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One clone encoding glycoside hydrolases was identified through functional screening of a rumen bacterial
artificial chromosome (BAC) library. Of the 68 open reading frames (ORFs) predicted, one ORF encodes a
novel endo-3-1,4-xylanase with two catalytic domains of family GH43 and two cellulose-binding modules
(CBMs) of family IV. Partial characterization showed that this endo-xylanase has a greater specific activity
than a number of other xylanases over a wide temperature range at neutral pH and could be useful in some

industrial applications.

The ruminal microbes possess a repertoire of hydrolases,
including glycosyl hydrolases and esterases, which mediate hy-
drolysis and subsequent fermentation of the diets (mainly cel-
lulose, xylan, amylopectin, amylose, pectin) (10, 18). Thus, the
ruminal microbiome has been recognized as a rich source of
enzymes important not only for feed and animal industries but
also for the bioenergy industry (20, 26). However, this enzyme
source is largely untapped because the majority of ruminal
microbes remain uncultured (17). Activity-based metageno-
mics enables direct identification of genes and enzymes of
interest by screening metagenomic libraries for desired heter-
ologous phenotypic traits expressed in a surrogate bacterial
host. Collectively, previous studies have identified 12 esterases,
10 endoglucanases, two lipases, one cyclodextrinase, one poly-
phenol oxidase, and one unique multifunctional glycosyl hy-
drolase from ruminal metagenomic libraries (2, 6, 8-9, 21, 23).
These studies provided further evidence that the ruminal mi-
crobiome contains a rich source of glycosyl hydrolases pos-
sessed by as-yet-uncultured microbes. The objective of this
study was to examine a bacterial artificial chromosome (BAC)
library constructed previously from the ruminal samples col-
lected from Chinese Holstein cows for hydrolases.

Functional screening and bioinformatic analysis. The BAC
library was constructed from metagenomic DNA extracted
from ruminal content collected from Chinese Holstein cows
using the CopyControl pCCIBAC vector and Escherichia coli
TransforMax EPI300 (Epicentre Biotechnologies, Madison,
WI) and has been reported elsewhere (31). Amylase- and xy-
lanase-positive clones were screened for by plating the BAC
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clones on LB agar plates containing 1.0% starch and xylan,
respectively (15, 30). From screening approximately 15,360
BAC colonies, we identified 10 clones with amylase activity and
18 clones with xylanase. One BAC clone (designated U4) was
found to have both amylase and xylanase activities in the
screening. A shotgun library was constructed for this clone by
subcloning mechanically sheared DNA (1.5 to 3 kb) into the
pUCIS8 vector. The entire insert of clone U4 (designated
UREA4) was sequenced to 6X coverage using the Sanger DNA
sequencing technology. The assembled insert URE4 sequence
is 85,006 bp long and has 61% G+C content (GenBank acces-
sion no. FJ529691). A total of 68 open reading frames (ORFs)
that code for 50 or more amino acid (aa) residues were iden-
tified using the GeneMark program (see Table S1 in the sup-
plemental material). Based on manual comparisons to the pro-
teins archived in the Clusters of Orthologous Groups (COG)
database in NCBI, 15% of the predicted URE4 genes encode
proteins involved in carbohydrate transport and metabolism
(see Fig. S1 in the supplemental material). It is likely that
insert URE4 was recovered from a bacterium that is involved
in digestion and utilization of polysaccharides, at least starch
and xylan.

The host origin of insert URE4 was inferred by comparing
all the ORFs to GenBank (http://www.ncbi.nlm.nih.gov/) and
FibRumBa database (http://blast.jevi.org/rumenomics/) se-
quences using the BLASTP algorithm. The best hit was se-
lected based on its low E value. The majority (70%) of the
predicted genes exhibited best matches to genes of Bacte-
roidetes, with the remaining genes appearing to be related to
Firmicutes, Proteobacteria, Verrucomicrobia, and Spirochaetes
(see Table S1 in the supplemental material). When all the
ORFs were analyzed using the MEGAN 3 program against the
NCBI taxonomy database, 25 (37%) ORFs matched genes of
Bacteroidetes, 13 (19%) ORFs matched genes of other bacte-
ria, and 30 ORFs were not assigned to any existing bacterial
phyla. To further determine the possible bacterial origin of
URE4, we compared all the ORFs to the Signature gene da-
tabase of known phylogeny using the “Signature search” algo-
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FIG. 1. Organization of the xylanase system. Arrows indicate the location and direction of the transcription of individual ORFs.

rithm (http://www.cmbi.ru.nl/signature) (7). The Signature
genes contain a wealth of gene content-based clade-specific
information and thus can serve as a strong evolutionary signal
that could be used to phylogenetically characterize DNA se-
quences, such as metagenomic sequences, in a manner that is
complementary to sequence-based analyses (7). The two sig-
nature orthologous groups (OGs) (NOG0647 and NOG19098)
we identified (data not shown) suggest that URE4 was recov-
ered from a bacterium of Bacteroidetes. Based on the results of
the above three types of analysis, we concluded that URE4 was
recovered from a bacterium of the phylum Bacteroidetes, a
predominant bacterial phylum present in the rumen.

Sequence annotation revealed an a-amylase gene (ORF6)
and a cluster of xylanase genes (ORF63 to ORF68) carried by
UREHA4 (Fig. 1; see also Table S1 in the supplemental material).
As calculated using the Compute pl/M,, tool (http://www
.expasy.ch/tools/pi_tool.html), the amylase gene encodes a pro-
tein of 49.70 kDa with a theoretical pI of 5.87. Based on
BLAST searches against GenBank and SwissProt databases,
the putative amylase (designated UA6) is 61% identical in
amino acid sequence (E value = 3e—150) to an a-amylase
found in Algoriphagus sp. PR1. Phylogenetic analysis of UA6
and related proteins using the Mega program (http://www
.megasoftware.net/) also suggests that UA6 was probably de-
rived from a bacterium of Bacteroidetes. Amino acid sequence
comparisons with databases indicated that the putative a-amy-
lase belongs to glycosyl hydrolase family GH57. Amylases are
important industrial enzymes and have broad applications in
different industries, such as food, textile, and paper industries
(24). Most of these industrial amylases belong to family GH13
and are categorized as a-amylases. Only a few «-amylases
belong to family GH14 or GH57, whose members have a cat-
alytic nucleophile of glutamate (13). Despite belonging to fam-
ily GH57, the UA6 a-amylase is not very closely related to any
known a-amylases. Future studies are needed to further char-
acterize this new amylase.

The cluster of xylanolytic genes (ORF63 to ORF68) encodes
four putative xylanases and two esterases (Fig. 1; see also Table
S1 in the supplemental material). All four xylanases belong to
family GH43. ORF63 and ORF64 are predicted to encode
a-L-arabinosidases (605 and 537 aa residues, respectively),
both of which are most similar to an a-L-arabinosidase of
Bacteroides thetaiotaomicron VPI 5482. ORF65 encodes a 3-
xylosidase of 535 aa residues that shares 35% aa sequence
identity with a B-xylosidase of Bacteroides fragilis YCH45.
ORF66 was predicted to encode a relatively large protein (des-
ignated UX66), while ORF67 and ORF68 encode an esterase
and a small carboxylesterase, respectively. The UX66 protein
was predicted to contain 868 aa residues with a calculated

molecular mass of 97.70 kDa and a pI of 5.05. When expressed
in E. coli, UX66 was a single peptide (data not shown). Inter-
estingly, the UX66 protein seems to contain a fusion of two
endo-B-1,4-xylanases (Fig. 1), which were designated UX66a
(nucleotides 80940 to 82166; 409 aa residues, including a 19-aa
signal peptide) and UX66b (nucleotides 82179 to 83543; 455 aa
residues). UX66a and UX66b each have one catalytic domain
of family GH43 and one cellulose-binding module (CBM) of
class VI (CBM_6). UX66a and UX66b share 35% aa sequence
identity and are linked by 4 aa residues (HLNM). Based on a
BLASTn search, UX66a showed 46% aa sequence identity to
a known xylanase from Bacteroides vulgatus ATCC 8482 (E
value = 6e—100), and UX66b showed an identity of 66% to a
known xylanase from Bacteroides ovatus ATCC 8483 (E
value = 7e—164). Alignment of the amino acid sequences of
UX66a and UX66b with some endo-xylanases in family GH43
revealed that both UX66a and UX66b have the catalytic resi-
dues of glutamate and aspartate (Fig. 2).

Glycoside hydrolases that possess one catalytic domain and
one or multiple CBMs are common, but there are only a few
glycoside hydrolases that contain multiple catalytic domains
(23). Bacteroides cellulosilyticus DSM 14838 produces one hy-
pothetical protein that contains two catalytic domains of dif-
ferent families (GH31 and GH43) and one CBM_6 (GenBank
accession number ZP_03677737). The genome of Clostridium
nexile DSM 1787 contains a large protein of 1,769 aa residues
(GenBank accession number ZP_03289185), which possesses
two GH43 domains, one CBM_6, two CBM_4 9, and one
B-xylosidase domain (XynB). Among the glycoside hydrolases
identified from the ruminal metagenomes by other research-
ers, only one was found to contain multiple domains: one GH5
domain, one GH26 domain, and two discrete CBMs (23). Un-
like the above xylanases, the endo-3-1,4-xylanase UX66 is pre-
dicted to contain two catalytic domains and two CBM domains
of the same families. To our knowledge, this is the first re-
ported glycoside hydrolase that has such a feature. Addition-
ally, xylanases are generally reported as belonging to families
GH10 and GH11, though some xylanases have been found in
families GHS5, GH7, GH8, GH16, GH26, GH43, GH52, and
GH62 (4). The enzymes of GH43 typically have a molecular
mass of approximately 64 kDa (12). The dual catalytic domains
and CBMs make the UX66 protein twice as large as other
GH43 enzymes. If both the catalytic domains of this endo-@-
1,4-xylanase are functional, it could have improved xylanase
activity. Comparative studies with other xylanases containing
one GH domain can help test this hypothesis. Additionally,
site-specific mutagenesis should help determine if both cata-
lytic domains are functional.
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FIG. 2. An alignment of the amino acid sequences of the endo-xylanases UX66a and UX66b with those in family GH43. Sequences (GenBank
accession no.) are for Bacteroides thetaiotaomicron (NP812573), Bacteroides fragilis (YP101639), and Cellvibrio japonicus (YP001981313). Con-
served regions are indicated as follows: *, identical in all species; :, similar in all species; and ®, similarities exist. The active site and catalytic

residues are indicated by A.

Characterization of endo-xylanase UX66. To further charac-
terize protein UX66, we cloned and overexpressed UX66 in E.
coli. The gene encoding the endo-B-1,4-xylanase UX66 was am-
plified by PCR using a sense primer (5'-GGAATTCCATATGG
GTGGTGGTATGAAGCGTATCCTCTCTTTTTC-3") with an
Ndel cutting site (underlined) and an antisense primer (5'-
CCGCTCGAGCTACCGCGCCATCTTCCACCAG-3") with an
Xhol cutting site (underlined), and then it was cloned and
overexpressed using vector pET-30a(+) (Novagen, Madison,
WI) and E. coli BL21(DE3) (Invitrogen Corporation, Carls-
bad, CA). After induction with IPTG (isopropyl-B-D-thiogalac-
topyranoside), the UX66 protein was purified using the Ni-
NTA kits (Novagen). As estimated by SDS-PAGE analysis, the
overexpressed UX66 protein was a single peptide of approxi-
mately 99 kDa (data not shown), which is similar to the mo-
lecular mass (97.7 kDa) that was predicted from the UX66

DNA sequence. The xylanolytic activity of the overexpressed
UX66 protein was assayed with oat spelt xylan (Sigma-Aldrich)
as the substrate (14). The reducing sugar released was deter-
mined using the dinitrosalicylic acid (DNS) assay according to
the standard method, using xylose as the standard. One unit of
xylanase was defined as the amount of enzyme that released 1.0
pmol of reducing sugar per minute under the assay conditions.

The optimal pH and temperature of the overexpressed
UX66 were determined over a pH range of 3 to 9 at temper-
atures from 20 to 80°C. The pH stability was determined after
preincubating the purified UX66 at a pH of 3 to 9 for 120 min.
The thermal stability was determined after preincubation for
60 min at 40 to 60°C. The results revealed that the purified
UX66 had the optimal pH of 6.0 and temperature of 50°C (Fig.
3A and B). Following preincubation for 120 min between pH
3.0 and pH 9.0, the UX66 remained active, with no activity
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FIG. 3. Some biochemical features of the overexpressed endo-xylanase UX66. (A) pH optima of UX66 measured at 50°C; (B) temperature
optima of UX66 measured at pH 6.0 with incubation for 10 min; (C) stability of UX66 under various pH conditions measured at 50°C; (D) stability
of UX66 activity at different temperatures measured at pH 6.0. The values are the average of results from three replicates.

being lost at pH 6 (Fig. 3C). Over a period of 60 min of
preincubation, the UX66 gradually lost its xylanolytic activity
at temperatures between 40 and 60°C, and such a decrease was
accelerated at higher temperatures (Fig. 3D). These results
indicate that the UX66 was probably derived from a meso-
philic neutrophilic bacterium.

The substrate specificity of endo-xylanase UX66 was evalu-
ated using the optimal conditions determined above and each
of the following compounds (wt/vol): 1.0% oat spelt xylan,
1.0% carboxymethyl cellulose (CMC), 1.0% beechwood xylan,
0.1% p-nitrophenyl-a-L-arabinopyranoside, and 0.1% p-nitro-
phenyl-B-p-xylopyranoside (16). The purified UX66 exhibited
the highest specific activity toward oat spelt xylan (1,163 U/mg
protein) followed by beechwood xylan (709 U/mg). Addition-
ally, the UX66 also hydrolyzed p-nitrophenyl-a-L-arabinopy-
ranoside (288 U/mg) and CMC (77 U/mg) but to a lesser
extent. No significant hydrolysis was observed on p-nitrophe-
nyl-B-p-xylopyranoside. Thus, the UX66 also has some o-L-
arabinopyranosidase and cellulase activities.

Complete hydrolysis of natural xylan requires concerted ac-
tions of a number of different xylanolytic enzymes (1, 5, 28).
Indeed, such multifunctional xylanolytic enzyme systems have
been found in Prevotella bryantii B 4 (11, 14, 29), Cellulomonas
sp. NCIM 2353 (3), Aeromonas caviae W-61 (22), and fungus
Melanocarpus albomyces 1IS 68 (25). The multiplicity of xy-
lanolytic enzymes (two a-L-arabinofuranosidases, one B-xylo-
sidase, one multidomain B-1,4-endo-xylanase, and two ester-
ases) found in URE4 is also obvious (Fig. 1). Besides the
xylanolytic activity, the purified UX66 protein also exhibited
considerable cellulase activity, which might contribute to xylan
hydrolysis by freeing xylan from embedded celluloses. Taken
together, the URE4 xylanolytic system potentially enables the
host bacterium to completely and efficiently hydrolyze het-
eroxylan in the rumen.

Several xylanases have been characterized from other meta-

genomes (14, 19, 27). In this study, however, we did not ex-
perimentally compare the activities of the UX66 and other
metagenomic xylanases under the same conditions because
they probably have different optimal conditions. Here, we com-
pared the specific activity of the overexpressed UX66 protein
to that reported for other metagenomic xylanases. Clearly,
UXG66 has a greater specific xylanase activity (1,163 U/mg pro-
tein) than the overexpressed and purified xylanases recovered
from several other metagenomes: Xyn8 (768 U/mg) (19),
XynH (118 U/mg) (14), and XynAD1/2 (177 U/mg) (27). Be-
cause of its high xylanolytic activity, xylanase UX66 might be
useful in some biomass processing industries, such as kraft
pulp bleaching, food processing, and animal feed preparation.
It should be noted that robust and active xylanases will be
increasingly important in utilization of certain bioenergy by-
products as animal feed, such as the xylan-rich dried distillers’
grains with solubles (DDGS) from the bioethanol industry.
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