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bstract

New methods for an extended physiological characterization of yeast at a microtiter plate scale were applied to 27 deletion mutants of Sac-
haromyces cerevisiae cultivated on glucose and galactose as sole carbon sources. In this way, specific growth rates, specific rates of glucose
onsumption and ethanol production were determined. Flux distribution, particularly concerning branching into the pentose phosphate pathway
as determined using a new 13C-labelling method using MALDI-ToF-mass spectrometry. On glucose, the growth was predominantly fermenta-

ive whereas on galactose respiration was more active with correspondingly lower ethanol production. Some deletion strains showed unexpected

ehavior providing very informative data about the function of the corresponding gene. Deletion of malic enzyme gene, MAE1, did not show any
ignificant phenotype when grown on glucose but a drastically increased branching from glucose 6-phosphate into the pentose phosphate pathway
hen grown on galactose. This allows the conclusion that MAE1 is important for the supply of NADPH during aerobic growth on galactose.
2007 Elsevier B.V. All rights reserved.

on; M

d
fi
c
b
a
t
2
(
a
l
v
a
m
c

eywords: Saccharomyces cerevisiae; Malic enzyme; Microtiter plate cultivati

. Introduction

The yeast Saccharomyces cerevisiae, the first eukaryotic
rganism whose genome was fully sequenced (Goffeau et al.,
996) is probably the best studied eukaryotic microorganism.
etabolic and regulatory processes of yeast have relevance to

uman metabolism (Barr, 2003; Carpenter and Sabatini, 2004)
nd drug discovery (e.g. Que and Winzeler, 2002). Despite the
xtensive physiological and genomic studies, for a very large
raction of genes there is not any function assigned yet. One
trategy to elucidate gene function is to apply sets of deletion
utants now available through the work of an international

onsortium (Baudin et al., 1993; Brachmann et al., 1998). A
eries of methods for phenotypic screens are developed to the

unctional characterization of genes (Carpenter and Sabatini,
004). Exposition of such strains to a suitable environment, e.g.
ubstrate mixture or stress condition followed by subsequent

∗ Corresponding author. Tel.: +49 681 302 2905; fax: +49 681 302 4572.
E-mail address: e.heinzle@mx.uni-saarland.de (E. Heinzle).
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ALDI-ToF-mass spectrometry; Phenotypic analysis

etermination of morphological parameters, measurement of
tness (Giaever et al., 2002) or gene expression supports dis-
overy of gene function. Most of the physiological screens are
ased on determining the specific growth rate which serves as
n overall indicator of so called fitness. This was applied to
he study of several stress responses (Gasch and Washburne,
002), e.g. oxidative stress (Weiss et al., 2004), saline response
Warringer et al., 2003) or weak organic acid (Mollapour et
l., 2004). The information received is relevant but yet very
imited. Allen et al. (2003) analyzed the supernatant of culti-
ated yeast deletion mutants using HPLC–MS, which served
s indicator for metabolic activities. Other groups developed
ethods to cultivate microorganisms in microtiter plates under

ontrolled conditions (John et al., 2003; Kumar et al., 2004;
auer, 2004). As in most organisms oxygen supply has a major

nfluence on the physiology of S. cerevisiae as has been shown
n continuous culture (Furukawa et al., 1983). New microtiter

late cultivation techniques with integrated optical sensing of
issolved oxygen (John et al., 2003) allow large-scale deter-
ination of specific growth rate, ethanol production rate and

lucose and oxygen consumption rates (Velagapudi et al., 2006).

mailto:e.heinzle@mx.uni-saarland.de
dx.doi.org/10.1016/j.jbiotec.2007.08.043
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his study showed clear differences between strains cultivated
n glucose and galactose. It also discovered unexpected mobi-
ization of metabolic potential and discrimination of all studied
trains using the four parameters mentioned above. It would be
ery interesting to extend the metabolic information obtained
y applying metabolic flux analysis. The application of 13C-
abelling techniques using mass spectrometry (Wittmann and
einzle, 1999, 2001a,b; Wittmann, 2002) shows a potential to

arry out such analysis even at a 96-well microtiter plate scale
Sauer, 2004) as was shown for C. glutamicum (Wittmann et al.,
004), B. subtilis (Zamboni and Sauer, 2004) and E. coli (Fischer
nd Sauer, 2003). We have recently developed a new technique
articularly suited to determine flux split ratios into the pentose
hosphate pathway in yeast that is based on MALDI-ToF-mass
pectrometry (Hollemeyer et al., 2007). Comprehensive flux
nalysis of yeast is complicated by the compartmentation, par-
icularly mitochondrial activity. Therefore, it requires extensive
abelling analysis of amino acids contained in cellular proteins

Frick and Wittmann, 2005; Blank et al., 2005; Gombert et al.,
001) or even of intracellular metabolites (van Winden et al.,
005). Using microtiter plate cultivation with dissolved oxygen
easurement combined with the new 13C flux screening method

t
a
t
i

able 1
nformation about the selected yeast deletion mutant strains

RF Gene name Metabolic function

MR280C CAT8 Regulation of carbohydrate metabolism

ML054C CYB2 Electron transport
DL174C DLD1 Aerobic respiration
LR377C FBP1 Gluconeogenesis
JL155C FBP26 Regulation of carbohydrate metabolism
MR250W GAD1 Response to oxidative stress
BR019C GAL10 Galactose metabolism
PL248C GAL4 Regulation of transcription of GAL genes
BR018C GAL7 Galactose metabolism
CL040W GLK1 Carbohydrate metabolism
ML004C GLO1 Detoxification of methylglyoxal (a by-produc

glycolysis)
IL154C IMP2’ Maintenance of ion homeostasis and protectio

against DNA damage
NL104C LEU4 Leucine biosynthesis
KL029C MAE1 Pyruvate metabolism
BR297W MAL33 Maltose metabolism
GL209W MIG2 Regulation of carbohydrate metabolism

KL062W MSN4 Response to stress
KR097W PCK1 Gluconeogenesis
IL107C PFK26 Fructose 2,6-bisphosphate metabolism
OL136C PFK27 Fructose 2,6-bisphosphate metabolism
DL168W SFA1 Formaldehyde assimilation and long chain alc

oxidation
NL257C SIP3 Transcription initiation from pol II promotor

DR073W SNF11 Regulation of carbohydrate metabolism, assis
gene-specific activators in Swi/Snf complex;

OR344C TYE7 Regulation of glycolysis and gluconeogenesis
BR006W UGA5 Response to oxidative stress
GR194C XKS1 Xylulose catabolism
BR184W YBR184W Unknown

ources: Saccharomyces genome deletion project (http://www-sequence.stan
sf.de/genre/proj/yeast/) and SGD (http://www.yeastgenome.org/) databases.
technology 132 (2007) 395–404

e studied a set of S. cerevisiae deletion mutants cultivated on
lucose and galactose to gain information about the function of
eleted genes.

. Materials and methods

.1. Strains and microtiter plate cultivation

S. cerevisiae deletion mutants with parental genotype of
Y4742 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 were obtained

rom Open Biosystems (Heidelberg, Germany). From this
ollection, the parental strain, which was used as the refer-
nce strain, and a set of deletion mutants, where genes are
nown to be involved in central carbon metabolism, and a
ew strains with unknown function were chosen (Table 1).
recultivation was done in 96-well microtiter plates (Greiner
io-one, Frickenhausen, Germany) with 250 �l per well in
fluorescence reader (Fluoroskan Ascent, Thermo Labsys-
ems, Helsinki, Finland) at 30 ◦C and 1080 rpm (orbital) with
shaking diameter of 1 mm in complex medium. Main cul-

ivations were carried out in 96 well microtiter plates with
mmobilized optical oxygen sensors (Oxoplate F96, PreSens

Activity

Specific RNA pol II transcription factor activity, mediates
derepression of gluconeogenesis genes during the diauxic shift
l-Lactate dehydrogenase activity
d-Lactate dehydrogenase (cytochrome) activity
Fructose-bisphosphatase activity
Fructose-2,6-bisphosphate 2-phosphatase activity
Glutamate decarboxylase activity
UDP-glucose-4-epimerase activity
DNA-binding transcriptional activator activity
UTP-hexose-1-phosphate uridylyltransferase activity
Glucokinase activity

t of Lactoylglutathione lyase activity

n Transcription co-activator activity

2-Isopropylmalate synthase activity
Malate dehydrogenase (oxaloacetate decarboxylating) activity
DNA-dependent transcriptional activator
Involved in repression, along with Mig1p, of SUC2 (invertase)
expression by high levels of glucose
Transcription factor activity
Phosphoenolpyruvate carboxykinase (ATP) activity
6-Phosphofructo-2-kinase activity
6-Phosphofructo-2-kinase activity

ohol Formaldehyde dehydrogenase (glutathione) activity

Transcription cofactor activity, interaction with SNF1 protein
kinase

t RNA pol II transcription factor activity; chromatin modeling

Transcription factor activity
Succinate–semialdehyde dehydrogenase (NAD(P)+) activity
Xylulokinase activity
Unknown

ford.edu/group/yeast deletion project/references.html), MIPS (http://mips.

http://www-sequence.stanford.edu/group/yeast_deletion_project/references.html
http://mips.gsf.de/genre/proj/yeast/
http://www.yeastgenome.org/
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F6P : v3 + v13 + v12 − v4 = 0 (2)

GAP : v4 + v13 + v11 − v12 − v15 − vb3 = 0 (3)
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mbH, Regensburg, Germany) with 200 �l defined medium
er well. Detailed description was given in Velagapudi et al.
2006).

.2. Analytics

Glucose and ethanol concentrations in the culture supernatant
ere determined using enzyme kits (Boehringer–Mannheim,
-Biopharm GmbH, Darmstadt, Germany). Galactose concen-

rations were determined using HPLC (Kiefer et al., 2004).
rowth was monitored by measuring optical density at 620 nm

OD620) with an absorbance reader (iEMS Ascent, Thermo Lab-
ystems, Helsinki, Finland) every 1 h directly in the Oxoplate.
iomass was calculated from a calibration curve as described in
etail in Velagapudi et al. (2006).

.3. Malic enzyme activity

Preparation of cell extracts and determination of malic
nzyme activity was carried out as described by Boles et al.
1998) with slight modifications. Extracts were not dialysed.
ells were disrupted by sonication with 0.5-mm-diameter glass
eads at 0 ◦C for 3 min (15-s intervals with 15-s resting time),
sing an MSE sonicator (Soniprep 150 with 150-W output, 10-
m peak-to-peak amplitude).

.4. Estimation of yields and specific growth rate

Specific growth rates, biomass concentration and yield were
alculated as described in Velagapudi et al. (2006). Ethanol and
ater loss due to evaporation during the cultivation was cor-

ected using a dynamic growth model. Ethanol yield on hexoses
as also estimated using this dynamic model and high shaking

ate experimental data (Velagapudi et al., 2006). Specific rates
ere calculated from these data.

.5. Determination of ethanol labelling using
ALDI-ToF-mass spectrometry

Ethanol labelling originating from 1-13C labelling exper-
ments was determined in a specially developed enzymatic
ssay using alcohol dehydrogenase, conversion of the result-
ng acetaldehyde into acetaldehyde 2,4-dinitrophenylhydrazone
Ac-DNPH) and final mass isotopomer analysis using MALDI-
oF-MS (Hollemeyer et al., 2007). The peak with m/z 225
epresents the mono isotopic mass [mi] of Ac-DNPH produced
rom unlabeled acetaldehyde. The peak with m/z 226 represents
he mono isotopic mass of the single labelled [1-13C]-Ac-DNPH
s well as the [mi+1] mass of the unlabeled Ac-DNPH. The peak

ith m/z 227 comprises the mono isotopic peak mass of the
ouble-labelled [13C2]-Ac-DNPH as well as the [mi+2] mass
or the unlabeled Ac-DNPH and the [mi+1] mass of the single-
abelled [1-13C]-Ac-DNPH. The C2 mass isotopomer fractions
ere calculated from the mass isotopomers of the analyte using

he method of Yang (2006).

F
G
t
G
a
b
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.6. Chemicals

Yeast extract, malt extract, and nutrient agar were
btained from Difco (Detroit MI, USA). Peptone was
btained from Bacto (Sparks, USA). [1-13C]-glucose was
urchased from Cambridge Isotope Laboratories Inc. (MA,
SA). All other chemicals were of analytical grade and

ither purchased from Fluka (Buchs, Switzerland) or from
igma (St. Louis, USA). Alcohol dehydrogenase (ADH)
rom S. cerevisiae (∼300 U/mg), �-nicotinamide–adenine-
inucleotide (NAD+) and 2,4-dinitrophenylhydrazine (DNPH)
ere obtained from Fluka (Taufkirchen, Germany). Tris-

hydroxymethyl)-aminoethane, trifluoroacetic acid (TFA),
-cyano-4-hydroxycinnamic acid (CCA) were delivered from
igma (Deisenhofen, Germany). Acetonitrile, phosphoric acid,
ydrochloric acid (32%) and ethyl acetate were purchased from
erck (Darmstadt, Germany).

.7. Yeast metabolic network

A simplified yeast biochemical reaction network was used for
he calculation of metabolic fluxes (Fig. 1). The mass balance
quations around each node are as follows,

6P : v1 − v2 − v3 − vb1 = 0 (1)
ig. 1. Schematic diagram of the simplified central yeast metabolic network.
lu, glucose; G6P, glucose 6-phosphate; F6P, fructose 6-phosphate; P5P, pen-

ose 5-phosphate; E4P, erythrose 4-phosphate; S7P, sedoheptulose 7-phosphate;
AP, glyceraldehyde 3-phosphate; PYR, pyruvate; ETH, ethanol; AcCoA,

cetyl Co-A; AKG, �-ketoglutarate; SUC, succinate; OAA, oxaloacetate, Bio,
iomass.
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YR : v5 − v6 − v7 − v14 − vb4 = 0 (4)

cCoA : v7 − v8 − vb7 = 0 (5)

KG : v8 − v9 − vb5 = 0 (6)

UC : v9 − v10 = 0 (7)

AA : v14 + v10 − v8 − vb6 = 0 (8)

5P : v2 − v11 − v13 − vb2 = 0 (9)

4P : v12 − v13 − vb8 = 0 (10)

7P : v11 − v12 = 0 (11)

is a reaction rate or flux as specified in Fig. 1. This sto-
chiometric network has 15 metabolic reactions, v1–v15, and
anabolic reactions, vb1–vb8, representing biomass formation.
he anabolic demand reactions were calculated as function of the
pecific growth rate as described by Frick and Wittmann (2005).
he specific substrate, i.e., glucose or galactose consump-

ion rate (qHexose = v1) and the specific ethanol production rate
qP = v6) are two external fluxes. This system would be underde-
ermined unless there was an additional measurement. The flux
plit ratio between glycolysis and pentose phosphate pathway,
PPP, provided an additional measured variable and therefore

he system was fully determined. The flux-split ratio between
entose-phosphate pathway and glycolysis, ΦPPP, can be esti-
ated simply from metabolite labelling of compounds directly

erived from pyruvate, e.g. alanine or ethanol as described by
ittmann (2002).

PPP = v2

v2 + v3
= 1 − I226,corr/I225,mi

1 + 2/3I226,corr/I225,mi
(12)

his simplified calculation provides a minimal value for the
ux ratio between PPP and glycolysis as has been shown for
. glutamicum, but gives reasonable results especially for low
alues of ΦPPP (Wittmann, 2002). Fluxes were estimated using
he inverse of the stoichiometric matrix using standard methods
Stephanopoulos et al., 1998). We calculated the net anaplerotic
ux split ratio from the fluxes calculated,

Anaplerotic = v14

v6 + v7 + v14
(13)

his value does not take into account any reversibility of
naplerotic reactions. The estimation of these would require a
uch more in-depth analysis (Frick and Wittmann, 2005; Blank

t al., 2005; Gombert et al., 2001; van Winden et al., 2005).

.8. Statistical analysis

Mean errors of glucose, galactose and ethanol determina-
ion were derived from all pair wise measurements carried out
or each well. For the specific growth rate the 90% confidence

nterval was estimated according to Massart et al. (1997). Ninety
er cent confidence intervals for other specific rates and for
ux partitioning to the pentose phosphate pathway were esti-
ated by calculating Gaussian error propagation. Errors of

v
c
o
a
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etabolic fluxes were estimated using Monte Carlo simula-
ion (MATLAB, Mathworks) assuming Gaussian distribution
f errors.

. Results and Discussion

.1. Physiological characteristics of mutants during growth
n glucose and galactose

The specific rate of hexose uptake, qHexose, is generally pro-
ortional to the specific growth rate, μ, as can be seen in Fig. 2.
rowth on galactose is clearly different from growth on glu-

ose. On glucose, substrate consumption is typically higher than
n galactose. We have shown earlier that ethanol production
s correspondingly higher in glucose cultures and respiration
s repressed (Velagapudi et al., 2006). The parental reference
train, indicated by WT, has about average characteristics for
ll specific rates. Only strains with specific growth rates higher
han 0.17 h−1 were included in this analysis. As expected, the
al4Δ, gal7Δ and gal10Δ strains did not grow on galactose
t all.

.2. MAE1 is important for NADPH supply during growth
n galactose

Significant differences are seen in the lower part of Fig. 2
here the flux partitioning ratio, ΦPPP (Eq. (12)), is plotted ver-

us specific growth rate. Again cultivation on glucose is clearly
eparated from cultivation on galactose for most strains with
igher values for growth on galactose. The most significant out-
ier here is the mae1Δ strain. MAE1 codes for the mitochondrial
alic enzyme which is known to have a preference to NADPH

Boles et al., 1998). The effect of deletion of MAE1 is even
learer when plotting ΦPPP, gal versus ΦPPP, Glu (Fig. 3). The
ajority of the selected strains shows ΦPPP, gal values between

.2 and 0.4, a few below and only mae1Δ shows a value above

.4. This high upregulation of the PPP activity can be explained
y modifications in the NADPH supply. During growth of the
ild type and other strains, part of NADPH is likely produced
ia Mae1p and deletion of MAE1 redirects NADPH formation
o the PPP. During growth on glucose no clear phenotype could
e observed similar to the findings of Boles et al. (1998). Obvi-
usly, sufficient NADPH is supplied during highly fermentative
rowth and correspondingly lower biomass yield by reactions
ther than catalyzed by Mae1p. Comparing the net anaplerotic
ux split (Eq. (12)) on glucose, Φanaplerotic, Glu, with that on
alactose, Φanaplerotic, Gal, one cannot see any significant differ-
nce (Fig. 5) again agreeing with earlier observations of no clear
henotype (Boles et al., 1998). This metabolic split ratio only
onsiders net fluxes. The plot of the biomass yield on glucose,
X/S, versus ΦPPP does not show any clear difference of the
ae1Δ strain compared to the others during growth on glucose

Fig. 4). On the other hand mae1Δ strain has by far the highest

alue of ΦPPP on galactose but only a high value of YX/S. A
lear phenotype of this enzyme was only found during growth
n ethanol when PYK1 and MAE1 were both deleted (Boles et
l., 1998). Either of the corresponding proteins Pyk1p or Mae1p
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Fig. 2. Specific growth rate, μ, specific hexose uptake rates, qHexose (upper part), and flux partitioning into the pentose phosphate pathway, ΦPPP (lower part) of gene
deletion strains specified in Table 1. Error bars indicate 90% confidence regions (Table 2). �-glucose; �- galactose.

Fig. 3. Comparison of flux partitioning into the pentose phosphate pathway, ΦPPP, in galactose and glucose cultures of gene deletion strains specified in Table 1.
Error bars indicate 90% confidence levels. The full straight line indicates identical values on glucose and galactose, the dashed one double ΦAnaplerotic on galactose
compared to glucose, and dotted line triple values.
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s required and permits biosynthesis of amino acids of the pyru-
ate family. Disruption of MAE1 alone, however, did not show
clear phenotype during growth on ethanol. Mae1p was not

irectly related to the supply of NADPH in that study.

.3. xks1Δ and snf11Δ strains are fastest growing on
lucose

The two strains snf11Δ and xks1Δ exhibited the highest
rowth rates on glucose and also very high glucose consump-
ion rates. Xks1p is xylulokinase (Rodriguez-Pena et al., 1998)
nd is therefore important for pentose metabolism, particularly

or fermentation of d-xylose and d-xylulose (Toivari et al.,
001; van Maris et al., 2006). Deletion of XKS1 also resulted
n the strain with the highest galactose consumption rate. ΦPPP
as in an average range growing on glucose and galactose

t
i
h
1

ig. 5. Comparison of biomass yield on glucose, YX/S, and flux partitioning into the p
ndicate 90% confidence levels. �-glucose; �- galactose.
n galactose and glucose cultures of gene deletion strains specified in Table 1.
alues on glucose and galactose, the dashed one double ΦAnaplerotic on galactose

Figs. 2 and 3). However, ΦAnaplerotic, Gal was exceptionally low
n this strain (Fig. 4). Biomass yield on galactose was low-
st observed in this set of mutants (Fig. 5). Specific ethanol
roduction was also very high both on glucose and galactose
Tables 2 and 3). It is hard to imagine that Xks1p would be
atalytically active in the other strains since the phosphoryla-
ion of d-xylulose is an exergonic reaction consuming ATP. It
as been shown by Velagapudi et al. (2006) that the yield of
thanol on glucose is not higher than with several other strains.
t this point we cannot clearly assign a function to Xks1p dur-

ng growth on the hexoses used here. It might be that Xks1p has
nknown enzymatic activities producing a compound limiting

he growth rate. Snf11p is part of the SWI/SNF complex which
s a very large, 2000-kDa protein complex that appears to be
ighly conserved in all eukaryotes. In yeast it is composed of
1 different polypeptide subunits, and it is required in vivo for

entose phosphate pathway, ΦPPP, in galactose and glucose cultures. Error bars
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Table 2
Growth data on glucose for deletion strains specified in Table 1

Deleted gene μGlu (h−1) qGlu (mmol g−1 h−1) qETH (mmol g−1 h−1) ΦPPP, Glu ΦAnaplerotic, Glu YX/S,Glu (g g−1)

Ref 0.320 ± 0.014 13.9 ± 0.9 18.2 ± 1.5 0.102 ± 0.020 0.025 ± 0.004 0.128 ± 0.009
CAT8 0.350 ± 0.026 23.4 ± 1.0 27.9 ± 1.3 0.170 ± 0.022 0.016 ± 0.002 0.083 ± 0.004
CYB2 0.279 ± 0.025 15.6 ± 1.0 24.4 ± 1.7 0.142 ± 0.020 0.018 ± 0.003 0.099 ± 0.023
DLD1 0.303 ± 0.029 18.1 ± 2.7 30.5 ± 5.1 0.081 ± 0.020 0.017 ± 0.003 0.093 ± 0.005
FBP1 0.225 ± 0.014 12.4 ± 1.9 20.9 ± 3.6 0.191 ± 0.025 0.018 ± 0.003 0.101 ± 0.011
FBP26 0.288 ± 0.014 15.8 ± 1.6 26.2 ± 3.1 0.153 ± 0.022 0.019 ± 0.003 0.101 ± 0.007
GAD1 0.312 ± 0.012 20.8 ± 0.7 26.1 ± 1.0 0.156 ± 0.022 0.016 ± 0.002 0.083 ± 0.005
GAL10 0.338 ± 0.037 22.1 ± 1.3 35.7 ± 2.2 0.158 ± 0.020 0.017 ± 0.003 0.085 ± 0.004
GAL4 0.280 ± 0.027 16.9 ± 2.1 27.1 ± 3.8 0.174 ± 0.024 0.017 ± 0.003 0.092 ± 0.005
GAL7 0.306 ± 0.015 20.0 ± 1.0 19.6 ± 1.2 0.138 ± 0.020 0.016 ± 0.002 0.085 ± 0.004
GLK1 0.320 ± 0.016 21.3 ± 0.7 23.0 ± 0.8 0.184 ± 0.022 0.016 ± 0.002 0.083 ± 0.005
GLO1 0.342 ± 0.019 21.3 ± 1.2 26.7 ± 1.8 0.114 ± 0.021 0.017 ± 0.003 0.089 ± 0.005
IMP2 0.296 ± 0.046 16.4 ± 1.3 19.6 ± 1.7 0.133 ± 0.022 0.019 ± 0.003 0.100 ± 0.006
LEU4 0.314 ± 0.026 15.8 ± 0.9 22.3 ± 1.5 0.116 ± 0.021 0.021 ± 0.003 0.110 ± 0.007
MAE1 0.282 ± 0.038 16.0 ± 1.5 27.9 ± 2.7 0.139 ± 0.022 0.018 ± 0.003 0.098 ± 0.010
MAL33 0.306 ± 0.019 20.6 ± 2.5 34.1 ± 4.5 0.157 ± 0.021 0.016 ± 0.003 0.083 ± 0.004
MIG2 0.288 ± 0.027 13.5 ± 1.7 22.2 ± 3.3 0.086 ± 0.021 0.022 ± 0.004 0.118 ± 0.014
MSN4 0.294 ± 0.038 16.0 ± 1.1 23.9 ± 1.8 0.090 ± 0.019 0.019 ± 0.003 0.102 ± 0.009
PCK1 0.338 ± 0.023 22.9 ± 2.1 29.9 ± 3.1 0.076 ± 0.020 0.016 ± 0.002 0.082 ± 0.005
PFK26 0.243 ± 0.046 15.8 ± 3.7 22.2 ± 5.8 0.212 ± 0.021 0.015 ± 0.002 0.085 ± 0.012
PFK27 0.286 ± 0.038 19.3 ± 1.7 27.0 ± 2.5 0.101 ± 0.021 0.015 ± 0.002 0.082 ± 0.007
SFA1 0.351 ± 0.016 21.6 ± 2.1 28.1 ± 3.2 0.157 ± 0.021 0.018 ± 0.003 0.090 ± 0.006
SIP3 0.329 ± 0.023 19.2 ± 2.0 30.1 ± 3.6 0.145 ± 0.021 0.018 ± 0.003 0.095 ± 0.006
SNF11 0.400 ± 0.029 22.9 ± 3.9 39.2 ± 7.5 0.108 ± 0.022 0.020 ± 0.004 0.097 ± 0.013
TYE7 0.333 ± 0.022 21.8 ± 3.1 30.4 ± 4.9 0.181 ± 0.022 0.017 ± 0.003 0.085 ± 0.005
UGA5 0.240 ± 0.004 14.0 ± 0.6 17.0 ± 0.9 0.128 ± 0.020 0.017 ± 0.003 0.096 ± 0.019
XKS1 0.396 ± 0.026 22.6 ± 1.3 33.6 ± 2.3 0.132 ± 0.023 0.020 ± 0.003 0.097 ± 0.004
YBR184W 0.292 ± 0.028 16.0 ± 1.2 27.9 ± 2.3 0.136 ± 0.022 0.019 ± 0.003 0.101 ± 0.008

Average 0.309 ± 0.010 18.4 ± 0.9 26.5 ± 1.6 0.138 ± 0.001 0.018 ± 0.000 0.094 ± 0.005

Specific growth rate, μGlu, specific uptake rate of glucose uptake, qGlu, specific uptake rate of ethanol production, qETH, flux partitioning from glucose 6-phosphate
into the pentose phosphate pathway, ΦPPP,Glu; and from pyruvate/PEP into oxaloacetate/malate, ΦAnaplerotic,Glu, and biomass yield on glucose, YX/S,Glu, all with 90%
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he transcriptional induction of a subset of yeast genes and for
he functioning of a variety of sequence-specific transcriptional
ctivators. Conde et al. (2003) found affects in mannosylphos-
horylation of cell wall mannoproteins in snf11Δ strains when
creening the strain from the same library as here. In our exper-
ments SNF11 deletion did only influence maximal specific
rowth rate on glucose. No other significant effect could be
bserved.

.4. pfk26Δ strain shows highest biomass yield

The deletion of PFK26 that is involved in the regula-
ion of carbohydrate metabolism gave the highest biomass
ield on galactose with a high ΦPPP, Gal and on glucose a
ow growth rate and the highest ΦPPP, Glu but no increase in
ield. Pfk26p produces fructose 2,6-bisphosphate that usually
timulates phosphofructokinase-1 and inhibits fructose 1,6-
isphosphatase. Muller et al. (1997) demonstrated that Pfk26p
s not needed in S. cerevisiae to sustain an adequate glycolytic

ux under fermentative conditions, but rather is concerned with

he homeostasis of metabolite concentrations. They also did not
nd any physiological significance for inhibition of fructose-
,6-bisphosphatase by Pfk26p.
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eviation between them.

.5. fbp1Δ strain has low growth rate on glucose and high
rowth rate on galactose

Fbp1p, fructose-1,6-bisphosphatase, is essential for growth
n ethanol when gluconeogenesis is required. It seems, there-
ore, unnecessary during growth on glucose or galactose, and
t is even degraded in the proteasome when readily degrad-
ble sugars as glucose are available for the cells (Hammerle
t al., 1998). In our study, showing quantitative physiological
ata going beyond published work, we find a lower growth
ate on glucose and a higher one on galactose (Fig. 2) and

higher biomass yield on galactose. ΦPPP, Glu is relatively
igh but close to the majority of mutants. The increase in
ield on galactose is certainly not caused by an increased PPP
ctivity.

.6. Other strains exhibiting significant differences

Deletion of glucokinase gene, GLK1, converting glucose to

lucose 6-phosphate does not show a very clear phenotype.
t is however remarkable that ΦPPP and ΦAnaplerotic are the
ame on both sugars. The hexose uptake and ethanol produc-
ion rates are about half on galactose compared to glucose
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Table 3
Growth data on galactose for deletion strains specified in Table 1

Deleted gene μGal (h−1) qGal (mmol g−1 h−1) qETH (mmol g−1 h−1) ΦPPP, Gal ΦAnaplerotic, Gal YX/S,Gal (g g−1)

Ref 0.223 ± 0.012 6.5 ± 0.2 8.3 ± 0.6 0.341 ± 0.029 0.037 ± 0.006 0.190 ± 0.014
CAT8 0.276 ± 0.008 10.4 ± 0.2 15.4 ± 0.7 0.292 ± 0.028 0.029 ± 0.005 0.148 ± 0.006
CYB2 0.307 ± 0.069 14.3 ± 1.1 11.7 ± 0.9 0.213 ± 0.021 0.023 ± 0.003 0.119 ± 0.015
DLD1 0.199 ± 0.005 5.8 ± 0.2 4.3 ± 0.6 0.210 ± 0.022 0.035 ± 0.005 0.189 ± 0.012
FBP1 0.335 ± 0.019 8.7 ± 0.3 6.3 ± 0.8 0.206 ± 0.023 0.045 ± 0.006 0.214 ± 0.011
FBP26 0.236 ± 0.021 9.9 ± 0.5 9.7 ± 0.7 0.200 ± 0.024 0.024 ± 0.004 0.132 ± 0.011
GAD1 0.316 ± 0.021 10.6 ± 0.4 16.7 ± 1.0 0.236 ± 0.026 0.034 ± 0.006 0.166 ± 0.010
GAL10 0.000
GAL4 0.000
GAL7 0.000
GLK1 0.243 ± 0.023 11.0 ± 0.5 10.2 ± 0.5 0.174 ± 0.023 0.022 ± 0.003 0.122 ± 0.002
GLO1 0.316 ± 0.023 13.4 ± 0.5 12.4 ± 0.8 0.305 ± 0.028 0.026 ± 0.004 0.131 ± 0.007
IMP2 0.293 ± 0.017 9.9 ± 0.3 8.2 ± 0.5 0.086 ± 0.021 0.032 ± 0.005 0.164 ± 0.004
LEU4 0.220 ± 0.011 5.1 ± 0.2 5.9 ± 0.2 0.239 ± 0.013
MAE1 0.260 ± 0.015 8.0 ± 0.3 11.5 ± 1.1 0.455 ± 0.030 0.037 ± 0.006 0.181 ± 0.011
MAL33 0.196 ± 0.013 5.9 ± 0.2 3.7 ± 0.6 0.271 ± 0.026 0.034 ± 0.005 0.183 ± 0.010
MIG2 0.340 ± 0.028 13.5 ± 0.6 19.3 ± 1.8 0.157 ± 0.021 0.028 ± 0.005 0.140 ± 0.009
MSN4 0.261 ± 0.018 11.8 ± 0.5 16.4 ± 1.6 0.315 ± 0.026 0.024 ± 0.004 0.123 ± 0.007
PCK1 0.181 ± 0.012 6.4 ± 0.2 3.3 ± 0.4 0.316 ± 0.026 0.029 ± 0.004 0.158 ± 0.009
PFK26 0.234 ± 0.013 5.5 ± 0.2 6.8 ± 0.3 0.314 ± 0.026 0.047 ± 0.007 0.235 ± 0.008
PFK27 0.268 ± 0.028 10.3 ± 0.5 6.4 ± 0.7 0.235 ± 0.024 0.028 ± 0.004 0.145 ± 0.007
SFA1 0.253 ± 0.021 9.6 ± 0.5 15.3 ± 1.3 0.130 ± 0.023 0.027 ± 0.005 0.147 ± 0.014
SIP3 0.272 ± 0.014 11.3 ± 0.4 14.5 ± 0.8 0.267 ± 0.025 0.026 ± 0.004 0.134 ± 0.007
SNF11 0.207 ± 0.011 7.5 ± 0.2 11.9 ± 0.7 0.257 ± 0.024 0.028 ± 0.004 0.154 ± 0.005
TYE7 0.216 ± 0.018 8.8 ± 0.4 9.9 ± 1.0 0.266 ± 0.024 0.025 ± 0.004 0.136 ± 0.010
UGA5 0.277 ± 0.015 13.8 ± 0.4 12.5 ± 0.5 0.242 ± 0.028 0.021 ± 0.003 0.112 ± 0.004
XKS1 0.297 ± 0.020 19.6 ± 0.6 17.3 ± 0.8 0.295 ± 0.027 0.016 ± 0.002 0.084 ± 0.003
YBR184W 0.259 ± 0.011 12.1 ± 0.4 13.0 ± 1.4 0.273 ± 0.026 0.023 ± 0.003 0.119 ± 0.008

Average 0.232 ± 0.012 10.0 ± 0.2 10.8 ± 0.4 0.252 ± 0.003 0.029 ± 0.001 0.155 ± 0.003

Specific growth rate, μGal, specific uptake rate of galactose uptake, qGal, specific uptake rate of ethanol production, qETH, flux partitioning from glucose 6-phosphate
i oaceta
c ard d

(
G
c
w
a
o
O
e
b
d
g
c
p
t
Φ

t
m
i
s
m
b
t
t
D

l
t
s
s
o
M

4

n
o
h
m
(
a
i
e
e
i

nto the pentose phosphate pathway, ΦPPP, Gal; and from pyruvate/PEP into oxal
onfidence levels. The last line shows the average values of all strains and stand

Tables 2 and 3). In Penicillium chrysogenum, the deletion of
LK1 resulted in stimulation of beta-galactosidase and peni-

illin biosynthesis (Barredo et al., 1988). MIG2 is, together
ith MIG1 involved in glucose repression (Westergaard et

l., 2007). Disruption of MIG2 resulted in similar behavior
f yeast on both sugars concerning most growth parameters.
nly ΦPPP, Gal was about 1.5-fold higher than ΦPPP, Gluc both

xhibiting relatively low values. Much clearer effects would
e expected when feeding mixed substrates. Pck1p, an ATP
ependent phosphoenolpyruvate carboxykinase is important for
luconeogenesis (Valdes-Hevia et al., 1989) and possibly for
yclic fluxes between the PEP/pyruvate and oxaloacetate/malate
ools that are frequently observed in many organisms. Its dele-
ion does not show a very drastic phenotype. The very low

PPP, Glu might point to a possible activation of Mae1p for
he generation of NADPH. However, the determined specific

alic enzyme activity, referred to total protein was very sim-
lar, 9.68 ± 0.13 nmol min−1 (mg protein)−1 for the reference
train and 9.38 ± 0.17 nmol min−1 (mg protein)−1 for the pck1Δ

utant. Sfa1p is a long-chain alcohol dehydrogenase also capa-

le of reducing formaldehyde (Wehner et al., 1993). In this study,
he sfa1Δ strain was only exceptional having lower ΦPPP, Gal
han ΦPPP, Glu, a characteristic it shares with the imp2Δ strain.
eletion of DLD1, coding for d-lactate dehydrogenase, showed

a
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te/malate, ΦAnaplerotic, Gal, and biomass yield on glucose, YX/S,Gal, all with 90%
eviation between them.

ow ΦPPP, Glu but no other very significant differences. The dele-
ion of IMP2′ resulted in the lowest ΦPPP, Gal value of all strains
tudied but biomass yield similar to other strains. Imp2′p is a
ugar regulatory protein. Again, it seems that the requirement
f NADPH needed for anabolic purposes may be supplied by
ae1p.

. Conclusions and future perspectives

S. cerevisiae is one of the most important species for biotech-
ological production and a most relevant eukaryotic model
rganism. The full understanding of yeast physiology requires,
owever, quantitative methods. Continuous cultivation allows
ost thorough studies but requires an enormous amount of labor

e.g. von Meyenburg, 1969; Furukawa et al., 1983; Postma et
l., 1989). Controlled batch cultivation also may provide rich
nformation (e.g. Westergaard et al., 2007) but the number of
xperiments carried out is rather limited because of the high
ffort. New screening methods based on new cultivation methods
n microtiter plates as described here or by other groups (Fischer

nd Sauer, 2003; Wittmann et al., 2004; Sauer, 2004) open up
ew possibilities in this field particularly when combined with
odern analytical methods based on mass spectrometric analy-
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With our newly developed high throughput method we could
tudy a selected set of mutants. As already described earlier
Velagapudi et al., 2006) a relatively large number of strains
ould be distinguished on rather few parameters, specific growth
ate, yields of biomass and ethanol on glucose and yield of
iomass on oxygen. The extension with flux information, par-
icularly on the glucose 6-phosphate branch point showed some
ew phenotypes that are useful for the elucidation of the function
f the corresponding genes. Most interesting is probably the find-
ng that Mae1p is obviously active during growth on galactose
nd deletion of MAE1 leads to a dramatic increase of ΦPPP, Gal.
t is obvious that studies of this type cannot always directly
ive conclusive functional information but allow to direct future
esearch. Interesting phenotypes will, together with other estab-
ished methods (e.g. Oliver et al., 1998) provide an important
asis to the discovery of gene function in yeast.
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