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Abstract Xyloglucan-specific endo-β-1,4-glucanases (Xegs,
EC 3.2.1.151) exhibit high catalytic specificity for β-1,4
linkages of xyloglucan, a branched hemicellulosic polysac-
charide abundant in dicot primary cell walls and present in
many monocot species. In nature, GH12 Xegs are not associ-
ated with carbohydrate-binding modules (CBMs), and here,
we have investigated the effect of the fusion of the
xyloglucan-specific CBM44 on the structure and function of
a GH12 Xeg from Aspergillus niveus (XegA). This fusion
presented enhanced catalytic properties and conferred superi-
or thermal stability on the XegA. An increased kcat (chimera,
177.03 s−1; XegA, 144.31 s−1) and reduced KM (chimera,
1.30 mg mL−1; XegA, 1.50 mg mL−1) resulted in a 1.3-fold
increase in catalytic efficiency of the chimera over the parental
XegA. Although both parental and chimeric enzymes present-
ed catalytic optima at pH 5.5 and 60 °C, the thermostabilitiy of
the chimera at 60 °C was greater than the parental XegA.
Moreover, the crystallographic structure of XegA together

with small-angle X-ray scattering (SAXS) and molecular dy-
namics simulations revealed that the spatial arrangement of
the domains in the chimeric enzyme resulted in the formation
of an extended binding cleft that may explain the improved
kinetic properties of the CBM44-XegA chimera.
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Introduction

Glycoside hydrolases (GHs) constitute a large group of
carbohydrate-active enzymes found in all domains of life,
and to date, more than 130 GH families have been described
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(CAZy database, http://www.cazy.org/). These enzymes have
been extensively studied not only because of their
fundamental role in carbon cycling but also due to their
industrial and biotechnology applications (Kirk et al. 2002).
Xyloglucan-specific endo-β-1,4-glucanases (Xegs; EC 3.2.1.
151) demonstrate hydrolytic specificity for xyloglucan (XyG),
the most abundant hemicellulose component in the primary
cell walls of dicots and also present in almost half of all
monocot species. XyGs are comprised of a β-1-4-D-glucan
backbone in which up to 75 % of the glucose residues are
substituted at the O6 position with mono-, di- or triglycosyl
side chains (Benko et al. 2008). Xyloglucans and Xegs are
important not only in plant cell wall physiology and metabo-
lism but also for biotechnological applications such as fruit
juice clarification, textile processing, cellulose fibre modifica-
tion, pharmaceutical delivery, food additives and biofuel pro-
duction, and there has recently been a growing interest both in
the xyloglucan polymer and the enzymes that modify it
(Gloster et al. 2007).

Xegs have been identified in glycosyl hydrolase families
GH5, 12, 16, 44 and GH74 (Powlowski et al. 2009), and
GH12 Xegs are characterized by a canonical β-jelly roll fold
in which two arched β-sheets form the main body of the
protein, where residues of the inner β-sheet define the
active-site cleft. This cleft is comprised of six binding sites
for branched or unbranched sugars (denominated as −4 to +2,
(Davies et al. 1997)), where the −1 (glycone) subsite specifi-
cally accommodates an unbranched β-D-glucopyranose and
the +1 (aglycone) subsite binds the branched [(1→6)-α-D-
xylopyranose]-β-D-glucopyranose. Saccharide binding to the
other subsites in the cleft is less stringent, and in addition to
the α-D-xylopyranose modification, branches can be extend-
ed to include a second saccharide which can be either a β-D-
galactopyranose or an α-L-arabinofuranose, and the galactose
residues may be further modified by α-L-fucopyranose
(Carpita and McCann 2000). The hydrolysis products there-
fore vary among XyGs derived from different sources and
depend on the degree and type of branching modifications.
Hydrolysis occurs by a double-displacement retaining mech-
anism in which conserved glutamic acid residues act as the
nucleophile (Glu116 in Hypocrea jecorina Cel12A) and the
acid/base (Glu200 inH. jecorinaCel12A) (Okada et al. 2000).

In addition to the catalytic domain, many glycoside hydro-
lases include an additional carbohydrate-binding domain
(CBM), which might assist polysaccharide recognition and
binding, increasing the enzyme concentration on the substrate
surface and thereby improving the rate of hydrolysis (Guillen
et al. 2010). Although some GH74 Xegs contain a CBM,
these modules showed no significant affinity for xyloglucan,
indicating that they contribute to xyloglucan hydrolysis by
localizing the enzyme within the cell wall polymer matrix
(Ichinose et al. 2012; Ishida et al. 2007). To date, three CBMs
with high xyloglucan affinity have been identified. The

CBM65A and CBM65B are associated with the Eubacterium
cellulosolvens endoglucanase cel5A gene (Luis et al. 2013)
and a polycystic kidney disease (PKD)-CBM44 with the celJ
gene of Clostridium thermocellum (Najmudin et al. 2006);
however, to our knowledge, there are no reports of a GH12
Xeg associated with a CBM. The CBM44 domain from the
celJ gene of C. thermocellum shows a high affinity for
xyloglucan and somewhat lower affinities for β-glucan,
lichenan and glucomannan. The crystal structure revealed a
β-jelly roll fold consisting of two five-stranded anti-parallel
β-sheets, whose concave face defines a deep binding cleft
(Najmudin et al. 2006). Site-directed mutagenesis has con-
firmed the role of three tryptophan residues located in this cleft
in determining xyloglucan affinity, and in particular, mutation
of Trp194 abolished xyloglucan binding to the CBM44
(Najmudin et al. 2006).

Here, we describe the effect of the fusion of a high
xyloglucan affinity CBM (PKD-CBM44) on the structure
and function of the GH12 from Aspergillus niveus (XegA).
Kinetic characterization of the resulting chimera revealed an
increase in catalytic efficiency, indicating that the association
of XyG-specific CBMs to the GH12 XegA yields a special-
ized and productive enzyme. A combination of small-angle X-
ray scattering (SAXS) and molecular dynamics simulations
(MDS) reveals that the relative orientation of the CBM and
Xeg domains in the chimera results in the formation of an
extended xyloglucan binding cleft, which indicated the supe-
rior catalytic efficiency of the chimeric enzyme.Moreover, the
crystal structure of XegA revealed a stable dimeric arrange-
ment, which is consistent with the results of a previous study
(Damasio et al. 2012) which suggested that enzyme dimeriza-
tion impaired catalytic activity.

Materials and methods

Design and construction of the PKD-CBM44-XegA chimera

The continuous DNA sequence encoding the PKD and family
44 CBM domains of the CelJ from C. thermocellum
(GenBank Gene ID: 4808226, KEGG entry: Cthe_0624)
was amplified by polymerase chain reaction (PCR) using
genomic DNA from C. thermocellum strain ATCC 27405 as
the template with primers Fw and Rv (see Table 1). The xegA
gene of A. niveus (GenBank Acc No JN222918.1) was am-
plified using the pExPYR-xegA plasmid as template
(Damasio et al. 2012). The amplified fragment contained a
50 bp intron that was removed by overlap PCR (Wurch et al.
1998) for expression of the enzyme in Escherichia coli. In the
first step, two PCR reactions were performed using the primer
pairs X1-X2 and X3-X4. Primers X2 and X3 contain comple-
mentary regions (shown in bold), while X1 and X4 contain the
restriction sites forNheI and BamHI (underlined) respectively.
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Products from the second step were mixed in an equimolar
ratio, and finally, a third reaction using primers X1 and X4
amplified the intron-deleted xegA coding sequence. The
PKD-CBM44 and XegA coding sequences were cloning
into the pET28a(+) expression vector (EMD Millipore,
Billerica, MA, USA) using the respective restriction sites
and used as templates to construct the PKD-CBM44-XegA
chimera coding sequence (see Fig. 1) using the overlap
PCR methodology described above and the primer pairs
P1-P2 and P3-P4. In this case, the complementary regions

of P2 and P3 (shown in bold) encode a peptide linker
(GGSGG) inserted between the individual domains of the
chimera. The final coding sequence for the PKD-CBM44-
XegA chimera was cloned into pET28a(+) using NheI and
HindIII cleavage sites (underlined) and confirmed by nu-
cleotide sequencing.

Expression and purification of individual and fused proteins

All recombinant proteins were expressed in E. coli Rosetta
(DE3) pLysS (EMD Millipore, Billerica, MA, USA) trans-
formed with pET28a(+) their respective coding sequences and
grown in HDM medium (containing per litre, 25 g yeast
extract, 15 g tryptone and 1.2 g of MgSO4 supplemented with
40 μg mL−1 kanamycin and 34 μg mL−1 chloramphenicol).
The cells were grown at 37 °C to an A600 of 0.6, and expres-
sion was induced with 0.5 mM IPTG for 5 h at 30 °C. Cells
were harvested by centrifugation (8000g/4 °C/30 min), and
the cell pellets were resuspended in 15 mL of lysis buffer
(100 mM HEPES pH 7.5, 1 mM phenylmethylsulfonyl fluo-
ride, 300 mM NaCl, 40 mM imidazole and 1 % (v/v) Triton
X-100). Cell disruption was performed by sonication (pulses
of 30 s, 40 % duty cycle, total of 6 min) on ice, and cell debris
were removed by centrifugation. The supernatant was applied
to a nickel affinity column (Promega, Madison, WI, USA),
and protein purification was performed following manufac-
turer’s recommendations using 60 and 250 mM of imidazole
in wash and elution buffers, respectively. The eluted proteins
were analyzed by 12 % SDS–PAGE and visualized with
Coomassie blue (Sigma-Aldrich, São Paulo, Brazil) staining.

Table 1 Nucleotide sequences of the oligonucleotides used for the
construction of the PKD-CBM44-XegA chimera

Oligonucleotide Sequence

Fw 5′-ATCCAGCTAGCGTTCCGGAAAACCAGGCA
CC-3′

Rv 5′-CTCGTCGACTTACCAGTCAATAGCATCTAC
AT-3′

X1 5′-AGGAAGCTAGCGCCACCCAGTTCTGTGAC
CA-3′

X2 5′-GAGCCAGAATAGTTCCACTTCCAAGT-3′

X3 5′-GTGGAACTATTCTG GCTCCAACATTG-3

X4 5′-TAGGATCCGGCGACACTGACAGAGTAGT-3′

P1 5′-GCTCTGCTAGCGTTCCGGAAAACCAGG
CA-3′

P2 5′-GCCACCCGAGCCACCCCAGTCAATAGCATC
TA-3′

P3 5′-GGTGGCTCGGGTGGCGCCACCCAGTTCTGT
GA-3′

P4 5′-GGCGAAGCTTTTAGGCGACACTGACAGA-3′

Fig. 1 Schematic flow diagram
showing the construction of the
PKD-CBM44-XegA chimera by
overlap PCR. The top right part
shows the elimination of the
single intron (grey box marked
with the letter “I”) from the XegA
gene. The remaining lower part
shows the amplification of the
PKD-CM44 coding sequence and
the fusion with the XegA coding
sequence to yield the final PKD-
CBM44-XegA coding sequence
including the linker sequence
(shown as the black box). See the
“Materials and methods” section
for further details
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Protein concentrations were determined by A280 measure-
ments using extinction coefficients calculated by ProtParam
software (Gasteiger et al. 2005).

Circular dichroism spectroscopy

Far-UV CD spectra of individual and chimeric proteins were
measured between 190 and 250 nm in 10 mM phosphate
buffer pH 7.0 at 25 °C with a Jasco J-810 spectropolarimeter
(Jasco Inc. Tokyo, Japan) using 1 mm path-length cuvettes
and a protein concentration of 0.2 mg mL−1. A total of six
spectra were collected and averaged for each protein, and the
averaged spectrum was corrected by subtraction of a buffer
blank and converted to mean residue molar ellipticity (θ;
deg cm2 dmol−1).

Enzyme assays and biochemical characterization

Xyloglucanase activity was assayed using the xyloglucan
extracted from Hymenaea courbaril seeds as substrate (Tine
et al. 2006) and measuring total reducing sugar release by the
3,5-dinitrosalicylic acid (DNS) method (Miller 1959). The
effect of pH and temperature on xyloglucan hydrolysis by
the purified XegA and PKD-CBM44-XegAwas measured in
50 mM phosphate–citrate buffer over the pH and temperature
ranges of 2.0–7.0 and 40–75 °C respectively. The thermal
stability of the purified enzymes were determined by incubat-
ing samples at 50 and 60 °C, and aliquots were withdrawn at
determined time intervals over the course of the experiment.
After immediate cooling on ice, residual activities were deter-
mined at 60 °C using the DNS assay. The kinetic parameters
were determined over a substrate range of 0.25–10 mg mL−1

at pH 5.5 and 60 °C. The reaction mixture consisted of 90 μL
substrate in 50 mM buffer and 10 μL enzyme solution and
were incubated for 10 min. The reaction was stopped by
adding 100 μL of the DNS solution and immediately boiled
for 5 min. The reducing sugars released as a result of enzyme
activity were measured at 540 nm (Versamax microplate
reader, Molecular Devices, Sunnyvale, CA, USA), and one
activity unit (U) was defined as the amount of enzyme releas-
ing 1 μmol of reducing sugar from xyloglucan per minute
(using glucose as the reference). All assays were performed in
triplicate.

Mass spectrometric analysis of XegA
and PKD-CBM44-XegA hydrolysis profile

The hydrolysis profiles were evaluated using 450 μL of a
5 mg mL−1 H. courbaril xyloglucan suspension in 50 mM
ammonium acetate buffer, pH 5.5 and purified XegA or PKD-
CBM44-XegA to a final enzyme concentration of 1.0 μM for
24 h at 30 °C. Samples were subsequently boiled for 10min to
denature the enzymes and centrifuged at 10,000g for 5 min.

The supernatant was diluted 10-fold in MeOH/H2O 8:2 (v/v)
solution and injected into an ESI source by a ACQUITY H-
Class UPLC system (Waters Corporation, Milford, MA,
USA) at 100 μL min−1. The electrospray ionization mass
spectrometry experiments (ESI-MS) were accomplished on a
Xevo TQ-S MS spectrometer (Waters Corporation, Milford,
MA, USA) equipped with a Z-spray source operating in
positive and negative modes. Data were collected and ana-
lyzed on the software MassLynx 4.0 (Waters Corporation,
Milford, MA, USA). Argon was used as the collision gas.
For ESI-MS, the data were acquired in the full scanmode. The
analytical parameters were as follows: capillary voltage,
3.2 kV; cone voltage, 40 V; source temperature, 150 °C; and
desolvation temperature (N2), 300 °C.

Crystallization and data collection

The XegA sample obtained from the nickel-affinity column
was further purified by size-exclusion chromatography on a
Superdex 200 (16/60) column (GE Healthcare, São Paulo,
Brazil) to achieve high purity and homogeneity. Samples were
pooled and concentrated in 20 mM Hepes pH 7.5 using
Amicon Ultra-15 filter units to a concentration of
12 mg mL−1. Crystallization screening was performed by the
vapour diffusion method using commercially available kits
(SaltRX, Crystal Screen and Crystal Screen 2, Hampton Re-
search, Aliso Viejo, CA, USA; Precipitant Synergy, Wizard I
and II—Rigaku Corporation, Tokyo, Japan; PACT and
JCSG—Qiagen/Nextal, Germantown, DM, USA). Sitting
drops, containing 0.5 μL of XegA and 0.5 μL of mother
liquor, were prepared using a HoneyBee 963 robot (Genomic
Solutions Ltd, Huntingdon, UK) and equilibrated against
80 μL of reservoir at 18 °C. Automated imaging of crystalli-
zation plates was carried out using the Rock Imager Robot
(Formulatrix, Bedford, Ma, USA). Clusters of needles were
obtained after 2 days in 25 % (w/v) PEG4000, 200 mM
ammonium sulfate and 100 mM sodium acetate buffer, pH
4.6. Elongated plate-shaped crystalswere obtained after 4 days
by a combination of pH reduction to 3.6, precipitant concen-
tration to 20 % and preparation of 1 μL hanging drops. A
single crystal was flash cooled in a nitrogen gas stream at
100 K, and a complete X-ray diffraction data set was collected
at the W01B-MX2 beamline (Brazilian Synchrotron Light
Laboratory, Campinas, Brazil), using a Mar Mosaic 225 mm
charged-coupled device (CCD) detector. Processing and scal-
ing were carried out using HKL2000 (Otwinowski and Minor
1997). Information concerning the crystal lattice and the sta-
tistics of data processing are shown in Table 2.

Structure determination

The three-dimensional structure of XegA was solved by mo-
lecular replacement using the MOLREP program (Vagin and
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Teplyakov 2010) and the atomic coordinates of the endo-β-1,
4-glucanase from Aspergillus aculeatus (Protein Data Bank
code 3VL8 showing 63 % amino acid identity with XegA) as
the search model. The Matthews coefficient calculation
yielded 2.11 Å3 Da−1 for the two monomers of XegA in the
asymmetric unit (ASU). Structure refinement consisted of
restrained and overall B-factor refinement with the
REFMAC5 program (Murshudov et al. 1997) using automatic
weighting between X-ray and geometry terms. After each
cycle of refinement, the model was inspected and manually
adjusted within the (2Fo−Fc) and (Fo−Fc) electron density
maps using the COOT program (Emsley et al. 2010). Solvent
molecules were manually added at positive peaks above 3.0 σ
in the Fourier difference maps. The local and global quality of
the structure was evaluated using MolProbity (Chen et al.
2010). The final model comprises residues from A18 to
A238. N-terminal residues in the histidine tag were not ob-
served in the electron density map and were not modelled. The
structure refinement statistics are summarized in Table 2.

Small-angle X-ray scattering (SAXS)

SAXS data for PKD-CBM44-XegA were collected using a
165 mm MarCCD detector at the D02A/SAXS2 beamline
(Brazilian Synchrotron Light Laboratory, Campinas, Brazil).
The radiation wavelength was set to 1.48 Å, and the sample-
to-detector distance was set to 1482.4 mm to give a scattering
vector range from 0.11 to 2.23 nm−1 (q=4.π.sinθ/λ, where 2θ
is the scattering angle). Protein samples at 2, 4 or 8 mg mL−1,
in 50 mM NaCl and 20 mM Tris–HCl, pH 7.5, were centri-
fuged for 10 min at 20,000g (4 °C) and filtered to remove any
aggregates. Measurements were carried out at room tempera-
ture (~23 °C). Buffer scattering was recorded and subtracted
from the corresponding sample scattering. The integration of
SAXS patterns was performed using the Fit2D software
(Hammersley et al. 1997), and the curves were scaled with
respect to protein concentration. Fitting of the experimental
data together with evaluation of the pair-distance distribution
function p(r) were performed using the GNOM program
(Svergun 1992). The ab initio dummy atom model was cal-
culated using simulated annealing procedure in the DAMMIN
program (Svergun 1999). An averaged model was generated
from 10 independent runs using the DAMAVER program
suite (Volkov and Svergun 2003).

Molecular dynamics simulation (MDS)

The crystal structures of PKD-CBM44 domains (PDB ID
2C26) and the XegA (PDB ID 4NPR) were manually fitted
into the SAXS-derived envelop using the PyMOL Molecular
Graphics System (Version 1.5.0.4, Schrödinger, LLC), taking
into account the short linkers between the proteins (SATG and
GGSGG). The superposition was refined using the Collage
program of the Situs package (Wriggers 2010); the polypep-
tides were linked, and the loop between the C-terminus of the
PKD-CBM44 to the N-terminus of the XegA was modelled
using the SwissPDB program (Guex and Peitsch 1997). The
final coordinates served as the starting structure for molecular
dynamics simulation.

MDS of the chimera in aqueous solution were performed
over a period of 50 ns using the GROMACS 4.6.5 package
(Hess et al. 2008). The system was defined by a cubic box of
14.1 nm each side containing the chimera whose atomic coor-
dinates were obtained as described in the previous paragraph.
The inter- and intramolecular interactions were modelled using
the GROMOS 43A2 force field (Schuler and van Gunsteren
2000) and the SPC water model (Berendsen et al. 1981). The
SETTLE algorithm (Miyamoto andKollman 1992) was used to
constrain 89,037 water molecules and maintain their geometry.

The protein bond lengths involving hydrogen atoms were
constrained by means of the LINCS algorithm (Hess et al.
1997). The system included 26 Na+ ions to maintain neutral-
ity, and a constant temperature of 298 K was maintained using

Table 2 X-ray diffraction data collection and refinement statistics

XegA

Data collection

Space group P43212

Cell dimensions

a, b, c (Å) 62.39; 62.39; 226.02

Resolution (Å) 50.00–2.50 (2.59–2.50)

Rmerge (%) 12.6 (42.5)

I/σI 12.2 (3.2)

Completeness (%) 96.9 (93.2)

Redundancy 5.4 (4.3)

Refinement

Resolution (Å) 30.07–2.50

No. reflections 15,039

Rwork/Rfree 18.8/26.2

No. atoms

Protein 3331

Ligand/ion 10

Water 47

B-factors

Protein 18.2

Ligand/ion 50.5

Water 13.9

RMS deviations

Bond lengths (Å) 0.014

Bond angles (°) 1.579

Ramachandran plot

Favoured (%) 97.5

Allowed (%) 2.5

Outliers (%) 0
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the V-rescale thermostat (Bussi et al. 2007) with a coupling
time of 0.2 ps in the NVT ensemble. The residues were
ionized considering a pH of 7.0. Lennard-Jones and electro-
static interactions were calculated within a cut-off of 1.4 nm.
The particle-mesh Ewald (PME) technique was used for the
treatment of electrostatic interactions (Essmann et al. 1995).
Periodic boundary conditions together with the minimum
image convention were applied with neighbour list actualiza-
tion in 10 steps (Allen and Tildesley 1987). The equations of
motion were integrated with a time step of 2.0 fs using the
“leapfrog” algorithm (van Gunsteren and Berendsen 1988).

The limited memory Broyden-Fletcher-Goldfarb-Shanno
quasi-Newtonian minimizer (l-bfgs) available in the
GROMACS-4.6.5 package was used to optimize the protein
structure in a step prior to solvent thermalization. The ther-
malization step itself was performed for 100 ps with the
atomic coordinates frozen, and successive time step increases
(0.0002 to 0002 ps). The root mean square deviation (RMSD)
and radius of gyration were calculated using the g_rms and
g_gyrate programs supplied with the GROMACS package
and data supplied by coordinates collected during the MDS.
The CRYSOL program (Svergun et al. 1995) was used to
calculate the scattering curves of the high and the low resolu-
tion models of the simulated PKD-CBM44-XegA chimera.

Results

Rational design and spectroscopic characterization
of the PKD-CBM44-XegA chimera

The coding sequences for the PKD-CBM44 and XegA were
fused by overlap PCR to yield the PKD-CBM44-XegA

coding sequence with a GGSGG peptide linker that allows a
high degree relative inter-domain movement (Fig. 1). The
linker sequence was chosen on the basis of previous studies
showing that small rich glycine linkers allowmobility without
disturbing the native protein conformation and consequently
the activity of individual enzymes (Cota et al. 2013). More-
over, a short linker decreases the probability of proteolytic
attack in the inter-domain region during heterologous protein
expression and purification.

The chimera and the individual proteins were successfully
produced as soluble proteins in E. coli (DE3) Rosetta and
purified to homogeneity (Fig. 2a). The recombinant proteins
have a molecular weight of 26, 30 and 56 kDa for XegA, PKD-
CBM44 and the chimeric PKD-CBM44-XegA respectively,
including the additional His-tag sequence added to the N-
terminus. The far-UV CD spectra of all enzymes (Fig. 2b)
presented two main bands at 200 nm (positive) and at 215–
218 nm (negative), indicating that these proteins are rich in β-
sheet structures and this is in agreement with the high β-sheet
content observed in the crystal structures. A positive band
around 230 nm is also observed in the PKD-CBM44 spectrum
and can be associated with exciton coupling between aromatic
residues, especially tryptophans, which are in proximity in the
tertiary structure (Grishina and Woody 1994). An analysis of
the three-dimensional structure of the protein (PDBID: 2C26)
and the final PKD-CBM44-XEGA structure reveals that W194
andW198 are separated by a distance of ~10 Å and that W168
and W209 by a distance of less than 5 Å. This characteristic
band has been previously observed in aGH16 hydrolase, theβ-
1,3-1,4-glucanase from Bacillus subtilis (Furtado et al. 2013)
and CtCBM22 (Furtado and Ward, unpublished data). These
results indicate that the conformation of the domains is not
altered in the chimera and that the protein adopts a native-like
structure, which is further corroborated by functional studies.

Fig. 2 a SDS–PAGE analysis of the purified proteins. After Ni2+-affinity
purification, proteins were analyzed on a 12 % SDS–polyacrylamide gel
and subsequently stained with Coomassie blue. M, molecular weight
standards (as indicated on the figure); lane 1, PKD-CBM44; lane 2,

XegA; lane 3, PKD-CBM44-XegA chimera. b Far-UV circular
dichroism spectra of the purified PKD-CBM44-XegA chimera (solid
line), PKD-CBM44 (dashed line) and XegA (dotted line). See
“Materials and methods” for further experimental details
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The fusion of PKD-CBM44with XegA increases the catalytic
efficiency and thermal stability

The influences of pH and temperature on xyloglucanase activ-
ity of the recombinant XegA and chimeric PKD-CBM44-
XegA were investigated (Fig. 3a, b), and both enzymes
displayed a maximum activity at pH 5.5 and 60 °C. These
values are similar to those observed for the native XegA
expressed in A. nidulans (Damasio et al. 2012). Although
presenting the same optimum catalytic temperature, the PKD-
CBM44-XegA showed higher activity than XegA at tempera-
tures above 60 °C, presenting 90 and 70 % of activity at 65 and
70 °C respectively, as compared to 50 e 35% relative activity in
XegA at these temperatures. This difference is also apparent in
the thermostability results, in which XegA retained 35 %
xyloglucanase activity after 5 min incubation at 60 °C, in
comparison with the chimera that retained 70 % activity under
the same conditions (Fig. 3c). On incubation at 50 °C, both
enzymes retained 80–85 % activity after 150 min incubation.
Incubation of pre-treated sugar cane bagasse (Bragatto et al.
2013) with the PKD-CBM44-XegA chimera increased reduc-
ing sugar release by 15 % after 12 h incubation at 50 °C as
compared with the XegA alone or an equimolar mixture of
XegA+CBM44 (data not shown). This increase is similar to
that reported for the soluble xyloglucan (Fig. 3b), and since the
effects of enzyme treatment are only apparent after long incu-
bation times, we surmise that the xyloglucan is extracted from
the biomass and subsequently hydrolyzed in the soluble form.

Kinetic parameters for the xyloglucanase activity were de-
termined for both XegA and PKD-CBM44-XegA at 60 °C and
pH 5.5. The specific activities were measured in U nmol−1 of
protein, and Table 3 presents the values of the measured kinetic
parameters. The chimeric PKD-CBM44-XegA displayed Vmax
and kcat values 1.25-fold higher than the parental XegA and a
slight decrease in the KM value from 1.5 and 1.3 mg mL−1

respectively, and as a result, the catalytic efficiency (kcat/KM) of
xyloglucan hydrolysis was 30 % greater for the chimera.

To evaluate the effect of the fusion of the PKD-CBM44
domains on the XegA cleavage pattern of H. courbaril
xyloglucan, the hydrolysis products of parental enzyme and
chimera were investigated by mass spectrometry (Fig. 4a, b).
The profile of the hydrolysis products were identical for both
enzymes and is consistent with the function proposed for the
CBM that is to maintain the proximity of catalytic domain to
the carbohydrate, without altering its mode of catalysis. The
oligomers generated by hydrolysis with XegA and PKD-
CBM44-XegA were the same as those previously reported
(Tine et al. 2006) using the Cel12A (EGIII) endoglucanase
from Trichoderma viride and include the XXXXG oligosac-
charide, a typical H. courbaril sequence not present in
Tamarindus indica xyloglucan (Buckeridge et al. 1997).

The inactive dimeric arrangement of XegA

Previous studies have shown that the XegA expressed in
A. niveus is catalytically inactive at low temperature (Damasio

Fig. 3 Characterization of the
xyloglucanase activity for XegA
and PKD-CBM44-XegA
chimera. Effects of a pH and b
temperature on the catalytic
activity of the PKD-CBM44-
XegA chimera (open circles) and
XegA (closed circles). c Thermal
inactivation of the PKD-CBM44-
XegA chimera (open symbols)
and XegA (closed symbols) at
50 °C (circles) and 60 °C
(squares). All assays were
performed in triplicate (error bars
shown) using xyloglucan
extracted from Hymenaea
courbaril seeds as substrate. See
“Materials and methods” for
further experimental details
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et al. 2012), and with the goal of further understanding this
effect, the crystal structure of XegA was solved at 2.5 Å
resolution. The crystal contained two XegA monomers per
asymmetric unit and 42% solvent content. The XegA displays
the canonical jelly roll fold with the substrate binding cleft and
active site located in the concave face (Fig. 5a). In common
with other GH12 members, XegA performs hydrolysis by a
two-step mechanism, in which Glu133 acts as the nucleophile
and Glu219 acts as the acid/base, with retention of the
anomeric carbon configuration of the glycone group
(Fig. 5b). Other key residues conserved in the active site of
structurally characterized GH12 enzymes include Asp115 and
Asp119 (Fig. 5b, supplementary Fig. S1), which play a crucial
role in maintaining the pKa and orientation of the catalytic
residues (Khademi et al. 2002). In addition, Trp41 and Trp26

stack against sugar moieties at −2 and −4 subsites (Fig. 5b) of
the glucose backbone and function to immobilize the substrate
for nucleophilic attack (Gloster et al. 2007; Yoshizawa et al.
2012). The Tyr37 residue stacks against xylose side chain at −3
subsite (Fig. 5b, supplementary Fig. S1), and replacement of
this residue by alanine increases the hydrolysis of other

polysaccharides, such asβ-glucan, reducing the enzyme spec-
ificity (Yoshizawa et al. 2012), and this tyrosine has therefore
been considered a key residue for xyloglucan recognition by
Xegs.

Analyses of the protein-protein interface of the two mole-
cules present in the asymmetric unit of XegA crystal using
PISA (http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html)
suggest the formation of a stable dimeric structure with a
buried area of 1480 Å2 and ΔGdiss of 5.2 kcal mol−1. One
XegA molecule is rotated 180° with respect to the other,
implying that the two protein molecules are oriented face to
face (Fig. 5c). The dimer is stabilized by hydrophobic
(between Trp26A and Tyr132B, Trp26A and Leu209B, Ala44A

and Leu168B and Trp41 and Pro170, see Fig. 5d, left) and
polar interactions including direct and water-mediated hydro-
gen bonds (Fig. 5d, right). At the present time, the biological
implications of XegA dimerization and inactivation are in-
completely understood.

The PKD-CBM44-XegA chimera is a compact monomer
in solution

SAXS experiments were performed in order to experimentally
estimate the structural arrangement of the three domains that
compose the PKD-CBM44-XegA chimera. Although XegA
is a dimer, as shown previously (Damasio et al. 2012) and in
the present crystal structure, the chimera is a monomer in
solution with a maximum molecular dimension of ~9.5 nm
and a radius of gyration of ~3 nm (Fig. 6a, inset). The
averaged low-resolution envelope presented three well-

Table 3 Kinetic parameters of chimeric PKD-CBM44-XegA and
XegA at 60 °C and pH 5.5, using Hymenaea courbaril seed xyloglucan
as substrate

Enzyme Vmax

(U nmol−1 ptn)
KM

(mg mL−1)
Kcat

(s−1)
Kcat/KM

(mL mg−1 s−1)

XegA 8.65 1.50 144.31 96.21

PKD-CBM
44-XegA

10.58 1.30 177.03 136.18

Fig. 4 Electrospray ionization-
mass spectrometry of
oligosaccharides derived from
Hymenaea courbaril seed
xyloglucan after hydrolysis with
either a the PKD-CBM44-XegA
chimera or b XegA. Molecular
masses of the hydrolysis products
together with the corresponding
oligosaccharide are shown, where
the letter G represents an
unbranched β-D-glucopyranose
and the letter X represents a
branched [(1→6)-α-D-
xylopyranose]-β-D-
glucopyranose
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defined lobes into which the structures of PKD, CBM44 and
XegA could be readily fitted (Fig. 6b). The relative positions
of the three domains so obtained were used as the starting
model for molecular dynamics simulations of the chimera.
The values for the RMSD increased rapidly over the initial
16 ns of the simulation (Supplementary Fig. S2A) and there-
after stabilized at a value of 0.9–1.0 nm. The 50-ns simulated
model preserved all characteristics observed in the arrange-
ment obtained from SAXS data, and its examination indicates
that multiple interdomain interactions are formed between the
three domains (Fig. 6b, c). These inter-domain contacts sug-
gest that the relative movement between the three domains is
restricted and that the orientation between the CBM44 and
XEG domains is maintained at least over the time course of
the simulation. The contacts between the PKD and CBM44
domains may suggest that in the complete C. thermocellum
CelJ protein, the relative mobility between these two domains
is restricted and that the PKD domain serves as a linker to
regulate the relative orientation and distance between the
CBM44 and catalytic domains.

In this model, the carbohydrate-binding surfaces of the
CBM44 and XegA domains are aligned to form an extended
binding cleft (Fig. 6c). The carbohydrate-binding surfaces of
XegA includes the active site, and among other residues
includes the catalytic acids Glu133 and Glu219, tryptophan
residues Trp26 and Trp41 that interact with the main chain
glucopyranoside residues, and Tyr37 that interacts with the
xylose side chain (Fig. 6c). The carbohydrate-binding cleft of
PKD-CBM44 is formed by several polar amino acid residues,

in which the hydrophobic platform provided by three trypto-
phans, Trp189, Trp194 and Trp198, is essential for the carbo-
hydrate recognition and binding (Najmudin et al. 2006).

Discussion

In the present study, we have reported that the chimeric
enzyme comprised of the PKD-CBM44 domains of the CelJ
protein from C. thermocellum with the GH12 XegA from
A. niveus presents an increased catalytic efficiency as com-
pared to the XegA catalytic domain alone, although the cleav-
age pattern against xyloglucan extracted from H. courbaril
seeds, optimum catalytic temperature and pH optima of the
chimeric and parental XegA enzymes remained essentially
unaltered.

The chimera showed highest xyloglucanase activity at
temperatures above 60 °C, which is higher than for the paren-
tal enzyme, and is probably due to structural stabilization
resulting from the contacts with the PKD and CBM domains.
The PKD domain derives its name from the extracellular
segment of cell surface glycoprotein polycystin-1 that is
encoded by the pkd1 gene (Bycroft et al. 1999). The PKD
domain has also been identified in a number of bacterial
glycoside hydrolases; however, the function in prokaryotes
remains poorly understood. It has been reported that the PKD
domain from the chitinase A of Alteromonas sp. strain O-7
mediates chitin binding through tryptophan residues (Orikoshi

Fig. 5 Crystal structure of XegA.
a Canonical GH12 β-jellyroll
fold showing the β-sheets in
green and the α-helices in blue. b
Active site residues involved in
substrate recognition and
catalysis. The oligosaccharide
was docked using the atomic
coordinates of a GH12 Xeg from
Aspergillus aculeatus complexed
with a xyloglucan fragment
(PDBID: 3VL9). c The XegA
dimer present in the
crystallographic asymmetric unit,
in which one molecule is
represented as a surface coloured
according to electrostatic
potential and the other as a ribbon
cartoon. Dimer formation
occludes substrate access to the
enzyme active sites. d Details of
the XegA dimer interface, which
is stabilized by hydrophobic (left)
and polar (right) interactions
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et al. 2005). The PKD domain in the celJ gene of
C. thermocellum displays an immunoglobulin-like β-sand-
wich fold comprising 3- and 4-stranded β-sheets packed face
to face (Najmudin et al. 2006), and our MDS results demon-
strate protein-protein contacts between the PKD and CBM44
domains which in the intact native CelJ may play a role in the

overall cellulosome function. Although removal of the PKD
domain had no effect on the affinity of the CBM44 for
xyloglucan (Najmudin et al. 2006), our MDS results indicate
that the PKD and CBM44 form an interdomain interface with
the XegAwhich may contribute to the stability of the chimera.
Thermal stabilization of the catalytic domain by fusion with a

Fig. 6 PKD-CBM44-XegA analysis by small-angle X-ray scattering
(SAXS) and molecular dynamics simulations (MDS). a Experimental
SAXS curve obtained for PKD-CBM44-XegA (open circles) and
calculated scattering curves for high (blue line) and low (red line)
resolution structural models using the atomic coordinates of the chimera
from MDS. Inset: Normalized distance distribution p(r) function. b
Different views of the SAXS-derived envelope (white surface)
superposed on the atomic coordinates of the PKD-CBM44-XegA

chimera from MDS, showing the PKD (purple ribbon), CBM44 (blue
ribbon) and XegA (green ribbon) domains. c Structural model of PKD-
CBM44-XegA (white cartoon) highlighting key residues in the XegA
substrate binding and active sites (solid spheres, carbons in green), which
are in alignment with the xyloglucan binding cleft of CBM44. Key
residues involved in carbohydrate binding in CBM44 are shown as
solid spheres with carbon atoms in blue
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CBM has previously been reported for the Cryptococcus sp.
S-2 lipase (Thongekkaew et al. 2012). This enzyme was fused
to a CBD (cellulose binding domain) from a H. reesei
cellobiohydrolase retaining 100 % activity after 120 min in-
cubation at 50 °C, whereas the native enzyme is not stable at
this temperature (Thongekkaew et al. 2012). In another study,
a β-mannanase from Aspergillus usamii fused to a CBM1
(Tang et al. 2013) also presented a significant increase in
optimum catalytic temperature and thermostability as com-
pared to the parental enzyme, showing that this is a robust
approach to increase of thermotolerance of catalytic domains.

Kinetics studies showed a 30 % increase in the catalytic
efficiency for xyloglucan hydrolysis of the chimeric enzyme.
The altered catalytic proprieties of PKD-CBM44-XegA are
unusual since most studies have shown that the fusion of a
CBM to catalytic domains enhanced their activities only
against insoluble substrates (Charnock et al. 2000). A signif-
icant increase in catalytic activity of a xylanase from
Thermotoga maritima against soluble xylan after fusion with
a CBM2 has also been observed (Kittur et al. 2003); however,
such reports are uncommon in the literature. Indeed, the GH11
xylanase fromA. niger fused with the CBM from thermophilic
T. maritima (TmCBM9-1_2) showed a 4.2-fold increase in
specific activity against the insoluble oat-spelt xylan as com-
pared to on soluble birchwood xylan (Liu et al. 2011).

The crystal structure of the XegA domain was solved to a
resolution of 2.5 Å, and showed a homodimeric structure in
which the interface between the two protein molecules oc-
cludes substrate access to the enzyme active site supporting
previous studies in which dimerization impairs catalytic ac-
tivity. In contrast, the PKD-CBM44-XegA chimera is a mono-
mer in solution, where the compact structure shown by SAXS
is stabilized by a network of interdomain contacts as predicted
by molecular dynamics simulations.

As previously noted (Najmudin et al. 2006), the CBM44
domain shares high structural similarity with the xylan-
binding CBM15 family, and the crystal structure of the
CBM15 from xylanase 10C from Pseudomonas cellulosa
has previously been solved as a complex with xylopentose
(Szabo et al. 2001). Superposition of the CBM15-
xylopentose structure with the CBM44 domain in the sim-
ulated chimera reveals that many binding cleft residues are
structurally conserved including the Trp189 and Trp194 in
the CBM44 with Trp176 and Trp181 residues in the
CBM15, respectively (data not shown). By analogy, this
implies that the orientation of polysaccharide binding is
also conserved between the two CBMs and since the reduc-
ing end of the xylopentose in the superposed CBM15 struc-
ture points towards the −4 subsite in the substrate binding
cleft of XegA in the chimera structure. Then, we presume
that the direction of the xyloglucan chain is maintained
between the CBM44 domain and the XegA domain sub-
strate binding clefts.

The favourable alignment of the polysaccharide-binding
sites of CBM44 and XegA domains indicates that in the
PKD-CBM44-XegA chimera, the CBM-xyloglucan interac-
tion facilitates the positioning of the substrate in the active site
of the hydrolase, and the relative orientations of domains in
the PKD-CBM44-XegA results in the favourable alignment of
the CBM44 xyloglucan binding cleft with the substrate bind-
ing cleft of the XegA, and we suggest that this structural
feature underlies the improved catalytic performance of the
chimera.
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