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Efficient conversion of cellulose into soluble sugars is a key
technological bottleneck limiting efficient production of plant-
derived biofuels and chemicals. In nature, the process is achieved
by the action of a wide range of cellulases and associated en-
zymes. In aerobic microrganisms, cellulases are secreted as free
enzymes. Alternatively, in certain anaerobic microbes, cellulases
are assembled into large multienzymes complexes, termed “cellu-
losomes,” which allow for efficient hydrolysis of cellulose. Re-
cently, it has been shown that enzymes classified as lytic
polysaccharide monooxygenases (LPMOs) were able to strongly
enhance the activity of cellulases. However, LPMOs are exclusively
found in aerobic organisms and, thus, cannot benefit from the
advantages offered by the cellulosomal system. In this study, we
designed several dockerin-fused LPMOs based on enzymes from
the bacterium Thermobifida fusca. The resulting chimeras exhib-
ited activity levels on microcrystalline cellulose similar to that of
the wild-type enzymes. The dockerin moieties of the chimeras were
demonstrated to be functional and to specifically bind to their
corresponding cohesin partner. The chimeric LPMOs were able to
self-assemble in designer cellulosomes alongside an endo- and an
exo-cellulase also converted to the cellulosomal mode. The result-
ing complexes showed a 1.7-fold increase in the release of soluble
sugars from cellulose, compared with the free enzymes, and a
2.6-fold enhancement compared with free cellulases without LPMO
enhancement. These results highlight the feasibility of the con-
version of LPMOs to the cellulosomal mode, and that these en-
zymes can benefit from the proximity effects generated by the
cellulosome architecture.

enzyme synergy | biomass conversion

ellulose is the most abundant form of organic carbon on

Earth. Given its widespread availability and renewability, it is
considered a future alternative and sustainable source of energy.
The industrial conversion of this polymer in various fuels and
chemicals has the potential to replace the consumption of pe-
troleum-based products and, thus, to reduce the environmental
and economical costs of fossil fuels (1, 2). However, because of
its highly ordered, crystalline structure, cellulose is extremely
recalcitrant to depolymerization, thus limiting its cost-effective
use as a feedstock for biofuel and chemicals production. In
an effort to address the issue of recalcitrance, a large number
of studies have focused on the diversity of cellulolytic micro-
organisms and their cellulose-degradation enzymatic pathways
3, 4).
( Th)e consensus model of enzyme-mediated cellulose degradation
involves the concerted action of a range of different endo- and exo-
acting glucanases, collectively termed “cellulases,” with both en-
zyme classes performing hydrolysis of the p(1-4) glycosidic bond
(5, 6). These enzymes often bear one or more carbohydrate-
binding modules (CBM) that can contribute to their activity by
promoting binding to the substrate. Interestingly, questions on
how these glycoside hydrolases (GH) gain access to the cellulose
chain in its crystalline conformation have remained unanswered
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and have led to the hypothesis that additional factors could modify
substrate to make it more accessible (7).

Recently, a series of studies demonstrated that enzymes,
termed lytic polysaccharide monooxygenases (LPMOs), were
capable of cleaving polysaccharide chains in their crystalline
regions through an oxidative mechanism (8-12). Several studies
reported that the addition of the enzymes greatly improved the
activity of hydrolytic cellulases, resulting in a more efficient
conversion of cellulose to fermentable sugars. LPMOs have been
described as “cellulase boosters” (13) and likely hold major po-
tential for industrial decomposition of cellulosic materials. These
newly described enzymes are classified as “auxiliary activities (AA)”
in three families of the Carbohydrate Active Enzyme (CAZy) da-
tabase: the fungal AA9, formerly known as GH61; the bacterial
AAI10, formerly known as CBM33 (14, 15); and the recently char-
acterized AA11 (16). Genomic data show that these enzymes are
widespread, although they appear to be absent from anaerobic
organisms, which coincide with the requirement of molecular
oxygen in the catalytic mechanism of the LPMOs. Both families
share structural similarities, including a flat substrate-binding sur-
face, a conserved N-terminal histidine residue involved in the co-
ordination of an essential copper ion, and the dependency of the
activity on the presence of an electron donor. The reaction mech-
anism of the majority of the characterized LPMOs involves the
oxidation of the C1 carbon of a glucose molecule, leading to the
formation of an aldonic acid and a break in the cellulose chain,
whereas some members of the AA9 family have been shown to
generate oxidation at C4 (17).

Significance

Degradation of cellulosic biomass is a key bottleneck in the de-
velopment of plant-based bioenergies. Studies of cellulolytic
microorganisms led to the characterization of a large range of
enzymatic systems usable for cellulose breakdown, but current
technologies are not efficient enough to warrant their large-
scale implementation. This study aims at combining two par-
adigms in a single system, using a synthetic biology approach.
Polysaccharide monooxygenases (redox enzymes capable of
boosting cellulose degradation) were engineered to gain the
ability to assemble in cellulosomal complexes. As a result of
their integration in complexes, these enzymes were able to
degrade cellulose at a significantly higher rate compared with
the free enzymes, suggesting that this strategy could lead to
more efficient technologies for lignocellulose conversion.
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Whereas the large majority of the aerobic cellulolytic systems
are based on the secretion of individual, free enzymes, a small
number of anaerobic bacteria perform efficient degradation of
lignocellulose through the secretion of unique, large multien-
zyme complexes termed cellulosomes (18). These complexes are
built around a noncatalytic subunit called the scaffoldin that
binds to the insoluble substrate via a cellulose-specific CBM. The
scaffoldin also contains a set of subunit-binding modules termed
cohesins that mediate the specific incorporation and organiza-
tion of catalytic subunits through a complementary binding
module (the dockerin, carried by each enzymatic subunit) (19).
Previous studies have shown that cellulosomal complexes are
extremely efficient for the degradation of cellulose and hemi-
cellulose, due to the spatial proximity of synergistically acting
enzymes and to the limited diffusion of the enzymes and their
substrates (20, 21).

Based on the interlocking modular nature of the cellulosome
complex and its components, the concept of “designer cellulo-
some” was introduced to further manipulate the cellulosomal
architecture and incorporate noncellulosomal enzymes to the
complexes (22). By taking advantage of the high specificity of the
interaction between a cohesin and a dockerin originating from
the same species, one can design a chimeric scaffoldin, bearing
several cohesin modules from multiple origins, and chimeric
enzymes, bearing the corresponding dockerin modules, thus
enabling self-assembly of a “tailor-made” enzymatic complex.
This concept and its “Lego-like” flexibility has been used to test
various enzymatic compositions, the impact of enzyme posi-
tioning, and the role of spatial proximity in the synergistic action
of the cellulosomal enzyme components (20, 23, 24).

Over the past years, various studies have converted to the
cellulosomal mode an array of cellulolytic and hemicellulolytic
free enzymes, including endoglucanases, exoglucanases, proc-
essive endoglucanases, endoxylanases, and $-glucosidases. In this
study, we examined the conversion to the cellulosomal mode of
two LPMOs from the aerobic, thermophilic cellulolytic bacte-
rium Thermobifida fusca by attachment of a dockerin module to
their respective C termini. We assessed the impact of the con-
version procedure on the activity of the chimeric LPMOs, their
incorporation into a designer cellulosome, and their contribu-
tion toward the enhancement of the enzymatic degradation of
crystalline cellulose.

Results

Conversion of T. fusca LPMOs to the Cellulosomal Mode. 7. fussca has
been used as a model organism for the study of thermostable
cellulases and their conversion from the free enzymes state to the
cellulosomal mode (25). Two LPMOs are encoded in 7. fusca
genome: TfLPMO10A (hereafter called E7), a 22.7-kDa single-
domain AA10; and TfLPMO10B (hereafter called ES8), a 44.7-
kDa three-domain protein consisting of an N-terminal AA10
domain, followed by a fibronectin 3 and a Family 2 CBM domain
(accession nos. YP_289329 and YP_289723). Both enzymes were
converted to the cellulosomal mode by fusion to a dockerin
domain “DocA” from the bacterium Acetivibrio cellulolyticus
(Fig. 14).

Because the N-terminal histidine residue conserved in LPMOs
is essential for their function, the dockerin module can only be
fitted at the C-terminal end of the enzymes. Several chimeras
were constructed for both LPMOs to assess the impact of dif-
ferent modular architectures (Fig. 14). Three variants of E8
were produced: E8-a with DocA positioned at the end of the
enzyme, E8A-a where the CBM is replaced by the dockerin, and
E8AA-a where DocA replaced both the Fn3 and the CBM
domains. In the case of E7, two variants were constructed: E7-a,
where DocA is fused directly at the C terminus of the AA10
domain, and E7Ink-a, where DocA is fused to E7 by a 12-aa
linker. This linker corresponds to that between the AA10 and
Fn3 domains of E8 (Fig. 1B). Indeed, E7 and E§ AA10 domains
share a high degree of sequence similarity (50% identity and
30% similarity over the 30 C-terminal residues), thus suggesting
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Fig. 1. Recombinant proteins used in this study. Schematic diagram of the wild-
type enzymes (A), chimeric enzymes (B), engineered scaffoldins (C), and key to
the diagram (D). Each protein is color coded according to the source of the dif-
ferent modules, as follows: light green, dark green, and light blue, Thermobifida
fusca; purple, Acetovibrio cellulolyticus; red, Clostridium thermocellum; yellow,
Bacteroides cellulosovens. The numbers 5 and 48 refer to the corresponding
CAZY family classification of the catalytic modules (GH5 and GH48). (E, Upper)
Diagram of the modular architecture of E7 (Upper, dark green) and E8 (Lower,
light green), to scale. (E, Lower) An excerpt of the amino acid sequence align-
ment (ClustalW) between E7 and E8 is provided, corresponding to the boxed
section (dashed line) of the diagram. The linker segment is underlined. The
color coding of the residues and the consensus symbols follow the standard
ClustalW schemes.

that the glycine-rich linker could be appropriate to separate the
AA10 and dockerin modules. To express the different variants of
the LPMOs in Escherichia coli, the coding sequences of the
mature proteins were cloned in frame with the pelB signal pep-
tide in the vector pET27b(+). After extraction of the periplasmic
fraction, the (His)s-tagged enzymes were purified by Ni-NTA
affinity, leading to a purity of >95%, as detected by SDS/PAGE.

Cellulolytic Activity of the Native and Chimeric LPMOs. To check
their functionality, the different variants of E7 and E8 were
assayed for their ability to cleave microcrystalline cellulose in the
presence of an electron donor (ascorbic acid). High performance
anion exchange chromatography (HPAEC) analysis indicated
that the action of E7 and E8 on Avicel led to the release of
a mixture of soluble sugars (Fig. 24). The different peaks were
identified based on their measured retention times, and the re-
sults indicate that both enzymes released mixtures with similar
composition, comprising reduced and oxidized cellooligosaccha-
rides. The degree of polymerization of the released oligosac-
charides ranged from 3 to 5 for the reduced products and from
2 to 5 for the oxidized products. The HPAEC analysis also
contains two additional peaks with late retention times that
probably correspond to aldonic acids cellooligosaccharides with
higher degrees of polymerization, but for which no standards
were available.

Using HPAEC standard curves plotted for each standard, the
concentration of the various sugars was determined. This quan-
titative analysis was used to assess the impact of the conversion
to the cellulosomal mode on the LPMOs (Fig. 2B). For the wild-
type enzymes, E8 showed activity levels noticeably higher (65%)
than those of E7. For the chimeras, E7-a showed a strongly
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Fig. 2. Oxidative cleavage of cellulose by E7, E8, and their dockerin variants.
(A) HPAEC analysis of the soluble sugars released by the action of E7 (black)
and E8 (gray) on Avicel, compared with reduced and oxidized standards
(dark blue). Peak annotation was performed according to the standards’
retention times (DP20x, cellobionic acid; DP3, cellotriose; DP30x, cellotrionic
acid; DP4, cellotetraose; DP40Ox, cellotetraonic acid; DP5, cellopentaose;
DP50x, cellopentaonic acid). Two unlabeled peaks were visible at retention
times greater than 19 min for which no standards were available (pre-
sumably cellohexaonic and celloheptaonic acids). (B) Quantification by
HPAEC analysis of the soluble sugar released from the cleavage of micro-
crystalline cellulose (Avicel, 10 mg/mL) by 1 pM LPMO, at 50 °C for 72 h. The
concentration (in micromolars) of each sugar was determined by integration
of the peak area and comparison with a standard curve. Unlabeled peaks
were not quantified. Values are the mean of three biological replicates (n = 3).
Error bars correspond to one cumulated SD (error bar = +SDyoy; With SDyor =
V/(SD:? + SD,% + ...). For clarity, data are only shown for retention times
between 10.5 and 20.5 min. No peak was observed for longer retention times.
Detailed concentrations and associated SDs are available in Fig. S1.

reduced activity compared with wild-type E7, conversely to
E7Ink-a and E8-a, which exhibited activity levels similar to their
respective wild-type counterparts. The CBM-less variants E8A-a
and E8AA-a showed equivalent activity levels, but strongly re-
duced (46% and 48%, respectively) compared with wild-type ES.
Interestingly, this level of activity is similar to what was observed
for the other CBM-less LPMOs: E7 and E7Ink-a. This result
suggests that the loss in activity observed for E8A-a and E8AA-a is
probably caused by the loss of substrate targeting following the
removal of the CBM domain, and not by a detrimental effect of
the DocA fusion, as observed for E7-a.

Specific Binding of Dockerin-Bearing Enzymes to Cohesins and
Incorporation into Designer Cellulosome Complexes. After assess-
ing the activity of the AA10 moiety of the LPMOs variants, the
functionality of their dockerin module has to be confirmed. It is
especially important to check that the DocA domain is binding
specifically to its partner cohesin (CohA). To do so, an affinity-
based ELISA was used to measure the binding between the
LPMO variants and various engineered scaffoldins (26). Two
types of scaffoldins were used (Fig. 14) in this study: mono-
valent, bearing a single cohesin domain linked to a CBM module;
and trivalent, bearing three different cohesin domains attached to
a CBM. Each of the three monovalent scaffoldin bears a cohesin
from a different bacterial species, matching the dockerin fused to
the chimeric LPMOs and chimeric cellulases.

As expected, neither wild-type E7 nor E8 were able to bind to
the scaffoldin (Fig. 34). Furthermore, the chimeric LPMOs were
only able to bind to the CohA-bearing scaffoldins. For each of
them, the affinity to the monovalent and the trivalent scaffoldins
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was identical. These results confirm the specific binding of all of
the chimeric LPMOs to scaffoldins bearing a CohA domain.
Alongside the LPMOs and trivalent Scaf-ABT, two hydrolytic
cellulases were chosen to be part of the final designer cellulo-
some complex: the endo-glucanase TfCelSA (hereafter called
5A) and the exo-glucanase TfCel48A (hereafter called 48A),
both from T. fusca (Fig. 1A4). Their chimeric forms, -5A and
b-48A, were constructed by replacing their CBM domains by
a dockerin module originating, respectively, from the bacterium
Clostridium thermocellum and Bacteroides cellulosolvens. The
enzymatic activities and the specific binding properties of these
components were determined in previous studies (27).

The correct assembly of the various components in a sin-
gle complex was examined by comparing their electrophoretic
mobility in native and denaturing conditions (Fig. 3B). The four
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Fig. 3. Cohesin-dockerin interactions. (A) Affinity-based ELISA analysis of
the interaction between the LPMO variants and the engineered scaffoldins.
The LPMOs are individually coated in a plate well. The amount of bound
scaffoldin is detected by using HRP-labeled antibodies directed specifically
against their CBM modules. Higher amounts of scaffoldin bound are in-
dicated by higher optical densities. Each data point is the mean value of
three replicates (n = 3). Error bars correspond to one SD. (B) Electrophoretic
mobility of individual components and assembled complexes in denaturing
and native PAGE. Equimolar amounts of each protein were analyzed either
individually or in combination (DCg7jnk, DCgg, DCega, and DCggpn).
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distinct designer—cellulosome complexes that were assembled
are the following: DCg7ink, DCgs, DCgga, and DCggaa, €ach
containing the scaffoldin Scaf-ABT, the cellulases #-5A and
b-48A, and one of the chimeric LPMOs in predetermined equi-
molar ratios. The electrophoretic profiles of each individual
component showed a single major band under both native and
denaturing conditions. However, the profiles of the complexes all
showed a single band under native conditions but four bands
under denaturing conditions, indicating that the designer cellu-
losomes are all able to self-assemble.

Restoration of LPMOs' Substrate Targeting by CBM-CohA. The results
of the activity assays showed that the CBM-less LPMOs studied
here exhibited lower activity levels than their CBM-bearing
counterparts. To confirm that this observation is the result of
a loss of substrate targeting, a CBM restoration experiment was
performed. The cleavage of Avicel by LPMOs bound to a mono-
valent scaffoldin Scaf-A was assayed and compared with that of
the free enzymes (Fig. 4). As a control, the cellulolytic activity of
Scaf-A alone was assayed and yielded no detectable amount of
soluble sugars. The activity levels of wild-type E7 and E8 (lacking
dockerins) in the presence of Scaf-A, but not bound to it, were
similar to those observed previously for the LPMOs alone, con-
firming that Scaf-A had little or no effect on their enzymatic ac-
tivity. As anticipated, the activity of E7Ink-a, E8A-a, and E8AA-a
coupled to Scaf-A was strongly enhanced compared with the free
enzymes, reaching levels of soluble sugars released comparable to
that of E8. Interestingly, when bound to Scaf-A, the CBM-bearing
E8-a showed a reduction in its activity (—19%), suggesting that
the presence of two CBM modules in close proximity in the
complex could be detrimental as shown earlier for other types of
designer cellulosomes (28).

Cellulolytic Activity of LPMO-Containing Cellulosomes. Because they
only produce small amounts of soluble sugars by themselves,
the main interest of using LPMOs for microcrystalline cellu-
lose degradation resides in their synergistic action when paired
with one or more hydrolytic cellulases. Having obtained func-
tional LPMO-Dockerin chimeras for E7 and ES, their effect
on cellulose hydrolysis by the hydrolytic cellulases SA and 48A
was assayed (Fig. 5). Overall, the three types of geometries
assessed were the following: free chimeric enzymes (Free), chi-
meric enzymes bound to their respective monovalent scaffoldin
(CBM), and chimeric enzymes complexed in a designer cellu-
losome (Designer).

In control experiments (W.T. control), the addition of either
wild-type E7 or ES to a mixture of the wild-type hydrolases led to
an increase in soluble sugars released compared with that of
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Fig. 4. Restoration of the substrate targeting by scaffoldin-borne CBM.
Quantification by HPAEC analysis of the soluble sugar released from the
cleavage of microcrystalline cellulose (Avicel, 10 mg/mL) by 1 pM of LPMO +
1 pM Scaf-A, at 50 °C for 72 h. Black triangles indicate the total amount of
sugars released under the same conditions without the scaffoldin (Fig. 2).
See Fig. 2B for additional information. Detailed concentrations and associ-
ated SDs are available in Fig. S2.
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Fig. 5. Degradation of cellulose by LPMO-containing designer cellulosomes.
Quantification by HPAEC analysis of the soluble sugars released from the
cleavage of microcrystalline cellulose (Avicel, 10 mg/mL), at 50 °C for 72 h.
Different architectures were assayed: free enzymes (W.T. control and Free),
enzymes bound to monovalent scaffoldins (CBM), and enzymes bound to
trivalent scaffoldin (Designer). Each protein was added at a final concen-
tration of 0.5 uM. Concentrations of reducing sugars (green) and oxidized
sugars (red) are shown. Values for reducing sugars were obtained by adding
the concentrations of DP1-DP5 (where DP1 = glucose, DP2 = cellobiose,
DP3 = cellotriose, DP4 = cellotetraose, and DP5 = cellopentaose). Values for
oxidized sugars were obtained by adding the concentrations of DP10x-
DP50x. The detailed concentrations are available in S/ Materials and Meth-
ods. Blue arrows and the associated values indicate the percent increase
("boost effect”) in reducing sugars, related to the addition of a LPMO,
compared to that of the control. Detailed concentrations and associated SDs
are available in Fig. S3A. Values for oxidized sugars were obtained by adding
the concentrations of DP10x-DP50x. The detailed concentrations of oxi-
dized sugars and the associated SDs are available in Fig. S3B.

the hydrolases in the absence of LPMO (respectively, +28% and
+51%). The activity of the hydrolase mixture in different geom-
etries followed a classical pattern for converted enzymes: The
free dockerin-bearing chimeras are less active than the wild-type
enzymes (here: —38%), CBM restoration via monovalent scaf-
foldin reestablishes wild-type level of activity (here: —3%), and
the assembly in designer cellulosome leads to strong synergy and
improved activity compared with the wild type (here: +54%). For
each geometry, the addition of a LPMO to the hydrolases sys-
tematically led to an increase in the release of soluble sugars
compared with the hydrolases alone. In free state, E§-a provided
the highest improvement (+54%), whereas E7Ink-a, E8A-a, and
E8AA-a had a less beneficial effect (+25-28%). Conversely, in
the CBM-restored state, the opposite was observed, with E7Ink-g,
E8A-a, and E8AA-a warranting the highest increase (+50-53%),
whereas E8-a led to a lower improvement (+20%). The same
pattern was observed for the designer cellulosomes, but with
superior increases in activity (+63-68% and +34%, respectively).
These results demonstrate that the incorporation of LPMOs in
designer cellulosome can increase their beneficial impact on
hydrolytic cellulases. Overall, by cumulating the benefits of cel-
lulosomal proximity effects and LPMO enhancement of hydro-
lysis, the most efficient designer cellulosome led to a 2.6-fold
increase compared with the free hydrolases.

Discussion

The development of efficient and cost-effective processes for the
breakdown of lignocellulose is a key step for implementation of
plant-derived biofuels and chemicals. Important progress has
been made toward the biological degradation of plant biomass
through the study of bacterial and fungal enzymatic systems (4).
Over the last few years, a new group of redox enzymes involved in
the degradation of cellulose has been described and heralded as
a key technological advance in the field of cellulose degradation
(29). Indeed, LPMOs, through their oxidative cleavage of crys-
talline cellulose, allow for a more efficient hydrolysis of cellulose
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by hydrolytic cellulases (8, 12). In parallel, several studies have
shown that highly efficient plant biomass degradation could
also be achieved through the use of large multienzyme com-
plexes called cellulosomes (18). The goals of this study were to
assess whether LPMOs could be converted to the cellulosomal
mode and whether they would retain its cellulolysis enhancement
ability while incorporated in a designer cellulosome complex.

To do so, we have chosen to study two LPMOs from the
bacterium T. fusca, because our group has already performed the
cellulosomal conversion of a dozen biomass-degrading enzymes
from this model organism (21, 27, 30, 31). The LPMOs E7 and
ES8 were initially described in an earlier study (32) but were then
considered to be CBMs able of slightly enhancing the activity of
other T. fusca cellulases, because their classification as LPMOs
was not yet evident. E7 and ES8 are both under the control of the
CelR regulator, like the majority of the other cellulases and
hemicellulases from 7. fusca, and their expression is up-regu-
lated when the bacterium is grown on lignocellulosic substrates
(33). Recently, they have been characterized as LPMOs, re-
classified in the AA10 family, and their cellulolysis enhance-
ment effects were redefined (34). In terms of its modularity, E7
is representative of the most abundant types of architecture of
bacterial LPMOs identified to date, because 67% of the known
AA10s are single-domain proteins (29). However, E8 has a rar-
e type of modularity, only shared by three known bacterial
LPMOs (0.25%), with an Fn3 domain bridging a CBM2 module
to the AA10 domain. Interestingly, another architecture com-
prising two Fn3 domains between the AA10 and CBM2 domains
is much more abundant in the CAZY database (10%). Our data
suggest that the Fn3 domain of ES is not essential to the enzyme
functionality, confirming the results recently obtained by another
group (35). The function of the Fn3 domains remains poorly un-
derstood. It is interesting to note that they are found in various
cellulosomal cellulases where they are thought to act as a compact
form of peptide linker that could be extended when needed, or as
solubilization factors for large protein complexes (36).

A mixture of T. fusca endo- and exo-acting cellulases was se-
lected to integrate the complexes alongside the LPMOs, because
their complementary activities lead to strong synergistic effects
(37). TfCel5A and TfCel48A were chosen because these enzymes
were converted successfully to the cellulosome mode in previous
studies (27). The insertion of noncellulosomal enzymes into
designer cellulosome complexes, although conceptually simple, is
not yet a trivial or streamlined process. In most instances, the
preferred way of conversion to the cellulosomal mode is by do-
main swapping of a native CBM for a dockerin. In the case of
single-domain enzymes, the addition of a dockerin module is
more intricate, because it can be inserted at the N-terminal or
C-terminal extremity, either directly or through a linker of various
length and composition (30), without a priori knowledge of
which solution will be the most efficient. Furthermore, obtaining
a functional chimeric enzyme does not necessarily warrant that it
will be beneficial when incorporated into a cellulosome complex.
For instance, our group reported that the exoglucanase Cel6B
from T. fusca could be successfully converted to the cellulosome
mode but, upon insertion in a complex, would cause a strong
antiproximity effect (31).

In the current study, we obtained one functional chimera for
E7 and three for E8. Notwithstanding the loss of substrate tar-
geting effect caused by the removal of the CBM module, it is
interesting to note that in free state, the four LPMO-Docs all
exhibited similar activity levels. However, when bound to a scaf-
foldin, E8-a showed a significant loss of activity compared with
the other variants of E8. Because it is the only LPMO-Doc that
includes a CBM domain, it is possible that adverse interplay may
have occurred between the enzyme-borne and the scaffoldin-
borne CBMs. A previous study, documenting a similar phe-
nomenon, suggested that CBM modules should only be retained
on the enzyme if they have a different substrate specificity than
the CBM present on the scaffoldin (23).
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The addition of a LPMO to the cellulase mixture had the
expected effect, strongly increasing the amount of soluble sugar
released, as described (9, 29). Interestingly, this boost effect was
enhanced when the LPMOs were bound to the designer cellu-
losome, in close proximity to the other cellulases. The origin of
this proximity effect in cellulosomes is not yet well understood,
but previous studies have suggested that it may be linked to
limited diffusion of products between complementary acting
enzymes (20, 23).

The successful incorporation of LPMOs into cellulosomes for
enhanced cellulose degradation presented here offers interesting
prospects for future plant-biomass degradation applications. Al-
though mixtures of free cellulases supplemented with LPMOs have
been commercially available for industrial applications (38), these
systems do not benefit from the advantages offered by the cellulo-
somal architecture. Reciprocally, the cellulosomal complexes puri-
fied from anaerobic bacteria do not benefit from enhanced access to
the microcrystalline cellulose warranted by LPMOs (20). In recent
years, several studies have aimed at developing a consolidated bio-
process based on host microbes like yeast for expressing designer
cellulosome (39, 40), to efficiently combine saccharification and
fermentation of cellulose to ethanol. These studies propose the
expression of divalent and trivalent chimeric scaffoldins on the cell
surface of Saccharomyces cerevisiae, and the formation of designer
cellulosomes by incorporation of chimeric endo-cellulases and exo-
cellulases (optionally coupled to a p-glucosidase). Based on the
results presented here, the addition of a LPMO to these systems
could lead to highly efficient consolidated processes. A large
number of LPMOs from fungi have been expressed in yeast (29)
and, given their similarities with AA10s (29), the conversion of
AAYs to the cellulosomal mode should be possible by following
the principles described here.

Further efforts should also be made to incorporate a wider
array of enzymatic activities into cellulosomes. Indeed, the effi-
cient degradation of lignocellulose also requires the breakdown
of lignin components or their separation from the polysaccharide
backbone. An earlier study successfully converted a feruloyl es-
terase from the fungus Aspergillus niger (41), and other types of
“auxiliary activities” could be explored. Recently, the secretion by
T. fusca of two copper-containing oxidases exhibiting laccase-like
activities has been highlighted (42). Both enzymes appeared to be
active on lignin and, when coupled to cellulases or hemicellulases,
warranted enhanced release of soluble sugars from lignocellulosic
biomass. After conversion to the cellulosomal mode, these
enzymes could be integrated into designer cellulosomes bearing
cellulases, hemicellulases, and LPMOs, potentially leading to the
creation of synthetic, highly efficient, lignocellulolytic complexes.

Materials and Methods

Cloning. All recombinant LPMOs were cloned by using a two-step restriction-
free procedure. E7 and E8 coding sequences were amplified from T. fusca
genomic DNA and cloned into the pET27b(+) vector (Novagen). E7-a, E7Ink-a,
E8- a, E8A-a, and E8AA-a were cloned by inserting a sequence coding for the
DocA dockerin module at the desired position. All enzyme constructs were
designed to contain a His tag for subsequent purification. Plasmids and
primers used for restriction-free cloning are available in Table S1. Additional
details for this and subsequent methods can be found in S/ Materials
and Methods.

Expression and Purification. All recombinant proteins were expressed in E. coli
BL21(DE3), and grown in autoinduction media at 20 °C. Protein purification
was performed by immobilized metal-ion affinity chromatography on
a Nickel-NTA column (Qiagen). The purified proteins were concentrated by
ultrafiltration (Vivaspin, 10 kDa molecular mass cutoff, PES membrane;
Sartorius) and buffer exchanged against Tris-buffered saline to achieve
a 10%fold dilution. Purified proteins were stored in 50% (vol/vol) glycerol
at —20 °C.

Cohesin-Dockerin Interaction. The cohesin—dockerin interaction was analyzed
by using an ELISA. The dockerin-bearing enzyme was first coated (0.1 pg) on
MaxiSorp plate wells (Nunc), followed by incubation with a CBM-bearing
cohesin. The CBM cohesins bound to the plate were detected by using an
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a-CBM primary antibody and a peroxidase-labeled secondary antibody.
Antibody detection was performed by using 3,3',5,5'-tetramethylbenzidine
(ThermoScientific) and quantified spectrophotometrically (ODgsp).

Designer Cellulosome Assembly. Equimolar mixtures of the different proteins
constitutive of the designer cellulosome were prepared and incubated for 2 h
at 37 °C. The electrophoretic mobility of the proteins was analyzed by PAGE
under native and denaturing conditions.

Cellulose Degradation Assays. Cellulose degradation was assayed by incubating
the enzymes with 10 mg-mL‘1 of microcrystalline cellulose (Avicel), at 50 °C for
72 h in 50 mM sodium acetate buffer at pH 5.9 with 2 mM ascorbic acid. En-
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0.5 uM for the designer cellulosomes assays (coupled to 1 pM of each cellulase
and 1 pM Scaf-ABT). In the case of the designer cellulosomes, an equimolar
mixture of the different components was first allowed to interact for 2 h at 37 °C.
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Soluble Sugar Analysis. Soluble sugars released during the enzymatic deg-
radation of cellulose were analyzed by HPAEC coupled to pulsed ampero-
metric detection by using a Dionex ICS3000 system equipped with a CarboPac
PA1 column.
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