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Xylan degradation and production of II-xylanase and D-xylosidase activities were studied in cultures of
Celulomonas uda grown on purified xylan from birchwood. j8-Xylanase activity was found to be associated with
the cells, although in various degrees. The formation of ,-xylanase activity was induced by xylotriose and
repressed by xylose. P-Xylosidase activity was cell bound. Both constitutive and inducible ,-xylosidase
activities were suggested. ,-Xylanase and D-xylosidase activities were inhibited competitively by xylose.
D-Xylanase activity had a pronounced optimum pH of 5.8, whereas the optimum pH of I8-xylosidase activity
ranged from 5.4 to 6.1. The major products of xylan degradation by a crude preparation of I-xylanase activity,
in decreasing order of amount, were xylobiose, xylotriose, xylose, and small amounts of xylotetraose. This
pattern suggests that j-xylanase activity secreted by C. uda is of the endosplitting type. Supernatants of
cultures grown on cellulose showed not only ,-glucanase but also 3-xylanase activity. The latter could be
attributed to an endo-1,4-0-glucanase activity which had a low f8-xylanase activity.

Xylans are constituents of many plant cell walls. They are
composed of a backbone of 1,4-8-linked anhydro-D-xylose
units, variously substituted by L-arabinose and 4-0-methyl-
D-glucuronic acid (1, 5, 8, 12). The degree of polymerization
ranges from 50 to 200. Xylans can be hydrolyzed by I-
xylanase (endo-1,4-P-D-xylan xylanohydrolase; EC 3.2.1.8)
and by 3-xylosidase (exo-1,4-p-D-xylan xylohydrolase; EC
3.2.1.37). Investigations of xylan degradation and the en-
zymes involved have mainly focused on fungi (9-11, 17, 18,
21, 23, 33, 44; M. Meagher, B. Y. Tao, J. M. Chow, and
P. J. Reilly, Abstr. VII Int. Biotechnol. Symp. 1984, vol. 2,
p. 622-623). Among hemicellulose-degrading bacteria, data
have been reported for the genera Bacillus (12-15, 19, 25, 26,
32, 34, 35, 45, 47, 48, 51, 52, 54), Ruminococcus (3, 8, 37,
38), Streptomyces (29-31), Bacteroides (20, 46), and
Cellulomonas (6, 16, 36, 41). In this paper we describe the
xylan degradation and the production, localization, regula-
tion, and several other properties of P-xylanase and P-
xylosidase activities of Cellulomonas uda.

MATERIALS AND METHODS

Chemicals. Xylan (stated origin, birchwood; average
molecular weight, 25,000) was purchased from Roth
(Karlsruhe, Federal Republic of Germany). It contained
approximately 0.5% L-arabinose and glucose as well as small
traces of glucuronic acid residues. Sodium carboxymethyl
xylan was synthesized by the procedure used for preparation
of sodium carboxymethyl cellulose (2). Microcrystalline
cellulose (no. 2331) was from E. Merck AG (Darmstadt,
Federal Republic of Germany). Bio-Gel P-2 (400 mesh) was
supplied by Bio-Rad Laboratories (Munich, Federal Republic
of Germany). p-Hydroxymercuribenzoate and ethyl mercu-
rithiosalicylate were purchased from Serva (Heidelberg,
Federal Republic of Germany).

Xylobiose, xylotriose, and xylotetraose were produced by
enzymatic hydrolysis of birchwood xylan by using crude

* Corresponding author.

,-xylanase activity-containing preparations (culture super-
natants) of C. uda. The reaction was performed at 30°C for 3
h and was stopped by heating (5 min at 95°C). After
centrifugation, the resultant supernatant was concentrated
under reduced pressure and chromatographed on a Bio-Gel
P-2 column (1.8 by 185 cm). It was eluted with water at a
flow rate of 24 ml/h. Carbohydrates in the effluent were
detected and quantitatively measured by the 3,5-
dinitrosalicylic acid procedure (4). Fractions still consisting
of two or three sugars were separated by preparative thin-
layer chromatography.
Microorganism growth conditions. After growth of C. uda

on an agar slant (50), the bacteria were washed off into
500-ml shake flasks containing 100 ml of basal medium (50)
with 0.5% (wt/vol) xylan or another carbohydrate and cul-
tured for 24 h on a rotary shaker (100 rpm) at 30°C. A total
of 5 ml of this first subculture was used to inoculate 250 ml
of medium (described above) and the mixture was cultivated
by shaking as before. In shake-flask cultures, the pH value
was adjusted daily to 7.0 by adding 1 N sterile NaOH. For
15-liter batch cultivations, 250 ml of the second subculture,
grown as described above for 36 h with 1% (wt/vol) xylan,
was inoculated into 14.75 liters of basal medium (50) supple-
mented with 2% (wt/vol) xylan. Cultivations were performed
in a 20-liter bioreactor (Biolafitte, Poissy, France) equipped
with three turbine impellers (each with six flat blades). The
cultures were agitated at 300 rpm and aerated at 0.8 m3/h.
The pH value was automatically adjusted to 6.8 by titration
with 6.25% (vol/vol) NH40H. C. uda was grown in basal
medium with 1% (wt/vol) microcrystalline cellulose as the
carbon source as described previously (50).

Thin-layer chromatography. Thin-layer chromatography
was performed on Merck Silica Gel 60 plates (2 and 0.5 mm
thick) with the solvent system ethyl acetate-propan-2-
ol-water (20:13:4, vol/vol/vol). Sugars were detected by
spraying with aniline phthalate reagent.

Analysis. Bacterial growth was monitored by determining
the nitrogen content of the cells by Kjeldahl analysis.
Bacterial protein was calculated as N x 6.25, and bacterial
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PROPERTIES OF XYLAN-DEGRADING ENZYMES FROM C. UDA

dry weight was estimated by assuming an average protein
content of bacterial cells of 60%. For soluble carbon
sources, cell growth was determined by measuring the
optical density at 546 nm (OD546).

Soluble protein was measured by the method of Lowry et
al. (27). A standard curve was prepared from determinations
with bovine serum albumin. Concentration of insoluble
xylan was calculated by using the difference between the dry
weight of the solids, made up of cells and insoluble xylan,
and the amount of bacterial dry weight. Dry weight of the
solids was determined as described previously (50). Concen-
tration of soluble xylan was calculated from the difference
between the dry weight of the polymers, which were precip-
itated with 3 volumes of ethanol, and the concentration of
soluble protein in the supernatant of the culture. Composi-
tion of xylan was analyzed by acid hydrolysis (42) and
subsequent thin-layer chromatography, as well as gas-liquid
chromatography (43). Determination of cellulose was carried
out as described previously (50).
Enzyme assays. The xylan solution used in the P-xylanase

assay was prepared by suspending 1% (wt/vol) ball-milled
xylan in 0.07 M phosphate buffer (pH 5.8). About 0.7%
(wt/vol) of the xylan was dissolved after heating to 80°C for
approximately 15 min, and then cooling and centrifuging.
For the determination of ,-xylanase activity, 1 ml of 0.7%
(wt/vol) xylan dissolved in 0.07 M phosphate buffer (pH 5.8)
and 1 ml of enzyme solution were mixed and incubated at
50°C for 5 min. The reaction was stopped in an ice bath,
3,5-dinitrosalicylic acid reagent (4) was added, and the
solution was well mixed and then heated in a boiling water
bath for 12 min. As a control, 1 ml of xylan solution was
incubated and cooled, and 1 ml of enzyme solution and 3 ml
of 3,5-dinitrosalicylic acid reagent were added to correct for
reducing sugars in the substrate and enzyme solution. Re-
ducing sugar equivalents were measured in both the original
and the control solutions by the colorimetric method of
Miller et al. (28) with D-xylose as the standard. One unit of
P-xylanase activity was defined as the amount of enzyme
that produced 1 ,umol of reducing sugar per min under the
given conditions. P-Xylanase activity of the culture broth
was assayed in the same way as described above, except that
culture broth, instead of enzyme solution, was used. The
activity of ,-xylanase adsorbed on insoluble xylan and
associated with the cells was then calculated from the
difference between the activity measured in the culture broth
and the activity determined in the supernatant of the culture.
For measurement of cell-associated f-xylanase activity of
cultures grown on nonxylan substrates, cells harvested from
250-ml shake-flask cultures were washed with 0.07 M phos-
phate buffer (pH 5.8) and suspended in 10 ml of the buffer.
P-Xylanase activity of this cell suspension was assayed as
described above. Cell-associated P-xylanase activity of cul-
tures grown on xylan was determined by a procedure mod-
ified from that described above. Cells were grown in basal
medium (250 ml per 1-liter shake flask) with 1% (wt/vol)
glucose for 24 h, harvested aseptically by centrifugation, and
washed with 0.07 M phosphate buffer (pH 5.8). Cells, free of
glucose, were aseptically suspended in basal medium with-
out yeast extract but with 0.06% dissolved xylan (250 ml in
each of two 1-liter shake flasks). Before suspending the cells,
the xylan-containing medium was centrifuged again at 12,000
x g for 1 h to ensure that no insoluble xylan was left in the
culture medium. Cell suspensions were incubated on a
rotary shaker (100 rpm) at 30°C. Samples (250 ml) were taken
at intervals and centrifuged. The pellet was washed with 0.07
M phosphate buffer (pH 5.8) and suspended in 30 ml of the

buffer. P-Xylanase activity of the cell suspension was mea-
sured as described above.
The decrease in viscosity of sodium carboxymethyl xylan

dissolved in 0.07 M phosphate buffer (pH 5.8) was monitored
by using a Rotovisco RV3 viscometer with an MK 50
measuring head and an MV II/MV St rotor/stator system
(Haake, Karlsruhe, Federal Republic of Germany).

,-Xylosidase activity was determined with p-nitrophenyl-
,-D-xylopyranoside as the substrate. The reaction mixture
contained 0.5 ml of 20 mM p-nitrophenyl-P-D-xyloside in
0.07 M phosphate buffer (pH 6.0) and 0.5 ml of either
enzyme solution or culture broth. After incubation at 45°C
for 10 min, 1 ml of 1 M sodium carbonate solution was
added, and the mixture was chilled to about 4°C and centri-
fuged. The subsequent procedure and calculation of the
enzyme activity were the same as those used for the deter-
mination of P-glucosidase activity as described previously
(50).

Ultrasonic disruption of the cells. Cells grown for 24 h in
basal medium with 1% (wt/vol) glucose were harvested by
centrifugation, washed with 0.07 M phosphate buffer (pH
5.8), and suspended in the same buffer to an OD546 of 0.6
(1:50 [vol/vol]; diluted with water). The suspension was
ultrasonically disrupted for 45 min by cooling in an ice bath
with a Sonifier (B-30; Branson Sonic Power Co., Danbury,
Conn.). The 0.5-in. (1.27 cm) horn was used, and the output
control was set at 10 and pulsed for 20 min with a duty circle
of 40% and then pulsed for 25 min with a duty circle of 90%.
Samples were examined by microscope to confirm that most
of the cells had been disrupted. For measurement of ,B-
xylanase and ,B-xylosidase activities released after sonica-
tion, the sonicated suspension was centrifuged and the
supernatant was removed. For the determination of both
enzyme activities still adhering to the cell debris, the pellet
obtained was suspended in 0.07 M phosphate buffer (pH 5.8)
(the same amount that was used to suspend the cells before
sonication).

Induction and repression of ,-xylanase formation. Cells
were grown in basal medium (250 ml in each of two 1-liter
shake flasks) with 2% (wt/vol) glucose for 34 h, harvested
aseptically by centrifugation, and washed twice with 0.85%
(wt/vol) NaCl solution. The cells were then aseptically
suspended in basal medium without yeast extract and with
0.1% (wt/vol) xylan. The mono-, di-, and trisaccharides were
dissolved in small amounts of basal medium (also without
yeast extract), sterilized by membrane filtration, and asepti-
cally transferred into 100-ml shake flasks containing 50 ml of
the cell suspension. They were incubated on a rotary shaker
at 30°C. Samples (6 ml) were taken at intervals and centri-
fuged, and the 3-xylanase activity in the supernatant was
determined.

RESULTS

Xylan degradation and production and localization of 13-
xylanase activity. Growth and xylan degradation during a
15-liter batch cultivation on 2% (wt/vol) purified xylan from
birchwood were measured (Fig. 1). After 80 h of cultivation,
a bacterial dry weight of 8.4 g/liter was reached, and the
xylan content was reduced by 82%. This corresponded to a
growth yield of 0.45 g of bacterial dry weight per g of xylan
consumed. At the beginning of cultivation, 63% of the total
amount of xylan was found to be dissolved in the basal
medium. Within the first 12 h, when the xylanase activity
was still low (Fig. 2), 90% of this soluble portion was
hydrolyzed. After about 35 h no soluble xylan could be
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FIG. 1. Growth and xylan degradation during a 15-liter batch
cultivation in basal medium with 2% (wt/vol) xylan as the carbon
source. Cultivation was carried out at 30°C and pH 6.8 in a 20-liter
bioreactor. It was aerated at 0.8 m3/h and agitated with three turbine
impellers (six flat blades each) at 300 rpm. Symbols: A, total xylan;
0, soluble xylan; 0, insoluble xylan; *, bacterial dry weight.

detected in the culture, whereas within the same period only
43% of the insoluble xylan was degraded.
During growth on mono- and disaccharides (Table 1), very

low ,-xylanase activity was produced. After 24 h of cultiva-
tion in shake flasks, 3-xylanase activities of approximately
0.01 U/ml (extracellular) and 0.004 U/ml (cell associated)

18.
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FIG. 2. Formation of P-xylanase and 3-xylosidase during a 15-
liter batch cultivation in basal medium with 2% (wt/vol) xylan as the
carbon source. Cultivation conditions are described in the legend to
Fig. 1. Symbols: 0, 3-xylanase activity of the culture broth; 0,
P-xylanase activity of the supernatant; *, cell-bound ,-xylosidase
activity.

TABLE 1. Formation of P-xylosidase activity

Carbon source Growth Cell-bound ,B-xylosidase
(1% [wt/volJ)a (OD546) activity (U/ml)

D-Glucose 10.0 0.066
D-Galactose 16.9 0.046
D-Mannose 12.0 0.035
D-Xylose 10.0 0.065
L-Arabinose 10.0 0.061
Cellobiose 12.7 0.080
Maltose 15.0 0.049
Starch 14.2 0.037
Cellulose 4.63b 0.070
Xylan 3.43b 0.210

a Cultivation was carried out in shake flasks (250 ml per 1-liter flask) for 60
h or (for cellulose and xylan) for 120 h.

b Grams of bacterial dry weight per liter.

were detected. The difference between the ,-xylanase activ-
ity measured in the culture broth and that determined in the
culture supernatant varied from 50 to 67.5% during 90 h of a
15-liter batch cultiy'ation on 2% (wt/vol) xylan (Fig. 2). The
adsorption of P-xylanase activity to insoluble xylan made it
difficult to determine the cell-associated ,-xylanase activity.
Therefore, cells grown for 24 h on i% (wt/vol) glucose were
incubated for 17 h in basal medium with 0.06% (wt/vol)
dissolved xylan. The percentage of 3-xylanase activity as-
sociated with the cells varied between 1% (initially) and 45%
(after 17 h of incubation) under these conditions (Fig. 3).
When this incubation was extended to 66 h, the portion of
cell-associated P-xylanase activity declined to 15 to 20% of
the total ,-xylanase activity. The latter value was never
exceeded during incubation of glucose-grown cells for 33 h
on 0.025% (wt/vol) xylan. To determine whether the 1-
xylanase activity associated with the cells was located on the
cell surface, glucose-grown cells incubated for 6.5 h in basal
medium with 0.06% (wt/vol) xylan were disrupted by sonifi-

0.4.

0,3 o3,0
0

E~~~~~~~~~~~

.0,2- /2,0.oT

o,o*. . . , / .0,1 0 ,0

0 1 2 3 4 3 6 7 17
Time (h)

FIG. 3. Formation of extracellular and cell-associated -
xylanase activity by washed glucose-grown cells transferred to basal
medium with 0.06% (wt/vol) dissolved xylan. Symbols: 0, extracel-
lular ,B-xylanase activity; 0, cell-associated ,3-xylanase activity; *,
bacterial dry weight.
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0,4-,B-xylanase activity. On the other hand, 1.0 and 5.0 mM
xylose and glucose, respectively, distinctly repressed this

* enzyme formation.

0,3- /Inhibition of I8-xylanase and I-xylosidase activities. Initial
0- reaction velocities of xylan degradation by supernatants of

cultures grown on xylan were determined with and without
0,2* the addition of xylose, xylobiose, glucose, and cellobiose.The P-xylanase activity was inhibited competitively only by

xylose, with a Ki value of 50 mM. For kinetic studies of the
01- cell-bound ,-xylosidase activity, the initial rates of hydroly-sis of p-nitrophenyl-P-D-xyloside by suspensions of washed,

glucose-grown cells were measured with and without the
0,0 > .-ooooo addition of xylose, glucose, and cellobiose. The P-xylosidase

0 1 2 3 4 5 6 activity was inhibited competitively by xylose, with a Ki of
Time (h) 650 mM. The influence of sulfhydryl reagents and EDTA on

the activities of ,-xylanase and ,-xylosidase was also stud-
4. Formation of extracellular ,-xylanase activity by ied. The addition of 1 mM p-hydroxymercuribenzoate re-

d glucose-grown cells transferred to basal medium and sup- duced the 3-xylosidase activity by 26%. More pronounced
,vith 0.5 mM xylotriose (v), 1.0 mM xylotriose (A), 0.1% was the influence of 1 mM ethyl mercurithiosalicylate, which
I) xylan (0), and no addition (0). OD546 of the cells suspended inhibited about 80% of the P-xylosidase activity. On the1l medium was0.12.Ihbtdaot8%o h -yoiaeatvt.O h*mediumwas0.12. other hand, the P-xylanase activity was not affected by the

two sulfhydryl reagents.
I. The suspension of intact bacteria had a 3-xylanase Effect of pH and temperature on D-xylanase and I-
ty of 0.305 U/ml. After sonification, an activity of 0.545 xylosidase activities. The optimum pH value of 5.8 for ,B-
was measured. The supernatant of this sonicated cell xylanase activity was rather pronounced when compared
nsion exhibited a P-xylanase activity of 0.375 U/ml, with that for ,-xylosidase activity, which ranged from 5.4 to
ie cell debris, suspended in the same amount of buffer 6.1. Maximum P-xylanase activity was determined at 58°C.
re the cells before sonification, showed a ,-xylanase ,B-Xylosidase activity was highest at 43 to 45°C. The
ty of 0.15 U/ml. P-Xylosidase activity, which was also thermostability of 3-xylanase activity was determined by
nt in the disrupted cell preparation, probably caused incubating a ,-xylanase-activity-containing culture superna-
vel of ,-xylanase activity to appear higher than it tant at various temperatures. After incubation at 45 and 50°C
lly was. for 1 h, 5 and 24%, respectively, of the enzyme activity was
mation and localization of P-xylosidase activity. ,B- lost. Half-lives of 60 min at 55°C and 10 min at 60°C were
,idase activity was always found to be cell bound, measured. For determination of the thermostability of cell-
iless of the carbon source used (Table 1 and Fig. 2). No bound P-xylosidase activity, cells were harvested asepti-
)sidase activity could be measured in the supernatants cally, suspended in sterile 0.07 M phosphate buffer (pH 6.0),
Itures grown on xylan or on the other carbohydrates and incubated at different temperatures. When they were
in Table 1. The amount of P-xylosidase activity bound incubated at 40°C for 1 h, I-xylosidase activity was reduced
cell increased about fourfold, from 0.14 and 0.15 U by 10%. At 50 and 60°C, half-lives of 6 and 2 min, respec-
grown on glucose or microcrystalline cellulose, re- tively, were measured.

ively) to 0.61 U of P-xylosidase activity per mg of Substrate specificity of j8-xylanase activity and pattern of
rial dry weight (when the bacterium was grown on xylan hydrolysis. Xylan from birchwood, used throughout
). Sonication of glucose-grown cells incubated for 6.5 h this study, was almost devoid of constituents other than
al medium with 0.06% (wt/vol) xylan led to a release of xylose. Only L-arabinose and glucose (about 0.5%), as well
of the P-xylosidase activity originally bound to the cells. as traces of glucuronic acid residues, could be detected. The
y, we do not know whether this enzyme activity low concentration of L-arabinose and glucose indicated that
-d xylobiose, as it hydrolyzed the artificial substrate the xylan that was used contained a small amount of L-
ophenyl-P-D-xyloside. arabinofuranose side chains and probably small amounts of
uction and repression of,3-xylanase formation. During cellulose or another type of a ,-linked glucan as well.
:h on nonxylan substrates, very small amounts of ,-Xylanase-activity-containing supernatants of xylan-grown
inase activity were measured (Table 1). These small cultures degraded not only this purified xylan but also
nts represented the basal level necessary for the for- another lot of birchwood xylan which contained approxi-
n in the cells of a low-molecular-weight compound mately 12% L-arabinose and about 2% glucose. Both sugars
the exogenous substrate xylan. To determine the small were detected as hydrolysis products of this arabinoxylan by
fragment responsible for induction of further P- ,B-xylanase-containing culture supernatants. These prepara-

ase synthesis, washed, glucose-grown cells with re- tions were also slightly active against sodium carboxymethyl
ed 3-xylanase formation were incubated in basal me- cellulose, but were unable to degrade microcrystalline cel-
with potentially inducing compounds such as xylose, lulose. Chromatographic product analysis of xylan hydroly-
jiose, and xylotriose. The formation of extracellular sis for 3 h at 30°C by a P-xylanase-activity-containing culture
anase activity was used as a parameter of induction and supernatant which was free of P-xylosidase activity showed
ssion. Xylotriose showed a distinct inducing effect at that xylobiose, xylotriose, and xylose were mainly pro-
:ntrations of 0.5 and 1.0 mM (Fig. 4). The extracellular duced. Small amounts of xylotetraose were also detected.
anase formation stopped after 3 to 4 h because of the The oligomeric pattern of xylan hydrolysis suggested that an
Lstion of the inducing xylotriose. Although xylobiose, endo-p-xylanase activity was primarily responsible for the
ig in concentration from 0.1 to 1.0 mM, was taken up cleavage of xylan by C. uda culture fluids. This conclusion
e cells, it barely induced the formation of extracellular was supported by the finding that a supernatant of a culture
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750 RAPP AND WAGNER

grown on xylan efficiently decreased the viscosity of a
sodium carboxymethyl xylan solution.

1,4-03-Glucanase activity with reference to a side activity
towards xylan. Supernatants of cultures grown on micro-
crystalline cellulose showed not only 3-glucanase but also
P-xylanase activity. This raised the question as to whether
this xylanase activity was due to P-xylanase activity, possi-
bly the same produced during cultivation on xylan, or to
P-glucanase activity, which is also able to hydrolyze xylan to
some extent. This xylan-hydrolyzing enzyme activity from
cultures grown on microcrystalline cellulose had a rather
broad range of optimum pH values, ranging from 6.1 to 6.8.
On the other hand, the P-xylanase activity produced during
growth on xylan had a pronounced optimum at pH 5.8. Both
enzyme activities also differed somewhat in their tempera-
ture optima. The xylanase activity originating from cultures
grown on xylan had a broader optimum range at 58°C than
did microcrystalline cellulose-grown cultures, which had a
well-pronounced optimum at 60°C. Furthermore, both en-

zyme activities were inhibited by xylose. The xylan-
hydrolyzing enzyme activity from cultures grown on

microcrystalline cellulose was inhibited noncompetitively,
with a Ki value of 72 mM, and the true 3-xylanase activity
was inhibited competitively, with a Ki value of 50 mM.
Finally, the true P-xylanase activity was not inhibited by
cellobiose, xylobiose, or glucose, whereas the xylan-
hydrolyzing activity determined in cultures grown on

microcrystalline cellulose was inhibited by cellobiose. All
these results suggest that the xylan-hydrolyzing enzyme
activity, measured in cultures grown on cellulose, is different
from the xylanase activity produced during cultivation on

xylan. In a previous study (50), it was reported that endo-
1,4-,-glucanase activity had an optimum range from pH 6.2
to 6.8, thus corresponding to that of xylan-hydrolyzing
enzyme activity determined in cultures grown on microcrys-
talline cellulose. Moreover, this endoglucanase activity was
also found to be inhibited by cellobiose, similar to xylan-
hydrolyzing enzyme activity. This comparison led to the
conclusion that endo-1,4-p-glucanase activity also had some

activity towards xylan.

DISCUSSION
During a 15-liter batch cultivation of C. uda, 84% of the

2% (wt/vol) xylan initially present in the culture was de-
graded within 80 h of incubation. Besides the dissolved
xylan, which made up 63% of the total initial amount, about
half of the insoluble portion was hydrolyzed. The incomplete
degradation of the insoluble xylan was probably not due to
4-O-methyl-D-glucuronic acid branches, since they could be
detected only in traces in the xylan used. Although a crude
P-xylanase preparation from C. uda was capable of liberat-
ing L-arabinose from arabinoxylan, 1,3-a-arabinofuranosyl
branches probably impeded the xylan hydrolysis to some

extent. Daly et al. (6) found that the removal of L-arabinose
side chains from an arabinoxylan by a Cellulomonas strain
was a relatively slow process, compared with the cleavage of
the xylan backbone. On the other hand, it also seems likely
that the residual xylan was more tightly bound in aggregates
than the xylan that was utilized, and was thus less accessible
to the hydrolyzing enzymes (46).
The data describing the association of the 3-xylanase

activity with the cells are by no means extensive enough to
permit a final conclusion, but they do demonstrate that the
extent of association of P-xylanase activity with the cells
depends on both their age and the conditions under which
the cells were cultivated. Growing cells seem to associate

more readily with p-xylanase activity than do those that are
in a nongrowth stage. This changing degree of association
prevents the P-xylanase activity of C. uda from being
regarded as a true surface-bound enzyme activity (39), in
contrast to the ,B-xylosidase activity, which was never de-
tected in the culture supernatant. It seems more likely that
the cell-associated P-xylanase activity was an enzyme activ-
ity en route to the exterior, as has been suggested for the
a-amylase of Bacillus spp. (40).
Although a varying amount of P-xylanase activity was

found to be associated with the cells, extracellular I-
xylanase activity was always present to some degree. There-
fore, the appearance of this extracellular P-xylanase activity
could be used as at least a qualitative measure for the
inducible formation of P-xylanase activity by small xylan
fragments. These fragments are produced by the action of
small amounts of constitutively formed ,-xylanase activity.
However, these sugars are probably degraded or trans-
formed either extra- or intracellularly to the nonmetaboliz-
able, gratuitous inducer of the ,-xylanase synthesis. It was
shown that xylotriose exhibited a distinct inducing effect on
the production of extracellular ,-xylanase activity, in con-
trast to xylobiose, which elicited only a very weak response
(data not shown).

3-Xylosidase activity was formed during growth on many
mono- and disaccharides. It was located in the periplasmic
space or in the cell wall, and the activity bound to the cell
was increased when cells were grown on xylan. This sug-
gested the existence of an inducible and constitutive p-
xylosidase activity. Although p-nitrophenyl-,3-D-xyloside
was a convenient substrate for assaying ,-xylosidase activ-
ity, its detection was not necessarily proof of xylobiase
activity. 3-Xylosidase is listed in Enzyme Nomenclature as
an exo-1,4-,3-D-xylosidase (EC 3.2.1.37) which removes suc-
cessive D-xylose residues from the nonreducing termini of
xylan and hydrolyzes xylobiose. The 3-xylosidase activity of
C. uda, if assumed to be inducible, may fulfill these require-
ments, but it is questionable to assume that this is also valid
for constitutive activity, which is more probably a
xylosidase activity comparable to glucosidase activity (EC
3.2.1.21). Extracellular ,-xylanase activity was inhibited
competitively by xylose and not by xylobiose, cellobiose,
and glucose. It was not affected by sulfhydryl-binding re-
agents. On the contrary, ,-xylosidase activity responded to
sulfhydryl-binding reagents, thus indicating that a cysteine
residue was most probably essential for its activity.
The hydrolysis pattern of xylan during its incubation with

a crude preparation of I-xylanase activity indicated that the
enzyme activity mainly responsible for the xylan degrada-
tion was an endo-i-xylanase activity. The assumption was
supported by the fact that this crude preparation of P-
xylanase activity rapidly decreased the viscosity of a sodium
carboxymethyl xylan solution. This finding was not surpris-
ing, since most bacterial xylanases are endoxylanases (13,
15, 19, 22, 35, 52, 54). The occurrence of L-arabinose as a
product of hydrolysis of arabinoxylan by a supernatant of a
culture grown on xylan suggests that a P-xylanase or an
a-arabinofuranosidase activity cleaves the 1,3-a-L-
arabinofuranosyl side chain linkages.
Numerous fungal and bacterial 1,4-3-glucanases and

xylanases show some degree of cross-specificity (21, 23, 24,
36, 37, 49, 53, 54). A crude ,-xylanase preparation from C.
uda also degraded sodium carboxymethyl cellulose to some
extent, but did not degrade microcrystalline cellulose. On
the other hand, supernatants of cultures of C. uda grown on
microcrystalline cellulose exhibited 1,4-p-glucanose activity
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and also xylanase activity. Comparison of the physicochemi-
cal properties of the xylan-hydrolyzing enzyme activity from
cultures grown on microcrystalline cellulose with those of
the P-xylanase activity from xylan-grown cultures shows
that their optimum pH values and inhibition characteristics
obviously differ. It was shown that the pH optimum values
and kinetic properties of the xylan-hydrolyzing enzyme
activity from microcrystalline cellulose-grown cultures cor-
responded to those of an endo-1,4-p-glucanase activity (50).
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