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Abstract Soil metagenomes represent an unlimited
resource for the discovery of novel biocatalysts from
soil microorganisms. Three large-inserts metagenomic
DNA libraries were constructed from different grass-
land soil samples and screened for genes conferring
cellulase or xylanase activity. Function-driven screen-
ing identified a novel cellulase-encoding gene (cel0I)
and two xylanase-encoding genes (xyn0OI and xyn02).
From sequence and protein domain analyses, CelO1
(831 amino acids) belongs to glycoside hydrolase
family 9 whereas XynO1 (170 amino acids) and Xyn02
(255 amino acids) are members of glycoside hydrolase
family 11. CelO1 harbors a family 9 carbohydrate-
binding module, previously found only in xylanases.
Both Xyn01 and Xyn(02 were most active at 60°C with
high activities from 4 to 10 and optimal at pH 7
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(Xyn01) and pH 6 (Xyn02). The cellulase gene, cel01,
was expressed in E. coli BL21 and the recombinant
enzyme (91.9 kDa) was purified. CelO1 exhibited high
activity with soluble cellulose substrates containing /-
1,4-linkages. Activity with microcrystalline cellulose
was not detected. These data, together with the
analysis of the degradation profiles of carboxymethyl
cellulose and barley glucan indicated that CelO1 is an
endo 1,4-f-glucanase. CelO1 showed optimal activity
at 50°C and pH 7 being highly active from pH range 5
to 9 and possesses remarkable halotolerance.
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Introduction

The plant cell wall constituents cellulose and the
hemicellulose xylan are the most abundant polysac-
charides in nature (Beg et al. 2001; Lynd et al. 2005;
Polizeli et al. 2005). The structure of cellulose is based
on linear polymers of f3-1,4-linked p-glucose residues.
The hemicellulose xylan consists of a linear f-1,4-
linked xylose backbone that can be substituted by
arabinofuranosyl and/or glucuronopyranosyl side
chains with the degree and nature of substitution
varying between tissues and species. Xylans can be
modified by additional sugar side chains, methylation,
acetylation, or feruloylation (Beg et al. 2001; Kulkarni
et al. 1999). Both polysaccharides have an enormous
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potential as renewable sources for production of
biofuels (Sanchez and Cardona 2008).

Enzymes degrading (hemi)cellulose are found in
microbes, plants, and the digestive tracts of animals.
Three classes of cellulases, including endoglucanases
(EC 3.2.1.4), exoglucanases (EC 3.2.1.91), and f-glu-
cosidases (EC 3.2.1.21) are involved in the degrada-
tion of cellulose (Lynd et al. 2002). Endo-1,4-
f-xylanase (EC 3.2.1.8) and p-xylosidase (EC
3.2.1.37) can hydrolyze the backbone of xylan.
Additionally, acetyl esterases (EC 3.1.1.6), a-p-glu-
curonidases (EC 3.2.1.1), and «-L-arabinofuranosid-
ases (EC 3.2.1.55) cleave the side chains of xylan
(Polizeli et al. 2005). Cellulases and hemicellulases
have been recognized as very useful biocatalysts
because of their wide-ranging versatility in industrial
applications, including food technology, textile pro-
duction, biofuel formation, and paper production
(Collins et al. 2005; Lynd et al. 2002; Steele et al.
2009).

Soils are considered to be the most diverse microbial
habitat on Earth with respect to species diversity and
community size. One gram of soil may contain up to 10
billion microorganisms of possibly thousands of dif-
ferent species (Rossell6-Mora and Amann 2001). Soil
microorganisms have been the major source for the
isolation of novel biocatalysts and other biomolecules
of industrial importance (Strohl 2000). So far, most
soil-derived cellulases and xylanases and the corre-
sponding genes have been recovered from cultured soil
microorganisms such as Cellvibrio mixtus and Clos-
tridium thermocellum (Fontes et al. 2000; Gilad et al.
2003). Since less than 1% of soil microorganisms are
readily culturable, only a small fraction of soil
microbial diversity is assessed by cultivation-depen-
dent approaches. To expand the range of natural
product discovery, culture-based methods have been
complemented or replaced by culture-independent
metagenomic approaches, which theoretically provide
access to the collective nucleic acids of all indigenous
microorganisms present in an environmental sample
(Handelsman 2004; Simon and Daniel 2011). Func-
tional metagenomics based on the direct isolation of
DNA from environmental samples, generation of
metagenomic libraries from the isolated DNA, and
function-driven screening of the constructed libraries
has led to the identification and characterization of a
variety of novel biocatalysts (Simon and Daniel 2009),
including proteases (Waschkowitz et al. 2009; Zhang
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etal.2011), lipolytic enzymes (Nacke et al. 2011b; Yu
et al. 2011) and (hemi)cellulolytic enzymes (Brennan
et al. 2004; Duan et al. 2009; Shedova et al. 2009;
Voget et al. 2000).

In this study, we report on the identification of one
cellulase and two xylanases, which were derived from
the soil metagenome. We constructed large-insert
metagenomic libraries from three different grassland
soil samples, which were collected in the German
Biodiversity Exploratories Schortheide-Chorin and
Schwibische Alb (Fischer et al. 2010). The library-
containing Escherichia coli clones were screened for
genes encoding cellulase or xylanase activity. Two
novel xylanases and one cellulase were identified.
Characterization of the xylanases and the purified
cellulase was performed.

Materials and methods
Bacterial strains and vectors

Fosmids and plasmids used in the present study are
shown in Table 1. Escherichia coli strain EPI300-T1R
(Epicentre Biotechnologies, Madison, WI, USA) was
used as a host for the cloning of metagenomic DNA. In
addition, E. coli strains TOP10 and BL21(DE3) (Invit-
rogen GmbH, Karlsruhe, Germany) were employed for
subcloning and expression of the targeted genes,
respectively.

Soil sampling, isolation of DNA, and construction
of metagenomic DNA libraries

Soil metagenome-derived genes encoding (hemi)cel-
lulolytic enzymes were recovered from A horizons of
soil samples, which had been taken from three
grassland sites of the German Biodiversity Explorato-
ries Schorfheide-Chorin (sample SEG9) and Schwéibi-
sche Alb (samples AEG3 and AEG6). Samples were
collected in April and May 2008 and sampling was
performed as described by Nacke et al. (2011a).
Descriptions of the soil characteristics are provided in
Supplementary Table S1. Names of the metagenomic
libraries refer to the designation of the samples from
which the libraries were derived. To generate metage-
nomic libraries total microbial community DNA was
isolated from 10 g soil per sample. For this purpose,
the MoBio Power Max Soil DNA extraction kit
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Table 1 Vectors used in this study
Type of vector Designation Relevant characteristics® Source
Fosmid pCCIFOS Chl', T7 promoter, FI and pMB1 replicon Epicentre
fLCO1 pCC1FOS: 16,250 bp fragment of cloned metagenomic DNA This study
fLXO01 pCC1FOS: 36,000 bp fragment of cloned metagenomic DNA This study
fLX02 pCC1FOS: 30,200 bp fragment of cloned metagenomic DNA This study
Plasmid pCR-XL-TOPO Kan', Zeo', lac promoter, pMBI1 replicon Invitrogen
pET101/D Ap', T7 promoter, pMB1 replicon Invitrogen
pLCO1 pCR-XL-TOPO: 3,220 bp fragment of This study
metagenomic DNA subcloned from fLCO1
pLXO01 pCR-XL-TOPO: 5,523 bp fragment of This study
metagenomic DNA subcloned from fL.X01
pLX02 pCR-XL-TOPO: 4,985 bp fragment of This study
metagenomic DNA subcloned from fL.X02
pCelO1 pET101/D: 2,433 bp fragment containing bases This study

646-3,075 of celOl gene and a synthetic ATG
start codon under the control of the T7 promoter

* Ap” ampicillin resistance, Chl” chloramphenicol resistance, Kan" kanamycin resistance, Zeo” zeocin resistance

(MoBio Laboratories, Carlsbad, CA, USA) was used
according to the instructions of the manufacturer.

The large-insert metagenomic fosmid libraries
AEG3 and AEG6 were constructed by using the Copy
Control Fosmid Library Production kit (Epicentre) as
described by Nacke et al. (2011b). The fosmid library
SEG9 has been previously generated by employing the
same approach (Nacke et al. 2011b). Approx. 4,600
resulting library-containing clones per soil sample
were arrayed and stored in 96-well microtiter plates.
The remaining clones were collected and stored as
clone pools at —80°C.

Growth conditions and activity-based screening

Escherichia coli strains were routinely grown in
Luria-Bertani (LB) medium at 37°C. For activity-
based screening, the arrayed library-containing E. coli
clones were replica streaked on LB agar plates
containing colored insoluble forms of hydroxyethyl
cellulose (HEC,¢q) or xylan (Xylang.e,) as indicator
substrates. The substrates were generated by employ-
ing the cross-linking reagent 1,4-butanediol diglycidyl
ether and the dyes Cibacron Brilliant Red 3B-A
(HEC,q) or Cibacron Brilliant Green T3GE (xylan-
ereen) a8 described by Lee and Lee (1997) and Ten et al.
(2005). In addition, to maintain the presence of
recombinant fosmids and increase the copy number
of the fosmids, the indicator agar contained 12.5 mg

chloramphenicol 17" and 0.001% arabinose, respec-
tively. Clones showing activity with the indicator
substrates were identified by the formation of clear
zones (halos) after incubation for 1-14 days at 37°C
under aerobic conditions.

Subcloning and sequence analysis

To subclone DNA fragments containing genes con-
ferring (hemi)cellulolytic activity from large-insert
fosmids, the recombinant fosmids from positive
clones were sheared by sonication (UP200S Sonicator,
Dr. Hielscher GmbH, 5 s at 30% amplitude, cycle 0.5).
Subsequently, the resulting DNA fragments were
separated by agarose gel electrophoresis, and frag-
ments (2-6 kbp) were excised and extracted by using
the peqGold gel extraction kit (Peqlab Biotechnologie
GmbH, Erlangen, Germany). The resulting DNA
fragments were ligated into pCR-XL-TOPO, and used
to transform E. coli TOP10 as recommended by the
manufacturer (Invitrogen). The resulting recombinant
E. coli strains were screened on the corresponding
indicator agar for the presence of genes conferring
cellulase or xylanase activity.

The recombinant plasmids derived from positive
clones were sequenced by the Gottingen Genomics
Laboratory (Gottingen, Germany). The initial predic-
tion of ORFs located on the inserts of plasmids pLCO1,
pLX1, and pLX2 (Table S2) was performed by using
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the ORF-finder program (http://www.ncbi.nlm.nih.
gov/gorf/gorf.html) provided by the National Center
for Biotechnology Information (NCBI) and the Arte-
mis program (Rutherford et al. 2000). The results were
verified and improved manually by using criteria such
as the presence of a ribosome-binding site, GC frame
plot analysis, and similarity to known genes. All
coding sequences were examined for similarities to
protein families and domains using searches against
the CDD databases (Marchler-Bauer et al. 2007).
Signal peptides of proteins were predicted by using the
SignalP 3.0 server (Bendtsen et al. 2004). Multiple
alignments of deduced protein sequences were per-
formed with ClustalW2, version 2.0.12 (Thompson
et al. 1994) and examined with the Bioedit program
(Hall 1999).

The nucleotide sequences of the recombinant
plasmids harboring the xylanase genes xynOl and
xyn02 (pLXO01 and pLX02) and the cellulase gene
cel01 (pLCO1) have been submitted to GenBank under
accession numbers JF799945, JF799946, and
JF799947, respectively.

Cloning of the cellulase-encoding gene celOl
into expression vector pET101/D

The cellulase gene cel0l was amplified from plasmid
pLCO1 (Table 1) without the potential signal peptide
sequence by PCR. The following set of primers with a
synthetic site (underlined) that contained an ATG start
codon and allowed directional cloning into pET101/D
using the pET101/D directional TOPO expression kit
(Invitrogen) was used: 5'-GCGTTCGTTGAAACGC-3'
and 5-CACCATGCAGGAAATGCTCGCGCCC-3'.
The resulting plasmid was designated pCelOl
(Table 1). The PCR reaction mixture (33 pl) con-
tained 3.3 pl tenfold reaction buffer (Finnzymes,
Espoo, Finland), 800 uM of each of the four deoxy-
nucleoside triphosphates, 3% DMSO, 1.2 pM of each
of the primers, 0.5 U Phusion hot start high-fidelity
DNA Polymerase (Finnzymes), and 50 ng plasmid
DNA as template. The PCR reactions were initiated at
98°C (5 min), followed by 30 cycles of 98°C (45 s), a
temperature gradient ranging from 60 to 68°C (45 s),
72°C (170 s) and ended with incubation at 72°C for
5 min. The PCR product was purified using the
peqGold gel extraction kit (Peqlab) and cloned into
pET101/D (Invitrogen) as recommended by the man-
ufacturer. The coding region was thereby placed under
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the control of the IPTG-inducible T7 promoter. In
addition, sequences encoding a Hisg tag and a V5
epitope provided by the vector were added to the
3’-end of the coding region.

Preparation of cell extracts

Cells from 500 ml cultures were harvested by centri-
fugation at 10,000x g and 4°C for 10 min. To prepare
cell extracts of the cellulolytic strain (E. coli BL21/
pCelO1) and xylanolytic strains (E. coli TOP10/
pLXO01 and E. coli TOP10/pLX02) the resulting cell
pellets were washed twice with LEW buffer (Mache-
rey and Nagel, Diiren, Germany) or 50 mM sodium
phosphate buffer (pH 7), respectively. Subsequently,
the cells were resuspended in 2 ml per g cell pellet of
the same buffer. The cells were disrupted by using a
French press (1.38 x 10® Pa) and the extract was
cleared by centrifugation at 18,000xg and 4°C for
30 min. The resulting supernatant (crude cell-free
extract) was used for further analyses.

Purification of cellulase

The purification of Hisg-tagged cellulase from cell
extracts was performed by nickel affinity chromatog-
raphy using Protino-Ni-2000 prepacked columns as
recommended by the manufacturer (Macherey and
Nagel). Ultrafiltration employing Vivaspin concentra-
tors (exclusion limits 100,000 and 50,000 Da; Sarto-
rius AG, Gottingen, Germany) was used to change
buffer systems and to further purify the cellulase. The
purity of the resulting protein preparations was
analyzed by SDS-PAGE. Detection of V5 epitope-
tagged proteins by Western blot hybridization was
performed as described by Waschkowitz et al. (2009).

Protein and enzyme assays

Protein was measured by the Bradford method. To
analyze cellulase and xylanase activity released
reducing sugars were measured as D-glucose and
D-xylose equivalents, respectively (Miller 1959) and
measured at 575 nm. Barley glucan (Megazyme, Bry,
Ireland), carboxymethyl cellulose (Sigma—Aldrich),
HEC (Sigma—Aldrich), laminarin (Sigma—Aldrich),
lichenan (Megazyme), xylan from birch wood
(Sigma—Aldrich), xylan from oat spelt (Sigma-
Aldrich), xylan from larch wood (Sigma-Aldrich),
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xylan from beech wood (Sigma—Aldrich), and micro-
crystalline cellulose (Serva, Heidelberg, Germany)
were used as substrates. The standard assay mixture
contained purified enzyme (0.4 ng) or crude cell
extract and 1% barley glucan (cellulase) or 1% xylan
from birch wood (xylanase) in 50 mM sodium phos-
phate buffer adjusted to pH 7 (final volume 0.5 ml). To
determine substrate specificity barley glucan was
replaced by the above-mentioned substrates at a final
concentration of 1%. Enzyme activity was measured
after incubation of the reaction mixture at 40°C for
20 min. All enzyme assays were performed in tripli-
cate. One unit (U) of enzyme activity was defined as
the amount of enzyme required to release 1 pmol of
reducing sugar per min. Enzyme activities were
determined from 20 to 70°C and pH 4-10. The pH
range was determined with 50 mM sodium acetate
buffer (pH 4.0-6.0), 50 mM sodium phosphate buffer
(pH 6.0-8.0), 50 mM Tris/HCI buffer (pH 8.0-9.0),
and 50 mM glycine/NaOH buffer (pH 9.0-10.0). The
thermal stability of CelO1 was analyzed after incuba-
tion of the enzyme at 30—60°C. The halotolerance of
CelO1 was determined by measuring residual activity
using the standard assay after incubation of the
enzyme in 3 M KCI or 4 M NaCl at 4°C for 12 h.
Metal ions and chemical agents were added to the
standard assay mixture to investigate their effects on
enzyme activity.

The mode of action of the cellulase was determined
by incubating barley glucan and CMC (each 2%) with
3 pg purified enzyme in 0.2 M Na,HPO,/0.1 M citric
acid buffer (pH 7) at 40°C. Reaction products were
separated on a silica 60 TLC plate developed in
1-propanol/ethylacetate/H,O (6:1:3, by vol.). After
spraying the plates with ethanol/sulphuric acid (9:1,
v/v), sugars were visualized by heating (120°C for
20 min).

Results and discussion
Construction of metagenomic DNA libraries

Two different grassland soil samples derived from the
Schwibische Alb (AEG3 and AEG6) were used for the
construction of two large-insert metagenomic DNA
libraries using the fosmid pCC1FOS as vector. In
addition, one previously constructed metagenomic
library (SEG9) derived from a grassland soil sample of

the Schorfheide-Chorin was employed for subsequent
screening. In all cases, DNA was directly isolated
from the soil samples without previous enrichment or
extraction of microbial cells. The DNA yields ranged
from 25.3 to 56.7 pg per g soil (Supplementary
Table 1). These yields were in the same range as
described for the isolation of DNA from other soil
samples (Waschkowitz et al. 2009). The three
metagenomic libraries contained 147,888 (SEGY),
121,520 (AEG3), and 95,160 (AEG6) clones. The
total numbers of recovered metagenomic library-
containing E. coli clones are higher than in most other
studies in which fosmids were used as vectors for the
construction of large-insert metagenomic libraries
(Couto et al. 2010; Hong et al. 2007; Jeon et al.
2009; Lim et al. 2005). The quality of the three
different libraries was controlled by determination of
the average insert sizes and the percentage of insert-
bearing E. coli clones. The average insert sizes were
23.3 (SEG9), 26.9 (AEG3), and 28.4 (AEG6) kbp.
These values roughly corresponded to those published
for other soil-derived large-insert metagenomic
libraries (Donato et al. 2010; Heath et al. 2009; Nacke
et al. 2011b). The libraries harbored 9.42 Gbp of
cloned soil DNA. Assuming an average prokaryotic
genome size of 5 Mbp (Hardeman and Sjoling 2007),
the metagenomic libraries represented approximately
1,900 prokaryotic genomes.

Activity-based screening for cellulase
and xylanase genes

The screen for genes conferring cellulase or xylanase
activity was based on the ability of library-bearing E.
coli clones to form halos when grown on agar medium
containing dye-labeled hydroxyethyl cellulose
(HEC,cq) or xylan (xylang.en) as indicator substrates.
As function-driven screening is the only strategy that
harbors the potential to discover entirely novel and
functional genes from metagenomes (Simon and
Daniel 2009), similar screens have been employed to
identify genes encoding (hemi)cellulolytic enzymes
from various environments such as soil (Kim et al.
2007, 2008), cow rumen and manure (Ferrer et al.
2005; Li et al. 2009; Zhao et al. 2010), and sludge from
a biogas reactor (Jiang et al. 2010).

To perform the above-mentioned activity-based
approach approximately 4,600 clones per library were
arrayed and screened for the targeted activities.
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Positive E. coli clones were collected after incubation
on the indicator agar for 1-14 days at 37°C. In order to
confirm that the (hemi)cellulolytic activity of the
positive clones was fosmid-encoded the recombinant
fosmids were isolated and used to transform E. coli.
The resulting E. coli strains were screened again on
indicator agar. Two different recombinant fosmids,
fLLX01 and fLLX02, conferred a stable xylanolytic
phenotype and one (fLCO1) a cellulolytic phenotype.
The fosmids fLXO01, fLX02, and fLCO1 were derived
from libraries AEG3, AEG6, and SEG9, respectively
(Table 1). Studies on recovery of genes encoding
xylanases and cellulases from soil-derived metage-
nomic large-insert libraries are rare. For example,
function-driven screening of 10,000 clones derived
from a metagenomic phage forest soil library resulted
in the recovery of one cellulolytic clone (Wang et al.
2009). In addition, one clone producing cellulase
activity on carboxymethyl cellulose (CMC) was
identified by screening of 70,000 clones, which
harbored a metagenomic library constructed from
Korean soil (Kim et al. 2008). This clone also
contained a xylanase gene, which was identified by
sequence analysis of the cloned DNA.

Molecular analyses

The insert sizes of the three recombinant fosmids,
fL.XO01, fLX02 and fLCO1, recovered from the positive
E. coli clones were 36,000, 30,200, and 16,250 bp,
respectively. In order to identify genes conferring
xylanase or cellulase activity subcloning of the
recombinant fosmids was carried out by cloning of
fosmid-derived DNA fragments (2-6 kbp) into the
plasmid vector pCR-XL-TOPO. Subsequently, the
corresponding E. coli clones were screened on
HEC,¢4-containing and xylange.,-containing indicator
agar. In this way, recombinant plasmids carrying the
desired DNA fragments for all three fosmids were
recovered.

The insert sizes of the three plasmids, pLCOl,
pLXO01, and pLX02 (Table 1) derived from the corre-
sponding fosmids fLCO1, fL.X02, and fLX02, were
3,220, 5,523, and 4,985 bp, respectively. The inserts of
pLCO1, pLXO01, and pLX02 were sequenced and
analyzed. Each of the three plasmids harbored a
putative gene that exhibited similarities to known genes
encoding cellulases (pLCO1) or xylanases (pLXOl
and pLX02) (Supplementary Table 2). Cellulase or
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xylanase activity was detected in crude extracts of
corresponding recombinant E. coli strains E. coli
TOP10/pLCO1, E. coli TOP10/pLXO01, and E. coli
TOP10/pLX02 (data not shown).

Analysis and classification of cellulase-encoding
gene

Cellulases and xylanases are subdivided in different
glycoside hydrolase families based on amino acid
sequence similarity (Cantarel et al. 2009; Henrissat
1991). The amino acid sequence deduced from the
putative cellulase gene cel0I of pLCO1 comprised 831
amino acids with a calculated molecular mass of
90.4 kDa. A potential signal peptide of 21 amino acids
was predicted at the N-terminus of CelO1. The amino
acid sequence of the putative signal peptide showed
the typical orientation of signal peptides with three
distinct parts (N, H, and C domains) (Pugsley 1993).
Protein domain analyses suggested that CelO1 belongs
to the glycoside hydrolase family 9, as it contains a
catalytic domain (amino acids 350-814) that is typical
for family 9 members (Fig. 1). The multiple sequence
alignment revealed that CelOl contained putative
catalytic aspartate and glutamate residues (D418,
D421, and E808), which act as nucleophile (aspartate)
or proton donor (glutamate) during substrate hydroly-
sis (Parsiegla et al. 2002) (Fig. 2a). In addition to the
catalytic domain of family 9 glycoside hydrolases,
Cel01 harbored a family 9 carbohydrate-binding
module (CBM9, amino acids 46-231) and a N-termi-
nal cellulase domain (Cel-N-term, amino acids
255-338) (Fig. 1). To our knowledge, family 9
carbohydrate-binding modules have previously been
detected only in xylanases. The protein sequence of
Cel01 was most similar (50% identity) to a cellulase
from Sorangium cellulosum ‘So ce 56’ (Schneiker
et al. 2007), but not over the entire length. The
cellulase from Sorangium cellulosum possesses a
similar modular structure as CelO1, but lacks a family
9 carbohydrate-binding module. Most of the metage-
nome-derived cellulase genes that have been identified
by activity-based screening belonged to glycoside
hydrolase families 5 and 9 (Duan and Feng 2010).
Metagenome-derived family 9 cellulases were iso-
lated from an aquatic community (Pottkdmper et al.
2009), elephant dung (Wang et al. 2009), and an
enrichment culture of an alkaline lake (Grant et al.
2004) but not from other soils with the exception of
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Fig. 1 Domain structure of CelO1, XynOl, and Xyn02. The
recorded E values for the family 9 carbohydrate-binding module
(cd00005), the cellulase N-terminal domain (cd02850), the
family 9 glycoside hydrolase catalytic domain (pfam00759),
and the family 11 glycoside hydrolase catalytic domain

GH9
(2¢™)

(pfam00457) are given in parentheses. Abbreviations: SP signal
peptide, CBM9 family 9 carbohydrate-binding module, Cel-N-
term cellulase N-terminal domain, GH9 family 9 glycoside
hydrolase, GH11 family 11 glycoside hydrolase
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Fig. 2 Multiple sequence alignment of conserved regions in
glycoside hydrolases belonging to family 9 (a) and family 11
(b). Identical amino acid residues are shown as white letters on a
dark background. Triangles indicate catalytic residues and
asterisks represent residues that are involved in substrate
binding. References: CelOl, XynOl, and XynO2 (this study);
ZP_07606292, GH9 from Streptomyces violaceusniger Tu
4113; YP_004081973, GH9 from Micromonospora sp. L5;
YP_001612873, cellulase from Sorangium cellulosum ‘So ce
56’; ZP_05497266, GH9 from Clostridium papyrosolvens DSM

2782; AAK24198, GH9 from Caulobacter crescentus CB15;
BAAO06837, xylanase I precursor from Aeromonas punctata,
AAB72117, endo-beta-1,4-xylanase from Geobacillus stearo-
thermophilus; AAQ14588, xylanase from Bacillus firmus;
CAJ87325, endo-1,4-beta-xylanase B from Thermobacillus
xylanilyticus; AAZ17386, endo-1,4-beta-xylanase from Paeni-
bacillus macerans; YP_001310136, endo-1,4-beta-xylanase
from Clostridium beijerinckii NCIMB 8052; AADS54767,
endo-1,4-beta-xylanase from Xylanimicrobium pachnodae;
ABL11222, xylanase from uncultured bacterium

@ Springer



670

Biotechnol Lett (2012) 34:663-675

compost soil (Pang et al. 2009). In summary, molec-
ular analysis indicated that CelO1 is an extracellular
cellulase belonging to glycoside hydrolase family 9. In
addition, the enzyme exhibited a modular structure,
which is not known from other cellulases.

Analysis and classification of xylanase-encoding
genes

The gene products of the putative xylanase genes
xyn01 (170 amino acids) and xyn02 (255 amino acids)
exhibited calculated molecular masses of 18.6 and
27 kDa, respectively. Putative signal peptides were
not found in the protein sequences of both gene
products. XynOl and Xyn02 showed the highest
similarity (78 and 69% identity, respectively) to a
xylanase derived from a soil metagenomic library
(Kim et al. 2008). The presence of a catalytic domain
typical for members of the glycoside hydrolase family
11 indicated that XynOl and XynO2 belong to this
family (Fig. 1). In addition, the multiple sequence
alignment showed that putative catalytic glutamate
residues and tyrosine residues involved in substrate
binding are present in the amino acid sequences of
Xyn01 (E62 and E155, Y53 and Y64) and Xyn02
(E146 and E240, Y137 and Y148) (Fig. 2b). Genes
encoding family 11 xylanases were also derived from
metagenomic libraries of insect guts (Brennan et al.
2004; Warnecke et al. 2007) and single microorgan-
isms such as Dictyoglomus thermophilum (Morris
et al. 1998) and Cellulomonas pachnodae (Cazemier
et al. 1999).

Initial characterization of the xylanases XynO1
and Xyn02

Crude cell-free extracts of E. coli TOP10/pLX01 and
E. coli TOP10/pLX02 were used to initially charac-
terize XynOl and XynO2. Both xylanases exhibited

activity with different xylans as substrates, but no
activity was recorded by employing barley glucan,
CMC, HEC, laminarin, lichenan, or microcrystalline
cellulose as substrates. Xyn0Ol showed the highest
activity with xylan from larch wood whereas Xyn02
was most active with xylan from birch wood
(Table 2). Larch wood xylan is a non-acetylated
softwood xylan, which contains a higher 4-O-meth-
ylglucuronic acid content than the acetylated hard-
wood xylan from birch wood. In addition, softwood
xylans are less branched than hardwood xylans
(Sunna and Antranikian 1997). Thus, the observed
differences in activity of both xylanases suggest that
they require the presence of a particular substituent or
branching extent of the xylan polymer to enhance
their activity. The optimum activities of both enzymes
were measured in the crude extracts from 10 to 70°C
and range pH 4-10. Both enzymes were most active at
60°C and showed high activity over the entire tested
pH range with optimal activities at pH 7 (XynO1) and
pH 6 (Xyn02). In addition, both xylanases retained
approx. 50% activity at pH 4 and 10 (Supplementary
Fig. 1). So far, the highest activities of xylanases
derived from functional screens of metagenomes were
found at 50°C and the retained activities at pH 4 were
lower than 40% (Brennan et al. 2004; Lee et al. 2006;
Li et al. 2009; Zhao et al. 2010). Only one metage-
nome-derived xylanase (XynA), which has been
identified from a hot pool environmental DNA sample
by a PCR-based approach, exhibited a higher temper-
ature optimum than XynOl and Xyn02 (Sunna and
Bergquist 2003).

Expression and purification of CelO1

To facilitate purification of the cellulase CelO1 the
corresponding gene was amplified by PCR without the
signal peptide sequence. The latter necessitated the
addition of a start codon to the 5’ end of the coding

Table 2 Determination of xylanase activity in crude cell-free extracts derived from E. coli TOP10 cells harboring the plasmids

pLXO01 and pLX02

Plasmid Specific activity (U mgfl)

Xylan (oat spelt)

Xylan (birch wood)

Xylan (larch wood) Xylan (beech wood)

Cloning vector 0.008 £ 0.004 0.014 £ 0.006
pLX01 4.859 £ 0.051 4.569 £ 0.040
pLX02 0.168 + 0.002 0.355 + 0.003

ND ND
6.005 & 0.158 3.362 £ 0.082
0.337 £ 0.017 0.321 £ 0.013

ND no activity detected
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Fig. 3 Analysis of Cel01 production and purification by SDS
PAGE (a) and Western blot analysis (b). His¢-tagged CelO1 was
purified from cell extract of E. coli BL21/pCel01 by nickel
affinity chromatography. a Lanes: M, marker proteins; 1, crude
extract of E. coli BL21/pCel01; 2, flow through fraction; 3, wash
fraction; 4, eluate (further purified by ultrafiltration); b Lanes:
M, marker proteins 5, crude extract; 6, purified CelO1

region. The resulting PCR product was cloned into the
expression vector pET101/D, thereby placing the
genes under control of the IPTG-inducible T7 pro-
moter and adding sequences encoding a Hisg tag and a
V5 epitope. The resulting construct pCelO1 (Table 1)
was transformed into E. coli BL21 and production of
CelO1 was induced by addition of 0.5 mM IPTG. After
incubation for 12 h at 37°C, cells were harvested and
crude cell-free extracts were prepared. The production
of Hisg-tagged CelO1 in the cell extracts was con-
firmed by Western-Blot analysis using antibodies
against the V5 epitope (Fig. 3) and detection of
cellulase activity. Subsequently, Hisg-tagged CelOl
was purified from cell-free extracts by metal ion
affinity chromatography and ultrafiltration. The spe-
cific cellulase activity of the final enzyme preparation
was 780 & 11.5 U mg~" with barley glucan as sub-
strate. SDS-PAGE of the purified enzyme revealed
that CelO1 has a MW of approx. 90 kDa (Fig. 3). The
observed molecular mass is in good agreement with
the one deduced from the sequence of Hisg-tagged
version of Cel01 (91.9 kDa).

Properties of purified CelO1

The purified CelO1 exhibited the highest cellulolytic
activity by employing soluble substrates containing f-
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Fig. 4 Thin layer chromatography analysis of hydrolysis
products released by CelO1. Degradation of CMC (a) and barley
glucan (b) was analyzed at the indicated time points. Lane M,
mixed standard sugars: glucose (G1), cellobiose (G2), cellotri-
ose (G3), and cellotetraose (G4); lane -, control containing
substrate without enzyme

1,4-linkages such as barley glucan (780 £ 11.5
Umg "), lichenan (516 £ 129 Umg™'), CMC
(90 £ 2.0 U mg™ "), and HEC (47.7 £ 2.5 U mg™").
No activity with xylan from birch wood, oat spelt,
larch wood or beech wood, microcrystalline cellulose,
and laminarin (f-1,3/f-1,6-linkages) was detected.
Thus, CelO1 is most likely an endo 1,4-f-glucan
hydrolase. This was confirmed by the time courses of
CMC and barley glucan hydrolysis, which were
analyzed by thin layer chromatography (Fig. 4). At
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Fig. 5 Effect of temperature (a) and pH (b) on activity of
CelOl. a Activity of Cel01 was determined using the standard
assay at temperatures between 10 and 70°C. b Activity was
measured at pH values between 4 and 10 using sodium acetate
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Fig. 6 Effect of metal ions and chemical agents on activity of
CelO1. Activity without addition of metal ions or chemical
agents was defined as 100%. The average of triplicate
experiments is presented

first, CMC and barley glucan degradation resulted
only in formation of high-molecular-mass products
(Fig. 4). During prolonged incubation (CMC, 30 min
to 48 h; barley glucan, 12—48 h) also small oligosac-
charides were accumulated. In addition, no glucose
was accumulated during the hydrolysis of CMC and
barley glucan within incubation of 48 h. These results
are also typical for an endo-wise action of the enzyme.

Purified CelO1 had significant activity between 30
and 50°C and exhibited optimal activity at 45 and
50°C (Fig. 5a). Cel01 was stable for 96 h below 50°C
with more than 55% remaining activity (Supplemen-
tary Fig. 2). Incubation of Cel01 at 60°C caused
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Fig. 7 Halotolerance of CelO1. Halotolerance was investigated
by measuring residual activity using the standard assay after
incubation of CelO1 for 12 hin 3 M KCl (black circles) and 4 M
NaCl (white circles). The average of triplicate experiments is
presented

complete inactivation of the enzyme. Interestingly, the
optimal activities of other cellulases derived from soil
metagenomic libraries ranged from 45 to 50°C and
incubation at 60°C also resulted in rapid inactivation
(Kim et al. 2008; Liu et al. 2011; Voget et al. 2006)
(Table S3). CelO1 was highly active from pH 5 to pH 9
with optimal activity at pH 7 (Fig. 5b, Table S3). The
cellulase activity was reduced by addition of MnCl,,
ethanol, EDTA, and SDS to 62 £ 3.8%, 84 £ 5.5%,
12 £ 1.1%, and 18 *+ 2.4%, respectively (Fig. 6).
CoCl, weakly stimulated the enzyme activity. When
the enzyme was incubated in 3 M KCl or 4 M NaCl, it
showed high halotolerance and retained more than
70% of its activity after 12 h incubation (Fig. 7).
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Conclusions

In this study, construction and screening of large-
insert soil-derived metagenomic libraries has led to the
discovery and characterization of two novel xylanases
and one cellulase. The novelty of these enzymes arises
from the enormous genetic diversity of uncultured soil
microorganisms. The recovered enzymes have some
interesting properties such as high activity of the
xylanases over a wide range of temperatures and pH
values. Especially the metagenome-derived cellulase
has potential for industrial application, as the enzyme
is highly active and stable over a wide pH range, and
shows high halotolerance.

Taking the relatively low number of screened library-
containing E. coli clones screened into account the results
presented here demonstrated that soil-based metagenom-
ics in combination with use of a simple activity-based
screening system is a method for the rapid isolation of
diverse genes conferring the desired reactions.
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