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Abstract

Background: Xylose reductase (XR) and xylitol dehydrogenase (XDH) from Pichia stipitis are the
two enzymes most commonly used in recombinant Saccharomyces cerevisiae strains engineered for
xylose utilization. The availability of NAD* for XDH is limited during anaerobic xylose fermentation
because of the preference of XR for NADPH. This in turn results in xylitol formation and reduced
ethanol yield. The coenzyme preference of P. stipitis XR was changed by site-directed mutagenesis
with the aim to engineer it towards NADH-preference.

Results: XR variants were evaluated in S. cerevisiae strains with the following genetic modifications:
overexpressed native P. stipitis XDH, overexpressed xylulokinase, overexpressed non-oxidative
pentose phosphate pathway and deleted GRE3 gene encoding an NADPH dependent aldose
reductase. All overexpressed genes were chromosomally integrated to ensure stable expression.
Crude extracts of four different strains overexpressing genes encoding native P. stipitis XR, K270M
and K270R mutants, as well as Candida parapsilosis XR, were enzymatically characterized. The
physiological effects of the mutations were investigated in anaerobic xylose fermentation. The
strain overexpressing P. stipitis XR with the K270R mutation gave an ethanol yield of 0.39 g (g
consumed sugars)-!, a xylitol yield of 0.05 g (g consumed xylose)-! and a xylose consumption rate
of 0.28 g (g biomass)-! h-! in continuous fermentation at a dilution rate of 0.12 h-!, with 10 g I!
glucose and 10 g I-! xylose as carbon sources.

Conclusion: The cofactor preference of P. stipitis XR was altered by site-directed mutagenesis.
When the K270R XR was combined with a metabolic engineering strategy that ensures high xylose
utilization capabilities, a recombinant S. cerevisiage strain was created that provides a unique
combination of high xylose consumption rate, high ethanol yield and low xylitol yield during
ethanolic xylose fermentation.

Background industrially most commonly used ethanol producer and
Xylose is the second most abundant carbohydrate in  S. cerevisiae strains have been genetically engineered to
nature after glucose and one of the fermentable sugars in  utilize xylose (recently reviewed in [1-3]).

lignocellulosic biomass. Saccharomyces cerevisiae is the
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In fungi, xylose catabolism begins with its conversion by
xylose reductase (XR) and xylitol dehydrogenase (XDH)
to xylulose, which after phosphorylation is assimilated via
the non-oxidative pentose phosphate pathway. Anaerobic
xylose fermentation by recombinant S. cerevisiae strains
harbouring the XR-XDH pathway generally results in eth-
anol yields far below the theoretical 0.51 g g [4-8]. A sig-
nificant fraction of the consumed xylose is secreted as
xylitol, which has been ascribed to the difference in cofac-
tor preference of the NAD(P)H-dependent XR and the
NAD+-dependent XDH [4,9]. Xylitol formation can be
limited by expressing a xylose isomerase (XI) instead of
the XR-XDH pathway [10,11]. However, in a recent study,
a strain carrying the Pichia stipitis XR-XDH pathway
showed significantly higher xylose consumption rate and
higher specific ethanol productivity compared with an
isogenic strain carrying the Pyromyces XI pathway [12].
This indicates that an XR-XDH pathway engineered to be
redox-neutral while maintaining the capability of high
flux towards the central carbon metabolism could be the
key to efficient anaerobic xylose fermentation.

High ethanol yield and low xylitol yield have been
reported when mutated XR or XDH genes have been eval-
uated in xylose fermentation [13-20]. However, in these
investigations, xylose utilization rates remained low
which indicate limitations other than cofactor availabil-
ity. Xylose utilization benefits from overexpression of
genes encoding xylulokinase (XK) [6] and the four
enzymes that constitute the non-oxidative pentose phos-
phate pathway (PPP), transaldolase, transketolase, ribose

Table I: Plasmids and S. cerevisiae strains used in this study.
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5-phosphate ketol-isomerase and ribulose 5-phosphate
epimerase [21-23]. In addition, deletion of the GRE3
gene, encoding an exclusively NADPH-dependent aldose
reductase, decreases xylitol formation [24].

In the current study, genes encoding XRs with different
cofactor affinities were expressed in S. cereviside strains
with high xylose utilization capability due to overexpres-
sion of XK and the non-oxidative PPP. Minimized back-
ground NADPH-dependent aldose reductase activity was
ensured by GRE3 gene deletion. The effect of different
mutations in P. stipitis XR on the kinetic properties of the
enzyme and on the xylose fermentation capability of the
corresponding strains was evaluated. Additionally, the C.
parapsilosis XYL1 gene [25], encoding an NADH-preferring
XR, was expressed and evaluated in recombinant S. cerevi-
siae.

Methods

Strains, plasmids and medium

Escherichia coli strain DH5 « (Life Technologies, Rockville,
MD, USA) was used for cloning. Plasmids and S. cerevisiae
strains are summarized in Table 1. All strains were stored
in 15% glycerol at -80°C. E. coli was grown in LB-medium
[26]. Yeast cells from freshly streaked yeast peptone dex-
trose (YPD) plates [26] or defined mineral medium plates
[13] were used for inoculation. Liquid cultures of S. cere-
visiae were grown in YPD medium [26] or defined mineral
medium [13]. Defined mineral medium [13] supple-
mented with 0.4 g 11 Tween 80, 0.01 g I'! ergosterol and
0.5 ml I'! antifoam (Dow Corning® Antifoam RD Emul-

Plasmids and Strains Relevant genotype Reference
pY7 ADH | p-XYLI-ADH I't, PGK I p-XYL2-PGK It, URA3, 2 31
Ylplac21 1 PGK PGK1p-PGKIt, URA3 [13]
Ylplac211 PGK XYLI(K270M) PGKp-XYLI(K270M)-PGK It, URA3 [13]
Ylplac21 | PGK XYLI(K270R) PGKIp-XYLI(K270R)-PGKIt, URA3 This work
pUC57-CpXR XYLI(C. parapsilosis) This work
Ylplac128 LEU2 [32]
Ylplac21 1 URA3 [32]
YIpOBI ADH p-XYLI-ADH It, PGK I p-XYL2-PGK It, LEU2 This work
YIpOB2 ADH I p-XYLI-ADH It, PGK | p-XYL2-PGK It, URA3 This work
YIpOB3 ADH Ip-ADH It, PGKIp-XYL2-PGK It, URA3 This work
YlpOB4 ADH p-XYLI(K270M)-ADH It, PGKp-XYL2-PGK It, URA3 This work
YIpOB5 ADH Ip-XYLI(K270R)-ADH I't, PGK I p-XYL2-PGK I't, URA3 This work
YIpOB6 ADH Ip-XYLI(C. parapsilosis)-ADH I't, PGK | p-XYL2-PGK It, URA3 This work
TMB 3265 CEN.PK 113-11C, MATa, ura3-52, his3::HIS3 YIpXDH/XK [30]

TMB 3200 TMB 3265, ura3:URA3 Ylplac21 | PGK XYL[(K270R) This work
TMB 3044 CEN.PK 2-1C, MATa, ura3-52, Agre3, his3::HIS3 PGK|p-XKSI-PGK It, TALI::PGKp- [22]

TALI-PGKIt, TKLI::PGK1p-TKLI-PGKIt, RKII::PGK1p-RKII-PGKIt, RPE[::PGK|p-RPE-
PGK It
TMB 3321/Y-PsNative TMB 3044, ura3::URA3 YIpOB2 This work
TMB 3322/Y-PsK270M TMB 3044, ura3:URA3 YIpOB4 This work
TMB 3323/Y-PsK270R TMB 3044, ura3::URA3 YIpOB5 This work
TMB 3324/Y-CpXR TMB 3044, ura3::URA3 YIpOB6 This work
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sion, VWR International Ltd, Poole, UK) was used in
anaerobic fermentation.

Genetic techniques

Plasmid DNA was prepared with the GeneJET™ Plasmid
Miniprep Kit (Fermentas UAB, Vilnius, Lithuania). Agar-
ose gel DNA extraction was performed with QIAquick®
Gel Extraction Kit (Qiagen GmbH, Hilden, Germany).
Primers from MWG-Biotech AG (Ebersberg, Germany)
and Pfu DNA Polymerase and ANTP from Fermentas (Vil-
nius, Lithuania) were used for polymerase chain reactions
(PCR). Primers used are listed in Table 2. PCR amplifica-
tion was performed in a GeneAmp PCR system 9700
(Applied Biosystems, Foster City, CA, USA). PCR product
purification was performed with the E.Z.N.A.® Cycle-Pure
Kit (Omega Bio-tek Inc, Doraville, GA, USA). BigDye" Ter-
minator v1.1 Cycle Sequencing Kit (Applied Biosystems)
was used for DNA sequencing reactions. Sequencing was
performed by BM labbet AB (Furulund, Sweden). Restric-
tion endonucleases, Shrimp Alkaline Phosphatase and T4
DNA Ligase from Fermentas (Vilnius, Lithuania) were
used for DNA manipulation. The XYL1 gene from Candida
parapsilosis was commercially synthesized (GenScript
Corp., Piscataway, NJ, USA) with codons optimized for S.
cerevisiae expression.

Competent E. coli DH5a cells were prepared and trans-
formed as described elsewhere [27] and transformed E.
coli strains were selected on LB plates [26] containing 100
mg 1’1 ampicillin (IBI Shelton Scientific, Inc., Shelton,
CT). E. coli strains were grown in LB medium containing
100 mg 1! ampicillin for plasmid amplifications. Yeast
strains were transformed with the lithium acetate method
[28] and transformed yeast strains were selected for pro-
totrophy on defined mineral medium plates containing
20 g 1! glucose.

Construction of TMB 3200

The P. stipitis XYL1 gene carrying the K270R (Lys270Arg)
mutation was generated by site-directed mutagenesis

Table 2: Primers used in this study.
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using the overlap extension PCR protocol [29]. In the first
step, two separate PCR amplifications were done using
plasmid YIplac211 PGK XYL1(K270M) [13] as template,
primers 5XYL1s and 3K270R (Table 2) in one reaction
mix and primers 5K270R and 3XYL1s (Table 2) in the
other. Primers 3K270R and 5K270R are complementary
to each other. In the second step, the two PCR products
were mixed with primers 5XYL1s and 3XYL1s and fused
together by PCR forming XYL1(K270R). The product was
cut with BamHI and inserted after the PGK1 promoter at
the Bglll site of YIplac211 PGK [13], resulting in
YIplac211 PGK XYL1(K270R). The mutation was verified
by sequencing. YIplac211 PGK XYL1(K270R) was cleaved
with Bpu10I within the URA3 gene and transformed into
TMB 3265 [30] resulting in TMB 3200.

Construction of TMB 3321, TMB 3322, TMB 3323 and
TMB 3324

Primers pY7-XR-for and pY7-XR-rev (Table 2) were used
to amplify ADH1p-XYL1-ADH1t with PCR. Primers pY7-
XDH-for and pY7-XDH-rev (Table 2) were used to amplify
PGK1p-XYL2-PGK1t. Plasmid pY7 [31] was used as a tem-
plate in both cases. ADHI1p-XYL1-ADHI1t was digested
with HindIlll and Pstl, and PGKI1p-XYL2-PGKI1t was
digested with PstI and Sacl. The resulting fragments were
inserted into YlIplac128 [32] creating YIpOB1. The DNA
cassette containing ADHI1p-XYL1-ADHI1t PGKI1p-XYL2-
PGK1t was excised with HindlIII and Sacl and inserted into
YIplac211 [32] creating YIpOB2. The XYL1 gene was
removed from YIpOB2 by digestion with Xbal and self-
ligation to create YIpOB3. Plasmids YIplac211 PGK
XYL1(K270M), Yiplac211 PGK XYLI(K270R) and
pUC57-CpXR were digested with Xbal and the
XYL1(K270M), XYL1(K270R) and XYLI1(C. parapsilosis)
fragments were inserted into the Xbal site of YIpOB3,
resulting in YIpOB4, YIpOB5 and YIpOBG6, respectively.
Correct orientation and sequence of the inserts were veri-
fied by restriction analysis and sequencing. YIpOB2,
YIpOB4, YIpOB5 and YIpOB6 were cleaved with Apal
within the URA3 gene and transformed into TMB 3044

Primer Sequence Restriction Endonuclease
5XYLlIs 5-GCGGATCCTCTAGAATGCCTT-3' BamHI

3XYLIs 5-TTGGATCCTCTAGATTAGACGAAG-3' BamHI

5K270R 5'-CATCATTCCAAGGTCCAACACTG-3'

3K270R 5'-CAGTGTTGGACCTTGGAATGATG-3'

pY7-XR-for 5'-GCAAGCTTGGCGCGCCGGGATCGAAGAAATGATGG-3' Hindlll, Ascl
pY7-XR-rev 5-CGCGCGCGCTGCAGGTGTGGAAGAACGATTACAAC-3' Pstl
pY7-XDH-for 5-GCCTGCAGTCTAACTGATCTATCCAAAACTG-3' Pstl
pY7-XDH-rev 5'-CGTGAGCTCCGTACGTAACGAACGCAGAATTTTC-3' Sacl, BsiwI

Sites for restriction endonucleases are indicated in bold or italic. The codon giving the P. stipitis XR Arg at amino acid position 270 is underlined in

primers 5K270R and 3K270R.
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[22]. This resulted in strains TMB 3321, TMB 3322, TMB
3323 and TMB 3324, respectively, henceforth referred to
as Y-PsNative, Y-PsK270M, Y-PsK270R and Y-CpXR.

Batch fermentation

Anaerobic batch fermentation was carried out in 3-litre
ADI Autoclavable Bio Reactor Systems (Applikon, Schie-
dam, The Netherlands) with a working volume of 1 litre.
Cells were pre-cultivated in shake flasks in defined min-
eral medium with 20 g I-! glucose, washed with sterile
water and inoculated into the bioreactor to an optical
density at 620 nm (OD620) of 0.2. Defined mineral
medium with doubled concentration of all salts, trace ele-
ments and vitamins, containing 20 g I-! glucose and 50 g
I-1 xylose, was used. The temperature was 30°C, stirring
was set to 200 rpm and pH 5.5 was maintained with 3 M
KOH. Anaerobic conditions were attained by sparging
with nitrogen gas containing less than 5 ppm O, (AGA
GAS AB, Sundbyberg, Sweden) before inoculation. Dur-
ing fermentation, anaerobic conditions were maintained
by the produced CO, that diffused through a water lock.
The experiments were performed at least in biological
duplicates.

Continuous fermentation

Continuous fermentation was conducted anaerobically in
2-litre Biostat® A bioreactors (B. Braun Biotech Interna-
tional, Melsungen, Germany) with a working volume of 1
litre. Defined mineral medium with 10 g I-! glucose and
10 g -1 xylose was used for pre-cultivation and continuous
fermentation. Cells pre-cultivated in shake flasks and
washed with sterile water were used to inoculate the bio-
reactor to an OD620 of 0.2. Continuous fermentation at
dilution rates of 0.06 and 0.12 h-! was started after glucose
depletion. The temperature was 30°C, stirring 200 rpm
and pH 5.5 was maintained with 3 M KOH. Anaerobic
conditions were obtained by sparging with nitrogen gas
containing less than 5 ppm O, (AGA GAS AB, Sundby-
berg, Sweden) at a constant gas flow of 0.2 litre min-! con-
trolled by mass flow meters (Bronkhorst HI-TEC, Ruurlo,
the Netherlands). The off-gas condensers were cooled to
4°C, and the medium reservoirs were continuously
sparged with nitrogen gas. Steady-state was assumed after
five residence times and verified by measurements of cell
density and CO, production. The experiments were per-
formed in biological duplicates.

Analyses

Growth was determined by measuring OD620 with a
Hitachi U-1800 Spectrophotometer (Hitachi Ltd., Tokyo,
Japan). Concentration of glucose, xylose, xylitol, glycerol,
pyruvate, acetate, ethanol and succinate was determined
by high-performance liquid chromatography (Waters,
Milford, MA, USA) with an Aminex HPX-87 H ion
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exchange column (Bio-Rad, Hercules, CA, USA), refractive
index detector (RID-6A, Shimadzu, Kyoto, Japan) and UV
detector (2487, Waters). The mobile phase was 5 mM
H,SO,, temperature 45 °C and flow rate 0.6 ml min-!. The
composition of the outgoing gas was monitored by a Car-
bon Dioxide and Oxygen Monitor Type 1308 (Briiel &
Kjer, Copenhagen, Denmark). Cell dry weight was deter-
mined in triplicate by filtering a known volume of culture
broth through 0.45 pm Supor®450 Membrane filters (Pall
Life Sciences, Ann Arbor, MI, USA), after which the filters
were dried in a microwave oven and weighed. The frac-
tions of protein, polysaccharides [33] and RNA [34] in the
biomass were determined at steady-state in continuous
fermentation. A previously developed stoichiometric
model [35] was used to estimate the intracellular carbon
fluxes at steady-state in continuous fermentation.

Ethanol Evaporation

Ethanol evaporation was determined experimentally for
the setup used for continuous fermentation. Ethanol was
added to a fermentor sparged with a nitrogen gas flow of
0.2 litre min'! and the ethanol concentration was meas-
ured over time. The evaporation rate followed Equation
(1) with a proportionality constant of k = 0.004.

dCEthanol /dt = _kCEthanol (1)

Ethanol evaporation was estimated for each continuous
fermentation and constitutes together with ethanol meas-
ured by HPLC the total ethanol production.

Enzymatic activity

Strains were cultivated for enzyme activity measurements
in defined mineral medium containing 20 g 1! glucose
and harvested in the exponential growth phase. Cells were
washed with sterile water and treated with yeast protein
extraction solution Y-PER (Pierce, Rockford, IL, USA).
Coomassie Protein Assay Reagent (Pierce) was used to
determine protein concentration with Albumin Standard
(Pierce). NAD(P)H-dependent XR activity was deter-
mined using an Ultrospec 2100 pro spectrophotometer
(Amersham Biosciences, Uppsala, Sweden) operating at
30°C and 340 nm (&appyn = 6220 M cm!). Trieth-
anolamine buffer (100 mM, pH 7.0) was used and reac-
tions were started by addition of xylose. Crude extracts
from strains Y-PsNative, Y-PsK270M, Y-PsK270R and Y-
CpXR were assayed for functional XR expression using a
standard assay with 200 uM NAD(P)H and 350 mM
xylose as previously described [7]. XR kinetics in crude
extracts from strains Y-PsNative, Y-PsK270M and Y-
PsK270R were determined, with concentrations of xylose
and NAD(P)H varied from less than half to more than five
times the respective apparent K., value. The initial rates
were fitted by unconstrained non-linear optimization in
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Table 3: Enzyme activities and kinetic properties
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Strain XR gene Cofactor Specific XR activity Umg! K M K, gmM KiauM V.. Umg! protein
protein
Y-PsNative XYL/ NADPH 0.23 + 0.06 1.0+0.6 622+277 14%12 0.30 + 0.05
NADH 0.10 £ 0.02 287+54 592105 259117 0.21 £ 0.0l
Y- XYLI(K270M) NADPH 0.08 + 0.01 290 +78.6 454+ 142 293+ 169 0.91 +0.09
PsK270M NADH 0.04 £ 0.01 - - - -
Y-PsK270R  XYLI(K270R) NADPH 0.54 + 0.02 258 +9.1 468+ I51 229176 2.13+£024
NADH 0.32+0.02 628+ 187 145+369 57.4+349 0.96 + 0.09
Y-CpXR XYLI(C. parapsilosis)  NADPH n.d. - - - -
NADH n.d. - - - -

Specific XR activity in cell extracts from strains Y-PsNative, Y-PsK270M, Y-PsK270R and Y-CpXR in standard conditions (200 pM NAD(P)H, 350
mM xylose) and estimated kinetic parameters for NAD(P)H reduction of xylose by corresponding cell extracts. K 5 and Kz are the Michaelis
constants of NAD(P)H and xylose, respectively, Ki, is the dissociation constant of NAD(P)H and V, . is the maximum velocity.

n.d. not detected
- not determined

MatLab R2006a to Equation (2), which describes the ini-
tial rate for a two-substrate reaction following a compul-
sory-order ternary-complex mechanism [36].

V= Vinax[Al[B] /(Kip K + Kip[A] + K s [B] + [A][B])
()

V ax 18 the maximum velocity, [A] and [B] are the concen-
trations of NAD(P)H and xylose, respectively, K, and
K, are the Michaelis constants of NAD(P)H and xylose,
respectively, and K, is the dissociation constant of
NAD(P)H.

Results

Strain construction

XR encoded by the C. parapsilosis XYL1 gene is the first XR
enzyme reported to prefer NADH [25]. The C. parapsilosis
XR carries an arginine instead of a lysine in the Ile-Pro-Lys-
Ser motif that is conserved among NADPH-dependent
xylose reductases [37]. The replacement of the lysine by an
arginine in the K270R mutant of P. stipitis XR was made to
mimic the C. parapsilosis XR. Strain TMB 3200 expressing
the K270R mutant of P. stipitis XR (Table 1) was con-
structed to assess the influence of the mutation on xylose

Table 4: Batch fermentation

fermentation by recombinant S. cerevisiae. The strain was
compared in anaerobic continuous fermentation with
TMB 3001 [7], which carries the native P. stipitis XR, XDH
and overexpressed endogenous XK. Increased ethanol
yield and decreased xylitol yield was observed but the
xylose utilization rate was not improved (results not
shown). It was suspected that the xylose utilization rate
was limited by other factors than the cofactor imbalance
caused by the NAD(P)H-dependent XR and the strictly
NAD+*-dependent XDH.

Overexpression of XK together with the non-oxidative
PPP improved xylose utilization by recombinant S. cerevi-
siae [22,23]. Also, the deletion of the endogenous aldose
reductase GRE3 minimized background XR activity and
decreased xylitol formation [24]. Four isogenic CEN.PK-
based strains (Table 1) with these features were con-
structed to evaluate how the kinetic properties of XR affect
xylose fermentation by recombinant S. cerevisiae. Strain Y-
PsNative carrying the native P. stipitis XR served as a refer-
ence strain. Y-PsK270M contained the K270M mutant of
P. stipitis XR that previously has been shown to reduce xyl-
itol yield and increase ethanol yield in xylose fermenta-
tion [13]. Y-PsK270R expressed the K270R mutant of P.

Strain Xylose Ethanol Yields (g product (g consumed sugars)-')
consumed produced
(g (g
Ethanol Xylitol2 Glycerol Biomass Acetate
Y-PsNative 304 £23 16.7 £ 0.4 0.33 £ 0.02 0.26 + 0.03 0.095 + 0.001 0.040 + 0.001 0.011 +0.002
Y-PsK270M 16.8 £ 0.2 14.1 £0.3 0.38 £ 0.0l 0.09 + 0.0l 0.067 + 0.000 0.054 + 0.001 0.013 +0.001
Y-PsK270R 46.1 £ 1.3 253 +£0.5 0.38 £ 0.0l 0.09 + 0.0l 0.079 + 0.001 0.050 + 0.001 0.009 + 0.000

Xylose consumption, ethanol production and product yields after |17 hours (see Figure 1) anaerobic batch fermentation of 20 g I-! glucose and 50

g I xylose by strains Y-PsNative, Y-PsK270M and Y-PsK270R.
a (g xylitol (g consumed xylose)-')
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Figure |

Anaerobic batch fermentation of 20 g I-! glucose and
50 g I'! xylose. Strains: Y-PsNative (A); Y-PsK270M (B); and
Y-PsK270R (C). Symbols: black square — xylose, open square
— glucose, black triangle — ethanol, open triangle — xylitol,
black circle — glycerol, open circle — acetate.

stipitis XR and Y-CpXR contained a synthetic C. parapsilosis
XYL1 gene [25] that had been codon-optimized for S. cer-
eviside expression.

Enzyme activities and kinetic properties
Crude extracts of strains Y-PsNative, Y-PsK270M, Y-
PsK270R and Y-CpXR were analyzed for functional XR

http://www.biotechnologyforbiofuels.com/content/2/1/9

expression with a standard assay (200 uM NAD(P)H, 350
mM xylose) (Table 3). Y-PsK270M displayed only about
34% and 36% of the NADPH and NADH-dependent XR
activities compared with the reference strain Y-PsNative.
In contrast, Y-PsK270R showed 2.4-fold and 3.2-fold
higher NADPH and NADH-dependent XR activities com-
pared with Y-PsNative. Y-CpXR with the C. parapsilosis
XYL1 did not display any significant NADPH or NADH-
dependent XR activity. The two P. stipitis XR mutants dis-
played no change of cofactor preference compared with
the native XR under standard assay conditions (Table 3).

A kinetic study was made on crude extracts from strains Y-
PsNative, Y-PsK270M and Y-PsK270R. The data was fitted
to Equation (2) and the resulting constants are summa-
rized in Table 3. Compared with native XR from P. stipitis,
the K270M mutation resulted in a significant increase in
the K, values for both NADPH and NADH. In fact, the
kinetic parameters for the NADH-linked reaction cata-
lyzed by the K270M mutant could not even be deter-
mined since this mutant could not be saturated with
NADH. The K270R mutation increased the K, value for
NADPH 25-fold, while the K, for NADH only increased
two-fold.

Batch fermentation

Strains Y-PsNative, Y-PsK270M and Y-PsK270R were com-
pared in anaerobic batch fermentation with 20 g 1! glu-
cose and 50 g 1! xylose (Figure 1). Table 4 summarizes
xylose consumption, ethanol concentration and product
yields after 117 h of fermentation. The reference strain Y-
PsNative consumed 30.4 g 1-! xylose and produced 16.7 g
I-1 ethanol while Y-PsK270R consumed 46.1 g 1! xylose
and produced 25.3 g 1! ethanol. Y-PsK270M consumed
the least xylose (16.8 g1-1) and produced the lowest etha-
nol concentration (14.1 g 1'!) of the three strains. The ref-
erence strain Y-PsNative produced an ethanol yield of
0.33 g ethanol (g consumed sugars)-! and a xylitol yield of
0.26 g xylitol (g consumed xylose)-l. Both strains with
mutated XR produced higher ethanol yields (0.38 g etha-
nol (g consumed sugars)-1) and significantly lower xylitol
yields (0.09 g xylitol (g consumed xylose)-!) than the ref-
erence strain.

Continuous fermentation and flux analysis

Y-PsNative and Y-PsK270R were compared in anaerobic
continuous fermentation with a feed containing 10 g 1!
glucose and 10 g I'! xylose (Table 5). The continuous fer-
mentation results were generally in agreement with the
batch fermentation results (Table 4). Y-PsK270R gave 4%
higher ethanol yields than Y-PsNative at both dilution
rates. Y-PsK270R showed 17% and 9% higher specific
xylose consumption rates and gave 60% and 78% lower
xylitol yields compared with the reference strain Y-PsNa-
tive at dilution rates 0.06 h-* and 0.12 h-! respectively. Y-
PsK270R also gave 17% and 22% lower glycerol yields
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Table 5: Continuous fermentation
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Dilution Strain Specific consumption and production Yields (g product (g consumed sugars)-') Carbon
rate rates (g (g biomass) ! h-l) balance (%)
()
Glucose Xylose Ethanol Ethanol Xylitol2 Glycerol  Biomass
0.06 Y-PsNative  -0.64 +0.02  -0.19 £ 0.0l 031 £0.00 037+0.02 0.30+0.02 0.09+0.00 0.07+0.00 9 2
Y-PsK270R  -0.52 + 0.01 -0.22 £ 0.01 029+ 0.0l 039+0.00 0.12+0.01 0.07+0.01 0.08+0.00 94+ |
0.12 Y-PsNative  -1.09£0.03  -0.26 + 0.02 050+ 0.0 0.37+0.02 0.24+0.04 0.09+0.01 0.09+0.00 95+3
Y-PsK270R  -1.04 £ 0.06  -0.28 + 0.01 051 £0.03 039+0.0 0.05+0.02 0.07+0.01 0.09+0.00 93|

Specific consumption (negative) and production (positive) rates, product yields and carbon balances in continuous fermentation of strains Y-
PsNative and Y-PsK270R under anaerobic conditions at dilution rates of 0.06 h-' and 0.12 h-! with 10 g I'! glucose and 10 g I! xylose.

a (g xylitol (g consumed xylose)-!)

than Y-PsNative at dilution rates 0.06 h-l and 0.12 h-!
respectively.

The metabolic fluxes through Y-PsNative and Y-PsK270R
were estimated (Figure 2) using a stoichiometric model
[35]. The flux values were normalized to a total specific
sugar consumption of 100 mmol g?! biomass h-l. The
xylose fraction of the total specific sugar consumption was
smaller for both strains at dilution rate 0.12 h-! compared
with 0.06 h-1. According to the model, Y-PsK270R utilized
a larger fraction of NADH in the XR reaction (90% and
100%) than Y-PsNative (59% and 74%) at dilution rates
0.06 h-land 0.12 h-! respectively. The model also predicts
that a smaller fraction of glucose-6-phospate enters the
oxidative PPP in Y-PsK270R (11% and 7%) than in Y-
PsNative (14% and 12%) at dilution rates 0.06 h-! and
0.12 h-! respectively.

Discussion

This is the first time that an efficient xylose fermenting S.
cerevisiae strain has been generated by a targeted meta-
bolic engineering strategy, and where the XR-XDH xylose
utilization pathway was chromosomally integrated to
ensure stable expression of all required components
(Table 6) [38]. Expression of K270R XR proved to be supe-
rior to expression of native XR in both batch and continu-
ous fermentation. When compared with other strains in
anaerobic continuous fermentation with 10 g I-! glucose
and 10 g I'! xylose (Table 6), strain Y-PsK270R uniquely
combines high xylose consumption rate and high ethanol
yield due to low xylitol production. Strains TMB3270 and
TMB3271, harbouring XR with the K270M mutation, gave
lower xylitol yields compared with their reference strains
TMB3001 and TMB3260 (Table 6) [13]. However, the
K270M mutation also decreased the xylose consumption
rate. Improved xylose utilization capability has previously

Glucose-6-P Ribulose-5-P Xylulose—S—F’

605 563 101 127
662 674 93 101

Fructose-6-P. Ribose-5-P

97 122
86 9.4

Erythrose-4-P

Glyceraldehyde-3-P Sz 00

DihydrOxy-
acetone-P 657 724

168 13,7

17.3 135 1496 1570

154,7 1650

Glycerol ,
Pyruvat 1423 149,2
Acetaldehyde
33 35
39 39 09 10 1413 1482
12 11 1447 1553
15 16
18 18
Oxaloacetate
gj a-ketoglutarate
03 04
04 04
Succinate
Figure 2

Metabolic flux analysis. Estimated metabolic fluxes in Y-
PsNative and Y-PsK270R (bold) from continuous fermenta-
tion at dilution rate 0.06 h-! (upper values) and 0.12 h-!
(lower values) with a feed containing 10 g I! glucose and 10 g
I xylose. All fluxes are normalized to a total specific sugar
consumption of 100 mmol g-! biomass h-!. Substances shown
inside boxes are substrates or products measured with high
performance liquid chromatography.
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Table 6: Strain comparison
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Strain Relevant genotype Dilution rate Xylose consumption rate Ethanol yield Xylitol yield Referenc
e

TMB300l XYL/, XYL2, XKSI 0.06 0.12 0.37 0.52 [13]

TMB3260 (2 x XYLI), XYL2, XKSI 0.06 0.19 0.36 0.58 [13]

TMB3270  XYLI(K270M), XYL2, XKSI 0.06 0.05 0.40 0.31 [13]

TMB3271 (2 x XYLI(K270M)), XYL2, XKSI 0.06 0.16 0.40 0.44 [13]

TMB3400 XYL/, XYL2, XKSI, Mutated 0.06 0.22 0.35 0.19 [n
TMB3399

Cl XYLI, XYL2, XKS|, Evolved 0.05 0.31 0.272 0.352 [38]
TMB300|I

Y-PsNative XYL/, XYL2, XKSI, AGRE3, 0.06 0.19 0.37 0.30 This work
overexpressed non-oxidative PPP

Y-PsK270R  XYLI(K270R), XYL2, XKSI, AGRE3,  0.06 0.22 0.39 0.12 This work

overexpressed non-oxidative PPP

Xylose consumption rate (g (g biomass)-! h-!), ethanol yield (g (g consumed sugars)-!) and xylitol yield (g (g consumed xylose)-!) in anaerobic
continuous fermentation with recombinant S. cerevisiae strains, 10 g I'! glucose and 10 g I-! xylose.

2 Recalculated

been reported for strains TMB3400 and C1, generated by
random mutagenesis and evolutionary engineering,
respectively (Table 6) [39,40]. However, the exact muta-
tions that caused the improvements are not known, and it
is therefore difficult to transfer these traits. In addition,
strains TMB3400 and C1 produce relatively high xylitol
yields (Table 6). Effective ethanolic xylose fermentation in
batch has been reported for XI strains, harbouring Piromy-
ces XI on a multicopy plasmid [23,41]. When the Piromyces
XI gene was chromosomally integrated in the strain back-
ground used for constructing Y-PsK270R, aerobic xylose
growth could not be achieved [12]. In contrast, strain Y-
PsK270R harbours all components required for effective
xylose utilization chromosomally integrated. This ensures
stable expression, and facilitates the transfer of these traits
into an industrial strain.

In another fermentation study, the native Candida tenuis
XR has been compared with its K274R-N276D double
mutant in recombinant S. cerevisige strains also expressing
XDH from Galactocandida mastotermitis and overexpress-
ing the endogenous XK gene [19]. In contrast to the cur-
rent results, the double mutant C. tenuis XR did not
improve the xylose uptake rate, suggesting that the high
xylose utilization background of the strains used in the
present study is required to make a full examination of a
xylose utilization pathway.

The metabolic flux analysis indicated that the K270R XR
utilizes a larger fraction of NADH compared with the
native XR in vivo. This, in turn, made more NAD+ available
for the XDH reaction, and resulted in higher xylose con-
sumption rate and lower xylitol production. Both strains
carrying mutated XRs also gave lower glycerol yields in
anaerobic batch fermentation compared with the refer-
ence strain. This is a further indication that NAD+* is more

available for the XDH reaction in these strains since glyc-
erol formation is the main NAD+* generation pathway in S.
cerevisiae under anaerobic conditions [42-44].

The estimated kinetic parameters of the native P. stipitis XR
correspond well to previously published data [45]. The
K270M and K270R mutations affect the kinetic properties
of the enzyme similarly to the corresponding mutations
in C. tenuis XR [46]. According to the metabolic flux anal-
ysis, the K270R XR appears to use more NADH than
NADPH in vivo, even though the K, value for NADPH is
estimated to be around half of the K, value for NADH.
This suggests that that the intracellular level of NADH is
much higher than the intracellular level of NADPH. The
K270M mutation affected both NADPH and NADH affin-
ity in xylose reduction, in contrast to the glyceraldehyde
reduction where the apparent affinity for NADH
remained unchanged [47]. The K270M mutation reduced
the xylose utilization rate, which agrees with previous
observations [13]. Crude extract from Y-PsK270M dis-
played lower XR activity in standard assay conditions
which indicated lower expression of the K270M XR. How-
ever, the kinetic study revealed that the K270M XR has a
lower affinity for NAD(P)H and xylose. The K270M XR
was far from saturated in the standard assay conditions,
which explains the lower XR activities.

Conclusion

The cofactor preference of P. stipitis XR was altered by site-
directed mutagenesis. When the K270R XR was combined
with a metabolic engineering strategy that ensures high
xylose utilization capabilities, a recombinant S. cerevisiae
strain was created that provides a unique combination of
high xylose consumption rate, high ethanol yield and low
xylitol yield during ethanolic xylose fermentation.
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