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Little is known about how the general lack of efficiency with which recombinant Saccharomyces cerevisiae
strains utilize xylose affects the yeast metabolome. Quantitative metabolomics was therefore performed for two
xylose-fermenting S. cerevisiae strains, BP000 and BP10001, both engineered to produce xylose reductase (XR),
NAD�-dependent xylitol dehydrogenase and xylulose kinase, and the corresponding wild-type strain CEN.PK
113-7D, which is not able to metabolize xylose. Contrary to BP000 expressing an NADPH-preferring XR,
BP10001 expresses an NADH-preferring XR. An updated protocol of liquid chromatography/tandem mass
spectrometry that was validated by applying internal 13C-labeled metabolite standards was used to quantita-
tively determine intracellular pools of metabolites from the central carbon, energy, and redox metabolism and
of eight amino acids. Metabolomic responses to different substrates, glucose (growth) or xylose (no growth),
were analyzed for each strain. In BP000 and BP10001, flux through glycolysis was similarly reduced (�27-fold)
when xylose instead of glucose was metabolized. As a consequence, (i) most glycolytic metabolites were
dramatically (<120-fold) diluted and (ii) energy and anabolic reduction charges were affected due to decreased
ATP/AMP ratios (3- to 4-fold) and reduced NADP� levels (�3-fold), respectively. Contrary to that in BP000,
the catabolic reduction charge was not altered in BP10001. This was due mainly to different utilization of
NADH by XRs in BP000 (44%) and BP10001 (97%). Thermodynamic analysis complemented by enzyme kinetic
considerations suggested that activities of pentose phosphate pathway enzymes and the pool of fructose-6-
phosphate are potential factors limiting xylose utilization. Coenzyme and ATP pools did not rate limit flux
through xylose pathway enzymes.

Most of the biomass-to-ethanol processes that are currently
advancing to the commercial-production scale rely on micro-
bial strains for efficient fermentation of all sugars, that is,
hexoses (mainly D-glucose) and pentoses (D-xylose, L-arabi-
nose), contained in hydrolysates of lignocellulosic feedstocks
(15, 36, 65). The yeast Saccharomyces cerevisiae is among the
top candidate microorganisms to be used for mixed hexose-
pentose fermentation (15). However, because neither xylose
nor L-arabinose is a substrate naturally utilized by S. cerevisiae,
extensive metabolic redesign was required to obtain strains
producing pentose-derived ethanol in a useful yield (16, 21,
37). Despite notable achievements, even the current best-per-
forming yeast strains fall short in specific ethanol productivity
(qethanol; 0.13 to 0.45 g ethanol/g biomass/h) from xylose com-
pared to the corresponding qethanol from glucose (1.2 g/g bio-
mass/h) (33, 50). The low qethanol for pentose fermentation is
the result of at least two limiting factors. First of all, the yield
coefficient (Yethanol/sugar) for consumption of pentose sub-
strates is usually far lower (0.30 to 0.46) than theoretically
expected (Yethanol/xylose � 0.51), reflecting the formation of

reduced fermentation by-products (e.g., xylitol) in substantial
amounts (7, 37). While enhancements of Yethanol/xylose by a
diversity of metabolic engineering strategies have received
much attention in the recent past (7, 21, 22, 37), a second
component of qethanol has not been well studied. Besides issues
of transport (13, 17), this is the general lack of efficiency by
which S. cerevisiae handles pentoses as substrates for alcoholic
fermentation.

Irrespective of whether direct isomerization or multistep
oxidoreductive transformations are utilized for metabolic inte-
gration of xylose and L-arabinose in engineered strains of S.
cerevisiae (see Fig. S1 in the supplemental material), either
pentose is eventually assimilated as D-xylulose-5-phosphate
(Xyl5P) via the pentose phosphate (PP) pathway (15). There-
fore, this implies a catabolic function for the PP pathway dur-
ing pentose utilization. Evidence from different studies in
which the yeast transcriptome and proteome were analyzed
under different substrate (glucose, xylose) conditions suggests
that S. cerevisiae is not well adapted for fueling lower glycolysis
via the PP pathway (24, 28, 51–54). It also appeared from the
“omics” data that xylose was poorly “sensed” as a substrate for
alcoholic fermentation. A persuasive explanation for this lack
of recognition of xylose (and probably, by extension, L-arabi-
nose) is currently not available. Intracellular pools of a few
metabolites were determined for different xylose-utilizing re-
combinant S. cerevisiae strains (29, 56, 57, 63, 72). However, a
comprehensive quantitative description of the S. cerevisiae
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metabolic response to xylose utilization is currently not avail-
able, and therefore a metabolomic basis for the differences in
qethanol from xylose compared to glucose remains elusive.

To address these issues, quantitative metabolomics was per-
formed. Two previously described strains of S. cerevisiae,
BP000 and BP10001, both engineered for xylose fermentation
(46), and the corresponding wild-type strain (CEN.PK 113-7D)
not able to utilize xylose were employed. These recombinant
strains integrate xylose via the two-step oxidoreductive path-
way (see Fig. S1 in the supplemental material) catalyzed by
xylose reductase (CtXR; from Candida tenuis) and xylitol de-
hydrogenase (XDH; from Galactocandida mastotermitis).
While strain BP000 expresses the gene encoding CtXR in the
NADPH-preferring wild-type form, strain BP10001 produces a
doubly mutated XR (XR-Dm; Lys2743Arg, Asn2763Asp) that
prefers NADH over NADPH (45). The XDH used is specific
for NAD� (30). Under anaerobic conditions, neither of the
strains was able to grow on xylose (46). It was shown that
because of improved recycling of NADH in the XR-XDH
sequence of reactions, strain BP10001 displayed 42% higher
Yethanol and 52% lower Yxylitol than strain BP000 during fer-
mentation of 20 g/liter xylose (46). Results from flux balance
(FB) analysis of xylose fermentation data reported previously
for BP10001 provided assertion that coenzyme usage by
XR-Dm and XDH is balanced in BP10001 and that XR-Dm
therefore reduces xylose in vivo preferentially by NADH (31).

MATERIALS AND METHODS

Materials. Medium components used were as described elsewhere (46). Two
recombinant S. cerevisiae strains, BP000 and BP10001 (46), and the correspond-
ing wild-type strain CEN.PK 113-7D (64) were employed (see Table S1 in the
supplemental material). Authentic standards of intracellular metabolites were
obtained from Sigma-Aldrich (Schellendorf, Switzerland) in the highest purity
available (see Table S2 in the supplemental material).

Fermentations. Anaerobic cultivations were carried out using a Labfors bio-
reactor system (Infors-HT, Bottmingen, Switzerland) equipped with pH and pO2

sensors and an Innova 1313 acoustic online off-gas analyzer (LumaSense Tech-
nologies A/S, Ballerup, Denmark). The working volume was 2,000 ml. Biological
samples for metabolite analysis were obtained from anaerobic fermentations
performed in a Sixfors bioreactor system (Infors-HT). The working volume was
300 ml. Off-gas condensers were cooled to 10°C. All cultivations were performed
at 30°C. A buffered (100 mM citrate, pH 5.5) mineral medium containing 20
g/liter glucose was used. The medium was supplemented with vitamins and trace
elements (23), ergosterol (8 mg/liter), Tween 80 (336 mg/liter), and polypro-
pylene glycol 2000 (1 ml/liter of a 10% [vol/vol] aqueous emulsion). Xylose was
added to a final concentration of 20 g/liter when glucose was completely con-
sumed. Stirring was at 250 rpm. N2 (oxygen concentration was �1.5 ppm) was
sparged at a constant flow rate of 0.16 volumes of air per volume of medium per
minute (vvm). Analysis of external metabolites by high-performance liquid chro-
matography (HPLC), and calculations of physiological parameters were per-
formed as described previously (30, 46).

Determination of internal metabolites—sampling and workup. Glucose-grow-
ing cells were harvested at mid-exponential growth. In the xylose phase, cells
were withdrawn after 24 h of incubation. This time range represented steady-
state conversion of xylose by BP strains and was considered to be sufficient for
CEN.PK 113-7D cells to fully adapt to the new substrate (4). Typically, an aliquot
of a cell suspension containing 0.4 � 0.1 (mean � standard deviation) mg cell dry
weight (CDW) (1 ml [glucose phase], 0.25 ml [xylose phase]) was transferred to
4 ml of a 60% (vol/vol) methanolic solution containing a 10 mM ammonium
acetate buffer (pH 7.5). The quenching solution was precooled to �40°C. In
order to minimize oxygen transfer into the bioreactor, the outlet of the off-gas
cooler was closed by a clamp before sampling. Quenched cells were separated
promptly by centrifugation (8,000 rpm for 3 min at �20°C in a Sigma 3K30
tabletop centrifuge [Sigma, Osterode am Harz, Germany]) and immediately
frozen in liquid N2 after decanting the supernatant. Cell pellets were treated for
3 min at 90°C by adding 1 ml of a 10 mM ammonium acetate buffer (pH 7.5)

containing 75% (vol/vol) ethanol. The extraction solution was preheated to 90°C.
A yeast 13C-labeled metabolite extract solution was prepared as described else-
where (6) and was used as an internal standard. Appropriate aliquots of this
solution (0°C) were added to the cell pellets or standards (�40°C) directly prior
to the addition of the extraction solution. Metabolite extracts were dried in a
stepwise manner, at 30°C, using reduced pressure at 0.12 mbar and 0.001 mbar
in a speed vac setup described elsewhere (6). Dried samples were dissolved in 50
�l of Nanopure water before analysis by liquid chromatography/tandem mass
spectrometry (LC/MS-MS).

Analysis of internal metabolites—LC/MS-MS measurements. Metabolites
were analyzed on an Agilent 1100 series high-performance liquid chromatogra-
phy system (Agilent Technologies, Waldbronn, Germany) coupled to an Applied
Biosystems/MDS Sciex 4000 QTRAP (AB/MDS Sciex, Concord, Ontario, Can-
ada). Chromatographic separation at 40°C using a Waters Atlantis T3 column
was performed by applying protocols reported previously (6, 12). Analyses were
carried out in negative-ion mode and selected multiple-reaction-monitoring
mode (MRM) (6, 34). Data acquisition, compound identification, and peak
integration were done by using the Analyst software version 1.4.2 (AB/MDS
Sciex). Twelve solutions, each containing all compounds to be analyzed, except
Xyl5P, for which separate dilutions were made (0.2 to 10 �M), were prepared in
the range of 0.2 to 40 �M. Xyl5P was produced enzymatically as described in
Materials and Methods in the supplemental material. Ten mM ammonium
acetate buffer (pH 7.5) was used to dilute the standards. Sedoheptulose-7-
phosphate (S7P) was not available. Therefore, these pools were analyzed by its
MS signals (mother ion, 298; daughter ion, 97 [34]). LC/MS-MS measurements
were carried out with metabolite extracts, standards and heat-treated standards
each containing the 13C-labeled internal standard and 13C-labeled metabolite
extract alone.

Thermodynamic analysis. To determine how far away from thermodynamic
equilibrium metabolic reactions operate in S. cerevisiae, we used the relation
��G � �GKeq � �GMAR. Herein, �GKeq and �GMAR are free energies of a
reaction (�G) at equilibrium (Keq) and at a particular mass-action ratio (MAR),
respectively. Values of free energies were calculated by applying the equation
�G � �RTlnK, where R and T are gas constant and absolute temperature
(303.15 K), respectively, while K is Keq or an MAR. Reactions analyzed are
summarized in Table S4 in the supplemental material. Reactions of glucose-6-
phosphate (Glc6P) dehydrogenase and 6-phosphogluconolactonase (G6PDH-
lactonase), transketolase and transaldolase (TKL-TAL), as well as those of
glyceraldehyde-3-phosphate (Ga3P) dehydrogenase and 3-phosphoglycerate ki-
nase (GA3PDH-PGK), were lumped into one reaction. Independent of the
strain or substrate used, the reaction, 3-phosphoglycerate (3PG) u 2-phospho-
glycerate (2PG), catalyzed by phosphoglycerate mutase was assumed to be at
equilibrium (14). If not mentioned otherwise, concentrations of phosphate were
set to 5 mM (10) and that of CO2 was set to 28.6 mM, corresponding to the
maximum solubility of CO2 in aqueous solutions at 30°C (26). A cell density of
0.42 g/ml was used to convert �mol/g CDW into mmol/liter (11). Lower and
upper bounds of concentrations of pyruvate were set to 0.6 and 2.0 mM, respec-
tively (62, 70).

RESULTS

Cultivation of BP000, BP10001, and CEN.PK 113-7D. Cul-
tivation conditions were chosen to elicit three different physi-
ological states in S. cerevisiae that are henceforth abbreviated
“glucose-growing,” “xylose-metabolizing,” and “xylose-rest-
ing.” To induce these states, the following experimental pro-
tocol was used. Batch fermentations were carried out under
anaerobic conditions in two phases. In the first phase, each
strain was individually grown in a mineral medium supple-
mented with 20 g/liter glucose as the sole carbon source. After
glucose was completely utilized, the second phase was started
by the addition of xylose to a final concentration of 20 g/liter.
Representative time courses are displayed in Fig. 1, and results
are summarized in Table 1. Physiological parameters obtained
at mid-exponential growth on glucose were nearly identical for
each strain. Neither strain applied showed any detectable
growth in the xylose phase in the time range investigated (100
h for BP strains and 24 h for CEN.PK 113-7D). BP000 and
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BP10001 utilized xylose with constant and similar rates of 0.07
to 0.08 g/g CDW/h within the first 100 h of conversion and
displayed product yields that were almost identical to those
reported recently for anaerobic xylose-to-ethanol conversions
(46). The specific substrate uptake rates for glucose obtained
for BP000 and BP10001 were 29- and 25-fold higher than
qxylose, respectively. The parent strain, CEN.PK 113-7D,
showed no utilization of xylose in the time range studied.

LC/MS-MS analysis. Metabolomic characterization in-
volved the determination of 14 compounds from the central
carbon metabolism (CCM), 10 from energy and redox metab-
olism, and 8 amino acids. Metabolites measured for each bio-
logical sample are summarized in Table S2 in the supplemental
material and, together with the respective MRM quantitative
data obtained, provided the basis for subsequent thermody-
namic and metabolic control analysis (MCA). Of the isomeric
metabolites not distinguishable by MS, fructose-6-phosphate
(Fru6P) and dihydroxyacetone-phosphate (DHAP) were well
separated from Glc6P and Ga3P, respectively, in LC analysis,
whereas 2PG and 3PG were coeluted. Figure S2 in the sup-
plemental material shows elution profiles of ribose-5-phos-
phate (Rib5P), Xyl5P, and ribulose-5-phosphate (Ru5P) and
of their 13C-labeled counterparts. Only Rib5P eluted as a sin-
gle peak, while Xyl5P and Ru5P were not clearly separated by
LC. The elution profile of the CEN.PK 113-7D metabolite
extract showed an additional peak at 9.1 min. The assignment

of this signal was not further pursued due to the lack of an
appropriate reference compound.

After correction for the relevant 13C-labeled standard, all
compounds measured showed a linear correlation between the
MS signal and the applied concentration ranges. Data for
CCM metabolites are displayed in Fig. 2. Energy and redox
metabolites are shown together with amino acids in Fig. 3.
Values of data presented in Fig. 2 and 3 are collected in Table
S3 in the supplemental material.

We observed large differences among the measured metab-
olites concerning the sensitivity to the workup procedure used
(Fig. 4). Only about half (45%) of the compounds were rea-
sonably stable and gave �85% recovery overall. The remaining
metabolites were highly unstable, and it is important to note that
in the absence of appropriate internal referencing, measurement
of these metabolites would have been completely false.

Results from internal metabolite profiling. Quantitative
metabolomics was performed for glucose-growing, xylose-me-
tabolizing, and xylose-resting cells. Samples representing these
physiological states were obtained from cells (i) at mid-expo-
nential glucose growth (all strains), (ii) after the 24-h conver-
sion of xylose at the steady state (BP strains), and (iii) after 24
h of resting on xylose (CEN.PK 113-7D), as indicated in Fig. 1.

Intracellular metabolites determined for xylose-metaboliz-
ing BP000 and BP10001 and CEN.PK 113-7D either grown on
glucose or rested on xylose are shown in Fig. 2 and 3 (numbers
are given in Table S3 in the supplemental material). In addi-
tion, metabolite pools of Glc6P, Fru6P, 6-phosphogluconate
(6PG), adenosine phosphates (AXPs), Xyl5P, Ru5P, and
Rib5P were collected for both BP strains at mid-exponential
growth on glucose. These data subsets were identical within
experimental errors to corresponding metabolite pools ob-
tained for glucose-growing CEN.PK 113-7D cells (data not
shown), verifying that accumulation of metabolites was inde-
pendent of pathway engineering. Values for glycolytic com-
pounds, amino acids, AXPs, NAD(H), and NADP� obtained
for CEN.PK 113-7D grown on glucose under anaerobic con-
ditions were in reasonable agreement with previous reports
elsewhere (35, 44, 48, 61, 62). The NADPH pool of 0.09
�mol/g CDW was, in comparison to data from literature (1.2
�mol/g CDW [44]), considerably lower, and the NADPH-to-
NADP� ratio (0.36) is therefore inverse. NADPH/NADP�

ratios reported for S. cerevisiae cells, however, showed large

FIG. 1. Representative time courses of anaerobic glucose and xy-
lose fermentations performed for CEN.PK 113-7D (circles), BP000
(triangles), and BP10001 (squares). Arrows with solid and dashed
stems indicate the time of quenching of cells fermenting glucose and
xylose, respectively. Glucose (filled symbols) and xylose (open sym-
bols) phases are depicted.

TABLE 1. Summary of results obtained from anaerobic glucose and xylose fermentations

Fermentation and
strain

Parametera

q (g/gCDW/h) � (h�1)b Yethanol (g/g)c Yxylitol (g/g)b Yglycerol (g/g)b Yacetate (g/g)b Ybiomass (g/g)b % C recoveryc

Glucose
CEN.PK 113-7D 2.2 � 0.3 0.34 0.42 0.10 0.023 0.073 106
BP000 2.0 � 0.3 0.34 0.41 0.11 0.019 0.075 104
BP10001 1.9 � 0.2 0.32 0.40 0.10 0.027 0.070 103

Xylose
BP000 0.070 0.24 0.32 0.07 0.05 ND 104
BP10001 0.077 0.36 0.19 0.04 0.06 ND 102

a Parameters were calculated from the mid-exponential growth phase on glucose and from the steady-state phase of xylose utilization. Estimated standard errors were
�15%. ND, not detected.

b Values represent averages from 4 individual fermentations performed either with Sixfors (2	) or Labfors (2	) bioreactor systems.
c The ethanol yield and the carbon balance were calculated based on data acquired by the Labfors bioreactor system.
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variations, and values between �0.03 and 7.5 can be found in
the literature (20, 55). In these works, no 13C-labeled internal
standard was used (20, 44, 55), which together with different
protocols used for quenching (55), extracting (20, 44, 55), or
determination of NADPH concentration (44, 55) might be the
reason for the observed discrepancies.

Relative changes of metabolite concentrations resulting
from the switch in fermentation substrate from glucose to

xylose were analyzed for xylose-metabolizing and xylose-rest-
ing cells. Data are presented as heat maps in Fig. S3 in the
supplemental material. Metabolite maps of the CCM were
nearly identical for BP000- and BP10001-metabolizing xylose.
All compounds from the upper glycolysis, DHAP, the sum of
2PG and 3PG, and 6PG were reduced dramatically (13- to
120-fold) when xylose replaced glucose as a substrate. Intra-
cellular concentrations of all other metabolites were, in com-

FIG. 2. Results obtained from quantitative metabolomics and thermodynamic analysis of the central carbon metabolism. Concentrations of
metabolites are given in �mol/g CDW, except for S7P (indicated by an asterisk), for which the relative MS signal per g CDW is shown. Metabolite
pools obtained for BP10001, BP000, CEN.PK 113-7D on xylose, and CEN.PK 113-7D on glucose are shown as bars from left to right, respectively.
Results from thermodynamic analysis are displayed as ��G values (given in kJ/mol) for BP000 (open circles) and BP10001 (filled circles) on xylose
and CEN.PK 113-7D on glucose (open triangles). Corresponding numbers are summarized in Tables S3 and S4 in the supplemental material.
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parison, affected only moderately (�4-fold). Among coen-
zymes measured, only the NAD� pool was significantly
different (�2-fold higher) in BP10001 than in BP000. Effects
on metabolite pools were enhanced in xylose-resting cells.

Levels of AMP, GMP, and Trp were higher in cells (
2-
fold) cultivated on xylose, whereas pools of Tyr were selectively
elevated (
5-fold) in xylose-metabolizing cells. Increased ac-
cumulation of Tyr and Trp pools in xylose-metabolizing cells
was not anticipated, as these are most costly in regard to ATP
molecules required for their biosynthesis (5).

Thermodynamic analysis of the central carbon metabolism.
Metabolomic data were used to calculate a thermodynamic
landscape for CCM of cells growing on glucose and metabo-
lizing xylose. ��G values (�GKeq � �GMAR) obtained are
displayed in Fig. 2, and respective values are summarized in
Table S4 in the supplemental material. Equilibration of
GA3PDH-PGK for xylose-metabolizing cells (3, 62) required
phosphate concentrations of 1.2 mM (BP000) and 1.8 mM
(BP10001) instead of 5 mM (glucose-growing cells). Concen-
trations of dissolved CO2 of �2 mM were necessary for xylose-
metabolizing BP cells to shift ��G values for the 6-phospho-
gluconate dehydrogenase (GND) reaction from a positive
value, which is rather unlikely, toward 0.

The energy profile of glycolysis for glucose-growing cells was
in excellent agreement with data reported elsewhere (3, 62).
��G values for reactions from the PP pathway were close to 0
(RKI [ribose-5-phosphate ketol-isomerase], RPE [D-ribulose-
5-phosphate 3-epimerase]) or slightly shifted to a negative
value (TKL-TAL; �4.7 kJ/mol). Values of ��G close to zero
for RKI- and RPE-catalyzed reactions indicated that both en-
zymes operate at equilibrium, implying that the rate of RKI
and RPE compared to the carbon flux through these reactions
is high. In contrast, G6PDH-lactonase and GND worked far
away from equilibrium, suggesting some flux control or regu-
latory function by these enzymes (32, 69). Results supported
the proposed role of G6PDH in controlling the rate of carbon
flux through the oxidative PP pathway (3, 67).

Free energy profiles of the CCM were only slightly affected
when xylose instead of glucose was utilized by BP000 and
BP10001. Reactions catalyzed by phosphofructokinase (PFK),
pyruvate kinase (PYK), and G6PDH-lactonase were again
largely displaced from equilibrium. Those for phosphoglucose
isomerase (PGI) and fructose-1,6-bisphosphate aldolase
(FBA) shifted closer to the equilibrium as a result of low

FIG. 3. Intracellular pools of energy metabolites (A), redox metab-
olites (B), and amino acids (C). Concentrations of metabolites are
given in �mol/g CDW. Data obtained for BP10001, BP000, and
CEN.PK 113-7D on xylose and for CEN.PK 113-7D on glucose are
shown as bars from left to right, respectively. Corresponding values are
summarized in Table S3 in the supplemental material.

FIG. 4. Stability of measured compounds during metabolite isolation. Metabolites from the central carbon metabolism (A), amino acids (B),
as well as metabolites reflecting redox and energy metabolism (C) are shown. 100%, 85%, and 50% recoveries are depicted as long dahes, short
dashes, and dotted lines, respectively. FBP, fructose 1,6-bisphosphate.
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qglycolysis. Except for the net reaction, representing combined
activity of TKL and TAL (�18 kJ/mol), reactions from the PP
pathway worked as in glucose-growing cells at equilibrium. The
large displacement from Keq observed for TKL-TAL can be
ascribed to the fast isomerization of Fru6P to Glc6P catalyzed
by PGI (��G, �0 kJ/mol), resulting in withdrawing of 67% of
the Fru6P formed by TKL-TAL.

Estimation of coenzyme usage of XR in BP000 and BP10001.
With intracellular concentrations of NAD(P)H at hand, we
were able to calculate estimates of intracellular coenzyme us-
ages of CtXR and XR-Dm. Assuming that xylose transport (i)
takes place by facilitated diffusion and (ii) is not rate limiting
qxylose in BP000 and BP10001 (31), the concentration of xylose
was set to a value equal to the concentration in the medium
(133 mM at 24 h of xylose conversion). Kinetic parameters
from a full kinetic study at pH 7.0 reported elsewhere for
CtXR and XR-Dm (45) and the kinetic expression accounting
for the simultaneous utilization of NAD(P)H were applied to
calculate steady-state rate constants for xylose reduction with
either NADH (vNADH) or NADPH (vNADPH) (47). The ratio
of vNADH to vNADPH reflects the coenzyme preference. Results
are summarized in Table S5 in the supplemental material.
Coenzyme preferences of 30 � 5 and 0.8 � 0.2 were obtained
for XR-Dm and CtXR, respectively, implying that XR-Dm
uses solely NADH, while CtXR utilizes both NADH and
NADPH equally well. Data were supported by results from FB
analysis (31; see also Table S5 in the supplemental material).
Using a reported concentration of 508 �M for NADPH (44),
CtXR displayed an almost strict dependency on NADPH
(vNADPH/vNADH � 32). NADPH-dependent reduction of xy-
lose in BP000 is not very likely, as (i) predominant production
of glycerol would be expected (66) and (ii) strict utilization of
NADPH by XR was not compatible with the applied genome
scale network (this work and reference 31).

Metabolic control analysis based on enzyme kinetic consid-
erations. We used kinetic parameters and appropriate rate
laws reported elsewhere for CtXR and XR-Dm (45, 47), XDH
(43), and xylulose kinase from S. cerevisiae (XK) (49) to ana-
lyze to which extent measured concentrations of respective
(co)substrates exerted control over the reaction rate of these
enzymes. Elasticity coefficients (ε) were determined in accor-
dance to reference 59. Results are summarized in Table S5 in
the supplemental material. For CtXR and XR-Dm, εNADH and
εNADPH were close to 0 � 0.1, while εxylose was close to �0.45,
implying some rate control by xylose but not by NAD(P)H. For
the applied concentrations of xylitol (50 and 150 mM), the rate
through XDH was weakly (maximal 47% of the turnover num-
ber) sensitive to both xylitol and NAD�. The reaction cata-
lyzed by XK was saturated with ATP by 66% (BP000) and 72%
(BP10001), suggesting weak if any rate control by ATP.

Reactions operating far away from equilibrium, reflected by
a large negative shift of the ��G value, are considered to
impose some flux control (69). Corresponding enzymes are
often regulated by the cell (9). For both BP strains metaboliz-
ing xylose, ��G values of reactions catalyzed by PFK, PYK,
and TAL-TKL were in the range of �15 to �18 kJ/mol. MCA
of these reactions was performed for glucose-growing and xy-
lose-metabolizing cells (see Table S6 in the supplemental ma-
terial). Xylose-metabolizing cells showed a very low (�3% of
Vmax) saturation of the rate catalyzed by PFK. This was due

mainly to small concentrations of Fru6P, reflected by a large
εFru6P of 1.8. Compared to the large difference in qglycolysis of
growing and metabolizing cells, the rate through the PYK-
catalyzed reaction was similarly saturated by ADP and phos-
phoenolpyruvate (PEP) for glucose-growing (70% of Vmax)
and xylose-metabolizing (�50% of Vmax) cells.

In the case of TAL and TKL, a complete analysis could not
be performed. The rate of erythrose-4-phosphate-plus-Xyl5P
formation, catalyzed by TKL, was 0.02% of Vmax for xylose-
metabolizing cells and reached a value of 0.9% of Vmax for
glucose-growing cells. In comparison, formation of S7P plus
Ga3P was saturated by 20% to 28% of Vmax for xylose-metab-
olizing cells and by 42% of Vmax for glucose-growing cells.
Concentrations of Rib5P (εRib5P � 0.50 to 0.64 [all strains])
exerts more control on the conversion rate than those of Xyl5P
(εXyl5P � 0.2 [glucose-growing cells], 0.25 [BP1001], 0.4
[BP000]). For xylose-metabolizing cells, TAL-catalyzed Ga3P-
plus-S7P conversion displayed an �42% saturation by Ga3P,
while Fru6P hardly saturated (8% of Vmax) the reverse con-
version. Data implied that the preferred net reaction of TAL-
TKL in xylose-metabolizing cells is 2Xyl5P � Rib5P3 2Fru6P �
Ga3P. In glucose-growing cells, Ga3P (59% of Vmax) and Fru6P
(71% of Vmax) similarly saturated either direction of the reaction
of TAL.

DISCUSSION

The coenzyme usage of XR in vivo. Balanced coenzyme re-
cycling between XR and XDH during xylose assimilation is
required to quantitatively ferment xylose to ethanol. While
wild-type forms of XDH usually display a strict preference for
NAD�, XRs typically utilize both NADPH and NADH. In the
case of CtXR, coenzyme preferences for NADPH vary consid-
erably between 1.5, 15, and 33 depending on the kinetic pa-
rameter, kcat, kcat/Kcoenzyme, and kcat/Ki,coenzymeKxylose, respec-
tively, used as bases for calculation (45, 47), precluding even a
rough estimation of the coenzyme usage by XR in the cell.
By combining measured intracellular concentrations of
NAD(P)H, reported values of kinetic parameters (45), and the
appropriate kinetic model (47), we were able to calculate rep-
resentative estimates of coenzyme usages in vivo for CtXR and
XR-Dm. Coenzyme preferences (vNADH/vNADPH) were bal-
anced (0.8 � 0.2) for CtXR but strongly shifted toward NADH
(30 � 5) for XR-Dm. Kinetic estimation of coenzyme usage by
CtXR and XR-Dm therefore reinforces previous conclusions
(31, 46). In contrast to BP000, the conversion of xylose into
xylulose in BP10001 is therefore balanced with respect to
NADH and NAD�.

Metabolic response of the central carbon metabolism to low
qxylose. Assuming that �5% of the carbon from glucose is
channeled through the PP pathway (reference 31 and refer-
ences therein), the expected flux through the PP pathway (1/20
of qglucose) would be similar to qxylose, consistent with the ob-
servation that PP pathway metabolite levels were similar in
growing and metabolizing cells. The carbon flux through gly-
colysis was 25 to 30 times higher in glucose-growing compared
to xylose-metabolizing BP cells. Slow qglycolysis caused dramatic
reduction of most glycolytic metabolites. Pools of compounds
from the CCM therefore became rather uniformly distributed
(0.2 to 0.3 �mol/g CDW). Concentrations of Ga3P and PEP
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were not as strongly affected (�3.6-fold). The formation of
both metabolites is thermodynamically not favored. The “con-
servation” of PEP and Ga3P pools has been reported for an S.
cerevisiae strain containing low PGI activity (8), suggesting that
cellular mechanisms are tuned to maintain substantial levels of
Ga3P and PEP at low qglycolysis.

The energy and redox state of xylose-metabolizing cells.
How do the energy and redox states of a nongrowing xylose-
metabolizing cell differ from those of a glucose-fermenting
cell? Comprehensive quantitative metabolite profiling pre-
sented in this work provided relevant evidences. Independent
of the physiological state investigated, AXP and guanine
(GXP) nucleotide pools were balanced by the action of ade-
nylate kinase I and II, consistent with reports from the litera-
ture (18, 19, 60). Levels of AXPs and GXPs were similarly
affected when xylose replaced glucose as a substrate, support-
ing previous findings that GXPs are kept under tight control in
correlation with AXPs and the energy charge (EC) (11). The
ECs were almost identical for both BP strains metabolizing
xylose but significantly lower (0.7) than the EC obtained for
glucose-growing cells (0.8). Similar values for xylose-metabo-
lizing and glucose-growing cells were reported elsewhere (1,
63). Differences in the ECs were predominantly due to de-
creased and increased levels of ATP and AMP, respectively,
yielding enhanced AMP-to-ATP ratios (3- to 4-fold). The
AMP level and the AMP-to-ATP ratio were proposed to serve
as a highly sensitive sensor of the cellular energy state (18). It
has been shown that high levels of AMP (AMP/ATP) indirectly
activate the SNF1 complex, which in turn, when in its active
phosphorylated form, triggers the derepression of glucose-re-
pressed genes in S. cerevisiae (38, 71). Observed changes in the
AMP pool and the AMP-to-ATP ratio of xylose-metabolizing
cells relative to those of glucose-growing and xylose-resting
cells imply that cells utilizing xylose under anaerobic condi-
tions are in an intermediate state, between the glucose-re-
pressed and glucose-derepressed states.

The catabolic ([NADH]/[NADH] � [NAD�]; CRC) and the
anabolic (NADPH]/([NADPH] � [NADP�]; ARC) reduction
charges play essential roles in coordinating fueling and biosyn-
thetic reactions (59). CRC and ARC were differently affected
in BP000- and BP10001-metabolizing xylose. Irrespective of
the substrate or strain applied, pools of NAD(P)H were held at
a constant level. However, their oxidized counterparts were
selectively reduced by a factor of �2 in BP000 (NAD�) and by
a factor of �3 in both BP cells (NADP�) compared to
BP10001 and glucose-growing cells, respectively, resulting in
�2-fold-increased levels of respective reduction charges. The
CRC level was sensitive to the coenzyme usage of the XR-
XDH pair and maintained in BP10001 cells upon switching
from glucose to xylose. Unlike CRC, the ARC was not depen-
dent on whether coenzyme preferences of the XR-XDH pair
were matching. Low levels of NADP�, mirroring unbalanced
utilization of NADP� and NADPH, appeared to be a specific
response of both BP000 and BP10001 to xylose.

Sources limiting enzymes constituting the xylose pathway.
The net fluxes, through steps comprising xylose uptake and
xylose reduction, were very similar (�0.074 g/g CDW/h) in
BP000 and BP10001. Calculated rate constants for xylose re-
duction were also almost identical for both XRs (�6 s�1). The
specific xylose transport rate of 0.9 g/g CDW/h, determined for

S. cerevisiae at 20 g/liter xylose, clearly surpasses qxylose of BP
strains, implying (some) limitation of qxylose by XR. MCA
analysis revealed that the rate through CtXR and XR-Dm was
sensitive to concentrations of xylose (εxylose, �0.45) but not of
NAD(P)H. This result is in line with the observed 1.75-fold
(0.14/0.08) increase of qxylose when 50 g/liter instead of 20
g/liter xylose was utilized by BP10001 (31).

As a consequence of undifferentiated NAD(P)H usage by
CtXR, NAD� generation relative to its utilization by XDH is
slower in BP000 than in BP10001 and more xylitol can accu-
mulate. This imbalance is further supported by the measured
intracellular NAD� pool, which is �2-fold smaller in BP000.
The rate through XDH, however, displayed a weak sensitivity
to NAD� concentrations (εNAD� � 0.34), similar for both
strains. The reaction catalyzed by XK was, independent of the
strain, saturated with ATP (�70% of Vmax). Therefore, the
present evidence, which we feel is the most conclusive thus far,
indicates that the cofactor level per se is not a major limiting
factor for qxylose. Obviously, other “players” (e.g., xylose, XR,
or other sources apart from the xylose pathway [see below])
are more involved in limiting qxylose.

Targets limiting qxylose apart from the xylose pathway. PFK,
PYK, and the net reaction represented by TKL and TAL were
identified for both BP strains based on results of thermody-
namic analysis as potential candidates limiting qxylose. Data
from MCA revealed that reaction catalyzed by PFK displayed
33-fold-reduced Vmax for both BP strains. The 25- to 30-fold-
slower qglycolysis when xylose instead of glucose was converted
was accompanied by an �20-fold-lower rate of fructose 1,6-
bisphosphate formation. Using elasticity coefficients, Fru6P
pools were identified to be the primary reason for low PFK
activity. The net flux through the reaction catalyzed by PYK
was in the same range for growing (fast qglycolysis) and metab-
olizing (slow qglycolysis) cells. The availability of PFK and PYK
might not be a relevant factor limiting qxylose, consistent with
results from previous transcriptomics and proteomics studies
(51, 53). Increasing the intracellular concentration of Fru6P
instead could be of relevance when improving qxylose. Larger
Fru6P pools could lead to higher levels of Glc6P and other
glycolytic intermediates, which in turn can affect transcription
of glycolytic and ethanologenic enzymes (39, 40). This result is
interesting, as it may provide the metabolic basis to explain
why xylose is utilized at a higher rate when glucose is cofer-
mented (31).

Rates catalyzed by TAL and TKL displayed saturations of
�42% and 30% of Vmax, with respect to their preferred sub-
strates. This implies that flux through these reactions should be
susceptible to the availability of both the level of TAL and
TKL and the supply of their reactants. Results are consistent
with reports from literature (2, 25, 27, 33, 42, 56, 68). To
increase flux through the PP pathway in BP000 or BP10001,
combined overexpression of TAL and TKL (increasing enzyme
abundances) together with RPE and RKI (maintenance of
substrate supply) is suggested.

Resting on xylose. CEN.PK 113-7D cells were neither able
to grow on nor utilize xylose under anaerobic conditions. Rest-
ing on xylose had dramatic consequences on the yeast metabo-
lome. Except for pools of 3PG and PEP, which accumulated to
similar extents compared to those of xylose-metabolizing BP
cells, all other metabolite pools from the CCM were nearly
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depleted in xylose-resting cells. 3PG represents a redox sink,
and accumulation therefore is thermodynamically favored
(14). Maintenance of substantial 3PG pools was also observed
for other resting yeast cells (10, 41, 58).

The energy state in xylose-resting cells, reflected by an EC of
0.1, was completely different from that of cells displaying an
active flux through glycolysis and resembled that of starving
cells (1). The high AMP/ATP ratio of 19 indicated that xylose-
resting cells were in a glucose-derepressed state (71). A com-
parison with nitrogen- and carbon-starved yeast cells showed
that the metabolic response to xylose-resting cells shared more
similarities with that of nitrogen-starved cells (regarding 6PG,
3PG, ADP, Asp, Tyr, and Gln) than that of carbon-starved
cells (regarding NADP�, Glu, and Trp) (4). Cells resting on
xylose were no longer capable of maintaining total pools of
energy and redox metabolites. Most of the AXP (75%), GXP
(65%), and NADP(H) (92%) pools were metabolized as a
consequence of the inability to utilize xylose. Interestingly,
NAD(H) pools, in particular the NADH pool (2-fold lower
than glucose-growing cells), were only moderately affected.

Conclusions. Quantitative metabolomics presented in this
work provided the basis for a comprehensive analysis of
metabolomic responses in the central carbon, energy, and re-
dox metabolism of S. cerevisiae to fermentation substrates (glu-
cose, xylose) and growth conditions (growing, metabolizing,
resting cells). Internal referencing of each metabolite mea-
sured by the corresponding 13C-labeled compound was essen-
tial for quantification. With intracellular concentrations avail-
able for NAD(P)H, we were able to calculate representative
estimates for the coenzyme usage of XR in the cell. Unlike in
BP000, xylose reduction in BP10001 was strictly NADH de-
pendent, and the conversion of xylose to xylulose therefore
balanced with respect to NADH. Closed coenzyme recycling
between XR and XDH was reflected by the ability of BP10001
to keep the CRC constant upon switching from glucose to
xylose, while in BP000 the CRC was increased 2-fold due to a
selective decrease of NAD�. The utilization of xylose instead
of glucose had several effects on the yeast metabolome that
were similar for both BP000 and BP10001 and therefore spe-
cific to cells metabolizing xylose under anaerobic conditions:
(i) most glycolytic metabolites were dramatically diluted
(�120-fold), while those of the PP pathway were hardly af-
fected; (ii) energy and anabolic reduction charges were im-
paired due to the selective decrease of ATP/AMP and
NADP�, respectively; (iii) the net reaction catalyzed by TKL-
TAL was strongly shifted away from its equilibrium; and (iv)
concentrations of Fru6P were limiting the conversion rate
of PFK.
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erdal. 1995. Xylose-metabolizing Saccharomyces cerevisiae strains overex-
pressing the TKL1 and TAL1 genes encoding the pentose phosphate path-
way enzymes transketolase and transaldolase. Appl. Environ. Microbiol.
61:4184–4190.

69. Wang, L., I. Birol, and V. Hatzimanikatis. 2004. Metabolic control analysis
under uncertainty: framework development and case studies. Biophys. J.
87:3750–3763.

70. Wiebe, M. G., E. Rintala, A. Tamminen, H. Simolin, L. Salusjärvi, M.
Toivari, J. T. Kokkonen, J. Kiuru, R. A. Ketola, P. Jouhten, A. Huuskonen,
H. Maaheimo, L. Ruohonen, and M. Penttilä. 2008. Central carbon metab-
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