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Glucose was used as a cosubstrate under anaerobic conditions in the conversion of xylose to xylitol by a
recombinant Saccharomyces cerevisiae strain expressing the xyll gene. Glucose was metabolized mainly through
glycolysis, with carbon dioxide, acetate, and ethanol as end products and with reduction equivalents generated
in the glyceraldehyde-3-phosphate dehydrogenase and acetaldehyde dehydrogenase reactions. At a high glu-
cose supply rate, generation of surplus reduction equivalents resulted in simultaneous ethanol formation. On
the other hand, at a low glucose supply rate, additional reduction equivalents were generated by simultaneous
ethanol consumption. A significantly lower xylitol formation rate was observed.

Reduction of xylose to xylitol in Saccharomyces cerevisiae has
been accomplished by transforming the yeast with a plasmid
containing the xyll gene encoding the enzyme xylose reductase
(XR) from Pichia stipitis (5). Xylitol is not further metabolized
in the yeast because of the low level of activity of xylitol dehy-
drogenase (7), and xylitol/xylose yields of close to 1 g/g have
been achieved (4, 5, 8). The recombinant yeast requires a
cosubstrate for the generation of reduction equivalents used in
the reduction of xylose and for maintenance and growth. Use
of different carbon sources as cosubstrates during xylitol for-
mation has been studied (4, 8). If no cosubstrate was added,
only insignificant amounts of xylitol were produced. Glycerol
could support neither growth nor xylitol formation, and acetate
was used only with a very low level of efficiency (0.3 g of xylitol
produced per g of acetate consumed), whereas ethanol and
glucose were used with xylitol/cosubstrate yields of 0.6 and >1
g/g, respectively (4). The highest xylitol/cosubstrate yield was
obtained under low aeration conditions, which is also when the
highest level of specific xylitol productivity was reached (4, 8).
The reduction of xylose by XR and the generation of reduction
equivalents by oxidation of the cosubstrate may be regarded as
two coupled reactions, as shown in Fig. 1.

The aim of the present study was to determine which of the
two reactions limits the xylitol formation in recombinant S.
cerevisiae H475 (5). The study was performed under anaerobic
conditions to prevent respiratory consumption of reduction
equivalents, and glucose, supplied at two rates, was used as a
cosubstrate. During fermentation, the rates of xylose and glu-
cose consumption and product formation were monitored to
elucidate the metabolic pathway used for glucose oxidation in
relation to xylose reduction (Fig. 2 and Table 1).

The fermentations were performed in a 1.5-liter fermentor
(Applicon Dependable Instruments, Schiedam, Netherlands)
controlled by the EFC24 control system (Electrolux Fermen-
tation, Malmo, Sweden). The temperature was set at 30°C and
the pH was maintained at 6.5 by addition of 2.0 M NaOH. The
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agitation rate was set at 600 rpm, and the gas flow rate was 0.3
liters/min. The growth medium consisted of 6.7 g of yeast
nitrogen base without amino acids per liter, supplemented with
0.05 g of L-tryptophan, L-histidine, and L-uracil per liter. Cells
grown in shake flasks were used for inoculation of the fermen-
tor. Ergosterol (Merck, Darmstadt, Germany) and Tween 80
(Sigma Chemical Co., St. Louis, Mo.), essential for anaerobic
growth (1, 2), were added as previously described (15). Sam-
ples of 10 to 15 ml were taken every half an hour and analyzed
for substrate and product concentrations by high-performance
liquid chromatography (12) and for xylose reductase activity
(7). The sample volume was chosen so that it balanced the
glucose feed and the base addition, and a constant fermenta-
tion volume of 1.4 liters was maintained with a dilution rate of
0.005 h™'. The optical density at 620 nm was used to estimate
the cell dry weight, which was determined after drying the cells
in a microwave oven. One A, unit was equivalent to 0.3 g (dry
weight) liter—*. To achieve a high cell density, the cells were
grown aerobically on glucose in the absence of xylose for the
first 18 to 20 h. The air was replaced by nitrogen, 50 ml of a
200-g liter " xylose solution was added, and a constant flow
rate of glucose of 0.42 ml/min was initiated. The concentra-
tions of the glucose solutions were 200 and 20 g liter ' during
the high and low glucose feeds, respectively. The glucose con-
centration was below 10 mg/liter in both fermentations.

An initial specific xylitol formation rate as high as 0.12 g/g
h™! was obtained when a high glucose supply rate was applied.
Previously, the specific xylitol productivities obtained with re-
combinant S. cerevisiae expressing the xyll gene were reported
to be between 0.05 and 0.09 g/g h~* (4, 5, 8). The highest values
were obtained under oxygen-limited conditions with ethanol as
the cosubstrate (8). The specific XR activity (3, 7) in cell
extracts of the recombinant yeast was about 10 nkat/mg of
protein, independent of the fermentation time or the fermen-
tation conditions. It was previously determined to be 8.49
nkat/mg of protein (5).

Markedly higher initial rates of xylose consumption and xy-
litol formation were observed during the high glucose supply
rate than during the low glucose supply rate (Table 1). The
xylose concentration and the cell density were only slightly
different in the two fermentations. However, the rates of re-
duction equivalent generation differ. The formation of ethanol
at the high glucose supply rate implies that surplus reduction
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Xylose reduction (XR)
Xylose ------mmmnmmmmme- > Xylitol

NAD(P)H <====> NAD(P)+

Cosubstrate (oxidized) <------- Cosubstrate (reduced)

Oxidation of cosubstrate

FIG. 1. Reduction of xylose by XR and generation of reduction equivalents
by oxidation of the cosubstrate.

equivalents are consumed in the alcohol dehydrogenase reac-
tion. At the low glucose supply rate, a significantly higher
xylitol/glucose yield was found and anaerobic ethanol oxidation
was observed. This was probably due to the consumption of
reduction equivalents in the XR reaction. The results therefore
indicate that the reduction equivalents were consumed more
rapidly in the XR reaction than they were generated at the low
glucose supply rate.

Ethanol has previously been reported to be unable to sup-
port xylitol formation in recombinant S. cerevisiae under anaer-
obic conditions (8). Anaerobic ethanol oxidation does not in-
volve ATP formation, which is necessary for cell maintenance.
In the present study, the anaerobic ethanol oxidation was ac-
companied by simultaneous glucose oxidation with concomi-
tant ATP formation, which could explain why ethanol was
anaerobically oxidized to generate reduction equivalents.

In Table 2, the carbon balance results are summarized. The
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TABLE 1. Rate of glucose consumption and xylitol formation and
the xylitol conversion yield in relation to xylose and glucose
consumed during high and low glucose supply rates

Xylitol conversion yield

Rate of glucose  Cell  Xylose Rate of xylitol "
consumption  density concn formation (mol/mol)
“a . —1\b
(mmolfg h™7y*  (gfliter)  (mM)  (mmol/g h™5) Yyiitotsylose  Yaytitolgtucose
0.33 10 400 0.78 1.1 22
0.06 7 500 0.39 0.9 7.8

a The specific glucose consumption rate was calculated directly from the feed
rate of glucose, because the residual glucose concentration in the fermentation
broth was very low (<10 mg/liter).

b The initial rate of xylitol formation was calculated from the progress curves
in the period 20 to 30 h after the start of the fermentation. The rate of washing
out of the substrates and products due to the dilution by the glucose feed and the
sampling was taken into account.

¢ The xylitol yields in relation to consumed xylose and glucose, Yyyjitopxylose a0d
Y.yiitol/glucoses Were determined by dividing the rate of xylitol formation by the
rates of xylose consumption and glucose consumption, respectively.

rates of sugar consumption and the rates of product formation
were converted into the molar equivalent of carbon. In both
fermentations, the product formation rates balanced the sub-
strate consumption rates. Production of succinate and other
dicarboxylic acids was not observed (9). The rate of glycerol
formation was very low (2 mol/g h™') and was not taken into
account. Glycerol is generally produced during anaerobic fer-
mentations to oxidize excess NADH produced during cell mass
formation (9). Reduced glycerol formation by a recombinant S.
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FIG. 2. Anaerobic conversion of xylose to xylitol, cosubstrate utilization, and by-product formation at high and low glucose supply rates by recombinant S. cerevisiae
H475 harboring the xylI gene for xylose reductase. (A) Glucose supply of 1 g/liter h~'. (B) Glucose supply of 0.1 g/liter h™".
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TABLE 2. Carbon balance calculated on the basis of the rates of substrate consumption and product formation

Carbon balance (mmol of C/g h™')“

Xylose Xylitol Balance Glucose Ethanol Acetate CO,? Cell mass® Balance
—3.7 4.0 0.3 —1.98 0.82 0.46 0.64 0.10 0.04
-2.1 1.9 —0.2 —0.29 —0.24 0.35 0.13 0.11 0.06

“ The rates of substrate consumption and product formation were calculated from the progress curves in the period 20 to 30 h after the start of the fermentation.
The rate of washing out of the substrates and products due to the dilution by the glucose feed and the sampling was taken into account.

b Carbon dioxide in the off gas was measured by a Binos infrared gas analyzer (Leybold-Heraeus).

¢ Cell dry weight was converted into moles of carbon according to the elementary composition formula reported for S. cerevisiae, CH; 430 56Ng 17 (11). The decrease
in cell mass seen in Fig. 1 is due to the fact that the rate of cell mass production was lower than the rate of washing out due to dilution by the glucose feed.

cerevisiae strain expressing the xyl// gene compared with that of
a reference strain not harboring the xy// gene was previously
observed during xylitol formation with glucose as the cosub-
strate (5). The decrease in glycerol formation indicates that
excess NADH was oxidized in the XR reaction rather than in
the glycerophosphate dehydrogenase reaction.

In both fermentations, the amount of carbon dioxide pro-
duced was equivalent to the amount of ethanol and acetate
produced from glucose. This indicates that insignificant
amounts of glucose were oxidized through the pentose phos-
phate pathway, which agrees with earlier reports on glucose
flux through this pathway in S. cerevisiae (6). The formation of
reduction equivalents therefore only involves the glyceralde-
hyde-3-phosphate dehydrogenase and acetaldehyde dehydro-
genase reactions, in addition to the alcohol dehydrogenase
reaction at a low glucose supply rate. An attempt to close the
redox balance, similar to the carbon balance, failed. This is
most likely due to uncertainty about the estimated NADPH
consumption and NADH production rates during cell mass
formation (13).

The rates of xylose consumption and xylitol formation de-
creased during fermentation, which partly may be ascribed to
the decrease in xylose concentration. In extracts of the recom-
binant yeast cells, the K, for xylose was determined to be 63
mM, in agreement with the K, values of 42 and 95 mM for
xylose for XR expressed in P. stipitis (10, 14). Thus, for 90%
saturation of the XR enzyme, a xylose concentration of ap-
proximately 600 mM would have been required. However, the
rates of xylose consumption and xylitol formation decreased
more rapidly than the rate of decrease in xylose concentration
(data not shown) and therefore cannot be fully explained by
the decreased saturation of the XR enzyme. The decrease in
xylose concentration may also affect the transport of xylose
into the cells, and accumulation of by-products such as ethanol
and acetate could adversely affect the xylitol formation rate.
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