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Abstract A gene (Tx-est1) encoding a thermostable
feruloyl-esterase was isolated from the genome of the
Gram-positive hemicellulolytic thermophilic bacterium
Thermobacillus xylanilyticus. This gene contains an open
reading frame of 1,020 bp encoding a protein with
molecular mass of 37.4 kDa, similar to feruloyl-esterases
from cellulolytic bacteria and fungi. The recombinant
enzyme Tx-Est1 was expressed and produced in Escherichia
coli. Tx-Est1 contains the conserved putative lipase residues
Ser 202, Asp 287, and His 322 which act as catalytic triad in
its C-terminus part. Purified Tx-Est1 was active against
phenolic acid derivatives and stable at high temperatures.
Optimal activity was observed at 65 °C and the optimal pH
was around 8.5. The kinetic parameters of the esterase were
determined on various substrates. The enzyme displayed
activity against methyl esters of hydrocinnamic acids and
feruloylated arabino-xylotetraose, exhibiting high specificity
and affinity for the latter. Our results showed that Tx-Est1 is
a thermostable feruloyl-esterase which could be useful to
hydrolyze arabinoxylans from graminaceous plant cell walls
as the enzyme is able to release phenolic acids from a
lignocellulose biomass.
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Introduction

Arabinoxylans are a predominant form of hemicellulose
(Aman and Nordkvist 1983). These polymers consist of
β-1,4-linked chains in which xylose residues are periodically
substituted by arabinose, glucuronic acid, feruloyl, cou-
maroyl, or acetyl ester groups. In graminaceous plants, some
phenolic compounds such as ferulic acid can form diferulic
bridges, providing cross-linkages between the heteroxylans
chains and between heteroxylans and lignin (Saulnier and
Thibault 1999; Ishii 1997). The presence of such structures
can reduce accessibility to polysaccharides (hemicelluloses
and cellulose) and limit their enzymatic fractionation (Ishii
1997). Due to the heterogeneity and complexity of xylans,
their complete enzymatic hydrolysis necessitates the com-
bined action of several families of glycoside hydrolases,
such as β-1,4 endoxylanases, arabinofuranosidases, glucur-
onidases, β-1,4 xylosidases and carbohydrate esterases
(Shallom and Shoham 2003). Feruloyl- or cinnamoyl-
esterases hydrolyze the ester bonds between phenolic acid
compounds and the sugar residues in the arabinoxylans side
chain. These enzymes could play an important role in plant
cell wall hydrolysis as ester-linked hydroxycinnamic acid
derivatives are responsible for the covalent linkages between
xylan chains. Breakdown of the ester linkage makes the
plant cell wall more accessible to enzyme attack and allows
better solubilization of arabinoxylans by endoxylanases or
other enzymes (Faulds et al. 2006; Faulds et al. 2004;
Topakas et al. 2004; Panagiotou et al. 2007). Feruloyl-
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esterases have applications in biotechnological processes
such as biorefining, pharmaceutical, and food industries
(Koseki et al. 2009a; Faulds 2010). Although several
chemical treatments, such as alkaline hydrolysis, are able
to solubilize ester-linked phenolic compounds from a
lignocellulose biomass, the use of feruloyl-esterase would
be more environmentally friendly. To this issue, efficient
biocatalysts are needed to increase xylan degradation within
the plant cell biomass. However, thermostable feruloyl-
esterase remained scarce (Huang et al. 2010; Abokitse et
al. 2010; Donaghy et al. 2000). Thermophilic organisms are
of special interest as their enzymes are active and stable at
high temperatures (Turner et al. 2007). Thermobacillus
xylanilyticus is a strict aerobic hemicellulolytic thermophilic
spore-forming bacterium (Touzel et al. 2000) that is able to
breakdown plant cell wall polysaccharides by producing
enzymes such as glycoside hydrolases. Three thermostable
enzymes, including two endoxylanases (GH10 and GH11)
and an arabinofuranosidase (GH51), were obtained from this
bacterium (Debeche et al. 2000; Samain et al. 1997;
Connerton et al. 1999). These enzymes exhibited efficient
lignocellulose biomass fractionation (Beaugrand et al.
2004a; Benamrouche et al. 2002; Remond et al. 2008).
Therefore, T. xylanilyticus represents an interesting poten-
tial source of thermostable enzymes. In this paper, we
report the biochemical characterization of a single domain
thermostable carbohydrate esterase. This is the first
feruloyl-esterase to be identified from T. xylanilyticus.
The recombinant enzyme was purified and characterized
on various synthetic substrates as well as on various
lignocelluloses.

Materials and methods

Bacterial strains and growth conditions

T. xylanilyticus strain XE has been deposited in the
Collection Nationale de Cultures de Microorganismes
(France) under the number CNCM I-1017 and was grown
in basal medium supplemented with 10% CO2 as
previously described (Touzel et al. 2000). E. coli strains
were grown aerobically at 37 °C in Luria–Bertani (LB)
medium (Difco). E. coli transformants were selected by
adding 50 μg.ml−1 of kanamycin (Sigma-Aldrich) to the LB
medium.

DNA purification

Genome DNA from non-sporulated T. xylanilyticus culture
was prepared with the QiaAmpDNA mini kit, according to
the manufacturer’s recommendations. Plasmid DNA was
purified from E. coli culture with the QIaprep Spin

Miniprep kit (Qiagen, France). The concentrations and
purities of the genome and plasmid DNA were determined
by gel agarose electrophoresis and spectrophotometry
(A260 and A280).

Isolation of Tx-est1 esterase gene by degenerate
PCR and genome walking

Sequences of genes encoding esterase family 1 were obtained
from the GenBank database. The block maker program
(http://blocks.fhcrc.org/blocks/blockmkr/make_blocks.html)
and CODEHOP (Rose et al. 1998) were used to generate
blocks of similar amino acids and degenerate primers
from four proteins from Bacillus clausii KSM-K16
(BAD64277), Bacillus halodurans C-125 (BAB05159),
Bacillus licheniformis DSM-13 (AAU40191), and
Geobacillus kaustophilus HTA426 (BAD75150). These
primers are listed in Table 1 and corresponded to the
highly conserved amino acids RRKWYHPEG and
WTYWQPDIP. They led to the amplification of a 400-bp
product.

Amplifications were performed with a two-step poly-
merase chain reaction (PCR) program: an initial denatur-
ation at 94 °C for 10 min followed by five cycles consisting
of a denaturation step at 94 °C for 30 s, an annealing step at
57 °C for 1 min, and an elongation step at 72 °C for 30 s.
Forty cycles consisting of a denaturation step at 94 °C for
30 s, an annealing step at 50 °C for 1 min, and an elongation
step at 72 °C for 30 s, were then performed. The reaction was
terminated with a final elongation step of 7 min at 72 °C. After
amplification, all PCR products were analyzed by agarose gel
electrophoresis.

Nucleotide sequences of the entire gene encoding the
esterase were obtained by applying genome-walking pro-
cedures given in the Universal Genome walker kit
(Clontech, Takara Bio, France) and using four libraries
constructed with genome DNA from T. xylanilyticus as
template. The entire Tx-est1 gene was then isolated by
successive amplifications and sequencing steps with
esterase-specific primers (Table 1).

The presence of the putative esterase gene in the genome
of T. xylanilyticus was verified by designing two specific
primers (Est-fw and Est-rev) and amplifying the entire gene
by PCR.

Cloning of the esterase genes in E. coli

The generally used cloning and transformation techniques
were applied. The putative esterase entire gene and
truncated esterases were amplified by PCR using two
specific primers that allowed the amplification of a PCR
fragment flanked by the cloning sites SacI (N-terminal) and
HindIII (C-terminal) (Table 1). The resulting PCR product
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was cloned into SacI/HindIII digested pET28b vector
(Merck, Germany). This produced the recombinant plasmid
pET28b-6×His-Tx-Est1 that encoded an additional 36
amino acids N-terminal sequence including a 6×His-tag.
Plasmids were used to transform electrocompetent E. coli
JM109 (DE3) cells which were plated onto LB agar medium
with kanamycin (50 μg.ml−1).

Identification of the catalytic domain by site-directed
mutagenesis

Mutants of Tx-Est1 were created to confirm the identity of
the active site residues. Mutants Ser202Ala, Asp287Ala,
Asp285Ala, and His322Leu were generated by using the
Quickchange site-directed mutagenesis kit (Agilent, France)
and the primers listed in Table 1. The nucleotides modified
by mutagenesis are indicated in upper case. Mutations were
confirmed by sequence analysis of both DNA strands.
Mutated plasmids were used to transform E. coli strains as
described above.

Heterologous expression and purification
of the 6×His-tagged-Tx-Est1 recombinant and mutants

E. coli JM109 DE3 cells were used to express the 6×His-Tx-
Est1 recombinant protein and mutants. E. coli JM109DE3
cells were grown at 37 °C with agitation until the OD600

was 0.3–0.5. Then isopropyl-beta-D-thiogalactopyranoside
(IPTG) (1.5 mM) was added and the culture was incubated
for a further 16 h at 37 °C.

The 6×His-Tx-Est1 recombinant protein was purified
from E. coli cell extracts by nickel-based-resin affinity
chromatography (Profinity IMAC resin Bio-Rad, France)
after cell disruption using a French press. The 6×His-Tx-
Est1 recombinant protein was eluted with 100 mM imid-
azole and dialyzed against 50 mM NaH2PO4, pH 8 using a
regenerated cellulose membrane (Spectra/Por; Spectrum
Lab, The Netherlands) with a molecular mass cutoff
between 6 and 8 kDa.

Protein determination

Protein concentration was determined by measuring the
absorbance of the pure enzyme solution at 280 nm. The
experimental extinction coefficient of the pure esterase at
pH 8.5 was 40,073 M−1.cm−1.

Recombinant E. coli cytoplasmic proteins and purified
recombinant proteins were analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
(12% acrylamide) according to the general instructions.
The molecular weight of the recombinant protein was
estimated with molecular weight standards (ColorPlus
Prestained Protein Marker, New England Biolabs, UK).
Protein bands were visualized by Coomassie blue staining.

Table 1 Oligonucleotide primers used

Experiment Primer Sequence DNA template

Degenerated PCR Est1-5′ 5′-agcggcgcaagtggtaycayccnra-3′ T. xylanilyticus genomic DNA
Est1-3′ 5′-ggcatgtctggctgccartangtcca-3′

Genome walking GW1 5′-cttcgtgaagacgaggagccagt-3′ T. xylanilyticus library
GW2 5′-cgttatacaccgggaaggaa-3′

GW3 5′-atggaagtcaggcaagtgat-3′

GW4 5′-attcatttcggatccgtcag-3′

GW5 5′-gatttccttcccggtgtataacgatgc-3′

AP1 5′-gtaatacgactcactatagggc-3

AP2 5′-actatagggcacgcgtggt-3′

S-D mutagenesis t604g 5′-tcgccggcctgGccatgggcggc-3′ Tx-est1-pEt28b plasmid
t604antisense 5′-gccgcccatggCcaggccggcga-3′

a860c 5′-gcggcgaccgggCcgagatttccttc-3′

a860cantisense 5′-gaaggaaatctcgGcccggtcgccgc-3′

a854c 5′-gacctgcggcgCccgggacgaga-3′

a854cantisense 5′-tctcgtcccggGcgccgcaggtc-3′

a965t 5′-cggcggcgtgcTcgatttcggcg-3′

a965tantisense 5′-cgccgaaatcgAgcacgccgccg-3′

Tx-Est1 cloning Est-fw-SacI 5′acaggcgagctccatggaagtcaggcaagtgatg-3′ T. xylanilyticus genomic DNA
Est-rev-HindIII 5′-taaagcaagcttatatccacgtgcgcgaacctt-3′

Nucleotides modified by mutagenesis are indicated in capital letters. Restriction sites are underlined

S-D site-directed
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The identity of the recombinant protein was confirmed by
matrix-assisted laser desorption/ionization–time-of-flight
mass spectrometry (MALDI–TOF-MS) analyses. The
MALDI-TOF-MS profiles were compared with the theoret-
ical trypsin digestion of the enzyme and the percentage
coverage and mascot score were deduced. Analyses were
performed at the proteomic analysis facilities at INRA
(Clermont-Ferrand/Theix, France). Its experimental molecu-
lar weight was determined by matrix-assisted laser desorp-
tion/ionization–liquid chromatography mass spectrometry
(MALDI–LC-MS).

DNA sequencing and analysis

Purified PCR products and plasmids from the E. coli
transformants, purified as described above, were used for
automated sequencing. Sequences of both strands were
determined with universal M13 forward and reverse
primers or with the specific primers listed in Table 1
(Millegen Labège, France).

Sequence analyses were performed at the National Center
for Biotechnology Information (NCBI) and the EBI websites
(http/www.ncbi.nlm.nih.gov/ and http://www.ebi.ac.uk,
respectively). Phylogenetic analyses were based on
neighbor-joining analysis after alignment with ClustalW.
Evolutionary distances were calculated using the Prodist
matrix. Bootstrap analyses were performed with 500 repli-
cates. Analyses were conducted using the facilities at the
phylogeny.fr website (Dereeper et al. 2008).

Determination of esterase activities

Esterase activities were assayed against various substrates
dissolved in sodium phosphate buffer (50 mM NaH2PO4,
pH 8.5) and tested for 5 min to measure the initial rates of
reaction.

Acetyl-esterase activity was measured by determining
the rate of hydrolysis of p-nitrophenyl-acetate (Sigma-
Aldrich) to p-nitrophenol (pNP) at 50 °C for 5 min. The
reaction mixture contained 0.8 ml of sodium phosphate
buffer, 0.1 ml of 20 mM pNP-acetate, and 0.1 ml of
appropriately diluted enzyme. The increased absorbance at
405 nm was measured with a recording spectrophotometer
(Uvikon 933). The extinction coefficient for pNP under
these assay conditions was 12.8×103 M−1.cm−1.

Feruloyl-esterase activity was tested against feruloylated
arabino-xylotetraose (FAX4), produced and purified as
previously described (Remond et al. 2008), and methyl
ferulate (MF), from Apin Chemicals (UK). Activity was
assayed by analyzing the ferulic acid released from FAX4
and MF according to previously described procedures (Ralet
et al. 1994). The extinction coefficients of ferulic acid,
methyl ferulate, and FAX4 in the condition assays were

3,271 M−1.cm−1; 6,196 M−1.cm−1; and 10,500 M−1.cm−1,
respectively. Activity against methyl-sinapinate (MS) and
methyl-p-coumarate (MpC) was assayed as described above
by analyzing the sinapic and p-coumaric acids released.
The extinction coefficients of methyl-sinapinate, methyl-p-
coumarate, sinapic and p-coumaric acids were 10,576 M−1.
cm−1, 6,912 M−1.cm−1, 4,180 M−1.cm−1 and 4,025 M−1.
cm−1, respectively. In all cases, substrate autohydrolysis was
evaluated by incubating MF, MS, MpC, and pNP-acetate at
50 °C in pH 8.5 sodium phosphate buffer during 5 min.

One unit of enzyme activity was defined as the amount
of enzyme required to produce 1 μmole of product per min
in the standard conditions assay.

Determination of optimal pH and temperature, pH stability,
and thermostability

Optimal pH was determined by measuring feruloyl-esterase
activity against MF in universal buffer (with pH between 3
and 10) for 5 min at 50 °C. Stability at pH 8.5 was
determined by analyzing residual enzyme activity after
incubating the enzyme in NaH2PO4 buffer for 48 h at 20 °C
or 50 °C or for several weeks at 4 °C. Optimal temperature
was also estimated by measuring the enzyme activity at
various temperatures (20–80 °C) in phosphate buffer at
pH 8.5. Thermal stability was determined by measuring the
residual activity at 15-and 60-min intervals at temperatures
of 50, 55, 60, 65, 70, 75 °C for 24 h. The remaining activity
was assayed under standard conditions as described above.

Determination of kinetic parameters: Km and kcat

Kinetic parameters against methyl esters of hydroxycinnamic
acid (methyl ferulate MF, methyl-p-coumarate MpC, and
methyl-sinapinate MS) and FAX4 were determined for the
initial rates of reaction by incubating the enzyme with these
substrates at 50 °C pH 8.5 for 10 min. The substrate
concentrations ranged from 10 μM to 2.5 mM. Km and kcat
values were calculated using Lineweaver–Burk plots after
monitoring the release of ferulic, sinapic, p-coumaric acids
by high-performance liquid chromatography (HPLC)
(waters) as described in Beaugrand et al. (2004b). Kinetic
parameters against pNP-acetate were determined spectro-
photometrically as described for the specific activity assay,
with substrate concentrations ranging from 10 μM to 5 mM.

Effect of inhibitors and mutants activity

The effects of two inhibitors, phenylmethylsulphonyl
fluoride (PMSF) and diethylpyrocarbonate (DEPC) were
determined as described above with 200 μM MF as substrate
and with 1.5, 3, and 30 μg of enzyme. The concentrations of
inhibitor added to the reaction volume ranged from 1 to
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5 mM. Mutant activities were estimated as previously
described, but the reactions were performed with the
Ser202Ala, Asp287Ala, and His322Leu mutants and without
enzyme dilution. The residual activity represented the
percentage of activity remaining, under the tested conditions,
in relation to the activity of the wild-type esterase or the
maximal activity without inhibitors at 50 °C.

Determination of esterase activity against lignocellulose
substrates

Destarched wheat bran and wheat straw were provided by
ARD (Pomacle, France). Maize bran was provided by
Limagrain (Ennezat, France) and destarched as previously
described (Beaugrand et al. 2004b). Ester-linked phenolic
acids, referred to as alkali-extractable phenolic acids, were
released from 40 mg of substrate using 2 M NaOH with
constant stirring at 35 °C as described by Beaugrand et al.
(2004b). Prior to enzyme hydrolysis, the lignocellulose
substrates (800 mg) were hydrated in 20 ml of sodium
phosphate buffer (50 mM NaH2PO4, pH 8.5) for 16 h at 50 °
C. Esterase was added (4 IU per gram of substrate) and the
reaction occurred under constant stirring for 24 h at 50 °C.
Synergistic effects between GH11 xylanase from =T.
xylanilyticus (Tx-Xyl11) and Tx-Est1 were investigated
under the same conditions, using 280 IU of Tx-Xyl11.
Negative controls without enzyme were performed under the
same conditions. All experiments were conducted in duplicate.

After a 24-h incubation, the supernatants were separated
from the residual biomass by centrifuging (5,000×g for
10 min), and the reaction was stopped by boiling at 100 °C
for 10 min. The supernatant was acidified to pH 1–2 with
6 M HCl, then mixed with 3,4,5,trimethoxy-trans-cinnamic
acid as internal standard. The phenolic acid content was
quantified by HPLC as described previously and expressed
as micrograms of ferulic, p-coumaric or diferulic acids
released per gram of lignocellulose substrate.

The results were compared by applying statistical
analyses (Student’s test). Significant differences were
obtained with p≤0.05.

Nucleotide sequence accession numbers

The nucleotide sequence data for the Tx-Est1 are available
at Genbank under the accession number GU592999.

Results

Tx-Est1 a new feruloyl-esterase from T. xylanilyticus

Degenerate PCR combined with genome-walking proce-
dures were used to identify a xylanolytic enzyme from the

T. xylanilyticus genome and an open reading frame of
1,020 bp. In order to confirm that T. xylanilyticus actually
possessed this open reading frame (ORF), the corresponding
gene was isolated by PCR using genome DNA as template
and specific primers. The ORF was successfully amplified in
the genome of the bacterium as a DNA fragment of
approximately 1 kb was amplified. Southern blot analysis
indicated that this ORF was present as a single copy in the
genome (data not shown).

The ORF was named Tx-Est1 and encoded a 340-amino
acid protein with a predicted molecular mass of 37.7 kDa
and an isoelectric point of 5.04. No signal sequence was
predicted in the N-terminus part of the protein which
suggests that Tx-Est1 is an intracellular protein.

The deduced amino acid sequence was used to
perform a BLAST search at the NCBI database. This
search revealed a high similarity to the well-characterized
feruloyl-esterase domains of the bifunctional enzyme
XynY from Clostridium thermocellum (CAA58242 52%)
and XynB from Ruminococcus albus (BAB3949 50%).
Similarities of around 45% were observed with other
feruloyl-esterases from rumen bacteria (Cellulosilyticum
ruminicola ACZ98598, Prevotella ruminicola ACN78954,
and Ruminococcus flavefaciens CAB93667). Surprisingly,
Tx-Est1 presented 43% similarity with feruloyl-esterase
from the rumen fungus Orpinomyces sp. PC-2
(AAF70241) whereas no similarity was observed with
other well-characterized fungal feruloyl-esterases. All
these proteins belong to the carbohydrate esterase family
1 in the carbohydrate-active enzymes database (CAZY)
classification (http://www.cazy.org).

The phylogenetic analysis shown in Fig. 1 indicates that
Tx-Est1 is closely related to XynB (R. albus) and Xyn Y
(C. thermocellum). Both proteins cluster with the feruloyl-
esterase domain of XynZ (C. thermocellum, AAA23286)
and FaeA from C. ruminicola. Except for FaeA from
Orpinomyces sp., Tx-Est1 is relatively distant from the
other fungal feruloyl-esterases such as FaeB fromNeurospora
crassa (CAC05587) or cinnamoyl esterase from Penicillium
funiculosum (CAC14144).

Multiple alignment of the entire protein with the most
closely related esterase sequences (>40% similarity) indicated
that Tx-Est1 contained, in its C-terminal part, the
conserved putative lipase triad residues Ser202, Asp287,
and His322. The putative catalytic nucleophile Ser 202
belongs to the Gly-X-Ser-X-Gly lipase pentapeptide
consensus. The putative oxyanion hole residues in the
N-terminal part of the protein were conserved between
the different proteins. In Tx-Est1 these residues are
probably constituted by the consensus “Gly-Val-Gly-
Gly-Asp” at position 91-95. The different amino acid
sequence analyses indicated that Tx-Est1 could be classified
as a feruloyl-esterase protein.
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Overexpression and purification of Tx-Est1

We investigated the biochemical properties of Tx-Est1 by
expressing the protein with a six-Histidine-tag at its N-
terminus in E. coli JM109 DE3. The transformant success-
fully expressed the recombinant protein after induction with
1.5 mM IPTG. The protein was present in the soluble
fraction without inclusion bodies and represented around
20% of the whole proteins (Fig. 2, lane 1). One liter of a
culture of recombinant E. coli gave 12.5 mg of purified
protein with a specific activity of 25.41 IU.mg−1 (measured
in relation to methyl ferulate 250 μM) (Table 2).

The molecular mass of the purified protein obtained by
SDS-PAGE was around 41 kDa (Fig. 2, lane 3). The
measured molecular mass from the MALDI–LC-MS value
was 37.4 kDa. This difference could be explained by the 36
amino acids, including the 6-histidine tag, at the N-terminus
part of the protein which was removed during the Maldi
analysis. These results were confirmed by analyzing the
purified protein by Western blotting with an anti-histidine
serum. The recombinant protein probed by the anti-His
serum migrated at the expected size (data not shown). The
MALDI-TOF-MS analysis indicated that the purified
recombinant protein corresponded to the theoretical
sequence obtained by genome-walking procedures as 21
experimental peptides perfectly matched the theoretical
sequence of Tx-Est1. This represents 62% coverage, with
a Mascot score of 213, between the experimentally
obtained peptides and the theoretical Tx-Est1 protein
sequence.

Enzyme characterization

The optimal pH for esterase activity was determined at
50 °C, using methyl ferulate as substrate. Activity was
measured over a pH range of 3.0 to 9.0. Tx-Est1 exhibited
between 17% and 66% of its maximal activity in the pH
range of 5.0 to 8. The highest activity was measured at
pH 8.5 (Fig. 3b). The enzyme exhibited 80% of its maximal
activity after incubation for 48 h at pH 8.5 and 50 °C and
could be kept at 4 °C for several weeks at this pH without
denaturation (data not shown).

The effect of temperature on esterase activity was
examined between 20 and 80 °C. Optimal Tx-Est1 activity
was obtained at 65 °C. The activities at 50, 55, and 80 °C
were 85%, 92% and 80% of the maximal activity,
respectively (Fig. 3a). The thermostability of the esterase
was examined at 50, 55, 60, 65, 70, and 80 °C. Tx-Est1
displayed high thermal stability at 50 and 55 °C with half-

Fig. 2 SDS-PAGE electrophoresis of the purified Tx-Est1 revealed by
Coomassie blue detection, lane 1 soluble fraction induced with
1.5 mM IPTG, lane 2 protein molecular weight standards, lane 3:
purified 6×His-Tx-Est1 eluted with imidazole 100 mM

Fig. 1 Phylogenetic relationships between Tx-Est1 esterase and other
characterized bacterial and fungal feruloyl-esterases belonging to the
CE1 family. Sequence names are shown in the tree. The bootstrap
value is based on 500 replicates. Accession numbers of used proteins
are XynY from C. thermocellum (CAA58242), XynB from R. albus
(BAB3949), Xyn1 from Ruminococcus sp. (CAA90271), bifunction-

nalGH10/Fae1 from P. ruminicola (ACN78954), XynE R. flavefaciens
(CAB93667), FaeA Orpinomyces sp. PC-2 (AAF70241), XynZ from
C. thermocellum (AAA23286), FaeA from C. ruminicola
(ACZ98598), FaeB from N. crassa (CAC05587), and cinnamoyl
esterase from P. funiculosum (CAC14144)
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lives >24 and 8 h, respectively. An activity loss of 16% was
observed after incubation for 24 h at 50 °C. Stability of the
enzyme decreased at 65 °C, with a half-life of approxi-
mately 30 min and was less than 10 min at 70 and 80 °C
(data not shown).

The calculated kinetic parameters and activities against
various substrates are listed in (Table 2). The specific
activity of the purified enzyme on methyl ferulate was
25.41±0.41 IU.mg−1. The enzyme exhibited great affinity
for MS and MF (Km 103 and 107 μM, respectively). The
Km observed with MpC was very high (1,285 μM) and
significantly different to that of MF and MS. A very low Km

(12.5 μM), close to the minimal substrate concentration
tested in the enzyme reaction, was observed with FAX4
indicating that Tx-Est1 showed high affinity for this
substrate. This affinity for FAX4 was associated with the

high turnover number and catalytic efficiency of the
enzyme (kcat 27 s−1 and kcat/Km 2,170 s−1.mM−1) Further-
more, the specific activity against FAX4 was significantly
higher than against MF (40.90 IU.mg−1). These results
indicate that Tx-Est1 hydrolyzed the feruloylated oligosac-
charide more rapidly and more efficiently than the methyl
ester substrates. Tx-Est1 exhibited low specific activity and
low affinity with pNP-acetate.

The effects of esterase and lipase inhibitors, well
described in the literature, on Tx-Est1 activity showed that
this activity was strongly inhibited by PMSF, a serine
protease inhibitor. Only 3.9%±0.04 and 1.69%±0.03 of the
activity remained with 1 and 5 mM of PMSF, respectively.
Diethylpyrocarbonate, a histidine modifier, also led to
inhibition. Residual activity in the presence of DEPC
1 mM represented 83% of the total activity. The decrease
after contact with DEPC 5 mM was around 55%. These
results indicate that serine and histidine residues are
important for Tx-Est1 activity.

Characterization of Tx-Est1 mutants

The results obtained with these inhibitors were confirmed
by substituting the amino acids predicted to be involved in
the triad catalytic site of the enzyme by site-directed
mutagenesis. Mutants Ser202Ala, Asp285Ala, Asp287Ala,
and His322Leu were constructed, expressed and purified.
Table 3 gives the relative activities of the mutant proteins
compared to the activity of the wild-type enzyme. The Tx-
Est1-Asp285Ala mutant showed similar activity to that of

Fig. 3 Effect of pH (a) and temperature (b) on activity of Tx-Est1.
Measurements were performed in duplicate, represented values
corresponded to mean of two values with standard deviation

Substrate Km (mM) kcat (s
−1) kcat/Km (s−1.mM−1) Specific activity (IU.mg−1 protein)

MF 0.11±0.02 14.04±0.70 130.84±9.80 25.41±0.41

MS 0.10±0.01 20.44±0.51 198.05±10.22 6.32±0.36

MpC 1.28±0.06 11.62±0.15 9.03±1.62 1.87±0.05

FAX4 0.01±0.00 27.13±1.20 2,170±96.15 40.90±1.51

pNP-acetate 1.21±0.12 161.90±21.22 122.41±13.14 3.87±0.27

Table 2 Kinetic parameters of
Tx-Est1 against various
substrates

Values are means±standard
deviations

Table 3 Effect of site-directed mutagenesis of putative catalytic
residues on the activity of wild-type Tx-Est1

Construction Relative activity (100%)a

Wt-Tx-Est1 100

Ser202Ala 0.15±0.00

Asp285Ala 100±0.87

Asp287Ala 0.05±0.00

His322Leu 0.37±0.08

a One hundred percent activity corresponds to the activity of wild-type
protein without treatment. Values are means of duplicates with standard
deviation
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the wild-type esterase indicating that aspartic acid 285 was
not involved in the catalytic triad. No activity was observed
with the mutants Ser202Ala, Asp287Ala, and His322Leu,
which confirmed the importance of all three residues in Tx-
Est1 activity.

Alkali-extractable phenolic acid content of lignocellulose
substrates

Destarched wheat bran (DWB), destarched maize bran
(DMB), and wheat straw (WS) contain different amounts of
alkali-extractable phenolic acids. A high content of ferulic
acid (FA) was determined in DMB (18.86±1.22 mg.g−1)
compared to DWB and WS that contained 4.97±0.03 mg.
g−1 and 2.41±0.01 mg.g−1 of dry matter, respectively. In
addition to FA, the amounts of p-coumaric acid recovered
from DWB, DMB, and WS were 0.13±0.01, 2.24±
0.12 mg.g−1, and 3.44±0.10 mg.g−1 of dry matter,
respectively. A large quantity of total alkali-extractable
diferulic acid was obtained with DMB (8.72±0.35 mg.g−1)
compared with 0.77±0.08 mg.g−1 and 0.30±0.002 mg.g−1

from DWB and WS, respectively. The diferulic acids
detected in the alkali-extractable phenolic acids from the
three lignocelluloses were mainly 5-5′ diferulate and 8-O-4
diferulate (data not shown).

Phenolic acid release from lignocelluloses and synergistic
effects between Tx-Xyl11 xylanase and Tx-Est1

Figure 4 shows the amounts of phenolic acid released from
DWB, DMB, and WS after 24 h incubation with Tx-Est1,
Tx-Xyl11, or both enzymes. Tx-Est1 was able to release FA
from the three lignocellulose substrates tested. Tx-Est1 was
more active on DWB than on WS or DMB. The amount of
FA released from DWB was 500±21 μg per gram of
substrate which corresponded to approximately 10% of the
ester-linked FA. Tx-Est1 released around 4.7% of the
alkali-extractable FA in WS (110±9.80 μg FA per gram
of WS). Very little FA was solubilized from DMB,
representing 1.7% of the alkali-extractable FA content of
DMB (320 ±70 μg.g−1). The amount of FA released by Tx-
Est1 from the three substrates tested was significantly
higher than the amount of FA released by Tx-Xyl11 alone.

A synergistic effect was observed when Tx-Est1 was
used in combination with Tx-Xyl11 on all three substrates
tested. On destarched maize bran, the amount of FA
released by the two enzymes was around 2.5% of the
DMB alkali-extractable FA (480±60 μg.g−1). This value
was 1.5-fold higher than with Tx-Est1 alone (p≤0.03). On
wheat straw, the FA released by the two enzymes
represented 17% of the alkali-extractable FA of WS (410±
10 μg.g−1), which was 3.7-fold higher than with esterase
(p≤0.001). The best synergism was obtained with destarched

wheat bran, the FA released by the two enzymes represent-
ing 78% of the DWB ester-linked FA (3,890±30 μg.g−1)
which was 7 times higher than the amount released with Tx-
Est1 alone (p≤0.03).

Tx-Est1 released 10±1, 140±30, and 180±5 μg.g−1 of
p-coumaric acid (pCA) from DWB, DMB, and WS,
respectively. These values represent 7.5%, 6.2%, and
5.2% of the alkali-extractable p-coumaric acid from
DWB, DMB, and WS. Although the pCA released by Tx-
Est1 was higher than that liberated by Tx-Xyl11, the
differences were not statistically significant except for the
result obtained for WS. The combination of Tx-Est1 and
Tx-Xyl11 enhanced pCA release from DSB and WS. The
amount of pCA released by the two enzymes was sevenfold

Fig. 4 Phenolic acids release from DWB, DMB, and WS obtained
with Tx-Est1, Tx-Xyl11, and Tx-Est1 associated with Tx-Xyl11. a
Ferulic acid, b p-Coumaric acid, c Diferulic acids. Measurements were
performed in duplicate; represented bars corresponded to mean of two
values with standard deviation
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and 2.5-fold higher than with Tx-Est1 alone and repre-
sented 54% and 13% of the alkali-extractable pCA in DWB
and WS, respectively. No synergism between Tx-Est1 and
Tx-Xyl11 was observed on DMB.

Tx-Est1 was able to release diferulic acids from DWB
and WS (20±1, 40±2 μg.g−1, respectively). These values
accounted for 2.5% and 13% of the alkali-extractable
diferulic acids from DWB and WS, respectively. When
Tx-Est1 was used in combination with Tx-Xyl11, the
amount of diferulate released from DWB and WS was
significantly higher (150±10 and 120±10 μg.g−1, respec-
tively) indicating that 19% and 40% of the alkali-
extractable diferulic acids was released. In contrast, the
amount of diferulic acids released from destarched maize
bran, by either Tx-Est1 or both Tx-Est1 and Tx-Xyl11, was
very low (<1% of the total diferulic acid from DMB). A
significant increase in diferulic acid release was observed
with Tx-Xyl11 but synergism remained limited. In all cases,
diferulic acids were mainly 8-O-4 diferulate (80% of
diferulic released) and 5-5′ diferulate (20% of diferulic
released) (data not shown).

Discussion

Although T. xylanilyticus is an efficient producer of
different xylanolytic enzymes (Debeche et al. 2000; Samain
et al. 1997; Connerton et al. 1999), no esterase from this
bacterium had been identified or characterized before this
study. We focused on identifying a single domain intracel-
lular esterase gene in the T. xylanilyticus genome. Within
the hemicellulolytic enzymes identified in this bacterium,
until now, only one family 11 xylanase was secreted in the
medium. As for Tx-Est1, a family 10 xylanase (Connerton
et al. 1999) and an arabinofuranosidase (Debeche et al.
2000) are intracellular enzymes. In another hemicellulolytic
aerobic bacterium (Bacillus stearothermophilus), it is
known that a main extracellular xylanase cleaves xylan
and generates short oligomers with various substitutions.
These oligosides are internalized and are then degraded to
monomers by intracellular hemicellulases (Shulami 1999).
This strategy allows the utilization of the substrates mainly
by the bacterium. So one could suppose that in T.
xylanilyticus oligoxylosides produced by the family 11
xylanase could be internalized and cleaved by intracellular
hemicellulases such as Tx-Est1.

Tx-Est1 shares homologies with the feruloyl-esterase
derived from cellulolytic bacteria and fungi such as C.
thermocellum, R. flavefaciens, R. albus, and Orpinomyces
sp. (Blum et al. 2000; Fontes et al. 1995; Aurilia et al.
2000; Dodd et al. 2009; Grepinet et al. 1988a, b; Nakamura
et al. 2002). According to the functional classification of
feruloyl esterases proposed by Crepin et al. (2004) four

functional classes (A, B, C, D) have been ascribed, based
on their primary amino acid sequence, activities on
hydroxycinnamic acid methyl esters, ability to release
diferulic acid and their preferential induction medium.
According to this classification, the above enzymes were
not classified in these four groups due to the absence of
biochemical characterization. With Tx-Est1, those enzymes
belong to carbohydrate esterase family 1 (CAZY) and are
phylogenetically close, so that they could cluster in the
same group (Crepin et al. 2004).

Several bacterial esterases have been identified, includ-
ing an intracellular esterase from the wine-associated lactic
acid bacteria Oenococcus oeni, two intestinal feruloyl
esterases from Lactobacillus johnsonii and EstE1 from the
ruminal hemicellulolytic Butyrivibrio proteoclasticus
(Sumby et al. 2009; Lai et al. 2009; Goldstone et al.
2010), but these enzymes do not share significant homol-
ogy with Tx-Est1 except for some conserved motifs
representative of the esterase family. Tx-Est1 is a thermo-
stable feruloyl-esterase showing optimal activity at 65 °C
and a thermostability >24 h at 50 °C. This temperature is
similar to the optimal temperature of feruloyl-esterase from
Clostridium stercorarium and higher than the optimal
temperatures of fungal feruloyl-esterases, which were found
to be optimally active at mesophilic temperatures between
37 °C to 60 °C (Donaghy et al. 2000; Koseki et al. 2009b).
In the same way, the optimal pH for Tx-Est1 is 8.5.
Although some fungal feruloyl-esterases are relatively
stable under alkaline conditions (Fae1 and Fae-2 from
Aspergillus niger, FaeB from Aspergillus nidulans, rAo-
FaeC from Aspergillus oryzae, FoFaeC from Fusarium
oxysporum, StFaeA from Sporotrichum thermophile) their
optimal pH is still neutral or acidic except for Fae1 from A.
niger for which the optimal pH is 9.0 (Topakas et al. 2004;
Hegde and Muralikrishna 2009; Shin and Chen 2007;
Koseki et al. 2009b; Moukouli et al. 2008). Currently, few
thermostable and alkaline resistant feruloyl-esterases have
been characterized (Donaghy et al. 2000; Huang et al.
2010; Abokitse et al. 2010). However, for the development
of industrial applications as biorefineries, thermostable and
robust enzymes are generally required (Turner et al. 2007).
In this issue, the identification and characterization of this
new debranching feruloyl thermostable esterase is very
interesting in the objective to better fractionate the hemi-
celluloses part of plant cell walls. Biochemical data showed
that the specific activity of Tx-Est1 on methyl ferulate is
lower than that of purified esterase from C. stercorarium
(25 IU.mg−1 vs 75 IU.mg−1) but higher than that of other
previously reviewed bacterial and fungal esterases (Topakas
et al. 2007). The substrate specificity of Tx-Est1 was
compared with that of previously described fungal feruloyl-
esterases. Tx-Est1 exhibits higher affinity for MS and MF
than fungal FAEs (Crepin et al. 2003; Moukouli et al. 2008;
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Shin and Chen 2007; Rumbold et al. 2003; Poidevin et al.
2009; Benoit et al. 2006; Topakas et al. 2003; Topakas et al.
2004; Kroon et al. 2000; Faulds et al. 2005; Koseki et al.
2009b). Different feruloylated oligosaccharides have been
used in various studies to characterize feruloyl-esterases
(Vardakou et al. 2004; Faulds and Williamson 1995; Kroon
et al. 2000; Benoit et al. 2006; Ralet et al. 1994) and
showed that the affinity and catalytic efficiency of feruloyl-
esterase increased with increasing sugar chain length. In our
case, Tx-Est1 presented a very high affinity for feruloylated
arabino-xylotetraose and was able to release FA from this
oligosaccharide with greater efficiency than from methyl
esters of hydroxycinnamic acids. This result could be
correlated with the possible physiological role of this
intracellular enzyme, in which preferential substrate could
be branched oligoxylosides.

In the aim to investigate the interest of Tx-Est1 on
hemicelluloses fractionation, we then evaluated the ability
of Tx-Est1 to release phenolic acids from a lignocellulose
biomass by testing the activity of Tx-Est1 on agricultural
by-products such as wheat bran, wheat straw, and maize
bran. These substrates were chosen for their very different
compositions. Destarched maize bran is very rich in FA
and diferulic acids compared to destarched wheat bran.
The FA content of wheat straw, compared with wheat
bran, is slightly lower, but wheat straw contains higher
amount of pCA. These results were in agreement with
previous studies of alkali-extractable phenolic acid com-
positions (Saulnier and Thibault 1999; Beaugrand et al.
2004b; Lequart et al. 1999).

Our data demonstrated that Tx-Est1 alone was able to
release phenolic acids from all three lignocellulose bio-
masses. A synergistic effect was observed, when associated
with Tx-Xyl11, whatever the substrate used. Tx-Est1 was
able to release FA, pCA, and diferulic acid from destarched
wheat bran. When Tx-Est1 was associated with GH11
xylanase from T. xylanilyticus, its efficiency in releasing
these products was seven to eightfold higher. The combi-
nation of Tx-Est1 and Tx-Xyl11 reported here is among the
best synergistic action described up till now (Topakas et al.
2004; Topakas et al. 2003; Faulds et al. 2006; Bartolome et
al. 1997; Kroon et al. 2000; Faulds et al. 2005). Very few
studies have focused on the release of pCA from destarched
wheat bran. Faulds et al. (2004) reported that 50% of pCA
was liberated from DWB by a heat-stable multiactive
enzyme preparation from H. insolens.

The total FA and pCA released from wheat straw by Tx-
Est1 was around 10% of the total alkali-extractable FA and
pCA. A threefold increase was obtained in the presence of
Tx-Xyl11. These modest yields could be explained by the
high content of etherified forms in the case of FA (46%)
and the high lignin content of wheat straw (Pan et al. 1998).
Other studies have often used pretreated wheat straw due to

the high recalcitrance of this lignified biomass. Purified
FaeA and FaeB from A. niger were thus able to release 45%
and 74% of alkali-extractable FA and pCA, respectively
from steam-exploded wheat straw (Benoit et al. 2006).
Furthermore, release of diferulic acid from wheat straw was
more important even when Tx-Est1 was used alone, and a
synergic effect was observed when Tx-Est1 was associated
with xylanase. Given the recalcitrance of wheat straw, this
high release of diferulic acid, combined with the release of
FA and pCA, demonstrates the efficiency of Tx-Est1 and
the synergism of the two enzymes on this substrate.

Tx-Est1 had a very limited effect on destarched maize
bran, whatever the phenolic acid considered. Hence, no
synergism with xylanase was observed as regards pCA
release and only a twofold increase in FA and diferulic acid
production was obtained by the combined action of Tx-Est1
and Tx-xyl11. This was probably due to the complexity of
maize bran hemicelluloses which are highly substituted and
contain large amounts of diferulic acid cross-links in the
hemicellulose chains (Saulnier and Thibault 1999). In
several studies, thermal or enzyme pretreatments were
applied to improve the enzyme digestibility of maize bran
(Benoit et al. 2006; Saulnier et al. 2001; Faulds and
Williamson 1995). The FaeA of A. niger released 40% and
20% of FA and pCA, respectively from autoclaved maize
bran, whereas the same enzyme only liberated 4% of FA
from non-treated maize bran (Benoit et al. 2006; Poidevin
et al. 2009). Autoclaving or a flash explosion pre-treatment
of maize bran increased ferulic acid release, with the
enzyme preparation Novozym 342, to 80% and 70%,
respectively (Saulnier et al. 2001). A milder treatment was
used in our study, since the maize bran was destarched by
washing with hot water (60 °C). This could explain the
weak hydrolysis yield by our enzyme with this substrate.
The enzymatic hydrolysis of hemicelluloses implies a use
of accessory enzymes such as feruloyl-esterases. Most of
the feruloyl-esterases studied are of fungal origin and the
majority have been found to be optimally active at, or in the
region of, mesophilic temperatures and under acidic
conditions.

Our results show that the feruloyl-esterase from T.
xylanilyticus is robust, thermostable and alkali tolerant.
Tx-Est1 is able to efficiently release ferulic acid as well as
p-coumaric and diferulic acids from the plant cell wall either
alone or in synergism with xylanase. The de-esterification by
Tx-Est1 is more effective on non-pretreated destarched wheat
bran and wheat straw, particularly with regard to diferulic and
p-coumaric acid release. On more complex biomass such as
maize bran, pretreatments will be necessary before applica-
tion of Tx-Est1.

These characteristics may be advantageous in industrial
or biotechnological applications, such as the bioconversion
of a lignocellulose biomass, in which thermostability, pH
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resistance, and biocatalyst efficiency are important factors.
Hydrolysis of the hemicellulose part of the plant cell wall
requires the cooperation of several enzymes. The solubili-
zation of arabinoxylan is usually increased by combining
endoxylanases with esterase or using complex multi-
enzyme preparations (Faulds et al. 2006; Topakas et al.
2004; Panagiotou et al. 2007). The interest of using Tx-Est1
for lignocellulose conversion is currently being validated,
and synergism experiments with three other hemicellulases
from T. xylanilyticus (GH10 and GH11 xylanases and
GH51 arabinosidase) are in progress.
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