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Abstract

The DNA extracted from a high-temperature environment in which micro-organisms are living

will be a good source for the isolation of thermostable enzymes. Using a metagenomic ap-

proach, we aimed to isolate thermostable b-xylosidases that will be exploited for biofuel pro-

duction from lignocellulosic biomass. DNA samples obtained from the soil near a spout of a

hot spring (70�C, pH7.2) were subjected to sequencing, which generated a total of 84.2 Gbp

with 967,925 contigs of>500 bp in length. Similarity search for b-xylosidase in the contigs re-

vealed the presence of 168 candidate sequences, each of which may have arisen from more

than one gene. Individual genes were amplified by PCR using sequence-specific primers. The

resultant DNA fragments were cloned and introduced into Escherichia coli BL21 Star(DE3).

Consequently, 269 proteins were successfully expressed in the E. coli cells and then examined

for b-xylosidase activity. A total of 82 proteins exhibited b-xylosidase activity at 50�C, six of

which retained the activity even at 90�C. Out of the six, three proteins were originated from a

single candidate sequence, AR19M-311. An amino acid sequence comparison suggested the

amino acid residues that appeared to be crucial for thermal stability of the enzymes.
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1. Introduction

b-Xylosidases, which cleave the b-1,4-linkage of xylan from the non-
reducing terminus to release D-xylose, have received attention in the
past decade with respect to biofuel production from lignocellulosic
biomass due to their potential to degrade hemicellulose, the
second most abundant lignocellulose biomass, coordinately with

endoxylanases and some glycosidases, such as arabionosidases and
gluclonidases.1 Although the sequences of over 800 b-xylosidases
have been registered in the enzyme database BRENDA,2 there is in-
terest in the identification of thermostable b-xylosidases, because en-
zymatic processing at high temperatures prevents contamination
with saprophytic bacteria and lowers the viscosity of the reaction
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mixture, thus increasing the high reaction efficiency and reducing en-
ergy consumption during agitation of the mixture.3 Thermostable b-
xylosidases have been isolated from thermophilic micro-organisms
from hot compost material and hot spring soils. The thermophilic
bacteria Thermotoga maritima and T. thermarum produce b-xylosi-
dases active at temperatures above 90 �C.4,5 Thermostable b-xylosi-
dases from Caldicellulosiruptor bescii and Thermoanaerobacter
ethanolicus have also been reported.6,7 A thermostable b-xylosidase
exhibiting an optimum reaction temperature of 85 �C was isolated
from the archea Sulfolobus solfataricus.8 A b-xylosidase isolated
from the fungus Aureobasidium pullulans was reported to be active
at 80 �C.9 No amino acid sequence motifs clearly associated with the
thermal stability of these thermostable enzymes have been identified,
however. The characterization of additional thermostable b-xylosi-
dases will hopefully enhance our understanding of the molecular fea-
tures associated with thermal stability, which in turn could facilitate
genetic engineering of hydrolytic enzymes suitable for industrial use.

Recent advancements in next-generation sequencing (NGS) tech-
nologies now enable researchers to more easily access the vast stores
of DNA sequence data for mixed micro-organisms, known as the
metagenome. As such, the use of metagenomic approaches to identify
enzymes of interest has increased in recent years in many areas of bi-
ological research.10 Although b-xylosidases have been isolated from
sources of mixed DNA (such as compost or yak rumen microbes, for
example) using traditional screening of genomic libraries,11,12 no at-
tempts have been made, to our knowledge, to isolate thermostable b-
xylosidases using an NGS-based metagenomic approach.

In this study, we employed NGS to obtain an 84.2-Gbp sequence
from a microbial community inhabiting a 70 �C hot spring. The se-
quence contained 168 open reading frames (ORFs) encoding b-xylo-
sidase/b-glucosidase enzymes, most of which were active when
expressed in Escherichia coli. Among the isolated enzymes, six
b-xylosidases, including ones originated from clones with single nu-
cleotide polymorphisms (SNPs), were highly thermostable, exhibiting
activity at 90 �C. Interestingly, one protein, AR19M-311-27, lost ac-
tivity at 90 �C, while three other homologous proteins were active at
90 �C. Based on these data, amino acid residues important for main-
taining thermal stability were tentatively identified.

2. Materials and methods

2.1. Metagenomic DNA extraction and sequencing

The soil sample was collected by scratching the surface of a spout of
a hot spring (70 �C and pH 7.2 when sampled) by a spatula in the
Onikobe-onsen-kyo geothermal area at lat. 38˚48’ and at long.
140˚40’ (Miyagi, Japan) in June, 2009. Metagenomic DNA was ex-
tracted from microbes in 10 g of the soil using an ISOIL Large for
Beads, ver. 2, DNA extraction kit (Nippon Gene, Tokyo, Japan).
Five micrograms of the extracted DNA were sequenced using a GS
FLX Titanium DNA sequencer (Roche Diagnostics, Basel,
Switzerland) according to the supplier’s protocol. In addition, the ge-
nomic DNA was amplified using a GenomiPhi V2 DNA amplifica-
tion kit (GE Healthcare, Little Chalfont, UK) and then sequenced
using a Hiseq 2000 DNA sequencer (Illumina, San Diego, CA, USA)
according to the supplier’s protocol. Sequences with a total length of
1.11 Gbp and average length of 396 bp for each read were obtained
from the former sequence, and sequences with a total length of 83.1
Gbp and average length of 92.7 bp for each read were obtained from
the latter sequence. Uncertain sequences were trimmed from the raw
sequences based on the quality score defined, and the resulting

sequences were used for de novo assembly using CLC Genomics
Workbench software, ver. 4.0.

2.2. Prediction of the genes encoding b-xylosidases

Genes and their ORFs in the assembled contigs were extracted using
MetaGeneAnnotator software,13 with the multiple species option for
metagenome analysis, as recommended by the software supplier. The
homology to b-xylosidase (E.C. 3.2.1.37) and b-glucosidase (E.C.
3.2.1.21) amino acid sequences of the extracted ORFs were searched
using BLAST (Supplementary Table S1) with sequences downloaded
from the UniProt database, release date November 2011 (http://
www.uniprot.org). The list contained 2,140 amino acid sequences,
although the latest release (2017_06) contain 13,585 sequences for
the enzymes, which could be useful for future research. ORFs ex-
hibiting homology to the amino acid sequences of b-glucosidases/b-
xylosidases with an expected value<1�10�20 were categorized as
glycosyl hydrolase (GH) family members, with the hydrolase motifs
defined in the Pfam database, version 23.0 (http://pfam.sanger.ac.
uk), using HMMER software, version 2.3 (hmmer.org).

2.3. Cloning of the predicted genes

Predicted gene sequences were amplified from the metagenomic
DNA using KOD-FX DNA polymerase (Toyobo, Osaka, Japan)
with PCR primers shown in Supplementary Table S2. The PCR-
amplified fragments with four additional bases (CACC) at the 5’-ter-
minus for directional TOPOVR cloning were then inserted into the
pET101/D-TOPO vector (Thermo Fisher Scientific, Waltham, MA,
USA) and introduced into E. coli TOP10, which was a host for the
vector recommended by the supplier for efficient cloning. The recom-
binant plasmids were extracted from the E. coli culture using a
Wizard plus SV Minipreps DNA Purification System (Promega,
Fitchburg, WI, USA). The inserted sequences of the plasmids were
analysed on an ABI 3730 DNA analyser (Thermo Fisher Scientific).

2.4. Preparation of cell-free extracts

To produce the proteins, the plasmids isolated from E. coli TOP10
were introduced into E. coli BL21 Star (DE3) (Thermo Fisher
Scientific), which is designed to efficiently express foreign DNA. The
E. coli colonies were inoculated into 10 ml of Luria-Bertani medium
containing 100 mg/ml of ampicillin and cultivated until the optical
density at 600 nm reached approximately 0.2 to 0.8. Isopropyl-b-
D(�)-thiogalactopyranoside was then added to the culture to induce
expression of the foreign DNA encoded by the vector, and cultiva-
tion was continued for 16 h. The cells were harvested from the cul-
tures by centrifugation and suspended in 1 ml of 50 mM Tris-HCl
buffer (pH 8). The cell suspensions were homogenized using an
Astrason 3000 homogenizer (Misonix, Farmingdale, NY, USA) and
filtered using a 0.45-mm pore-size filter to prepare cell-free extracts
used for the initial assay shown in Supplementary Fig. S2.

To assess the thermal stability of the all b-xylosidases, recombi-
nant E. coli cells were inoculated into 1 ml of Overnight ExpressTM

instant LB medium (Merck, Darmstadt, Germany) containing 50 mg/
ml of carbenicillin and cultivated for 20 h at 30 �C with rotary shak-
ing at 1,000 rpm. The cells were harvested by centrifugation at
3,000�g for 10 min, washed twice with 50 mM sodium acetate buf-
fer (pH 5.0), and lysed by freeze-thaw cycling in 200 ml of the buffer.
The resulting lysates were centrifuged at 3,000�g for 10 min to re-
move cell debris and used for the assay.
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In the assay for determining the optimal reaction temperature and
pH and thermal stability of the proteins originated from AR19M-
311, recombinant E. coli cells were inoculated into 100 ml of
Overnight ExpressTM instant LB medium containing 50 mg/ml of car-
benicillin and cultivated for 20 h at 30 �C with rotary shaking at
180 rpm. The cells were then washed twice with 50 mM sodium ace-
tate buffer (pH 5.0), homogenized using a Sonifier 250 homogenizer
(Branson Ultrasonics, St. Louis, MO, USA), and heat-treated at
70 �C for 10 min. After centrifugation at 20,000�g for 30 min, the
supernatants were subjected to the b-xylosidase activity assay.

2.5. Enzyme purification by column chromatography

The cell-free extract was fractionated by anion exchange chromatog-
raphy using an €AKTA FPLC (GE Healthcare) system equipped a
HiTrap Q HP column (GE Healthcare) equilibrated with 50 mM
Tris-HCl buffer. The active fractions were collected and applied onto
a HiTrap Phenyl HP column (GE Healthcare) for hydrophobic inter-
action chromatography. The enzyme was finally desalted by gel per-
meation chromatography using a PD-10 column (GE Healthcare).

2.6. Enzymatic activity assay

Hydrolysis of p-nitrophenylxylopyranoside (pNPX) by cell-free ex-
tracts containing the recombinant proteins was evaluated by deter-
mining p-nitrophenol release by measuring the absorbance at
400 nm. The portion (50 ml) of cell-free extracts were mixed with
1.7 mM of pNPX in 200 ll of 50 mM acetate or sodium phosphate
buffer (pH 5.5 or 6.8) and incubated for 20 min. After the reaction,
the same volume of 200 mM Na2CO3 was added to the reaction
mixture, and the absorbance at 400 nm was determined.

Thermal stability was evaluated at 50�C and 90 �C in 50 mM so-
dium acetate buffer (pH 5.0). pNPX was used as the substrate to as-
say b-xylosidase activity in crude cell-free extract. Before the assay,
the cell lysates were incubated at 50�C or 90�C for 15 min. The assay
was performed by adding 50 ml of the cell lysates to 200 ml of buffer
containing 1.0 mM pNPX at 50�C for 15 min. Following addition of
the same volume of 200 mM Na2CO3, the release of p-nitrophenol
was measured by determining the absorbance at 400 nm. Instead of
the cell lysate, water was added to the reaction mixture for the blank
assay. One unit of the enzyme activity was defined as the amount of
the enzyme releasing 1 mmol of p-nitrophenol per minute.

The optimal reaction temperature (50� C to 90� C) and pH (2 to
10) of the proteins originated from AR19M-311 were assayed in
50 mM GTA buffer, which consisted of 50 mM 3,3-dimethylglutaric
acid, 50 mM 2-amino-2-methyl-1,3-propanediol, and 50 mM tris(hy-
droxymethyl)aminomethane. After the reaction, the amount of
p-nitrophenol released was monitored using the same method de-
scribed above. For assays of the thermal stability of the proteins orig-
inated from AR19M-311, the enzymes were incubated at
temperatures ranging from 50�C to 90� C for 0 to 60 min in 50 mM
sodium acetate buffer (pH 5.0). After incubation, the residual activ-
ity was measured at 90�C for 15 min using pNPX as the substrate.

Concentrations of proteins were determined by Coomassie Plus
(Bradford) Assay Kit (Thermo Fischer Scientific) with bovine serum
albumin as a standard.

2.7. Phylogenetic analysis

The amino acid sequences of known b-xylosidases were obtained from ei-
ther UniProt database entries assigned as b-xylosidases or the BRENDA
database containing thermostable b-xylosidases, and the sequences were

then reviewed. These sequences and that of AR19M-311 were aligned us-
ing ClustalX ver. 2.014 with default parameters; subsequently, the phylo-
genetic tree was generated. The phylogenetic tree was visualized using
FigTree ver. 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

3. Results

3.1. Sequencing the metagenomic DNA of a hot spring

microbial community

Metagenomic DNA was extracted from a microbial community iso-
lated from the soil of a hot spring (70 �C, pH 7.2) in Miyagi, Japan,
and then subjected to NGS using a GS FLX Titanium DNA se-
quencer. The average length of the reads produced from each DNA
fragment was 396 bp. The assembled sequences, totaling 1.1 Gbp,
were searched against a list of amino acid sequences of b-xylosi-
dases/b-glucosidases downloaded from the UniProt database
(Materials and methods), resulting in the identification of 54 ORF se-
quences homologous to b-xylosidases/b-glucosidases. To find more
genes, we then sequenced a portion of the DNA amplified from the
metagenomic DNA using a Hiseq 2000 DNA sequencer, which has a
higher sequencing output than the former sequencer. The resulting
sequences (83.1 Gbp) were assembled with the previously generated
1.1 Gbp sequence. A total of 967,925 contigs with a length>500 bp
were finally obtained, of which the longest contig was 287,641 bp.

3.2. Isolation of a gene encoding a thermostable

b-xylosidase

From the assembled sequences, 168 genes potentially belonging to
GH families 1, 3, 31, and 43 were obtained from ORF prediction us-
ing MetaGeneAnnotator, followed by homology searching of the
ORFs using the programs BLAST and HAMMER. A total of 105
ORFs appeared to be full-length, and the remainder lacked 5’- and/
or 3’-terminal sequences. The ORFs exhibited a wide distribution of
amino acid sequence similarity with known sequences of b-xylosi-
dases and b-glucosidases in the UniProt database, as shown in Fig. 1.
Most of the ORFs exhibited<80% homology with known se-
quences, indicating that metagenomic approaches are useful for iden-
tifying novel sequences.

Using PCR, we amplified DNAs corresponding to ORFs, and
cloned the resulting products into the pET101/D-TOPO vector using
E. coli TOP10 as a cloning host. The CACC sequence, necessary for
TOPOVR cloning, was added on the 5’-terminal of the forward pri-
mer. Each of the DNA primer set was designed to amplify the region
from initial codon to terminal codon of each full-length ORF.
However, when amplifying the ORFs lacking 5’- and/or 3’-terminal
sequences, the DNA primer sets were designed to amplify the region
of the longest in-frame sequences of the ORFs, and added lacking ini-
tial and/or terminal codons at the terminals. One to six independent
clones for each ORF were isolated to confirm DNA insertion by par-
tial sequencing. In total, 269 genes originating from 120 ORFs were
successfully cloned. These 269 genes were consisted of the ones that
were identical to the original ORF sequence and the others that pos-
sessed SNPs. Then we distinguished all of the genes by adding branch
numbers. The host of the plasmids was then changed from E. coli
TOP10 to E. coli BL21 Star (DE3), which was more suitable for
protein production. Cell-free lysates of the new host were used for
evaluating b-xylosidase activity using pNPX as the substrate
(Supplementary Table S2). When assayed at 50 �C, 82 crude cell-free
extracts showed activity against the substrate (Fig. 2A). However,
only six extracts retained the activity when assayed at 90 �C,
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indicating that most of the enzymes were not thermostable at higher
temperatures (Fig. 2B). The highly thermostable enzymes included
three proteins originated from AR19M-311 (AR19M-311-2,
AR19M-311-11, and AR19M-311-21), each single protein origi-
nated from AR19M-319 (AR19M-319-21), AR19M-329 (AR19M-
329-1), and AR19M-333 (AR19M-333-4). AR19M-311-27 origi-
nated from AR19M-311 was lost its activity at 90�C, while three
other proteins were highly thermostable. Then, we further investi-
gated the enzyme characteristics of proteins originated from
AR19M-311 to reveal the relationship between thermostability and
SNPs.

3.3. Effects of temperature and pH on the hydrolysis of

pNPX by the b-xylosidases

We characterized the proteins originated from AR19M-311 further
after removal of host-derived proteins by heat treatment at 70 �C,
which caused most proteins in the lysate, except the heat-stable en-
zymes, to precipitate. A protein, AR19M-311-27, lost activity during
incubation at 70 �C. AR19M-311-2, AR19M-311-11, and AR19M-
311-21 showed similar optimum temperatures (Fig. 3A). These en-
zymes showed an optimal pH of 5.0, but no activity was detected at
pH 4.5 when assayed at 90 �C, whereas AR19M-311-27 showed
negligible activity at all pH values examined (Fig. 3B). The drastic
difference in activity over such a narrow pH range (5.0 to 4.5) sug-
gests that there are structural differences between the pH range, and

this will be an interesting target of research when the three-
dimensional structures of the enzymes become available. Similar pH
dependency was reported for a b-xylosidase from Enterobacter sp.15

As the three enzymes AR19M-311-2, AR19M-311-11 and
AR19M-311-21 showed almost the same optimum pH and tempera-
ture for the enzymatic reaction (Fig. 3), only AR19M-311-2 was fur-
ther purified by column chromatography using HiTrap Q HP and
HiTrap Phenyl HP columns to determine the kinetic parameters un-
der the optimal reaction conditions using pNPX as the substrate. The
kcat of AR19M-311-2 was 1.30�102 s�1, and the Km for pNPX
was 0.872 mM. The lineweaver-Burk plot for the determination of
the kinetic parameters was shown in Supplementary Fig. S1.

3.4. Thermostability of the b-xylosidases

We analysed the thermal stability of AR19M-311-2, AR19M-311-
11, and AR19M-311-21 by incubating the partially purified enzymes
without substrate at 50�C, 60�C, 70�C, 80�C, and 90 �C and pH 5.0
for 0 to 60 min (Fig. 4). The enzymes retained above 80% of their
initial activities at 50�C, 60�C, and 70�C for more than 60 min, ex-
cept AR19M-311-2 whose activity was decreased to 50% after incu-
bation at 70�C for 60 min. The three enzymes lost 50% of their
activities within 10 min at 80�C. While the activity was immediately
lost when the substrate pNPX was absent at 90�C, the hydrolysis
proceeded at 90�C at least 15 min as shown in Fig. 3 when the sub-
strate existed. Hence, it suggests that the substrate stabilize these en-
zymes. When the crude cell-free extracts were used, the activities
were retained after incubation at 90�C without the substrate as
shown in Fig. 2, indicating the enzymes were stabilized in the
extract.

3.5. Classification of AR19M-311 and other

b-xylosidases based on sequence homology

We searched for proteins similar to the ones originated from
AR19M-311, which consisted of 752 amino acid residues, in the
National Center for Biotechnology Information amino acid sequence
database. The highest identity (71%) was exhibited by a predicted
xylosidase/arabinosidase encoded by the genome of the bacterium
Dictyoglomus thermophilum, although there is no experimental evi-
dence confirming that this protein is a hydrolase. Among the known
thermostable b-xylosidases, the enzyme shared the highest homology
(56%) with a b-xylosidase from the archaeon S. solfataricus8 and the

Figure 1. Frequency distribution of the 168 ORFs identified by identity

searches against known b-xylosidases/b-glucosidases contained in the

UniProt database.

Figure 2. The amount of p-nitrophenol released from the hydrolysis of pNPX by the crude cell-free extracts with the 82 b�xylosidases isolated from the metage-

nomic DNA. The enzymes were incubated at 50 �C (A) or 90 �C (B) for 15 min, then subjected to the b-xylosidase assay using pNPX as the substrate. After the

reaction, the amount of p-nitrophenol was measured to detect the residual activity.
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lowest homology (29%) with a b-xylosidase from the fungus A.
pullulans.9

The phylogenetic relationship between AR19M-311 and other b-
xylosidases was determined using the ClustalX program (Fig. 5).
AR19M-311 was classified in a thermostable b-xylosidase cluster
that included like enzymes from S. solfataricus and the bacteria T.
thermarum, T. maritima, Thermoanaerobacter ethanolicus, and
Caldicellulosiruptor bescii.

3.6. Amino acid substitutions of proteins originated

from AR19M-311

The consensus amino acid sequence of AR19M-311 and those of the
four proteins were compared, as shown in Fig. 6. Amino acid substi-
tutions were observed for 11 residues (Thr57, Arg187, Val194, Ala206,
Thr311, Val355, Ala451, Gly519, Ile625, Val635, and Lys739) of the con-
sensus sequence. Comparing the thermostable proteins,
AR19M-311-2, AR19M-311-11, and AR19M-311-21, and the non-
thermostable protein AR19M-311-27, there were five residues that
were substituted only with non-thermostable protein (Thr57 to Ile57,
Ile311 to Thr311, Ala451 to Thr451, Gly519 to Ser519, and Lys739 to
Asn739). AR19M-311-2 exhibited unique substitutions of Val355

with Ala and Val635 with Ile, but these substitutions might not be
crucial for maintaining high activity because they were not found in
the other thermostable proteins. Interestingly, Arg187, Val194, and
Ala206 were only seen in the consensus sequence and not in the four
proteins.

4. Discussion

Here, we carried out a comprehensive survey of thermostable b-xylo-
sidases using the metagenomic DNA of a microbial community iso-
lated from the soil of a hot spring, which was 70 �C and pH 7.2
when sampled. Using two types of NGS analysers, a total of 84.2
Gbp of sequences were obtained from the metagenomic DNA. From
967,925 contigs calculated from the sequences, 168 ORFs were iden-
tified, most of which shared homology of less than 80% with known
b-xylosidases (Fig. 1). Of these 168 ORFs, 120 were successfully
cloned from the metagenomic DNA. Including the SNPs that were
identified by PCR-based cloning of the 120 ORFs, a total of 269 in-
dividual clones were obtained, and 82 proteins produced from these
clones showed b-xylosidase activity at 50 �C, demonstrating the

Figure 3. Optimal b-xylosidase activity reaction temperature (A) and pH (B)

for the proteins originated from AR19M-311. b-Xylosidase activity was as-

sayed at several temperatures in GTA buffer (pH 5.0) in (A) and in buffers ad-

justed to different pH values at 90 �C in (B). Activity was assessed by

measuring the release of p-nitrophenol at 400 nm.

Figure 4. Thermal stability of AR19M-311-2 (A), AR19M-311-11 (B), and

AR19M-311-21 (C). The enzymes were preincubated at 70�C for 10 min to pre-

cipitate host-derived proteins, subsequently, the enzymes were incubated at

50, 60, 70, 80, or 90 �C for 0 to 60 min and then subjected to the b-xylosidase

assay using pNPX as the substrate. Residual activity was assessed by

measuring the release of p-nitrophenol at 400 nm.
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usefulness of metagenomic approaches for identifying novel b-xylosi-
dases. Six genes, including three genes originated from AR19M-311,
and genes originated from AR19M-319, AR19M-329, and AR19M-
334, encoded enzymes showing thermal stability up to 90 �C (Fig. 2).
This is a large-scaled survey for enzymatic activity of thermostable
cellulases isolated from metagenomic DNA resources, which is, to
our knowledge, the first report of thermostable b-xylosidases isolated
by a metagenomic approach.

This study provided novel sequences of thermostable b-xylosi-
dases for further consideration of structure-activity relationships.
AR19M-311-2, AR19M-311-11, and AR19M311-21 showed the
highest activity at 90 �C and were stable at temperatures up to 70 �C
for at least 1 h. As the b-xylosidase from T. ethanolicus showed the
highest optimal reaction temperature (93 �C),7 it was concluded that
the three proteins are highly thermostable b-xylosidases. Despite

similarities in their thermal properties, the amino acid sequences
shared 54% identity with T. ethanolicus b-xylosidase. The b-xylosi-
dases from S. solfataricus and T. maritima, which have an optimal
reaction temperature of 90 �C,4,8 are also considered highly thermo-
stable b-xylosidases. However, the sequence identity between these
b-xylosidases and the three proteins we describe was<60%. The se-
quence differences between these highly thermostable b-xylosidases
helped us identify a number of consensus and essential amino acids
in the sequences of the highly thermostable b-xylosidases, as dis-
cussed below.

Analysis of the phylogenetic tree indicated that the prokaryotic
thermostable b-xylosidase cluster is more closely related to eukary-
otic b-xylosidases (which include those of plants such as Arabidopsis
thaliana and Medicago sativa and those of the fungi A. pullulans9

and Aspergillus sp.) than to the prokaryotic b-xylosidases, which

Figure 5. Phylogenetic tree of the proteins originated from AR19M-311 and representatives of known b-xylosidases.
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have not been reported as thermostable (Fig. 5). Therefore, compara-
tive sequence analysis of these b-xylosidases could also provide infor-
mation that could enhance our understanding of the mechanisms of
high-temperature stability.

From an integrated consideration of both the complete compara-
tive sequence analysis and the local effects of amino acid substitu-
tions, we identified some of the amino acid residues essential for the
thermal stability of b-xylosidases. Comparing the three thermostable
proteins and the non-thermostable protein AR19M-311-27, the five
residues were found as unique substitutions in AR19M-311-27
(Thr57 to Ile57, Ile311 to Thr311, Ala451 to Thr451, Gly519 to Ser519,
and Lys739 to Asn739). In alignment of the sequences of the thermo-
stable prokaryotic b-xylosidases and eukaryotic b-xylosidases
(Supplementary Fig. S2), the Thr57 and the Ala451 was conserved in
all of the thermostable enzymes, and the Gly519 was conserved in five
of the six thermostable enzymes. Hence, the three substitutions of
Thr57 to Ile57, Ala451 to Thr451 and Gly519 to Ser519 were considered
to affect the low thermostability of AR19M-311-27 at 90�C. The
alignment also showed that insertion of two amino acids, including
Thr311 or the corresponding residues of other b-xylosidases, occurs
only in the thermostable prokaryotic b-xylosidases and the

moderately thermostable b-xylosidase from Trichoderma koningii.16

The Thr residue is conserved in the four prokaryotic b-xylosidases
and substituted with Ile in the others. Therefore, we suggest that the
insertion of the two amino acids contributes to the thermal stability
of b-xylosidases, which should be confirmed by future biochemical
works. The contribution of the substitution of Lys739 to Asn739 on
the thermostability is considered to be insignificant, because Lys739 is
not conserved in thermostable enzymes. AR19M-311-2 also pos-
sessed the unique substitutions of Val355 with Ala and Val635 with
Ile, substitutions not found in AR19M-311-11 and AR19M-311-21.
These substitutions apparently have only a slight influence on ther-
mostability, as Val, Ala, and Ile are all hydrophobic residues with
similar properties.

As shown by this study, PCR-based cloning of genes from metage-
nomic DNA is a useful method because it can lead to the identifica-
tion of SNPs in consensus ORF sequences, which is advantageous for
elucidating structure-activity relationships. There are two possible
approaches to discover functional enzymes from metagenomic data.
One is the homology search method demonstrated in this study,
while the other is the activity-driven one. One of the advantages of
the former method is that it could find highly homologous sequences

Figure 6. Sequence alignment of AR19M-311 and its clones. The alignment was created by ClustalX version 2.0 and the residues substituted in any of the clone

were highlighted by black background color and the residue numbers were indicated at the top of the residues. AR19M311 is the consensus sequence

obtained from the ORF search. AR19M-311-2, AR19M-311-11, and AR19M-311-21 are the thermostable proteins, and AR19M-311-27 is the non-thermostable

protein.
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with distinct activities from vast sequences, especially encoding active
and non-active enzymes, which may lead speculation of function of
each amino acid residue on the enzyme activity, as shown in our re-
sults of active forms, AR19M-311-2, AR19M-311-11, and AR19M-
311-21 and a non-active form AR19M-311-27, which could not be
obtained by the latter method alone. Recently, isolation of novel b-
galactosidases not predictable from gene sequences was reported,17

in which the enzymes were identified from a cosmid library with
�33 kbp metagenomic DNA in surrogate hosts by the activity-driven
method. They emphasize the importance of developing of multi-host
systems for functional screening to substantially extend the breadth
of gene discovery. Therefore, either method may be used according
to the purpose of research.

Data availability

The sequences of AR19M metagenome were deposited in DDBJ
Sequence Read Archive maintained by the DNA Data Bank of Japan
under accession numbers of DRA005406 and DRA005407.
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