UvA-DARE (Digital Academic Repository)

Physiological responses of carbon fluxes to deletion of specific genes in
Saccharomyces cerevisiae.
Raamsdonk, L.M.
Publication date
2000

Link to publication
Citation for published version (APA):
Raamsdonk, L. M. (2000). Physiological responses of carbon fluxes to deletion of specific
genes in Saccharomyces cerevisiae.

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:23 Jan 2022

EffectEffect ofATP synthase on cell metabolism

Chapterr 3

Contributionn of F1 *F0 ATP synthase in
SaccharomycesSaccharomyces cerevisiae cells to energeti
glucosee metabolism
Inn collaboration with Viktor Boer, Jan A. Berden, Hans V. Westerhoff, M. Joost Teixeira de
Mattos,, and Karel van Dam
Inn this paper we report on how carbon and energy metabolism of Saccharomyces
cerevisiaecerevisiae change in response to a deletion of the gene encoding the (catalytic)
P-subunitss of the F^FQ ATP synthase The knockout strain is unable to grow on
non-fermentablee carbon sources. When grown batch-wise on glucose no changes
inn the concentration of intracellular metabolites such as G6P, pyruvate orr even
ATP,, ADP and AMP were detected. The growth yields of both the wild-type
strainn and the atp2 deletion strain were similar to that of the wild-type strain
growingg anaerobically, i.e. 0.10 g DRW x g"1 glucose. The deletion of the Psubunitss reduced the in vivo respiration by some 10 %, increased the production
off ethanol and glycerol by approximately 15%, and decreased the specific growth
ratee by almost 20 %. This shows that when S. cerevisiae grows fermentatively,
theF!! F0 ATP synthase does play a significant role in metabolism and growth
althoughh this has little or no implication for growth yield.
Inn a glucose-limiting chemostat cultures, where the wild-type S. cerevisiae strain
switchedd to the respiration mode, the atp2 deletant differed dramatically from the
wildd type. At the relatively low dilution rate (D) of 0.1 h"1, the specific glucose
consumptionn rate was more than 5 times larger in die atp2 deletion strain than in
thee wild-type strain. The biomass yield of the mutant had remained the same as
underr the glucose excess conditions whilst the growth yield of the wild-type
strainn increased 4.5 fold. The specific oxygen consumption rate in the atp2
deletionn strain was higher than in the wild-type strain at this dilution rate; had the
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ATPP synthase been present this respiration would have sufficed to energize the
growth.. Growth of the mutant was fermentative, 80% of the catabolized glucose
beingg converted to ethanol.

3.11 Introduction
Underr anaerobic conditions the yeast S. cerevisiae dependss solely on substrate level
phosphorylationn in glycolysis for its ATP production, as no oxygen is present to act as the
terminall electron acceptor in the respiratory chain. On the other hand, when S. cerevisiae grows
aerobicallyy on a non-fermentable carbon source (e.g., ethanol, lactate or glycerol), ATP mainly
iss derived from the oxidative phosphorylation in the mitochondria. A fermentable carbon source
(e.g.,(e.g., galactose, sucrose or glucose) can either be fermented to ethanol or completely oxidized
too water and C0 2 obtaining ATP from substrate level phosphorylation or both substrate level
phosphorylationn and oxidative phosphorylation, respectively. However, fermentation of, for
example,, glucose yields only 2 ATP whereas complete oxidation of glucose is much more
productivee and yields approximately 20 ATP per glucose molecule consumed.
Upp to this point, S. cerevisiae is not that special. However, upon addition of glucose to
growingg cells, glucose repression or more generally, catabolite repression sets in (for reviews see:
[29,63,101,211]).. This phenomenon implies the down-regulation of the transcription of genes
involvedd in the tricarboxylic acid (TCA) cycle, the biogenesis of mitochondria and of genes
whosee products contribute to the metabolism of carbon sources other than glucose or fructose.
Thee result is a preferred consumption of glucose over other carbon sources and the conversion
off this glucose to mainly ethanol and glycerol. Under glucose repressing conditions, most ATP
iss therefore produced by substrate level phosphorylation in glycolysis, with the consequence of
aa low growth yield [117]. S. cerevisiae is one of the few yeasts that exhibits this aerobic
fermentation;; such yeasts are known as Crabtree positive. Most other yeasts, e.g., Kluyveromyces
lactislactis are Crabtree negative and will not ferment in the presence of oxygen and, consequently,
groww with a much higher growth yield on glucose [216]. An implication is that for a Crabtree
positivee yeast such as 5. cerevisiae it should be relatively straightforward to grow aerobically on
sugarss without functional oxidative phosphorylation. The mitochondrial F, F0 ATP synthase is
thee terminal complex in oxidative phosphorylation and plays a central role in free-energy
transduction.. F, F0 ATP synthase consists of a proton-conducting F0 unit and a catalytic F[ unit
bothh units consist of several subunits. The catalytic sites are located on the P-subunits of the F,
unit,, encoded by the ATP2 gene. The above implication now translates into the prediction that
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S.S. cerevisiae should be little effected by a deletion of the beta subunit when growing on excess
glucose.. It is this prediction which we test in the present paper.
Thee analogous test in Escherichia coli has led to some surprises: a deletion of the operon
comprisingg the genes encoding F, F0 ATP synthase, resulted in many changes, including a
decreasee in specific growth rate on glucose by approximately 25%, and a strong decrease in
growthh yield by approximately 45% [96]. The respiration rate was increased by 40%, the proton
motivee force by approximately 20%, and the expression of certain cytochromes by some 80%
whilee the acetate production was doubled. Furthermore, the catabolized carbon^flux doubled and
thee flux through the TCA cycle increased by 50%. Thus, E. coli solves the absence of oxidative
phosphorylationn by increasing both the oxidative and the fermentative flux so that substrate level
phosphorylationn coupled to both routes increases. The complementation of the decreased ATP
productionn by the increase of the flux is obviously not sufficient, since the specific growth rate
decreasedd by 25% and ATP/ADP ratio decreased by more than 60%.
Heree we investigated the contribution of F, F0 ATP synthase to metabolism in 5.
cerevisiaecerevisiae under glucose-repressed conditions, and for comparison, also under glucose
derepressedd conditions, i.e., in glucose-limited continuous cultures. We report that under glucose
excesss conditions deletion of the ATPase does have significant effects on glucose and energy
metabolism,, however, without affecting the growth yield to any extent. The growth yield of
derepressedd S. cerevisiae depended quite strongly on the ATP synthase. S. cerevisiae cerevisiae appears
too be casual about its energy metabolism, being able to greatly accelerate its glycolytic flux when
sufficientt glucose is present.

3.22 Material and methods
StrainsStrains and their constructions

Thee strains used in this work are listed in Table 3.1. CEN.PK113-5D is a wild-type
SaccharomycesSaccharomyces cerevisiae strain and obtained from Dr. Kotter in Frankfurt, Germany. The stra
LRY11AA was constructed by knocking out the ATP2 gene in the wild-type strain CEN.PK102-3A
byy homologous recombination. This was attained as follows: the plasmid pMB YDL2 (a kind gift
fromm Dr. D. Mueller) [141] was digested with EcoRl/SacI to obtain a LEU2 selection marker
flankedd with the 5' and 3' end of the ATP2 gene. The fragment of approximately 3.8 kb was
isolatedd from gel transformed in the ATP2 locus of the genome of competent CEN.PK102-3A
cellss as described by [68]. After 2 h of cultivation in YPD medium (1% yeast extract, 2%
peptone,, 2% glucose), the transformed cells were plated on solid YNB medium lacking leucine
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andd incubated at 30° C. The leucine positive isolates were replica-plated on medium with
glucosee and on medium with ethanol as the sole carbon source. The strains that were able to
groww on glucose but unable to grow on ethanol were tested for proper replacement of the ATP2
locuss by Southern blot. For Southern blotting, the chromosomal DNA of 3 selected mutants and
CEN.PKK 102-3 A was isolated and digested with Apal and run on gel and blotted. The KpnI/SacI
fragmentt of the ATP2 fragment of plasmid pT7-ATP2 (0.6 kb)[32] was used as a probe. The
wild-typee strain yielded the expected fragment of approximately 4.3 kb whereas the mutant
yieldedd the expected fragment of 5.5 kb. Additionally, the selected mutant strain, LRY11A,
revealedd no detectable mitochondrial ATPase activity.
Strainss
Genotype
Ref.
CEN.PK113-5DD MATa urai-52 HIS3 LEU2 TRP1 MAL2-8c SUC2 Dr. P. Kotter, Frankfurt
CEN.PK113-3AA MATa ura3-52 HIS3 leu2-3 TRP1 MAL2-8c SUC2 Dr. P. Kotter, Frankfurt
LRY11AA
MATa ura3-52 HIS3 leu2-3 TRP1 MAL2-8c SUC2 This work
atp2A::LEU2 atp2A::LEU2
Tablee 3.1: Used strains

BatchBatch growth conditions
Cellss were grown in batch in an orbital incubator at 250 rpm and 30°C in a medium
containingg 2% (w/v) glucose (unless indicated differently), 0.17% (w/v) Yeast Nitrogen Base
withoutt amino acids and ammonium sulphate (Difco), 0.5% (w/v) (NH4)2S04 and 0.1 M
potassiumm phthalate at pH 5.0 including the required addition of uracil (40 mg/1). Growth was
monitoredd by measuring the optical density at 600 nm.
ChemostatChemostat growth

conditions

Thee mineral medium for continuous cultures contained per litre: 5g (NH4)2S04, 3g
KH2P04,, 0.5g MgS0 4 7H 2 0, 15 mg EDTA, 4.5 mg ZnS0 4 7H 2 0, 0.3 mg CoCl2 6H 2 0, 1 mg
MnCl22 4H 2 0,0.3 mg CuS04 5H 2 0,4.5 mg CaCl2 2H 2 0,3 mg FeS0 4 7H 2 0,0.4 mg NaMo0 4
2H 2 0,, 1 mg H3BO3, 0.1 mg KI, and 0.025 ml silicone antifoam (BDH). Final vitamin
concentrationss per litre: 0.05 mg biotin, 1 mg calcium pantothenate, 1 mg nicotinic acid, 25 mg
inositol,, 1 mg thiamine HC1,1 mg pyridoxine HO, 0.2 mg para-aminobenzoic acid, and 40 mg
uracil.. The medium was prepared and sterilized as described by [224]. For chemostat
cultivation,, the glucose concentration in the medium was 7.5 g.1"1 for the atp2 deletion strain and
2.55 g.1"1 for the parent strain.
Thee aerobic chemostat cultivation was performed at 30°C in laboratory fermentors, at a
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stirrerr speed of 1250 rpm. The pH was kept at 5.0 by the automatic addition of 2 M KOH. The
fermentorr was aerated with 1 vessel volume per minute. A steady state was presumed after at
leastt 5 volume changes of growth without changes in any of the growth conditions.

C0C022 production and 02 consumption measurements
Oxygenn consumption and carbon dioxide production in the continuous cultures were
determinedd by passing the gas from the fermentor through an oxygen analyser (Taylor Servomex
Typee OA 272) and a carbon dioxide analyser (Servomex IR Gas Analyser PA 404).
Oxygenn consumption by the batch cultures was measured with an oxygen electrode in a stirred
thermostaticallyy controlled chamber at 30°C. Samples were taken from the culture, briefly
aeratedd and one ml was pipetted in the chamber.
Metabolite,Metabolite, dry weight and protein

determinations

Sampless for protein determination were taken by spinning down 1 ml of culture and
dissolvingg the pellet in 1 ml of IN NaOH. The determination was performed as described in
Bergmeyerr [13] by the method of Lowry [125], using bovine serum albumin (fatty-acid free) as
aa standard. The intracellular metabolites in the batch-wise growing cells were determined by
quenchingg cells in cold (-40°C) 50% (w/v) methanol (final concentration) [39] and extracting the
metabolitess as described in [71]. The intracellular metabolite concentration in the continuous
culturess was determined by rapid quenching of 600 ul culture in 100 pi 35% PCA (v/v) and by
neutralizingg with 145 ul 2 M K2C03 at 0°C after approximately 15 min. The suspension was
spunn down and the intracellular metabolites were measured in the supernatant. For the
determinationn of the extracellular metabolites, 100 ul 35% PCA (v/v) was injected to 1 ml of
culturee supernatant. Samples were partially neutralized after 20 minutes at 0 °C with 55 ul 7N
KOH.. After centrifugation the supernatant was filtered and analysed for glucose, ethanol,
glycerol,, acetate and pyruvate by HPLC (column: Phenomenex type Rezex Organic Acid, eluent:
7.22 mM H2S04 at 40°C). Both protein and metabolites were measured on a COBAS-BIO and
COBAS-FARAA automatic analyser (Roche) according to Bergmeyer [13].
Dryy weight of the cells was determined in duplicate by spinning down 10 ml cells at 4°C
andd washing once. The pellet was dried overnight at 110 °C and weighed the next morning. For
thee batch cultivations the glucose and biomass concentration were determined directly after
inoculationn and at right before harvesting again. The biomass yield was calculated from these
data. .
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MitochondrialMitochondrial

ATPase

activity

Forr the determination of the F, F0 ATP synthase activity 10 ml of culture was centrifuged
forr 5 min at 4000 x g at 4°C. The pellet was resuspended in 200 (il buffer containing 500 mM
mannitol,, 1 mM ATP, 2 mM EDTA, 0.2% BSA (w/v), 10% methanol, 10 mM e-aminocaproic
acidd in 0.1 M Tris/HCl (pH 7.5) and extracted by vigorous shaking for 30 min with 0.2 g glass
beadss at 4°C [214]. To inhibit protease activity 1 uM PMSF (final concentration) in DMSO was
added.. The ATPase activity was measured spectrophotometrically following NADH oxidation
usingg a coupled system with lactate dehydrogenase and pyruvate kinase as described in [200].
Thee oxidation was measured with and without the addition of azide as the specific inhibitor of
thee FL F0 ATP synthase. Mitochondrial ATPase activity is defined as the activity corrected for
thee azide-resistant activity.
Calculations Calculations
Calculationn of qrTP:
Sincee the atp2 deletion strain can only produce ATP via substrate level phosphorylation,
thee qAjp (mmol ATP x (g dry weight)"1 x h"1) can be calculated. For each ethanol (EtOH), acetate
(HAc)) or pyruvate (Pyr) formed, 1 ATP is produced. The production of 1 glycerol costs 1 ATP.
Forr each round of TCA cycle: 1 ATP is formed and the cycle forms 3 C0 2 , including the C0 2
releasedd by the conversion of pyruvate to acetyl-CoA by pyruvate dehydrogenase. The ATP
formedd in the TCA cycle is calculated by subtracting the C0 2 formed by fermentation from the
totall C0 2 produced, divided by 3: q ^ + q ^ + q ^ - qGlycerol + (qC02 - q ^ - q ^ ) ^
Calculationn of YATP:
Thee yield of ATP or YATP (g DRW x mol"1 ATP) is calculated by: D x (qATp)"'. This
resultss in an average value of 11 g DRW x mol' ATP for all dilution rates measured (of which
onlyy D = 0.1 h"1 is shown here). We assume that the YATP is the same in the wild-type strain
whichh enables us to calculate the q ^ for the wild-type strain by: D x (Y^)" 1 x 1000 =
lOOOxD/ll 1. In the atp2 deletion strain the q^i?**31 equals the rate of ATP formed in the substrate
levell phosphorylation (SLP) qATpSU> whereas no ATP is formed by oxidative phosphorylation
(Oxphos)) thus, qATp0*1*08 = 0. For the wild-type strain the qATpSLP can also be calculated at D=s
lowerr than the critical u. Oxidation of one glucose molecule yields 2 ATP in glycolysis plus 2
ATPATP in the TCA cycle minus the glucose fraction that is consumed for biomass formation, thus:
qATPP

= 4 x qgjc x (1 - Y biomass ). T h e t^j?

= (^j?

- q^^-p

.

Thee carbon balance of the wild-type added up to 104% whereas the carbon balance of the
mutantt added up to 90%.
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3.33 Results and discussion
BatchBatch cultures
Thee constructed atpl deletion strain was devoid of any detectable level of F, F0 ATPase
activityy whereas the parent strain exhibits low, glucose-repressed levels of mitochondrial ATPase
activityy in the presence of excess glucose (Table 3.2). Indeed this mutant was not capable of
growingg on non-fermentable carbon sources such as ethanol, lactate or glycerol and grew poorly
onn non-repressible carbon sources such as galactose (data not shown).
Too test the expectation that the ATP synthase is of minor significance for Crabtree
positivee yeasts, the atp2 deletion strain and the wild-type were grown batch-wise on different
glucosee concentrations, varying from 0.5% to 5%. Physiological properties such as specific
respirationn rate, specific growth rate and production of fermentative products, were compared.
Thee specific growth rate of the atp2 deletion strain grown aerobically on glucose, was almost
20%% lower than that of the parent strain (0.39 vs. 0.32 h"1) (Table 3.2) and slightly higher than
thee anaerobic specific growth rate of its parent (0.30 h"1) [218]. Despite the absence of ATP
synthasee activity and the affected specific growth rate, the concentrations of the intracellular
metabolites,, glucose 6-phosphate, fructose 6-phosphate and pyruvate, were identical between
mutantt and wild-type cells including the adenine nucleotides such as ATP and ADP, at glucose
concentrationss of 1 % and higher (Table 3.2). This shows that F, F0 ATP synthase has no control
onn the intracellular ATP and ADP concentration in yeast cells but has control on the specific
growthh rate. This is in agreement with the lack of control found on ATP and ADP concentration
inn strains with decreased Fj F0 ATP synthase activity when grown on non-fermentable carbon
sourcess and the substantial control on the specific growth rate (see Chapter 4 of this thesis).
Thee resultss strongly differ from those in E. coli.
Thee ethanol and glycerol concentrations in the atp2 strain were increased by
approximatelyy 10%, revealing a slightly higher fermentative flux. The elevated glycerol
productionn and ethanol production is more pronounced at glucose concentrations below 2%, due
too partial derepression of the oxidative metabolism in the parent strain. At 0.5% glucose, F, F0
ATPP synthase was significantly derepressed in the wild type cells: the azide- sensitive ATPase
activityy in the parent is approximately 0.3 mmol ATP x min' x (g protein)"1.
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Forr comparison, completely derepressed wild-type cells, e.g., growing on ethanol, reveal a
mitochondriall ATPase activity of approximately 1 mmol ATP x min"1 x (g protein)"1 (data not
shown)) whereas fully repressed activity is approximately 0.1 mmol ATP x min"1 x (g protein)"1
(Tablee 3.2). At 1 % glucose, respiration in the wild-type cells was increased, but surprisingly this
didd not increase the growth yield significantly, which remained 0.10 g DRW/g glucose. This
valuee is similar to the yield of biomass of an anaerobic wild-type culture [218].

ContributionContribution of oxidative phosphorylation to ATP production
Thee respiration rate in the atp2 deletion mutant was low and constant at all glucose
concentrationss tested (Table 3.2). This rate of respiration represents State-4 respiration since the
mitochondriall proton motive force, maintained by the respiratory chain, is not used for ATP
synthesis.. This respiration rate was not higher than in the wild-type strain, suggesting that there
wass no increased proton conduction by assembled F0-subunits in the mitochondrial inner
membranee unconnected to Fl subunits. This is in line with the observation in an ATP5 mutant
(encodingg the OSCP subunit of F, F0 ATP synthase) the F0 is not assembled, nor embedded in
thee membrane when Fj is not attached [171]. The respiration in the atp2 deletion strain did not
increasee with decreased extracellular glucose concentration, at least not to the extent it did in the
wild-typee cells, where the increase in ATPase activity suggests increased biogenesis of
mitochondria.. The phenomenon of derepression, therefore, is not observable in the mutant.
Att glucose concentrations higher than 3% the respiration rate of the parent strain seems
fullyy repressed but remained approximately 10% higher than that of the atp2 deletion strain
(Tablee 3.2). Below 3% glucose, the respiratory chain complexes became already partly
derepressedd in the parent strain, as deduced from die increase in the specific oxygen consumption
rate.. This contradicts the general assumption that metabolism of S. cerevisiae is fully repressed
att 2% glucose. The onset of glucose derepression during glucose consumption in a batch culture
appearss to occur in phases, with the respiratory chain as one of the first (see this chapter) and
gluconeogenesiss as one of the last targets to be derepressed [248].
Despitee the similar yield of die atp2 deletion strain and its parent, the specific growth rate
off die atp2 deletion strain on glucose was decreased by approximately 18%. This suggests that
diee ATP supply in the atp2 deletion strain is not fast enough to maintain die specificc growth rate
att wild-type level. The 10% higherr flux through die respiratory chain and die slightly lower
glyceroll production at high glucose in die wild-type strain compared to die atp2 deletion strain
apparentlyy enables die ATP supply to account for die higher growtii rate in spite of die
unchangedd growm yield. The lower flux in die mutant can well be explained by die lower
intracellularr pH in die atp2 deletion strain slowing down metabolic fluxes (see chapter 4 of diis
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thesis).. The intracellular pH of glucose growing cells was 6.5 in the mutant and 6.9 in the wildtypee strain (data not shown).

DecreasedDecreased respiration rate
Thee decreased oxygen consumption in the atp2 deletion strain compared to its parent
cannott be caused by the (partial) loss of mitochondrial DNA since rho° and rho" mutations have
beenn shown to be lethal in the absence of functional mitochondrial ATPase activity in both
humanss [26] and S. cerevisiae [33]. In wild-type yeast cells the respiratory chain maintains the
protonn motive force under aerobic conditions while under anaerobic conditions as well as in rhomutants,, F,F 0 ATPase activity is essential to maintain the proton motive force over the
mitochondriall inner membrane.
Inn contrast to E. coli [96], the flux through the respiratory chain in the atp2 deletion strain
wass shown to be sensitive to the back pressure of the proton motive force since uncoupling of
thee pmf increased respiration (see chapter 4 of this thesis). Moreover, the F, F0 ATP synthase
deletionn strain of E. coli used the increased flux through respiration to oxidise the formed NADH
too NAD+. In S. cerevisiae, the reduced respiration rate combined with the increased glycerol
productionn in the atp2 deletion strain may indicate that the NAD+ pool is replenished by glycerol
productionn rather than by the respiratory chain.
ChemostatChemostat

cultures

Forr comparison we also studied a situation where wild type S cerevisiae does engage in
oxidativee phosphorylation. In Table 3.3 properties of aerated glucose-limited chemostat cultures
aree listed at a dilution rate (D) of 0.1 h"1. Similar to the batch cultures, the concentrations of the
intracellularr metabolites such as glucose-6-phosphate, fructose-6-phosphate, pyruvate, ATP,
ADPP and AMP were unchanged in the atp2 deletion strain compared to the parent strain (data
nott shown).
Underr these conditions the growth yield of the atp2 deletion strain was lower by a factor
55 and the glucose flux was 5 fold higher as compared to the parent strain. Even at this low D
valuee the flux in the mutant was not largely oxidative since glycerol and ethanol could be
detected.. Another indicator for the relative distribution of fluxes over the oxidative and
fermentativee routes is the respiratory quotient (RQ), which is the ratio of C0 2 production to 0 2
consumption.. If in this case glucose is fully oxidised, the RQ will equal 1; when glucose is also
fermentedd the RQ increases until there is no flux through the respiratory chain. The RQ at a D
off 0.1 h"1 was 3, whereas for the parent strain the RQ was 1 (Table 3.3) showing the mainly
fermentativee growth of the atp2 mutant under glucose limiting culture conditions.
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wt t

atp2A atp2A

wt t

atp2A atp2A

QghMOW W

1.1 1

5.8 8

Quoman n

1.0 0

1.0 0

RQ Q

11

33

QEIOH H

00

6.0 0

*ATP P

11 1

11 1

QglyctroJ J

00

0.1 1

Total l
QATP P

99

99

4HAC C

00

0.3 3

SLP P
*IATP P

2.5 5

99

MPyruvate e

00

0.28 8

Oxphos s
4ATP P

6.5 5

00

402 2

3.1 1

4.4 4

P/O O

1.1 1

00

4co2 2

3.6 6

13 3

Yield d

0.46 6

0.08 8

Tablee 33: Properties of the parent strain and the atp2 deletion strain grown in an aerated glucose
limitedd chemostat culture at a dilution rate of 0.1 h*1. The flux (q) in mmol x g'1 drw x h'. The yield
(Y)) in g biomass x g'1 glucose. The respiratory quotient (RQ) = C02 / 0 2 . The q A \\ is the total flux
SLP P

off ATP production. The q ATP is the ATP production rate by substrate level phosphorylation,
qq A^.p os is the ATP production rate by oxidative phosphorylation. P/O is the q Ajp os /(qo2*2)

Despitee the non-functional oxidative phosphorylation, the oxygen consumption rate at
aa D of 0.1 h"1 was higher in the atp2 deletion strain than in the parent strain. This may be caused
byy a higher leak over the mitochondrial membrane or by an increased slip in the respiratory chain
increasingg the state 4 respiration. The wild-type strain can grow at a lower (State 3) respiration
ratee since the ATP synthesis by oxidative phosphorylation is enough to grow with a u of 0.1 h"1.
Thee calculated P/O ratio for the parent strain was approximately 1.1 and the in vivo yield of ATP
wass 11 g DRW x (mol ATP)"1 both in the parent and atp2 deletion strain which are acceptable
valuess [223,225]. The P/O ratio of the atp2 deletion strain was 0 since the oxidative
phosphorylationn was not functional. The atp2 deletion strain exhibited a lower maximal specific
growthh rate in the chemostat (0.18 h"1) than in batch (0.32 h"1) whereas the parent strain had the
samee maximal specific growth rate in both cases (0.39 h"'). This might be related to the
differencess in growth medium for the batch and continuous cultures, in addition to a a possibly
increasedd demand of the mutant for certain vitamins or other nutrients.
Thee observed decreased growth and respiration in addition to the increased fermentation
inn the atp2 deletion strain compared to the wild-type strain shows that F, F0 ATP synthase plays
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aa significant role in metabolism even under fully glucose repressing conditions.
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