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a b s t r a c t

Effective use of plant biomass as an abundant and renewable feedstock for biofuel production and biore-
finery requires efficient enzymatic mobilization of cell wall polymers. Knowledge of plant cell wall com-
position and architecture has been exploited to develop novel multifunctional enzymes with improved
activity against lignocellulose, where a left-handed b–3-prism synthetic scaffold (BeSS) was designed
for insertion of multiple protein domains at the prism vertices. This allowed construction of a series of
chimeras fusing variable numbers of a GH11 b-endo-1,4-xylanase and the CipA-CBM3 with defined dis-
tances and constrained relative orientations between catalytic domains. The cellulose binding and
endoxylanase activities of all chimeras were maintained. Activity against lignocellulose substrates
revealed a rapid 1.6- to 3-fold increase in total reducing saccharide release and increased levels of all
major oligosaccharides as measured by polysaccharide analysis using carbohydrate gel electrophoresis
(PACE). A construct with CBM3 and GH11 domains inserted in the same prism vertex showed highest
activity, demonstrating interdomain geometry rather than number of catalytic sites is important for opti-
mized chimera design. These results confirm that the BeSS concept is robust and can be successfully
applied to the construction of multifunctional chimeras, which expands the possibilities for
knowledge-based protein design.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction.

Naturally occurring multifunctional proteins (MFPs) are single
polypeptide chains comprised of multiple domains, each of which
possesses an autonomous function [21]. The strategy of exchang-
ing domains in existing MFPs or fusing novel combinations of indi-
vidual proteins to form synthetic MFPs displaying a wide range of
designed functions has been used to combine individual enzymes
for the development of multifunctional biocatalysts [45] and cat-
alytic nanomachines [18]. Modular MFP assembly can also be
achieved by creating fusion proteins in which a single polypeptide
chain is designed to include all the desired functional domains,
typically separated by linker sequences [10]. Although this strategy
offers the advantages of synthesis of a single polypeptide and abso-
lute control of domain stoichiometry at the protein expression
level, empirical attempts to create novel MFPs by protein fusion
can be hampered by poor expression, low solubility and proteolysis
[9]. Novel proteins can be designed and constructed by combining
protein fragments of from known structures, and the stability of
these constructs can be evaluated in silico prior to the synthesis
and testing phases [25]. Ideally a designed fusion protein should
be stable against precipitation and proteolysis, show high protein
yields in a common host for heterologous expression, and maintain
these robust properties after fusion with added protein domains in
the final construct.

Many glycoside hydrolases (GH) found in nature are MFPs, in
which one or more catalytic domains are fused to non-catalytic
Carbohydrate Binding Modules (CBMs) that present a wide variety
of polysaccharide binding specificities [5,17]. Overall, 60% of the
more abundant bacterial glycosyl hydrolases (GH) are associated
with CBMs, although wide variation is found between different
GH families where only 7% of GH8 enzymes are associated with a
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CBM as compared to 97% of GH9 enzymes [30]. In fungi, less than
13% of the more abundant cellulases include a CBM, although vari-
ation is again observed between individual GH families [53]. The
functions of CBMs include not only the influence on catalytic prop-
erties of hydrolytic enzymes by substrate targeting and substrate
proximity [53], but also the amorphogenic perturbation of crys-
talline substrates resulting in an increased susceptibility to enzy-
matic attack [2]. As components of MFPs, CBMs may also
demonstrate adhesion effects in which the CBM binds to one cell
wall component facilitating the activity of an associated catalytic
domain against a substrate in close proximity [50]. This functional
versatility of CBMs has led to diverse protein engineering applica-
tions, including the design and characterization of multienzyme
CBM-GH fusions with enhanced catalytic performance for polysac-
charide hydrolysis [54].

Full design control over catalytic MFPs requires further infor-
mation input derived from the nature of the substrate. In the case
of the complex biomass derived lignocellulose, this requires
detailed knowledge of the architecture of the plant cell wall. Ana-
lytic techniques have improved the understanding of the polysac-
charide composition of plant cell wall [36], however the
conformation of these components and their intermolecular inter-
actions is generally less advanced. Molecular modelling of polysac-
charide interactions can provide insights for experimental testing,
and a recent example is the interaction of xylan with crystalline
cellulose, where composition analysis shows that every second
xylose in the xylan backbone is acetylated [6]. Subsequent solid-
state NMR studies shows that the xylan polymer adopts a twofold
helical screw ribbon that can bind to cellulose microfibrils in the
plant cell wall [49] and computer modelling has demonstrated that
the xylan in this configuration can intercalate with the hydrophilic
face of the crystalline cellulose fibril [6]. We reasoned that the pre-
dicted physical proximity created by xylan-cellulose interaction
could be tested by creating fusions between the cellulose specific
CBM3 and the xylan specific GH11.

The GH11 endoxylanases have been extensively studied due to
their potential for biotechnological applications, such as in the
pulp and paper industries and for lignocellulose saccharification
in biofuels production [39]. Although many synthetic MFPs fusing
GH11s with catalytic domains have been constructed and tested
(see Table 1, [43]), few designed CBM-GH11 fusion proteins have
been reported [29,56]. Using a knowledge-based approach from
models of xylan packing on cellulose microfibrils to guide the con-
struction of synthetic MFPs for lignocellulose mapping and degra-
dation, here we describe the design, synthesis and expression of a
stable and versatile scaffold protein based on tandem repeats of
the left-handed b–3-prism structural motif, which we have named
as the Beta Solenoid Scaffold (BeSS). A series of CBM3-GH11-BeSS
chimeras were constructed and evaluated in which the interdo-
main distance, relative orientation and stoichiometry between
the CBM and GH11 domains was varied by domain insertion at
the vertices of the protein. We demonstrate that several of these
CBM3-GH11-BeSS chimeras demonstrated an increased xylo-
oligosaccharide release against lignocellulosic substrates derived
from common biomass sources, which provides further experi-
mental evidence supporting the proximity of the xylan and crys-
talline cellulose in these plant cell walls.
2. Materials and Methods.

2.1. Design of a left-handed b–3-prism scaffold – beta solenoid scaffold
(BeSS)

Left-hand b-3-solenoid proteins are built from a series of single
turns, each comprised of three tandem hexapeptide repeat (HPR)
1109
motifs [41]. An initial three-dimensional model of the designed
left-handed b–3-solenoid was built from the atomic coordinates
of the first 8 HPRs (residues T6 to K53) of the UDP-N-
acetylglucosamine acyltransferase from Leptospira interrogans
(PDB code 3HSQ, [42]). This 8 hexapeptide repeat template was
replicated five times using the Coot [13] and Modeller 9.12 [55]
software to form a contiguous left-handed b-3-solenoid containing
40 hexapeptide repeats designated as the first version of the Beta
Solenoid Scaffold (BeSSv1.0). Proteins with the left-handed b-3-
solenoid topology are grouped in the CATH database superfamily
2.160.10.10 [37], which currently includes 25 proteins with known
3D-structures in seven structural clusters from different functional
families (Table S1). The atomic coordinates of the b-3-solenoid
domains from each of these 25 structures were used to identify
the HPR sequences (Table S2), which were analysed to determine
amino acid frequencies at each position in the repeat (Table S3).
With the aim of improving the stability of the designed b-3-
solenoid scaffold, the conformation of the residues at the prism
vertices, the hydrophobic core packing and side-chain stacking
interactions between neighbouring repeats were examined, and
positions 1, 2, 4 and 6 in all 40 HPRs in BeSSv1.0 were replaced
by proline, asparagine, isoleucine and glycine residues, respec-
tively, to form the consensus repeat sequence PNxIxG. Three-
dimensional modelling of this optimized scaffold with Modeller
9.12 [55]used the structure of BeSSv1.0 as a template, and the opti-
mized structure was designated as BeSSv2.0.

The amino acids at positions 1 (proline) and 6 (glycine) of the
consensus HPR are located at the vertices of the solenoid and four
of these vertices, corresponding with the connection points of the
8-HPR template, were modified to serve as insertion points for the
creation of multidomain protein chimeras. The locations of these
insertion sites permit the controlled variation of the interdomain
distance, which varies according to the size of the domain and
the position of the active site, and the relative orientation (120,
240 and 360�) between the inserted domains. The first insertion
point was introduced at amino acids G52 and S53 and was defined
by the codon pair GGATCC, the recognition site for the restriction
enzyme BamHI. Similarly, the second, third and fourth insertions
points were between residues T100/G101 (codons ACCGGT, restric-
tion site for AgeI), T148/S149 (codons ACTAGT, restriction site for
SpeI) and G196/T197 (codons GGTACC, restriction site for KpnI),
respectively. These modifications containing four unique sites for
domain insertion were designated as BeSSv1.1 (modification of
BeSSv1.0) and BeSSv2.1 (modification of BeSSv2.0). The modelled
structure of BeSSv1.1 and BeSSv2.1 were submitted to molecular
dynamics (MD) simulations for stereochemical and stability
analysis.

All MD simulations were performed with GROMACS 4.5.x [40]
using the AMBER ff99SB forcefield [28] and the TIP3P water model
[22] in a cubic simulation box with periodic boundary conditions.
Each MD simulation was run for 100 ns at 309 K and an ionic
strength of 150 mM NaCl. The isothermal-isobaric (NPT) ensemble
was maintained by the v-rescale thermostat [8] during thermaliza-
tion and by the Nosé–Hoover thermostat [20,35] during produc-
tion runs. All interaction cut-off values were set to 1 nm and
long-range electrostatic interactions were treated by the particle-
mesh Ewald (PME) method [15]. The models of BeSSv1.1 and
BeSSv2.1 were used as the starting states for independent
simulations.

2.2. Construction, expression and purification of BeSSv2.1 and BeSS-
CBM3-GH11 chimeras

A series of chimeric multifunctional proteins were created by
inserting the glycosyl hydrolase family 11 endo-b-1,4-xylanase
from Bacillus subtilis (UniProt: P18429; GenBank: NP_389765.1,
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PDB 1XXN, GH11) and the cellulose binding domain 3a of the cel-
lulosome scaffoldin CipA from Clostridium thermocellum (GenBank:
CCV01464.1, PDB 4JO5, CBM3) into the BeSSv2.1. The N- and C-
termini of both proteins are in close proximity (Fig. S1A-B) and a
series of five CBM3-GH11-BeSS chimeras were constructed, in
which the CBM3 domain (C) was introduced at insertion point 1
of the BeSSv2.1, and the GH11 domain (X) at one or more of the
remaining three insertion points in the BeSSv2.1. Chimeras with
the C at insertion point 1 and a single X at positions 2, 3 or 4 were
denominated as CXOO, COXO and COOX, respectively. The chi-
meras with the C domain at position 1 and multiple X domains
at positions 2 and 3, or X domain at positions 2, 3, and 4 were
denominated as CXXO and CXXX, respectively. In order to evaluate
the physical distances between the active site of the domains GH11
xylanase and CBM3 into the solenoid scaffold BeSSv2.1, the three-
dimensional structures of all BeSS-CBM3-GH11 chimeras were
modelled using the Modeller 9.12 program [55].

The BeSSv2.1 DNA coding sequence was codon-optimized, syn-
thesized, and cloned into the pET-28a(+) expression plasmid by
GenScript (Piscataway, NJ, USA) (Table S4). A DNA fragment encod-
ing CBM3 corresponding to residues 362–531 of the full-length
CipA protein was codon-optimized for expression in Escherichia
coli, synthesized, and cloned into the BamHI (GGATCC) restriction
site of the pUC57 vector (GenScript, Piscataway, NJ, USA). Cloning
of the fragment generated by BamHI digestion into the correspond-
ing site at the insertion point 1 of the BeSSv2.1 resulted in the
insertion of the CBM3 domain yielding the pET28-COOO construct.
This construct was used to create vectors pET28-CXOO, pET28-
COXO, pET28-COOX, pET28-CXXO, and pET28-CXXX by inserting
the GH11 coding sequence into BeSSv2.1 insertion sites 2, 3 and
4 using PCR-generated fragments containing the restriction sites
for each insertion point (oligonucleotide sequences shown in
Table S5).

The parental GH11 and all BeSS-CBM3-GH11 chimeras were
expressed as histidine-tagged fusion proteins after induction with
0.1 mM isopropyl b-D-l-thiogalactopyranoside of transformed
E. coli (Rosetta) cells in Luria-Broth (LB) medium with antibiotics
(50 mg/mL kanamycin and 34 mg/mL chloramphenicol) at 37 �C in
an orbital shaker (180 rpm). Cells were harvested by centrifugation
(5000g, 20 mins) and after lysis by sonication in buffer (50 mM
sodium phosphate, pH 8, 300 mM NaCl, 10 mM imidazole, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 10% (v/v) glycerol, 0.1%
(w/v) Triton X-100 and 1X SIGMAFASTTM Protease Inhibitor Cock-
tail), cell debris was cleared by centrifugation (12000g, 30 mins).
The proteins were purified from the soluble fraction by immobi-
lized metal affinity chromatography (IMAC) followed by dialysis
against 50 mM Tris pH 7.5, 150 mM NaCl for imidazole removal
and concentration using membrane filtration (Amicon Ultra-15,
Merck KGaA, Darmstadt, Germany).

Protein purity was checked by polyacrylamide gel electrophore-
sis (PAGE) with Coomassie Brilliant Blue staining. Protein concen-
tration was estimated by the absorbance at 280 nm based on
molar extinction coefficients of tryptophan, tyrosine, and cystine
residues using a NanoDrop 1000 (Thermo Fisher Scientific, Wal-
tham, MA, USA). The purified protein was analyzed by dynamic
light scattering (DLS) at a protein concentration of 1.5 mg/mL using
a Zetasizer Nano (Malvern Pananalytical Inc, Malvern, UK), and by
size exclusion chromatography (SEC) using a Superdex 200 10/300
GL column (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) in
50 mM MES buffer, pH 5.5, containing 150 mM NaCl.

2.3. Biochemical characterization of the BeSS-CBM3-GH11 chimeras

The specific activity of the GH11 parental enzyme and BeSS-
CBM3-GH11 chimeras was measured using wheat arabinoxylan
(WAX, Megazyme, Bray, Co Wicklow, Ireland) at a concentration
1110
of 5 mg/mL in 0.1 M ammonium acetate pH 6.0. The reactions were
equilibrated at 50 �C for 5 mins prior to the addition of purified
enzymes at concentrations were adjusted for the number of cat-
alytic domains present in the chimera (2.4 lM for GH11, CXOO,
COXO, and COOX; 1.2 lM for CXXO; and 0.8 lM for CXXX), and
incubated for an additional 10 mins at 50 �C during which the
hydrolysis reaction occurred. Total reducing saccharide release
was assayed by addition of 3,5-dinitrosalicylic acid (DNS) to a final
concentration of 10 mM and heating at 100 �C for 10 mins. After
cooling the reaction for 5 mins on ice the absorbance was mea-
sured at 540 nm. The concentration of total saccharide released
was calculated using a D-xylose standard curve (concentration
range 0.625 to 30 mM). All measurements were repeated in tripli-
cate and expressed as the mean ± standard deviation.

The affinity of BeSS-CBM3-GH11 chimeras for microcrystalline
cellulose (Avicel�, Sigma-Aldrich, San Luis, MI, USA) was estimated
by incubation of 10 lM of the proteins COOO, CXOO, COXO, COOX,
CXXO and CXXX with 1 mg of Avicel� in a total volume of 400 lL of
0.1 M ammonium acetate pH 6.0. The mixtures were incubated at
50 �C for 1 h with orbital agitation (200 rpm) using an Eppendorf
thermomixer (Eppendorf AG, Hamburg, Germany) and centrifuged
at 14,000g for 10 mins. Unbound protein in the supernatants was
quantified and the amount subtracted from the total protein
offered to estimate the percentage of the protein bound to the crys-
talline cellulose.

2.4. Activities of BeSS-CBM3-GH11 chimeras against lignocellulosic
substrates

Samples of sugarcane bagasse, stem of maize and Miscanthus
were treated with a ball mixer mill (MM200, Retsch GmbH, Haan,
Germany) using 6 cycles of 5 mins grinding at 20 Hz followed by
5 min rest in 65% (v/v) ethanol to produce a homogenized suspen-
sion of alcohol insoluble residue (AIR) with a particle size of
~10 lm. The solid material was collected by centrifugation
(4000g, 10 min) and washed with 100% (v/v) ethanol, then washed
with chloroform:methanol (3:2 (v/v)) (under agitation for 3 hrs),
then washed with chloroform:methanol (3:2 (v/v)) (under agita-
tion for 12 hrs), followed by successive washes with 100% (v/v),
65% (v/v), 80% (v/v) and 10% (v/v) aqueous ethanol. The pellet
was then air dried at 40 �C for three days.

The AIR samples of natural substrates (500 lg) were treated
with 4 M NaOH (20 lL) for 1 hr at room temperature (approx.
22 �C) and the pH adjusted 5–6 with 1 M HCl. Assays were per-
formed in 0.1 M ammonium acetate pH 6.0, and enzyme concen-
tration was adjusted according to the number of catalytic
domains present in each chimera, as described in the previous sec-
tion. The reactions (in 1.5 mL volumes) were performed in an
Eppendorf thermomixer for 10 min at 50 �C (cycles of 1 min shak-
ing at 500 rpm and 4 mins rest), after which the mixtures were
heated at 100 �C for 30 mins to stop the reaction. Aliquots
(100 lL) were separated to measure the reducing saccharide
release using the DNS assay as described in Section 2.3, and mea-
surements were repeated in triplicate and expressed as the
mean ± standard deviation. An aliquot (300 lL) was dried using a
centrifugal vacuum evaporator for polysaccharide analysis using
carbohydrate gel electrophoresis (PACE).

The PACE experiments were as previously described [16], where
chemical derivatization was performed with dried oligosaccha-
rides from 100 lL of enzymatic hydrolysis reaction to which was
added 20 lL of a modification solution containing 0.1 M 8-Amino
naphthalene-1,3,6-trisulfonic acid (ANTS, Thermofisher, Waltham,
MA. USA), 0.1 M 2-picoline-borane (2-PB, Sigma-Aldrich, San Luis,
MI, USA) in a 20:17:3 solvent mixture of DMSO: water: glacial
acetic acid. After incubation at 37 �C for 16 hrs, the labelling reac-
tion was lyophilized and the derivatized oligosaccharides were
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resuspended in 80 lL of 1:7 mixture of Tris-base borate pH 8.2:
6 M Urea. Samples (2 lL) were applied to 20% polyacrylamide gels,
and electrophoresis was performed at 200 V for 30 mins and then
at 1000 V for 100 min at 10 �C. After electrophoresis, gels were
scanned using a G:BOX Chemi HR16 imaging system (Syngene,
Cambridge, UK).
3. Results

3.1. Design, expression and characterization of BeSS

Left-handed b-3-solenoid proteins form an elongated triangular
prism, where each face is formed from an extended parallel b-sheet
comprised of a repeated hexapeptide b-strand [41]. The b-strand
conformation forces the side chains of residues at positions 2, 4
and 6 to face the core of the solenoid, whilst the side chains of resi-
dues at positions 1, 3 and 5 are on the outer face of the solenoid
and interact with the solvent. Each turn of the solenoid is therefore
defined by three sequential hexapeptide repeats that form a three
b-strand (b/b/b) motif, and consecutive turns are stabilized by
cooperative interactions involving main chain hydrogen bonds
and hydrophobic interactions of side chains in the core of the prism
[23]. Analysis of a total of 448 hexapeptide repeats (Table S2) from
the 25 crystal structures of proteins containing left-handed b-3-
solenoid domains in the CATH database superfamily 2.160.10.10
(Table S1) revealed the amino acid frequencies for each of the six
positions in the repeat (Fig. 1A; Table S3). Structural analyzes of
b-3-solenoid proteins were then applied to identify key residues
that contribute to increase the stability of the BeSS.

The pair of residues at position 1 in one hexapeptide and posi-
tion 6 in the previous hexapeptide form the vertices of the prism,
and in b-solenoid proteins extra domains are generally inserted
between these residues (Fig. S1C). As the main objective was to
develop a synthetic polypeptide solenoid scaffold that allows the
insertion of catalytic domains of interest in the vertices, the iden-
tification of the most frequent amino acids at positions 6 and 1,
both in the presence and absence of loop or domain insertions,
indicated the amino acids that may be included in these positions
both in the presence and absence of the insertions without affect-
ing the stability of the b-solenoid vertices (Table S3). In general, the
analysis of the frequency of amino acids in the HPR shows that the
most frequent amino acid in both positions 1 and 6 is glycine
(Fig. 1A; Table S3), with a ratio of 22 and 13% in positions 1 and
6, respectively. This can be explained by the highly mobile glycine
that facilitates the formation of the turns at the vertices of the sole-
noid. However, analysis of the frequency of amino acids in position
1 in the presence of domains inserted before this hexapeptide
repeat revealed a high frequency (20%) of proline residues
(Table S3), which may confer rigidity at the start of a new turn
and contribute to the stabilization of the b-3-solenoid in the pres-
ence of a protein domain inserted in the vertices. Based on these
observations, the proline/glycine pair at positions 1 and 6 of the
hexapeptide were maintained in the BeSSv2.1 (Fig. 1B). The final
BeSSv2.1 design included 4 unique insertion points for the creation
of multidomain protein chimera (Fig. 1C), thus the codon pair for
the amino acids at positions 1 and 6 at these points were selected
to create the unique restriction sites that were used for protein
fusion (see materials and methods section for further details).

Analyses of the HPR sequences reveals that only hydrophobic
residues occupy position 4, confirming the importance of this posi-
tion to maintain the hydrophobic core of the solenoid structure,
and the most common amino acid at this position, isoleucine
(Fig. 1A, Table S3), was assigned to this position in the BeSSv2.1
resulting in an optimized hydrophobic core packing (Fig. 1B). Com-
bined analyses of HPR sequences and b-3-solenoid crystal struc-
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tures were also used to optimize main chain and side chain
interactions between adjacent beta-strands of the b-solenoid scaf-
fold. The side chain of position 2 faces the interior of the solenoid,
and amino acid frequency analysis of the HPR sequences showed
that residues with different physico-chemical characteristics can
occupy this position, including asparagine (Fig. 1A; Table S3). A
detailed analysis of the crystal structures of UDP-N-
acetylglucosamine acyltransferase from E. coli (EcLpxA, PDB code
1LXA) revealed that the main-chain O and N atoms of asparagine
at position 2 can form hydrogen bonds with the main-chain N
atom of the residue at position 3 and the main-chain O atom of
the residue at position 6 of the previous HPR, respectively
(Fig. S1D). Furthermore, an asparagine at position 2 can form a con-
tinuous string of side-chain interactions in which the ND2 and OD1
atoms hydrogen bond with the OD1 and ND2 of the asparagines at
position 2 of the HPR sequences in the previous and subsequent
strands of the b-sheets that define the three faces of the prism
(Fig. S1D). Based on these analyses, an asparagine residue was
assigned to position 2 in the hexapeptides of the BeSSv2.1
(Fig. 1B), which contributes to increasing the number of hydrogen
bonded interactions that maintain the BeSSv2.1 stability (Fig. S2B).
The side chains of the residues at positions 3 and 5 in the HPR are
solvent exposed and frequency analysis reveals high diversity at
these positions (Fig. 1A; Table S3). With the aim of maintaining
the solubility of the BeSSv2.1, these positions were assigned with
residues that are present in the homologous positions of left-
hand b-3-solenoid proteins (Fig. 1D). The combined analyses of
HPR amino acid frequency and 3D-structure examination therefore
led to the definition of the consensus sequence PNxIxG in the
BeSSv2.1.

After defining the amino acid sequences of BeSSv1.1 and
BeSSv2.1, three-dimensional model structures were generated
and analysed by MD simulation. The b-3-solenoid domain of the
BeSSv1.1 acquired a pronounced curvature during the simulation,
whereas the BeSSv2.1 remained essentially unchanged (Fig. S2A)
and is indicative of stronger interactions between the b-strands
of the solenoid. This is confirmed by the 1.6-fold higher number
of hydrogen bonds and the significantly lower variation in RMSD
values in the BeSSv2.1 over the 100 ns simulation time scale
(Fig. S2B-C). The reduced stability of the BeSSv1.1 is also seen in
the RMSF analysis that show a higher fluctuation of all amino acids
along the length the solenoid, and in particular at the N and C-
terminal regions (Fig. S2D). Since these results strongly suggested
that the BeSSv2.1 was more stable than the BeSSv1.1, and further
modelling efforts were therefore focussed on the BeSSv2.1.

The 3D structures of the BeSS-CBM3-GH11 chimeras were also
modeled to evaluate the relative distance and orientation between
the cellulose binding region of the CBM3 domain at BeSSv2.1 inser-
tion site 1 and the active site regions of the GH11 xylanase
domains at insertion sites 2, 3 and 4 (Fig. 2). The cellulose binding
site of the CBM3 domain (C), defined by residues N75, W113, D115,
H116, Y126, Q169, R171 and W177 [51] and the active site of the
GH11 domain (X) inserted at site 2, formed by the residues Y69,
E78, Y80, E172, Y174 [34], are separated by a distance of 62 Å
and at a relative orientation of 120� (Fig. 2), and the corresponding
distances and orientation for the X domains at positions 3 and 4 are
79 Å/240� and 49 Å/0�, respectively (Fig. 2). Natural left-handed
beta-solenoid proteins typically present extensive and structurally
diverse insertions at the vertices of the beta-solenoid, yet maintain
the global left-handed beta-solenoid fold. This strongly suggests
that domain insertion does not disrupt the overall protein fold in
these proteins. The extensive hydrogen bonding and hydrophobic
interactions result in high stability and rigidity of the BeSS, and this
leads us to suppose that although the insertion of protein domains
will result in structural alterations at the insertion sites, the local-



Fig. 1. (A) The logo plot of residue frequency for the six positions in the HPR repeats from the 3D structures of proteins with the left-handed b-3-prism structural motif. The
plot was generated by WebLogo [11]. (B) Representation of the hexapeptide repeat motif of BeSSv2.1 protein. Prolines (position 1) and glycines (position 6) of the
hexapeptides are represented in pink and orange, respectively. Asparagine residues (position 2) are colored in purple, isoleucine (position 3) in green, and the residues at
position 3 and 5 are colored in blue and yellow, respectively. (C) Two orthogonal views of the three-dimensional structure of the BeSSv2.1 modeled structure. The four domain
insertion positions at the vertices and the amino acid pairs for insertion of the catalytic domains are represented as spheres. (D) The amino acid sequence of the BeSSv2.1
colored according to position in the hexapeptide repeat: 1 (pink), 2 (purple); 3 (blue); 4 (green); 5 (yellow) and 6 (orange). The amino acids encoded by the four unique
restriction sites are shown underlined. The GlySer pair at site 1 are encoded by the recognition site for the restriction enzyme BamHI (GGATCC), the ThrGly pair at site 2, the
ThrSer pair at site 3 and the GlyThr pair at site 4 are encoded by the recognition sites for restriction enzymes AgeI (ACCGGT), SpeI (ACTAGT) and KpnI (GGTACC), respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ized disruption of these prism vertices will not result in the global
loss of the of the left-handed beta-solenoid fold.

3.2. Construction, expression and characterization of BeSS-CBM3-
GH11 chimeras

The synthetic codon optimized BeSSv2.1 nucleotide coding
sequence (Table S4) was expressed in E. coli Rosetta as a soluble
protein and was purified to homogeneity by IMAC to a final yield
of 40 mg/L of culture (Fig. S3A). Analyses by size exclusion chro-
matography (SEC – Fig. S3B) and dynamic light scattering (DLS –
Fig. S3C) are consistent with a homogeneous population of the
purified BeSSv2.1 protein with an estimated hydrodynamic radius
of 3.1 ± 0.2 nm. Calculation of the radius of gyration from the
atomic coordinates of the BeSSv2.1 model using the HYDROPRO
software [38] yields a value of 2.75 nm and, assuming a uniform
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surface hydration layer of 0.145 nm, gives an estimate for the cal-
culated hydrodynamic radius of ~2.9 nm that is in good agreement
with the experimental result. The SEC analysis reveals that the
major protein peak elutes at a volume of 14.34 mL, which corre-
sponds to a protein with a Stokes radius (Rs) of 4.0 nm as estimated
after column calibration with proteins of known Rs. The value for
the calculated equivalent radius (Ro) derived from the BeSSv2.1
amino acid sequence using the SEDNTERP1 program [26] is
2.0 nm, which assumes a perfectly spherical protein with a partial
specific volume of 0.716 cm3/g. The geometrical asymmetry of a
protein can be estimated from the Rs/Ro ratio [14], which for the
BeSSv2.1 gives a value of 2.0 that is in reasonable agreement with
the aspect ratio of 2.5 calculated from the model structure of the
monomeric protein. The elongated structure of the BeSSv2.1 mono-
mer therefore provides an explanation for the observed elution
volume in the SEC analysis.



Fig. 2. (A) Three surface representation views of the BeSS-CBM3-GH11 chimeras, with the BeSSv2.1 shown in gray. The CBM3 domain (C) at insertion position 1 is shown in
orange and the amino acids in the cellulose binding region are highlighted in yellow. The GH11 domains (X) at insertion positions 2, 3 and 4 are colored in blue, green and
violet, respectively, with the active site region highlighted in red. (B) Four ribbon representation views of the BeSS-CBM3-GH11 with all sites occupied (CXXX). The distances
between the CBM cellulose binding region (yellow spheres) and the active sites of the GH11 domains (red spheres) are indicated by red dashes and black text. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. (A) Reducing sugar release by the GH11 and BeSS-CBM3-GH11 chimeras
against wheat arabinoxylan (WAX). In order to maintain the concentration of
catalytic domains equal in all experiments, the protein concentration for single
domain constructs (GH11 alone, and the CXOO, COXO and COOX chimeras) was
2.4 lM, and for the CXXO and CXXX chimeras was 1.2 lM and 0.8 lM, respectively.
(B) Binding affinity of the BeSS-CBM3-GH11 chimeras and the control (COOO) for
crystalline cellulose (Avicel PH-101).
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All the BeSS-CBM3-GH11 chimeras were successfully con-
structed, expressed in E. coli Rosetta and purified by IMAC
(Fig. S4). The endo-xylanase activity of the purified GH11 enzyme
and chimeras was evaluated by the release of total reducing sac-
charides against wheat arabinoxylan (WAX) as substrate, and all
chimeras incorporating the GH11 domain presented xylanase
activity (Fig. 3A). The chimeras containing single GH11 domains
(CXOO, COXO and COOX) and the double GH11 domain chimera
(CXXO) present no significant alteration in activity in comparison
with the unfused GH11 enzyme. The CXXX chimera shows slightly
reduced activity relative to the parental GH11, and since the single
GH11 insertions show no difference we conclude that this effect is
not the result of inactivation of the enzyme due to the insertion
into the BeSS. The activity assays were performed with equivalent
molar concentrations of GH11 catalytic domains, such that the
activity assay of the CXXX chimera was performed using a third
of the molar concentration of protein in comparison with the
unfused GH11 enzyme. We speculate that the lower protein con-
centration reduces the probability of a productive encounter
between one of the catalytic domains in the CXXX chimera and
the soluble polymeric substrate, thereby lowering the observed
measured activity. All the chimeras incorporate the CBM3, and
binding to crystalline cellulose of all constructs was assayed by
the pull-down assay (Fig. 3B). In this assay, the maintained affinity
of the CBM3 domain for crystalline cellulose after insertion into the
BeSSv2.1 was validated by measuring the free protein in solution
after incubation with Avicel, showing that between 80 and 90%
of the chimeras remain associated to the crystalline cellulose.

Following the confirmation of maintained function of the
inserted domains, the hydrolytic activity of all BeSS-CBM3-GH11
chimeras was evaluated against the lignocellulose substrates: sug-
arcane bagasse (Fig. 4A), maize stem (Fig. 4B) and Miscanthus
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(Fig. 4C). Total reducing saccharide release after 10 mins of reac-
tion was measured by the DNS assay at equimolar concentrations
of catalytic domains (Fig. 4), which revealed that under the assay
conditions used the CXOO, COXO, COOX and CXXO chimeras pre-



Fig. 4. PACE and total reducing sugar release after 10 min (panels on left) and 16 hr digestion (panels on right) of (A) sugarcane bagasse, (B) maize stems and (C) Miscanthus
with the GH11 enzyme and the CXOO, COXO, COOX, CXXO and CXXX chimeras. In all panels, the PACE gel show xylose oligomer ladder (X1 to X6, left-hand and right-hand
lanes), together with the control (COOO), and the samples from the treated substrates as indicated at the lower edge of the gel. The relative band intensities of selected
saccharides X1 (violet), X2 (dark blue), X3 (light blue), XA3X (green), X4 (yellow) and (XA3XX) were analyzed using ImageJ software [46] and presented as histograms on the
right-hand side of each PACE gel image. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sent a 1.6- to 3.0-fold increase in saccharide release as compared to
the non-fused GH11 for sugarcane bagasse and maize substrates,
with the COOX chimera being the most active against both sub-
strates (Fig. 4A-B). For these substrates, the CXXX chimera present
activities that were not statistically significant as compared with
the non-fused GH11 domain. For Miscanthus, all BeSS-CBM3-
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GH11 chimeras present around 1.6-fold increase in saccharide
release as compared to the non-fused GH11 (Fig. 4C). However,
for all lignocellulose substrates the total reducing saccharide
release after the 16 hrs reaction by non-fused GH11 was slightly
higher as compared to the BeSS-CBM3-GH11 chimeras, and a com-
parison of the activity of each chimera shows no statistically signif-
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icant difference. This demonstrates that BeSS-CBM3-GH1 chimeras
act to rapidly hydrolyze the lignocellulose substrates. For longer
reaction times the non-fused GH11 is slightly more efficient than
BeSS-CBM3-GH11 chimeras.

Characterization of the released oligosaccharides using PACE
after 10 mins treatment of sugarcane bagasse (Fig. 4A), maize stem
(Fig. 4B) and Miscanthus (Fig. 4C) with the chimeras results in the
release of xylose (X1), xylobiose (X2), xylotriose (X3) and xylote-
traose (X4), and the detection of faint bands corresponding to
xylopentose (X5). In addition to the xylo-oligomers, bands corre-
sponding to xylotriose with an arabinose substituent at the O-3
position of the second xylose (XA3X) and to xylotetraose with an
arabinose substituent at the O-3 position of the second xylose
(XA3XX) were also detected. These saccharides are consistent with
the pattern of oligosaccharide hydrolysis by the GH11 against the
arabinoxylan present in the cell wall [4]. Treatment of the lignocel-
lulose substrates for 16 hrs with the BeSS-CBM3-GH11 chimeras
yields a similar profile of oligosaccharide release, although all the
bands are more intense in the case of the CXOO, COXO, and partic-
ularly for the COOX chimera. The increase in the band intensities
observed in the PACE experiments correlates with the results of
the DNS assay, and it is noteworthy that the intensity of all bands
increases in the PACE, and therefore the increase in reducing sac-
charide release measured in the DNS assay is not due to an artefact
arising from changes in length of the oligosaccharide on treatment
with the chimeras. The initial rapid hydrolysis observed after treat-
ment with the chimeras followed by the later and higher oligosac-
charide levels with the unfused GH11 indicates that the xylan in
the tested plant cell walls is present as a relatively exposed fraction
associated with the cellulose fibres that is accessible to the chi-
meras, and a less exposed fraction that is preferentially available
to the smaller unfused GH11. This general effect shows slight vari-
ation between the different lignocellulose sources that were tested.
For example, after 16 hrs treatment of sugarcane bagasse the
unfused GH11 released higher levels of X1, X2 and X3 than the chi-
meras, whereas with maize and Miscanthus this difference was less
pronounced, probably reflecting variation in availability of the
xylan between the different sources of lignocellulose. The excep-
tion to this overall pattern is X4, which shows significantly
increased levels with all chimeras after both short and 16hrs treat-
ments as compared to the unfused GH11. Previous studies have
established that unbranched xylooligosaccharides shorter than
X5 are poor substrates for the Bacillus subtilis GH11 [12], and the
accumulation of X4 after treatment with the chimeras in the cur-
rent work suggests that the engineered enzymes may increase
the liberation of hydrolysis products from the lignocellulose
substrate.
4. Discussion

As part of ongoing work to further the understanding of the
structural architecture of plant cell wall polysaccharides and the
role this plays in the saccharification of biomass derived lignocel-
lulose, we have focused on the development of multifunctional
proteins to explore the relative spatial distributions between the
xylan chains and the crystalline cellulose chains of plant cell walls.
We were inspired by previous studies in which CBM binding to one
cell surface component results in the activity of an associated cat-
alytic domain on a neighboring polysaccharide substrate, such as
the adhesion effect against fungal cell walls of the CBM35 domain
in the CsxA, an exo-b-D-glucoaminidase from the bacteria Amyco-
latopsis orientalis [32], and the adherence to the host cell surface of
the CBM71 domain in the BgaA, a b-galactosidase from the patho-
gen Streptococcus pneumoniae [50]. We reasoned that the proxim-
ity of plant cell wall components could be inferred by observing
1115
the effects of combining a CBM specific for one cell wall component
with a catalytic domain that is specific for a neighboring polysac-
charide. We were guided by a detailed computer modelling of
the interaction of xylan with the (010) face of the crystalline cel-
lulose fibril in Arabidopsis thaliana [6], which is based on the
knowledge that every second xylose in the xylan backbone is
acetylated[6]and supported by solid-state NMR results demon-
strating that in the context of the plant cell wall the xylan adopts
a twofold (21-fold) helical screw conformation that is in register
with the cellulose Ib microfibril [49]. Modification of every second
xylose by alternating arabinosyl and glucuronosyl residues
together with computer modelling indicates a similar interaction
between gymnosperm xylans and the (110) face of the cellulose
microfibril [7]. These studies suggest the intercalation of decorated
xylans is possible at both of the hydrophilic surfaces of crystalline
cellulose fibres. The present study not only aimed to demonstrate
how this knowledge of the cell wall architecture can drive the
design of novel chimeric hydrolases, but also to develop the BeSS
protein scaffold that can be used as a molecular gauge that allows
control of the distance and relative orientation between two func-
tional domains. Finally, the hydrolytic capabilities of a series of
designed chimeric enzymes based on the BeSSv2.1 fused with the
CBM3a of the CipA cellulosomal scaffoldin from Clostridium ther-
mocellum and the GH11 b-1,4-endoxylanase from Bacillus subtilis
were tested against several lignocellulosic substrates derived from
common agricultural biomass feedstocks.

The CipA CBM3a binds specifically to crystalline cellulose [33]
and an electron microscope study has revealed that the protein
associates to the hydrophilic (110) face of cellulose microfibrils
[27]. The 3D structure of the CBM3a [57] presents a highly con-
served linear polar/aromatic amino acid motif shown to be the
CBM3 cellulose binding site by site-directed mutagenesis [3] and
by NMR studies of the homologous B. subtilis CBM3d-
cellopentose complex [44]. The polar/aromatic binding site is
located on the edge of a mainly planar surface containing, and is
consistent with glycosyl-protein interactions at the (110) face of
cellulose microfibrils mediated by hydrogen bonding interactions
between polar side chains and exposed glycoside –OH groups
and hydrophobic stacking of pyranose rings with aromatic residues
on the flat binding surface of the CBM3. Results presented in the
present study confirm the CBM3 binding to crystalline cellulose,
and demonstrate that this function is maintained in all the chi-
meric CBM3-GH11-BeSS chimeras.

The GH11 b-1,4-endoxylanases (EC 3.2.1.8) present a highly
conserved b-jellyroll architecture [52], where the xylan substrate
binds to a surface cleft that includes a conserved aromatic residue
cluster and the catalytic residues Glu78 and Glu172. The GH11
enzymes recognize a pattern of three consecutive unsubstituted
D-xylopyranose units in glucuronoarabinoxylans and specifically
hydrolyze the b-1,4-glycosidic bond one D-xylopyranose unit
before a methylglucuronic acid branch [4], and can hydrolyze
acetylated xylans although with reduced catalytic efficiency [1].
Here we have demonstrated that the GH11 b-1,4-endoxylanase A
from Bacillus subtilis (BsXynA) retains full activity against the sol-
uble WAX substrate when fused to the BeSS indicating that the
active sites remain exposed for substrate binding, and suggests
no proximity effects result from interactions between the catalytic
domains and the BeSS. In addition, the profile of oligosaccharides
released by the chimeric enzymes against the various biomass sub-
strates is consistent with the known specificity and substrate pref-
erences of GH11 catalysis.

The PACE results demonstrate that the initial release of xylooli-
gomers by all CBM3-GH11-BeSS chimeras is significantly increased
as compared with the unfused enzyme. This result is consistent
with the computer-generated models of the xylan decorated cellu-
lose microfibril, and we propose that the CBM3 domain directs
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binding of the chimeras to the hydrophilic face where the GH11
domain hydrolyzes the associated xylan polymer. These results
add to a growing body of evidence suggesting that the interactions
between the cell wall polysaccharides can be understood through
functional studies comparing the catalytic activities of glycosyl
hydrolases and their corresponding CBM-enzyme fusions. The
close proximity between cellulose microfibres and xylans has been
inferred from the observed increase in xylan removal by a fusion
between the CipA CBM3a and the Neocallimastix patricarium
GH11 xylanase against tobacco stem sections [19], and proximity
effects have also been inferred from the increased mannan degra-
dation by a CipA CBM3a-GH5 mannanase fusion in Physocomitrella
cell walls [58]. The effects of these synthetic constructs offer an
explanation for the fusion of catalytic domains with non-cognate
CBMs that is observed in many multidomain glycosyl hydrolases
found in nature. In these proteins, natural selection appears to
favour combinations in which the CBMs localize catalytic domains
to different polysaccharides in close proximity in the cell wall
matrix rather than direct association with the enzyme substrate.

The majority of studies with protein chimeras have used an
end-to-end domain fusion strategy, whereas the present study
employs insertional fusion in a synthetic scaffold that allows pre-
cise control of relative distance and orientation between the
selected domains. The effects of the CXOO, COXO and COOX con-
structs are greater that with the CXXO and CXXX, and since the
amount of enzyme was adjusted to maintain a constant active site
concentration, this indicates that the average total activity from
multiple sites is lower in comparison to the single site constructs
and suggests that the observed effect is the result of the activity
in only one catalytic domain. Furthermore, the COOX construct in
which the GH11 and CBM3 domains are oriented on the same ver-
tex of the BeSS shows the highest activity, showing that the align-
ment of the CBM3 binding site and GH11 active site favours
hydrolysis. It is noteworthy that the enhanced activities observed
in all single catalytic domain constructs suggests that optimal
alignments between the CBM3 and GH11 domains may also be
achieved by partial rolling of the cellulose bound chimeras around
the long axis, although this would introduce internal strain that
might explain the lesser effects of the CXOO and COXO construct.
The presence of one or more additional GH11 domain in another
vertex of the BeSS might reduce the mobility of the bound protein,
and contribute to the reduced effects observed in the CXXO and
CXXX.

These results demonstrate that different interdomain orienta-
tions influence the activity of the CBM3-GH11-BeSS chimeras,
and highlight the importance of component geometry in MFP
design. Previous studies have shown that the effects of protein
fusion can depend on the sequence in which the individual protein
components are joined, for example variations in the order of the
Thermobifida fusca exoglucanase Cel6B fusions with CBM2, CBM3
and L2 domains, together with variations in the interdomain link-
ers, resulted in differing catalytic efficiencies against insoluble cel-
lulose substrates [47]. These efforts have contributed to the design
of synthetic cellulosomes, where the recombination of the same
subset of components in different constructs with alternative
geometries has a significant effect on catalytic performance
[31,47]. These studies, together with the findings in the current
work demonstrate how scaffold protein design can control the dis-
tance and relative orientation of catalytic domains for the success-
ful design of MFPs. The BeSS allows the rapid evaluation of
multiple combinations of catalytic domains in which stoichiome-
try, interdomain distance and relative orientation can be varied.
Furthermore, the creation of MFPs by domain fusion often results
in polypeptides with molecular weights > 80 kDa and the heterol-
ogous expression of such large recombinant proteins in E coli often
results in low expression yield, poor solubility and proteolytic
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breakdown [48]. We have demonstrated that all the BeSS chimeras
in the present study were expressed as soluble proteins at pH val-
ues where most glycosyl hydrolases are active, are compatible with
IMAC purification, and undergo only minimal proteolysis, all of
which provides significant practical advantages for MFP construc-
tion and testing. These useful properties are likely to be derived
from the stable fold and low RMSD of the designed scaffold, possi-
ble stabilizing effects of interdomain interfaces between the BeSS
and the fused domains, and the use of insertional domain fusion
which reduces the length and access of the interdomain linker
regions to host cell proteases. Finally, we note that in both the CipA
CBM3a and the BsXynA crystal structures the N- and C-termini are
within 5–10 Å of each other, which facilitates their fusion in the
BeSS insertion sites. Approximately 54% of the proteins in the
PDB database show close proximity (<5Å) between their N- and
C-termini [24], which indicates that many native proteins may
readily be inserted into the BeSS. For proteins with more distant
N- and C-termini, fusion with BeSS would require the use of longer
peptide linkers or prior engineering by circular permutation.

In conclusion, we have successfully designed the BeSS, and
incorporated a CBM3 and variable numbers of the GH11 catalytic
domain into the scaffold. The designs proved to be robust when
expressed in E. coli, and the designed MFP demonstrated enhanced
catalytic properties against lignocellulosic substrate. Although our
results demonstrate that all insertion sites in the BeSS can be suc-
cessfully occupied, the interdomain geometry rather than number
of catalytic sites is more important for optimized chimera design.
The results also validate the knowledge-based approach to chimera
design using computer models of the interactions between plant
cell wall components, which brings a new dimension to enzyme
engineering for biomass deconstruction, and the design strategy
could be applied to gain insights as to the distance constraints
between cell wall components. Furthermore, domain fusion with
BeSS allows the creation of multifunctional polypeptides with
Mwts above 100 kDa that are robust during expression and which
can be readily purified. We suggest that the BeSS could find appli-
cations in other areas where precise distance and orientation of
domains and good expression levels are important for MFP func-
tion. In addition to lignocellulose degradation, other possible appli-
cations include the design of MFPs for therapeutics, multidomain
biosensors, and biologically compatible hydrogels for tissue
engineering.
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