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Acetyl xylan esterase (EC 3.1.1.72) is a member of a set of enzymes required to depolymerize hemicellulose,
especially xylan that is composed of a main chain of �-1,4-linked xylopyranoside residues decorated with acetyl
side groups. Fibrobacter succinogenes S85 Axe6B (FSUAxe6B) is an acetyl xylan esterase encoded in the genome
of this rumen bacterium. The enzyme is a modular protein comprised of an esterase domain, a carbohydrate-
binding module, and a region of unknown function. Sequences that are homologous to the region of unknown
function are paralogously distributed, thus far, only in F. succinogenes. Therefore, the sequences were desig-
nated Fibrobacter succinogenes-specific paralogous module 1 (FPm-1). The FPm-1s are associated with at least
24 polypeptides in the genome of F. succinogenes S85. A bioinformatics search showed that most of the
FPm-1-appended polypeptides are putative carbohydrate-active enzymes, suggesting a potential role in car-
bohydrate metabolism. Truncational analysis of FSUAxe6B, together with catalytic and substrate binding
studies, has allowed us to delineate the functional modules in the polypeptide. The N-terminal half of
FSUAxe6B harbors the activity that cleaves side chain acetyl groups from xylan-like substrates, and the
binding of insoluble xylan was determined to originate from FPm-1. Site-directed mutagenesis studies of highly
conserved active-site residues in the esterase domain suggested that the esterase activity is derived from a
tetrad composed of Ser44, His273, Glu194, and Asp270, with both Glu194 and Asp270 functioning as helper acids,
instead of a single carboxylate residue proposed to initiate catalysis.

The development of strategies for biomass conversion to
fuels (biofuels) is a subject of keen interest as we search for
energy resources alternative to fossil fuels (39). Plant cell mat-
ter accounts for 150 to 200 billion tons of biomass on our
planet annually (31). It is technically possible, but economically
far from realization, to convert plant cell wall to biofuels (41).
Thus, currently, plant cell wall utilization as a source of biofu-
els is mostly at the laboratory scale, although there is a great
impetus to move production to the industrial scale.

The main components of the plant cell wall are cellulose,
hemicellulose, and lignin. These components form complex
structures that provide the plant with physical strength (42).
Biologically, there are two major steps in the production of
alcohols from plant-based feedstock. The first step is an enzy-
matic hydrolysis of the plant cell wall components to ferment-
able sugars, and the second step is fermentation of the result-
ant sugars into alcohols. A major limitation of the process is
the lack of highly efficient biocatalysts required for the first
step. However, it is known that microbes, either as individuals
or consortia, that harbor genes encoding enzymes that hydro-
lyze plant cell wall polysaccharides abound in nature. Research
efforts directed at deepening knowledge of how multiple en-
zymes participate synergistically to degrade the plant cell wall

will accelerate the capacity to achieve the goal of converting
biomass to biofuels on a large scale (12, 27). However, im-
provement of “enzyme cocktails” developed for depolymeriza-
tion of lignocellulosic biomass will be dependent on a better
understanding of the structure/function of individual enzymes
that together constitute the arsenal of enzymes (hydrolyzome)
used by naturally occurring organisms known to be highly ef-
ficient in plant cell wall degradation.

Ruminant animals harbor a variety of plant cell wall-
degrading bacteria in their first stomach or rumen (26).
These animals digest forages with the aid of a microbial
consortium that is able to metabolize plant cell wall poly-
saccharides to short-chain fatty acids, the main energy
source for the ruminant host. Fibrobacter succinogenes is a
ubiquitous rumen bacterium and has been estimated in pre-
vious reports to occupy 0.1% to 1.0% of the microbial pop-
ulation in the cattle rumen, based on the quantification of
16S rRNA genes as a marker (25, 43). F. succinogenes is a
significant cellulolytic rumen bacterium, and it has the abil-
ity to grow on crystalline cellulose as a sole source of carbon
and energy (17). Additionally, it has been demonstrated that
this bacterium can solubilize hemicelluloses, although it
only partially utilized the constituent monosaccharides re-
leased (34). As further evidence, F. succinogenes failed to
grow on xylose (33), a constituent of most hemicelluloses.
Since F. succinogenes is a highly versatile microbe capable of
degrading both cellulose and hemicellulose, strains of this
bacterium are attractive models to study natural strategies
for efficient deconstruction of plant cell wall polysaccha-
rides.
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Through analysis of the genome sequence of F. succinogenes
S85, a gene cluster that encodes more than 10 hemicellulose-
targeting enzymes was identified. Most of the enzymes in the
cluster are modular polypeptides, a common feature in many
carbohydrate-active enzymes. Kam and coworkers (23) previ-
ously identified two acetyl xylan esterases (Axe6A and Axe6B)
in this cluster and predicted that each gene encoded a polypeptide
composed of two domains: an esterase catalytic domain and a
family 6 carbohydrate-binding module (CBM6). Whereas Axe6A
was fairly well characterized, difficulties in expression of re-
combinant Axe6B restricted its characterization (23). In this
report, overproduction of recombinant F. succinogenes S85
Axe6B (FSUAxe6B) is demonstrated, and furthermore, it is
shown that rather than having two domains, the polypeptide
harbors three domains composed of an esterase, CBM6, and
a region of unknown function. Bioinformatics analysis sug-
gested that the unknown domain observed in FSUAxe6B is,
so far, distributed only in F. succinogenes S85; thus, it was
designated F. succinogenes-specific paralogous module 1 or
FPm-1. Twenty-four polypeptides, with the majority containing
glycoside hydrolase family motifs and CBMs, were found to
harbor this peptide at the extreme C-terminal region. In addi-
tion to assigning a carbohydrate binding function to FPm-1,
critical residues that confer esterase activity to the N-terminal
half of FSUAxe6B were also identified through site-directed
mutagenesis.

MATERIALS AND METHODS

Strains, media, and growth conditions. Fibrobacter succinogenes subsp. succi-
nogenes S85 was obtained from a culture collection at the Department of Animal
Sciences, University of Illinois at Urbana-Champaign (35). F. succinogenes S85
was grown in a synthetic medium (40) under anaerobic conditions. Escherichia
coli JM109 and E. coli BL21(DE3) CodonPlus RIPL-competent cells were pur-
chased from Stratagene (La Jolla, CA). Gene manipulation and plasmid con-
struction were performed with E. coli JM109. E. coli BL21(DE3) CodonPlus
RIPL was used for gene expression. The E. coli cells were grown aerobically at
37°C in Luria-Bertani (LB) medium supplemented with appropriate antibiotics.

Gene cloning, expression, and protein purification. F. succinogenes S85 was
grown for 2 days, cells were harvested, and the genomic DNA was extracted using
a DNeasy tissue kit (Qiagen, Hilden, Germany). The genes of wild-type (WT)
FSUAxe6B and its truncational mutant proteins (TM1, TM2, TM3, and TM4)
were amplified from the genomic DNA by PCR using Prime STAR HS DNA
polymerase (Takara Bio, Otsu, Japan). Since it is expected that the functional
FSUAxe6B protein produced by F. succinogenes cells will lack the signal peptide,

which is required for secretion, the WT protein refers to the polypeptide with the
signal peptide removed by PCR amplification. The forward and reverse primers
used for the PCR were engineered to incorporate the NdeI and XhoI restriction
sites, respectively. The primer pairs used for amplifying the WT protein and its
truncated derivatives TM1, TM2, TM3, and TM4 were F1/R1, F1/R2, F1/R3,
F2/R1, and F2/R2, respectively (Table 1; see also Fig. 2A). The amplified frag-
ments were cloned into the pGEM-T vector (Promega, Madison, WI) and sub-
cloned into a modified pET-28a expression vector (Novagen, San Diego, CA)
that was engineered by replacing the kanamycin resistance gene with that for
ampicillin resistance (7). For the construction of the TM5 expression vector, the
Ek/LIC cloning kit was utilized (Novagen). The TM5 gene was amplified from
the genomic DNA with the primers, F1� and R1� (Table 1; see also Fig. 2A). Both
ends of the amplified gene fragment were digested, in the presence of dATP,
with the 3� to 5� exonuclease activity of the T4 DNA polymerase. The resultant
fragment was annealed to the pET-46 Ek/LIC vector. All genes encoding deriv-
atives of FSUAxe6B were nucleotide sequenced to confirm the integrity of the
coding sequence after cloning into the expression vector. The gene expression
vectors for FSUAxe6B or its truncated derivatives were introduced individually
into E. coli BL21(DE3) CodonPlus RIPL-competent cells and grown in 10 ml of
LB medium with ampicillin (100 �g/ml) and chloramphenicol (50 �g/ml) at 37°C
overnight. Each culture was transferred to a fresh LB medium (1 liter) with the
same antibiotics and grown until the optical density at 600 nm reached approx-
imately 0.4. For each culture, the temperature for culturing was then decreased
to 16°C, and isopropyl �-D-thiogalactopyranoside at a final concentration of 0.1
mM was added to the medium to induce production of the target protein. After
14 h, cells were harvested by centrifugation (5,000 rpm, 4°C, 15 min), and
resuspended in 50 ml of lysis buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 20
mM imidazole). Cells were disrupted by using an EmulsiFlex C-3 cell ho-
mogenizer (Avestin Inc., Ottawa, Canada), and the lysate was clarified by
centrifugation (15,000 rpm, 4°C, 30 min). The supernatant was filtered
through a 0.22-�m-pore-size Durapore membrane (Millipore, Bedford, MA).
The filtrate was applied to a HisTrap FF 5-ml column (GE Healthcare,
Piscataway, NJ), and unbound proteins were washed with 20-column volumes
of lysis buffer. The bound proteins were eluted with elution buffer (50 mM
Tris-HCl, pH 7.5, 300 mM NaCl, 250 mM imidazole), and the buffer was
exchanged to 50 mM Tris-HCl, pH 7.5, and 300 mM NaCl by use of a
desalting column (HiPrep 26/10 desalting; GE Healthcare). The latter buffer
served as the storage buffer. All columns used in the protein purification steps
were fitted to an ÄKTAxpress system (GE Healthcare).

Bioinformatic analysis. The genome sequence of F. succinogenes S85 was
determined by the North American Consortium for Genomics of Fibrolytic
Ruminal Bacteria in collaboration with the Institute for Genomic Research
(TIGR) (FibRumba database; http://www.jcvi.org/rumenomics). A functional
domain search was performed to determine the protein family and domain
organization using the Pfam search server (http://www.sanger.ac.uk/Software
/Pfam) and NCBI BLAST server (http://www.ncbi.nlm.nih.gov/BLAST). Predic-
tion of lipoproteins and signal peptides were performed by using the LipoP
1.0 server (http://www.cbs.dtu.dk/services/LipoP). The secondary structure of
FSUAxe6B was predicted by using the Advanced Protein Secondary Structure
Prediction Server (http://imtech.res.in/raghava/apssp). Multiple amino acid se-

TABLE 1. Primers used in this study

Primer Sequence Expt

F1 5�-CATATGGCTCCGAACCCGAACTTCCATATCTACATTGC-3�a Cloning
F2 5�-CATATGGGCCCGTACACGGACCCGATTGAAATCCCTGGCAAG-3�a Cloning
F1� 5�-GACGACGACAAGATGGGAATCAAGAATATCCGC-3�b Cloning
R1 5�-CTCGAGTTATTCATGTATCACCACCTTTTTTG-3�a Cloning
R2 5�-CTCGAGCTATCCAATCGGCGGCTGAGCGCTGATTTCCTTGAATTC-3�a Cloning
R3 5�-CTCGAGCTAGCCATATTCCTCGGGCGGTTCATCCGGAACCGTAG-3�a Cloning
R1� 5�-GAGGAGAAGCCCGGTTATTCATGTATCACCACCTTTTTTG-3�b Cloning
S44G 5�-CATTGCTTATGGGCAGGGTAACATGGCGGGCAACGGC-3�c Mutagenesis
E194N 5�-CATCTTCCACCAGGGCAACAGTGACGGTACCGATGC-3�c Mutagenesis
E194A 5�-CATCTTCCACCAGGGCGCAAGTGACGGTACCGATGC-3�c Mutagenesis
D270N 5�-GCAGGGTAACGGCAAGAATCCGTACCACTTTGGCCG-3�c Mutagenesis
D270A 5�-GCAGGGTAACGGCAAGGCTCCGTACCACTTTGGCCG-3�c Mutagenesis
H273Q 5�-CGGCAAGGATCCGTACCAGTTTGGCCGTGCGGGC-3�c Mutagenesis

a Nucleotides incorporated for restriction enzyme digestion are underlined.
b Nucleotides incorporated for exonuclease digestion are underlined.
c Nucleotides corresponding to the substituted amino acids are underlined.
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quences were aligned with ClustalW (http://www.ebi.ac.uk/clustalw). Protein
Data Bank files were visually analyzed by the UCSF Chimera molecular graphics
program (http://www.cgl.ucsf.edu/chimera).

Binding of insoluble polysaccharides. Oat-spelt xylan (OSX) and Avicel PH-
101 as ligands were purchased from Sigma-Aldrich (St. Louis, MO). Since OSX
contains some soluble components, the soluble fraction was excluded as follows.
One gram of OSX was stirred in 100 ml of distilled water for 12 h. After
centrifugation (4,000 � g, 10 min, room temperature), the precipitate was further
washed with 100 ml of distilled water and centrifuged (4,000 � g, 10 min, room
temperature). The insoluble fraction was lyophilized and then ground into small
particles in a mortar, producing insoluble OSX (is-OSX). Qualitative binding
assessment between proteins and ligands was carried out as follows: one ml of 2
�M proteins in 50 mM Tris-HCl, pH 7.5, containing 300 mM NaCl (buffer A)
was mixed with 20 mg of insoluble polysaccharide. The reaction mixture was
gently mixed at 4°C for 1 h. Then, the insoluble polysaccharide was precipitated
by centrifugation (13,000 rpm, 4°C, 1 min). The supernatant, including unbound
protein, was resolved on a 12.5% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel. Blanks, for excluding the possibility of precip-
itation or adsorption of the protein to the tube during reaction, were prepared by
incubating the protein without insoluble polysaccharide in the reaction buffer.
Depletion binding isotherms were derived for quantitatively assessing the bind-
ing capacity of the protein for insoluble polysaccharide. The bicinchoninic acid
protein assay kit (Thermo Scientific, Rockford, IL) was used for the quantifica-
tion of proteins. One ml of various concentrations of proteins in buffer A was
added to 20 mg of is-OSX and incubated with gentle mixing at 4°C. The super-
natant after centrifugation (13,000 rpm, 4°C, 1 min) was used for the quantifi-
cation of the unbound (free) protein. Total protein was measured after incubat-
ing protein without is-OSX under the same conditions. Bound protein was
calculated by subtracting the free protein from the total protein.

For the determination of the binding constant between the protein and ligand,
the Michaelis/Langmuir equation was applied. The equation is as follows: qad/
q � Kp � qmax/(1 � Kp � q), where qad is the amount of bound protein (nmol
of proteins per g of is-OSX), q is the free protein in buffer (�M), Kp is the
dissociation constant (�M), and qmax is the maximum amount of bound protein
to ligand (28). GraphPad Prism version 5.01 (GraphPad Software, San Diego,
CA) was utilized for the calculation of the binding parameters.

Enzyme assays and steady-state kinetics. Acetyl xylan esterase activity was
assayed using tetra-acetyl-xylopyranoside (Toronto Research Chemicals Inc.,
Ontario, Canada) for all proteins in this study, and the released acetic acid was
measured using an acetic acid detection kit (Megazyme, Bray, Ireland) according
to the manufacturer’s instructions. The reduction of NADH was monitored
continuously at an absorbance of 340 nm using a Synergy 2 microplate reader
(BioTek, Winooski, VT) using the path length correction feature. All assays were
carried out at 37°C. Five microliters of 1 �M enzyme and 20 �l of R2 enzyme
solution (containing acetate kinase, pyruvate kinase, and D-lactose dehydroge-
nase in 100 mM Tris-HCl, pH 7.4, and 3 mM MgCl2) were thoroughly mixed. The
tetra-acetyl-xylopyranoside was prepared in 290 �l of R1 solution (NADH, ATP,
phospho-enol-pyruvate, and pyruvate). The concentrations of the ingredients in
the R1 and R2 solutions were predetermined by the manufacturer (Megazyme).
Both solutions were incubated separately at 37°C for 3 min to allow equilibration
and then mixed to start the reaction. For active-site mutants with lower activity,
the kinetic parameters were determined at a concentration of 10 �M for the
E194N protein and 2 �M for the E194A, D270N, and D270A proteins. Initial
rates were plotted against the tetra-acetyl-xylopyranoside concentrations, and
the kinetic parameters were determined by the Michaelis-Menten equation uti-
lizing GraphPad Prism version 5.01.

Site-directed mutagenesis. Site-directed mutagenesis was carried out using the
QuikChange multisite-directed mutagenesis kit (Stratagene), according to the
manufacturer’s instructions. Primers used in the site-directed mutagenesis study
are presented in Table 1.

Circular dichroism (CD) spectra. Determination of CD spectra for the
FSUAxe6B WT protein and its site-directed mutant proteins was carried out
using a J-815 CD spectropolarimeter (Jasco, Tokyo, Japan). Protein samples
were prepared at a concentration of 0.1 mg/ml in 20 mM phosphate (NaH2PO4)
buffer (pH 7.5) (24). For the measurements, a quartz cell with a path length of
0.1 cm was utilized. CD scans were carried out at 25°C from 190 nm to 260 nm
at a speed of 50 nm/min with a 0.1-nm wavelength pitch, with five accumulations.
Data files were analyzed on the DICHROWEB on-line server (http://www.cryst
.bbk.ac.uk/cdweb/html/home.html) using the CDSSTR algorithm with reference
set 4, which is optimized at 190 nm to 240 nm (29).

RESULTS

Domain organization of FSUAxe6B and proteins harboring
FPm-1. Based on the amino acid sequence identity, carbohy-
drate esterases (CEs) have been classified into 16 families
(CE1 to CE16) according to the CAZy database (http://www
.cazy.org/). A domain of FSUAxe6B, from amino acid position
30 to position 329, showed 46% identity to the polypeptide
sequence of F. succinogenes acetyl xylan esterase Axe6A, a
member of CE6 family. Therefore, FSUAxe6B was predicted
to be a member of the CE6 family. Further analysis suggested
that FSUAxe6B is a modular protein composed of the CE6
domain, a CBM6, and a C-terminal domain of unknown func-
tion. Acetyl xylan esterase is one of a set of enzymes that is
required for xylan hydrolysis to its components. This enzyme
cleaves ester bonds that link acetyl side groups to the �-1,4-
linked xylopyranoside backbone of xylan, and members of
CBM6 are known to bind to a variety of substrates (9, 20, 21,
36, 44). Although the likelihood that the CBM6 may include
the region demarcated as harboring the unknown function was
initially considered, this made the FSUAxe6B CBM unusu-
ally long. The GenBank database was searched to determine
whether the sequence of unknown function occurs in other
polypeptides, especially CBM6 proteins, already reported
from other organisms. Interestingly, the results yielded no
polypeptide with obvious similarity in amino acid sequence
to this region. On the other hand, a search of the genome
database of F. succinogenes S85 suggested that 23 other
proteins harbor amino acid sequences that are similar to this
C-terminally located domain of FSUAxe6B. These sequences
were, therefore, designated Fibrobacter succinogenes-specific
paralogous module 1 (FPm-1). Figure 1 shows the domain orga-
nizations of proteins harboring FPm-1 sequences. Most of these
proteins, except for FSU0053, include signal peptides for secre-
tion, suggesting that they function either extracellularly or in the
periplasmic space. Among these 24 proteins, 15 proteins harbor
glycosyl hydrolase (GH) family domains, which included a GH
family 2 protein (GH2) (FSU2288), a GH3 protein (FSU2265), 5
GH10 proteins (FSU0777, FSU2292, FSU2293, FSU2294, and
FSU2851), 2 GH11 proteins (FSU2741 and FSU3006), and 6
GH43 proteins (FSU0192, FSU2262, FSU2263, FSU2264,
FSU2269, and FSU2274). Additionally, five of the proteins
(FSU2266, FSU2267 [FSUAxe6B], FSU2270, FSU3053, and
FSU3103) are (putative) esterases, while one of the gene products
was predicted to be a melibiase (FSU2272) and another was
similar to a pectate lyase (FSU3135). On the other hand, no
conserved domains in FSU0053 and FSU2516 were found,
although the BLAST search suggested that these proteins
may contain pectate lyase activity. It is interesting that each
of the proteins belongs to protein families that are related
to hemicellulose or pectin metabolism. Seventeen of the pro-
teins (FSU0192, FSU2262, FSU2263, FSU2264, FSU2265,
FSU2266, FSU2267, FSU2269, FSU2270, FSU2272, FSU2274,
FSU2292, FSU2293, FSU2294, FSU3053, FSU3103, and
FSU3135) harbored, in addition to FPm-1, either single or
double CBM domains, further suggesting that the FPm-1 se-
quence plays roles in the recognition or catalysis of certain
carbohydrates. The FPm-1 domains were consistently located
at the C-terminal end of these proteins, and CBMs, when
present, were located N terminal to the FPm-1 domains. It was
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also noted that seven proteins (FSU0053, FSU0777, FSU2288,
FSU2516, FSU2741, FSU2851, and FSU3006) that have the
FPm-1 domains did not have identifiable CBM sequences,
suggesting that FPm-1 is likely functionally independent of
the CBM.

FSUAxe6B truncational derivatives. To delineate and inves-
tigate the modules present in FSUAxe6B for functional role
assignments, a gene truncation strategy was utilized. To create
the truncated proteins, glycines in loop regions were selected

as the terminal amino acids of the constructs. Based on the
secondary structure analysis, five truncational derivatives of
the polypeptide, as shown in Fig. 2A, were made. The con-
struct TM1 (CE6 plus CBM6) was designed to investigate the
contribution of FPm-1 to the WT protein in terms of its cata-
lytic (esterase) and carbohydrate binding activities. Likewise,
TM2 (CE6) was constructed for identifying the role of putative
CBM6 on the two potential functions of the protein. TM3
(CBM6 plus FPm-1), TM4 (CBM6), and TM5 (FPm-1) were

FIG. 1. Domain architectures of proteins harboring FPm-1 in Fibrobacter succinogenes S85. Proteins harboring the FPm-1 domain were
obtained through a search of the genome database of Fibrobacter succinogenes S85 (http://biocyc.org/FSUC59374/NEW-IMAGE?type�
GENOME-OVERVIEW&object�FSU0013&chromosome�FS-CHROM-S85-FIBROBACTER). The presence of signal peptides was
determined by the LipoP server and marked as stars at the N terminus of the protein architectures. Domain organizations were predicted
using a BLAST protein search.
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constructed for direct determination of the functions of the
putative CBM6 and FPm-1 domains. All truncated derivatives
of FSUAxe6B were successfully expressed in E. coli as soluble
proteins and purified to near homogeneity (Fig. 2B).

Steady-state kinetic analysis of the FSUAxe6B WT and its
truncational derivatives. In order to obtain the basic catalytic
information of FSUAxe6B, steady-state kinetic analysis was
performed. Using tetra-acetyl-xylopyranoside as a substrate
yielded a typical Michaelis-Menten plot, and a kcat value of 15
s�1 and a Km value of 0.08 mM were determined for this
substrate (Table 2). Kinetic analysis of the two truncational
mutant proteins, TM1 and TM2, which harbored the CE6
domain, were carried out. The TM1 protein exhibited a kcat

value of 15 s�1 and a Km value of 0.09 mM, resulting in a
kcat/Km value of 170 s�1 mM�1 (Table 2). Likewise, the kinetic
parameters for the TM2 protein were 13 s�1 (kcat) and 0.07
mM (Km), resulting in a kcat/Km value of 190 s�1 mM�1 (Table
2). These values were quite similar to those of the WT protein,
indicating that the CBM6 domain and FPm-1 domain of

FSUAxe6B have no obvious effect on the esterase activity, at least
with the substrate used in the present experiment. Also, the ac-
tivity of TM2 delineated the catalytic region of FSUAxe6B.

Binding studies of FSUAxe6B and its truncational deriva-
tives. In order to investigate the carbohydrate binding activity
of FSUAxe6B, Avicel (crystalline cellulose) and is-OSX, as
substrates, were tested. The WT protein did not show any
binding activity to Avicel. However, it showed binding activity
for is-OSX (Fig. 3). Furthermore, to identify the location of the
FSUAxe6B domains involved in the binding of is-OSX, the
truncational derivatives (TM1 to TM5) were used for the bind-
ing assays. The qualitative binding assays demonstrated that
although TM1 and TM2 have no discernible affinity for is-
OSX, TM3, TM4, and TM5 bound to this substrate (Fig. 3).
Taken together, these results indicate that the binding activity
of FSUAxe6B for is-OSX is located in the TM5 peptide or the
region designated an unknown domain.

To ascertain these results and to quantify the binding capac-
ity of the WT and its truncational mutants (TM1 to TM5) for
is-OSX, binding isotherms were determined for these proteins.
Figure 4A shows the binding isotherms for the WT protein and
the truncated derivative lacking only FPm-1 (TM1). The trun-
cation of FPm-1 from the WT protein led to a dramatic reduc-
tion of binding activity for the TM1 mutant, suggesting that the
FPm-1 domain is key for binding to is-OSX (Fig. 4A), as was
also observed with the qualitative binding assay (Fig. 3). Figure
4B shows the binding isotherms for the truncated derivatives
that lacked the CE6 catalytic domain. The dissociation con-

FIG. 2. Truncational mutant proteins of FSUAxe6B. (A) Schematic representation of translated FSUAxe6B, the mature protein (WT), and its
truncational mutant proteins (TM1 to TM5). The DNA primer sequences used for the amplification of the genes are described in Table 1. The
arrowheads display the 5�3 3� direction of oligonucleotides. Primers with closed arrowheads contain restriction sites at the 5� ends for insertion
of their PCR products into a modified pET-28a vector. The primers with open arrowheads harbor nucleotide sequences that allow their PCR
products to be digested by the exonuclease activity of T4 DNA polymerase prior to annealing to a pET-46 Ek/LIC vector. (B) SDS-PAGE image
of purified WT and truncational proteins. Purified protein (2.5 �g) were loaded on the 12.5% polyacrylamide gel and stained with Coomasie
brilliant blue G-250.

TABLE 2. Kinetic parameters for FSUAxe6B WT and its
truncational mutantsa

Protein kcat (s�1) Km (mM) kcat/Km (s�1 mM�1)

WT 15 � 0.3 0.08 � 0.01 190 � 24
TM1 15 � 0.2 0.09 � 0.01 170 � 19
TM2 13 � 0.4 0.07 � 0.01 190 � 27

a Data are shown as means � standard errors.
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stant (Kp) of TM5 was 0.26 �M, which is much lower than that
of TM4 (Kp � 1.1 �M). These values showed that the FPm-1
domain (TM5) exhibited binding activity for is-OSX that was
much higher than that of the CBM6 domain (TM4), directly
indicating that the FPm-1 domain is the true contributor to the
binding of is-OSX (Fig. 4B and Table 3). Furthermore, the
possibility that the TM4 and TM5 domains are one functional
domain for binding was investigated. To test this hypothesis,
TM3, which is composed of TM4 and TM5, was tested as well
(Fig. 4B). The TM3 protein displayed a Kp value of 0.83 �M
(Table 3), which is higher than that of TM5, indicating that the
binding activity of FSUAxe6B is due mainly to the TM5 do-
main. Interestingly, the WT exhibited a dissociation constant
of 1.1 �M (Fig. 4A and Table 3), which is much higher than
that of TM5.

Multiple sequence alignment of FPm-1 sequences. The 24
FPm-1 sequences were aligned using ClustalW (Fig. 5). The
alignment revealed two conserved regions (block A and block
B). Aromatic residues (tryptophan, tyrosine, and phenylala-
nine) in CBMs generally play a critical role in binding by

FIG. 3. Qualitative polysaccharide binding studies of the
FSUAxe6B WT and its truncational mutants. is-OSX or Avicel PH-101
(Avc) was incubated with 2 �M protein. Lane P represents the same
amount of protein incubated in the same buffer, but without substrate.
The supernatants after incubation of the proteins with is-OSX or Avc
were loaded on SDS-PAGE as P � is-OSX and P � Avc, respectively.
In each case, except for TM5, 10 �l of solution with or without sub-
strate for the WT, TM1, TM2, TM3, and TM4 were loaded for the
SDS-PAGE analysis. The supernatants of the TM5 protein were con-
centrated up to 10 times, and then 10 �l of the solution was loaded on
SDS-PAGE for visualization.

FIG. 4. Quantitative studies of the binding of the FSUAxe6B WT and its truncational mutants to is-OSX. is-OSX (20 mg) was mixed with
various concentrations of proteins, and the binding activities were estimated as described in Materials and Methods. The graphs depict the binding
isotherms between bound proteins (nmol/g of is-OSX) and free proteins (�M). (A) The binding isotherms (closed triangles) for the WT and TM1,
the protein with FPm-1 deleted (open triangles). (B) The binding isotherms for TM3 (open squares), TM4 (gray squares), and TM5 (closed
squares) are shown. The binding constants for the wild type and its truncated mutants are presented in Table 3.

TABLE 3. Binding parameters of FSUAxe6B WT and its truncated
mutants for is-OSXa

Protein Kp (�M) qmax (nmol protein/g
is-OSX)

WT 1.1 � 0.2 100 � 4
TM3 0.83 � 0.2 200 � 10
TM4 1.1 � 0.2 84 � 3
TM5 0.26 � 0.04 350 � 10

a Data are shown as means � standard errors.

488 YOSHIDA ET AL. J. BACTERIOL.



forming hydrophobic stacking interactions with sugars in the
carbohydrate polymer (5). Five relatively conserved aromatic
residues (one tyrosine residue and two phenylalanine residues
in block A and two phenylalanine residues in block B) were
observed. Another interesting characteristic of the FSUAxe6B
protein is the differences of the isoelectric points (pIs) of its
different modules. The pI of TM2 (esterase domain), TM4
(CBM6), and TM5 (FPm-1) were 5.2, 4.6, and 10.1, respec-
tively. The high pI of TM5 is due to the high proportion of
positively charged amino acid residues in its sequence. Consis-
tent with this observation, the other FPm-1 peptides (Fig. 5)
also have high pI values, ranging from 9.4 for FSU2294 to 11.2
for FSU2263.

Determination of active-site residues in FSUAxe6B. In pre-
vious studies of acetyl xylan esterases, the deacetylation mech-
anism of xylan was proposed (18, 19). The catalysis starts with
an aspartate acting as a helper acid and forms a hydrogen bond
with histidine, leading to an increase in the pKa of its imidazole
nitrogen. This allows the histidine to become a strong general
base, removing a proton from the hydroxyl group of serine.
The deprotonated serine serves as a nucleophile and attacks
the carbonyl carbon of the acetyl group. This mechanism al-
lows the replacement of aspartate by a glutamate. Indeed, a
catalytic triad formed by serine, histidine, and glutamate has
been identified for the CE6 family protein R.44 from an un-
cultured rumen microbe (30). The three residues (Ser14,
His231, and Glu152) reside in highly conserved regions in the
CE6 family proteins (Fig. 6; see also Fig. S1 in the supplemen-
tal material). A comparison between the amino acid sequence
of FSUAxe6B with that of biochemically characterized CE6
proteins was carried out. The results showed that these amino
acids are completely conserved (Fig. 6) in the F. succinogenes
protein. Following the previous study (30), the serine at posi-
tion 44 of FSUAxe6B (S44), the glutamate at position 194

(E194), and the histidine at position 273 (H273) were mutated
to glycine, asparagine, and glutamine, respectively. As ex-
pected, the S44G and H273Q mutations abolished detectable
activities (Table 4). However, the E194N mutant exhibited
detectable catalytic activity. Thus, a detailed kinetic analysis,
which determined kcat and Km values of 2.8 s�1 and 7 mM,
respectively, for E194N, was conducted. The catalytic efficiency
(kcat/Km) of this mutant was 0.40 s�1 mM�1, which is consid-
erably lower than that of the WT protein (190 s�1 mM�1).
These results indicated that the glutamate at position 194
(E194) is contributing largely to catalysis. The possibility that
the replaced asparagine formed a hydrogen bond with histidine
by way of its carbonyl group was considered. Thus, to ascertain
that the E194 is a member of the catalytic residues, it was
substituted with alanine (E194A). Surprisingly, E194A also
displayed some catalytic activity. The kcat and Km values of this
mutant were 2.9 s�1 and 0.2 mM, respectively, resulting in a
kcat/Km value of 14 (Table 4), which is also lower than that of
the WT (kcat/Km � 190).

Since mutating E194, located in the vicinity of the catalytic
pocket, did not completely abolish catalysis, a search was done
for another residue that could serve as the helper acid in the
catalysis. To facilitate the search, FSUAxe6B was modeled
after the three-dimensional structure of a Clostridium acetobu-
tylicum putative acetyl xylan esterase (Protein Data Bank ac-
cession number 1ZMB), the most similar protein structure
available in the database. The residues, S44, E194, and H273 in
FSUAxe6B, are completely conserved in 1ZMB (Fig. 7B). Fur-
thermore, a potential helper acid, an aspartate with 3.39 Å as
the mean value (distance) between its ionized group and the
nitrogen of the imidazole group in H273, was located. This
aspartate is also conserved in FSUAxe6B (D270) (Fig. 7B).
Interestingly, the D270A and D270N mutants of FSUAxe6B
displayed catalytic activities against tetra-acetyl-xylopyrano-

FIG. 5. Multiple amino acid sequence alignment among FPm-1 domains in Fibrobacter succinogenes S85. Amino acid sequences of FPm-1
homologs in Fibrobacter succinogenes S85 were aligned utilizing ClustalW. The output files were entered into the BoxShade version 3.21 program
(http://www.ch.embnet.org/software/BOX_form.html), with the fraction of sequences that must agree for shading set at 0.5. The conserved amino
acids are shaded black, and similar amino acids are shaded gray. The pIs of the FPm-1 peptides are shown with protein identification numbers.
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side. Thus, the D270A mutant, which showed catalytic prop-
erties similar to those of the D270N mutant, exhibited kcat and
Km values of 1.8 s�1 and 0.2 mM, respectively. The kcat/Km

value of D270A is therefore 9.0 (Table 4). These kinetic pa-
rameters were comparable to those of the E194A mutant.
Since no other potential helper acid could be identified, an
E194A/D270A double mutant was created. The activity of this
mutant was completely abolished (Table 4), suggesting that

both E194 and D270 contribute to catalysis, both residues
perhaps acting as helper acids.

The CD spectrum analyses for the WT protein and the
mutants were carried out to investigate the structural effects of
the amino acid substitutions (Table 5). Among the mutant
proteins, D270N and D270A showed secondary structural
compositions similar to that of the WT protein. Also, other
than the percentage of �-sheets, which was slightly increased,
the parameters for the H273Q mutant were not very different
from that of the WT protein. On the other hand, some in-
creases in the 	-helix structure were observed for S44G (17%
compared with 14% for the WT). The percentages of 	-helices
increased slightly and the percentages of �-sheets decreased
slightly for the E194N, E194A, and E194A/D270A double mu-
tants compared to the wild type. The corresponding amino acid
residues of S44 and E194 in FSUAxe6B are both located in an
	-helix structure in the putative acetyl xylan esterase from
Clostridium acetobutylicum (Protein Data Bank accession num-
ber 1ZMB) (Fig. 7B), and this might be the reason why the
proportion of 	-helical structures in FSUAxe6B was slightly
increased when the residues were mutated. Of much interest
are the two mutants E194A and D270A, originally selected as
potential helper acids during catalysis. The D270A mutant has

FIG. 6. Amino acid sequence alignment of the FSUAxe6B esterase domain and similar domains from carbohydrate esterase family 6 (CE6)
proteins. Amino acid sequences of FSUAxe6B and biochemically characterized CE6 proteins from Fibrobacter succinogenes (GenBank accession
no. AAG36766), Neocallimastix patriciarum (GenBank accession no. AAB69090), Orpinomyces sp. PC-2 (GenBank accession no. AAC14690), and
an unidentified microorganism (GenBank accession no. CAJ19130) were aligned utilizing ClustalW. The output files were entered into the
BoxShade version 3.21 program (http://www.ch.embnet.org/software/BOX_form.html), with the fraction of sequences that must agree for shading
set at 1.0. The conserved amino acids were shaded black, and similar amino acids were shaded gray. Arrows indicate the catalytic residues identified
in this study for FSUAxe6B. An expanded alignment is shown in Fig. S1 in the supplemental material.

TABLE 4. Kinetic parameters for FSUAxe6B WT and its site-
directed mutantsa

Protein kcat (s�1)b Km (mM) kcat/Km (s�1

mM�1)

WT 15 � 0.3 0.08 � 0.01 190 � 24
S44G ND
E194N 2.8 � 0.3 7 � 1 0.40 � 0.07
E194A 2.9 � 0.1 0.2 � 0.02 14 � 2
D270N 2.0 � 0.1 0.2 � 0.03 10 � 2
D270A 1.8 � 0.03 0.2 � 0.01 9.0 � 0.5
H273Q ND
E194A/D270A ND

a Data are shown as means � standard errors.
b ND, no activity was detected.
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almost no detectable structural difference from the WT, and
although it dramatically decreased esterase activity, it failed to
abolish catalytic activity. The E194A mutant, on the other
hand, exhibited some structural differences compared with the
WT but was not very different from the D270A mutant in terms
of its catalytic activity. Fascinatingly, however, a double mutant
of the two residues E194A/D270A failed to exhibit detectable
activity, suggesting that both residues may be critical to catal-
ysis.

DISCUSSION

The gram-negative rumen bacterium Fibrobacter succino-
genes S85 is estimated to have 104 putative glycoside hydro-
lases, 4 polysaccharide lyases, and 14 carbohydrate esterases
from its complete genome information (16). It is clear that this
bacterium has well-developed machinery that is devoted to
plant cell wall degradation. The abundant carbohydrate-active
enzymes, along with the modular protein structures, likely en-
dow F. succinogenes S85 with the flexibility to survive on di-
verse polysaccharides and also to compete in the rumen envi-

ronment. An example of these versatile proteins is the modular
protein FSUAxe6B fully characterized in this study. F. succi-
nogenes S85 Axe6A, a protein similar to FSUAxe6B, was
shown to possess esterase activity and also to bind to Avicel
cellulose, beech-wood xylan, and to a lesser extent is-OSX (23).
A similar characterization for Axe6B was restricted by low
expression of recombinant Axe6B. Of interest from the previ-
ous study is the prediction based on protein modeling and
conservation of key amino acids that the CBM6 of Axe6B was
different from that of Axe6A (23). This report presents over-
expression, delineation of modules, and biochemical charac-
terization of each module in FSUAxe6B to show that, indeed,
the polypeptide is composed of a family 6 acetyl xylan esterase
domain, a CBM6, and an unknown domain, to which a func-
tion is now assigned.

Biochemical analysis utilizing the truncational mutants of
FSUAxe6B revealed the function of the C-terminal unknown
domain as a novel CBM. Although it is currently found in F.
succinogenes S85, it is anticipated that this module may be
found, in the future, in some other organisms. FPm-1 clearly
bound to is-OSX (Fig. 3 and 4). CBMs are protein folds that
recognize specific polysaccharides and are often linked to a
catalytic glycoside hydrolase domain through flexible loops (5).
Many CBMs have been identified experimentally and classified
into 54 families based on similarity of amino acid sequence,
and some members from different families, such as families 2
(3), 4 (1), 6 (15, 23), 13 (6), 22 (8), 35 (4), 37 (45), and 54 (13)
are known to bind to insoluble �-1,4-xylan. The F. succinogenes
S85 FPm-1 is proposed as a novel CBM family because there
is no characterized CBM that shares homology with its se-
quence.

There is a proposal to classify CBMs into three groups (type
A, type B, and type C) based on their structures and function-
alities (5). Type A CBMs are defined as surface binding, and
they bind to insoluble cellulose and/or chitin crystals. FPm-1

FIG. 7. Active-site residues of FSUAxe6B. (A) Predicted reaction mechanism of FSUAxe6B. The two residues E194 and D270 form hydrogen
bonds (dotted lines) with H273, leading to an increase in the pKa of its imidazole nitrogen. H273 as a strong general base removes a proton from
the hydroxyl group of serine. The deprotonated serine serves as a nucleophile and attacks the carbonyl carbon of the acetyl group. (B) The
three-dimensional structure illustrating the predicted active-site residues of FSUAxe6B (Fig. 7A) in a putative acetyl xylan esterase from
Clostridium acetobutylicum (Protein Data Bank accession number 1ZMB). The side chains in the C. acetobutylicum protein are presented in the
model. The corresponding residues in FSUAxe6B are shown in blue letters in closed brackets.

TABLE 5. CD spectra for FSUAxe6B WT and its
site-directed mutantsa

Protein 	-Helix
(%)

�-Sheet
(%)

�-Turn
(%)

Unordered
(%)

WT 14 � 0 32 � 1 23 � 0 29 � 1
S44G 17 � 1 31 � 1 23 � 1 29 � 0
E194N 19 � 1 27 � 2 24 � 0 30 � 1
E194A 17 � 1 30 � 0 23 � 0 30 � 0
D270N 15 � 1 31 � 2 24 � 1 29 � 1
D270A 14 � 0 32 � 1 23 � 0 30 � 0
H273Q 13 � 0 34 � 1 23 � 0 30 � 1
E194A/D270A 17 � 0 29 � 0 24 � 0 31 � 1

a Data are presented as means � standard deviations.
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preferred insoluble xylan, harboring heterogeneous amor-
phous structure (12), to crystalline cellulose (Fig. 3). On the
other hand, type B and type C CBMs are peptides that are able
to bind to soluble polysaccharides using a cleft in their struc-
ture. Although it was shown that FPm-1 of FSUAxe6B binds to
is-OSX, the binding experiments with isothermal titration cal-
orimetry suggested that the module does not bind to soluble
substrates such as xylobiose, xylopentaose, and soluble arabi-
noxylan (data not shown). Thus, currently it is not possible to
assign FPm-1 to any of the proposed groups of CBMs.

In CBMs, the common binding mechanism is interaction
between aromatic amino acids and the carbohydrates as ligand.
The amino acid sequence of FPm-1 in FSUAxe6B showed the
presence of a single tyrosine residue, five phenylalanine resi-
dues, and no tryptophan (Fig. 5). Alanine scans for these
aromatic residues did not abolish the binding capacity of TM5
for is-OSX (data not shown), suggesting that the binding mech-
anism reported to be mediated by these residues is not critical
for FPm-1 or that multiple aromatic residues are involved in
the interactions with substrate. Testing of the latter hypothesis
will require creating multiple mutations in FPm-1 in the future.

Since the initial report of a C-terminal basic domain (BTD),
specific to enzymes in F. succinogenes (32), many BTDs in this
strain have been reported (22, 37, 38). To date, the role of the
BTDs remain unknown. From the data on FPm-1s (Fig. 1), all
identifiable homologs of this domain are located at the C
terminus of the individual proteins. In addition, they are likely
to display basic features (Fig. 5) at neutral pH, as is generally
found in the rumen environment. Thus, similar to the BTDs,
the FPm-1s are C-terminally located and also have basic prop-
erties. The FPm-1s, therefore, share some common features or
properties with the BTDs. Interestingly, the amino acid se-
quences of hitherto reported BTDs are different from those of
the FPm-1s identified in this study. While, the function of the
BTDs is unknown, in the present report, a carbohydrate bind-
ing property is demonstrated for a member of the FPm-1s. It
would be interesting to determine whether this property of the
FPm-1s is shared with the BTDs.

It is also of interest that domains that share similar proper-
ties with FPm-1s have been observed with proteins from the
gram-positive rumen bacterium Ruminococcus albus. The so-
called X domains were first reported as C-terminal modules in
the cellulose-binding proteins Cel9B and Cel48A through pro-
teomic analysis (11). The domains exhibited a wide binding
specificity for ligands and are currently classified as CBM fam-
ily 37. This CBM family has members reported from only R.
albus (45). Recently, a CBM37 domain was demonstrated to be
crucial for binding to the bacterial cell surface (14). Similar to
the FPm-1 domains in F. succinogenes, the 
100 C-terminal
amino acid sequences (CBM37s) in Cel5G, Cel9C, and Cel48A
have the following high pIs: 9.78 (Cel5G), 9.59 (Cel9C), and
9.70 (Cel48A), respectively. The gram-negative F. succinogenes
and gram-positive R. albus are two of the major microbes that
adhere to and degrade insoluble polysaccharides in the rumen
(16). It is hypothesized that the CBM37s and the FPm-1s share
some common function, such as an electrostatic interaction
between peptides and cell wall surface, and testing of this
hypothesis is anticipated in the future.

Many CBM6s have been characterized, and their ligand
specificities have been shown (9, 20, 21, 36, 44). Based on

information derived from a previous study (23), the binding
sites of biochemically and structurally characterized CBM6s of
Cellvibrio mixtus endoglucanase 5A (21, 36) and Clostridium
thermocellum xylanase 11A (9) are not conserved in the
FSUAxe6B CBM6. Some affinity was detectable between the
CBM6 domain (TM4) and is-OSX. However, the activity was
much lower than that of the FPm-1 domain (TM5). Although
CBM6 of FSUAxe6B is likely to bind to a specific carbohydrate
or may exhibit other functional roles for efficient catalysis, it
was not possible to assign a clear role to it in the current study.

The GDS(L) esterase/lipase family possesses a catalytic
serine in the conserved motif GDS(L), and it was suggested
that this protein family employs a catalytic triad formed by a
serine in the block I consensus sequence and a histidine and an
aspartate in the block V consensus sequence (2, 10). Although
the carbohydrate esterase 6 (CE6) family is a member of the
GDS(L) esterase/lipase family, it was recently demonstrated
that the glutamate in the HQGE motif of block III is the sole
catalytic helper acid in the R.44 protein (30). In the present
study, to determine whether this finding is applicable to
FSUAxe6B, a member of the CE6 family, site-directed mu-
tagenesis studies of the esterase were carried out. The serine,
as a nucleophile in block I, and the histidine, as a base to
deprotonate the hydroxyl group of the serine in block V, were
identified (Fig. 6 and 7 and Table 4). However, analysis of
mutants with a single mutation (E194N, E194A, D270N, and
D270A) and a mutant with double mutations (E194A/D270A)
suggested that E194 and D270 may both be important for
catalysis, potentially serving as dual helper acids, instead of the
single helper acid proposed to function in the deacetylation
mechanism described above. The two carboxylates are highly
conserved among CE6 family proteins (see Fig. S1 in the sup-
plemental material), and this may be a common catalytic
mechanism in this family. Axe6A, with a 61% amino acid
sequence similarity to the catalytic domain of Axe6B, exhibited
some similarity of kinetic data to Axe6B (Km value of 0.08 mM
and 0.06 mM for Axe6A and Axe6B, respectively), although
the Vmax values for the two proteins were quite different (23).
Mutational analysis of the predicted catalytic residues of
Axe6A should yield interesting data.

Although extensive research has yielded deep insight into
the strategies used by microbes to release nutrients from plant
matter for fermentation, it is likely that there is yet fascinating
biology and chemistry to be learned in this field. This may
especially be true for specialist plant cell wall-degrading bac-
teria, such as F. succinogenes, from which a new CBM, FPm-1,
is described in addition to a potentially new mechanism for
esterase activity that employs a catalytic tetrad instead of a
catalytic triad.
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