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Abstract Xylooligosaccharides have strong bifidogenic
properties and are increasingly used as a prebiotic.
Nonetheless, little is known about the degradation of these
substrates by bifidobacteria. We characterized two recom-
binant β-xylosidases, XylB and XylC, with different
substrate specificities from Bifidobacterium adolescentis.
XylB is a novel β-xylosidase that belongs to the recently
introduced glycoside hydrolase family 120. In contrast to
most reported β-xylosidases, it shows only weak activity
on xylobiose and prefers xylooligosaccharides with a
degree of polymerization above two. The remaining
xylobiose is efficiently hydrolyzed by the second B.
adolescentis β-xylosidase, XylC, a glycoside hydrolase of
family 43. Furthermore, XylB releases more xylose from
arabinose-substituted xylooligosaccharides than XylC (30%
and 20%, respectively). The different specificities of XylB,
XylC, and the recently described reducing-end xylose-
releasing exo-oligoxylanase RexA show how B. adolescen-
tis can efficiently degrade prebiotic xylooligosaccharides.
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Introduction

There is a rising interest in gut health and its modulation,
either by direct administration of healthy bacteria (pro-
biotics) or through supplementation of nondigestible food
ingredients that selectively stimulate these bacteria (pre-
biotics). Typically, the aim is to increase the number of
bifidobacteria and/or lactobacilli. In vitro studies show
xylooligosaccharides (XOS) are among the strongest
bifidogenic prebiotics (Crittenden and Playne 1996; Rycroft
et al. 2001), and this bifidogenic effect is also seen in vivo
in animals and humans (Campbell et al. 1997; Gobinath et
al. 2010; Hsu et al. 2004; Okazaki et al. 1990). In mice and
rats, XOS consumption not only stimulates bifidobacterial
growth, but also leads to a decreased cecal and fecal pH
(Campbell et al. 1997; Hsu et al. 2004; Younes et al. 1995),
increases short-chain fatty acids (Younes et al. 1995),
reduces sulfite-reducing clostridia (Santos et al. 2006),
reduces the formation of precancerous lesions (Hsu et al.
2004), and improves diabetic symptoms in diabetic rats
(Gobinath et al. 2010; Imaizumi et al. 1991). Positive
effects for humans include a decreased fecal pH (Chung et
al. 2007; Okazaki et al. 1990) and a reduction of severe
constipation in pregnant women (Tateyama et al. 2005). In
1996, the Japanese Government awarded XOS a “foods for
special health use” label (Crittenden and Playne 1996).
Around 650 tons of XOS is produced annually in Japan
(Taniguchi 2004), and today, several companies are mar-
keting a wide range of XOS-supplemented foods (Vázquez
et al. 2000).

Despite the increasing use of XOS as a bifidogenic
prebiotic, little is known about the enzymes used by
bifidobacteria to degrade these substrates. Only one
glycoside hydrolase family 51 (GH51) β-xylosidase from
Bifidobacterium breve was purified and characterized (Shin
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et al. 2003), and recently, a GH8 reducing-end xylose-
releasing exo-oligoxylanase from Bifidobacterium adoles-
centis was characterized after recombinant production
(Lagaert et al. 2007). While β-xylosidases (E.C. 3.2.1.37)
remove xylose residues from the nonreducing end of XOS
to the final product xylose, reducing-end xylose-releasing
exo-oligoxylanases (E.C. 3.2.1.156) remove xylose resi-
dues from the reducing end to the final products xylose and
xylobiose. Hence, B. adolescentis needs complementary
enzymes to completely hydrolyze XOS.

To further increase our knowledge on XOS hydrolysis by
B. adolescentis, we cloned and characterized two of its β-
xylosidases and investigated their substrate specificities.
XylC was selected for its homology with other GH43 β-
xylosidases, while XylB was chosen due to its genomic
location immediately downstream of RexA. As recent
reports show arabinoxylan oligosaccharides (AXOS) also
may have prebiotic properties (Cloetens et al. 2008, 2010;
Van Craeyveld et al. 2008), we also measured their
hydrolytic capacity towards arabinoxylan and AXOS.

Materials and methods

Cloning

The XylB and XylC coding sequences were amplified from
the genomic DNA of B. adolescentis LMG10502 (also
catalogued as ATCC15703, DSM20083, and VTT E-
981074) by PCR using a HotStar HiFidelity Polymerase
kit (Qiagen, Hilden, Germany). Forward primer 5′-ATGA
AGT TTG AAT ACC-3′ and reverse primer 5′-GTT GTT
CCATTC CCAA-3′ (derived from the BAF39080 sequence
of B. adolescentis ATCC15703) were used for the amplifi-
cation of the XylB sequence, while forward primer 5′-ATG
AAG ATT TCC AAC-3′ and reverse primer 5′-CTG GTT
ATC GGA AAG-3′ (based on BAF39209) were used for
XylC. The PCR products were ligated in a pEXP5-CT/
TOPO expression vector (Invitrogen, Carlsbad, CA, USA),
introducing the coding sequences in frame with the C-
terminal His6 sequence. Next, Escherichia coli BL21(DE3)
pLysS cells (Invitrogen) were transformed with these
constructs and sequences were verified by ABI PRISM
Big Dye Terminator chemistry (Applied Biosystems, Foster
City, CA, USA).

Bioinformatical analysis

Signal peptide prediction was performed at the SignalP
3.0 Server (Bendtsen et al. 2004; http://www.cbs.dtu.dk/
services/SignalP/). Similarity searches were done with the
BlastP algorithm (http://www.ncbi.nlm.nih.gov/BLAST/).
Protein structure prediction was done with the Phyre

server (Kelley and Sternberg 2009; www.sbg.bio.ic.ac.uk/
phyre/).

Recombinant expression and purification

Transformants were grown in 25 ml liquid LB growth
medium containing 100 μg/ml ampicillin for 16 h at 37°C.
These cells were used to inoculate 500 ml LB medium
containing 100 μg/ml ampicillin which was shaken at 37°C
until the optical density at 600 nm reached 0.6. Recombi-
nant expression was then induced by 1 mM isopropyl-β-D-
thiogalactopyranoside. After 4 h incubation at 37°C, the
cells were harvested by centrifugation and resuspended in
20 ml lysis buffer (50 mM NaH2PO4, 300 mM NaCl, and
60 mM imidazole, pH 8.0). After three freeze-thaw cycles
and a sonication step, cell debris was removed by
centrifugation and filtration (0.22 μm).

The supernatant was loaded on a HisTrap™ HP 1-ml
column (GE Healthcare, Uppsala, Sweden), using an Äkta
FPLC (GE Healthcare). After a washing step with the lysis
buffer, the enzyme was eluted by increasing the imidazole
concentration to 250 mM. Enzyme purity was estimated by
SDS-PAGE (Laemmli 1970), and combined enzyme fractions
were dialyzed against 25 mM sodium citrate, pH 6.0. Protein
concentrations were determined by absorbance measurements
at 280 nm using the theoretical extinction coefficient (138,030
and 148,085 M−1 cm−1 for XylB and XylC, respectively)
based on the amino acid sequence (Pace et al. 1995).

Substrates

p-Nitrophenyl-β-D-xylopyranoside (pNP-Xyl) and p-nitro-
phenyl-α-L-arabinofuranoside (pNP-Ara) were purchased
from Sigma-Aldrich (St. Louis, MO). XOS were purchased
from Megazyme (Bray, Ireland). Water-extractable arabinox-
ylans (AX) from wheat [arabinose to xylose ratio (A/X)=0.49;
AX content 99%] and rye (A/X=0.97; AX content 84%)
were obtained as described by Trogh et al. (2004). Two
AXOS fractions with an average degree of polymerization
(DP) of 3 and A/X of 0.25 (AXOS-3-0.25, AXOS content
72%) and an average DP of 15 and A/X of 0.26 (AXOS-15-
0.26, AXOS content 8%) were produced according to
Swennen et al. (2006). Xylotetraose linked to o-nitrophenol
at the reducing end (oNP-X4) was produced and provided by
Dr. Anna Kulminskaya and coworkers (Russian Academy of
Science, St. Petersburg, Russia) following the protocols of
Eneyskaya et al. (2003).

Enzyme assays

Enzyme activities were measured by adding 15 μl of
enzyme solution to 15 μl of 5 mM pNP-substrate. Enzyme
concentrations tested for XylB were 1.5–7.8 nM and 3.1–
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10.4 μM on pNP-Xyl and pNP-Ara, respectively. Enzyme
concentrations for XylC were 0.5–1.5 and 4.6–15.4 μM.
After 30 min incubation the reaction was stopped with
225 μl of 1% Tris and the absorbance of released p-
nitrophenol was measured at 410 nm. The pH and
temperature optimum were determined by performing the
test at different pH and temperature conditions, respectively.
The buffers used were 30 mM citric acid (pH 2.2–7.2),
30 mM HEPES (pH 6.8–8.2), and 30 mM trihydrogen
borate (pH 8.5–10.2), adjusted to the different pH's using
HCl or NaOH solutions. One unit of activity (U) was
defined as the quantity of enzyme leading to the release of
1 μmol of p-nitrophenol at optimal pH and temperature.

To examine if xylose was released from the reducing or
nonreducing ends of XOS, hydrolytic products of xylote-
traose labeled with oNP at the reducing end (oNP-X4) were
analyzed as described by Pollet et al. (2010). In short, oNP-
X4 was incubated with enzyme (12.6 nM RexA, 3.2 nM
XylB, or 1.5 nM XylC) for several time periods and
hydrolytic products were analyzed by reversed phase high-
performance liquid chromatography.

Enzyme activity was further assessed by following XOS
hydrolysis (20 μM XOS, DP 2–6) as a function of time as
described by Lagaert et al. (2007). Because XylB and XylC
were not stable at their optimal working temperatures (see
Supplementary Figs. 1 and 2) and to ensure enzyme stability
for the complete time course of the reaction, incubations
were carried out at 40°C, pH 6.0 (25 mM sodium citrate
buffer). Enzyme concentrations were chosen to ensure
similar activities of XylB (58.6 nM) and XylC (29.4 nM)
under the conditions of the assay. At regular time intervals,
aliquots were heat inactivated and the hydrolytic products
were analyzed by high-performance anion exchange chro-
matography with pulsed amperometric detection (HPAEC-
PAD). Standard deviations on these measurements are small
(<5%, Lagaert et al. 2007). Progress curves of XOS cleavage
were used to determine the kcat/KM of the reactions according
to the equation of Matsui et al. (1991).

Enzymatic degradation products of AX, AXOS, and
xyloglucan were determined after incubation of 5 mg/ml
substrate with enzyme in 25 mM sodium citrate buffer,
pH 6.0 for 1 h at 40°C. Excess of enzyme (1.9 μM XylB
and 6.4 μM XylC) was used to obtain end hydrolysis
products. After heat inactivation for 10 min at 95°C, the
amount of released glucose, xylose, and arabinose was
measured by gas chromatography of alditol acetates, as
described by Courtin et al. (2000).

Results

According to the CAZy database, XylC (BAF39209) belongs
to GH43, which includes β-xylosidases, β-1,3-xylosidases,

α-L-arabinofuranosidases, arabinanases, xylanases, and gal-
actan 1,3-β-galactanases. XylC and β-xylosidases from
Bacillus subtilis (XynB), Selenomonas ruminantium (Xsa)
and Geobacillus stearothermophilus (XynB3) have sequence
identities of approximately 50%. XylB (BAF39080) lies
directly upstream of the gene for the xylose-releasing exo-
oligoxylanase (RexA) from B. adolescentis. XylB was
recently classified as a member of GH120 and is 48%
identical to a β-xylosidase from Thermoanaerobacterium
saccharolyticum JW/SL YS485 (Shao et al. 2011). BlastP
analysis reveals homologues in several intestinal bacteria,
such as Bifidobacterium, Lactobacillus, Clostridium, and
Bacteroides species. Protein fold prediction by Phyre
suggests XylB is folded as a β-helix, which might indicate
it is part of the glycoside hydrolase clan N. Although XylB is
annotated in GenBank as a putative outer membrane protein,
SignalP suggests both enzymes are nonsecretory.

Recombinant expression yielded 20 mg purified XylB
and 50 mg purified XylC per liter cell culture. On SDS-
PAGE, they appeared at their theoretical values of 76 and
62 kDa for XylB and XylC, respectively. Purity was
estimated to be over 95%. The optimal reaction conditions
for pNP-Xyl hydrolysis were 60°C at pH 5 for XylB and
50°C at pH 6–7 for XylC (Fig. 1). XylB as well as XylC
were also able to degrade pNP-Ara and showed the same
optimal reaction conditions on this substrate, but their
activity on pNP-Xyl was higher. At optimal temperature
and pH, the specific activity of XylB was 68,973 and
32 mU/mg on pNP-Xyl and pNP-Ara, respectively. For
XylC, these values were 164 and 18 mU/mg, respectively.
Thus, XylB is around 2,300 times more active on pNP-Xyl
than on pNP-Ara whereas this ratio is about 9 for XylC.

Hydrolysis of XOS (DP 2–6) was followed as a function of
time with HPAEC-PAD (Fig. 2a, b). XylC acts as most known
β-xylosidases and constitutively hydrolyzes a xylose residue
from XOS until only xylose remains (Fig. 2b). XylB also
cleaves one xylose at a time from XOS, but it shows only
very weak activity on xylobiose (Fig. 2a). While XylB can
degrade all xylotetraose in 55 min, 90% of xylobiose remains
under the same conditions. The low activity of XylB on
xylobiose is also apparent from the specificity constants kcat/
KM calculated for the different XOS (Table 1). During
hydrolysis of XOS, no oligomers with a higher degree of
polymerization were produced, showing that both enzymes
lack transglycosylation activity under these conditions.

To examine if xylose is released from the reducing or
nonreducing end of the substrates, xylotetraose labeled with
oNP at the reducing end (oNP-X4) was incubated with the
enzymes. For both enzymes, oNP-X3 was formed during the
initial stages of hydrolysis, demonstrating activity at the
nonreducing end and, thus, showing XylB and XylC are β-
xylosidases (data not shown). With increasing hydrolysis
times, the substrate was completely hydrolyzed to o-nitro-

Appl Microbiol Biotechnol (2011) 92:1179–1185 1181



phenol by XylB as well as XylC. The reducing-end xylose-
releasing exo-oligoxylanase from B. adolescentis was not
able to hydrolyze oNP-X4.

In addition to hydrolysis of synthetic substrates and
small XOS, degradation of more complex substrates
was investigated by measuring end hydrolysis products
of AXOS, AX, and xyloglucan. Although XylB and
XylC hydrolyze both pNP-Xyl and pNP-Ara, only
xylose residues were cleaved from AXOS and no free
arabinose was detected (Table 2). During incubation of
xyloglucan and rye AX (A/X=0.97) with XylB or XylC,
no xylose, arabinose, or glucose was liberated, while
only threshold amounts of xylose were liberated from
wheat AX (A/X=0.49). XylB released more xylose from
AXOS than XylC.

Discussion

In this study, two β-xylosidases from B. adolescentis were
cloned and characterized. XylC belongs to GH43, while

XylB is only the second characterized enzyme from
GH120. Both enzymes hydrolyze pNP-Xyl and pNP-Ara,
although activity on pNP-Xyl is higher. When the enzymes
are incubated with natural substrates, they are only able to
release xylose. XylC shows the activity of a typical β-
xylosidase by converting XOS to xylose. In contrast, XylB
has a remarkably low activity on xylobiose and the final
products of XOS hydrolysis by this enzyme are xylose and
xylobiose. In general, β-xylosidases readily degrade xylo-
biose (Knob et al. 2010) and often show a higher activity
on xylobiose compared to other XOS (Katapodis et al.
2006; Kumar and Ramón 1996; Matsuo et al. 1987;
Rasmussen et al. 2006; Saha 2003; Shao and Wiegel
1992; Takenishi et al. 1973). In some cases, xylobiose is

Fig. 2 Hydrolysis of xylotetraose. Hydrolysis of xylotetraose (triangles)
by XylB (a) and XylC (b) generates xylotriose (squares) and xylose
(circles). Xylotriose is further hydrolyzed to xylobiose (diamonds) and
xylose. XylC completes the hydrolysis of xylobiose to xylose

XylB XylC

Xylobiose 0.7 23.7

Xylotriose 13.6 19.9

Xylotetraose 17.6 17.0

Xylopentaose 16.0 17.3

Xylohexaose 11.7 24.6

Table 1 Specificity constants
kcat/KM (per second per milli-
molar) of XylB and XylC
towards different XOS (DP 2–6)
under the chosen reaction
conditions

Fig. 1 Temperature and pH optimum. The temperature optimum (a)
and pH optimum (b) on pNP-Xyl are shown for XylB (shaded circles)
and XylC (empty squares). Error bars show the standard deviation of
the mean of triplicate experiments
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less efficiently hydrolyzed than XOS with a larger chain
length (John et al. 1979; Rizzatti et al. 2001; Saxena et al.
1995; Yan et al. 2008), but the observed differences are in
general much smaller than those observed with XylB. Slow
and incomplete degradation of xylobiose, however, is a
typical feature of GH30 β-xylosidases (Adelsberger et al.
2004; Lee and Zeikus 1993; Smaali et al. 2006; Wagschal et
al. 2005, 2008). The lack of transglycosylation activity of
XylB on XOS contrasts with the characteristics of family
30 enzymes (Lee and Zeikus 1993; Muzard et al. 2009;
Smaali et al. 2006). Future characterization studies will
have to show if the low activity on xylobiose of XylB is
typical for relatives of this new GH, as xylobiose hydrolysis
was not described in detail for the GH120 β-xylosidase
from T. saccharolyticum (Shao et al. 2011).

Another noticeable difference between the two β-
xylosidases is their ability to cleave xylose from more
complex substrates such as AX and AXOS. As these
enzymes are not able to cleave arabinose substitutions, they
can only hydrolyze xylose from the nonreducing end of the
xylan backbone until they are hindered by substituted
residues. Hence, little activity is expected on AX, which
has only a low amount of nonreducing substrate ends. This
is confirmed by our results, which show no detectable
activity on AX with a high degree of substitution (A/X=
0.97). On AX with a lower degree of substitution (A/X=
0.49) and thus a higher probability of more successive
unsubstituted xylose residues at the nonreducing end, low
amounts of xylose are indeed released. On AXOS, which
has a high amount of nonreducing ends, both enzymes
show a much higher release of xylose. Up to 12% of xylose
residues are released from AXOS with an average DP of
15. From AXOS with an average DP of 3, and thus with
more nonreducing ends, higher amounts are released, up to

30%. From both AXOS fractions, XylB is able to produce
more xylose and, thus, seems to be less hampered by
arabinose substitutions than XylC.

B. adolescentis possesses three known enzymes to
degrade prebiotic XOS: one reducing-end xylose-releasing
exo-oligoxylanase (RexA, Lagaert et al. 2007) and two β-
xylosidases (XylB and XylC) with different substrate
specificities (Table 3). This allows the degradation of
XOS from both the reducing and nonreducing end at the
same time. As the final hydrolysis products of both RexA
and XylB are xylose and xylobiose, XylC is needed for the
efficient conversion of xylobiose to xylose. The higher
release of xylose from AXOS by XylB compared to XylC
may be useful for the degradation of potentially prebiotic
AXOS. In this case, the joint action of XylB, XylC, RexA,
and the recently described arabinofuranosidases of B.
adolescentis would lead to the complete degradation of
these substrates (Lagaert et al. 2010; Van Laere et al. 1999).
Further research on expression levels of these enzymes on
different XOS and AXOS could increase our knowledge on
the hydrolysis of prebiotic substrates by B. adolescentis and
place these results in a bacterial physiology and metabolism
context.

XylB, XylC, and RexA all lack a signal peptide as
indicated by SignalP, suggesting they occur intracellularly.
This would imply that B. adolescentis imports XOS before
hydrolyzing them. This is in agreement with several in vitro
studies with other subcultures of the same strain used in this
study, which show that B. adolescentis is able to grow on
XOS, but only poorly on xylose (Crittenden et al. 2002;
Moura et al. 2007; Pastell et al. 2009; Wang et al. 2010).
Furthermore, two studies which followed the carbohydrate
composition in the medium noticed that during the growth
of B. adolescentis on XOS, extracellular xylose levels

Table 2 Hydrolysis of arabinoxylan oligosaccharides, arabinoxylan, and xyloglucan

Percentage of xylose residues released from

AXOS-3-0.25 AXOS-15-0.26 AX-0.49 AX-0.97 Xyloglucan

XylB 29.8 12.2 0.2 0.0 0.0

XylC 20.4 3.0 0.1 0.0 0.0

Excess of enzyme (1.9 μM XylB and 6.4 μM XylC) was used during a 1-h incubation of 5 mg/ml substrate to obtain end hydrolysis products

Table 3 Overview of the properties of RexA, XylB, and XylC from B. adolescentis

Enzyme GenBank ID GH Signal peptide Temperature optimum pH optimum Xylobiose hydrolysis

RexAa BAF39081 8 No 40 6 No

XylB BAF39080 120 No 60 5 Weak

XylC BAF39209 43 No 50 6–7 Yes

a Data for RexA are from Lagaert et al. (2007)

Appl Microbiol Biotechnol (2011) 92:1179–1185 1183



remained steady (Moura et al. 2007; Wang et al. 2010). This
shows that B. adolescentis has a membrane transporter for
XOS, but not for free xylose. Importing XOS before
hydrolysis may offer a competitive advantage against
cross-feeding by other microbes in the gut (Crittenden et
al. 2002; Mäkeläinen et al. 2009).

Structural data on XylB and XylC should provide more
insight into why the former shows a much weaker activity
on xylobiose, but is less hampered by arabinose substitu-
tions on the xylose backbone. A XylB structure, combined
with the characterization of homologues, would also
provide more information on the features of the recently
introduced GH120.
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