PPP. This
conclusion is further supported by the observation that
glycolytic enzyme activity is higher under anaerobic condi-
tions than under aerobic conditions in glucose-limited
chemostat cultures of S. cerevisiae CEN.PK113-7D (van
Hoek et al., 2000).

It is also interesting to note that the expression of GNDI,
TKLI1, and ALD6, which are all subject to Stb5p induction
(Larochelle et al., 2006), showed similar responses (transient
downregulation) to a change from aerobic (20.9%, 1.0% or
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0.5% O,) to anaerobic conditions, whereas other genes
under Stb5p regulation (GND2, TAL1, ALD4, GORI, and
PGI1) were either unaffected by the change (PGII, ZWFI
and TALI in 20.9% O,) or downregulated (ALD4, GORI
and TALI in 0.5% and 1.0% O,).

Induction and repression of oxygen-dependent
genes

Several genes (e.g. COX5a, COX5b, CYCI, CYC7, and ROX1)
were included in this study because their expression was
known or expected to be strongly influenced by extracellular
oxygen. However, expression of these genes did not necessa-
rily respond to oxygen concentration as predicted on the
basis of previous reports.

COX5b and CYC7 have been highlighted as anaerobic
genes that are only expressed when oxygen solubility is
below 0.5 uM (Burke et al., 1997). COX5b was indeed only
detected in anaerobic cultures (0.5% O,, resulting in
< 6 uM solubility, should be sufficient to repress expres-
sion); however, expression levels were very low, and reduced
expression would not have been detectable even if some
expression still occurred. Others in our laboratory have
observed higher expression levels for COX5b in an industrial
brewer’s yeast, even when oxygen was available (J.J. Rautio,
pers. commun.), which suggests that expression of this gene
is subject to strain variation, with CEN.PK113-1A not being
the optimal strain in which to study its response to oxygen,
because of its low anaerobic expression. Furthermore, CYC7
was more highly expressed in aerobic than in anaerobic
conditions (Fig. 2), rather than being repressed by the
presence of oxygen, as in batch cultures of S. cerevisiae
JM43 (Burke et al., 1997). Similarly, ter Linde ef al. (1999)
did not observe induction of CYC7 expression in
CEN.PK113-7D in anaerobic conditions, and nor was
CYC7 subject to transient induction following the shift from
aerobic to anaerobic conditions (Fig. 6). This difference in
CYC7 expression may reflect differences in gene regulation
between batch (Burke et al., 1997) and chemostat cultures,
but may also again indicate strain differences. Such varia-
tion, however, has implications for the selection of biomar-
kers for assessment of industrial processes.

CYCI and COX5a were more highly expressed in aerobic
(2.8% and 20.9% O,) than in low (0.5% or 1.0%) or no O,
as expected (Burke et al., 1997; ter Linde et al., 1999), and
downregulation was observed following a shift from aerobic
to anaerobic conditions. Expression was reduced in 1.0%
(COX5a) or 0.5% (CYCI) O,, providing soluble oxygen at a
concentration (6-12puM) comparable to that in which
reduced expression of these genes was observed in batch
cultures (Burke et al., 1997). The regulatory gene ROXI only
had high expression in 20.9% O,. However, although genes
such as CYC7 and COX5b are under ROX1 regulation, a high
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level of expression of CYC7 was observed in 20.9% O, when
ROX1 expression was also high, and COX5b remained
undetectable in 0.5-2.8% O,, even though ROX1 expression
was low in these conditions.

Another pair of genes that have been described as aerobic
or nonaerobic are the acetyl coenzyme A synthetase genes
ACSI and ACS2 (van den Berg et al., 1996). In this case, the
function of the enzymes encoded by the genes is linked to
anaerobic conditions, rather than the expression, with
ACS2, the ‘nonaerobic’ form, being expressed both aero-
bically and anaerobically, with higher anaerobic expression
than ACS! (van den Berg et al., 1996). We found that ACSI
was not highly expressed in CEN.PK113-1A, and ACS2
expression was always higher than that of ACSI (Fig. 2).
ACS2 expression was lower in cultures receiving 0%, 0.5% or
1.0% O, than in cultures receiving 2.8% or 20.9% O, (Fig.
2), and was downregulated when conditions were changed
from aerobic to anaerobic (Fig. 6). Thus, if ACS activity was
reduced in anaerobic as compared to aerobic glucose-
limited chemostats in CDN.PK113-1A, as has been observed
in strain T2-3D (van den Berg et al., 1996), this would be
explained by the reduction in ACS2 expression, rather than a
reduction in ACSI expression.

All four of the dehydrogenases located in the mitochon-
drial intermembrane space (NDEI, NDE2, GUT2, and
CYB2) that are considered here had low expression under
anaerobic conditions and were downregulated following a
shift from aerobic to anaerobic conditions.

Transcriptional regulation of ethanol and
byproduct formation

Ethanol production occurred in conditions of low
(0.5-2.8%) and no O,, as expected (Fig. 3; Table 1).
However, ADH]I expression did not simply increase with
decreasing oxygen provision, as noted above, and upregula-
tion of ADH1 following a switch to anaerobic conditions
was only seen when the initial oxygen concentration was
high (20.9%) or very low (0.5%).

Genes involved in ethanol consumption were consistently
downregulated, as were genes involved in respiration
(ROX1, COX5a, CYB2, and CYCI) and some genes involved
in acetate metabolism (ALD4, ALD6, ACS2, and ACHI).
Low expression of genes involved in ethanol consumption
(ADH2 and ALD4) has also been observed during respiro-
fermentative growth at high specific growth rates in com-
parison with respiratory growth at lower specific growth
rates (Regenberg et al., 2006). Regulation of genes involved
in ethanol consumption (and respiration) following a shift
to anaerobic conditions followed the pattern suggested for
HAP4-regulated genes (Raghevendran et al., 2006), even
though HAP4 itself was not transcriptionally regulated with
change in oxygen provision (Figs 2 and 6).
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No extracellular acetate was observed under any condi-
tion. Glycerol was produced only in completely anaerobic
conditions (Table 1; Fig. 3), and was not produced in
proportion with ethanol production, indicating that 0.5%
O, still provided sufficient oxygen to avoid cytoplasmic
NADH accumulation. GPDI and GPPI showed transient
upregulation following the shift to anaerobic conditions, but
expression of GPD2 was reduced (Fig. 6), even though its
expression increases following a shift to anaerobic condi-
tions in batch cultures and it is the primary glycerol-3-
phosphate dehydrogenase involved in redox balancing in
respiratory-deficient mutants (Ansell et al., 1997; Valadi
et al., 2004). Both GPDI and GPD2 had lower expression in
anaerobic than in aerobic conditions (Figs 2 and 6).

Biomarkers

With the development of cost-efficient, sensitive methods
for analysis of transcripts and metabolites, bioprocess mon-
itoring can be extended to include monitoring of process-
specific biomarkers from these groups of compounds.
Optimally, such biomarkers would be used to identify when
a culture was shifting towards an unproductive physiology,
in order to facilitate intervention to correct the problem.
Identification of suitable biomarkers is thus important for
the full exploitation of physiologic data.

From the steady-state data, it is easy to identify gene
transcripts whose expression level is unique to specific
environmental conditions, with the clearest marker genes
indicating only the presence of too much (for anaerobic or
low-air cultures) or too little oxygen (for high-air or low-air
cultures). In particular, genes such as COX5b, TALI,
YGRO043C, ACHI, CIT3 and ADH2 would appear to be
suitable for distinguishing cultures experiencing higher or
lower oxygen supply than expected. This may be most
relevant in cultures receiving limiting concentrations of
oxygen, such that fluctuations would not be seen in the
dissolved oxygen tension, which is always zero, or when
assessing the extent to which oxygen-poor regions may exist
in a large bioreactor. However, in either situation, the
conditions of low oxygen are likely to be experienced only
periodically (over intervals of a few minutes in poorly mixed
bioreactors, to several hours when oxygen provision is
variable), and it is necessary to consider how these genes
respond to changing conditions. Thus, TALI and YGR043C,
whose expression showed transient upregulation and down-
regulation following a shift to anaerobic conditions, would
not be suitable, as a high expression level could be indicative
either of a high oxygen supply, or of a low oxygen supply or
poor oxygen mixing. ADH2 and COX5b, on the other hand,
showed consistent downregulation and upregulation, re-
spectively, in response to the switch to anaerobiosis, and
would give more reliable information. In addition, the fact
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that many genes show transient responses to change means
that it would be difficult to identify genes that would serve as
markers for a range of conditions (the actual concentration
of available oxygen) rather than just the contrast between
two (too much or too little). GUT2 and GORI, with
decreasing expression with decreasing oxygen concentration
below 2.8% O, and consistent downregulation following a
shift to anaerobic conditions, might be suitable biomarkers.
Genes that did show transient upregulation or downregula-
tion (Fig. 7) in response to the shift to anaerobic conditions,
but did not show large expression differences in steady
states, may be suitable candidates as markers for poor
mixing and localized variation in conditions within the
bioreactor (e.g. GPMI and NDE2). High (or low) expression
levels would indicate that cells were experiencing periodic
transient conditions. As the recovery is somewhat quicker
(Fig. 7), upregulated genes (e.g. PYKI) would appear to be
better biomarkers for heterogeneous conditions than down-
regulated genes, but it should be noted that none of the
genes considered here would be expected to serve as an
effective biomarker for transients of duration < 10 min.
The same considerations apply to the choice of a meta-
bolite as a biomarker, but the choice should be wider, as
transient changes were less frequently observed (Fig. 4).
F1,6BP and succinate appear to be the best biomarkers for
distinguishing between cells experiencing low and no air.
Pyruvate may be a marker for intermediate conditions,
although concentration changes following the shift to anae-
robic conditions were dependent on the initial oxygen
concentration. From this work, it is not clear how metabo-
lite concentrations are affected in cells experiencing periodic
exposure to varying oxygen concentrations. It is also appar-
ent from this work that the current methodology for
transcript analysis (TRAC as shown here, but also reverse
transcriptase-PCR) is more robust and more readily avail-
able than metabolite analyses, making transcripts more
likely to be successful biomarkers than metabolites, despite
the problems inherent in transient regulation. Metabolite
analyses still suffer from questions related to quenching,
leaking of cell contents during quenching, extraction meth-
od, and separation methods (Villas-Boas et al., 2005b).
Metabolic fingerprinting, either by MS or by nuclear mag-
netic resonance, may offer better prospects for bioprocess
monitoring than quantitative metabolite measurements.

Conclusions

The results presented here show that, although S. cerevisiae
is able to respond rapidly to changes in oxygen provision,
considerable time (approximately four to five generations,
i.e. 28-35h) is required for cellular metabolism to fully
adapt to anaerobic conditions, even when cells have been
growing in the presence of only low amounts of air. Thus,
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when interpreting experiments based on short-term analysis
of the transcriptome (or metabolome) following a shift in
external conditions, such as a transition from aerobic to
anaerobic conditions in batch culture (Lai et al., 2005), it is
worth noting that physiological adaptation is likely to occur
throughout the duration of the experiment. When fewer
than four or five generations are monitored, the data cannot
provide a direct comparison of the transcriptome in the
conditions before and after the shift (e.g. in aerobic and
anaerobic conditions), but rather provides an indication of
the ongoing cellular response to the shift, relative to the
stable condition prior to it. It is also worth noting that
S. cerevisiae appears to require more time to adjust to a
change in conditions than does the filamentous fungus
Trichoderma reesei, which is able to attain transcriptional
steady state within less than one generation (Rautio ef al.,
2006b). The adaptation to anaerobic conditions (four to five
generations) was, however, more rapid than the time needed
for S. cerevisiae to achieve transcriptional steady state follow-
ing a shift from growth on galactose to growth on glucose
(> 10 generations; > 43h at D=0.16h""; Braun & Brenner,
2004). On the other hand, as the response to new conditions
requires several generations, S. cerevisiae is likely to be very
robust in conditions of inadequate mixing. Indeed Ronen &
Botstein (2006) observed that steady-state glucose-limited
cells exposed to pulses of excess glucose required only one
generation (c. 3.5h at D=0.2h™") or less to regain transcrip-
tional steady state. Further work should consider the effects
of periodic exposure to altered oxygen provision, to deter-
mine how quickly cells recover from short-term oxygen
shortage. Whereas metabolite concentrations responded
more rapidly to removal of oxygen from the culture,
metabolite concentrations also continued to change for up
to five generations (35 h) following the change (Fig. 5d).

This work demonstrates how provision of limiting con-
centrations of oxygen to S. cerevisiae CEN.PK113-1A re-
sulted in distinctly different cellular physiology, measured in
terms of metabolite pools and gene transcription. In parti-
cular, 2.8% O, provided only limited oxygen (dissolved
oxygen tension =0%), but was sufficient for high biomass
production. However, the levels of gene transcription in the
presence of 2.8% O, were often higher than would have been
predicted on the basis of data from aerobic and anaerobic
cultures, whereas gene transcription in cultures receiving
less O, (0.5% or 1.0%) was more predictable. This is also
reflected in the fact that, for many genes involved in central
carbon metabolism, up to 1.0% O, could be supplied to the
culture with no effect as compared to transcription levels in
anaerobic conditions. This information will be useful in the
design of cultures requiring low oxygen input.

The role of oxygen in regulating cellular physiology is
complex, as is also indicated by the extensive research on the
topic (cf. Lascaris et al., 2004; Tai et al., 2005; Lai et al., 2006)
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and the diversity of approaches used. It will be important to
further identify those responses that are truly oxygen
dependent and those that are strain, medium or culture
system specific.
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Abstract

Background: The gene family of hexose transporters in Saccharomyces cerevisiae consists of 20
members; |8 genes encoding transporters (HXT/-HXT|7, GAL2) and two genes encoding sensors
(SNF3, RGT2). The effect of oxygen provision on the expression of these genes was studied in
glucose-limited chemostat cultivations (D = 0.10 h-!, pH 5, 30°C). Transcript levels were measured
from cells grown in five steady state oxygen levels (0, 0.5, I, 2.8 and 20.9% O,), and from cells under
conditions in which oxygen was introduced to anaerobic cultures or removed from cultures
receiving oxygen.

Results: The expression pattern of the HXT gene family was distinct in cells grown under aerobic,
hypoxic and anaerobic conditions. The transcription of HXT2, HXT4 and HXT5 was low when the
oxygen concentration in the cultures was low, both under steady state and non-steady state
conditions, whereas the expression of HXT6, HXT3 and HXT[5/16 was higher in hypoxic than in
fully aerobic or anaerobic conditions. None of the HXT genes showed higher transcript levels in
strictly anaerobic conditions. Expression of HXT9, HXTI/4 and GAL2 was not detected under the
culture conditions studied.

Conclusion: When oxygen becomes limiting in a glucose-limited chemostat cultivation, the
glucose uptake rate per cell increases. However, the expression of none of the hexose transporter
encoding genes was increased in anaerobic conditions. It thus seems that the decrease in the
moderately low affinity uptake and consequently the relative increase of high affinity uptake may
itself allow the higher specific glucose consumption rate to occur in anaerobic compared to aerobic

conditions.
Background HXT6 to HXT7 are considered to be the major hexose
The hexose transporter gene family in Saccharomyces cere-  transporters in S. cerevisiae. The MC996A yeast strain lack-

visiae contains the sugar transporter genes HXT1 to  ing these six transporters and the protein encoded by
HXT17, GAL2 and the glucose sensor genes SNF3 and  HXTS5 (referred to as a hxt null mutant) is unable to grow
RGT2 [1,2]. The proteins encoded by HXT1 to HXT4 and  on glucose [3]. Based on their K, values and their ability
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to restore growth on glucose when the respective genes are
expressed individually in the hxt null mutant strain, these
transporters have been classified as high (Hxt6p, Hxt7p),
moderately low (Hxt2p, Hxt4p) and low (Hxt1p, Hxt3p)
affinity transporters. However, Hxt2p in cells grown on
low glucose concentrations exhibits both high and low
affinity transport kinetics [4]. Gal2p is able to transport
glucose with high affinity but the gene encoding it is
expressed only when galactose is present [4,5]. In the
CEN.PK2-1C strain, deletion of only HXT1 to HXT?7 is not
enough to completely abolish growth on glucose, fructose
or mannose [6]. Only deletion of all seventeen of the HXT
genes and GAL2 produces a strain unable to grow on these
sugars, and overexpression of any individual gene encod-
ing a hexose transporter, except HXT12 in this multiple
deletant restores growth on at least one of the hexoses:
glucose, fructose, mannose or galactose [6].

The major glucose transporters are regulated at transcrip-
tional level by the extracellular glucose concentration [7].
The transcription factor Rgt1p represses the genes encod-
ing these transporters in the absence of glucose, but it is
also required for full induction of HXT1 on high levels of
glucose [8]. Paralogous proteins Mth1lp and Std1p are
necessary for Rgtlp to act as a repressor. Release of the
repression requires removal of Mth1p and Std1p as well as
phosphorylation of Rgtl. The glucose signal mediated by
the Snf3p and Rgt2p sensors stimulates the degradation of
Mth1lp and Std1p, while the glucose signal mediated by
the G-protein-coupled receptor Gprlp leads to activation
of protein kinase A, which phosphorylates Rgtl and
releases the repression of HXT genes [9-15]. In addition,
high affinity transporters are repressed in high levels of
glucose via the Snflp-Miglp glucose repression pathway.
Mig1p binds directly to the promoters of HXT2 and HXT4
and also represses the expression of MTH1 and SNF3
[15,16].

Expression of HXT5 is regulated by growth rate rather than
the external glucose concentration [17,18]. It is expressed
upon decrease in the growth rate of cells in glucose batch
cultivations, at low dilution rates in glucose-limited che-
mostat cultivations, on non-fermentable carbon sources
and during sporulation [17,19]. The regulation is medi-
ated by STRE and HAP elements in the promoter region of
HXT5. The STRE elements are needed for induction at low
growth rates and during growth on ethanol, and the HAP
elements for growth on ethanol or glycerol [17]. The
Hxt5p transporter shows moderately low affinity for glu-
cose [19].

The hexose transporters encoded by HXT8 to HXT17 have
not been studied to the same extent as the major HXT
genes. Many of the functions assigned to these transport-
ers do not directly relate to sugar utilisation. Diderich and

http://www.biomedcentral.com/1471-2180/8/53

co-workers [20] were not able to detect the expression of
these genes when probing total RNA from glucose-limited
chemostat cultivations. It is known, however, that the reg-
ulation of all but HXT11 and HXT12 is controlled by glu-
cose [7]. The transporters encoded by HXT9 and HXT11
are also shown to be involved in pleiotropic drug resist-
ance [21], and the promoter of HXT17 is a target for
Maclp transcription factor, which regulates high-affinity
copper uptake genes under copper-deficient conditions
[22,23]. Greatrix and co-workers [24] demonstrated that
HXT5, HXT13 and HXT15 are induced in the presence of
non-fermentable carbon sources, and that HXT17 is
upregulated when yeast cells are grown on medium con-
taining raffinose and galactose at pH 7.7 but not at pH
4.7. In addition, Hxt9p and Hxt10p are able to transport
arsenic trioxide into the cell, as do the major hexose trans-
porters [25].

In addition to regulation at transcriptional level, inactiva-
tion of Hxt proteins takes place under certain conditions
such as starvation or in the presence of high concentra-
tions of glucose [7]. Degradation via endocytosis,
autophaghy, and transport to the vacuole has been shown
for Hxt2p, Hxt5p, Hxt6p and Hxt7p [26-30].

In glucose-limited chemostats, the specific glucose con-
sumption rate is inversely related to the oxygen provided
to the system [31,32]. Under oxygen-limited or anaerobic
conditions, energy is provided by respiro-fermentative
and fermentative metabolism, respectively. The biomass
yield on glucose is lower and the cells must transport
more glucose per unit time to be able to grow at the same
rate in anaerobic or oxygen-limited conditions as when
the metabolism is fully respirative. It is not clear what
modifications in the cell are responsible for the higher
glucose uptake. In addition, in spite of numerous studies,
the mechanism(s) controlling glycolysis in yeast is still
unknown. Control of individual steps or enzymes of this
pathway, such as the phosphorylation of glucose and the
control of phosphofructokinase have been extensively
studied [33-35]. However, it is likely that the control is
distributed over a number of steps, since the overexpres-
sion of individual glycolytic enzymes, or of all, did not
enhance glycolytic flux [36-38]. Glucose transport has
been suggested to play a major role in the control of glyc-
olysis [39], and shown to be highly important for the
dynamics of glycolysis with substantial control over the
frequency of glycolytic oscillations [38]. Additionally, glu-
cose transport may control the flux of glycolysis, even at
high external glucose concentrations if transport capacity
is reduced, as is the case in a strain that expresses a chi-
mera between Hxtlp and Hxt7p and no other hexose
transporter [40,41].
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Previously, we have assessed the role of oxygen in the
physiology of S. cerevisiae by studying the metabolite and
transcript levels related to central carbon metabolism
[32]. In the present study we extend the analysis to glucose
transport to determine if and how hexose transporters are
affected when oxygen becomes limiting for growth. We
probed cells from glucose-limited chemostat cultivations
of CEN.PK113-1A at five different oxygen levels for the
expression of HXT1 to HXT11, HXT13 to HXT17, GAL2,
SNF3 and RGT2. In addition, we studied the expression of
these genes under conditions in which oxygen was
removed from cultivations receiving it or introduced to
anaerobic cultivations.

Results

Transcription of HXT genes in cells at steady state
exposed to different oxygen levels

Five different inflow gas oxygen levels (20.9, 2.8, 1.0, 0.5
and 0%) were used to study the response in expression of
genes encoding hexose transporters and glucose sensors to
external oxygen in glucose-limited chemostat cultures of
CEN.PK113-1A. The specific glucose consumption rates
were 6.6, 8.0, 11.4, 14.3 and 37.1 Cmmol g biomass! h-!
for chemostat cultures receiving 0.5, 1.0, 2.8 and 20.9%
oxygen, respectively [32]. Extracellular glucose was not
detected. The strongest expression signals were obtained
from HXT6, HXT7 and HXT10. The signals of HXT9,
HXT14 and GAL2 transcripts were below the detection
limit in these conditions.

Statistical differences (p < 0.05) in the expression levels of
all the hexose transporter encoding genes were detected
between at least some of the oxygen concentrations stud-
ied (Figure 1). HXT2, HXT4 and HXT5 were significantly
more highly expressed in aerobic conditions compared to
hypoxic (2.8, 1.0 and 0.5% O,) or anaerobic conditions.
Each of these genes showed some increase in expression
already at 2.8% O,. HXT?2 also had higher transcript levels
in anaerobic conditions compared to the hypoxic condi-
tions of 1.0 and 0.5% O,. HXT1, HXT8, HXT11 and
HXT17 had higher expression in 2.8% O, and fully aero-
bic conditions compared to lower oxygen levels, whereas
HXT10 had higher expression at 1% or more O,. The sig-
nals from HXT6, HXT13 and combined HXTI15 and
HXT16 (HXT15/16) were higher in at least two out of
three hypoxic conditions than in either aerobic or anaero-
bic conditions. The highest transcript levels of HXT6 and
HXT3 were seen in 2.8% O,, whereas the expression of
HXT15/16 was reduced at this level of oxygen provision.
HXT13 had similar high expression in 1 and 2.8% O,.
None of the hexose transporter genes were upregulated in
anaerobic compared to aerobic conditions. The signal for
the gene encoding the Snf3p sensor was higher in aerobic
compared to anaerobic conditions, and highest in 2.8%
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O,, whereas the signal of the RGT2 transcripts was lowest
under the hypoxic conditions of 0.5 and 1% O,.

Expression of transporter encoding genes after a change
between aerobic and anaerobic conditions

The expression of hexose transporter and glucose sensor
genes following a change in oxygen provision was studied
by switching oxygen provision off or on, in aerobic and
anaerobic cultivations, respectively. Following the change
from aerobic to anaerobic conditions, samples were taken
until a new steady state was achieved (Figure 2A). After the
switch from anaerobic to aerobic conditions, the cultiva-
tions started to oscillate after 25 hours and the steady state
could not be reached. The results are thus reported only
for the first 25 hours (Figure 2B).

Clear changes as a response to the removal of oxygen from
respiratory cells were seen in the transcript levels of HXT2
to HXT7, although the time scales of the responses varied
(Figures 2A and 3). Two of these genes (HXT3 and HXT6)
were upregulated and four (HXT2, HXT4, HXT5 and
HXT7) downregulated either transiently or permanently
as a response to lack of oxygen. The transcript levels of
HXT3, HXT4, HXT6 and HXT7 had changed already dur-
ing the first 10 minutes, while a response in HXT?2 expres-
sion was seen only after 10 min but within one hour.
Changes observed in HXT5 expression were the slowest to
occur; a significant response was seen after 6 hours.

When oxygen was introduced to the anaerobic cultiva-
tions (Figures 2B and 3), two of the genes encoding major
hexose transporters (HXT3 and HXTG6) were downregu-
lated and two (HXT2 and HXT4) were upregulated. HXT5
was upregulated only after a transient downregulation
during the first 4 hours after oxygen was provided. HXT7
was slightly upregulated after initial (10 min after oxygen
was provided) downregulation. Expression of HXT3,
HXT4, HXT6 and HXT7 exhibited rapid responses to a
change in environmental oxygen, i.e within 10 min, the
earliest sample taken after the change.

The responses of the transporter genes HXT8 to HXT17
were weaker than those of the major hexose transporters
(Figures 2A, 2B and 3). In general, these genes were upreg-
ulated when oxygen was introduced to anaerobic cultiva-
tions, and either downregulated or did not respond when
oxygen was removed from aerobic cultures. The expres-
sion of HXT15/16, increased only transiently when the
culture was adapting to aerobic conditions and perma-
nently following the shift to anaerobic conditions. Of the
sensor genes, expression of SNF3 was not affected by
change in the oxygen concentration, but RGT2 was down-
regulated when the cultures experienced lack of oxygen.
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The expression of HXT genes at different steady state oxygen levels. The expression of genes encoding hexose trans-
porters and glucose sensors in steady state oxygen concentrations of 0, 0.5, 1.0, 2.8 or 20.9% O, in glucose-limited chemostats
(D =0.10 h"!, pH 5.0, 30°C, and 1.5 vvm gas flow). Error bars indicate + sem for 4 to 8 samples taken during steady states in 2
to 4 cultivations. Values with the same letter (a to e) for the same gene did not differ significantly (p > 0.05, Dunnett's T3 mul-
tiple range test) from data points showing the same letter.
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Expression of transporter encoding genes after a change
between hypoxic and anaerobic conditions

The response in expression of HXT and glucose sensor
genes was also assessed following a shift from hypoxic
(1% O,) to anaerobic and from anaerobic to hypoxic con-
ditions. Samples were taken until a new steady state was
achieved.

The response in the expression of the hexose transporter
encoding genes to oxygen depletion was different when
the starting point was hypoxic and not fully aerobic (Fig-
ures 2C-D and 3). When oxygen was replaced with nitro-
gen in the cultures which had been hypoxic, most of the
HXT genes were downregulated (Figure 2C). The expres-
sion of HXT3, HXT4, HXT6, HXT13 and HXT15/16 was
transiently upregulated in cells after 10 min in anaerobic

11/5

conditions, but downregulated already after 60 min. Only
HXT5 was transiently upregulated for a longer period (the
first 7 hours). HXT2 was upregulated towards the end of
the adaptation to the anaerobic conditions, around 30
hours after oxygen was depleted.

When hypoxic conditions were introduced to anaerobic
cultivations (Figure 2D) the immediate (10 min)
responses were similar to those observed when fully aero-
bic conditions were introduced (Figure 2B), but the sub-
sequent responses differed. Only the expression of HXT2,
HXT5, HXT13 and HXT15/16 changed significantly as the
cells approached the hypoxic steady state. HXT5, HXT13
and HXT15/16 were upregulated whereas HXT2 was
downregulated. HXT6 and RGT2 were transiently down-
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Figure 3

Initial responses of specific HXT genes to the change in oxygen concentration. The relative expression of HXT2-
HXT6, HXTI3 and HXT15/16 during the first eight hours after the switch in oxygen concentration. Symbols with the same col-
ours represent replicate cultivations carried out in the same conditions.
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regulated during the first 2 and 2-5 hours, respectively,
following the switch to hypoxic conditions.

Promoter analysis of the HXT genes induced in hypoxic
conditions

The promoter regions (950 bp upstream from the start
codon) of the genes encoding Hxt3p, Hxt6p, Hxt13p, and
Hxt15/16p transporters were sequenced in the
CEN.PK113-1A strain. The upstream sequences of HXT3,
HXT6 and HXT15/16 were identical to those of strain
$288C, whose genomic sequence is found in the data
banks. In the promoter region of HXT13 there were five
separate nucleotides in CEN.PK113-1A that differed from
the published sequence of strain S$288C. The DNA Pattern
[42] web-based tool was used to search the promoters of
HXT3, HXT6, HXT13 and HXT15/16 for binding sites of
transcription factors known to be involved in hypoxic
control. These were LORE (low oxygen response element);
5" ACTCAACAA 3' [43] and HRE (hypoxic response ele-
ment); 5' BRCGTGVBBB 3' [44]. Two LORE sequences
were found in the HXT3 promoter and one in the HXT15/
16 promoter (one mismatch allowed), whereas one HRE
site was found in the HXT'13 promoter of both $288C and
CEN.PK113-1A strains.

Discussion

Most of the published data indicate that the expression of
the hexose transporter encoding genes of S. cerevisiae is
mainly regulated by extracellular glucose concentration.
In the present paper, the expression of these genes was
studied under various oxygen concentrations in glucose-
limited chemostats with an extracellular glucose concen-
tration below detection limit and thus not affecting the
transcription of HXT genes [20]. When oxygen becomes
limiting in a glucose-limited chemostat cultivation, the
glucose uptake rate per cell increases. We addressed the
question of how the expression level of hexose transporter
encoding genes is modified as a result of increased specific
glucose consumption rate under oxygen restricted condi-
tions.

In aerobic glucose-limited chemostat cultures grown at a
dilution rate of 0.1 h1, both high and moderately low
affinity glucose uptake is detected [20]. A similar result
was observed here; expression of the moderately low
affinity transporter genes HXT2, HXT4 and HXT5 and of
the high affinity transporter genes HXT6 and HXT7 was
seen. Expression of HXT1 and HXT3, encoding low affin-
ity transporters was also detected, but on a very low level.
In their chemostat study, Diderich and co-workers [20]
only detected the expression of HXT2, HXT5 and HXT7.
This is most probably due to differences in the sensitivity
of the techniques used. We were also able to detect the
expression of all other hexose transporter genes except
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HXT9, HXT14 and GAL2, although some were only
expressed at a very low level.

In anaerobic conditions, the expression of HXT2, HXT4
and HXT5, encoding moderately low affinity transporters
was significantly reduced compared to aerobic conditions
(Figure 1). This was also seen during transition from aer-
obic or hypoxic growth to anaerobic growth and agrees
with earlier studies which detected only high affinity
transport activity in anaerobic glucose-limited chemostat
cultivations [20]. In addition to the decreased expression
levels of the moderately low affinity transporter encoding
genes, the activity of Hxt2p may be modulated towards
higher affinity, as both high and moderately low affinity
components have been observed in a strain expressing
only this transporter gene [4].

Interestingly, the expression of none of the hexose trans-
porter encoding genes was increased in anaerobic com-
pared to aerobic conditions. However, the decrease in the
moderately low affinity uptake may result in a relative
increase in high affinity uptake, which may allow the
higher specific glucose consumption rate to occur in
anaerobic conditions. In contrast, Trhxt1, encoding a glu-
cose transporter, is induced by anoxia but not by hypoxia
in the filamentous fungus Trichoderma reesei [45]. This
may represent a difference between facultative anaerobic
and strictly aerobic fungi.

Earlier studies have shown that HXT5 is expressed at a
higher level in aerobic than in anaerobic conditions
[20,46]. Our studies show that the transcription of HXT5
was significantly reduced not only in anaerobic, but also
in hypoxic, compared to aerobic conditions. In addition,
the regulation of HXT5 following a change in oxygen pro-
vision differed from that of other HXT genes. When
hypoxic condition became anaerobic, there was a long (7
h), transient upregulation of expression of this gene, that
was opposite to the final response of downregulation. It is
known that the transcription of HXT5 is not regulated by
extracellular glucose concentration, but by growth rate,
and that the expression is under the control of STRE and
HAP elements in its promoter [17,19]. The reduction in
specific growth rate for up to 15 h following a shift from
hypoxic to anaerobic conditions may have contributed to
the transient upregulation of HXT5, but it should be noted
that transient upregulation was not observed following
the change from aerobic to anaerobic conditions even
though the specific growth rate was similarly reduced.
HAP2/3/4/5p elements are needed for the induction of
transcription of respiratory genes, like the ones encoding
the subunits of cytochrome ¢ oxidase (COX4, COX5a,
COX6) and enzymes of the tricarboxylic acid cycle (KGD1,
CIT1) [47-51]. These elements are also likely to be
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involved in the aerobic induction of HXT5 seen in this
study.

The change in specific growth rate after a change in oxygen
provision may also have affected the expression of other
hexose transporter encoding genes, directly or inderectly.
However, responses to increased oxygen provision (20.9
or 1.0%) which occurred within less than 2 hours were
independent of specific growth rate, which only increased
after this time. Further, specific growth rate increased 2
hours after a change to either 20.9 or 1.0% oxygen, but for
those genes whose transcription was affected by the
change between 2 and 8 hours after it occurred, during
which time the specific growth rate was increased, the
response was generally not the same with 20.9 as with
1.0% oxygen. Thus it is unlikely that the increase in spe-
cific growth rate contributed as much as the increase in
oxygen availability in regulation of the hexose transport
genes. The decrease in specific growth rate which occurred
following a change to anaerobic conditions was also
unlikely to be as important as the reduction in oxygen
availability in affecting transcription of the hexose trans-
port genes, since a similar reduction in specific growth
rate was observed regardless of the initial concentration of
oxygen provided, but changes in gene transcription were
dependent on the initial oxygen provision.

In hypoxic (0.5-2.8% oxygen) conditions, the expression
of four of the HXT genes was higher than in aerobic con-
ditions. Even with 2.8% oxygen, compared to aerobic
conditions, the expression of HXT3, HXT6, HXT13 and
HXT15/16 was higher, whereas the expression of HXT2,
HXT4 and HXT5 was lower. In our earlier study we
observed that the expression levels of 50% of the 69 genes
of central carbon metabolism which were studied were
different under 2.8% oxygen provision compared to full
aeration [32], suggesting that the cell is able to recognise
the reduced oxygen level, even though the cultures still
maintain a high biomass concentration and a high oxygen
uptake rate. Reduced transcript levels of HXT2 and HXT5
and increased transcript levels of HXT3 have previously
been observed during respiro-fermentative metabolism at
high dilution rates in chemostat cultures [20].

The expression of the high affinity transporter encoding
gene HXTG6 was relatively strong in all the hypoxic oxygen
levels studied compared to aerobic or anaerobic condi-
tions. This was seen in both steady state and non-steady
state cultures. In contrast, the expression of the other high
affinity transporter encoding gene, HXT7 was very similar
in aerobic cultivations and in those receiving 2.8% oxygen
and was low in cultures with less or no oxygen, especially
in the culture receiving 0.5% oxygen. This observation
agrees with the earlier observation that even though HXT6
and HXT7 are 99% identical in their coding regions, they
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are not co-regulated [20] Indeed, their promoter regions
are only 51% identical.

HXT13 and HXT15/16 exhibited their highest relative
expression in hypoxic steady states and also showed clear
responses to a shift in oxygen concentration. These genes
were induced when hypoxia was introduced after anaero-
bic conditions and repressed when hypoxic cultivations
became anaerobic. The transient responses following
shifts between fully aerobic and anaerobic conditions
were smaller, reflecting the comparable expression level of
these two genes under the two conditions. HXT13 and
HXT15 have previously been shown to be slightly induced
by non-fermentable carbon sources [24]. In the promoter
regions of HXT15 and HXT16 there are LORE (low oxygen
response element) [43] sequences with one mismatch to
the consensus. These elements could be responsible for
the induction in the hypoxic conditions, although the site
is located -900 bp from the start codon of the genes. The
promoter of HXT13, on the other hand, contains an HRE
(hypoxia response element) sequence, which is responsi-
ble for the regulation of hypoxic genes in mammalian
cells (e.g. GLUT1 glucose transporter in human) [52-55].
It has recently been speculated that this element is also
present in the yeast genome [44].

Only small differences in the expression levels of HXTS,
HXT10, HXT11 and HXT17 were seen, either between dif-
ferent steady states or as a response to a change in oxygen
concentration. In addition to regulation by glucose con-
centration (excluding HXT11), the expression levels are
known to be affected by change in pH (HXT8, HXT9,
HXT11 and HXT17), and HXT11 has been indicated to be
involved in multidrug resistance [7,24,56].

Most of the HXT genes had different expression in differ-
ent oxygen concentrations, either during the steady states
or following a change between anaerobic and hypoxic or
aerobic conditions. Transcription of HXT2, HXT4 and
HXT5 was high in aerobic and that of HXT6, HXT13 and
HXT15/16 was high in hypoxic conditions. Additionally,
the three former transporter encoding genes clearly had
lower expression levels in oxygen-restricted conditions.
However, questions concerning the significance of the
hypoxic induction, and why the moderately low affinity
transporters are expressed in glucose-limited chemostats
with very low extracellular glucose concentration, remain
to be addressed in future studies. It is tempting to specu-
late, that the hypoxic induction of expression, in particu-
lar that of HXT6, encoding a known high affinity
transporter, indicates a response to enhance sugar uptake
upon oxygen limitation. The fact that the relative tran-
script levels of this gene are lower in fully anaerobic com-
pared to hypoxic cultures may not represent the situation
at the protein level on the plasma membrane. The
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decreased amount of moderately low affinity transporters,
achieved by both regulating the expression of these genes
and by degradation of the respective protein(s), under
conditions of low oxygen may provide additional mem-
brane space for the high affinity transporters to occupy the
membrane and thus increase the glucose uptake rate.

Conclusion

The expression of hexose transporter encoding genes was
affected by change in oxygen provision. The expression of
genes encoding moderately low affinity transporters was
lower in anaerobic than aerobic conditions. As the expres-
sion of none of the hexose transporter encoding genes was
increased in anaerobic compared to aerobic conditions it
seems that the decrease in the moderately low affinity
uptake and consequently the relative increase of high
affinity uptake may itself allow a higher specific glucose
consumption rate to occur in oxygen restricted and anaer-
obic conditions. Further, the gene encoding the high affin-
ity transporter Hxt6p and the genes encoding Hxt13p and
Hxt15/16p were upregulated in hypoxic conditions, and
the expression of moderately low affinity transporters,
particularly that of HXT5, was reduced with only 2.8%
oxygen compared to fully aerobic conditions. The regula-
tion of hexose transporter encoding genes is thus different
in oxygen restricted conditions compared to fully anaero-
bic conditions.

Methods

Yeast strain and culture conditions

Saccharomyces cerevisiae CEN.PK113-1A (MATa, URA3,
HIS3, LEU2, TRP1, MAL2-8¢, SUC2) was grown in 0.8 to
1 L medium in Braun Biotech International (Sartorius)
Biostat® CT (2.5 L working volume) bioreactors in the
defined minimal medium described by Verduyn et al.
[57], with 10 g glucose I'! as carbon source, and supple-
mented with 10 mg ergosterol 1 and 420 mg Tween 80 I-
1. BDH silicone antifoam (0.5 mL 1-1) was used to prevent
foam production in the cultures. Chemostat cultures were
maintained at D = 0.10 + 0.02 h-!, pH 5.0, 30°C, with 1.5
volume gas [volume culture]! min-! (vvm). For cultures
which received less than 20.9% O, in the gas stream, air
was replaced with the equivalent volume of N,, so that
total gas flow was maintained constant for all experi-
ments. Cultures which were fed 2.8 or 20.9% O, were sub-
ject to oscillations. To prevent these, approximately 5% of
the total cell concentration in the bioreactor was added to
the culture as cells in mid to late exponential phase at the
time when continuous medium feed was started [58]. The
cultivations and the culture conditions, biomass determi-
nation and metabolite analyses are described in more
detail by Wiebe and coworkers [32].

In some cultures, the steady state was disrupted by replac-
ing air (20.9 or 1.0% O,) with 100% N, (0% O,) or by
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introducing air (20.9 or 1.0% O,) to anaerobic (100%
N,) cultures. When 20.9% O, was introduced to an anaer-
obic culture, dissolved oxygen was present in the culture
within less than 15 seconds and was >70% within less
than 2 minutes. When 1.0% O, was introduced to an
anaerobic culture, dissolved oxygen was measurable in
the culture within less than 2 minutes and for more than
2 h before returning to 0. When 20.9% O, was replaced by
N,, the dissolved oxygen decreased from ~80% to 0
within less than 2 minutes. No change in dissolved oxy-
gen, which was 0, occurred when 1% O, was replaced by
N,.

The dilution rate and other conditions were maintained
constant following a shift in conditions, but the differ-
ences in biomass yield in 0% (0.12 Cmol biomass [Cmol
glucose] 1), 1.0% (0.36 Cmol biomass [Cmol glucose] 1)
and 20.9% (0.60 Cmol biomass [Cmol glucose] ') O, [32]
resulted in changes in specific growth rate for up to
approximately 15 h following the shift. In cultures pro-
vided with either 20.9 or 1.0% O,, no increase in specific
growth rate was observed during the first 2 h following the
addition of O, . Between 2 and approximately 10 h, cells
in cultures receiving 20.9% O, grew at 0.32 h-l, while
those receiving 1.0% O, grew at 0.21 h-l. After 10 h,
growth continued at 0.10 h'l. In cultures which were
made anaerobic, the specific growth rate decreased to 0.06
h-1 almost immediately after O, was replaced with N, and
returned to 0.10 h-! after approximately 15 h [32]. During
these time intervals the cultures also experienced changes
in extracellular metabolite concentrations, with ethanol
and glycerol concentrations increasing in cultures which
became anaerobic [32] and decreasing in cultures which
became aerobic or hypoxic. Glycerol consumption did
not occur, but ethanol consumption was observed in aer-
obic cultures. Ethanol production continued in the
hypoxic cultures.

Oscillations occurred in cultures which were maintained
in steady state anaerobic conditions and then provided
with 20.9% O, approximately 25 h after O, was provided.
Fresh, exponentially growing cells were not added to pre-
vent oscillations since the transcript levels in the added
cells may have affected the overall results disproportion-
ately.

Transcriptional analysis

Transcriptional analysis was performed with the TRan-
script analysis with aid of Affinity Capture (TRAC) assay
described by Rautio et al. [59]. Total mRNA was extracted
from 10 mL cell culture samples (10 - 50 mg DW) which
had been rapidly frozen in liquid N, and stored at -80°C.
GeneScan-120LIZ size standard (Applied Biosystems,
USA) was added to each sample to calibrate the separation
of the detection probes by size. In addition, in vitro synthe-
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sized mRNA (MEGAscript transcription kit; Ambion,
USA) of the Escherichia coli traT gene was added to each
sample (1.5 fmol [100 pl]!) so that the results for each
probe in any analysis could be correlated to this internal
standard, eliminating experimental variation in different
hybridizations and samples. Probes were divided into 2
probe pools with 8 and 9 probes per pool. The identity of
the probes was determined by the migration behaviour
and the quantity by the peak area. Total polyA RNA was
quantified from the cell lysates, after eluting the polyA
RNA in dimethyl pyrocarbonate (DMPC) treated H,O,
using the RiboGreen RNA quantification kit (Molecular
Probes, the Netherlands). Individual mRNA expression
levels are given as the standardised (using traT internal
standard) amount per total polyA RNA.

Probes for TRAC analysis

The probes used in the TRAC analyses are listed in Table
1. They were designed using the mathematical algorithms
presented in Kivoja et al. [60]. The probes of HXT1-5,
HXT8-10, GAL2, RGT2 and SNF3 were designed to hybrid-
ise to the 3' end of the coding regions. The coding regions
of HXT13 and HXT17 as well as HXT9 and HXT11 have
sequence similarity of 97%. Only the 5' ends of the coding
region of these genes differ enough to enable the design of
specific probes. HXT6 and HXT7 are 99% identical within
the coding region, but differences can be found in the 3'
flank of the genes. The flanking region of HXT?7 is AT rich
which leads to a melting temperature of the probe (50°C)
that is lower than that of the other probes (62-71°C).
HXT15 and HXT16 are identical within their coding
regions and within 1 kb in both directions from the cod-

Table I: Probes used in the TRAC analysis
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ing region, except one nucleotide. Therefore only one
probe was designed which detected both of these genes.

Sequencing of promoter regions

The following oligonucleotides were used in PCR of pro-
moter fragments from the genomic DNA of CEN.PK113-
1A: HXT3 promoter forwardl 5'ACCGGTATATCAAAT-
GGCGGTGTA 3', HXT3 promoter reverse 5 TCAGGCAT-
GTITCATTACCTGAGAG 3', HXT6 promoter forwardl
5 TGGCATCAAATTTGGGAA 3', HXT6G promoter reverse
5'GAGAGATGCTCCACAGGA 3, HXTI13 promoter
forward1 5 TGCTGCAATITGCTATTT 3', HXT13 promoter
reverse 5'CATCTCCATCGCTATCAA 3', HXT15 promoter
forward1 5'CCATITITTCAGAATCCT 3', HXT15 promoter
reverse 5'CTGTTTAGATTATCTGCA 3'. Three parallel PCR-
reactions for each of the HXT promoters sequenced were
carried out using Dynazyme Ext or Phusion high fidelity
polymerases (Finnzymes, Finland), and purified PCR-
fragments were sequenced using the same oligonucle-
otides that were used in the PCR-reactions. In addition,
the following oligonucleotides were used in the sequenc-
ingg  HXT3 promoter  forward2  5'GGAACAT-
TCTAGCTCGTT 3', HXT6  promoter forward2
5'TACTTGGAAATTAATGTA 3', HXT13 promoter forward2
5'ATCATTTGTCGTGITCCT 3' and HXT15 promoter
forward2 5'CCAAATATCTTATACGTT 3'.

Data analysis and graphs

Statistical analysis of the data was carried out using SPSS
software (version 14.0, SPSS Inc, USA,). Analysis of vari-
ance (ANOVA) and Dunnett's T3 multiple comparison
test were used for the comparative analysis of the data. All
graphs were prepared using the R environment [61,62].

Gene Probe sequence Position?
HXTI ATGGTCAGGTGGGCATTTGTTAACTTTAGCTAA 826
HXT2 TAACTCACCCCAAGAAGCGTTACCG 891
HXT3 ATACCAATGGCACCATATAACAAACAGTTACGACGTC 1145
HXT4 CTGGATCGTCTGCGCTGACCTTATTTGAAAGAGCAATAG 842
HXT5 ATCATACCCATTAGTGTACGTCTGAAC 1026
HXTé6 CATCTTGCCATACAATATAAATCGTAAGGGTTCAT +78
HXT7 GTATATATTAAAAACGTATTTACTTTTCAAGATATCATTAAAA +83
HXT8 AGAAGGGTTTCTCGTCATGCTGTAATTTTTCGT 1661
HXT9 ATGCTCAGTTTTTACAGATGGTGCATTTGCTACTGAG 60
HXTI0 TGGCCAAAGACCTTCTAGCTTCTTCATACTTACCTTTTTCTAC 742
HXTI GGCTCATTGGCATCTAGGTTAAGGGAATT 109
HXTI3 ATCTCGAACATCTCCATCGCTATCAATAGAGGATT 14
HXTI14 TATGGCCCTCGTTCTTAGAGGGAACAATTCG 1386
HXTI5/16 GCCCATGTCGTTGCAAAGCAGAATATATAGAAGCATGTG 1284
HXT17 GACCATCCTGAATATCTCTATCACT 19
SNF3 TCTGTACTAGTAGGAATATCAACACGTTCTG 1892
RGT2 TTCACTTGTTTTGAAACAATCTAAAAGTGTTGACGGGCCGA 1007
GAL2 AGAGGCCAACGCCATACATTTCGACTTGA 1397

2 The start position of the probe inside the coding region. + indicates that the probe sequence is on the 3' side of the stop codon and the position

is given relative to the stop codon.
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Abstract

Background: The industrially important yeast Saccharomyces cerevisiae is able to grow both in the
presence and absence of oxygen. However, the regulation of its metabolism in conditions of
intermediate oxygen availability is not well characterised. We assessed the effect of oxygen
provision on the transcriptome and proteome of S. cerevisiae in glucose-limited chemostat
cultivations in anaerobic and aerobic conditions, and with three intermediate (0.5, 1.0 and 2.8%
oxygen) levels of oxygen in the feed gas.

Results: The main differences in the transcriptome were observed in the comparison of fully
aerobic, intermediate oxygen and anaerobic conditions, while the transcriptome was generally
unchanged in conditions receiving different intermediate levels (0.5, 1.0 or 2.8% O,) of oxygen in
the feed gas. Comparison of the transcriptome and proteome data suggested post-transcriptional
regulation was important, especially in 0.5% oxygen. In the conditions of intermediate oxygen, the
genes encoding enzymes of the respiratory pathway were more highly expressed than in either
aerobic or anaerobic conditions. A similar trend was also seen in the proteome and in enzyme
activities of the TCA cycle. Further, genes encoding proteins of the mitochondrial translation
machinery were present at higher levels in all oxygen-limited and anaerobic conditions, compared
to fully aerobic conditions.

Conclusion: Global upregulation of genes encoding components of the respiratory pathway under
conditions of intermediate oxygen suggested a regulatory mechanism to control these genes as a
response to the need of more efficient energy production. Further, cells grown in three different
intermediate oxygen levels were highly similar at the level of transcription, while they differed at
the proteome level, suggesting post-transcriptional mechanisms leading to distinct physiological
modes of respiro-fermentative metabolism.

Background cause oxidative damage, especially when cells are exposed
Oxygen is one of the basic determinants of cellular physi-  to oxygen after being in oxygen-restricted conditions [1].
ology. Oxygen is needed for energy metabolism and  Regulation of metabolism in response to oxygen availabil-
sterol, fatty acid and heme biosynthesis, but may also ity is needed for rapid adaptation to changing environ-
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ments both in nature and in industrial bioprocesses.
Saccharomyces cerevisiae, a major industrial organism, is
able to grow both in the presence and in the complete
absence of oxygen by adjusting the mode of metabolism
from respiratory to respirofermentative and fermentative.
Amongyeasts, S. cerevisiae and other Saccharomyces species
are unique in being able to restrict respiration and
increase fermentative metabolism on glucose, even in the
presence of oxygen, by the repression of respiratory genes

2].

The concentration of heme plays a central role in the reg-
ulation of oxygen responsive genes in S. cerevisiae,
through the biosynthetic pathway of heme which is not
active in the absence of oxygen. However, there are at least
two types of heme pools in the cell, a protein-bound and
a free pool, and it is not known how these two pools con-
tribute to the transcriptional regulation [3]. The transcrip-
tion factor Hap1p acts as an activator or as a repressor of
certain genes depending on the presence or absence of
heme. In the presence of heme, Haplp activates the
expression of genes involved in respiration and oxidative
stress [4,5]. Transcriptional activation by Hap1p increases
dramatically between anaerobic and severely oxygen-
restricted conditions, but only gradually between 1 uM O,
and fully aerobic conditions [3]. Hap1p also induces the
expression of ROX1, which encodes a repressor of genes
needed during severe hypoxia or in anaerobic conditions
[6,7]. In the absence of heme, Hap1p acts as a repressor of
genes involved in ergosterol biosynthesis [8]. The tran-
scription factor Hap2/3/4/5p is also suggested to be acti-
vated by heme and it induces the expression of many
genes involved in respiratory metabolism in the presence
of oxygen [9,10]. However, while the regulation of Hap1p
by heme has been widely studied, the regulation of Hap2/
3/4/5p by heme and oxygen is largely unknown [11].

In anaerobiosis, the cell wall and cell membrane of S. cer-
evisiae is remodelled, which enables import of sterols and
fatty acids, which, like heme, are not synthesised in the
absence of oxygen [9,12-16]. Transcription factors Upc2p,
Ecm22p and Sutlp are known to play a role in the import
of sterols, but the exact mechanisms are not known
[17,18]. However, nearly one third of anaerobically
upregulated genes contain Upc2p/Ecm22p binding sites
in their promoters [19,20]. Upc2p and Ecm22p bind the
same sequence and the binding is dependent on sterol
concentration [21]. In addition, Mox1p and Mox2p have
been suggested to be repressors interacting with Upc2p
[22]. The target genes of Sutlp are not known, but the
overexpression of SUT1 has been shown to enable uptake
of sterols in aerobic conditions [23,24].

Genome wide studies have revealed that a large part of the
S. cerevisiae transcriptome reacts to the presence or
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absence of oxygen, partly depending on the carbon source
and nutrient limitation [12-14,25,26]. While Piper and
co-workers identified 877 transcripts differentially
expressed between aerobic and anaerobic glucose-limited
conditions, Tai and co-workers found that only 155 of
these genes responded consistently to anaerobiosis under
four different macronutrient limitations [25,26]. Lai and
co-workers monitored the transcriptome of S. cerevisiae
during the transition from aerobic to anaerobic condi-
tions in batch cultivations on glucose and galactose
[13,14]. These studies revealed an initial response of
stress-activated genes only on galactose, while later
responses of downregulation of mitochondrial functions,
upregulation of carbohydrate metabolism and redox reg-
ulation and activation of networks involved in sterol and
cell wall homeostasis were similar on both carbon
sources. In addition to transcriptome analyses, a recent
comparison of the transcriptome and proteome revealed
post-transcriptional regulation of glycolysis and of the
aminoacyl-tRNA, purine and amino acid biosynthetic
pathways, in respect to oxygen availability [27].

To our knowledge, there is no published data of the tran-
scriptome or proteome in steady state conditions with
intermediate oxygen levels. Studies of yeast provided with
different oxygen levels could reveal regulation that is
dependent not only on the presence or absence oxygen,
but also on oxygen concentration. Severe hypoxia is
known to modulate gene expression of some gene pairs in
a Haplp, Hap2/3/4/5p and Roxlp dependent manner
and it is thought to enable more efficient oxygen utilisa-
tion. COX5a/COX5b, CYC1/CYC7, AAC2/AAC3 and
TIF51a/ANBI are pairs of interchangeable genes, of which
one member of the pair is used under aerobic conditions
and the other under severe oxygen restriction [9]. This
switch occurs only in very low oxygen concentrations [28]
and nothing is known about the expression of these gene
pairs under conditions of moderately low oxygen.

Under steady state glucose-limited conditions, glucose
repression of respiratory functions does not occur and it is
possible to study the effect of oxygen on metabolism with-
out interfering effects of using different carbon sources or
changes in the specific growth rate. We cultivated S. cere-
visiae in highly controlled glucose-limited chemostat cul-
tures with 0, 0.5, 1.0, 2.8 and 20.9% oxygen in the feed
gas and studied the levels of selected transcripts, metabo-
lites and fluxes of central carbon metabolism [29,30]. Our
studies revealed that cells grown with 2.8% oxygen in the
feed gas were very similar to those grown with 20.9% oxy-
gen (fully aerobic conditions) in terms of oxygen uptake
rate, carbon evolution rate, and biomass production,
while only minor changes in fluxes were seen. However,
the metabolism was already respiro-fermentative with
2.8% oxygen and a large fraction of measured transcripts
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levels differed from those observed in cells grown with
20.9% oxygen [29,30]. Furthermore, even though the bio-
mass yield and the respirative carbon flux through the
TCA cycle were significantly reduced when cells were fed
1.0% or 0.5% oxygen, compared to fully aerobic condi-
tions, 36% and 25% of the ATP was still generated
through respiration with 1.0% and 0.5% oxygen, respec-
tively [29,30]. In order to get a global view on the metab-
olism of S. cerevisiage under various conditions of oxygen
provision, we have performed whole transcriptome and
partial proteome analysis of S. cerevisiae cells grown in
glucose-limited chemostat cultures with 0, 0.5, 1.0, 2.8 or
20.9% oxygen in the feed gas and used both well estab-
lished and recently published computational tools for a
thorough analysis of the data.

Results

The effect of oxygen provision on gene transcription in
steady state glucose-limited chemostats

Microarray analysis of yeast from glucose-limited chemo-
stat cultivations with 0, 0.5, 1.0, 2.8 and 20.9% oxygen in
the feed gas was performed. Statistical analysis of the
steady state data revealed that 3435 genes responded sig-
nificantly (p < 0.01) to oxygen availability under the five
conditions studied. While the highest number of respon-
sive genes (2900) was observed between the anaerobic
and fully aerobic conditions, the number of genes
expressed differently in conditions of intermediate oxygen
(0.5-2.8%) was relatively small (Figure 1A and 1B). The
transcriptome from cultures with 0.5% and 1.0% oxygen
was particularly similar: only 10 genes had statistical dif-
ferences (p < 0.01) in their expression. When the anaero-

0.5% vs 1.0% 0.5% vs 2.8%
0% vs 0.5% 0% vs 20.9%
1688 ﬂn
2395
1.0% vs 2.8% 5304
Figure |

Venn diagrams of the genes which differ significantly
(p < 0.01) in conditions of different oxygen provision
in the feed gas. A. Anaerobic and either 0.5 or 20.9% oxy-
gen in the feed gas and B. 0.5% and 1.0%, 0.5% and 2.8%, and
1.0% and 2.8% oxygen in the feed gas. The number in the
lower right corner of the figures A and B represents the
number of genes that were not differentially expressed.

111/3

http://www.biomedcentral.com/1471-2164/10/461

bic or fully aerobic conditions were compared to
conditions of intermediate oxygen, significant differences
were found in 2000-2400 and 1500-1600 genes, respec-
tively.

To obtain an overall picture of metabolic pathways
responding to oxygen availability, gene set enrichment
analysis was performed. This analysis allows the identifi-
cation of defined sets of genes with differential expression
between two classes of samples [31,32]. Parametric gene
set enrichment analysis (PAGE) uses fold changes
between experimental groups to calculate Z scores for pre-
defined gene sets and uses normal distribution to infer the
statistical significance of the gene sets [33]. This approach
was used in the present study to identify KEGG pathways
and GO categories (containing 10 or more genes) which
contained genes that were differentially expressed in con-
ditions of different oxygen provision. Pair wise compari-
sons of successive oxygen levels and of the anaerobic and
fully aerobic conditions are shown in Table 1. Compari-
son of intermediate oxygen levels showed that few path-
ways were differentially expressed when cells were
provided with 0.5, 1.0 or 2.8% oxygen. In particular, com-
parison of 0.5% and 1.0% oxygen found no statistically
significant differences, even at a p-value of 0.05 (data not
shown).

Most of the genes (78%) which were differentially
expressed between anaerobic and 0.5% provided oxygen
were likewise differentially expressed between anaerobic
and fully aerobic conditions (Figure 1A). PAGE analysis
revealed that the pathways that were differentially
expressed between anaerobic and 0.5 or 1.0% provided
oxygen, but not between anaerobic and fully aerobic con-
ditions were those of oxidative phosphorylation, pherom-
one signalling, arginine, proline and glutathione
metabolism and exocytosis (Table 1). Pathways unique to
the comparison of 2.8% and 20.9% provided oxygen were
protein folding, iron ion homeostasis, protein targeting to
membrane and metabolism of phenylamine and amino
sugars.

Clustering of transcription data and promoter analysis of
the clusters

Cluster analysis of the transcriptional data was carried out
using fuzzy c-means clustering, which enabled clustering
without prefiltering of the genes and thus included poten-
tially interesting genes that did not differ strongly in the
different conditions and which would otherwise have
been discarded from the analysis [34]. Fuzzy c-means
clustering is a soft clustering method that assigns genes to
clusters with gradual membership values between zero
and one. Not all genes are forced into clusters, as is often
the case in traditional clustering of predetermined, signif-
icantly changing genes. Moreover, the membership values
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Table I: Parametric gene set enrichment analysis of GO classes and KEGG pathways
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GO category p-value KEGG pathway p-value
0% vs. 0.5 or 1.0% 0% vs. 0.5 or 1.0%
Sterol transport 2.83E-08 Oxidative phosphorylation 6.63E-12
Pheromone-dependent signal transduction during conjugation with cellular fusion 5.20E-06 Arginine and proline metabolism 1.59E-09
Aerobic respiration 0.0009 Glutathione metabolism 1.26E-05
Glutamate biosynthetic process 0.0015 Citrate cycle (TCA cycle) 1.74E-05
Tricarboxylic acid cycle 0.0025 MAPK signalling pathway 2.87E-05
Exocytosis 0.0065
0% vs. 2.8% 0% vs. 2.8%
Sterol transport 1.67E-07  Arginine and proline metabolism 2.50E-13
Pheromone-dependent signal transduction during conjugation with cellular fusion 8.38E-06 Citrate cycle (TCA cycle) 4.65E-07
Glutamate biosynthetic process 7.23E-05 MAPK signalling pathway 0.0002
Tricarboxylic acid cycle 0.0006 Porphyrin metabolism 0.0009
Aerobic respiration 0.0032 Sulphur metabolism 0.0039
Exocytosis 0.0056
0% vs. 20.9% 0% vs. 20.9%
Response to stress I.54E-06 Glyoxylate and dicarboxylate metabolism 2.77E-17
Sterol transport 2.27E-05 Citrate cycle (TCA cycle) 3.16E-12
Meiosis 0.0008 Bile acid biosynthesis 3.05E-08
NADH oxidation 0.0025 Ascorbate and aldarate metabolism 5.83E-07
Sporulation 0.0063 Nucleotide sugars metabolism 3.18E-05
Sphingolipid biosynthetic process 0.0075 Propanoate metabolism 7.84E-05
Fatty acid metabolism 0.0002
Pentose phosphate pathway 0.0004
0.5% vs. 1.0% 0.5% vs. 1.0%
0.5 or 1.0% vs. 2.8% 0.5 or 1.0% vs. 2.8%
Glyoxylate and dicarboxylate metabolism 6.15E-20
Fatty acid metabolism 0.0001
Porphyrin metabolism 0.0002
0.5 or 1.0% vs. 20.9% 0.5 or 1.0% vs. 20.9%
Sporulation (sensu Fungi) 0.0015
Pheromone-dependent signal transduction during conjugation with cellular fusion 0.0027
Meiosis 0.0048
2.8% vs. 20.9% 2.8% vs. 20.9%
Response to stress I.1E-12  Glyoxylate and dicarboxylate metabolism 3.93E-06
Sporulation (sensu Fungi) 0.0003 Phenylalanine metabolism 0.0064
Protein folding 0.0013 Amino sugars metabolism
Pheromone-dependent signal transduction during conjugation with cellular fusion 0.0017
SRP-dependent co-translational protein targeting to membrane, translocation 0.0019
Hexose transport 0.0032
Iron ion homeostasis 0.0077

Pair wise comparison of transcriptome data from cells grown in glucose-limited chemostats receiving 0, 0.5, 1.0, 2.8 or 20.9% oxygen (p-values <
0.01). For 0.5 and 1.0% oxygen, the data has been combined and the p-values are averaged p-values.

these clusters are presented in Figure 2 and Additional file
1), respectively. Analysis of the gene expression data
revealed 22 clusters containing 37-267 genes with alpha
values higher than 0.5, i.e. the genes belonged with high-
est probability to the respective cluster.

for the clusters can be used to determine the level of coreg-
ulation under consideration. The fuzzy c-means clustering
of gene expression data from S. cerevisiae cultures grown
with different amounts of oxygen and the most significant
over-represented GO-categories and KEGG-pathways in
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Figure 2

Fuzzy c-means clustering of gene expression patterns in cells grown with 0, 0.5, 1.0, 2.8 and 20.9% oxygen in
the feed gas. The clustering was performed with individual samples, but average values for each condition are shown in the
graphs. The expression values are centred and scaled around a mean of zero and standard deviation of |, for all the genes. Red
and purple represent genes that have membership values higher than 0.5 while green and yellow represent genes that have
membership values below 0.5.
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The promoter and 3'UTR sequences of genes in the clus-
ters identified using fuzzy c-means clustering were ana-
lysed using FIRE software [35] and the results of the
analysis are shown in Figure 3. The analysis revealed 17
transcription factor binding site motifs and 7 3'UTR
motifs, of which some had significant co-occurrence and/
or co-localisation patterns. A more detailed description of
the results of clustering and promoter analysis is provided
below.

Genes of the respiratory pathway and TCA-cycle have
enhanced expression in intermediate compared to fully
aerobic conditions

Two steady state clusters (cluster 4 and cluster 11) con-
tained genes that had higher expression in all intermedi-
ate oxygen conditions compared to either anaerobic or
fully aerobic conditions. The transcription levels of genes
in cluster 4 were higher in anaerobic than aerobic condi-
tions, while the opposite was observed in cluster 11. Clus-
ter 4 was enriched in genes of KEGG pathways for the cell
cycle and glycerophospholipid metabolism, while cluster
11 was enriched in genes related to oxidative phosphor-
ylation, the TCA cycle, the MAPK signalling pathway and
pyruvate metabolism. FIRE analysis revealed that different
motifs were enriched in the promoters and 3'UTR
sequences of the genes of these two clusters. In genes of
cluster 4, motifs for Puf3p 3'UTR sites were found, while
genes in cluster 11 were enriched in binding sites of the
Hap2/3/4/5p transcription factor and two previously
undescribed 3'UTR motifs (WHATATTC and HTTTAW-
TTH). All three motifs found in cluster 11 had significant
co-occurrence amongst the genes.

Nearly all of the genes encoding nuclear-encoded subu-
nits of respiratory chain complexes were located in cluster
11 (30 out of 37) and cluster 4 (4 out of 37), thus having
their highest expression levels in the intermediate oxygen
conditions. Cluster 11 and 4 also contained genes encod-
ing several TCA cycle enzymes: Citlp, Acolp, Idhlp,
Kgd1p, Kgd2p, Lpdlp, Mdhlp (cluster 11) and Idh2p
(cluster 4). The increase in the expression was mainly less
than 2-fold, suggesting a subtle change of the components
of these pathways. Of the genes encoding the main
enzymes of the TCA cycle, only FUM1, LSC1 and LSC2 did
not have their highest expression level in the intermediate
oxygen conditions, but in the fully aerobic conditions.
Further, genes encoding isoenzymes of the enzymes of the
TCA cycle had their highest expression either in fully aer-
obic (IDP2, IDP3, MDH2, MDH3, CIT3, YLR164W,
YJL045W, YMR118C) or anaerobic (CIT2) conditions.

Many respiratory enzymes contain metals and accord-
ingly, many genes involved in metal transport and home-
ostasis were found in clusters 4 and 11. Genes encoding
vacuolar iron transporters Fth1p and Fet5p, plasma mem-
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brane copper transporters Ccc2p and Ctrlp, the metal ion
transporter Smflp and iron and copper reductase Frelp
were found in cluster 11. Additionally, genes encoding
metallopeptidases/proteases Ytal2p, Axl1p, Qri7p, and
the copper deprivation induced ORF YOR296W were
amongst the members of this cluster. Cluster 4 contained
genes encoding plasma membrane siderophore-iron
transporter Arnlp, oxidoreductase Fet3p, vacuolar zinc
transporter Zrclp and Ggclp involved in mitochondrial
iron homeostasis. Comparing gene expression in 2.8%
oxygen and the fully aerobic conditions, 9 out of 16 genes
known to be involved in transport of iron from the extra-
cellular medium to the cytosol [36] had 2-16 fold higher
expression and only two genes had lower expression in
2.8% oxygen than in the fully aerobic conditions.

Cluster 4 was enriched in genes related to mitochondrial
organisation and biogenesis (RPM2, POR1, UTH1, PNT1,
CLU1, DNM1, MGM1, MBAT1). In addition, genes encod-
ing mitochondrial translation elongation factors (TUF1I,
MEF1), mitochondrial translational activators (CBS2,
PET309), mitochondrial ribosome recycling factor (RRF1)
and subunits of mitochondrial ribosomes (10 genes) were
found in this cluster. Cluster 10, in which the lowest level
of expression occurred in the fully aerobic conditions and
similar, higher expression levels occurred in the oxygen-
limited and anaerobic conditions, also contained genes
related to mitochondrial protein synthesis. 57 genes
encoding components of mitochondrial ribosomes and
10 genes of mitochondrial protein import machinery
were found in cluster 10. The 3' UTR motif for binding of
Puf3p, which promotes degradation of mRNAs of nuclear-
encoded mitochondrial proteins, was over-represented
both in clusters 4 and 10. The expression of PUF3 itself
was low and remained constant under all the conditions
of different oxygen provision studied.

Effect of oxygen on transcription of genes involved in lipid
metabolism

Clusters 16 and 21 were enriched in genes related to fatty
acid oxidation and peroxisomal biogenesis. Cluster 16
showed highest expression in fully aerobic conditions,
lowest expression in anaerobic conditions and a similar,
intermediate level of expression in all the intermediate
oxygen conditions. Genes encoding activities of fatty acid
B-oxidation (TES1, POX1, CTA1l, PXA1l, SPS19, DCII,
ANTI1, FOX2, POT1, PEX11, PXA2), the oleate responding
transcription factor OAF1 and 4 genes related to peroxiso-
mal biogenesis (PEX15, PEX2, PEX8, PEX18) were located
in this cluster. Gene expression in cluster 21 was at its
highest in fully aerobic conditions, and at a lower, compa-
rable level in the oxygen-limited and anaerobic condi-
tions. This cluster contained 6 genes (PCD1, YOR084W,
CAT2, IDP3, ECI1, AAT2) related to fatty acid metabo-
lism, and 7 genes related to peroxisomal biogenesis
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(PEX14, PEX5, PEX19, PEX30, PEX28, PEX1, PEX3,
YMRO018W). The oleate responding transcription factor
PIP2 was also located in this cluster.

Clusters 3 and 14 were enriched in genes related to sterol
metabolism. Genes of cluster 3 were transcribed at lower
levels in intermediate oxygen conditions, compared to
fully aerobic or anaerobic conditions. The cluster con-
tained genes encoding activities of ergosterol biosynthesis
(ERGG6, ERG11, HMG2, ERG25, DAP1), sterol transport
(SUT2, OSH2), sterol homeostasis (TGL1) and synthesis
of membrane sterols (ATG26). Genes in cluster 14 were
transcribed at a lower level in all oxygen containing con-
ditions, compared to anaerobic conditions. The cluster
was enriched in genes encoding proteins involved in
ergosterol biosynthesis (ERG26, ERG7, ERG2, ERGS3,
ERG1, ERG10, NCP1, ERGY, ERG27, ERG24, ERG2S,
HES1), sterol esterification (AREI1), sterol transport
(AUS1, SWH1) and regulation of sterol transport and bio-
synthesis (UPC2, ECM22). Also DAN/TIR genes, encoding
cell wall mannoproteins, and PAU genes of unknown
function were accumulated in cluster 14 (DAN1-4, TIR1-
4, PAU2,3,5,9). When a less strict a-value of 0.1 was used
to define the genes belonging to this cluster, three addi-
tional PAU genes were found in it (PAU7,17,18).

Promoters of the genes in clusters 3 and 14 were enriched
in two putative transcription factor binding sites that had
strong, positive co-occurrence. The motif BTAWACGA was
found in all the sterol metabolism-related genes of cluster
14, except in SWH1, and in all the three ERG genes of clus-
ter 3. The motif RACAATAG was found in the promoters
of 11 out of the 29 genes related to sterol metabolism of
cluster 14, and in 2 out of 9 of those in cluster 3.

Oxygen dependent stress responses

Three clusters (clusters 3, 8 and 16), with distinct expres-
sion profiles, showed enrichment in genes in the GO cat-
egory of stress response, and binding sites of stress-related
transcription factors Msn2/4p and Gis1p were over-repre-
sented among the promoters of the genes in two of these
clusters (clusters 8 and 16). In the promoters of the genes
in cluster 16, binding sites of Ume6p and two unknown
transcription factors were also over-represented while,
binding sites for a stress-activated transcriptional repres-
sor Xbplp were under-represented. Further, the gene
encoding Xbp1p was a member of cluster 16. The expres-
sion level of XBP1 was induced 3-fold in the intermediate
oxygen (0.5-2.8%) and 8-fold in the fully aerobic condi-
tions compared to the anaerobic conditions. Promoter
analysis revealed enrichment of the binding site for
Xbplp in clusters 1 and 22. These clusters had an average
correlation of -0.81 and -0.97, respectively, to the expres-
sion level of XBP1. 72% and 68% of the genes in clusters
1 and 22, respectively, contained the central core bases
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(CTCGA) of the Xbp1p binding site. Many of these genes
are related to the regulation of cell division (GIC1, BUD4,
TOS4, KIP2, TOS1, KIN4, TuB4, CINS, TuB3, VIKI,
SMC2, UNG1, PIN4, FKH1) and cell wall organisation
(EXG2, ORF YFLO52W, TOS1, BUD7, MHP1, DSEI,
SUN4).

The MAPK signalling pathway for pheromone response
and filamentous growth is affected by oxygen availability
Clusters 4, 7 and 11, of which clusters 4 and 11 have been
discussed above with reference to genes involved in the
TCA cycle and respiration, and which contain those genes
which were more highly expressed in the conditions of
intermediate oxygen availability, were enriched in genes
involved in mating and filamentous growth. These clus-
ters contained genes which showed a low level of expres-
sion in anaerobic, compared to intermediate oxygen
conditions. However, they differed in the fully aerobic
conditions, genes of clusters 4 and 11 had lower expres-
sion levels in the aerobic than in the intermediate oxygen
conditions, but in cluster 7 the expression levels were
comparable in all conditions provided with oxygen.

Genes in cluster 11 included some encoding proteins of
the MAPK signalling pathways for pheromone response
and filamentous growth (Ste3p, Gpalp, Fus3p, Sst2p,
Kss1p), genes regulated by these signalling pathways
(FuS2, FuUS1, FIG1, SAG1, FIG2, PRM6, AGA1, PRM1,
CLN1, BUDS, MSB2, CWP1, GFA1, KTR2, SVS1) and the
transcription factors (Stel2p, Teclp) that are activated by
these pathways. According to FIRE analysis, this cluster as
well as cluster 4, which contained a set of genes related to
mating (FAR1, STE4, CLN2, MSG5, STE23, KAR5, ASH1,
HO, CCW12), were enriched in genes whose promoters
contain the transcription factor binding site for Stel2p.
Cluster 7 contained genes regulated by the MAPK signal-
ling pathway for mating (PRM5, PRM10, AGA2, MDGI,
AFR1, PRR2, PRM8, CHS1). While promoters of genes in
cluster 7 were overall enriched with a binding site of
Ume6p transcription factor, Ume6p binding site was not
enriched in the promoters of the genes related to pherom-
one signalling.

Comparison with previous data and oxygen dependence of
genes of pentose phosphate pathway

We previously published transcription data for 72 selected
genes related to central carbon metabolism, measured
with the TRAC method [29]. Of those genes analysed with
both Affymetrix (p < 0.01) and with TRAC (p < 0.05)
methods, 61 showed statistically significant differences in
their expression levels with both methods. Sixteen of the
significantly changing genes showed >3-fold difference in
expression and had an average correlation of 0.8 between
the TRAC and the Affymetrix analysis. Thirteen of the sig-
nificantly changing genes showed 2 to 3-fold difference in
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expression and had an average correlation of 0.6. Twenty-
four of the significantly changing genes had <2-fold differ-
ence in their expression and had an average correlation of
only 0.2. However, five of these genes which had <2-fold
difference had correlations > 0.7. The genes that showed
poor correlation between the TRAC and the Affymetrix
data, and that showed > 2-fold differences in the Affyme-
trix were GPD2, CIT2, ACS1, HAP1, MAE]1 and PCK1, the
signals of the three latter genes being very close to the
detection limit using the TRAC method.

Large changes in the expression of SOL4, GND2, TKL2
and the ORF YGR043C, from the pentose phosphate path-
way, were observed in Affymetrix data. These genes had
their highest levels of expression in the aerobic and lowest
levels of expression in the anaerobic conditions (cluster
16). The fold differences were 2-15 between the anaerobic
and intermediate oxygen and 16 to 40-fold between the
anaerobic and fully aerobic conditions. In addition, SOL3
was slightly (1.5-fold) upregulated in the 2.8% oxygen
and fully aerobic conditions compared to lower oxygen
levels. Of these genes, the expression of GND2, TKL2 and
ORF YGR043C had also been measured with the TRAC
method and the correlation between the Affymetrix and
TRAC measurements was > 0.7.

ZWF1 was also measured with both Affymetrix and TRAC.
With both methods ZWF1 expression was shown to
increase 1.3-fold, compared to expression in fully aerobic
cells, however, this increase was seen in cells provided
with 0, 0.5 and 1.0% oxygen in the Affymetrix analysis,
but only in cells provided with 2.8% oxygen in the TRAC
analysis. Of the other genes from the pentose phosphate
pathway, GND1, TKL1 and TAL1 did not show significant
differences in their expression levels in different oxygen
conditions when measured with Affymetrix.

Effect of oxygen on the proteome and enzyme activities,
correlated with transcriptome changes

2D-gel analysis of 2-4 independent cultures from each
level of oxygen provision resulted in a proteome of 484
protein spots in total that were included in the statistical
analysis. After quantile normalisation, a similar analysis
for statistically significant changes in quantity with linear
modelling was performed as with the gene expression
data. This analysis revealed 145 spots that differed signif-
icantly (p < 0.01) when the cells were provided different
levels of oxygen. Of the 484 spots, 209 were identified.
The data is presented in additional data file 2.

Enzymes of the TCA cycle and those involved in respira-
tion showed either a slight increase in quantity (1.5 to 2-
fold) in the intermediate oxygen conditions, compared to
other conditions (Idh2p, Mdh2p, Sdhi1p, Atp3p, Atp5,
Atp7p, Qcr2p, Ripl), a strong increase (3 to 64-fold) in
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fully aerobic conditions (Citlp, Fumlp, Lsclp, Idp2,
Atp1, Cyb2p) or did not differ in different levels of oxygen
provision (Acolp, Idh2p, Atp2, Atp7p, Idplp, Lsc2p).
Many of the proteins involved in glucose fermentation
were found as multiple pI isoforms which differed in rel-
ative quantities in different oxygen levels. These included
Adh1p (3 pl isoforms), Adh2p (3), Ald4p (2), Ald6p (2),
Enolp (6), Eno2p (4), Gpmlp (3), Fbalp (2) and Hxkl
(2).

Enzyme activities were measured from crude cell extracts,
providing a measure of the combined activity of all iso-
forms of the respective enzymes in the cell (Figure 4). The
activities were expressed as units (U) per total soluble pro-
tein. It has previously been shown that there are only
small differences in the protein content of the cells grown
in aerobic and anaerobic glucose-limited chemostats at
the growth rate of 0.1 h-1-[27]. In comparison of enzyme
activities we assumed that the protein content of cells
grown in oxygen limited conditions would be similar to
those of cells grown anaerobically and aerobically. The
activities of citrate synthase (CS), aconitase (ACO), isoci-
trate dehydrogenase (IDH) and malate dehydrogenase
(MDH), from the TCA cycle, strongly correlated (correla-
tion > 0.89) with the transcriptome data for the corre-
sponding genes of the TCA cycle (CIT1, ACO1, IDH1,2
and MDH]1, respectively). Of the enzymes of the pentose
phosphate pathway, the activity of glucose-6-phosphate
dehydrogenase (G6PDH) had a correlation of 0.7 with the
corresponding gene, ZWFI1. The activities of 6-phos-
phogluconate dehydrogenase (6PGDH), transketolase
(TKL) and transaldolase (TAL) had a correlation of 0.5 to
GND1, TKL1 and TAL1, respectively, and no correlation to
GND2, TKL2 and ORF YGR043C, respectively.

In all the aeration conditions studied, the Pearson's corre-
lation between proteins identified in the 2D gels and the
mRNA levels of the corresponding genes in the transcrip-
tome was similar, with an r-value between 0.41 and 0.55.
For a more detailed comparison, the 107 significantly
changing protein spots (from the 2D-gels) and the corre-
sponding transcripts were hierarchically clustered (Figure
5). In the case of multiple protein isoforms, the corre-
sponding transcript was assigned to each isoform sepa-
rately. Of the eight groups formed by the cluster analysis,
the protein and transcript quantities in groups 1 and 6
showed a high correlation (average 0.80 and 0.77, respec-
tively). Members of group 1, related to metabolism of eth-
anol (ADH2), the glyoxylate cycle (ICL1, MLS1), fatty acid
metabolism (FAA2), acetyl CoA synthesis (ACS1, ALDG6,
ALD4), and glycolysis (FBA1), were at high levels in fully
aerobic conditions and both the expression of the genes
and the quantity of the proteins decreased with decreasing
oxygen availability. Members of group 6, involved in
translation (DED1, PAB1, DYS1, HTS1) and amino acid
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Enzyme activity levels in 0, 0.5, 1.0, 2.8 and 20.9% oxygen. Activity of TCA cycle enzymes citrate synthase (CS), aconi-
tase (ACO), isocitrate dehydrogenase (IDH), malate dehydrogenase (MDH) and of the PPP enzymes glucose-6- phosphate
dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase (6PGDH), transketolase (TKL) and transaldolase (TAL). The
data was obtained from 2 to 4 samples taken during steady states in 2 to 4 parallel cultivations. In the boxplots the box corre-
sponds to the IQR (inter-quartile range) and the midpoint corresponds to the sample median. The whiskers extend to extreme
values of the data (within |.5 times the IQR from the upper or lower quartile). Open circles correspond to outliers.

metabolism (MET17, SER1, SAM2), glycolysis and etha-
nol fermentation (HXK1, ADH1), were at high levels in
anaerobic conditions and on low levels in fully aerobic
conditions. In groups 2, 4 and 5 the transcript and protein
levels differed significantly only in cells provided with
0.5% oxygen. Group 2 contained genes and proteins
involved in oxidative stress (SOD2, TSA1), redox balance
(GCY1, CYB2), fatty acid metabolism (ETR1) and the TCA
cycle (FUM1, LSC1). The protein levels in group 2 were
high with 1.0 to 20.9% provided oxygen, while the tran-
script levels were already high with 0.5% provided oxy-
gen. In group 4, related to the TCA cycle (ACO1, IDH2,
SDH1), oxidative phosphorylation (ATP1, QCR2, RIP1,
ATP7, ATP3) and other mitochondrial reactions (ILV2,
MCR1, TUF1, POR1), the protein levels were highest with
1.0 and 2.8% provided oxygen and the transcript levels
were again high already with 0.5% provided oxygen. In
group 5, containing genes and proteins related to redox
balancing (TRR1, RHR2, DLD3, YEL047C), the highest
protein levels were observed in anaerobic conditions and
when 0.5% oxygen was provided, while gene expression
levels were highest under anaerobic conditions. Members
of group 3, involved in various different functions, had
their highest protein and gene expression levels in fully
aerobic conditions, but in oxygen-restricted conditions
the levels did not correlate. Group 7 contained genes and
proteins, the expression and quantity of which correlated
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in some levels of provided oxygen. Group 8 contained
genes and proteins that did not show any correlation.

Discussion

Our results demonstrate that the oxygen limitation, not
only the presence or absence of oxygen, strongly affects
both the transcriptome and proteome of the yeast S. cere-
visiage. Genes related to the respiratory pathway, the TCA
cycle, metal ion homeostasis and the MAPK signalling
pathways of mating and filamentous growth responded
specifically to intermediate oxygen availability, a response
not seen when focusing only on anaerobic and aerobic
growth conditions. In addition, comparison of array and
proteome data indicated post-transcriptional regulation,
especially with 0.5% oxygen in the feed gas.

Respiratory functions inevitably have the highest oxygen-
demand of cellular reactions. Interestingly, analysis of the
transcriptome revealed an upregulation of nearly all genes
encoding subunits of respiratory complexes and the main
enzymes of the TCA cycle in conditions of intermediate
oxygen. The differences at the transcriptional level were
less than 2-fold and would have been neglected in cluster-
ing analyses involving a pre-selection of genes. The same
trend was observed in the proteome as an increase in the
concentration of some of the proteins of the TCA cycle
and respiratory chain, and further confirmed by increased

Page 10 of 19

(page number not for citation purposes)


http://www.biomedcentral.com/1471-2164/10/461

BMC Genomics 2009, 10:461

Scaled axprossion

Scaled expression

Figure 5

8o 1e

48

Scaled expression

Sealed expression
. a

ale- 5

:er“':éc

e e _ w2
Cxygen %
Group 2

1%

45 45

o8

a5

o8 15

A5 _ o5

AT et D] AT [

il

RNA F'mtein

o o;lnznms o r.|5 10 78 708

)\DH? 2
MLS'
CARZ
ALDE
ciT1
1

c

ISP26
5 i
THL2 ™
ARO3
ARAT

ACR2
ATPT
ATP3
AGX1
RKI1
DHZ
ADO

FAB1
DYs
HXK1_2
KES1
SAM
ENOTS
ARG
GPM
ERGE
ENOZ
WTMI™

MDH.
85C1 1

http://www.biomedcentral.com/1471-2164/10/461

acotate-Cod ligase activi - 1
acetdte Con igase amg b
socitrale lyase activi

alcohol ﬂ!ll)x’:g!ﬂ&g! N it

hyde dehydrogenase activity
akdehyde dol nase (NAD] activity
molecular | Wr&mil ;
alc,oﬂoi uenggronenase activity

n—ndd ranaaminasa activity
i'rul:tme nl.? sphate aldolase acth
|b‘ acid-

CM ligase
S8 e .2
sociiraln del mp»; activity
profain binding
aldeyde deh; enase acth
g acivy iy
molacular fu unknown
unfolded protein binding

aldo-keto reductase activity
Lisclaie denyarogensse oﬂwrome;m!y

sucsinate-Cod gm%Jmnmg} activity

mangancse suwwld& dismutase activity
thioridaxin peroxidase activity

Eos&:m“ nho hg!ratau actiity

ﬂm -7+ nhﬁ%ﬂwulnﬂim L %ﬂ.‘ activity
molecular function unknown
reduciase

uwmm{ m—cmtﬂa activi
e STRABEY L forming) activity

Pwd o 1-1ral &EH? “n‘!lime rotational mech;
nsj # jonal anism
iy activity,

r\ydroqen-lrane ATP o rotational mechanism
oo hyvl‘a&%?‘n synthass activity,
ul rome-c raductase activity

ubiquinol-cylochrome-c reductuse activity
alruchnml molecule ackvi

h; en—lranml ATP synihase retational mechanism
T A

al ylale Iransaminase activi
:m e Synthase nl:tmly i
bose-5-phosphale isomara

urad )dtlanslaraw ach\rlam%

Isacitrate dehydrogenass (NADH)

STPaw aclml? ioithie bl a L
w on-salactive chan a

voltage-gated ion-selective channel nnﬁ:&v ity

i

adenosine kinase activity
s—meﬂvsd-ﬂhmadanmnn phuephnryluae activily

phmpnoﬂmeMIP dlphnepheme aclivity
nvdrmun-r.ranmm'hTPm aclivity, mm'ﬂom! mcchmusm
malic e ngna activity
oredcdn-disuifde reductaso activly

clabe e rogendse hrome) aclivity

formate: rofol 356 activil
Dopmpurpﬂyr’!‘gggenum;qw clivity =4

Fan:n h]nlh:uan sctivity
I(i: ing
ale dstlwggroqm (NADP+) activity

nns!umg“acmry lmndemng aliyl or aryl (other than methyl) groups
heauhl aclivily

namm - Bd.l l)'
hydmgcﬂa i
EIW'\D‘ dehydregenase

phosphopyruvate hydratase activity

homocitrate synthase
homocitrate synthase scmgv
transcription coreprassar a

arglnlrnsucclnalc sylllhm activity
n
hdy‘-prdyn’:u ‘ lmmaruuacﬂ\n!y

alcohol dehydrogenase activi
WW%H URKROWN 4

Comparison of protein and transcript level data. Clustering of protein spots which differed significantly in the cultures
receiving different oxygen levels with their corresponding gene expression profiles. The expression values are centred and
scaled around a mean of zero and standard deviation of |. In heatmaps, green indicates low expression and red indicates high
expression. For each group, the mean profile of the gene and protein expression is plotted with corresponding standard devia-
tions. Different pl forms of the proteins are differentiated with numbers I, 2 and 3.

/11

Page 11 of 19

(page number not for citation purposes)


http://www.biomedcentral.com/1471-2164/10/461

BMC Genomics 2009, 10:461

enzyme activities of the enzymes of the TCA cycle in the
intermediate oxygen levels. This may indicate that the cell
senses that oxygen is restricted and tries to enhance respi-
ration by global upregulation of the genes related to these
functions. Supporting this hypothesis, several genes
encoding enzymes that function in the transport of iron
and zinc also had their highest expression in the interme-
diate oxygen conditions. Proteins functioning in oxygen
binding and oxygen-dependent metabolism contain a
large proportion of the cellular iron, copper and other
metals [37] and additional metals are thus needed to
enhance the synthesis of oxygen binding proteins. To our
knowledge, the global upregulation of respiratory path-
ways observed in this study as a response to intermediate
oxygen availability has not previously been described.

The Hap2/3/4/5p transcription factor, the binding site of
which was enriched among the promoters of the respira-
tory genes which were upregulated in the intermediate
oxygen conditions, is known to act as an activator of many
genes encoding subunits of the respiratory chain com-
plexes. It may have a role in gene regulation induced by
oxygen restriction, possibly in combination with regula-
tion mediated by the two 3'UTR motifs found to be
enriched in the genes that had their highest expression
level in the intermediate oxygen conditions. One of these
motifs (WHATATTC) resembles the motif AATATTCTT
found in a comparative genomics study of three yeast spe-
cies [38] and a similar motif found by the matrixREDUCE
algorithm [39]. Both of these studies identified the motif
as over-represented among genes related to energy metab-
olism, the latter being particularly over-represented
among the genes of the electron transport chain.

Hap2/3/4/5p is suggested to play a role in the activation
of respiration during growth rates above 0.08 h-! provid-
ing excess respiratory capacity that allows for respiratory
metabolism at higher glucose fluxes [10,11]. Both high
specific growth rates and intermediate oxygen provision
in glucose-limited chemostats lead to onset of respirofer-
mentative metabolism [29,40]. In fully aerobic condi-
tions at growth rates below 0.3 hl, the cell is able to
maintain fully respiratory metabolism. In conditions with
only 0.5 to 2.8% oxygen provided, however, the restricted
oxygen provided is not sufficient for purely respiratory
metabolism even though the cell responds by upregula-
tion of Hap2/3/4/5p controlled networks.

Hap2/3/4/5p has also been suggested to control other
mitochondrial processes than respiration [10] to coordi-
nate functions of both nucleus- and mitochondrion-
encoded mitochondrial proteins. However, at the tran-
scriptional level, our data indicates that mitochondrial
translation and import machineries are not co-ordinately
regulated with respiratory functions, as the genes encod-
ing the former were more highly transcribed in anaerobic
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rather than in fully aerobic conditions while the genes of
the latter were not. In addition, the 3'UTR sites found in
these groups were different. The results suggest that mito-
chondrial import and translational machineries have an
important role also during anaerobic conditions, in which
mitochondria are known to exist in the form of pro-mito-
chondria, the role of which is not yet very well understood
[41].

Utilisation of fatty acids is an oxygen-dependent process
[42]. Accordingly, the genes encoding activities of fatty
acid B-oxidation and peroxisomal biogenesis were more
highly expressed in the fully aerobic compared to oxygen-
limited conditions. Interestingly, there was a clear differ-
ence between cells grown with 20.9% and 2.8% oxygen in
the feed gas, even though the oxygen uptake rate under
these two conditions was very similar. CTAI1 and POX1
have previously been shown to be regulated by oxygen
[12,43], via a heme-dependent pathway that does not
involve Hap1p, and via another mechanism that does not
rely on heme, but the exact pathways are not known [43].
It is possible that the other genes of the fatty acid B-oxida-
tion pathway in the same cluster (TES1, CRC1, ANT1 and
FOX2) are regulated by oxygen via the same, still
unknown pathway as CTA1 and POX1.

Sterol biosynthesis, which is also an oxygen-requiring
process, is regulated differently than fatty acid oxidation.
In contrast to fatty acid oxidation, which is mainly related
to energy production, sterol biosynthesis is essential for
the cell [15,44,45]. Our promoter analysis revealed two
putative transcription factor binding site motifs that are
possibly involved in sterol metabolism. One of these
(BTAWACGA) was found in 18 out of 20 promoters of the
genes of ergosterol biosynthesis, in all promoters of DAN/
TIR genes encoding cell wall mannoproteins, and interest-
ingly also in UPC2 and ECM22, genes which encode tran-
scription factors known to be involved in the regulation of
sterol uptake and biosynthesis [20,46-48]. A closer look at
this motif revealed that it corresponds to the AR1 (TCG-
TATA) and SRE (TCGITYAG) motifs which are involved
in Upc2p/Ecm22p mediated transcriptional regulation of
anaerobically induced genes and ERG genes, respectively
[20,49]. The other motif found by the FIRE programme,
RACAATAG, has previously been observed through phyl-
ogenetic footprinting analysis to be enriched in genes of
lipid metabolism [50] and in genes which where upregu-
lated on galactose medium in anaerobic conditions [13].
The motif was found in the promoters of 6 ERG genes,
UPC2 and ECM22. Thus this motif may be involved in
regulation of genes of ergosterol biosynthesis directly or
through Upc2p and Emc22p.

Even though the ergosterol biosynthesis pathway is not
active in the absence of oxygen [51-53], some of the genes
of this pathway (ERG genes) had higher expression in
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anaerobic cultures compared to the cultures receiving oxy-
gen. This has previously been observed in cultures which
were anaerobic or severely oxygen-restricted [13,21,27],
but the opposite has also been reported. It was recently
shown that some of the ERG genes are repressed by Hap1p
in severely oxygen restricted conditions [8]. Anaerobic
upregulation of ERG genes may reflect the fact that sterols
are essential, by maintaining high levels of transcription
for pathways of sterol and unsaturated fatty acid synthesis,
priority may be given to these pathways in conditions
where oxygen becomes available after a period of anaero-
bicity to facilitate mitochondrial membrane biogenesis
[54].

Gene set enrichment analysis of our data indicated that
the genes of GO category of stress response were affected
by oxygen provision. The GO category of stress response
contains a wide set of genes responding to different stress
conditions and the cluster analysis showed that these
genes were indeed enriched in three clusters with distinct
expression profiles. However, all these clusters showed a
higher expression level of stress-related genes in the fully
aerobic conditions, compared to 2.8% provided oxygen.
XBP1, encoding a stress-induced transcriptional repressor,
was found to be regulated in an oxygen-dependent man-
ner: the level of transcripts of this gene was lowest in
anaerobic, highest in the fully aerobic and on a similar,
intermediate level in the intermediate oxygen conditions.
The DNA-binding domain of Xbp1 is homologous to the
DNA-binding domains of cell cycle regulators Swi4p and
Mbp1 and binds a related sequence [55,56]. Xbp1p has
been indicated to act as a sporulation specific regulator in
diploid cells, but the role of this transcription factor in
haploid cells is not clear [55]. The transcription of XBP1 is
induced by various stress situations, including glucose
starvation and oxidative stress [55,56]. The enrichment of
its binding sites in the promoters of the genes whose tran-
scription negatively correlated to the transcription of this
repressor, indicated a role related to cell division and cell
wall organisation. However, it is not clear why these func-
tions would be regulated in conditions of constant growth
rate.

Interestingly, several genes of the MAPK signalling path-
way of mating and filamentous growth were considerably
upregulated in the conditions of intermediate oxygen
availability. Glucose limitation is known to provoke fila-
mentous growth in haploid cells with concomitant action
of MAPK, 5'-AMP-dependent and 5'-cyclic AMP-depend-
ent kinase pathways (reviewed in [57,58]). The MAPK sig-
nalling pathway of mating and filamentous growth may
be activated by low glycosylation of the exo-cellular
domain of Msb2p in low glucose conditions. However,
since the glucose was below detection limit in all cultures
studied, oxygen limitation in addition to glucose limita-
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tion, contributed to the induction of this signalling path-
way in the conditions of intermediate oxygen availability.
No clear filamentation of the cells was observed under
these conditions, possibly due to lack of activity of the
other kinase pathways.

In conditions of restricted respiration, the carbon flux
through glycolysis is increased while the flux through the
pentose phosphate pathway (PPP) remains constant
[30,59-62]. The regulation of glycolysis has been shown
to be predominantly post-transcriptional [27,29,63], but
less is known about the regulation of the PPP. Expression
of the genes encoding the main isoenzymes of the PPP did
not differ significantly in conditions of different oxygen
provision, while the expression of the genes encoding the
minor isoenzymes of PPP, GND2, TKL2, SOL4 and ORF
YGR043C (NQM1 ) was strongly affected by oxygen provi-
sion. The expression of the latter genes was not dependent
on the absolute level of oxygen in the feed gas, but rather
on the absence, limited provision or excess oxygen. Genes
encoding these isoenzymes are also induced after the
diauxic shift [64]. It thus seems that they are important for
respiratory metabolism and that the downregulation of
their expression in fermentative conditions is not depend-
ent only on glucose repression.

We previously published transcription data for 72 selected
genes related to central carbon metabolism, measured
with the TRAC method [29]. Comparison of the results of
TRAC analysis and the present data revealed good correla-
tion for most of the transcripts showing more than 2-fold
difference in their expression when measured with
Affymetrix. This is similar to the correlation observed in
comparison of transcription data for 1375 human genes
using microarray or real-time PCR analysis [65]. The pro-
portion of genes that showed similar significant differ-
ences with both arrays and real-time PCR was
dramatically decreased when changes less than 2-fold
were considered [65]. The differences between the TRAC
and the Affymetrix measurements may be due to differ-
ences in sample preparation and the need for cDNA syn-
thesis: in TRAC crude cell lysates are used and no cDNA
synthesis is performed while in Affymetrix purified RNA is
used to synthesise cDNA for hybridisation [66]. In addi-
tion, normalisation and probe design may affect the
results [67].

Our results on the correlation of the proteome and tran-
scriptome (Pearson correlation 0.41 to 0.55) are consist-
ent with previous studies in yeast [68], although both
higher [69] and lower [70] correlation has been reported.
The 35 proteins spots and the corresponding genes of oxy-
gen dependent reactions and respiration, and of acetyl-
CoA synthesis, amino acid metabolism, translation and
glycolysis in groups 1 and 6 were very similarly affected by
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the oxygen availability, suggesting regulation at the tran-
scriptional level. However, the glycolytic enzymes in par-
ticular, as well as aldehyde dehydrogenases, were found as
multiple pl isoforms and the responses of the isoforms of
glycolytic enzymes differed from each other, indicating
regulation by phosphorylation [71].

Interestingly, for several transcript-protein pairs the
expression correlated when oxygen availability was high,
but varied in low oxygen conditions, especially when only
0.5% oxygen was provided (members of groups 2, 4 and
5). Proteins of the TCA cycle and the electron transport
chain, and those related to oxidative stress and additional
mitochondrial functions, which clustered in groups 2 and
4, were present at relatively low levels when 0.5% oxygen
was provided, although the gene expression levels were
already high, suggesting post-transcriptional regulation of
these proteins. In group 5, related to redox status of the
cell, the opposite was observed, i.e. protein levels were
high, even though gene expression was down-regulated,
again indicating a post-transcriptional level of regulation.
Thus, both physiological characteristics and the fluxes
[29] demonstrate that provision of 0.5, 1.0 or 2.8% oxy-
gen in the feed gas results in distinct modes of respiro-fer-
mentative metabolism which are clearly not achieved
through transcriptional regulation alone.

Conclusion

The level of oxygen provision affected a significant part of
the transcriptome of S. cerevisiae. However, there were
only a few genes, the expression of which strictly corre-
lated with oxygen concentration in the feed gas. Rather,
the differences were observed in comparison of anaerobic,
oxygen-limited and fully aerobic conditions, which
require different modes of metabolism in S. cerevisiae. An
overview of the interactions of the genes and transcription
factors highlighted in this study is given in the Additional
file 3 in which the relative gene expression in the different
conditions is indicated along with the relevant transcrip-
tion factors. Further, comparison of transcriptome and
proteome level data indicated post-transcriptional regula-
tion, especially when 0.5% oxygen was provided.

In the oxygen-limited conditions, the genes encoding res-
piratory pathways were more highly expressed and the
quantities of proteins were higher than in either anaerobic
or aerobic conditions. Regulation was possibly achieved
at the transcriptional level through the action of the
Hap2/3/4/5p transcription factor and the two previously
undescribed 3'UTR elements. While the expression levels
of these genes were high in all three oxygen-limited con-
ditions studied, the protein quantities were high only
when 1.0 or 2.8% oxygen was provided, suggesting a post-
transcriptional level of regulation. In addition, according
to these results, the transcriptional responses of respira-
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tory and mitochondrial translational machineries were
not coordinated, since the transcription of the latter was at
a higher level in oxygen-limited and anaerobic condi-
tions, compared to fully aerobic conditions, whereas the
transcription of the former was higher in oxygen-limited
conditions, compared to either anaerobic or fully aerobic
conditions. Further, the regulatory elements enriched in
the genes of mitochondrial translation machinery were
different to those enriched in genes related to respiratory
pathways.

Methods

Strain and culture conditions

The cultivations were described and the fermentation data
published by Wiebe and co-workers [29]. Briefly, Saccha-
romyces cerevisiae CEN.PK113-1A (MAT, URA3, HIS3,
LEU2, TRP1, MAL2-8c, SUC2) was grown in 0.8 to 1 L
medium in B. Braun Biotech International (Sartorius) Bio-
stat® CT (2.5 L working volume) bioreactors in the defined
minimal medium described by Verduyn et al. [72], with
10 g glucose I as carbon source, and supplemented with
10 mg ergosterol 1’1 and 420 mg Tween 80 1-1. Silicone
antifoam (BDH 331512K, VWR International, UK; 0.5 mL
1-1) was used to prevent foam production in the cultures.
Chemostat cultures were maintained at D = 0.10 + 0.02 h-
1, pH 5.0, 30°C, with 1.5 volume gas [volume culture]!
min-! (vvm). For cultures which received less than 20.9%
O, (vol/vol) in the gas stream, air was replaced with the
equivalent volume of N,, so that total gas flow was main-
tained constant for all experiments. Cultures which were
fed 2.8 or 20.9% O, were subject to oscillations. To pre-
vent these, approximately 5% of the total cell concentra-
tion in the bioreactor was added to the culture as cells in
mid to late exponential phase at the time when continu-
ous medium feed was started [73].

Transcriptome analysis

Affymetrix microarray analysis of two (0.5%, 2.8% O,) or
four (0%, 1.0%, 20.9% O,) parallel cultivations was per-
formed. From cultures which received 0.5% and 2.8% O,,
two separate steady state samples were also analysed. In
addition, from one of the cultivations with 1.0% O, in the
feed gas, four separate steady state samples were analysed.
The cells were collected in cold (+4°C) 10 mM Na-phos-
phate buffer, pH 7. After centrifugation (3500 rpm, 5 min,
+4°C), the cell pellet was frozen in liquid nitrogen. For
anaerobic samples, the buffer was saturated with nitrogen
in advance. For RNA extraction, 5-20 mg dry mass of cells
were suspended in 400 pl cold (+4°C) disruption buffer
(20 mM Tris-HCI, pH 7.4, 100 mM KCl, 2 mM MgCl,, 2
mM DTT). 400 pl phenol-chlorophorm (50:50), 5 ul 20%
(w/v) SDS and 400 pl glass beads (0.5 mm diameter,
Biospec Products) were added. The cells were disrupted
with a Fastprep machine (Q-Biogene), 2 x 20 s, at speed 6.
After centrifugation (14000 rpm, 15 min, +4 °C), superna-
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tant was used for total RNA extraction. The total RNA
extraction was done with an RNeasy kit (Qiagen) accord-
ing to manufacturer's instructions.

Hybridisations were carried out at the Finnish DNA
Microarray Centre at Turku Centre for Biotechnology. 2 pug
of total RNA was used as starting material for sample prep-
aration. Samples were processed according to the One-
Cycle Target Labelling protocol in the GeneChip Expres-
sion Analysis Manual (Affymetrix). Both before and after
the amplifications the total RNA/cRNA concentrations
were assessed with Nanodrop ND-1000 and total RNA/
cRNA quality was assessed by BioRad's Experion electro-
phoresis station. Each sample was hybridised to the Gene-
Chip Yeast Genome 2.0 Array at +45°C overnight (16 h)
according to the GeneChip Expression Analysis Technical
Manual (Affymetrix). A GeneChip Fluidics Station 450
was used to wash and stain the arrays, and a GeneChip
Scanner 3000 with AutoLoader was used to scan the
arrays. CEL-files were extracted with GCOS Manager 1.4.

All data analysis was done using R/Bioconductor, version
2.5.1 [74,75]. The raw data was normalised with Robust
Multichip Average (RMA) normalisation [76]. Statistical
differences in the expression were analysed using linear
modelling with the tools of limma package [77]. For each
gene, a linear model was fitted by the least squares
method and differential expression within pairs of exper-
imental conditions was computed using the empirical
Bayesian approach [78]. For correction of multiple testing
errors, the Benjamini & Hochberg -method controlling
false discovery rate (FDR) was used [79]. The microarray
data can be accessed through GEO accession number
GSE12442.

The Gene Ontology (GO) classes and KEGG pathways dif-
ferentiating the conditions studied were computed using
parametric gene set enrichment analysis [33,80]. Pair wise
fold changes between conditions of different oxygen pro-
vision were calculated and the fold changes were used to
calculate Z scores for the gene sets. Statistical significances
of Z scores were determined against normal distribution.

The clustering analysis of gene expression data was per-
formed using fuzzy c-means clustering [34,81]. The clus-
tering method assigns genes to clusters with gradual
membership (values between 0 and 1). For the clustering,
the expression values were scaled and centred to have a
mean of zero and standard deviation of one. The parame-
ter m, which controls the sensitivity of the clustering proc-
ess to noise, was adjusted to 1.25 to prevent the detection
of clusters in randomised data. The number of clusters
was selected, such that no clusters were formed where all
the genes would have membership values below 0.5. The
enriched GO classes and KEGG metabolic pathways in the
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clusters were computed with the GOstats package [82].
Transcriptional regulatory motifs in the clusters were ana-
lysed with the FIRE method [35].

Proteome analysis

Cells for proteome analysis were collected in cold Na-
phosphate buffer, pH 7 as described for the microarray
analysis. 5-10 mg dry mass of cells was re-suspended in
150 pl of 10% (v/v) trichloro acetic acid (TCA, Merck) in
1.5 ml micro centrifuge tubes. 500 pl glass beads (0.5 mm
diameter, Biospec Products) were added and the tube
inserted into a MiniBeadbeater 8 (Biospec Products) and
shaken at homogenisation speed, three times for 30 sec-
onds. The tubes were cooled on ice between each homog-
enisation step. The suspensions were withdrawn and
proteins were precipitated by adding 600 pl of -20°C ace-
tone and incubating 30 min. on ice. Precipitated proteins
were collected by centrifugation for 30 min., 13 000 rpm,
at 4°C, rinsed once with 600 pl of -20°C acetone and re-
suspended in 450 ul of 7 M urea (Promega, USA), 2 M
thiourea (Fluka, USA), 4% (w/v) CHAPS (Fluka), 1% (w/
v) Pharmalytes 3-10 (Pharmacia, Sweden) and 1% (w/v)
DTT (Sigma) by gently shaking for 20 min. at room tem-
perature. Supernatants were collected by centrifugation
for 5 min. 13 000 rpm (Eppendorf bench centrifuge). The
protein concentration of supernatants was determined by
the Non-Interfering Protein Assay (Geno Technology,
Inc.) and the samples were stored at -70° C before isoelec-
tric focusing.

Isoelectric focusing and second dimension 11% (w/v)
SDS-PAGE were carried out as described earlier [83]. After
electrophoresis the gels were fixed for one and a half
hours in 30% (v/v) ethanol and 0.5% (v/v) acetic acid and
stained with Sypro Ruby (Molecular Probes), according to
manufacturers' instructions. The stained gels were
scanned with a resolution of 100 microns on a Typhoon
instrument (GE Healthcare). The gel images were ana-
lysed using the Progenesis software (Nonlinear Dynam-
ics). The gel patterns from different gels were
automatically matched, with some additional manual
editing, and the quantities of matching spots in different
gels were compared. From each condition, samples from
2-4 independent cultivations were used and for each sam-
ple 4 gels were analysed. After background correction, the
data was transferred to the R environment for normalisa-
tion and data analysis.

Background corrected proteome data of 500 spots was
obtained from Progenesis software. For each condition,
the spots that had zero values in more than 50% of the
gels were treated as real zeroes and set to the lowest value
of each gel [84]. The rest of the missing values were esti-
mated using the k- nearest neighbour-method [85]. The
data was log transformed and quantile normalised as
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described in [86]. The statistical analysis of differences
was done using linear modelling [77].

Protein identifications were carried out in the Protein
Chemistry Unit, Institute of Biomedicine, Anatomy, Bio-
medicum, Helsinki. For protein identification, excised gel
spots were washed and dehydrated with acetonitrile
(Rathburn, Scotland, HPLC grade S). Proteins were
reduced with 20 mM DTT and incubated at 56°C for 30
min before alkylation with 55 mM Iodoacetamide
(Sigma, USA)/100 mM ammonium hydrogen carbonate
(NH,HCO,) in the dark at room temperature for 15 min.
After washing with 100 mM NH,HCO; and dehydration
with acetonitrile the gel pieces were rehydrated in 10 to 15
pl sequencing grade trypsin (Promega, USA) in 100 mM
NH,HCOs;, to a final concentration of 0.01 pg/ul trypsin
and incubated for trypsin digestion overnight at 37°C.
Tryptic peptides were eluted from the gel pieces by incu-
bating for 15 min at room temperature successively in 25
mM NH,HCO; and then twice in 5% formic acid. The
tryptic peptides were desalted using Zip Tip nC-18 reverse
phase (Millipore, USA) and directly eluted with 50% v/v
acetonitrile/0.1% v/v trifluoroacetic acid (TFA) onto a
MALDI target plate. Then, a saturated matrix solution o-
cyano-4-hydroxy cinnamic acid (CHCA) (Sigma, USA) in
33% ACN/0.1% TFA was added. MALDI-TOF analyses
were carried out with an Autoflex (Bruker Daltonics,
Bremen Germany) equipped with a nitrogen pulsed laser
(337 nm) and operating in positive mode. Typically, mass
spectra were acquired by accumulating spectra of 240 laser
shots. External calibration was performed for molecular
assignments using a peptide calibration standard (Bruker
Daltonics GmbH, Leipzig, Germany). Trypsin autolytic
peptide masses were used to check or correct the calibra-
tion.

Protein identifications were performed by searching the
peptide masses against the National Center for Biotech-
nology Information (NCBI) non-redundant database
using Matrix Science's Mascot - Peptide Mass Fingerprint
http://www.matrixscience.com/cgi

search _form.pI?FORMVER=2&SEARCH=PMF.  Protein
identifications by peptide mass fingerprinting were fur-
ther evaluated by comparing the calculated and observed
molecular mass and pl, as well as the number of peptides
matched and percent sequence coverage.

Comparison of proteome and transcriptome data was
done according to Gallardo and co-workers [87]. Signifi-
cantly (p < 0.01) changing protein spots (107) and the
corresponding genes were clustered using a hierarchical
clustering with average linkage method and correlation as
distance metric. Visualisation was done in R/Bioconduc-
tor and Inkscape version 0.46 [88].
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Enzyme activity assays

Enzyme activities were measured as units (U) per mg of
total soluble protein. One U was defined as the activity
which converts one pmol substrate per min. Enzyme
activities were measured from cell extracts prepared by
disrupting the yeast cells with glass beads in 100 mM
Hepes-buffer, pH 7.6, 1 mM DTT, supplemented with
Complete protease inhibitor cocktail (Roche Applied Sci-
ence, USA). The protein concentration of the cell extracts
was determined with the Bio-Rad Protein Assay (Bio-Rad
Laboratories, USA), using bovine serum albumin as the
standard. All enzyme activities were measured as tripli-
cates using the Konelab Arena 20XT automated analyser
(Thermo Scientific, Finland) at 30°C and 340 nm in 79
mM TEA, pH 7.6, except citrate synthase activity which
was measured at 420 nm. The isocitrate dehydrogenase
(EC1.1.1.41) assay mixture contained 1.2 mM MnCl, and
0.48 mM NAD. The reaction was started by adding DL-iso-
citrate trisodium salt to a final concentration of 4 mM.
The citrate synthase (EC 4.1.3.7) assay mixture contained
0.38 mM Acetyl-CoA and 0.1 mM DTNB. The reaction was
started by addition of oxaloacetic acid to a final concen-
tration of 0.5 mM. The aconitase (EC 4.2.1.3) assay mix-
ture contained 1.2 mM MnCl,, 0.48 mM NADP and 0.8 U
ml! isocitrate dehydrogenase (NADP dependent). The
reaction was started by addition of sodium citrate to a
final concentration of 2 mM. The malate dehydrogenase
(EC 1.1.1.37) assay mixture contained 0.2 mM NADH.
The reaction was started by addition of oxaloacetic acid to
a final concentration of 0.56 mM. The transketolase (EC
2.2.1.1) and transaldolase (EC 2.2.1.2) assay mixture con-
tained 0.2 mM NADH, 20 U ml! triosephosphate isomer-
ase and 20 U ml! glycerolphosphate isomerase. In
addition, transketolase mixtures contained 0.3 mM thia-
mine pyrophosphate and 4 mM MgCl,. The transketolase
assay was started by addition of ribulose-5P and ribose-5P
to final concentrations of 5 mM and ribulose epimerase to
25 U ml-!. The transaldolase assay was started by addition
of erythrose-4 phosphate and fructose-6 phosphate to
final concentrations of 0.7 mM and 5.4 mM, respectively.
Glucose-6 phosphate dehydrogenase and 6-phosphoglu-
conate dehydrogenase assay mixtures contained 0.2 mM
NADP and 8 mM MgCl,. The reactions were started by
addition of glucose-6 phosphate and 6-phoshphogluco-
nate, respectively, to final concentrations of 0.3 mg ml-!.
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Abstract

In industrial fermentations of Saccharomyces cerevisiae, transient changes in oxygen concentration

commonly occur and it is important to understand the behaviour of cells during these changes.
Glucose-limited chemostat cultivations were used to study the time-dependent effect of sudden
oxygen depletion on the transcriptome of S. cerevisiae cells initially in fully aerobic or oxygen-
limited conditions. The overall responses to anaerobic conditions of cells initially in different
conditions were very similar. Independent of initial culture conditions, transient downregulation of
genes related to growth and cell proliferation, mitochondrial translation and protein import, and
sulphate assimilation was seen. In addition, transient or permanent upregulation of genes related to
protein degradation, and phosphate and amino acid uptake was observed in all cultures. However,
only in the initially oxygen-limited cultures was a transient upregulation of genes related to fatty
acid oxidation, peroxisomal biogenesis, oxidative phosphorylation, TCA cycle, response to
oxidative stress, and pentose phosphate pathway observed. Furthermore, from the initially oxygen-
limited conditions, a rapid response around the metabolites of upper glycolysis and the pentose
phosphate pathway was seen, while from the initially fully aerobic conditions, a slower response
around the pathways for utilisation of respiratory carbon sources was observed.

Background

Adaptation to oxygen availability is crucial for all organisms. Some organisms survive only in
oxygen concentrations normally present in the atmosphere while for some oxygen is toxic.
Saccharomyces cerevisiae is a facultative anaerobe, able to grow in a wide range of oxygen
concentrations, including complete anaerobiosis. In the presence of oxygen, S. cerevisiae utilises
respiration for efficient energy production while in anaerobic conditions, S. cerevisiae has a high
redox neutral carbon flux to the fermentative pathway and energy is produced by substrate level
phosphorylation. S. cerevisiae, a Crabtree positive yeast, is able to ferment glucose even in fully
aerobic conditions, allowing a high rate of sugar utilisation. The ability for mixed respiro-
fermentative metabolism in aerobic conditions and the ability to adapt to different oxygen
concentrations have facilitated wide industrial applications of S. cerevisiae. However, in large-scale
fermentations, especially in those of high-cell-density, provision of uniform aeration is problematic
and spatial and transient perturbations in oxygen availability may occur. Thus the analysis of
dynamic, oxygen-dependent regulation in S. cerevisiae is important not only to understand general
adaptation mechanisms of living cells to various effects of oxygen, but also to understand how

variations in oxygen supply may affect production processes.
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Expression levels of a large number of genes and proteins differ, depending on oxygen availability,
in S. cerevisiae (de Groot et al. 2007; Lai et al. 2006; Lai et al. 2005; Kwast et al. 2002; ter Linde et
al. 1999; Bruckmann et al. 2009). In batch cultures on galactose, exposure to anoxia leads to an
acute and transient upregulation of Msn2p/Msn4p-regulated genes of reserve energy metabolism
and catabolic pathways and to downregulation of genes involved in cell cycle and rRNA processing
(Lai et al. 2006; Lai et al. 2005). In batch cultures on glucose, similar transient responses to lack of
oxygen are not observed (Lai et al. 2006; Lai et al. 2005). The stress response in galactose-grown
cells has been suggested to arise from cessation of respiration, which is less significant on glucose
since respiratory activity is already low under glucose repression (Lai et al. 2005). In accordance
with this hypothesis, it was recently shown that exposure of galactose-grown cells to antimycin A,
an inhibitor of the respiratory chain leads to a similar transient transcriptomic response as anoxia
(Lai et al. 2008). On galactose and glycerol (Guzy et al. 2007; Dirmeier et al. 2002), but not on
glucose (Guzy et al. 2007), exposure to anaerobic conditions also leads to a transient oxidative
stress response. This is seen as increased level of carbonylation of mitochondrial and cytosolic
proteins, accumulation of 8-hydroxy-2’-deoxyguanosine in the mitochondrial and nuclear DNA,
and as increased expression of SOD1 (Dirmeier et al. 2002) and elevated ROS (reactive oxygen
species) levels (Guzy et al. 2007). When exposed to anoxia on acetate, a completely non-
fermentable carbon source, S. cerevisiae enters a reversible state of suspended animation, in which
sporulation and growth halt for the duration of anoxia but re-commence when oxygen availability is
restored (Chan and Roth 2008).

Depletion of oxygen leads to transcriptional changes in S. cerevisiae that enable growth in severely
oxygen-limited and anaerobic conditions. Some of these changes are mediated by depletion of heme
and sterols, the syntheses of which are strictly aerobic processes (Kwast et al. 2002; Hon et al.
2003; Andreasen and Stier 1953; Smith et al. 1996). Heme and sterol levels decline by dilution
during growth in the absence of oxygen and thus the changes mediated by them are slow to occur.
As heme levels decline, heme-dependent Haplp and Hap2/3/4/5p transcription factors, which
activate many genes needed in aerobic conditions, become deactivated. The deactivation of Haplp
leads in turn to deactivation of Rox1p, which in aerobic conditions represses the genes required
during severe hypoxia and anaerobic conditions (Becerra et al. 2002; Ter Linde and Steensma 2002;
Ha et al. 1996; Kwast et al. 1998; Lowry and Zitomer 1984). Components of the respiratory chain
have also been shown to be involved in the induction of specific hypoxic genes (Guzy et al. 2007,
David and Poyton 2005; Kwast et al. 1999). Further, as a response to anoxia, the cell wall and

plasma membrane of S. cerevisiae are remodelled for import of sterols and unsaturated fatty acids
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(Kwast et al. 2002). Several genes encoding cell wall and plasma membrane proteins are
differentially expressed in aerobic and anaerobic conditions and the transcription factors Upc2p,
Ecm22p and Sutlp are known to play a role in the import of sterols, but the exact mechanism of the
cell wall remodelling is not known (Snoek and Steensma 2007; Alimardani et al. 2004; Abramova
et al. 2001; Bourot and Karst 1995; Shianna et al. 2001; Lewis et al. 1988).

To our knowledge there are no previous studies on genome-wide transcriptional adaptation of fully
respiratory cultures of S. cerevisiae to purely fermentative growth under anaerobic conditions.
Furthermore, the adaptation of respiro-fermentative S. cerevisiae cultures to anaerobic conditions
has previously been studied only under carbon catabolite repression in batch cultures on glucose
and galactose (Lai et al. 2006; Lai et al. 2005). We have previously shown that in glucose-limited
chemostat cultivations at low growth rate (D = 0.1 h™") S. cerevisiae grows in respiratory, respiro-
fermentative and fermentative metabolic modes, depending solely on the oxygen provision under
the derepressed conditions (Wiebe et al. 2008). Providing 20.9% of oxygen in the chemostat inlet
gas enabled fully respiratory growth, while providing 2.8, 1.0 or 0.5 % oxygen led to respiro-
fermentative growth. In the current study we initially provided glucose-limited chemostat cultures
(D = 0.1 h") of S. cerevisiae with 20.9% or 1.0% oxygen in the inlet gas and monitored the time-
dependent, genome-wide transcriptional adaptation to anaerobic conditions. The experimental set-
up allowed the direct assessment of adaptation to anaerobicity, without the interference of carbon
catabolite repression or use of different carbon sources. In other words, we were able to study the
transcriptional adaptation of fully respiratory and respiro-fermentative cultures of S. cerevisiae to
fully fermentative metabolism, and analyse whether the metabolic processes needed for the

adaptation varied depending on the initial metabolic state.

Materials and methods

Strain and culture conditions

Saccharomyces cerevisiae CEN.PK113-1A (MATa, URA3, HIS3, LEU2, TRP1, MAL2-8c, SUC2)
was grown in 0.8 to 1 L medium in B.Braun Biotech International (Sartorius) Biostat® CT (2.5 L
working volume) bioreactors in the defined minimal medium described by Verduyn et al. (Verduyn
et al. 1992), with 10 g glucose I™* as carbon source, and supplemented with 10 mg ergosterol I™* and
420 mg Tween 80 I"*. BDH silicone antifoam (BDH 331512K, VWR International, UK; 0.5 mL I
was used to prevent foam production in the cultures. Chemostat cultures were maintained at D =
0.10 + 0.02 h™*, pH 5.0, 30°C, with 1.5 volume gas [volume culture]* min™ (vvm).
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Duplicate glucose-limited chemostat cultures were carried out with 20.9% (fully aerobic) or 1.0%
(oxygen-limited) oxygen in the inlet gas. For cultures which received 1.0% O; in the gas stream, air
was replaced with the equivalent volume of N, so that total gas flow was maintained constant.
Cultures which were fed 20.9% O, were subject to oscillations. To prevent these, approximately 5%
of the total cell concentration in the bioreactor was added to the culture as cells in mid to late

exponential phase at the time when continuous medium feed was started (Zamamiri et al. 2001).

After steady states were established, the cultures were made anaerobic by replacing air (20.9 or
1.0% O;) with 100% N,. Samples were removed at intervals (0.2, 1, 3, 8, 24 and 79 (20.9% O,) or
72 (1.0% 0O,) h after the switch to 100% N,) until a new steady state was achieved. These
cultivations have been previously described in Wiebe et al. (2008) and biomass and metabolite
analyses of the cultures were described in Wiebe et al. (2008), while the role of the glucose
transporters during the transition was described in Rintala et al. (2008) and the transcriptomes of the

initial steady states were described in Rintala et al. (2009).
Transcriptome analysis

Affymetrix microarray analysis of duplicate experiments for each of the two initial oxygen levels
was performed. For the microarray analysis, the cells were collected by centrifugation (3500 rpm, 5
min, +4°C). After centrifugation, the cell pellet was frozen in liquid nitrogen. For RNA extraction,
5-20 mg dry mass of cells were suspended in 400 pl cold (+4°C) disruption buffer (20 mM Tris-
HCI, pH 7.4, 100 mM KCI, 2 mM MgCl,;, 2 mM DTT). 400 pl phenol-chlorophorm (50:50), 5 pl
20% (w/v) SDS and 400 pl glass beads (0.5 mm diameter; Biospec Products) were added. The cells
were disrupted with a Fastprep machine (Q-Biogene), 2 x 20 s, at speed 6. After centrifugation
(14000 rpm, 15 min, +4°C), supernatant was used for total RNA extraction, using an RNeasy kit

(Qiagen) according to the manufacturer’s instructions.

Hybridisations were carried out at the Finnish DNA Microarray Centre at Turku Centre for
Biotechnology. 2 ug total RNA was used as starting material for sample preparation. Samples were
processed according to the One-Cycle Target Labelling protocol in the GeneChip Expression
Analysis Manual (Affymetrix). Both before and after the amplifications the total RNA/ cRNA
concentrations were assessed with Nanodrop ND-1000 and the total RNA/ cRNA quality was
assessed using a BioRad Experion electrophoresis station. Each sample was hybridised to the

GeneChip Yeast Genome 2.0 Array at +45°C overnight (16 h) according to the GeneChip
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Expression Analysis Technical Manual (Affymetrix). A GeneChip Fluidics Station 450 was used to
wash and stain the arrays, and a GeneChip Scanner 3000 with AutoLoader was used to scan the

arrays. CEL-files were extracted with GCOS Manager 1.4.

All data analysis was done using R/Bioconductor, version 2.5.1 (R Development Core Team 2005;
Warnes 2006). The raw data was normalised with Robust Multichip Average (RMA) normalisation
(Irizarry et al. 2003). Statistical differences in the expression were analysed using linear modelling
with the tools of limma package (Smyth 2005). For each gene, a linear model was fitted by the least
squares method and differential expression within pairs of experimental conditions was computed
using an empirical Bayesian approach (Smyth 2004). For correction of multiple testing errors, the
Benjamini & Hochberg —method controlling false discovery rate (FDR) was used (Benjamini and

Hochberg 1995). The microarray data can be accessed through GEO accession number GSE22832.

The clustering analysis of gene expression data was performed using fuzzy c-means clustering
(Futschik and Carlisle 2005; Futschik 2007). The clustering method assigns genes to clusters with
gradual membership (values between 0 and 1). For the clustering, the expression values were scaled
and centred to have a mean of zero and standard deviation of one. The parameter m, which controls
the sensitivity of the clustering process to noise, was adjusted to 1.25 to prevent the detection of
clusters in randomised data. The number of clusters was selected, such that no clusters were formed
where all the genes would have membership values below 0.5. The enriched GO classes and KEGG
metabolic pathways in the clusters were computed with the GOstats package (Falcon and
Gentleman 2007). Transcriptional regulatory motifs in the clusters were analysed with the FIRE
method (Elemento et al. 2007).

Reporter Features and Reporter Metabolites, the transcriptional regulatory sites in biochemical
interaction networks, were identified with the Reporter Features and Reporter Metabolites
algorithms (Oliveira et al. 2008; Patil and Nielsen 2005). Reporter Features, here transcription
factors and other regulatory proteins, were identified from the network of all known interactions
between the regulators and genes by a multidimensional analysis. Absolute Pearson correlation
coefficients were calculated for the time-series of the normalised expression levels of all the pairs of
genes connected to a regulator. Scores for the regulators were derived from the correlations of the
connected genes. To obtain p-values for identification of the Reporters, the scores were tested for
the null hypothesis “the regulator score is observed by chance”. Reporter Metabolites were

identified from a genome-wide metabolic network of S. cerevisiae by differential analysis of the
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sequential time-points. The scores for the metabolites were derived from the p-values for statistical
significances of the differential expression of the genes connected to the metabolites in a genome-
wide metabolic network between the sequential time-points as explained in detail in Patil and
Nielsen (2005). The p-values to identify the Reporter Metabolites were obtained from a statistical

test similarly as above.

Results

Gene transcription after transition from fully aerobic or oxygen-limited to
anaerobic conditions

Statistical analysis of microarray data obtained from samples taken 0.2 to 79/72 h after a switch
from fully aerobic (20.9% inlet O,) or oxygen-limited (1.0% inlet O,) glucose-limited chemostat
cultures of S. cerevisiae revealed 3811 (initially fully aerobic) and 3701 (initially oxygen-limited)
genes which responded to the change in oxygen concentration (p<0.01). Of these genes, 3022 were

common to both starting conditions.

In the cultures which were initially oxygen-limited, the switch to nitrogen feed resulted in a change
in expression of 2287 genes within 0.2 h, while in the initially fully aerobic cultures, expression of
only 1320 changed during 0.2 h, increasing to 2374 genes after 1 h (Figure 1A and 1B). In both
experiments, most of the genes whose expression had changed in 3 to 8 h had already started to
change before 3 h. The lowest number of responsive genes was observed at 8 h after the cultures
became anaerobic, and after 8 h a new set of genes responded. After 24 h, there were 597 and 707
genes differentially expressed, compared to the initial steady state, that had not shown earlier
changes in expression in the cultures initially oxygen-limited and fully aerobic, respectively. Gene
expression in the final anaerobic steady state of cultures which had been either initially fully
aerobic or oxygen-limited, differed for only 3 genes (p-value <0.05) and was similar to that

observed previously (Rintala et al. 2009).
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Figure 1. Significantly (p<0.01) changing genes. A. Genes up- and downregulated after a change
from fully aerobic to anaerobic conditions. Grey bars represent the genes that were differentially
expressed at previous times, black bars represent genes that were differentially expressed for the
first time at that time, compared to the initial steady state. B. Genes up- and downregulated after a
change from oxygen-limited to anaerobic conditions. Colours as in A. C. Pearson correlation
between the gene expression patterns during change from fully aerobic and oxygen-limited to
anaerobic conditions.

The expression patterns of the significantly changing genes in the two experiments were compared
using Pearson correlation (Figure 1C). Although oxygen-limited cultures exhibited a greater initial
response to anaerobic conditions than fully aerobic cultures, 1169 genes had a correlation of >0.9 in
their expression patterns.

The expression patterns of genes which had previously been analysed with the TRAC method
(Wiebe et al. 2008) were compared with the patterns observed in the Affymetrix analysis of the
present study. Of the 67 genes analysed in both studies only 48 had significant changes in their
expression levels. Of these, 41 showed good correlation (>0.6) between the two methods following
the shift from fully aerobic to anaerobic conditions. Of the seven genes with correlation <0.6, five
had less than 2 fold differences in their expression levels. The ones that had more than 2 fold
differences in their expression, but, low correlation between the TRAC and the Affymetrix
methods, were CIT2 and CIT3.
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Clustering and analysis of transcriptional regulation of the clusters

The data was clustered using fuzzy c-means clustering (Futschik and Carlisle 2005). This clustering
method does not require prefiltering of genes and thus does not discard potentially interesting genes
that do not respond strongly. In addition, all genes are assigned to clusters with a membership value
between zero and one, which can be used to determine the level of co-regulation. The resulting
clustering of gene expression data is presented in Figure 2 and 3 and the most significantly (p<
0.01) over-represented GO-categories and KEGG-pathways in the clusters are presented in
additional data files: Table S1 and Table S2.
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Figure 2. Fuzzy c-means clustering of gene expression patterns in cells initially grown in fully
aerobic conditions and switched to anaerobic conditions.

The clustering was performed with individual samples, but average values for each condition are
shown in the graphs. The expression values are centred and scaled around a mean of zero and
standard deviation of 1, for all genes. Red and purple represent genes that have membership values
higher than 0.5 while green and yellow represent genes that have membership values below 0.5.
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Figure 3. Fuzzy c-means clustering of gene expression patterns in cells initially grown in oxygen-
limited conditions and switched to anaerobic conditions.

The clustering was performed with individual samples, but average values for each condition are
shown in the graphs. The expression values are centred and scaled around a mean of zero and
standard deviation of 1, for all genes. Red and purple represent genes that have membership values
higher than 0.5 while green and yellow represent genes that have membership values below 0.5.

Analysis of the gene expression data of the experiment where 20.9 % oxygen in the feed gas was
replaced with nitrogen revealed 24 clusters containing 70-294 genes with membership value higher
than 0.5, i.e. belonging most strongly to the corresponding cluster (Figure 2). The promoter
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sequences and 3’UTR’s of the genes in these clusters were analysed using FIRE software (Elemento
et al. 2007) (see additional data file: Figure S1). The analysis revealed 8 transcription factor binding
site motifs and 4 3’UTR motifs, some of which had significant co-occurrence and/or spatial co-
localisation patterns. The gene expression data of cultures in which 1.0 % oxygen in the feed gas
was replaced with nitrogen revealed 22 clusters containing 71-372 genes with membership value
higher than 0.5 (Figure 3). Analysis of the promoter sequences and 3’UTR’s of genes in these
clusters using FIRE software (see additional data file: Figure S2) revealed 14 transcription factor
binding site motifs and 8 3’'UTR motifs, some of which had significant co-occurrence and/or co-
localisation patterns. A more detailed description of the clustering results for data obtained from
these cultures, and of the analysis of the regulatory elements identified in the genes of these

clusters, is provided below.

Transient downregulation upon oxygen depletion: processes related to
growth (replication, transcription, translation) and mitochondrial function

In the initially fully aerobic cultures, genes in clusters 4, 13, 20 and 22 were transiently
downregulated between 0.2 and 8 h (Figure 2). These clusters differed in the time at which the
expression was at its lowest, which was 0.2 h (cluster 4), 1 h (clusters 20 and 22) or 3 h (cluster 13).
GO categories enriched in clusters 4, 20 and 22 were largely overlapping and particularly included
genes involved in amino acid and purine metabolism, ribosomal biogenesis, RNA processing,
biogenesis of RNA polymerases and genes related to cell cycle and DNA replication and repair
(Table S2). Genes encoding components of cytosolic ribosomes were statistically enriched in
clusters 20 and 22, and 7 of these genes were found also in cluster 4. The transcription factor
binding site motifs enriched in these clusters also overlapped (Figure S1). The PAC site, related to
the regulation of the genes encoding components of ribosome biogenesis, was over-represented in
clusters 4, 20 and 22, the XBP1 site, related to the regulation of genes encoding activities of stress
response, in clusters 20 and 22 and the RAP1 site, related to the regulation of the genes encoding
components of ribosome biogenesis, in cluster 22. In cluster 4, a putative 3’UTR motif
[(AJU/G)(G/U)AUAGA], was enriched, however, this motif was not enriched in clusters 20 and 22,
being in fact under-represented in cluster 22. Instead, genes in clusters 20 and 22 were enriched in
another putative 3’UTR motif [UAUA(A/C)(G/U)A]. As with clusters 4, 13, 20 and 22, cluster 6,
containing genes which were downregulated at 0.2 h but which had fully recovered at 1 h, contained
genes involved in mMRNA processing and splicing and in rRNA processing. 57% of the genes in
cluster 6 contained the same 3’UTR motif [(A/U/G)(G/U)AUAGA] that was over-represented in
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cluster 4. In the whole genome, this site is enriched in 3’'UTRs of genes involved in RNA

processing and ribosome biogenesis.

In the cultures which were initially oxygen-limited, clusters 3, 20 and 21 which were transiently
downregulated between 0.2 and 3 h were enriched in genes related to ribosome biogenesis and
assembly, rRNA processing, amino acid and purine metabolism, and DNA replication and repair
(Figure 3 and Table S3). In addition, genes related to DNA replication and repair and cell cycle
were enriched in cluster 17, which was also downregulated between 0.2 and 3 h. While these
transient responses were similar to those seen when the fully aerobic cultures became anaerobic
they started slightly earlier and had recovered earlier in the cultures which had been oxygen limited
(in 1 to 3 h), than in those with initial oxygen of 20.9 %, in which most of these genes were still
downregulated at 8 h. Genes in clusters 3 and 20 were enriched in transcription factor binding site
motifs PAC and RRPE, the PUF4 3’'UTR motif, involved in the regulation of genes encoding
ribosomal proteins, and in a putative 3’UTR motif (AUAGA). Both of the 3’UTR motifs showed
significant co-localisation. In addition, genes in cluster 21 were enriched in binding sites of Xbplp,
and Raplp transcription factors, the RRPE motif, the PUF4 3’'UTR and a putative 3’UTR
(UCCGUAC) motif. Genes in cluster 17 were enriched in binding sites for Swi4p and Xbpl,
transcription factors regulating genes encoding activities related to cell cycle and stress response.
Similar to cluster 6 of the initially fully aerobic cultures, genes of cluster 7 in the initially oxygen-
limited cultures were transiently downregulated at 0.2 h after the cultures became anaerobic and the
level of transcription had fully recovered at 1 h. Cluster 7 contained genes related to amino acid
metabolism, purine biosynthesis, transcription, chromatin remodelling and splicing. This cluster
was enriched in binding sites of transcription factor Baslp, regulating genes encoding activities
related to purine and histidine biosynthesis, and the PUF5 3’'UTR motif, associated with mRNAs
encoding nuclear components. Genes in cluster 2 were transiently downregulated 3 h and were
enriched in genes related to cell cycle, DNA packaging, organelle organisation and biogenesis,
ribosomal protein and rRNA transport. Genes in cluster 2 were enriched in binding sites for Swi4p
transcription factor and PUF5 3’ UTR motif.

In the initially fully aerobic cultures, genes in cluster 15 were temporally downregulated but
showed upregulation in the anaerobic steady state. The genes in this cluster were related to
mitochondrial translation (57 genes) and protein targeting to mitochondria (MAS1, TOM6, TOMZ20,
TIM9, TIM13, POR1). The 3’UTR site PUF3, which regulates the genes encoding mitochondrial

proteins, was over-represented in this cluster. In the initially oxygen-limited cultures, cluster 4 had a
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trend of downregulation during 1-3 h and a full recovery at 8 h. Among the genes of this cluster, 68
and 14 genes encoded activities involved in mitochondrial translation and mitochondrial protein
import, respectively. This cluster also contained genes encoding additional mitochondrial membrane
proteins (SHE9, ADK2, ARH1, YGR012W, DPM1, OMS1, MSS51, YMR166C) and genes related to
respiration (COQ10, DIA4, MAM33, YMR293C, COX23, ATP12, ATP11, COX17). Genes in this
cluster were also enriched in the PUF3 3’UTR motif and additionally two putative 3’'UTR motifs,
[CC(C/U)GUA(A/U)] and [(C/U)CT(A/U)GUA]. A closer evaluation of the two putative 3’UTR
motifs revealed that they always preceded the PUF3 motif and represented the first part of it.

In the initially fully aerobic cultures, the genes involved in sulphate assimilation and methionine
biosynthesis (MET1, MET2, MET3, MET8, MET14, MET17, MET22, ECM17, YLLO58W) and
sulphate uptake (SUL2) showed downregulation at 0.2 h and had fully recovered at 1 h (cluster 6).
However, other genes related to sulphur amino acid metabolism (MET32, MUP1, MET4, BDS1,
MET28) were upregulated during 1-72 h (cluster 10). In the initially oxygen-limited cultures,
several genes related to methionine biosynthesis and sulphate assimilation (MET10, MET17, SAM2,
CYS3, MET14, MET1, OAC1, MET18) also responded by transient downregulation, but with lowest
level of transcription at 1 h and full recovery only at 8 h (cluster 21).

Transient upregulation upon oxygen depletion: processes of protein
degradation

Protein degradation mechanisms were transiently upregulated as a response to lack of oxygen both
in the initially fully aerobic and oxygen-limited cultures. In the initially fully aerobic cultures, genes
of vacuolar transport (cluster 9), proteasome and autophagy (cluster 5) and protein catabolism

(cluster 3) showed transient upregulation at 0.2 and 1 h (Figure 2 and Table S2).

When the initially oxygen-limited cultures became anaerobic, genes of vacuolar transport (cluster
18), protein targeting to vacuole (cluster 9), vacuolar protein catabolic process (cluster 22),
autophagy (clusters 9 and 18), ubiquitin mediated proteolysis (cluster 10) and proteasome (cluster
14) showed transient upregulation during 0.2-3 h (Figure 3 and Table S3). In addition, clusters 15
and 16, which showed upregulation in the anaerobic steady state compared to the initial steady
state, were enriched in genes of protein targeting to the vacuole and proteasome, respectively.
Genes in clusters 9, 18 and 22 were enriched in binding sites of transcription factor binding sites

Msn2/4p and Gislp, regulating genes encoding activities related to stress response, while genes in
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clusters 14 and 16 were enriched in binding sites of Rpn4p, regulating genes encoding components
of the proteasome. Genes in cluster 15 were enriched in a putative transcription factor binding site
[TA(A/T)ACGA].

Upregulation for anaerobic steady state: cell wall components, remodelling of
cell wall, sterol and amino acid uptake, and iron/cation homeostasis

In the initially fully aerobic cultures, genes involved in sterol transport (DAN1-3 TIR1-4,
PAU2,3,4,5,8,9,14,18, OSH6, UPC2, PDR11, HES1, AUS1) and genes related to cation homeostasis
and iron transport (FRE6, FET4, ENB1, CUP5, ATX2, COT1, TIS11, 1ZH3, SMF3, IRC7, SIT1,
FIT2, ARN1) were upregulated during 0.2-8 h after the change in oxygen provision and reached
their new steady state values, with higher expression levels, within 24 h (cluster 19). In the initially
oxygen-limited cultures, genes related to sterol uptake and biosynthesis (DAN1-3, TIR1-4,
PAU8,9,14,2 OSH6, UPC2, ERG8, ERG26, ERG7, ERG2, PDR11, DAP1, ARE1, SUT2, NCP1,
ERGY, ERG27, ERG24, HES1, ERG28, AUS1, KES1) and cation homeostasis (IRC7, SMF3, 1ZH4,
VMA2, SRO77, COT1, CUP5) remained unchanged for the first 3 h after the change of oxygen
provision, but were upregulated to their new anaerobic steady state values during 8 to 24 h (cluster 1).

Genes encoding plasma membrane phosphate transporters (PHO86, PHO84, PHO89) were
transiently upregulated 0.2 h after the switch to nitrogen in the initially oxygen-limited cultures
(cluster 19). PHO84 was 30-fold, PHO89 4-fold and PHO86 1.5-fold upregulated at 0.2 h. While
expression of PHO84 and PHO89 returned to their original levels within 3 h, and PHO84 was 2-
fold downregulated in the anaerobic steady state, PHO86 remained 1.5-fold upregulated in the
anaerobic steady state. Although not found in any of the clusters, PHO84 and PHO89 were also
transiently upregulated during the first 3 h after the fully aerobic cultures became anaerobic and

subsequently downregulated in the anaerobic steady state.

Genes encoding amino acid transporters (BAP3, GNP1, DIP5, TAT1) were highly upregulated
during the adaptation to anaerobic conditions and in the anaerobic steady state in the initially fully
aerobic cultures (cluster 7). A similar but weaker trend was observed in the initially oxygen-limited
cultures. Several other genes involved in nitrogen transport showed transient upregulation, while the
proline permease (encoded by PUT4) was downregulated during the adaptation and in the anaerobic

steady state (additional data file: Figure S3).
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Downregulation for anaerobic steady state: fatty acid oxidation, peroxisome
biogenesis, oxidative phosphorylation, TCA cycle and PPP

In the initially fully aerobic cultures, genes related to fatty acid oxidation and peroxisomal
biogenesis in cluster 1 were downregulated within 24 h (PEX19, CRC1, PEX2, PEX8, PEX3,
PEX18), while genes related to fatty acid oxidation and peroxisomal biogenesis (FOX2, POT1,
PCD1, PXA2, PIP2, IDP3, PXAl, POX1, PEX11, SPS19, DCI1, ECI1, PXA2, PEX14, PEXS5,
PEX11, PCS60) and response to oxidative stress (SOD2, POS5, UBA, MCR1, CTT1, CTAl) in
cluster 24 showed downregulation already at 3 h. In the initially oxygen-limited cultures, genes in
clusters 13 and 18 were downregulated as the cells approached the anaerobic steady state, but the
genes in cluster 18 were transiently upregulated before the final downregulation. Cluster 18
contained genes of fatty acid oxidation and peroxisomal biogenesis (POT1, PXA2, PIP2, CRC1,
OAF1, PXAL, SPS19, MDH3, ECI1, PEX27, PEX15, PEX30, PEX2, PEX22, PEX3), genes related
to response to oxidative stress (HYR1, CCP1, SRX1, GAD1, PRX1, GPX1, TRR2, ORF YCLO033C,
HSP12), genes of oxidative phosphorylation (NDE2, ATP4, GSM1, ATP3, SDH2), genes of the
TCA cycle (KGD1, LPD1, ACO1, IDP2) and the pentose phosphate pathway (SOL4, GND2,
TKL2). Cluster 13 contained genes of fatty acid oxidation (FOX2, CTAl, POX1, TES1, PSCG60,
DCI1, INP1), oxidative phosphorylation (ATP19, QCR9, ATP2, QCR8, QCR5, COX12, COX6,
QCR2, ATP20, SDH1, SDH4, COX9, ATP14, QCR10, ATP16, COX8, COX4, COX5a, COR1,
NDI1, ATP15, COX13, ATP18, ATP1, COX7, CYT1, QCR7, SDH3, ATP7, ATP5), the TCA cycle
(MDH1, FUM1, KGD2, PYC2, IDH2, LSC2, CIT1), and genes related to response to reactive
oxygen species (SOD2, SOD1, CTAL, POS5, GRX2, MCR1). Genes in cluster 13 were enriched in
two putative 3’'UTR motifs [(A/U)AUAUUC and A/C)UUUAU(G/U)(A/U)], and in binding sites
of Ume6p transcription factor, regulating genes encoding activities related to the cell cycle, and a
putative transcription factor [A(A/T)C(C/T)CCG]. Cluster 14, genes of which showed transient
upregulation during 0.2 to 8 h, contained genes of glutathione metabolism (GPX2, GTO1, GTT1,
GLO1, GTT2) and carnitine metabolism (YAT1, YAT2).

Transient upregulation of reserve energy metabolism

In the initially fully aerobic cultures, genes of glycogen and trehalose metabolism were transiently
upregulated during 0.2 to 8 h. Cluster 9 included genes related to synthesis of glycogen (PCLS,
GLG1, GSY2, GLC8) and synthesis of trehalose (TPS1) while cluster 12 included genes related to
synthesis of glycogen (GLC3, PIG2), mobilisation of glycogen (GDB1, GPH1) and mobilisation of
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trehalose (NTH1). In the initially oxygen-limited cultures, genes of related to synthesis of glycogen
(GSY2), synthesis of trehalose (TPS1), mobilisation of glycogen (GDB1) and mobilisation of
trehalose (NTH1) were transiently upregulated between 0.2 and 3 h. In addition, the genes related to
synthesis of glycogen (PCL6, GAC1, PCL7, REG1, PCL8, RIM11), synthesis of trehalose (TPS2,
TSL1) and mobilisation of trehalose (NTH2, TPS2) in cluster 9 had a trend of transient upregulation
between 0.2 and 1 h. Binding sites for Msn2/4p and Gispl transcription factors were enriched in
both clusters of oxygen-limited cultures and in addition, binding sites for Ume6p and a putative
transcription factor [A(A/T)C(C/T)CCG] were enriched in cluster 9. Cluster 18 which was
transiently upregulated before final downregulation contained genes of glycogen metabolism
(BMH2, GLC3, GLG2, SGAL, GLG1, GLC8, GPH1). In this cluster, binding sites for Msn2/4p,
Gispl and Ume6p, and a 3’UTR motif [(A/U)AUAUUC] were enriched.

Analysis of transcriptional responses in context of regulatory networks using
Reporter Features analysis

We further analysed the transcriptional response in context of the network of all known interactions
between transcription factors/other regulatory proteins and genes and performed a multidimensional
Reporter Features analysis (Oliveira et al. 2008; Patil and Nielsen 2005). From the network, the
analysis identified regulators (i.e. transcription factors or regulatory proteins) whose surrounding
genes had expression profiles with significantly high correlation during the time-course of
adaptation to the anaerobic steady state. Thus, it identified transcription factors and other regulatory
proteins that most probably determined the expression profiles of the sets of responding genes.
Regulatory networks of the Reporter Regulators (with Reporter p-values less than or equal to 0.01)
of the present data are shown in Figures 4 and 5. The open reading frames associated with the
regulators are presented in Additional data files: TR21 multiD_reporters_pOl.sif and
TR21_multiD_reporters_pO1.sif.

The regulatory network of Reporter Regulators identified for the initially fully aerobic cultures
switching to anaerobicity contained 29 regulatory proteins and a total of 297 nodes of regulators
and genes (Figure 4). The regulatory network of Reporter Regulators identified for the initially
oxygen-limited cultures switching to anaerobicity contained 28 regulatory proteins and a total of
327 nodes of regulators and genes (Figure 5). The two regulatory networks shared the stress
response regulators Msn2/4p, Hsflp and Hoglp, growth-related regulators Baspl, Raplp, Ifhlp,
Gtslp, Rsc30p and Esalp, and the protein degradation-related regulators Rpt6p and Snf7p.
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Additionally, both networks contained regulators of genes of fatty acid B-oxidation Oaflp and
Pip2p, the Upc2p regulator of genes of sterol biosynthesis, the carbon-source responsive factor

Adrlp and the Metlp regulator of methionine biosynthesis.
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Figure 4. Active regulatory network in adaptation of initially fully aerobic cultures of S.
cerevisiae to anaerobic conditions. The transcription factors and regulatory proteins that most
probably mediated regulation throughout the adaptation to anaerobic conditions were identified by
multidimensional Reporter Features analysis (Oliveira et al. 2008; Patil and Nielsen 2005). The
Reporter transcription factors and regulatory proteins are shown with their interactions to genes in
the regulatory network. The reporters specific for the initially fully aerobic cultures and those
shared with the initially oxygen-limited cultures are highlighted in blue and green, respectively.
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Figure 5. Active regulatory network in adaptation of initially oxygen-limited cultures of S.
cerevisiae to anaerobic conditions. The transcription factors and regulatory proteins that most
probably mediated regulation throughout the adaptation to anaerobic conditions were identified by
multidimensional Reporter Features analysis (Oliveira et al. 2008; Patil and Nielsen 2005). The
Reporter transcription factors and regulatory proteins are shown with their interactions to genes in
the regulatory network. The reporters specific for the initially oxygen-limited cultures and those
shared with the initially fully aerobic cultures are highlighted in yellow and green, respectively.

The Gcerlp activator of glycolytic genes, the cAMP dependent protein kinase Tpk2, and the Snflp
and Snf4p protein kinases were identified as Reporter Regulators only for the initially fully aerobic
cultures. The Haplp regulator was specific in the regulation of the initially oxygen-limited cultures,
with a Reporter p-value threshold of 0.01, but with a threshold of 0.05 it was identified as an active

regulator of both cultures.

Analysis of the transcriptional response in context of the metabolic network

Since the cultures studied were different in their initial metabolic state, being either fully respiratory
or respiro-fermentative, the transcriptional response of the cultures to sudden oxygen depletion was
also studied in the context of a genome-wide metabolic network with the Reporter Metabolites
algorithm (Patil and Nielsen 2005). This algorithm identified the metabolites in the metabolic

network whose surrounding enzymes, i.e. the genes encoding them, had significantly differential
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expression at different times. The identified Reporter Metabolites (threshold reporter p-value less
than or equal to 0.05) in the pathways of central carbon metabolism of S. cerevisiae after sudden
depletion of oxygen from fully aerobic and oxygen-limited cultures are shown in Figure 6. The
open reading frames associated with the metabolites of central carbon metabolism are presented in

Additional data file: central_carbon_metabolism.sif.
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Figure 6. Reporter Metabolites observed in central carbon metabolism during the adaptation of
S. cerevisiae to anaerobic conditions. The series of figures shows the Reporter Metabolites
identified (p-value < 0.05) at the indicated times after sudden oxygen depletion. Reporter
Metabolites for initially fully aerobic cultures and initially oxygen-limited cultures are highlighted
in green and red, respectively. Reporter Metabolites shared by both initial culture conditions are
highlighted in yellow. Reporter Metabolites are metabolites in a metabolic network, around which
significant transcriptional changes have occurred (Patil and Nielsen 2005).
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During the first interval, 0-0.2 h, the initially oxygen-limited cultures showed Reporter Metabolites
in upper glycolysis and in the pentose phosphate pathway, whereas in the initially fully aerobic
cultures Reporter Metabolites were not observed in the pentose phosphate pathway until after 0.2 h.
In the latter cultures, likewise between 0.2 and 1 h, Reporter Metabolites were also observed in the
glyoxylate cycle. Between 1 and 3 h after the oxygen depletion, the initially fully aerobic cultures
showed Reporter Metabolites in the TCA cycle. Additionally, the redox cofactor NADH was
identified as a Reporter Metabolite after 24 h, when the anaerobic steady state was established,
independent of the initial metabolic state, but in the initially fully aerobic cultures NADH was
identified as a Reporter also in the earlier phase of adaptation, between 1 and 3 h. In the initially
oxygen-limited cultures, the cofactor NADPH was identified as a Reporter Metabolite between 1

and 3 h after the switch to anaerobic conditions.
Discussion

In response to oxygen depletion, both the fully aerobic and oxygen-limited cultures showed
transient downregulation, but full recovery to the level of the initial steady state of genes encoding
activities related to growth and cell proliferation. As a function of time, the expression profiles of
these genes differed in the two culture sets, the initially oxygen-limited cultures responding more
rapidly. However, the overall response was very similar. In addition, the same transcription factors
and regulators, related to growth and cell proliferation were identified in the initially fully aerobic
and the oxygen-limited cultures when the results of the FIRE and Reporter analyses were combined.
The downregulation of genes encoding activities involved in these processes is likely due to the
decrease observed in the specific growth rate to 0.06 h™ almost immediately after the shift to
anaerobiosis (Wiebe et al. 2008). This hypothesis is supported by the earlier observation that genes
related to cell cycle, DNA replication and repair, rRNA processing and protein synthesis are
transiently downregulated as a response to anoxia in batch cultivations on galactose, when the
metabolism is strongly respiratory and specific growth rate is reduced as a response to anoxia, but
not on glucose when the metabolism is partially fermentative, even in the presence of oxygen, and
no change in specific growth rate is observed (Lai et al. 2006; Lai et al. 2005). However, it is
interesting that although the specific growth rate was below 0.1 h™ for approximately 15 h, the level
of transcription of especially the ribosomal genes had returned to that observed in the initial steady
state within 3 to 8 h. The transcription of genes encoding ribosomal proteins is positively correlated
to the specific growth rate in steady state chemostat cultures (Regenberg et al. 2006; Fazio et al.

2008), but it has been suggested that these genes are regulated by the external environment rather
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than the specific growth rate (Levy et al. 2007). Signalling in response to environmental changes
may have developed to enable a faster response than feedback regulation by metabolic pathways
could mediate (Levy et al. 2007). Supporting this hypothesis, Zaman et al. recently concluded that
growth-rate specific transcription in yeast generally results from cells sensing their nutritional

environment (Zaman et al. 2009).

MRNAs of genes encoding subunits of ribosomes have a half-life of 22 + 6 min in S. cerevisiae, and
the average half-life of mMRNAs in yeast is 30 min (Wang et al. 2002). Thus, the 2 to 5-fold decrease
in MRNA levels within 10 minutes after the oxygen depletion, observed in particular with mRNAs
of genes related to ribosome biogenesis and RNA processing indicates active degradation of these
MRNAs. The control of degradation of mMRNAs involve 3’UTRs which also have important roles in
the translation and localisation of mRNAs (Grzybowska et al. 2001; Ulbricht and Olivas 2008;
Saint-Georges et al. 2008; Lawless et al. 2009). In the present study, binding sites of specific
3’UTRs motifs were found to be enriched in the genes related to growth and cell proliferation. The
transient downregulation profiles of genes in which these motifs were enriched, suggest that the
motifs may have a role in the degradation of mRNAs. In fact, the PUF4 motif, known to be
involved in the decay of mMRNAs of genes related to rRNA synthesis and processing and ribosomal
biogenesis (Gerber et al. 2004; Grigull et al. 2004) and PUF5, associated with mRNAs encoding
nuclear components (Gerber et al. 2004), were identified in clusters of the initially oxygen-limited
cultures. In addition, co-localised with PUF4, a putative 3’UTR motif AUAGA was identified in the
initially oxygen-limited cultures and also in the initially fully aerobic cultures as a part of a longer
putative motif [A/U/G)(G/U)AUAGA]. In addition, another putative 3’UTR motif
[UAUA(A/C)(G/U)A] was identifed in the initially fully aerobic cultures. The fact that different
motifs were identified under the different culture conditions is intriguing, but it remains unclear if
these differences reflect the small differences in the timing of the transcriptional responses under
these two conditions.

In both the initially fully aerobic and oxygen-limited cultures, transient upregulation of genes
encoding activities of processes of protein degradation was observed upon oxygen depletion. In the
initially oxygen-limited cultures, some of these activities continued to be upregulated in the new
anaerobic steady state compared to the initial steady state. Further, two regulators related to protein
degradation (Rpt6p, Snf7p) (Glickman et al. 1999; Robinson et al. 1988) were identified as
regulators under both conditions. Protein degradation may be related to the transiently occurring

reduced specific growth rate of the cultures. However, it may also indicate a more global
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remodelling of cellular functions and need for novel activities upon anaerobicity. Proteolysis plays
an important role in the response to stress conditions (Hilt and Wolf 1992) and in fact binding sites
of stress response-related transcription factors (MSN2/4, GIS1) (Martinez-Pastor et al. 1996; Zhang
et al. 2009) were identified as enriched in these genes in the initially oxygen-limited cultures.
Additionally, other indications of stress response were observed in the present study. Reporter
Features analysis identified stress response-related regulators (Msn2/4p, Hsflp, Hoglp) (Martinez-
Pastor et al. 1996; Sorger and Pelham 1987; Westfall et al. 2004) in both cultures as a response to
oxygen depletion and among the earlier mentioned genes related to growth and cell proliferation,
the stress response-related transcription factor Xbplp (Mai and Breeden 2000; Mai and Breeden
1997) was enriched.

Genes encoding mitochondrial membrane proteins and proteins with activities related to
mitochondrial translation or protein import to mitochondria were transiently downregulated upon
introduction of anoxia in all cultures. Again, the initial metabolic state made little difference to the
response; the profiles of the temporal downregulation were close to identical. Among these genes,
the PUF3 motif, which promotes the degradation of, and controls the localisation of mMRNAs
encoding mitochondrial proteins (Saint-Georges et al. 2008; Gerber et al. 2004; Olivas and Parker
2000), was enriched. Interestingly, in the initially fully aerobic cultures the transcription of these
genes recovered to a higher level than in the initial steady state. The same was observed in the
comparison of different steady states with varying levels of oxygen provision: the lowest expression
level of these genes was observed in the fully aerobic cultures, compared to the oxygen-limited and
anaerobic cultures (Rintala et al. 2009). This may be an indication of still unknown functions of

mitochondria under oxygen-limited and anaerobic conditions.

When both the fully aerobic and the oxygen-limited cultures were switched to anaerobiosis, a rapid
and transient downregulation of genes encoding proteins of sulphate assimilation and methionine
biosynthesis occurred. The genes encoding activities for methionine biosynthesis are known to be
downregulated as a response to increase in the intracellular concentration of S-adenosylmethione
(AdoMet) or methionine (Thomas et al. 1989), and several transcriptional activators regulate the
expression of these genes (Blaiseau et al. 1997; Kuras et al. 1996; Thomas et al. 1992). AdoMet
provides activated methyl groups for phospholipid synthesis, and for protein and histone
methylation, so downregulation of these genes could be related to a general transient
downregulation of biosynthesis (Kaiser et al. 2006). Methionine biosynthesis is also closely linked

to the synthesis of glutathione which is the main component in the maintenance of cellular redox
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balance (Lopez-Mirabal and Winther 2008), and thus the rapid and transient changes observed in
the genes encoding activities of methionine biosynthesis are likely to reflect altered redox balancing

as a result of oxygen depletion (Lopez-Mirabal and Winther 2008).

Genes encoding plasma membrane phosphate transporters Pho84p and Pho89p were upregulated
immediately after the shift to anaerobic conditions in both cultures. According to Gonzales et al.
(Gonzalez et al. 2000) the intracellular phosphate and polyphosphate levels start to increase in less
than 10 minutes after a shift to anaerobiosis and phosphate levels stay high in anaerobic, compared
to aerobic conditions. This increase results from transient increase in transport of extracellular
phosphate into the cell during the first 15 minutes after the shift to anaerobiosis. The function of this
increase is not known, but regulation of glycolytic enzymes has been suggested (Gonzalez et al.
2000), and it appears to be important in metabolic regulation in response to sudden oxygen
depletion. The increase in the transcription of phosphate transporter encoding genes observed in the
current study was only transient and their expression was lower in the anaerobic than in the oxygen-

receiving steady states.

In both the initially fully aerobic and the oxygen-limited cultures, genes related to fatty acid
oxidation and peroxisomal biogenesis, response to oxidative stress, oxidative phosphorylation, TCA
cycle and the pentose phosphate pathway were downregulated in anaerobic conditions. However,
some of the genes of these pathways were transiently upregulated in the initially oxygen-limited
cultures, before being downregulated to the new anaerobic steady state levels. Similar transient
upregulation of genes of oxidative phosphorylation and the TCA cycle has been previously
observed during adaptation to anaerobic conditions in batch cultures on galactose, but not on
glucose, suggesting that the response is linked to cessation of respiration (Lai et al. 2006; Lai et al.
2005). Additionally, respiratory-deficient yeast cells in aerobic conditions respond to loss of
oxidative phosphorylation by upregulating genes related to peroxisomal activities, including fatty
acid oxidation and anaplerotic reactions, to increase supplies of acetyl-CoA and OAA (Epstein et al.
2001). As this response was not seen in the adaptation of the initially fully aerobic cultures to
anaerobiosis, it seems to be specific for the transition from respiro-fermentative conditions. The
expression of genes encoding some of these processes was also oxygen-dependent in steady state
conditions (Rintala et al. 2009), and the expression levels may have already been maximal in 20.9%

oxygen, allowing no further upregulation to occur.
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As in the clustering analysis, Reporter Regulators related to stress, growth, protein degradation,
fatty acid catabolism, sterol biosynthesis and carbon source regulation were identified in the
adaptation to anaerobiosis, independent of the initial metabolic state of the culture. The regulatory
network of the initially fully aerobic cultures specifically contained an additional regulator of
glycolysis, indicative of changes upon switching from respiration to fermentation and initiating a
high specific carbon flux through the glycolytic and fermentative pathways. The key metabolic
regulator kinases Snflp/Snf4dp involved in several different processes (stress response, translation,
lipid and glycogen biosynthesis, glucose derepression) and Tpk2p involved in the response to
nutrients and stress, identified in the initially fully aerobic cultures as Reporter Regulators, suggest

a coordinated transcriptional adjustment of metabolic genes.

Central carbon metabolism encompasses the major energy-generating pathways in the cell, the
respiratory and the fermentative pathways, but it also generates precursors and reducing power for
biosynthetic reactions. Reporter Metabolite analysis revealed that the temporally differential
expression of genes encoding activities of the central carbon metabolism as a response to oxygen
depletion was dependent on the initial metabolic state of the culture. In the initially oxygen-limited
cultures, sudden oxygen depletion led to a rapid response around the metabolites of the upper part
of glycolysis and the pentose phosphate pathway, whereas in the initially fully aerobic cultures, , the
hierarchical regulation of the central carbon metabolism seemed not to be the first priority since
slower responses around the metabolites of the pentose phosphate pathway, and the glyoxylate and
TCA cycles were observed. Changes in the expression of genes encoding enzymes producing or
consuming the metabolites are likely to lead to changes in the metabolite concentrations which are
variables in the metabolic regulation of the system. However, in our previous study, the effect of
oxygen depletion on the concentrations of the metabolites of central carbon metabolism was
observed to be generally faster than the effect on gene expresssion (Wiebe et al. 2007). Then again,
the differential regulation of especially the oxidative part of the pentose phosphate pathway was
seen also in the study of Wiebe et al. (2007) as the concentration of 6-phosphogluconate was found
to be dependent on the initial oxygen concentration of the cultures (Wiebe et al. 2007).

The changes observed in the expression of the genes encoding the upper glycolytic enzymes are
probably not reflected in the metabolite concentrations as glycolytic flux has been shown to be
mainly controlled at the post-transcriptional level (de Groot et al. 2007; Daran-Lapujade et al.
2004). Upper glycolysis is the entry point of storage carbohydrates into metabolism and thus its
metabolites as reporters may also indicate the mobilisation of storage carbon due to the reduced

production of energy equivalents as respiration suddenly ceases. In fact, the concentration of
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trehalose 6-phosphate, an intermediate of trehalose biosynthesis, was observed to be dependent on
the initial oxygen concentration by Wiebe et al. (2007). In the current study, genes related to both
mobilisation and storage of glycogen and trehalose were found to be transiently upregulated in both
conditions. This seemingly futile response could not be explained. However, the simultaneous
upregulation of genes acting in mobilisation and storage of glycogen and threhalose has previously
been seen as a response to stress and shown to be dependent on Msn2/4p transcription factors
(Parrou et al. 1997; Hottiger et al. 1987).

Conclusions

The transcriptional responses of S. cerevisiae grown under glucose-limitation in either fully aerobic
or oxygen-limited conditions (resulting in respiratory and respiro-fermentative metabolic states,
respectively) to sudden depletion of oxygen were very similar to each other. During the adaptation
to anaerobic conditions, and thus to fermentative growth and energy generation, the cells responded
by transient downregulation of genes related to growth and cell proliferation. Additionally, the
adaptation to anaerobiosis evoked stress response-related regulatory networks independent of the
initial metabolic state of the culture. To enable global remodelling of the activities needed for the
new mode of growth, a transient upregulation of genes related to protein degradation was observed.
In the initially oxygen-limited cultures the shift to anaerobiosis led to specific regulation of aerobic
genes by the Hap2/3/4/5p-complex and to transient upregulation of genes involved in oxidative
phosphorylation, TCA cycle, fatty acid oxidation, peroxisomal biogenesis, oxidative stress and
pentose phosphate pathway. As the cell senses the decrease in the oxygen concentration, it may try
to enhance the use of oxygen by upregulation of genes encoding the above mentioned activities.
Although a similar transient response was not observed in the cells initially grown in the fully
respiratory conditions, it may have been too short to have been observed with the sampling
frequency used in this study and thus it remains unclear whether Hap2/3/4/5p-complex controls a

similar response in the transition from fully aerobic to anaerobic conditions.
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ADDITIONAL DATA FILES

Additional data file 1 — Table_S1.doc

Table S1. Over-represented GO- and KEGG-classes in clusters of gene expression data of
transition from respiratory to fermentative metabolism

Clusters were determined by fuzzy c-means clustering of gene expression in time-course
experiment with initial steady state receiving 20.9% oxygen in feed gas and sampled in time points
0f 0.2, 1, 3, 8, 24 and 79 hours after switch to nitrogen feed. Clusters are illustrated in Figure 2.

Cluster GO-class (p<0.01) KEGG-class (p<0.01)
(unknowns/genes)
pentose metabolic process Citrate cycle (TCA cycle)
generation of precursor metabolites and energy Pentose phosphate pathway
1 protein refolding
peroxisomal transport
(71/275) methylglyoxal metabolic process
vitamin metabolic process
SRP-dependent cotranslational protein targeting to membrane, translocation
oxidative phosphorylation Oxidative phosphorylation
generation of precursor metabolites and energy Citrate cycle (TCA cycle)
acetyl-CoA metabolic process MAPK signaling pathway
response to pheromone
2 ATP biosynthetic process
(15/89) conjugation
tricarboxylic acid cycle
translation
mitochondrion organization and biogenesis
peptide metabolic process
3 regulation of transcription Glycan structures - degradation
cellular protein catabolic process
(22/108) histone acetylation
ribosome biogenesis and assembly RNA polymerase
4 rRNA metabolic process Pyrimidine metabolism
organelle organization and biogenesis Purine metabolism
(37/259) DNA unwinding during replication Histidine metabolism
Selenoamino acid metabolism
5 proteolysis Proteasome
anion transport
(33/121) autophagy
sulfur metabolic process Sulfur metabolism
6 aspartate family amino acid metabolic process Selenoamino acid metabolism
(31/168) RNA processing
RNA splicing
7 glycolysis Glycolysis / Gluconeogenesis
energy derivation by oxidation of organic compounds Fructose and mannose metabolism
(25/109) amino acid transport
spore wall assembly
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8
(17/100)

cofactor metabolic process
mRNA 3'-end processing
glyoxylate metabolic process
vitamin metabolic process

ammonium transport

Biotin metabolism

9
(60/247)

proteolysis

vacuolar transport
non-recombinational repair
regulation of gluconeogenesis

glycogen biosynthetic process

SNARE interactions in vesicular transport
Inositol phosphate metabolism

Phosphatidylinositol signaling system

10
(22/114)

sulfur metabolic process

glycolysis

response to stimulus

alcohol biosynthetic process
gluconeogenesis

protein folding

mRNA processing

age-dependent response to oxidative stress
DNA repair

Glycolysis / Gluconeogenesis

11
(11/71)

transcription from RNA polymerase Il promoter
mRNA capping

mitochondrial signaling pathway
vesicle-mediated transport

cell communication

12
(41/182)

protein folding

thiamin metabolic process

nucleoside triphosphate biosynthetic process
peroxisome degradation

regulation of cell redox homeostasis

energy reserve metabolic process

cellular carbohydrate catabolic process

Glycolysis / Gluconeogenesis
Nitrogen metabolism

Starch and sucrose metabolism

13
(5/101)

mRNA export from nucleus

ribosomal protein import into nucleus
DNA replication, synthesis of RNA primer
asparagine biosynthetic process from oxaloacetate
axial bud site selection

mitotic cell cycle

glutathione metabolic process
chromosome localization

DNA repair

isoprenoid metabolic process

lipid metabolic process

fatty acid metabolic process

establishment of cell polarity

Phenylalanine metabolism
Fatty acid biosynthesis

14
(18/103)

secretion

vacuole organization and biogenesis
signal peptide processing
homoserine metabolic process

pH reduction

intracellular transport
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15
(19/148)

translation

protein targeting to mitochondrion
heterocycle metabolic process
tRNA aminoacylation

aerobic respiration

heme a metabolic process

DNA replication checkpoint

Aminoacyl-tRNA biosynthesis
Porphyrin and chlorophyll metabolism

16
(18/128)

actin filament-based process
transcription initiation

growth

Basal transcription factors
Glycerophospholipid metabolism

17
(53/89)

spore wall assembly
cell differentiation

cellular developmental process

18
(23/166)

translation

cellular localization

secretory pathway

nucleoside metabolic process
nuclear pore organization and biogenesis
cell organization and biogenesis
protein import into nucleus
translational elongation

organelle inheritance

protein import into mitochondrion
fatty acid elongation

pyrimidine salvage

telomere organization and biogenesis

Ribosome

19
(321172)

cation homeostasis

vacuolar acidification

sterol transport

siderophore transport

ethanolamine biosynthetic process
vacuole organization and biogenesis
secondary metabolic process
biopolymer glycosylation
establishment of localization
very-long-chain fatty acid metabolic process
nucleotide-sugar transport

heme biosynthetic process
endocytosis

Oxidative phosphorylation
Glycerophospholipid metabolism
Porphyrin metabolism

20
(25/235)

ribosome biogenesis and assembly
rRNA metabolic process

organelle organization and biogenesis
RNA modification

ergosterol metabolic process
base-excision repair

response to zinc ion

leading strand elongation

microtubule nucleation

pseudouridine synthesis

chromatin silencing at silent mating-type cassette
translation

transcription

ornithine biosynthetic process

Pyrimidine metabolism
RNA polymerase
Ribosome

Purine metabolism

Valine, leucine and isoleucine biosynthesis

21
(30/70)

response to singlet oxygen
telomere maintenance via telomerase
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22
(29/294)

ribosome biogenesis and assembly
translation

rRNA processing

amino acid metabolic process
organelle organization and biogenesis
tRNA maodification

nucleobase, nucleoside, nucleotide and nucleic acid metabolic process

RNA methylation

translational initiation

protein export from nucleus

cell organization and biogenesis

IMP biosynthetic process

NADPH regeneration

purine salvage

one-carbon compound metabolic process
pentose-phosphate shunt

heterocycle metabolic process

Ribosome
Aminoacyl-tRNA biosynthesis
Lysine biosynthesis

Purine metabolism

23
(7/82)

nuclear import

regulation of translational termination
intracellular transport

tRNA splicing

DNA repair

response to stress

secretory pathway

24
(33/185)

fatty acid oxidation

propionate metabolic process

ammonium transport

generation of precursor metabolites and energy
carnitine metabolic process

response to reactive oxygen species
peroxisome organization and biogenesis

Propanoate metabolism

Pyruvate metabolism

Glyoxylate and dicarboxylate metabolism
Fatty acid metabolism

Citrate cycle (TCA cycle)

Glutathione metabolism
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Additional data file 2 — Table_S2.doc

Table S2. Over-represented GO- and KEGG-classes in clusters of gene expression data of
transition from respiro-fermentative to fermentative metabolism

Clusters were determined by fuzzy c-means clustering of gene expression during the transition from
a steady state receiving 1.0% oxygen in feed gas to an anaerobic steady state. Samples were taken at

0.2, 1, 3, 8, 24 and 72 h after the switch to nitrogen feed. Clusters are illustrated in Figure 3.

Cluster GO-class (p<0.01) KEGG-class (p<0.01)
(unknowns/genes)

sterol metabolic process N-Glycan biosynthesis
secretory pathway Biosynthesis of steroids

1 protein amino acid glycosylation

(51/211)

vacuole organization and biogenesis
maintenance of cell polarity

di-, tri-valent inorganic cation homeostasis
membrane organization and biogenesis

mitotic cell cycle Cell cycle
DNA packaging
chromosome segregation
negative regulation of nucleobase, nucleoside, nucleotide and
nucleic acid metabolic process
microtubule nucleation
organelle organization and biogenesis
2 regulation of cyclin-dependent protein kinase activity
(20/123) negative regulation of transcription
axial bud site selection
regulation of transferase activity
ribosomal protein import into nucleus
rRNA transport
cytoskeleton organization and biogenesis
nuclear pore organization and biogenesis
gene silencing

ribosome biogenesis and assembly RNA polymerase
rRNA processing Histidine metabolism
organelle organization and biogenesis Purine metabolism
nucleobase, nucleoside, nucleotide and nucleic acid metabolic | Pyrimidine metabolism

process Selenoamino acid metabolism

3
(38/293)

DNA unwinding during replication
nucleocytoplasmic transport
pre-replicative complex formation
nuclear export

methylation

one-carbon compound metabolic process

translation Aminoacyl-tRNA biosynthesis
4 protein import into mitochondrion Valine, leucine and isoleucine biosynthesis
(13/165) inner mitochondrial membrane organization and biogenesis

cellular respiration
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(24/98)

response to pheromone
conjugation

cell division

cell morphogenesis
regulation of cell size

cell growth

cytogamy

filamentous growth
plasma membrane fusion
cell wall organization and biogenesis
cell adhesion

cell wall chitin biosynthetic process

MAPK signaling pathway
Aminosugars metabolism

6
(27/132)

serine family amino acid biosynthetic process
snoRNA metabolic process

membrane lipid biosynthetic process
monocarboxylic acid metabolic process

Aminophosphonate metabolism

.
(6/122)

nucleobase, nucleoside, nucleotide and nucleic acid metabolic

process
aromatic compound metabolic process
nuclear mRNA splicing, via spliceosome
G1-specific transcription in mitotic cell cycle
chromatin remodeling

amino acid biosynthetic process

transcription

Basal transcription factors
Phenylalanine, tyrosine and tryptophan
biosynthesis

Histidine metabolism

8
(21/104)

protein complex assembly

aerobic respiration

translation

mitochondrion organization and biogenesis
protein targeting to mitochondrion

Aminoacyl-tRNA biosynthesis
Ubiquinone biosynthesis

9
(69/256)

energy reserve metabolic process
regulation of glycogen catabolic process
protein targeting to vacuole

peroxisome organization and biogenesis
trehalose metabolic process

autophagy

fluid transport

sporulation

mRNA polyadenylation

Starch and sucrose metabolism
Regulation of autophagy
Pentose and glucuronate interconversions

10
(18/90)

microtubule cytoskeleton organization and biogenesis
conjugation

nucleocytoplasmic transport

Ubiquitin mediated proteolysis

11
@1/71)

spore wall assembly
monosaccharide transport

telomere maintenance

12
(22/82)

allantoin metabolic process
heterocycle catabolic process

cofactor catabolic process

13
(38/210)

oxidative phosphorylation

acetyl-CoA catabolic process
tricarboxylic acid cycle

ion transport

fatty acid oxidation

glutamate biosynthetic process
proline catabolic process to glutamate
response to reactive oxygen species

Oxidative phosphorylation
Citrate cycle (TCA cycle)
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14
(38/213)

ubiquitin-dependent protein catabolic process
proteolysis
vitamin metabolic process

regulation of small GTPase mediated signal transduction

glutathione metabolic process
carnitine metabolic process

Proteasome
Alanine and aspartate metabolism

15
(17/94)

metal ion homeostasis
protein targeting to vacuole
response to oxidative stress

protein amino acid palmitoylation

16
(21/136)

ubiquitin-dependent protein catabolic process
proteolysis
arginine biosynthetic process

positive regulation of nucleobase, nucleoside, nucleotide and

nucleic acid metabolic process
gluconeogenesis
monosaccharide biosynthetic process

heteroduplex formation

cell wall polysaccharide biosynthetic process (sensu Fungi)

Proteasome

17
(24/214)

ER to Golgi vesicle-mediated transport
DNA synthesis during DNA repair

DNA replication

signal peptide processing

nuclear pore organization and biogenesis
tRNA transport

regulation of S phase of mitotic cell cycle
sterol biosynthetic process

acetate biosynthetic process

fatty acid elongation

high affinity iron ion transport
chromosome localization

18
(93/372)

generation of precursor metabolites and energy
coenzyme metabolic process

autophagy

vacuolar transport

protein retention in Golgi

pentose metabolic process

response to stress

peroxisome organization and biogenesis
glycogen biosynthetic process

fatty acid metabolic process

vitamin metabolic process

Pentose phosphate pathway
Citrate cycle (TCA cycle)

19
(21/112)

actin cytoskeleton organization and biogenesis
bipolar bud site selection

phosphate transport

mitochondrion distribution

filamentous growth

cell communication

20
(38/347)

ribosome biogenesis and assembly
organelle organization and biogenesis
rRNA metabolic process

nuclear transport

one-carbon compound metabolic process
barrier septum formation

DNA-dependent DNA replication

gene silencing

RNA polymerase
Pyrimidine metabolism

Purine metabolism
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regulation of translational fidelity
response to zinc ion

nuclear organization and biogenesis
transcription

chromatin assembly

protein targeting to membrane

21
(39/335)

translation

ribosome biogenesis and assembly
organelle organization and biogenesis
telomere organization and biogenesis
mismatch repair

sulfur amino acid metabolic process
leading strand elongation

cell organization and biogenesis
cotranslational protein folding
pentose-phosphate shunt

nitrogen compound metabolic process
chromosome organization and biogenesis
RNA processing

Ribosome

22
(54/200)

protein catabolic process

glucoside transport

pyruvate metabolic process

cell cycle arrest in response to pheromone

vacuolar protein catabolic process

MAPKKK cascade during cell wall biogenesis
negative regulation of progression through cell cycle

energy reserve metabolic process

Starch and sucrose metabolism

22
(54/200)

protein catabolic process

glucoside transport

pyruvate metabolic process

cell cycle arrest in response to pheromone

vacuolar protein catabolic process

MAPKKK cascade during cell wall biogenesis
negative regulation of progression through cell cycle
energy reserve metabolic process

Starch and sucrose metabolism
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Figure S1. FIRE analysis for transcriptional regulatory motifs occurring

presented in Figure 2.

in the clusters

For each cluster, the most significant GO enrichments are shown at the top. Yellow indicates over-

representation of a motif in a given cluster and significant (p<0.05) overrepresentation is

highlighted with red frames. Similarly, blue blocks and blue frames indicate significant (p<0.05)

under-representation. For each motif, the location (either 5’ upstream or 3° UTR), mutual

information (MI) value, Z score associated with the Ml value, a robustness score ranging from 1/10

to 10/10, a position bias indicator (*Y” indicates position bias is observed), orientation bias

indicator, conservation index, the seed that gave rise to the motif and name of the closest known

motif are presented. For more details, see Elemento and co-workers 2007 (Elemento et al. 2007).
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Figure S2. FIRE analysis for transcriptional regulatory motifs occurring in the clusters
presented in Figure 3.
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For each cluster, the most significant GO enrichments are shown at the top. Yellow indicates over-
representation of a motif in a given cluster and significant (p<0.05) overrepresentation is
highlighted with red frames. Similarly, blue blocks and blue frames indicate significant (p<0.05)
under-representation. For each motif, the location (either 5° upstream or 3° UTR), mutual
information (MI) value, Z score associated with the Ml value, a robustness score ranging from 1/10
to 10/10, a position bias indicator (“Y” indicates position bias is observed), orientation bias
indicator, conservation index, the seed that gave rise to the motif and name of the closest known

motif are presented. For more details, see Elemento and co-workers 2007 (Elemento et al. 2007).
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Additional data file 5 — Figure_S3.tif
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Figure S3. The heatmap of relative expression levels of genes encoding amino acid,
ammonium and urea permeases. In the heatmap, green represents downregulation and red
represents upregulation.
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