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Abstract This study reports on the effects of growth
temperature on the secretion and some properties of the
xylanase and f-xylosidase activities produced by a
thermotolerant Aspergillus phoenicis. Marked differences
were observed when the organism was grown on xylan-
supplemented medium at 25 °C or 42 °C. Production of
xylanolytic enzymes reached maximum levels after 72 h
of growth at 42 °C; and levels were three- to five-fold
higher than at 25 °C. Secretion of xylanase and f-xy-
losidase was also strongly stimulated at the higher
temperature. The optimal temperature was 85 °C for
extracellular and 90 °C for intracellular S-xylosidase
activity, independent of the growth temperature. The
optimum temperature for extracellular xylanase in-
creased from 50 °C to 55 °C when the fungus was cul-
tivated at 42 °C. At the higher temperature, the
xylanolytic enzymes produced by A. phoenicis showed
increased thermostability, with changes in the profiles of
pH optima. The chromatographic profiles were distinct
when samples obtained from cultures grown at different
temperatures were eluted from DEAE-cellulose and
Biogel P-60 columns.

Keywords Aspergillus phoenicis - Thermostability -
Growth temperature - Xylanase - f-p-Xylosidase

A. C. S. Rizzatti - J. A. Jorge - H. F. Terenzi

M. L. T. M. Polizeli (I<)

Departamento de Biologia, Faculdade de Filosofia,
Ciéncias e Letras de Ribeirdo Preto,

Universidade de Sdo Paulo, Av. Bandeirantes 3900,
SP 14040-901 Ribeirdao Preto, Brazil

E-mail: polizeli@ffclrp.usp.br

Tel.: +55-16-6023812

Fax: +55-16-6331758

V. C. Sandrim

Instituto de Quimica, Faculdade Estadual Paulista “Julio de
Mesquita Filho”, Av. Francisco Degni s/n,

SP 14800-900 Araraquara, Brazil

Introduction

Microorganisms capable of growth at high temperatures
produce more thermostable enzymes [7, 17]. Such en-
zymes are frequently more resistant and more efficient as
catalysts than homologous proteins synthesized by
mesophiles. Despite this, the majority of enzymes used in
industrial processes have been isolated from mesophiles,
due to the limited knowledge and difficulties of growing
thermophiles on a large scale.

The xylanolytic complex has potential applications
in food, feeding and the pulp/paper industry [4, 6, 21].
p-1,4-Endoxylanase (1,4-f-p-xylan xylohydrolase; EC
3.2.1.8) hydrolyzes xylan, a hemicellulose which con-
sists of a backbone of f-1,4-linked xylopyranoside
residues. f-p-Xylosidase (f-p-xyloside xylohydrolase;
EC 3.2.1.37) hydrolyzes xylooligomers and xylobiose
from the nonreducing end, liberating xylose. Fermen-
tation technology to produce ethanol or xylitol from
xylose is available [1, 8, 24] but, so far, only a few
thermophilic microorganisms are able to grow on xylan
and secrete thermoactive xylanolytic enzymes [10].
Some heat-stable xylanases have been described from
archaea and bacteria, but these enzymes are mainly
intracellular or cell-associated [14]. Although thermo-
philic/thermotolerant filamentous fungi are not as
extreme as thermophilic/thermotolerant eubacteria or
archaea, they typically excrete xylanases into the med-
ium and produce several accessory xylanolytic enzymes
which are necessary for debranching substituted xylan.
Furthermore, the xylanase levels from fungal cultures
are generally much higher than those from bacteria or
yeast [3].

On an industrial scale, xylanases are produced
mainly by Aspergilli, but the large majority of the
strains employed for submerged fermentation develop
at 28-30 °C [3, 18]. In our laboratory, during a
screening program for f-p-xylosidase and xylanase
production, a strain of Aspergillus phoenicis was isolated
which grew well at 42 °C, apparently a characteristic of



a thermotolerant fungus [16]. In this report, the pro-
duction and secretion of xylanases is evaluated in this
fungus, at two distinct temperatures: i.e. at a tempera-
ture sub-optimal for growth (25 °C) and at a tempera-
ture which is close to the upper limit for growth (42 °C).
Some physiological and biochemical properties are
compared, such as thermal stability, pH and optimum
temperature of the xylanolytic enzymes produced at
25 °C and 42 °C.

Materials and methods

Organism and culture conditions

An Aspergillus strain was isolated from bagasse sugar cane com-
post and classified as A. phoenicis [15]. Stock cultures were prop-
agated at 35 °C on slants of solid Vogel medium [22] supplemented
with 0.75% yeast extract, 0.75% peptone and 1% glucose. SR li-
quid medium [16] supplemented with 1% xylan birchwood, pH 6.0,
was used to grow A. phoenicis. Flasks were inoculated with a spore
suspension to give a final concentration of 4x10° spores/ml of
medium. Growth and production of enzymes were followed in 250-
ml Erlenmeyer flasks, each containing 50 ml of culture medium and
shaken at 100 rpm, at 25 °C or 42 °C, for 72 h.

Extraction of xylanolytic enzymes and protein determinations

Myecelia were harvested by filtration, rinsed with distilled water,
blotted on filter paper and stored at —15°C until used. The
mycelial mass was homogenized in a mortar with acid-washed sea
sand at 4 °C. After the addition of 10 ml of Mcllvaine buffer [11],
pH 4.0, cell disruption was continued for an additional 15 min.
The slurry was then centrifuged (12,100 g, 15 min) and the super-
natant was used to determine intracellular activities and protein
levels [9]. The culture filtrate was dialyzed overnight against the
same buffer, and used to determine extracellular activities.

Growth (1-24 h) was estimated in terms of total protein, as
follows: culture aliquots were precipitated with 10% trichloroacetic
acid at 4 °C. The precipitate was collected by centrifugation
(12,000 g, 10 min) and resuspended with 1 N NaOH. After boiling
the precipitate for 10 min, proteins in the supernatant were esti-
mated by the method of Lowry [9], using bovine serum albumin as
standard.

Enzymatic assays

p-p-Xylosidase was determined with p-nitrophenyl-fS-p-xyloside
[16]. One unit was defined as the amount of enzyme that liberated
1 pumol p-nitrophenol/min.

Xylanase was assayed by measuring the reducing groups re-
leased from birchwood xylan [13]. The reaction mixture consisted
of 250 pl of 1% xylan, 150 pl of Mcllvaine buffer, pH 4.0, and
100 pl of enzymatic extract appropriately diluted. The reaction
mixture was incubated at 50 °C for 15 min. One unit was defined as
the amount of enzyme that released 1 pmol xylose/min under the
assay conditions.

Temperature, pH and thermostability of xylanase
and f-xylosidase

The effect of temperature on extracellular and intracellular f-xy-
losidase and xylanase activities was analyzed using cultures of
A. phoenicis grown in SR medium at 25 °C or 42 °C. The assays
were performed in Mcllvaine buffer, pH 4.0, at 5 °C intervals over
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30-70 °C (xylanase), or 30-95 °C (f-xylosidase). The effect of pH
was assayed using the same buffer in the pH range 3.0-8.0 at 50 °C
for xylanase and 75 °C for f-xylosidase. Thermal inactivation was
analyzed with enzymes incubated at 70 °C or 80 °C (f-xylosidase)
and 50 °C or 60 °C (xylanase). At different time intervals, aliquots
were withdrawn and residual activities were measured as described
above.

Purification of xylanases

After cultivation of the microorganism at 25 °C or 42 °C, the
culture filtrate was dialyzed overnight against 10 mM sodium
phosphate buffer, pH 8.0, and applied to a DEAE—cellulose col-
umn (6.4x2.0 cm) previously equilibrated with the same buffer.
A 200-ml gradient of NaCl (0.0-0.3 M) was applied and 10 ml
fractions were collected at a flow rate of 20 ml/h. Absorbance at
280 nm (A4,g0) and xylanase activity were determined for all frac-
tions. Fractions exhibiting xylanase activity were pooled, dialyzed
against distilled water and lyophilized. The concentrated samples
were resuspended in 100 mM sodium acetate buffer, pH 4.0, and
then applied to a Biogel P-60 filtration column (89.0x1.8 cm) pre-
viously equilibrated with the same buffer. Fractions (1 ml) were
collected and 4,50 and xylanase activity were determined. Fractions
containing enzymatic activity were pooled and dialyzed for
subsequent analyses.

Reproducibility of results

All results are the mean of at least three independent experiments.

Results

Influence of temperature on the growth
and secretion of proteins by A. phoenicis

Figure 1 shows germinating spores of A. phoenicis
cultures supplemented with xylan as carbon source,
incubated for 8 h in SR medium, either at 25 °C
(Fig. 1A) or 42 °C (Fig. 1B). Spores germinated faster
at 42 °C and the growth yield was higher than at
25 °C (Fig. 1C). The upper limit of temperature for
growth of the fungus might be close to 42 °C. At
45 °C, the rate of growth decreased (data not shown),
although it still offered conditions for high levels of
p-xylosidase production [16]. In view of these results,
it was considered worthwhile to investigate the effect
of the growth temperature on the production of xy-
lanolytic enzymes.

Influence of temperature on the production
of xylanolytic activities

The temperature of incubation exerted a marked influ-
ence on the production and secretion of xylanolytic
enzymes (Fig. 2). The highest levels of intracellular and
extracellular f-p-xylosidase (Fig. 2A) and xylanase
(Fig. 2B) were observed at 42 °C and resulted in three-
to five-fold higher levels than at 25 °C. At the higher
temperature, the release of both enzymes into the culture
medium was achieved in about 10 h.
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Fig. 1A-C Growth of Aspergillus phoenicis. A, B Spore germina-
tion of A. phoenicis cultivated at 25 °C (A) and 42 °C (B) for 8 h in
SR medium [16], using xylan as carbon source. C Growth at 25 °C
(O) and 42 °C (o). Growth was expressed as total protein (see
Materials and methods)

Influence of temperature on the intrinsic properties
of f-p-xylosidase and xylanase

Maximum temperatures for f-xylosidase activities, both
extracellular and intracellular, were 85-90 °C, regardless
of growth temperature (Fig. 3A, B). This result differed
from data obtained with extracellular f-xylosidase
(75 °C) previously purified from the same fungus [16],
suggesting that some components of the medium might
stabilize the enzyme.

The temperature profile for xylanase activities, in
contrast, shifted toward a higher temperature range. For
the extracellular enzyme, the optimum temperature in-
creased from 50 °C to 55 °C for cultures grown at 42 °C,
and the enzyme activity was greater within the range 55—
65 °C than that of cultures grown at 25 °C (Fig. 3C).
The temperature profile of the intracellular xylanase
activity (Fig. 3D) also showed a shift toward a higher
temperature range, but this was not as striking as that of
the extracellular enzyme.

While the pH profile for f-xylosidase activities
(optimum at pH 3.5-5.5; Fig. 4A, B) and that for the
intracellular xylanase (Fig. 4D) were not significantly
affected by the growth temperature, that of the extra-
cellular xylanase was altered when the fungus was cul-
tivated at 42 °C, compared with the culture grown at
25 °C (Fig. 4C). Maximum levels of extracellular xy-
lanase activity were pH 3.5-5.5, for cultures incubated
at 25 °C. However, for cultures grown at 42 °C, the
optimum pH of the extracellular xylanase was shifted to
a more acidic range, with a maximum at pH 3.5.

p-Xylosidase and xylanase were completely stable up
to 60 min at 70 °C and 50 °C, respectively (data not
shown). Higher temperatures (80 °C for f-xylosidase,
60 °C for xylanase) significantly decreased the enzymatic
activity, but the enzymes from cultures incubated at
42 °C were somewhat more resistant to thermal inacti-
vation than those from cultures grown at 25 °C (Fig. 5).
Comparing these results with those previously reported
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Fig. 3 Effect of temperature on
the activity of extracellular (A)
and intracellular (B) f-
xylosidase and extracellular (C)
and intracellular (D) xylanase
produced by A. phoenicis. The
organism was cultivated in SR
medium at 25 °C (O, O) or

42 °C (m, o). For details,

see Materials and methods

for p-xylosidase [16], it was verified that the crude
enzyme obtained at 42 °C was more thermostable than

the purified enzyme.

Percent activity

Chromatographic profile of extracellular

xylanase activities

In order to know whether the xylanase activities produced
at25 °Cand 42 °C were composed of the same or different

Fig. 4 Effect of pH assay on the
activity of extracellular (A) and
intracellular (B) f-xylosidase
and extracellular (C) and
intracellular (D) xylanase
produced by A. phoenicis. The
organism was cultivated in SR
medium at 25 °C (O, O) or

42 °C (m, o). For details, see
Materials and methods

Percent activity

100

80

60

40

20

100

80

60

40

20

R Al ; \ c]
/ x 1 N ]
4 | W —
v i Va i

Py .7! ’\/:

i/ﬂ/ J p J
e L .\\q
T A e ' S " p]

/) /3
o o ] /i>é ]
'/ i 072/ i
R 0>87° J

o/o i _
A
=0 ) . . . ,
30 40 50 60 70 80 90 100 30 40 50 60 70

Temperature (°C)

isoforms, the fungus was cultivated at these temperatures
and the enzymes produced were partially purified by

chromatographic separation (data not shown). When the
microorganism was cultivated at 42 °C, three distinct
peaks with xylanase activity were resolved by DEAE—
cellulose chromatography. Pool I (approx. 52% of total
recovered activity) did not bind to the resin, while pools I1

(27%) and 111 (21%) were eluted with 0.1 M and 0.2 M
NaCl, respectively. Pools I, I and III were separately
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Fig. 5 Thermal inactivation of
p-xylosidase (A) and xylanase
(B) from A. phoenicis. The
organism was cultivated in SR
medium at 25 °C ((J, O) and
42 °C (m, o). f-Xylosidase

was incubated at 80 °C and
xylanase at 60 °C. The
extracellular and intracellular
specific activities are
represented by squares and
circles, respectively

100 -
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submitted to gel-sieving in a Biogel P-60 column. Pool I
was resolved into three fractions (approx. 39.8 kDa,
22.2 kDa, 8.8 kDa). Pool II gave a single sharp peak of
xylanase activity (approx. 13.7 kDa). Pool III was re-
solved as two xylanase activity peaks (approx. 14.4 kDa,
5.7 kDa).

A different chromatographic profile of xylanase
activity was obtained when the organism was cultivated
at 25 °C. Only two xylanase activity peaks were resolved
by DEAE-cellulose chromatography. Pool 1 (approx.
50% of recovered activity) did not interact with the re-
sin. Pool II eluted as a wide peak, spreading along the
gradient. Pools I and IT were submitted to gel-sieving in
Biogel P-60. Pool I was resolved into three xylanase
peaks (approx. 16.9 kDa, 13.6 kDa, 6.1 kDa), but pool
IT was resolved into two peaks (approx. 17.8, 7.4 kDa).
Therefore, the chromatographic profiles of the xylanases
produced at lower and higher temperatures indicate that
the observed differences in biochemical properties must
be a consequence of different isoforms.

Discussion

The adaptation of a microbial metabolism to perform
efficiently at different temperatures is fascinating. It
seems evident that thermal adaptation cannot be
attributed to any specific characteristic, but results from
various changes which contribute to the stability of the
organism in an additive manner. This might be the result
of many intracellular adjustments, such as membrane
lipids composition, structures of proteins and protein
synthesis machinery, or cytoplasmic thermostabilizing
substances, such as polyamines [5, 7, 17]. Nevertheless,
the molecular basis of protein thermostability is still not
totally understood [2].

Time (minutes)

In the present study, it was shown that the growth
temperature exerted a marked influence on the pro-
duction and secretion of the xylanolytic enzymes of A.
phoenicis. A similar effect of temperature has been re-
ported in other fungal species (for a review, see [3]).
Hydrolases, such as glucoamylase and invertase, in-
creased two- to three-fold when Arxula adeninivorans
grew at 45 °C, compared with cultures grown at 30 °C
[23]. Also, a gradual increase in xylanase and endoglu-
canase activities was reported for two Trichoderma
reesei strains, QM 6a and the hypersecretory mutant
RL-P37, cultivated at 25 °C, 30 °C and 37 °C in lactose-
and xylan-supplemented media. Both strains grew
equally well at the three temperatures, with no signifi-
cant change in protein secretion for Trichoderma QM
6a, whereas overall protein secretion increased three-
fold for strain RL-P37 at 37 °C. Both strains secreted
more xylanase and endoglucanase at higher tempera-
tures [20].

This study also showed that some intrinsic properties
of the xylanases produced by Aspergillus phoenicis,
grown at 42 °C, were significantly different from those
produced at 25 °C. Not only were the xylanase-specific
activities three- to five-fold higher than those produced
at 25 °C, but also the optima of pH and temperature;
and to some extent the thermostability changed signifi-
cantly. The chromatographic profiles were distinct,
suggesting that 4. phoenicis, when cultivated at 42 °C
or 25 °C, produced different xylanase forms.

A change in the intrinsic properties of the xylanase
from Aspergillus FP-470 was also reported by Mendi-
cuti-Castro [12]. In that case, a change from 37 °C to
45 °C resulted in a switch of optimum pH from 6.5
to 4.3 and a switch of temperature optimum from 80 °C
to 50 °C. While the pH change reported by those
authors was in the same direction as that observed in the
present study, the change in temperature optimum was



the opposite; ie. the enzyme produced at 45 °C
displayed a lower temperature optimum than that pro-
duced at 37 °C. For A. phoenicis, these changes in the
properties of xylanase may have an adaptative value, by
improving the ability of the organism to degrade xylan-
containing materials at more elevated temperatures.
This seems to confirm the opinion that the thermophilic
attributes, including improved enzyme thermostability,
result from a series of modifications of pre-existing
mesophilic functions, in order to optimize survival at
higher temperatures [19].

All properties cited may be important for improving
biotechnological applications of this important xylano-
lytic complex in its several purposes.
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