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Two genes concerned with xylan degradation were found to be closely linked in the ruminal anaerobe
Prevotella ruminicola B14, being separated by an intergenic region of 75 nucleotides. xynA is shown to encode
a family F endoxylanase of 369 amino acids, including a putative amino-terminal signal peptide. xynB encodes
an enzyme of 319 amino acids, with no obvious signal peptide, that shows 68% amino acid identity with the xsa
product of Bacteroides ovatus and 31% amino acid identity with a b-xylosidase from Clostridium stercorarium;
together, these three enzymes define a new family of b-(1,4)-glycosidases. The activity of the cloned P.
ruminicola xynB gene product, but not that of the xynA gene product, shows considerable sensitivity to oxygen.
Studied under anaerobic conditions, the XynB enzyme was found to act as an exoxylanase, releasing xylose
from substrates including xylobiose, xylopentaose, and birch wood xylan, but was relatively inactive against oat
spelt xylan. A high degree of synergy (up to 10-fold stimulation) was found with respect to the release of
reducing sugars from oat spelt xylan when XynB was combined with the XynA endoxylanase from P. ruminicola
B14 or with endoxylanases from the cellulolytic rumen anaerobe Ruminococcus flavefaciens 17. Pretreatment
with a fungal arabinofuranosidase also stimulated reducing-sugar release from xylans by XynB. In P. rumini-
cola the XynA and XynB enzymes may act sequentially in the breakdown of xylan.

Plant cell wall material is degraded in the rumens of mam-
mals by a complex community of anaerobic microorganisms.
Efficient degradation requires the breakdown of the matrix
material, which is largely composed of hemicelluloses, in ad-
dition to cellulose breakdown. Cellulolytic rumen microorgan-
isms are found to effectively degrade xylans, the major com-
ponent of hemicellulose, but often utilize the breakdown
products only poorly. On the other hand, many noncellulolytic
bacteria utilize isolated xylans well and cause greatly increased
utilization of hemicellulose from intact plant material when in
coculture with cellulolytic species (5). The most abundant of
these noncellulolytic, xylan-utilizing species appear to be Bu-
tyrivibrio fibrisolvens and Prevotella ruminicola (28, 32). P. ru-
minicola B14 is an actively xylanolytic strain (2, 4) and is known
to have a high-affinity system for xylose uptake (29).
Xylans are a highly diverse group of polysaccharides, in

which the main chain of b-1,4-linked xylose residues can be
substituted to various degrees with acetyl, a-2- or a-3-linked
arabinose residues or 4-O-methyl glucuronic acid residues. Nu-
merous endoxylanases that attack the main xylan chain have
been described, together with b-xylosidases, which act on xy-
lobiose or xylooligosaccharides, and a variety of debranching
activities (3, 38). In common with cellulolytic rumen bacteria
(8, 21) and nonrumen organisms, P. ruminicola B14 carries
multiple xylanase genes. Four regions encoding xylanase activ-
ity have been identified in P. ruminicola B14 (14), one of which
corresponds to a broad-specificity endoglucanase (24). Of the

remaining regions, one encodes activities against p-nitrophe-
nyl-b-D-xyloside (pNPX) and p-nitrophenyl-a-L-arabino-
furanoside (pNPA), in addition to xylanase activity. In the
present work, we show that this region carries at least two
linked genes, one of which encodes an endoxylanase while the
other encodes a novel oxygen-sensitive exoxylanase that has
associated pNPX and pNPA activities. The exoxylanase exhib-
its a remarkable degree of synergy with endoxylanases, and its
sequence relationships with b-xylosidases help to establish a
new family of glycoside hydrolases.

MATERIALS AND METHODS

Strains and isolated genes. Escherichia coli DH5a carrying various recombi-
nant plasmids was used as a source of enzyme activities studied. The plasmids
carried were pUC19/L3 (3.1-kb P. ruminicola B14 fragment carrying an intact
xynB gene), pUC18/L30 (4.1-kb P. ruminicola B14 fragment carrying an intact
xynA gene) (14), pUC13/X4723 (Ruminococcus flavefaciens 17 fragment encod-
ing endoxylanase XynA domain C fused with a lacZ translational start), and
pUC13/X4530 (R. flavefaciens 17 fragment encoding endoxylanase XynA domain
A fused with a lacZ translational start) (11, 39). R. flavefaciens 17 was isolated
from the rumen of a fistulated cow as described previously (8).
Growth conditions. Cultures of E. coli cells carrying pUC plasmids were grown

in Luria broth (LB) medium containing 50 mg of ampicillin per ml. For enzyme
assays, cells grown overnight were harvested by centrifugation, suspended in 1/40
of the culture volume of anaerobically prepared 0.05 M Na phosphate buffer–2
mM dithiothreitol (DTT) (pH 6.5) (see below), and subjected to sonication (9).
Cell extracts were stored at2708C under 100% CO2. R. flavefaciens 17 cells were
grown in a defined medium containing 0.5% freezer-milled oat straw as the sole
source of energy. After 3 days of growth, cells were harvested by centrifugation
under 100% CO2, resuspended in 1/40 of the original culture volume of 0.05 M
Na phosphate buffer–2 mM DTT (pH 6.5), and subjected to sonication. Culture
supernatant was concentrated 12.5-fold by using an Amicon PM10 membrane
(molecular weight cutoff, 10,000).
Enzyme assay conditions.Assays measuring the release of reducing sugar from

xylan (final concentration, 1% unless otherwise stated) (20) and assays measur-
ing the release of para-nitrophenol from pNPA and pNPX were as described
previously (7, 14) except that they were routinely performed under anaerobic
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conditions in the present study. Anaerobic 50 mM Na phosphate buffer was
prepared by boiling and bubbling with 100% CO2, DTT was added to a final
concentration of 2 mM, and the pH was adjusted to 6.5 with NaOH. The buffer
was maintained under a 100% CO2 atmosphere, and assays were performed in
this atmosphere. Anaerobic growth of E. coli carrying plasmid L3 in LB medium
with glucose did not result in any detectable activity. The best conditions for
recovering XynB activity were, therefore, aerobic growth followed by anaerobic
assay.
In order to examine the effects of preincubation, extracts were diluted 1:9 with

aerobically or anaerobically prepared 50 mM Na phosphate buffer (pH 6.5) with
or without 100 mg of bovine serum albumin per ml or 2 mMDTT. After a 30-min
incubation at 308C, the preincubation mix was diluted a further 10-fold by
addition of the appropriate assay buffer containing the substrate pNPA or pNPX
at 3 mM, and incubation was continued at 378C for 15 min before termination of
the reaction. For the experiment shown in Table 3, xylans (5% [wt/vol]) were
pretreated with Aspergillus niger arabinofuranosidase (Megazyme Pty., Sydney,
New South Wales, Australia) at a final concentration of 0.8 U/ml for 60 min at
378C in 0.1 M Na acetate buffer, pH 4, under aerobic conditions. Unless other-
wise stated, enzyme activities reported here refer to the means for duplicate
assays; individual values differed from the mean by no more than 10%.
Molecular biology procedures. Subcloning and preparation of plasmid DNA

were done by standard procedures (27). DNA sequencing was performed by the
dideoxy-chain termination method with an Applied Biosystems automated se-
quencer. Taq polymerase was used according to the manufacturer’s recommen-
dations. M13 forward and reverse primers, and internal primers synthesized on
a Cruachem synthesizer, were used to obtain the sequence shown in Fig. 2. Both
strands of the region shown were sequenced. Sequence alignments and searches
were performed by using the Seqnet facility, Daresbury, United Kingdom.
Carbohydrate analyses. Hydrolysis products were analyzed by thin-layer chro-

matography as described previously (9) following incubation of xylan (10 mg/ml),
xylopentaose (2.5 mg/ml), or xylobiose (1 mg/ml) with enzyme preparations,
under anaerobic assay conditions. Xylopentaose and aldotetraouronic acid were
obtained from Megazyme Pty. Xylans were obtained from Sigma, Poole, United
Kingdom (birch wood [BW] xylan X-0502 and oat spelt [OS] xylan X-0627), and
from Roth, Karlsruhe, Germany, via Techmate, Milton Keynes, United Kingdom
(OS xylan 9289 and BW xylan 7500). Xylan suspensions (1% in 50 mM sodium
phosphate buffer–2 mM DTT [pH 6.5]) were fractionated by two cycles of
centrifugation (2,000 3 g, 20 min, ambient temperature) and resuspension. The
final pellet was taken as the insoluble fraction, and the pooled supernatants were
taken as the soluble fraction. Total carbohydrate in each fraction was determined
by the phenol-sulfuric acid method (17). The monosaccharide composition of
xylans was determined by gas-liquid chromatography (6).

RESULTS

Nucleotide sequences of two linked genes concerned with
xylan utilization. The nucleotide sequence of a region of P.
ruminicola B14 DNA that specifies xylanase, pNP-xylosidase,
and pNP-arabinofuranosidase activities (14) was found to con-
tain two open reading frames (ORFs) (Fig. 1 and 2). The
upstream ORF (designated xynA) gives rise to a predicted
translation product of 369 amino acids, starting with a region
resembling a typical bacterial signal peptide sequence (34),

that shows close similarity with xylanases of family F, in par-
ticular XylI from the hind gut anaerobe Bacteroides ovatus (37)
(Table 1). The second ORF (designated xynB), separated by 75
nucleotides from the xynA gene, encodes a polypeptide whose
predicted translation product of 319 amino acids is similar in
sequence to the predicted product of the xsa gene of B. ovatus,
which encodes an enzyme with b-(1,4)-xylosidase and a-L-ar-
abinofuranosidase activities (Fig. 3; Table 1). The B. ovatus
gene (37) is also situated immediately downstream of a gene
encoding a family F xylanase, so that the two clusters appear
closely homologous. Neither the P. ruminicola xynB product
nor the B. ovatus xsa product shows an obvious signal peptide
sequence.
No sequence resembling a typical E. coli ribosome binding

site was found upstream of either ORF. This appears to be a
common feature of genes isolated from Bacteroides and Pre-
votella spp. (33, 36). Sequences showing a four- of five-base
complementarity with the 39 end of E. coli 16S rRNA are
present within the 10 bases upstream of the proposed initiation
codons for xynA and xynB, which might account for their ex-
pression in E. coli, although the possibility of alternative inter-
nal start points cannot be excluded. Sequences capable of
forming stems and hairpin loops are present in the noncoding
region between the xynA and xynB genes (DG, 28.4 kcal
[235.1 kJ]/mol), and also downstream from the xynB gene
(DG, 223.4 kcal [297.9 kJ]/mol according to reference 30)
(Fig. 2). Codon usages are similar for the two genes and show
considerable bias, in particular for glycine (GGT accounting
for 73% of glycine codons in xynA and 82% in xynB), arginine
(CGT accounting for 73% of arginine codons in xynA and 83%
in xynB), and proline (CCA/CCT accounting for 94% of pro-
line codons in xynA and 100% in xynB). AGG, CGG (arginine),
CCG (proline), and TCC (serine) are not used in either gene.
This pattern of usage resembles that reported for the endoglu-
canase gene of the same strain (24) but differs from that re-
ported for P. ruminicola 23 (36).
The xynB product belongs to a new family of b-(1,4)-glyco-

side hydrolases. No significant sequence relationships between
the P. ruminicola xynB product and b-xylosidases or an ar-
abinofuranosidase-xylosidase from the rumen bacterium B.
fibrisolvens were found (31) (Table 1). On the other hand,
there is significant similarity with a recently described arabino-
furanosidase-xylosidase from Clostridium stercorarium (26).
Together with the B. ovatus enzyme, these enzymes define a
new enzyme family (Fig. 3), distinct from the families 39 and 43
described by Henrissat and Bairoch (16), which include b-xy-
losidases. More than 25% of the residues that are conserved
among the three sequences are aromatic amino acids, includ-
ing 15 tyrosines (Fig. 3).
Activity and stability of the P. ruminicola xynA and xynB

products.A 3.1-kb fragment (L3) that contained an intact xynB
coding sequence and an inactive, truncated xynA gene was
subcloned previously. Activities against pNPX, pNPA, BW xy-
lan, and OS xylan that were detected in E. coli cells carrying
this fragment (14) must all be attributed to the XynB enzyme.
Another fragment (L30), which contains the complete xynA
gene, encoding the family F xylanase, but an incomplete xynB
coding sequence, was previously shown to encode activity
against BW xylan and OS xylan but not against pNPX or
pNPA.
The activities associated with XynB were highly thermo-

labile and decreased exponentially at 508C in 0.05 M Na phos-
phate buffer–2 mM DTT at pH 6.5; half-lives for pNPX and
pNPA hydrolytic activities at 508C were approximately 4 min
(results not shown). It was found that activity at 378C was
enhanced by performing assays under a 100% CO2 atmosphere

FIG. 1. Linked genes concerned with xylan utilization in P. ruminicola B14.
The positions and orientations of the xynA and xynB ORFs are indicated and are
based on sequencing of the 3,689 bp between the leftmost EcoRI site and the
rightmost PstI site. A 2,500-bp stretch of this sequence, including the two iden-
tified genes, is in the database (EMBL accession no. Z49241). An incomplete
ORF (414 amino acids) extending from the leftmost EcoRI site, in the opposite
orientation relative to xynA and xynB, is also present but lacks its amino terminus
and is not expected to be expressed in the clones described here. L3 and L30 are
subclones made in pUC13 and were derived from the larger pUC13 clone 5/4a
(14). E, EcoRI; H, HindIII; P, PstI; X, XbaI.
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in anaerobically prepared buffers. On exposure to air without
DTT, pNPX hydrolysis ceased to be linear after 5 min, whereas
with DTT and anaerobiosis a linear reaction rate was main-
tained for at least 60 min (Fig. 4). Hydrolysis of pNPA was also
sensitive to air. When enzyme preparations were incubated
aerobically in the presence of 2 mM DTT for 30 min at 308C
and then assayed anaerobically, pNPX and pNPA activities
were the same as they were without preincubation, indicating
that inactivation was reversible, although aerobic preincuba-
tion without DTT gave only partial restoration of activity.
Addition of bovine serum albumin to a concentration of 100
mg/ml did not increase the stability of the enzyme under aer-
obic or anaerobic conditions (results not shown).
The XynB enzyme showed a pH optimum between 6.3 and

7 for the hydrolysis of Sigma BW xylan when assayed in anaer-
obic 50 mM Na phosphate buffer–2 mM DTT. Activities de-
termined anaerobically at pH 6.5 (Table 2) were substantially
higher than those reported previously, which were based on
aerobic assays (14). Once again, a strong preference for BW

xylan over OS xylan was found, and this was confirmed with
two different sources of each xylan (Table 2). This variation
may be partly explained by differences in the content of soluble
material, but the two types of xylan also differ markedly in their
patterns of substitution with arabinose and 4-O-methyl glucu-
ronic acid (Table 2). The XynB enzyme was shown to be active
against both the insoluble and soluble fractions of Sigma BW
xylan; after the concentrations of the two fractions were ad-
justed to 6 mg/ml, the activity against the soluble material (304
nmol/min/mg of protein) was approximately three times that
against the insoluble material (105 nmol/min/mg of protein).
The xylanase activity of the XynA enzyme was also thermo-

labile (60% activity loss in 5 min at 508C), but no evidence for
oxygen sensitivity was found. The XynA enzyme shows approx-
imately twice the activity with BW xylan as a substrate as it
does with OS xylan (14). The pH optimum was approximately
6.5 in aerobically prepared 50 mM Na phosphate buffer (re-
sults not shown).
Modes of action of the XynA and XynB enzymes. The XynB

FIG. 2. Nucleotide sequence of a xylan utilization gene cluster from P. ruminicola B14. The sequence of both DNA strands was determined as described in Materials
and Methods. The first ORF (residues 142 to 1258, encoding 369 amino acids) corresponds to xynA, and the second (residues 1334 to 2290, 319 amino acids) corresponds
to xynB. Arrows indicate sequences capable of forming stem-loop structures. Encoded amino acids are indicated below the nucleotide sequence. Asterisks represent
proposed termination codons.
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enzyme was found to convert xylopentaose and xylobiose to
xylose (Fig. 5), and xylose was the only low-molecular-weight
degradation product of BW xylan detected by thin-layer chro-
matography (Fig. 5) or gas chromatography (data not shown).
This suggests that the XynB enzyme degrades xylan chains by
removing terminal xylose residues, presumably from the non-
reducing end of the chain. The activities of the XynB enzyme
are therefore consistent with its being an exoxylanase capable
of acting on certain xylans and xylooligosaccharides. XynB did
not degrade aldotetraouronic acid (xylotriose in which the xy-
lose residue at the nonreducing end is substituted with 4-O-
methyl glucuronic acid) and is therefore unable to cleave 4-O-
methyl glucuronic acid from xylose, or to attack bonds between

xylose residues from the reducing end of this molecule (result
not shown).
In contrast, the XynA enzyme produced mainly xylobiose

and xylotriose from xylan and from xylopentaose (Fig. 5), sug-
gesting an action similar to that of previously studied endoxy-
lanases from rumen bacteria (11). XynA did not hydrolyze
xylobiose (Fig. 5). There was no evidence for release of arabi-
nose from OS xylan by XynA or XynB.
Synergistic interactions between endo- and exoxylanases in

xylan breakdown. The proposed action of XynB suggested that
it might display synergy with other enzymes with respect to
xylan degradation. Endoxylanases should generate free chain
ends upon which the XynB enzyme could act, while debranch-
ing activities could remove substituents that may otherwise
block the enzyme’s progress. L3 extracts gave dramatic synergy
with respect to release of reducing sugar from OS xylan when
added to diluted extracts of R. flavefaciens 17 cells grown on
oat straw (Table 3). Similar synergy was observed with each of
two endoxylanase domains expressed from cloned R. flavefa-
ciens 17 genes and with the XynA xylanase from P. ruminicola
B14, and synergy was also observed with respect to the degra-
dation of BW xylan (Fig. 6; Table 3). Thus, a large part of the
synergistic effect with R. flavefaciens extracts can be attributed
to the formation by endoxylanases of xylooligosaccharides that
can be utilized by the XynB enzyme.
Pretreatment with a fungal arabinofuranosidase from A. ni-

ger (10) resulted in increases of twofold and fourfold in the
release of reducing sugar (not including the arabinose released
in the preincubation) from BW and OS xylans, respectively,
during subsequent incubation with the XynB enzyme (Table
3). The yield of reducing sugar in incubations with XynB and a
cloned endoxylanase from R. flavefaciens 17 was enhanced
approximately 50% and twofold for BW and OS xylans, re-
spectively, following preincubation with the arabinofuranosi-
dase. These effects indicate that the removal of arabinose sub-
stituents from both types of xylan opens up larger tracts of
xylose residues to hydrolysis by the XynB enzyme. For OS
xylan, the action of the R. flavefaciens endoxylanase was also
enhanced following pretreatment (Table 3).

FIG. 3. A new family of b-(1,4)-glycoside hydrolases. A multiple alignment was performed by using the ClustalV program. pru refers to XynB of P. ruminicola B14
(this paper), bov refers to the Xsa product of B. ovatus (accession no. BOU04957), and cst refers to the Xsa product of C. stercorarium (accession no. JS0770). Dots
indicate gaps in the alignment.

TABLE 1. Comparison of sequence of P. ruminicola B14 XynA
with those of xylanases of family Fa and comparison of sequence of

P. ruminicola B14 XynB with those of bacterial
enzymes showing b-xylosidase or b-xylosidase/a-

L-arabinofuranosidase activities

P. ruminicola enzyme and organism and
gene used for comparisonb

% Identical
amino acids

XynA
Bacteroides ovatus xylI (BOU04957) ................................... 49.3
Bacillus sp. strain C125 xynA (XYNA BACS5)................ 39.3
Caldocellum saccharolyticum xynA (XYNA CALSA) ...... 36.5
Clostridium thermocellum xynZ (XYNZ CLOTM) .......... 35.6
Ruminococcus flavefaciens xynA (XYNA RUMFL)......... 33.8
Butyrivibrio fibrisolvens xynA (XYNA BUTFI) ................. 32.1
Butyrivibrio fibrisolvens xynB (XYNB BUTFI).................. 31.4

XynB
Bacteroides ovatus xsa (BOU04957).................................... 67.8
Clostridium stercorarium xylA (JS0770)............................... 30.7
Bacillus pumilus xynB (XYNB BACPU) ........................... 22.0
Butryivibrio fibrisolvens xsa (A49776) .................................. 20.7
Caldocellum saccharolyticum xynB (XYNB CALSA) ...... 18.0
Thermoanaerobacter xylB (TEOENDXYLB)..................... 14.4
a According to the nomenclature of Gilkes et al. (15) or family 10 according to

the nomenclature of Henrissat and Bairoch (16).
b Database code names or accession numbers are given in parentheses. Com-

parisons were made by using the Bestfit program.
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DISCUSSION

This work shows that the rumen bacterium P. ruminicola B14
carries linked genes concerned with xylan utilization, consist-
ing of a gene encoding a family F endoxylanase (xynA) situated
upstream from a gene (xynB) encoding a putative exoxylanase.
This is the first report of the characterization of specific xy-
lanolytic genes from P. ruminicola and the first demonstration
that family F xylanases occur in this group, although a broad-
specificity xylanase-endoglucanase enzyme from P. ruminicola
23 belonging to family A has been described previously (36).
Family F xylanases from other rumen bacteria have been re-
ported (22, 39), but the P. ruminicola B14 enzyme was found to

be less closely related to these than to a family F xylanase from
the human hind gut organism B. ovatus. This is also the first
report of a gene cluster from a rumen anaerobe, although a
similar cluster is present in B. ovatus (35, 37). Xylanase activity
is regulated in P. ruminicola B14 (13, 14), and it is likely,
although not yet established, that these two genes are regu-
lated. It is also possible that further functionally related genes
will be found in this gene cluster.
In its amino acid sequence, the P. ruminicola XynB enzyme

resembles two enzymes reported previously, from B. ovatus
and C. stercorarium, that are described as processing b-xylosi-
dase and a-L-arabinofuranosidase activities and with them es-
tablishes a new family of glycoside hydrolases. Although the P.
ruminicola XynB enzyme resembles the other two in showing
activity against pNPX and pNPA, it also has some highly sig-
nificant properties that either are absent from the two related
enzymes or were not identified. First, the enzyme expressed in
E. coli is highly temperature labile and oxygen sensitive. It is
not yet established whether this applies to the native enzyme.
If the oxygen sensitivity is due to disulfide bond formation,
then the greater number of cysteine residues in the P. rumini-
cola enzyme than in the B. ovatus enzyme (seven compared
with four) may be relevant and could explain why oxygen
sensitivity was not reported for the B. ovatus enzyme. Since the
rumen environment contains less dissolved oxygen than the
hind gut does (18), there may be less selection for oxygen

FIG. 4. Sensitivity of the xynB exoxylanase to aerobic conditions. Anaerobi-
cally prepared extracts of E. coli carrying the L3 clone, expressing xynB, were
incubated with pNPX either in anaerobically prepared 0.05 M Na phosphate
buffer, pH 6.5, with (■) or without (h) 2 mM DTT or in the same buffer
prepared aerobically, with (F) or without (E) 2 mM DTT.

FIG. 5. Products of hydrolysis of xylan, xylopentaose, and xylobiose by ex-
tracts containing XynA or XynB enzymes. Products of hydrolysis were separated
by thin-layer chromatography. (A) Lane 1, xylose plus arabinose; lane 2, xylo-
biose; lane 3, xylopentaose; lanes 4, 5, and 6, xylobiose, xylopentaose, and BW
xylan, respectively, following anaerobic incubation for 2 h with XynB. Lane 7
shows hydrolysis of BW xylan for 6 h with XynB. (B) Lanes 1 and 2, as in panel
A; lanes 3 and 4, BW and OS xylans, respectively, incubated with XynA (6 h);
lanes 5 and 6, BW and OS xylans, respectively, incubated with both XynA and
XynB (6 h); lanes 7 and 8, xylobiose incubated for 2 and 6 h, respectively, with
XynA; lanes 9 and 10, xylopentaose incubated for 2 and 6 h, respectively, with
XynA. The sources of XynA and XynB were cell extracts of clones L30 and L3.
X, xylose; A, arabinose.

TABLE 2. Activities associated with the P. ruminicola XynB
enzyme, expressed from the L3 clone in E. coli, assayed under

anaerobic conditions

Substrate (source)

Enzyme
activity
(nmol/
min/mg
of protein)

Substrate composition (ratio)a

Soluble/
insoluble
xylan

Arabinose/
xylose

Uronic acid/
xylose

BW xylan (Sigma) 540b 3.3c 0.009 0.16
BW xylan (Roth) 210 1.5 0.007 0.14
OS xylan (Sigma) 22b 0.75 0.091 0.02
OS xylan (Roth) 39 0.37 0.072 0.02

pNPX 101b

pNPA 89b

a Xylans were fractionated as described in Materials and Methods. Monosac-
charide composition was determined as described elsewhere (6).
bMean for three separate experiments (unless indicated otherwise, values

represent means for duplicate assays from single experiments). Assays were
performed as described in Materials and Methods, with incubation times at 378C
of 15 min for pNPA and pNPX and 45 min for xylanase activities.
c Activity against the soluble fraction of Sigma BW xylan was approximately

three times that against the insoluble fraction, assayed at equal concentrations
(wt/vol) (see text).
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tolerance of individual proteins in microbes from the rumen
than in those from the hind gut.
A second significant feature of the XynB enzyme is its mode

of action on xylan molecules. The evidence presented here is
consistent with the P. ruminicola XynB enzyme’s being an
exoxylanase capable of releasing xylose progressively from the
nonreducing ends of substrates ranging in size from xylan poly-
saccharides down to xylobiose. Very few exoxylanases have
been reported previously (25, 38), and this appears to be the
first case in which a putative exoxylanase gene has been iso-
lated and its sequence determined. This mode of action may

account for the dramatic synergy (up to 10-fold enhancement
of reducing-sugar release) in xylan degradation that was ob-
served when the enzyme was incubated along with endoxyla-
nases, since the concentration of termini available to the ex-
oxylanase will be increased by random cleavage of the chain by
endoxylanases. Addition of b-(1,4)-xylosidases to endoxyla-
nases has also been reported to enhance the release of reduc-
ing sugar from xylans, but by much smaller factors of around
twofold (12, 19). Since the activity of the XynB enzyme against
xylan is expected to depend on the concentration of available
termini, the greater content of soluble material found in prep-
arations of BW xylan may largely account for the strong pref-
erence for this substrate over OS xylan. On the other hand, the
patterns of substitution are also quite different between the
two types of xylan (Table 2) and may also play an important
role. The enhancement of XynB action following pretreatment
of xylans with fungal arabinofuranosidase indicates that en-
zyme hydrolysis is not able to progress past xylose residues that
carry arabinose substituents. Therefore, there is no evidence
that the activity against the artificial substrate pNPA reflects an
ability to cleave arabinose residues from xylan, although the
possibility that oligosaccharides might be attacked in this man-
ner is not ruled out. Since XynB did not hydrolyze aldo-
tetraouronic acid, 4-O-methyl glucuronic acid substituents are
also likely to form a barrier to hydrolysis by the enzyme. Res-
olution of the precise specificity of action of the XynB exoxy-
lanase is clearly of considerable interest but must await more
detailed kinetic studies with better-defined substrates.
While these studies show that the XynB enzyme is active

against large xylan molecules and can act synergistically with
endoxylanases in the degradation of these molecules, it is not
clear whether this is its major function in vivo. The lack of a
signal peptide suggests that this enzyme is located within the P.
ruminicola cell and could therefore be concerned with hydro-
lysis of transported oligosaccharides, while the XynA endoxy-
lanase, which carries a signal peptide, is likely to be either
periplasmic or extracellular. This suggests that the XynA and
XynB enzymes could act successively, rather than simulta-
neously, in vivo. Although P. ruminicola transports xylose

FIG. 6. Synergistic interactions between the P. ruminicola XynB exoxylanase
and endoxylanases from R. flavefaciens. Reaction mixtures containing a constant
amount of P. ruminicola crude exoxylanase (L3 cell extract, 45 mg of crude
protein) were incubated under anaerobic conditions for 90 min at 378C with
various amounts of a cloned endoxylanase activity from R. flavefaciens 17 ex-
pressed in E. coli (F). Reducing-sugar release from OS xylan was stimulated five-
to eightfold compared with the amount obtained with the endoxylanase acting
alone (E). (a) Endoxylanase from clone X4723 (XynA domain C) (extract con-
taining 0.54 mg of protein per ml). (b) Endoxylanase from clone X4530 (XynA
domain A) (extract containing 2 mg of protein per ml). Specific activities with
respect to OS xylan were 1.87 mmol/min/mg of protein for X4723 and 0.28
mmol/min/mg of protein for X4530 (assayed aerobically).

TABLE 3. Synergy between P. ruminicola B14 XynB exoxylanase, endoxylanases from R. flavefaciens 17 and P. ruminicola, and
arabinofuranosidase from A. niger

Enzyme addition(s)

Xylose equivalents (mmol) released from xylan with or without addition of second
enzymea:

P. ruminicola B14 XynB
(clone L30)

R. flavefaciens
cell extract

R. flavefaciens
supernatant

R. flavefaciens XynA
domain C

(clone X4723)

OS xylan BW xylan

B14 exoxylanase only
b (clone L3) 0.034 0.023 0.023 0.071 0.66

B14 exoxylanase 1 second enzyme 0.42 1.10 0.45 1.09 1.39
Second enzyme alone 0.088 0.25 0.042 0.041 0.043
B14 exoxylanase 1 arabinofuranosidase 0.32c 1.29c

B14 exoxylanase 1 second enzyme 1 arabinofuranosidase 1.94c 2.18c

Second enzyme 1 arabinofuranosidase 0.25c 0.037c

Arabinofuranosidase alone 0.02c 0.00c

a OS xylan was the substrate for P. ruminicola B14 XynB and R. flavefaciens cell extract and supernatant. For R. flavefaciens XynA, the first value is for OS xylan and
the second is for BW xylan. Incubations were for 90 min (OS xylan) or 45 min (BW xylan) under anaerobic conditions at 378C. R. flavefaciens 17 cell extract and
supernatant were from a culture grown for 72 h in medium containing 0.5% oat straw (see Materials and Methods). Material was preincubated with A. niger
arabinofuranosidase as described in Materials and Methods. Other enzymes were derived from sonicated cell extracts of E. coli strains carrying cloned genes. Incubation
mixtures contained added extracts at the following protein concentrations: L3, 180 mg/ml; L30, 150 mg/ml; X4723, 0.2 mg/ml; R. flavefaciens sonicate, 65 mg/ml; R.
flavefaciens supernatant, 18 mg/ml. OS xylan and BW xylan were both from Sigma.
b The L3 extract used for R. flavefaciens XynA was from a batch different from that used for the first three columns. This largely accounts for the differences in the

low level of xylose release from OS xylan seen with L3 extract alone. Within each experiment (i.e., column), duplicate assay values differed from the mean by less than
10%.
c Not including reducing sugar released as arabinose during the preincubation (0.29 mmol/ml for OS xylan and 0.072 mmol/ml for BW xylan).
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efficiently (29), there is little evidence to indicate whether
xylan-derived material enters the cell mainly as xylose, xy-
looligosaccharides, or polysaccharide. There is evidence that in
related Bacteroides spp., starch molecules can be transported
across the cell membrane and are hydrolyzed in the periplasm
(1). Recent evidence shows that the endoglucanase activity of
P. ruminicola B14 is largely cell associated (13). We have found
that this also applies to xylanase activity and, furthermore, that
most of the xylanase and endoglucanase activity of P. rumini-
cola B14 is present either in the periplasm or inside the cell
(23). Further studies of the localization of individual gene
products are now required to elucidate the roles of the differ-
ent components of the xylan-utilizing system of this species.
The work reported here provides a first step towards under-
standing the organization and interactions of xylan-utilizing
enzymes in this important group of strict anaerobes.
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