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Abstract

Microaerophilic production of xylitol byPachysolen tannophilusfrom detoxified hemicellulose hydrolyzate was
optimal between pH values 6.0 to 7.5 when about 90% of xylose was utilized for xylitol production, the rest
being fermented to ethanol. At pH values of 3.0 and 12.0, respiration became important, consuming up to 30% of
available xylose. A graphic procedure suggests that histamine and cysteine are at the active site of xylose reductase
in this yeast.

Introduction

Xylose reductase, the enzyme responsible for xylose
reduction to xylitol, can use either NADH or NADPH
as reducing cofactors inPachysolen tannophilus, with
the latter always being preferred. Hahn-Hägerdalet al.
(1994) showed that xylose reductase activity becomes
progressively more NADPH-dependent with increas-
ing dissolved O2 concentrations in the medium. This
means that phosphate could become a growth-limiting
factor under strictly aerobic conditions.

P. tannophilusproved a particularly versatile mi-
croorganism, whose metabolism can be oriented to-
wards xylitol or ethanol production, according to
both operating conditions and hydrolyzate pretreat-
ment techniques (Converti & Del Borghi 1996). In
particular, three different metabolic routes are possible
according to the O2 availability.

Under aerobic conditions, cell growth is favoured,
whereas xylitol production and ethanol fermentation,
which require a reducing environment, are both de-
creased.

Under strictly anaerobic conditions, which can
be ensured by replacing O2 with N2 supply, xylitol

formation should be stimulated. In fact, NAD+ (or
NADP+) formed by xylose reductase is reduced to
NADH (or NADPH) and is then not available for the
successive reaction catalyzed by xylitol dehydroge-
nase, which is necessary for growth sustained by the
pentose phosphate pathway. So, it is possible to ac-
celerate the formation of xylitol using high starting
biomass levels. Although this effect has been shown
in P. tannophilus, the fermentation enhancement is
not sufficient as to justify the use of strictly anaerobic
conditions.

Lastly, microaerophilic conditions proved the best
solution for xylitol production (Converti & Del Borghi
1996), mainly at low cell concentrations, because the
scarce oxygen available is completely consumed for
the growth, thus increasing productivity.

The combined effects of pH onP. tannophilus
metabolism as well as on xylose reductase activ-
ity are investigated. For this purpose, the data of
batch fermentations carried out at different pH on
adequately pretreated hemicellulose hydrolyzates are
used to carry out a material balance of carbon con-
sumed by this yeast under microaerophilic conditions.
Finally, the values of maximum xylitol specific pro-
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ductivity are worked out with the graphic method
described by Villadsenet al.(1990) to get information
on the mechanism of xylose reductase catalysis.

Materials and methods

Substrate preparation

The hemicellulose acid-hydrolyzate used in this work,
prepared by Tennessee Valley Authority by a fi-
nal counter-current washing scheme, contained about
106 g xylose l−1, 13.2 g glucose l−1, 26.6 g acetic
acid l−1, 8.6 g galactose l−1, 6.8 g mannose l−1,
4.2 g furfural l−1, and other minor components. Af-
ter adequate dilution with water 1:1, it was detoxified
by overliming (Peregoet al. 1990). In order to re-
move acetic acid and furfural as much as possible
(Parajóet al. 1997), the hydrolyzate was then boiled
for 160 min at 105◦C and finally treated with acti-
vated charcoal for 1 h at room temperature in the ratio
1/10 g g−1.

Microorganism

P. tannophilus(NRRL Y-2460) was maintained on
agar slants containing 0.1% yeast extract and 50%
detoxified hemicellulose hydrolyzate through periodic
transfers and subcultures. The cells used for inocula
were grown for 72 h on the same medium and then
centrifuged.

Conditions

Batch fermentations were performed in an orbital
shaker at 200 rpm and 30± 0.1 ◦C under mi-
croaerophilic conditions, using 100-ml Erlenmeyer
flasks with 50 ml of fermentation broth.

Analytical procedures

Sugar components of the hydrolyzate, as well as acetic
acid and ethanol, were determined before and during
each fermentation by HPLC using two Shodex SH
columns (mobile phase, H2SO4 0.01 M; flow rate,
0.7 ml min−1; IR and UV detectors). Biomass concen-
tration was determined by dry weight filtering known
volumes of samples on 0.45µm membrane filters.

Carbon material balance

Carbon material balance has been performed on the
basis of the productions of xylitol, ethanol, and CO2,
on the consumption of xylose, and biomass determi-
nations.

Results and discussion

Carbon material balance

As shown in Figure 1, three different possible
metabolic pathways are considered to be responsible
for xylose consumption: reductive production of xyl-
itol, ethanol fermentation and respiration. The cell
growth has not been considered because it was al-
ways negligible under the conditions selected for this
study (high starting biomass level and microaerophilic
conditions).

These results indicate pH= 6.0–7.5 as the opti-
mum pH range for xylitol production byPachysolen
tannophilus, which is slightly different from the value
(pH = 8.0) reported for the optimal growth of this
yeast (Parajóet al. 1998). This suggests that the opti-
mum pH for xylose reductase activity inP. tannophilus
is likely included in this range, outside of which
the reaction rate decreases and alternative metabolic
routes (respiration and alcohol fermentation) become
relatively more important.

Another outstanding fact is the growing signifi-
cance of alcohol fermentation with increasing pH up to
9.0. This result is quite surprising if one considers that
Beck & Strickland (1984) observed an optimum pH of
5.5–6.0 for this metabolic pathway inP. tannophilus
using hemicellulose hydrolyzate. It is likely that, with
substrates adequately pretreated for xylitol production
under microaerophilic conditions, alcohol fermenta-
tion always keeps a secondary alternative, as demon-
strated by the relatively low percentages of carbon
source (<20%) consumed by this yeast through this
way.

As earlier said, a progressive increase in pH, how-
ever, affects xylitol production, thus allowing alterna-
tive metabolic routes to be followed. So, a pH increase
over 6.0–7.5 tends to decelerate xylitol production
and favours simultaneously the alcohol fermentation,
which should anyhow occur at a rate decreasing
with increasing pH. This means that, although both
processes decelerate with increasing pH, ethanol pro-
duction, which competes with xylitol formation, gains
relative significance.
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Fig. 1. Material balance of carbon in microaerophilic metabolism ofP. tannophilus. ( ) xylitol production; (1) alcohol fermentation; (2)
respiration.

It should finally be worth noticing that the biomass
growth is practically negligible, because the process is
carried out under conditions able to stimulate xylitol
production and to prevent, at the same time, the cell
growth (microaerophilic conditions in the presence of
high cell concentration).

Finally, at extreme pH values (3.0 and 12.0) both
these processes are affected to such an extent that a
further metabolic pathway, the respiration, becomes
progressively more important, consuming up to 30%
of the carbon source. In fact, although strongly limited
by oxygen availability, the aerobic respiration is al-
ways possible even under microaerophilic conditions.

Effect of pH on xylose reductase activity

As is well known, the pH of the microenvironment
close to the active site of an enzyme can influence the
ionization state of the functional groups of amino acids
involved in the catalysis and so also the reaction rate
strongly depends on pH.

Villadsenet al. (1990) described a simple graphic
technique that allows making reasonable hypotheses
on the mechanism of the enzymatic catalysis, using the
experimental data of the specific reaction rate at differ-
ent pH values. This model, based on the Michaelis-
Menten equation, hypothesizes the formation of an
enzyme-substrate (ES) complex (Figure 2), which can
derive only from the active form of the enzyme (HX-
E-Y−). This is in equilibrium with two alternative
(inactive) forms, which result from an acidic ioniza-
tion (at pH lower than optimum) and a basic ionization
(at pH higher than optimum), respectively. A pH vari-

ation in the reaction environment and/or the active site
can lead to a modification of the ionization state of
amino acidic R groups and then to the deactivation of
a fraction of the enzyme, with consequent decrease of
the global reaction rate.

Table 1 lists the experimental data of batch fer-
mentations of hemicellulose hydrolyzate carried out at
variable pH withP. tannophilus. These data show that,
at comparable starting xylose level (69–70 g l−1), the
final xylitol concentration gradually increases from 22
to 44 g l−1 with increasing pH from 3.0 to 7.5, whereas
an evident drop of xylitol production takes place over
this threshold. From the kinetic results of these tests
listed in Table 2, it can be supposed that the pH depen-
dence of maximum xylitol specific productivity (νm),
defined as the ratio of volumetric productivity,Qp, to
biomass concentration, is the result of the variation of
xylitol formation rate through the reaction catalyzed
by xylose reductase.

Considering that HX-E-Y−is the active form of
this enzyme, the following expression can be derived
to relate the maximum specific productivity (νm) to the
concentration of H+ ions:

νm = ν̄m/(1+ [H+]/Ka +Kb/[H+]), (1)

whereν̄m is the maximum specific productivity under
optimal pH conditions for xylitol production, while
Ka andKb are the acidic and basic ionization con-
stants of the two main ionizable groups which are
more likely involved in the xylose reductase catalysis.

As Figure 3 shows, the typical bell-shaped be-
havior of log10(νm) versus pH can approximately be
described by a set of three straight lines. The intercep-
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Table 1. Experimental data of batch fermentations of
hemicellulose hydrolyzate carried out at variable pH with
P. tannophilus.

pH So (g l−1)a Sf (g l−1)b Pf (g l−1)c Xo (g l−1)d

3.0 76.1 39.4 22.0 16

4.5 72.8 24.2 28.8 17

6.0 70.7 18.9 41.2 19

7.5 79.7 23.5 43.8 20

9.0 76.6 25.7 36.5 20

10.5 69.3 14.8 36.2 21

12.0 71.5 20.9 27.4 19

aStarting xylose concentration.
bFinal xylose concentration.
cFinal xylitol concentration.
dStarting biomass concentration.

Table 2. Kinetic results of batch fermentations of hemi-
cellulose hydrolyzate carried out at variable pH withP.
tannophilus.

pH Qp (g lh−1)a Yp/s (g g−1)b νm (gp/gxh)c logνm

3.0 0.16 0.60 0.010 −2.00

4.5 0.21 0.59 0.013 −1.90

6.0 0.30 0.79 0.016 −1.79

7.5 0.32 0.78 0.016 −1.79

9.0 0.27 0.72 0.014 −1.87

10.5 0.27 0.67 0.013 −1.89

12.0 0.21 0.54 0.011 −1.96

aVolumetric xylitol productivity.
bYield of xylitol on consumed xylose.
cMaximum specific productivity.

tion points of the two oblique straight lines (referring
to pH values outside the optimum range) with the
straight line parallel to the abscissae axis (concern-
ing on the contrary to the optimum pH range) give
the values ofpKa and pKb. In fact, for pH val-
ues lower than the optimum, the contribution of the

Fig. 2. Mechanism proposed by Villadsenet al. (1990) to describe
the pH influence on enzymatic activity. HX-E-YH= inactive acidic
form of the enzyme; HX-E-Y− or E= active form of the enzyme;
−X-E-Y− = inactive basic form of the enzyme; S= substrate; ES
= enzyme-substrate complex; P= product.

Fig. 3. Estimation ofpKa andpKb of ionizable functional groups
likely responsible for xylose reductase catalysis inP. tannophilus.

term [H+]/Ka at the denominator of Equation (1) be-
comes predominant. Then, neglecting the other terms,
it simplifies:

νm = ν̄m/([H+]/Ka) (2)

or:

log10 ν̄m = log10Ka + log10νm − log10[H+].
At every point lying on the horizontal line of max-

imum productivity,νm equalsν̄m and thenpKa = pH.
AnalogouslypKb can be calculated.

The values ofpKa andpKb that can be estimated
from Figure 3 are 6.0 and 7.5, respectively. The former
(6.0) could correspond to the imidazole ionizableR
group of a histidine residue, while, among the values
reported in the literature forpKb of amino acids, the
one of the lateral group of cysteine (8.33) is the closest
to the latter (7.5). The remarkable difference between
these values (about 0.8 pH units) could be due to the
influence of a particular microenvironment in the ac-
tive site on the dissociation constant of this group, in
addition to the uncertainty due to the limited number
of tests.

Since, however, there are no other ionizable amino
acidicR groups withpK values within the range 6.0–
8.33, it is reasonable to suppose that two residues
of histidine and cysteine could be actually involved
in the enzymatic catalysis of xylose reductase in
P. tannophilus.
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