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Abstract

Over the past two decades significant progress has been made in the engineering of xylose-
consuming Saccharomyces cerevisiae strains for production of lignocellulosic biofuels. However,
the ethanol productivities achieved on xylose are still significantly lower than those observed on
glucose for reasons that are not well understood. We have undertaken an analysis of central carbon
metabolite pool sizes and metabolic fluxes on glucose and on xylose under aerobic and anaerobic
conditions in a strain capable of rapid xylose assimilation via xylose isomerase in order to
investigate factors that may limit the rate of xylose fermentation. We find that during xylose
utilization the flux through the non-oxidative PPP is high but the flux through the oxidative PPP is
low, highlighting an advantage of the strain employed in this study. Furthermore, xylose fails to
elicit the full carbon catabolite repression response that is characteristic of glucose fermentation in
S cerevisiae. We present indirect evidence that the incomplete activation of the fermentation
program on xylose results in a bottleneck in lower glycolysis, leading to inefficient re-oxidation of
NADH produced in glycolysis.
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Introduction

In recent years, increasing energy demand and concerns about climate change and the
sustainability of heavy reliance on fossil fuels have motivated the development of
technologies for production of liquid fuels from plant biomass. Ethanol, which serves as a
fuel additive, can be readily produced by fermentation of hexose sugars derived from
cornstarch and sucrose. However, production of feed stocks such as corn and sugarcane
requires large amounts of arable land and may compete with the food supply.
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Lignocellulosic feed stocks represent an attractive alternative, but technologies for
production of liquid fuels from lignocellulosic material are relatively immature. The Baker’s
yeast Saccharomyces cerevisiae is a promising biocatalyst for production of liquid fuels
from lignocellulosic biomass because its high rates of ethanol production under anaerobic
conditions and high ethanol tolerance allow ethanol to be produced at high yield,
productivity, and final titer. S. cerevisiae also exhibits relatively high tolerance to inhibitors
such as furan derivatives, weak acids, and phenolics present in lignocellulosic hydrolysates
(Almeida et al., 2007; Lau et al., 2010), and the insusceptibility of yeast to bacteriophage
and its ability to grow at low pH minimize the risk of contamination, allowing the avoidance
of costs associated with reactor sterilization in industrial processes. However S cerevisiae
cannot natively metabolize the pentose sugars xylose and arabinose, which make up more
than one-third of the carbohydrate biomass in some agricultural residues such as corn stover,
wheat straw, and bagasse, with xylose being by far the more abundant of the two (van Maris
et al., 2006). For production of biofuels from lignocellulosic feed stocks to be cost-effective,
it will be necessary to effect the conversion of all sugars present in hydrolysates to liquid
fuels (Stephanopoulos, 2007; Carroll and Somerville, 2009).

The ability to consume xylose can be conferred on S. cerevisiae strains by introduction of a
heterologous pathway for conversion of xylose to its isomer xylulose. While many bacteria
use a xylose isomerase (XI) enzyme to catalyze this conversion directly without the use of
pyridine nucleotide cofactors, xylose-consuming eukaryotes generally effect the
isomerization through a two-step redox pathway in which xylose reductase (XR) first
catalyzes the reduction of xylose to xylitol, which is then oxidized via xylitol dehydrogenase
(XDH) to form xylulose. Initial attempts to express heterologous xylA (encoding XI) genes
in S. cerevisiae were unsuccessful; in several cases putative xylA transcripts were detected in
Northern blots but putative XI protein products were insoluble and inactive (Sarthy et al.,
1987; Amore et al., 1989; Gardonyi and Hahn-Hagerdal, 2003). Consequently, the majority
of xylose-consuming strains have been constructed using the XR-XDH pathway. However,
while XR uses NADPH as its preferred cofactor substrate, XDH is strictly NAD™-
dependent. This mismatch in cofactor specificities results in a “cofactor imbalance” whereby
NADP* and NADH accumulate (and NADPH and NAD* are depleted). The accumulation
of NADH is especially problematic under industrially relevant anaerobic conditions.
Without oxygen as a terminal electron acceptor, NADH cannot be efficiently re-oxidized to
NAD™, severely inhibiting xylose metabolism (Bruinenberg et al., 1983; Bruinenberg et al.,
1984). In early xylose-consuming S. cerevisiae strains the low availability of NAD™ for the
XDH reaction also resulted in secretion of large amounts of the by-product xylitol (Kétter
and Ciriacy, 1993; Tantirungkij et al., 1993), compromising ethanol yield.

A major breakthrough occurred with the discovery that the anaerobic fungus Piromyces sp.
strain E2 metabolizes xylose using the XI pathway (Harhangi et al., 2003). The XI from this
organism was functionally expressed in S. cerevisiae (Kuyper et al., 2003), and both
evolutionary and rational metabolic engineering were used to construct efficient xylose-
consuming strains capable of anaerobic growth on xylose (Kuyper et al., 2004; Kuyper et
al., 2005a; Kuyper et al., 2005b). Our lab has recently used a similar approach along with a
multi-stage evolutionary strategy to engineer the S cerevisiae strain H131-A3-ALCS, the
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fastest xylose-consuming strain reported to date (Zhou et al., 2012). However, the rates of
growth and ethanol production on xylose are still significantly lower than those on glucose
for reasons that are not completely understood.

Many hypotheses for bottlenecks in xylose metabolism have been presented. These include
xylose transport, which may be especially limiting at low extracellular xylose concentrations
(Gardonyi et al., 2003; Runquist et al., 2009a; Runquist et al., 2010; Young et al., 2012);
conversion of xylose to xylulose (L6nn et al., 2003; Jeppsson et al., 2003; Karhumaa et al.,
2005; Kim et al., 2012); phosphorylation of xylulose (Toivari et al., 2001; Jin et al., 2003);
and conversion of xylulose-5-phosphate (X5P) to the glycolytic intermediates fructose-6-
phosphate (F6P) and glyceraldehyde-3-phosophate (GAP) via the reactions of the non-
oxidative Pentose Phosphate Pathway (PPP) (Walfridsson et al., 1995; Kuyper et al., 2005a).
Once xylose is metabolized to F6P and GAP xylose metabolism is in principle identical to
glucose metabolism. However while glucose induces a strong carbon catabolite repression
(CCR) response in S. cerevisiae (Gancedo, 2008), there is evidence that xylose is not
recognized as a fermentable carbon source and fails to fully activate the CCR program (Jin
et al., 2004; Salusjérvi et al., 2008). Consequently, bottlenecks downstream of GAP could
result from altered gene expression during xylose utilization.

In this study, we sought to characterize the metabolism of strain H131-A3-ALCS by
quantifying central carbon metabolite pool sizes and using 13C-Metabolic Flux Analysis
(MFA) to estimate the fluxes through central metabolism in order to identify rate-limiting
steps in xylose utilization. Although previous metabolomic and MFA studies have been
conducted on xylose-consuming S. cerevisiae strains, many of these studies investigated
strains that utilized the XR-XDH pathway to effect xylose isomerization (Wahlbom et al.,
2001; Pitkanen et al., 2003; Sonderegger et al., 2004; Grotkjaer et al., 2005; Klimacek et al.,
2010; Feng and Zhao, 2013a; Feng and Zhao, 2013b; Matsushika et al., 2013).
Consequently, in these strains the redox cofactor imbalance is expected to exert a large
influence on metabolism. Moreover, many of the strains employed exhibited low xylose
consumption rates and growth rates, and in several cases analysis of metabolite pool sizes
revealed signs of carbon starvation (Klimacek et al., 2010; Bergdahl et al., 2012; Matsushika
et al., 2013). In this study, we investigated a strain capable of rapid xylose utilization via the
xylose isomerase pathway in order to observe the differences between glucose and xylose
metabolism under aerobic and anaerobic conditions with high rates of xylose consumption
and in the absence of the redox cofactor imbalance associated with action of the XR-XDH
pathway. We present indirect evidence that in this strain there is an apparent bottleneck in
xylose metabolism downstream of GAP, in the lower glycolysis pathway.

Materials and Methods

Strain and Culture Conditions

All experiments were performed with a previously engineered xylose-consuming S.
cerevisiae strain similar to H131-A3-ALCS (Zhou et al., 2012). The strain was cultivated at
30 °C in minimal medium containing 6.7 g/l Yeast Nitrogen Base (YNB) without amino
acids (Difco) as a source of salts, vitamins, and trace elements and 20 g/l of either glucose
(YNBG) or xylose (YNBX) as the sole carbon source. Media were supplemented with 0.42
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g/l Tween 80 and 0.01 g/l ergosterol to facilitate growth under anaerobic conditions
(Andreasen and Stier, 1953; Andreasen and Stier, 1954).

The yeast strain was cultivated in both YNBG and YNBX medium under both aerobic and
anaerobic conditions, resulting in a total of four culture conditions: Glucose Aerobic (GA),
Glucose Anaerobic (GN), Xylose Aerobic (XA), and Xylose Anaerobic (XN). For each
culture condition, 5 ml starter cultures were inoculated from 15% glycerol —80 °C freezer
stocks. 50 ml main cultures grown in 250 ml bottles (VWR, 89000-236) were inoculated
with 50 pl (0.1% by volume) of the starter culture with the same carbon source and aeration
condition. All cultures were shaken at 250 rpm to facilitate mixing.

Aerobic starter cultures were grown in aerobic culture tubes (BD Falcon, #352059). The 250
ml aerobic main culture bottle caps were left loose, allowing exchange between the culture
headspace and the (aerobic) ambient atmosphere. Anaerobic starter cultures were grown in
airtight Hungate tubes (ChemGlass, #CLS-4208-01). Anaerobic starter culture media were
sparged with Ultra High Purity (UHP) Nitrogen (Airgas) for 3 min and left in an anaerobic
chamber (Coy Labs) under an atmosphere of nitrogen and hydrogen for approximately 12 h
prior to inoculation. Anaerobic main cultures were grown with 250 ml bottle caps
completely tightened, preventing aeration from the ambient atmosphere. Anaerobic main
culture media were sparged with UHP Nitrogen for 15 min and left in the anaerobic chamber
for 12 h prior to inoculation. Inoculation and all sampling were conducted inside the
anaerobic chamber.

For 13C-MFA, the YNBG and YNBX carbon sources were 20 g/l 1,2-13C,-glucose and 20
g/l 1,2-13C,-xylose (Cambridge Isotope Laboratories), respectively. The 13C-MFA cultures
were otherwise identical.

Analytical Methods

Cell density was monitored by measuring the absorbance (“optical density”) of yeast
cultures at 600 nm (ODgqg) using an Ultrospec 2100 pro UV/Visible Spectrophotometer
(Amersham Biosciences). Cell density was calculated using pre-determined correlations
between Dry Cell Weight (DCW) and ODgqq. Glucose, xylose, ethanol, glycerol, and acetate
concentrations were determined by High-Performance Liquid Chromatography (HPLC).
Culture samples were filtered through 0.20 pm Nylon syringe filters (Microliter Analytical
#F13-2020-1GF) and supernatants were analyzed on an Agilent 1200 series HPLC system
equipped with a refractive index detector. Analytes were separated on an Aminex HPX-87H
column (Bio-Rad) with 5 mM sulfuric acid mobile phase at a flow rate of 0.6 ml/min and a
temperature of 55 °C.

Estimation of Extracellular Fluxes

Specific growth rates, specific sugar consumption rates, and specific ethanol, glycerol, and
acetate production rates were estimated from ODggg and HPLC data from five biological
replicate cultures for each culture condition. For each biological replicate culture j the
specific growth rate | was determined by fitting the ODgqp data to a function of the form:

Biotechnol Bioeng. Author manuscript; available in PMC 2016 March 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wasylenko and Stephanopoulos Page 5
OD(¢)=0Dgexp(p;t)

where OD(t) is the measured value of ODggg at time t and ODy is the fitted value of ODggg
at time zero. Parameter estimation was achieved using the Matlab function Isqnonlin.

To determine specific metabolite consumption and production rates for biological replicate
culture j, the concentration of each metabolite k was plotted against ODggg and the slope of
the best-fit line my, was computed. For each culture condition the average specific growth
rate i and the average slope my were computed by averaging the yj and myy, respectively.
Uncertainties were assumed to be equal to the standard deviations of the | and myx. The
specific consumption or production rate of metabolite k is then equal to:

_Mup
dr A

DCW

where kpcyy is the biomass concentration that is equivalent to one ODggg unit. The relative
error in g, was assumed to be equal to the sum of the relative errors in g, mg and kpcw.

Preparation of Uniformly 13C-Labeled Cell Extract for Internal Standard

Cells were grown in medium containing 10 g/l U-13Cg-glucose as the sole carbon source and
6.7 g/l YNB without amino acids. 5 ml aerobic starter cultures were inoculated from freezer
stocks (as above). 40 ml shake flask cultures were inoculated from starter cultures and
harvested at ODggg ~ 1. Uniformly 13C-labeled metabolite extracts were prepared using a
protocol similar to the one described for preparation of samples for pool size measurements
and 13C-MFA (see below). Extracts were stored at —80 °C and subsequently dried under
airflow using a Pierce Reacti-Therm 111 Heating/Stirring Module and resuspended in 100 pl
Millipore water. A total of 48 extracts (four extracts from each of 12 shake flasks) were
pooled and the pooled cell extract was aliquoted. Aliquots were stored at —80 °C for future
use as internal standard.

Metabolite Extractions for Pool Size Measurements and 13C-Metabolic Flux Analysis

Cultures were harvested in mid-exponential phase (ODggg ~ 0.5-0.6). 7.5 ml culture was
quenched in 37.5 ml pure methanol (Canelas et al., 2008) held at low temperature (<—70 °C)
in a cold ethanol bath. Samples were centrifuged for 5 min at 3270g and —10 °C. Centrifuge
adapters for holding sample tubes were pre-cooled in a —80 °C freezer to keep the sample
temperature as low as possible during centrifugation. The supernatants were discarded and
cell pellets were washed by resuspension in 40 ml cold (<=70 °C) methanol. Samples were
centrifuged a second time and supernatants discarded. 50 pl 13C-labeled cell extract was
added to cell pellets for pool size measurement samples (which are labeled to natural
abundance) only for use as internal standard (Wu et al., 2005). Internal standard solution
was not added to 13C-labeled samples for MFA.

A hot ethanol extraction (Gonzalez et al., 1997; Canelas et al., 2009) was used for extraction
of intracellular metabolites. 5 ml hot (80 °C) 75% (v/v) ethanol solution was added to each
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cell pellet and samples were vortexed for 30 s, incubated in an 80 °C water bath for 3 min,
and vortexed a second time for 30 s. Samples were briefly cooled in the cold (<-70 °C)
ethanol bath and centrifuged to remove cell debris. 3.5 ml supernatant was set aside for LC-
MS/MS analysis and the remaining supernatant (~ 1.5 ml) was used for GC/MS analysis.
Metabolite extracts were stored at —80 °C and subsequently dried under airflow using a
Pierce Reacti-Therm 111 Heating/Stirring Module prior to GC/MS and LC-MS/MS analysis.

Gas Chromatography/Mass Spectrometry (GC/MS)

All metabolites without phosphate groups (organic acids and amino acids) were analyzed by
GC/MS. Dried metabolite extracts were resuspended in 20 pl 2% methoxyamine-hydrogen
chloride in pyridine (Methoxamine (MOX) Reagent, Thermo Scientific #TS-45950) and
incubated at 37 °C for 1.5 h. Following the methoximation reaction, 30 ul N-tert-
Butyldimethylsilyl-N-methyltrifluoroacetamide with 1% tert-Butyldimethylchlorosilane
(Sigma-Aldrich, #375934) was added to each sample and samples were incubated at 55 °C
for 1 h. The resulting tert-butyldimethylsilyl derivates were analyzed by GC/MS using an
Agilent 6890N Network GC System coupled to an Agilent 5975B Inert XL MSD. 1 pl
sample was injected in splitless mode with an inlet temperature of 270 °C. Metabolite
separation was achieved using an Agilent J&W DB-35ms column (#122-3832, 30.0 m x 250
um x 0.25 um) with helium carrier gas at a flow rate of 1 ml/min. The GC column oven
temperature was initially held at 100 °C for 1 min, ramped to 105 °C at 2.5 °C/min, held at
105 °C for 2 min, ramped to 250 °C at 3.5 °C/min and then to 320 °C at 20 °C/min, for a
total run time of approximately 50 min. The MS was operated in electron ionization mode
with an electron energy of 69.9 eV and source and quadrupole temperatures of 230 °C and
150 °C, respectively. Mass spectra were measured by scanning the range 100-650 m/z.

Liquid Chromatography/Tandem Mass Spectrometry (LC-MS/MS)

All phosphorylated metabolites (sugar phosphates from glycolysis and the PPP, acetyl-CoA,
and all cofactors depicted in Fig. 3) were analyzed by LC-MS/MS. Dried metabolite extracts
were resuspended in 80 ul Millipore water and analyzed using an ion pair chromatography
method adapted from (Luo et al., 2007). Metabolite separation was achieved with an Agilent
1100 Series HPLC system using a Waters XBridge C18 Column (2.1 mm x 150 mm, 130 A,
3.5 um; #186003023). Metabolite isotopomers were quantified with an API 2000 MS/MS
(AB Sciex) operating in multiple reaction monitoring (MRM) mode. The injection volume
was 20 pl. The majority of samples were run at an increased flow rate of 300 pl/min with a
fast gradient similar to that employed by (Young et al., 2011) in order to increase sample
throughput.

Quantification of Metabolite Pool Sizes

Pool size measurements were conducted in biological triplicate with technical duplicates for
each of the three biological replicates. Accurate quantification was achieved using
uniformly 13C-labeled metabolite extract as internal standard. Internal standard was added to
calibration standards as well as samples so that calibration curves could be constructed in
terms of the ratio of the M+0 (from sample) and M+N (from internal standard) isotopomer
peak areas (where N is the number of carbons in the metabolite backbone) (Wu et al., 2005).
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Metabolic Flux Estimation

A model metabolic network was constructed for estimation of intracellular metabolic fluxes.
The model network consisted of the reactions of Glycolysis, the PPP, the Tricarboxylic Acid
(TCA) Cycle, One-Carbon Metabolism, pathways for xylose assimilation and ethanol,
glycerol, and acetate production, and biosynthetic pathways for synthesis of biomass
constituents. The reactions of the non-oxidative PPP were modeled using half-reactions as in
(Kleijn et al., 2005). The composition of S. cerevisiae biomass was taken from (Forster et
al., 2003). For anaerobic cultures it was assumed unsaturated fatty acids and sterols were
taken up from the medium rather than synthesized from the sugar carbon source (Andreasen
and Stier, 1953; Andreasen and Stier, 1954) and the biomass equation was adjusted
accordingly. The modeling of compartmentalization was similar to that in (Maaheimo et al.,
2001); both cytosolic and mitochondrial pools of pyruvate, acetyl-CoA, and oxaloacetate
were included in the model, the anaplerotic pyruvate carboxylase reaction was assumed to
occur in the cytosol, and the malic enzyme reaction was assumed to occur in the
mitochondria. As in (Maaheimo et al., 2001), pyruvate transport was assumed to be
unidirectional, from cytosol to mitochondria. However, oxaloacetate transport was assumed
to occur in both directions in order to represent the possible impact of the malate-aspartate
(or malate-oxaloacetate) shuttle on metabolite labeling patterns. Both cytosolic and
mitochondrial reactions were included for alanine aminotransferase. The reactions of the
metabolic model and relevant atom transitions are listed in Supplementary Table S1.

For flux estimation, an in-house elementary metabolite unit (EMU)-based software was used
to simulate the extracellular flux and mass spectrometry metabolite labeling data predicted
to result from a given flux distribution (Antoniewicz et al., 2007a). The shift in mass
isotopomer distribution (MID) mole fractions expected to result from natural abundance of
heavy isotopes was accounted for by including naturally occurring heavy isotopes in
simulations (Wittmann and Heinzle, 1999; van Winden et al., 2002). Reversible reactions
were modeled in terms of net and exchange fluxes rather than forward and backward fluxes
(Wiechert and de Graaf, 1997). For each culture condition, the best estimate for the true
metabolic flux distribution was computed by minimizing the lack-of-fit between
experimentally measured and simulated datasets. Only metabolite MIDs which could be
measured with high accuracy were included in the MFA. In the GC/MS and LC-MS/MS
analysis, control samples labeled to natural abundance were analyzed side-by-side with 13C-
labeled samples. The MIDs of the metabolites in the natural abundance samples can be
predicted from theory, and MIDs which could not be measured to sufficient accuracy in
these samples were excluded from the flux estimation models. In some cases, a metabolite
pool size could be quantified by measuring the M+0 isotopomer in samples labeled to
natural abundance, but the metabolite MID could not be measured to sufficient accuracy for
MFA because of interference by co-eluting molecules that overlapped with higher
isotopomers or because the MS signal was not sufficiently high to accurately quantify less
abundant isotopomers.

Each flux estimation was performed 500 times with random initial guesses and the flux
distribution with the lowest weighted sum-of-squared residuals was assumed to be the global
optimum. A chi-square test for goodness-of-fit was used to evaluate whether each flux
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model adequately described the data, and nonlinear 68% and 95% confidence intervals were
computed for each estimated flux by computing the sensitivity of the weighted sum-of-
squared residuals to variations in the flux value (Antoniewicz et al., 2006). For the chi-
square test and confidence interval computation, an error of 0.325 mol % was assumed for
the mole fractions in the MID data, which is reasonable given the expected measurement
(Antoniewicz et al., 2007b) and modeling (Wasylenko and Stephanopoulos, 2013) errors.
The assumed errors for extracellular fluxes were discussed above.

Results and Discussion

Estimation of Extracellular Fluxes

The metabolism of the xylose-consuming strain was studied under Glucose Aerobic (GA),
Glucose Anaerobic (GN), Xylose Aerobic (XA), and Xylose Anaerobic (XN) culture
conditions in order to investigate the effects of carbon source and aeration on metabolism.
The specific growth rates, specific metabolite consumption and production rates, and their
uncertainties were computed from ODggg and HPLC data from five biological replicate
experiments for each culture condition. The values used for the flux estimation algorithm are
listed in Table I. It can be seen that glucose carbon source and aerobic conditions allowed
faster growth than xylose and anaerobic conditions, respectively. However the growth rates
in the GA, XA, and GN conditions were relatively similar while the growth rate in the XN
condition was significantly lower than the rest. Specific sugar consumption and ethanol
production rates were higher with glucose as carbon source (relative to xylose) and under
anaerobic conditions (relative to aerobic conditions). Glycerol production was significantly
increased under anaerobic conditions on both carbon sources. This was expected as glycerol
serves as an electron sink, and its production allows for regeneration of NAD* when oxygen
is not available as a terminal electron acceptor. Acetate production was low under all
conditions tested.

Metabolite Pool Size Measurements and Metabolic Flux Estimation

Central carbon metabolite pool sizes were measured under each of the four culture
conditions. The results for metabolites of Glycolysis and the PPP, metabolites of the TCA
Cycle, and select nucleotide cofactors are shown in Figs. 1, 2, and 3, respectively. The high
ratio of glucose-6-phosphate (G6P) to F6P during growth on glucose (4.3 aerobic, 6.4
anaerobic) and the high adenylate energy charge under all conditions (>0.90) suggest
metabolism was satisfactorily quenched during sample preparation (Ewald et al., 2009).

The intracellular metabolic flux distribution for each culture condition was estimated by
fitting ODgg and HPLC data and metabolite labeling data obtained from GC-MS and LC-
MS/MS to a metabolic model. The best-fit metabolic flux distributions are shown in Fig. 4.
The Weighted Sums of Squared Residuals (WSSRs) from the parameter estimations are
shown in Fig. 5. It can be seen that for each of the four culture conditions the WSSR falls in
the range that would be expected from the assumption that the WSSR is drawn from a chi-
square distribution, suggesting the model adequately describes the data. WSSRs for model
variants are also shown and are discussed below. The measured and simulated 13C-labeling
data for the best-fit flux models can be compared in Supplementary Table S2. Non-linear
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68% and 95% flux confidence intervals were computed and are shown for select fluxes in
Fig. 6. The complete set of best-fit fluxes and confidence intervals is presented in
Supplementary Table S3. The pool size and flux estimation results are discussed below, with
the results organized by metabolic pathway.

Pentose Phosphate Pathway

Glycolysis

It can be seen that when xylose is the sole carbon source the flux through the non-oxidative
PPP is more than one order of magnitude higher than when glucose is the sole carbon source
(Fig. 4). This is a direct result of the metabolic network topology. All carbon assimilated
from xylose enters central metabolism at X5P and consequently must pass through the
reactions of the non-oxidative PPP. In contrast, during growth on glucose the majority of
carbon flux is channeled through glycolysis with only a fraction being diverted through the
PPP to allow production of NADPH for biosynthesis and formation of ribose-5-phosphate
(R5P) and erythrose-4-phosophate (E4P) carbon backbones which serve as precursors for
amino acids and nucleotides. It has been shown that PPP flux in yeasts metabolizing glucose
correlates with biomass yield, likely because high biomass yields increase demand for
NADPH produced in the oxidative PPP (Blank et al., 2005). Under fermentative conditions
in which the majority of carbon is converted to ethanol the PPP flux on glucose is expected
to be low (Gombert et al., 2001; Fiaux et al., 2003). The increased flux through the non-
oxidative PPP on xylose results in a significant increase in the pool sizes of the metabolites
of this pathway (Fig. 1), consistent with previous observations in S. cerevisiae during
pentose utilization (Kotter and Ciriacy, 1993; Wisselink et al., 2010).

In contrast, the flux through the oxidative PPP is low under all conditions (Figs. 4, 6).
Carbon from xylose need not pass through this phase of the PPP to be assimilated into
central metabolism. Previous work with strains employing the XR-XDH pathway for xylose
assimilation has suggested that the flux through the oxidative PPP is high during xylose
utilization, likely due to the redox cofactor imbalance which increases demand for NADPH
(Pitkénen et al., 2003; Sonderegger et al., 2004; Grotkjaer et al., 2005; Runquist et al.,
2009b; Feng and Zhao, 2013a). The high flux through this pathway decreases the ethanol
yield that can be achieved with these strains because one mole of carbon is lost as CO, for
every two moles of NADPH produced (Pitkanen et al., 2003; Grotkjaer et al., 2005).
Because X1 is used to effect the conversion of xylose to xylulose in the strain investigated
here, the redox balance in the cell is not perturbed by xylose assimilation and only minimal
flux through the oxidative PPP is required to satisfy NADPH demand; consequently higher
ethanol yields can be obtained. Low oxidative PPP flux has also been found in an arabinose-
consuming strain of S cerevisiae utilizing an isomerase pathway for arabinose assimilation
(Wisselink et al., 2010).

Carbon derived from xylose via the non-oxidative PPP enters the glycolytic pathway at F6P
and GAP, with the PPP stoichiometry dictating that roughly two moles of F6P are produced
for every mole of GAP. (The ratio deviates slightly from 2:1 due to withdrawal of R5P and
E4P for biosynthesis). Because carbon enters the pathway below the G6P node, the flux
through phosphoglucose isomerase (PGI) is reversed during xylose utilization, with a net
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flux from F6P to G6P to allow synthesis of carbohydrates and small flux through the
oxidative PPP (Figs. 4, 6). This reversal of flux results in a depletion of the G6P pool during
growth on xylose, which is especially remarkable under anaerobic conditions (Fig. 1). The
majority of F6P derived from xylose is directed to GAP through the upper glycolytic
pathway, although this flux is somewhat attenuated on xylose because some carbon from the
non-oxidative PPP is converted to GAP directly. Once GAP is formed, the pathways for
glucose and xylose utilization are identical.

Tricarboxylic Acid Cycle

The fluxes through the TCA Cycle are observed to be low in all conditions, as the majority
of carbon from pyruvate is converted to ethanol rather than being transported to the
mitochondria and oxidized to form CO,. Under anaerobic conditions the TCA Cycle is
essentially inactive, and the reactions of the pathway serve only to provide carbon building
blocks for biosynthesis. The flux through a-ketoglutarate dehydrogenase (KGD) is
estimated to be zero and the flux through succinate dehydrogenase (SDH) is minimal (Figs.
4, 6). (The small flux through SDH is a result of formation of succinate as a by-product of
cysteine biosynthesis.) The lack of flux through the TCA Cycle is expected under anaerobic
conditions since oxygen is not available as a terminal electron acceptor for re-oxidation of
mitochondrial NADH, and it can be seen that the pool sizes of metabolites in this pathway
depend more on aeration than carbon source (Fig. 2). In the GA condition there is a small
flux through KGD, but inspection of the flux confidence intervals reveals that this flux is not
significantly different from zero (Fig. 6). This minimal flux through the TCA Cycle under
the GA condition is likely a result of glucose-repression of this pathway (Polakis and
Bartley, 1965), and is consistent with previous work in S. cerevisiae under fermentative
conditions (Gombert et al., 2001). Only in the XA case do the labeling data suggest a
significant (albeit still small) flux through KGD (Fig. 6).

Incomplete Activation of Fermentation Program

The small but significant flux through the TCA Cycle in the XA condition suggests an
incomplete induction of the CCR response, which has previously been observed during
xylose assimilation (Jin et al., 2004; Salusjérvi et al., 2008). Other glucose-repressed
metabolic pathways include gluconeogenesis, the glyoxylate shunt, and oxidative
phosphorylation. Previous transcriptomic studies of H131-A3-ALCS (Zhou et al., 2012) and
other xylose-consuming strains (Wahlbom et al., 2003; Jin et al., 2004; Salusjérvi et al.,
2008; Runquist et al., 2009b; Scalcinati et al., 2012) have revealed upregulation of genes
associated with these pathways during growth on xylose. Inclusion of the glyoxylate shunt
in the metabolic network did not significantly affect the results of flux estimation. The
WSSRs for the models with and without this pathway were virtually identical in all cases
(Fig. 5), and when the glyoxylate shunt was included the estimated flux through the pathway
was negligible (data not shown). Thus, the labeling data do not provide any evidence for the
activity of this pathway.

The labeling data do suggest that the gluconeogenic enzyme fructose-1,6-bisphosphatase
(FBPasel) is active during growth on xylose. FBPasel essentially catalyzes the reverse of
the reaction catalyzed by phosphofructokinase-1 (Pfk1), which is coupled to ATP hydrolysis
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and consequently practically irreversible. The activation of FBPasel is modeled by making
the Pfk1 reaction for conversion of F6P to fructose-1,6-bisphosphate (FBP) reversible.
Although the exchange flux (equivalent to the backward flux for a reversible reaction) for
the Pfk1 reaction could not be resolved, Fig. 5 shows that when FBPasel was excluded from
the model (i.e. when the Pfk1 reaction was specified as irreversible) a dramatic increase in
the WSSRs for the xylose flux estimation models was observed. This implies that the model
without FBPasel does not describe the xylose labeling datasets as well as the model that
includes FBPasel. The large increases in the WSSRs resulted from an inability to fit the F6P
labeling data without the FBPasel reaction in the model (data not shown). However, it can
be seen that when FBPasel was omitted from the glucose flux estimation models the effect
was relatively small, and the WSSRs still fell in the range expected from the chi-square
distribution. Thus the data provide evidence for activity of FBPasel on xylose but not on
glucose.

In S. cerevisiae, FBPasel flux is repressed in the presence of glucose through several
redundant mechanisms, as futile cycling between Pfk1 and FBPasel is detrimental to the
cell (Navas and Gancedo, 1996). The transcription of the associated gene FBP1 is repressed
and the degradation of FBP1 mRNA accelerated in the presence of even low concentrations
of glucose. This effect can be triggered by the extracellular glucose sensor Snf3 or the Ras-
cAMP pathway (Yin et al., 2000). It has also been proposed that accumulation of G6P
(which was depleted on xylose; see above) prevents localization of Snfl to the nucleus,
contributing to the repression of gluconeogenic genes (Vincent et al., 2001), and previous
work suggests that accumulation of G6P and F6P is both necessary and sufficient for
complete repression of FBPasel activity (Gancedo and Gancedo, 1979). The FBPasel
protein is also degraded in the presence of glucose (Belinchén and Gancedo, 2007), and
FBPasel activity is inhibited by accumulation of fructose-2,6-bisphosphate (F-2,6-BP),
which is an allosteric inhibitor and also stimulates the phosphorylation and inactivation of
the enzyme by protein kinase A (PKA) (Gancedo et al., 1983). The accumulation of F-2,6-
BP in the presence of glucose is itself a result of PKA-dependent phosphorylation and
activation of phosphofructokinase-2 (Pfk2) (Vaseghi et al., 2001; Dihazi et al., 2003). PKA
can be activated by the extracellular glucose sensor Gprl or the Ras-cCAMP pathway
(Rolland et al., 2000; Gancedo, 2008). Activation of the Ras-cAMP pathway has been
shown to be dependent on glucose phosphorylation (Rolland et al., 2000) and may be
incomplete on xylose due to the depletion of G6P. Thus the increased FBPasel flux on
xylose likely results from some combination of absence of stimulation of the extracellular
glucose sensors Gprl, Rgt2, and Snf3, incomplete activation of the Ras-cAMP pathway, and
depletion of G6P which possibly results in nuclear localization of Snfl.

Although expression of FBPasel on xylose would be expected to result in futile cycling
between Pfk1 and FBPasel and unnecessary ATP expenditure, the high energy charges in
XA and XN conditions (Fig. 3) suggest that this has little impact on xylose metabolism. The
gluconeogenic enzyme PEP carboxykinase (PEPCK) was also shown to be upregulated in
H131-A3-ALCS (Zhou et al., 2012), but was not included in the metabolic model because in
the glucose flux models the flux through this enzyme could not be resolved; the flux through
the cycle formed by pyruvate kinase, pyruvate carboxylase, and PEPCK could be arbitrarily
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large without exerting a significant influence on metabolite labeling patterns (data not
shown). When PEPCK was included in either xylose flux model the estimated flux was zero,
indicating that if the enzyme is active it may not carry significant flux.

The data also indicate the exchange flux for transport of oxaloacetate (OAA) across the
mitochondrial membrane is increased on xylose. While the transport of OAA from
mitochondria to cytosol is not significant during growth on glucose, it is on xylose (Figs. 4
and 6), particularly under anaerobic conditions. Fig. 5 shows that the WSSRs were increased
in the xylose flux estimation models when OAA transport from cytosol to mitochondria was
modeled as an irreversible reaction. The effect was again more pronounced under anaerobic
conditions, where the WSSR of the irreversible OAA transport model fell outside the range
expected from the chi-square distribution, suggesting reversible OAA transport is necessary
to satisfactorily describe the XN labeling data.

The biological significance of the increased OAA transport exchange flux on xylose is not
obvious. OAA transport into the mitochondria is driven by the proton gradient and is
generally unidirectional (Palmieri et al., 1999; Maaheimo et al., 2001). The increased
exchange flux on xylose could represent export of four carbon units from the TCA Cycle to
the cytosol due to incomplete repression of gluconeogenic pathways. The labeling data also
could be explained by synthesis of aspartate by mitochondrial aspartate aminotransferase (in
the metabolic model aspartate was assumed to be synthesized exclusively in the cytosol, as
in (Maaheimo et al., 2001)). However, an attractive explanation is that the high OAA
transport exchange flux is a result of shuttling of NADH equivalents across the
mitochondrial membrane. Several redox shuttles that effectively transport NADH
equivalents across the mitochondrial membrane exist in S cerevisiae. These include the
malate-aspartate shuttle, the malate-oxaloacetate shuttle, and the ethanol-acetaldehyde
shuttle. In eukaryotes, the malate-aspartate shuttle generally transports NADH equivalents
generated in the cytosol (e.g. by glycolysis) into the mitochondria for oxidative
phosphorylation, and may be able to operate against a concentration gradient. The latter two
shuttles can in principle transport reducing equivalents in either direction but likely not
against a concentration gradient (Bakker et al., 2001).

Operation of the malate-aspartate (or malate-oxaloacetate) shuttle would have an effect on
metabolite labeling distributions similar to that of reversible OAA transport. Although the
malate-aspartate shuttle exists in S. cerevisiae (Cavero et al., 2003), it is associated with
respiratory metabolism and is not expected to carry significant flux during glucose
fermentation, when NADH is re-oxidized primarily by ethanol formation rather than
oxidative phosphorylation. Previous work has shown the cytosolic malate dehydrogenase
Mdh2, a key component of the pathway and also of the malate-oxaloacetate shuttle, is
inactive during growth on glucose (Minard and McAlister-Henn, 1992; Minard and
McAlister-Henn, 1994). On xylose, activation of Mdh2 due to incomplete induction of CCR
could result in increased redox shuttling activity. This possibility is discussed below.

Lower Glycolysis as a Potential Bottleneck in Xylose Metabolism

The S cerevisiae strain employed in this study exhibited a specific growth rate in the XN
condition that was significantly lower than those observed in the other three conditions,
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indicating the presence of bottlenecks in anaerobic xylose metabolism. It can be seen that
there were significant increases in both the GAP pool size (Fig. 1) and the exchange flux for
the triosephosphate isomerase (TPI) reaction (Figs. 4, 6) in the XN condition. Taken
together, these data suggest the presence of a bottleneck downstream of GAP, which causes
GAP to accumulate and increases the rate of the back reaction to DHAP. The 2-
phosphoglycerate/3-phosphateglycerate (2/3PG) and phosphoenolpyruvate (PEP) pools were
depleted in the XN condition, suggesting the bottleneck occurs in lower glycolysis.

A bottleneck in lower glycolysis could result from incomplete activation of the fermentation
program on xylose. Although the signaling mechanisms for activation of CCR are complex
and incompletely understood, intracellular metabolite concentrations likely play a prominent
role (Belinchdn and Gancedo, 2003; Gancedo, 2008). In particular, accumulation of G6P (as
well as other glycolytic metabolites) has been shown to be required for complete activation
of enzymes associated with lower glycolysis and ethanol formation (Boles et al., 1993;
Boles and Zimmermann, 1993; Miiller et al., 1995; Boles et al., 1996). It was noted above
that the G6P pool was depleted in the XN condition, so it is plausible that the activities of
lower glycolytic enzymes are reduced during xylose utilization. Previous transcriptomic
studies have revealed decreased expression of several lower glycolytic genes on xylose
relative to on glucose (Wahlbom et al., 2003; Jin et al., 2004), and a transcriptomic analysis
of H131-A3-ALCS resulted in similar findings, although the changes in expression were not
significant (i.e. less than two-fold) (Zhou et al., 2012).

Under fermentative conditions, cytosolic NADH produced in the GAP dehydrogenase
(GAPDH) reaction is re-oxidized largely through ethanol formation. Consequently, a
bottleneck in lower glycolysis or ethanologenesis might lead to inefficient regeneration of
cytosolic NAD™*. Under aerobic conditions a bottleneck in cytosolic NADH re-oxidation
could be alleviated by shuttling NADH into the mitochondria, where it could be re-oxidized
in the electron transport chain with oxygen as the terminal electron acceptor. However under
anaerobic conditions inefficient ethanol formation would likely result in accumulation of
NADH and low NAD* availability. Fig. 3 shows that the NADH pool size was indeed
increased (and the NAD*/NADH ratio decreased) in the XN condition relative to all other
conditions. The low availability of NAD* would then limit the rate of the GAPDH reaction,
consistent with the observed accumulation of GAP, increased TPI exchange flux, and
depletion of 2/3PG and PEP pools.

Interestingly, on xylose Matsushika, et al. observed even more dramatic accumulation of
metabolites upstream of GAP and depletion of metabolites downstream of GAP than those
reported here (Matsushika et al., 2013). The study employed a strain that utilized the XR-
XDH pathway to effect xylose isomerization. Consequently, in this strain the NAD*
availability would be expected to be very low due to the redox cofactor imbalance
associated with that pathway. The authors concluded that low glycolytic flux limited the rate
of xylose utilization. Although they did not measure the pool sizes of NAD* or NADH, our
data suggest that in their study also the glycolytic flux may have been limited by the
availability of NAD* for the GAPDH reaction.
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Inefficient re-oxidation and accumulation of NADH could also explain the apparent
increased flux of NADH equivalents across the mitochondrial membrane discussed above.
Under aerobic conditions the best-fit OAA transport exchange flux was slightly increased on
xylose relative to glucose (Fig. 4), and the flux confidence intervals reveal that this flux is
significantly different from zero on xylose but not on glucose (Fig. 6). Under XA conditions,
NADH equivalents could be shuttled into the mitochondria via the malate-aspartate (or
malate-oxaloacetate) shuttle and oxidized in the electron transport chain. The increased
NADH shuttling activity would likely result from activation of Mdh2 due to incomplete
CCR, inefficient oxidation of NADH in the cytosol due to low activities of enzymes in
lower glycolysis and ethanologenesis, or a combination of the two.

Surprisingly the increase in OAA transport exchange flux is more pronounced in the XN
condition, where oxygen is not available as a terminal electron acceptor and NADH
equivalents shuttled into the mitochondria cannot be efficiently re-oxidized in the electron
transport chain. However, we note that the flux of NADH equivalents into the mitochondria
is relatively low. In the XN condition the best-fit OAA transport exchange flux is only 0.50
mmol/g/h while the flux through GAPDH is 17.89 mmol/g/h. Thus, only a few percent of
the NADH equivalents generated in glycolysis would be shuttled into the mitochondria. The
NADH shuttling flux may be higher under anaerobic conditions because the glycolytic flux
(and the rate of NADH production) is higher, increasing the burden on the lower glycolytic
and ethanologenic pathways for NAD™ regeneration. It is unclear how the NADH shuttled
into the mitochondria would be re-oxidized, but several redox shuttling systems exist in S.
cerevisiae, as noted above. One interesting possibility is that the mitochondrial alcohol
dehydrogenase Adh3 may catalyze the conversion of acetaldehyde to ethanol in the
mitochondria. It has previously been proposed that under anaerobic conditions Adh3
oxidizes NADH generated in the mitochondria by amino acid biosynthesis (Nissen et al.,
1997).

Taken together then, the data suggest that in the strain employed here slow metabolism of
GAP to pyruvate and ultimately to ethanol and inefficient re-oxidation of NADH produced
in glycolysis may limit xylose consumption under anaerobic conditions, where oxygen is
unavailable to serve as an electron acceptor for regeneration of NAD*. The presence of the
bottleneck in lower glycolysis hypothesized here would most likely arise due to the
extensive engineering of strain H131-A3-ALCS. Upon introduction of the xylose
assimilation pathway, bottlenecks are far more likely to occur in xylose transport or
conversion to the glycolytic metabolites F6P and GAP. However, overexpression of xylA,
XYL3, and the genes of the non-oxidative PPP along with multi-stage evolutionary
engineering which resulted in a multi-copy integration of xylA into the chromosome (Zhou
et al., 2012) appear to have removed all bottlenecks in the assimilation of xylose to central
carbon metabolism. Consequently, the changes in gene expression that result from
incomplete CCR on xylose may have become the dominant factor in limiting the rate of
xylose metabolism.

Because CCR is a complex phenomenon, it is not obvious how one would engineer a yeast
strain with a fully active fermentation program during metabolism of xylose as sole carbon
source. If glycolytic metabolite pool sizes do play a role in regulation, it would be difficult
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to recapitulate the metabolite profile from glucose fermentation on xylose due to differences
in reaction network topology. It may be possible to realize faster xylose consumption by
engineering the promoters of genes associated with lower glycolysis and ethanol formation
to achieve higher activities during xylose utilization. For biofuels applications, another
strategy may be to engineer strains that consume the glucose and xylose in biomass
hydrolysates simultaneously. Such an approach would allow metabolism of xylose with
glucose present to support flux though upper glycolysis, allowing for larger pools of
metabolites in that pathway, and activate the fermentation program. Although glucose
represses xylose uptake, an interesting strategy for co-fermentation of cellobiose and xylose
has recently been presented (Ha et al., 2011). Such approaches hold much promise for
production of lignocellulosic biofuels.
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Mgetabolite pool sizes for metabolites in the TCA Cycle. All pool sizes are in units of umol/g
DCW. Error bars represent uncertainties from standard deviations of three biological
replicates as well as uncertainties in ODggg-DCW correlations. GA = Glucose Aerobic, GN
= Glucose Anaerobic, XA = Xylose Aerobic, XN = Xylose Anaerobic
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Metabolite pool sizes and ratios for select cofactors. All pool sizes are in units of pmol/g
DCW. Pool size error bars represent uncertainties from standard deviations of three
biological replicates as well as uncertainties in ODggo-DCW correlations. Metabolite ratio
error bars represent uncertainties from standard deviations of three biological replicates
only. GA = Glucose Aerobic, GN = Glucose Anaerobic, XA = Xylose Aerobic, XN =
Xylose Anaerobic
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Best-fit metabolic flux distributions in xylose-consuming S cerevisiae strain under four sets
of conditions. All fluxes are given in units of mmol/g/h. For each reversible reaction the net
flux is given with the exchange flux indicated inside parentheses; “nr” indicates the
exchange flux could not be resolved to within one order of magnitude. Specific growth rates
(shown in the bottom right of the Figure) are in units of h™1. Four values are listed for each
flux. These are the best-fit values for the Glucose Aerobic (top left), Glucose Anaerobic
(bottom left), Xylose Aerobic (top right), and Xylose Anaerobic (bottom right) cultures
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Wgeighted Sums of Squared Residuals from flux estimations with different models. “Best-
fit” = the final metabolic model used for flux estimation, “GlIx shunt” = the final model with
addition of the glyoxylate shunt pathway, “w/o FBPase” = the final model with removal of
the gluconeogenic enzyme Fructose-1,6-Bisphosphatase, “unidirectional OAA transport” =
the final model with removal of OAA transport from mitochondria to cytosol (i.e. via
Malate-Aspartate or Malate-Oxaloacetate Shuttle), so that OAA can only be transported
from cytosol to mitochondria. Error bars for each “Best-fit” model show the expected range
for the weighted sum of squared residuals in the chi-square goodness-of-fit test. GA =
Glucose Aerobic, GN = Glucose Anaerobic, XA = Xylose Aerobic, XN = Xylose Anaerobic
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interval. GA = Glucose Aerobic, GN = Glucose Anaerobic, XA = Xylose Aerobic, XN =
Xylose Anaerobic. Enzyme abbreviations: PGI, Phosphoglucose isomerase; KGD, a-
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Ketoglutarate dehydrogenase; SDH, Succinate dehydrogenase; TPI, Triosephosphate
isomerase
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Table |

Specific growth rates and specific metabolite consumption and production rates under different growth
conditions. GA = Glucose Aerobic, GN = Glucose Anaerobic, XA = Xylose Aerobic, XN = Xylose Anaerobic

Rate GA GN XA XN
u(h™) 0.243 £0.007 0.228+0.003 0.231+0.010 0.178 +0.006
glucose/xylose (MMol/g/h) -116+19 -138+13 -100+14 -123+3.1
Oethanol (Mmol/g/h) 16.0+1.1 20.6£2.0 126+13 148+1.1
Oglycerol (MMoI/g/h) 1.28+0.08 3.04£0.32 0.75+0.16 2.15+0.18
Oacetate (MMol/g/h) 0.21+£0.05 0.33 £0.05 0.32+£0.07 0.23 +£0.05
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