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Efficient breakdown of lignocellulose polymers into simple molecules
is a key technological bottleneck limiting the production of plant-
derived biofuels and chemicals. In nature, plant biomass degradation
is achieved by the action of a wide range of microbial enzymes. In
aerobic microorganisms, these enzymes are secreted as discrete
elements in contrast to certain anaerobic bacteria, where they are
assembled into large multienzyme complexes termed cellulosomes.
These complexes allow for very efficient hydrolysis of cellulose and
hemicellulose due to the spatial proximity of synergistically acting
enzymes and to the limited diffusion of the enzymes and their
products. Recently, designer cellulosomes have been developed to
incorporate foreign enzymatic activities in cellulosomes so as to
enhance lignocellulose hydrolysis further. In this study, we comple-
mented a cellulosome active on cellulose and hemicellulose by
addition of an enzyme active on lignin. To do so, we designed a
dockerin-fused variant of a recently characterized laccase from the
aerobic bacterium Thermobifida fusca. The resultant chimera
exhibited activity levels similar to the wild-type enzyme and properly
integrated into the designer cellulosome. The resulting complex
yielded a twofold increase in the amount of reducing sugars released
from wheat straw compared with the same system lacking the lac-
case. The unorthodox use of aerobic enzymes in designer cellulo-
some machinery effects simultaneous degradation of the three
major components of the plant cell wall (cellulose, hemicellulose,
and lignin), paving the way for more efficient lignocellulose conver-
sion into soluble sugars en route to alternative fuels production.
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Plant biomass is one of the most abundant sources of organic
material on earth. Given its widespread availability and re-

newability, it is considered to be a promising resource for alter-
native and sustainable energy production (1). The plant cell wall is
composed of lignocellulose, a heterogeneous amalgamation of
cellulose, hemicellulose, and lignin. Cellulose and hemicellulose
are attractive components for the production of biofuels or syn-
thons, because these polysaccharides can be biologically hydro-
lyzed to simple sugars, which, in turn, can be converted into
ethanol or other high-value chemicals (2, 3). On the other hand,
lignin is mostly considered to be a hindrance in bioethanol pro-
duction processes (4). Indeed, although lignin-derived aromatic
compounds are valuable in the green chemistry sector, this com-
plex organic heteropolymer encases the cellulose/hemicellulose
fibers, and thus limits the accessibility of enzymes or chemicals. As
a result, and to increase the amount of fermentable sugars pro-
duced from plant biomass, lignin must be removed (5).
Currently, the techniques available to remove lignin from the

biomass efficiently are limited. For example, chemical pretreatment
of biomass, with acids or organic solvents, before enzymatic di-
gestion can generate lignocellulose-derived byproducts such as
phenolic compounds that inhibit the enzymatic biocatalysts (6).
More favorable techniques, based on the use of lignin-degrading
enzymes, such as laccase and lignin peroxidase, have long been
identified; however, their utilization in the biofuel production

process is currently limited (7). Laccases (EC 1.10.3.2) are well-
studied blue multicopper oxidases (type 1) found in fungi, plants,
and microorganisms that catalyze the oxidation of a wide variety of
phenolic and nonphenolic compounds, with concomitant reduction
of molecular oxygen to water (8–10). The broad substrate range of
laccases allows their use in numerous types of industrial and bio-
technological fields, such as the paper, textile, and food industries
(11–14). Known functions of fungal (15) and bacterial (16) laccases
include roles in morphogenesis, sporulation, and pigmentation.
Both bacterial and fungal forms can effect lignin catalysis and
lignocellulose degradation, whereas plant laccases are involved
in lignin synthesis in the plant cell wall.
Recently, a new laccase-like enzyme (Tfu1114) was character-

ized in the model cellulolytic bacterium Thermobifida fusca (17).
Tfu1114 is able to catalyze the oxidation of several phenolic and
nonphenolic lignin-related compounds, such as 2,6-dimethox-
yphenol (2,6-DMP), veratryl alcohol (VA), and guaiacol. It is,
however, unable to oxidize 2,2-azobis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS), a classical substrate for laccases, and
only exhibits one copper atom per protein instead of the four found
in canonical laccases. Interestingly, it was shown that Tfu1114 can
significantly increase the hydrolysis of bagasse polysaccharides
when combined with a cellulase or a xylanase from the same or-
ganism (17). This enhancement is linked to the oxidation of phe-
nolic subunits of lignin and the generation of free radicals, which
could create cleavage sites in the network structure of the lignin–
carbohydrate complex, consequently exposing more polysaccharide
fibers to the glycoside hydrolases (18).

Significance

Lignocellulosic biomass is a potential major resource for re-
newable energy production. Plant cell-wall deconstruction,
however, remains an inefficient process, mainly due to the
recalcitrant nature of the lignin and cellulosic components, that
requires chemical pretreatment methods prior to degradation.
This study aims to overcome this barrier by combining two
paradigms into a single system, by using a synthetic biology
approach. The designed system integrates an engineered lac-
case (an oxidizing enzyme that acts on lignin) into a multi-
enzyme cellulosome complex, thereby producing enhanced
decomposition of wheat straw. These findings demonstrate
the potential of introducing complementary enzymes that fail
to occur together in nature into designer cellulosomes for im-
proved lignocellulose conversion.
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In previous studies, our group has extensively studied the
enzymes produced by T. fusca to degrade lignocellulose, partic-
ularly in the context of their conversion to the cellulosomal mode
(19–22). Indeed, in this bacterium, like in the large majority of
aerobic microorganisms, the cellulolytic system is based on the
secretion of individual, free enzymes. By contrast, a restricted
number of anaerobic bacteria perform efficient degradation of
plant biomass through the secretion of unique, large multien-
zyme complexes termed cellulosomes (23–26). These complexes
are based on a noncatalytic subunit called scaffoldin that binds to
the insoluble substrate via a cellulose-specific carbohydrate-binding
module (CBM). The scaffoldin also contains a set of subunit-
binding modules termed cohesins that mediate the specific in-
corporation and organization of catalytic subunits through the
dockerin, a complementary binding module carried by each en-
zymatic subunit (27, 28). The existence of cellulosome complexes
in anaerobic fungi, which differ by the absence of true cohesins
and dockerins, has also been reported (29, 30).
Previous studies have demonstrated the high efficiency of cel-

lulosomes for the degradation of cellulose and hemicellulose, due
to the spatial proximity of synergistically acting enzymes and to the
locally increased concentrations in enzymes and substrate (31).
However, cellulosomal systems discovered to date all appear to be
lacking some of the key oxidative enzymes produced by the ma-
jority of aerobic lignocellulolytic microbes involved in the re-
duction of cellulose crystallinity and in lignin breakdown.
Two decades ago, the concept of designer cellulosomes was

proposed, based on the modular nature of the cellulosome com-
plex. Designer cellulosomes were devised as a tool to manipulate
cellulosomal architecture and to incorporate noncellulosomal en-
zymes into these artificial complexes (32). This incorporation is
accomplished by taking advantage of the high specificity between
cohesins and dockerins originating from the same species. A chi-
meric scaffoldin, bearing several cohesin modules from multiple
origins, can thus be designed, as well as chimeric enzymes bearing
the corresponding dockerin, thus enabling self-assembly of a tailor-
made enzymatic complex. The chimeric scaffoldin enables control
of the location of each cellulolytic enzyme in the cellulosomal
complex, as well as its molar ratio. This Lego-like complex has
been used to test the effects of enzymatic compositions, the relative
positioning of the enzymes within the complex, and their spatial
proximity, which, together, generate the synergistic action of the
cellulosomal components (33–35). The majority of the T. fusca
biomass-degrading enzymes have been converted previously to the
cellulosomal mode (19, 20, 36–41), including a pair of lytic poly-
saccharide monooxygenases (LPMOs) involved in the oxidative
cleavage of crystalline cellulose fibers (22). Interestingly, in most
cases, their inclusion into designer cellulosomes proved to be more
efficient than the equivalent mixture of wild-type enzymes (20–22,
37, 40, 42).
In this study, we examined the conversion to the cellulosomal

mode of the laccase-like enzyme Tfu1114 by fusion to a dockerin-
xylanase chimera and the impact of the conversion on its enzy-
matic activity. This chimeric bifunctional enzyme was incorporated
into a designer cellulosome alongside two cellulases and a xyla-
nase, and was used to deconstruct a wheat straw substrate so as to
assess the benefits of the simultaneous degradation by cellulosome
action of the three components of lignocellulose (i.e., cellulose,
hemicellulose, lignin).

Results
Conversion of the Selected Enzymes to the Cellulosomal Mode.
T. fusca enzymes involved in lignocellulose degradation have
been extensively studied because they are industrially relevant due
to their high thermostability, broad pH range, and high activity
(19, 37, 42). In previous studies, the majority of these enzymes
have been converted to the cellulosomal mode by fusion of a
dockerin module, without adverse effects on their activity. In this

study, we used two well-characterized T. fusca cellulases, the
family 5 endoglucanase Cel5A and exoglucanase Cel48A, to-
gether with Clostridium thermocellum xylanase Xyn11V, and
integrated them in a designer cellulosome. This combination of
enzymatic activities was shown to be highly synergistic and ef-
ficient for the simultaneous hydrolysis of cellulose and hemi-
cellulose (20–22, 37, 39). This complex was used as a base to
evaluate the benefits of the incorporation in designer cellulo-
somes of a lignin-active enzyme: the recently characterized
T. fusca laccase-like Tfu1114 (hereafter termed Lac).
To convert T. fusca enzymes to the cellulosomal mode, dockerin

domains originating from different bacterial species and showing
different binding specificities were used. T. fusca Cel48A and
Cel5A were fused at their N termini with dockerins originating
from C. thermocellum and Ruminococcus flavefaciens, and termed
t-48A and f-5A, respectively (39). In both cases, the original
N-terminal CBM2 was replaced by the dockerin module.
C. thermocellum xylanase Xyn11V was fused to an Acetivibrio
cellulolyticus dockerin (termed a). This enzyme displays the same
modular arrangement as T. fusca Xyn11A, a GH11 module, and a
CBM2 (specific for xylan binding and cellulose to a lesser extent)
(43), but it is advantageous over the latter because the recombinant
form is expressed very efficiently in Escherichia coli expression
systems. Similar to the chimeric form of T. fuscaXyn11A, the CBM
was maintained in C. thermocellum Xyn11V to preserve enzymatic
activity in designer cellulosomes as reported previously (39) and
the dockerin module was added at the C terminus of the protein.
The enzymatic activity of the resultant Xyn11V-a was comparable
to the wild-type Xyn11V on xylan substrates (Table S1).
The conversion of the laccase Tfu1114 to the cellulosomal

mode proved more difficult, because the chimeric enzyme bearing
the dockerin from Clostridium cellulolyticum at either the N or C
terminus failed to express in E. coli cells under various growth
conditions. To overcome this barrier, a highly expressed GH10
xylanase, XynT6, from the thermophile Geobacillus stear-
othermophilus, was used as a solubility tag (44, 45) and fused at
the N terminus of the dockerin-bearing laccase. The resulting
bifunctional chimera was successfully expressed and purified.
The XynT6 solubility tag was kept fused to the converted
Tfu1114, because its thermophilic xylanase activity is expected
to promote xylan degradation further within the framework of
our experiments. As a control, a variant of XynT6 fused only to
the dockerin (c) was also produced, and termed Xyn-c.

Construction of the Tetravalent Scaffoldin. To drive the assembly of
the above-described dockerin-bearing enzymes into a defined de-
signer cellulosome, a tetravalent scaffoldin, Scaf·CATF, containing
the appropriate matching cohesins was produced. It includes four
different cohesin types, originating from C. cellulolyticum (C),
A. cellulolyticus (A), C. thermocellum (T), and R. flavefaciens
(F). To target the scaffoldin to the cellulose-containing sub-
strate, a cellulose-binding CBM3a from C. thermocellum was
incorporated between A and T, as shown in Fig. 1.

Functionality of the Chimeric Bifunctional Enzyme Xyn-c-Lac. To as-
sess whether the laccase and xylanase components of Xyn-c-Lac
were affected by the translational fusion, enzymatic activities of
the chimera were compared with the corresponding wild-type
moieties. Xylanase activity was assessed by dinitrosalicylic acid
(DNS) assay using beechwood xylan as a substrate and utilizing
previously reported reactions parameters for the wild-type xyla-
nase XynT6 (46). The xylanase moiety retains enzymatic activity,
and its activity profile was similar to the wild-type and Xyn-c
xylanases (Fig. S1). The functionality of the dockerin module was
confirmed by affinity-based ELISA that measured the binding
between the chimeric Xyn-c-Lac and the cohesin partner. The
dockerin-bearing enzyme specifically bound the respective cohesin
in an exclusive manner (Fig. S2).

Davidi et al. PNAS | September 27, 2016 | vol. 113 | no. 39 | 10855

A
PP

LI
ED

BI
O
LO

G
IC
A
L

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608012113/-/DCSupplemental/pnas.201608012SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608012113/-/DCSupplemental/pnas.201608012SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1608012113/-/DCSupplemental/pnas.201608012SI.pdf?targetid=nameddest=SF2


To ensure that the addition of xylanase and dockerin does not
affect the laccase activity in the chimeric Xyn-c-Lac, its activity was
assayed and compared with the activity of the wild-type laccase on
a variety of laccase substrates. In the first characterization of the
wild-type laccase (17), enzymatic assays were conducted with the
2,6-DMP substrate within a pH range of 6.5–9.0. The activity for
oxidation was assayed by 15-min incubation of the enzymes at
50 °C with 20 mMABTS, 2,6-DMP, guaiacol, and VA substrates in
various buffers and pH conditions. As can be seen in Fig. 2, the
addition of the xylanase and dockerin moieties to the chimeric
Xyn-c-Lac did not affect its activity in comparison to the wild-type
enzyme under most of the conditions examined. Both the chimeric
enzyme and the wild-type enzyme exhibited the highest activity
toward 2,6-DMP using phosphate buffer at pH 8. This result is in
agreement with a previous study that characterized the wild-type
enzyme activity (17). The substrate 2,6-DMP was oxidized by both
the wild-type and chimeric enzymes in tartrate buffer (pH 5) and
citrate buffer (pH 6). The second-highest oxidized substrate was
VA. Surprisingly, the chimeric enzyme exhibited moderate activity
for ABTS at pH 4, whereas the activity of the wild-type enzyme
was very low in our experiments and negligible in previous studies
(17). We identified only minor activity of both the wild-type and
chimeric enzymes toward guaiacol. Because the optimal pH of the
laccase varied with the substrate and buffering agent, and the
T. fusca enzymes cellulases and xylanases in the designer cellulo-
some machinery are known to be active at pH ranges of 5–6 (20–22),
we therefore elected pH 5 as the working pH in our experiments.

Analysis of Designer Cellulosome Complex Formation. To examine
the incorporation of the various components into the designer
cellulosome complex, we used the ability of the complex to bind
microcrystalline cellulose by virtue of its resident CBM to per-
form an affinity pull-down assay. The designer cellulosome
complex was first incubated with cellobiose before its incubation
with cellulose to prevent nonspecific binding of the catalytic
modules to cellulose. The bound and unbound fractions were
examined by SDS/PAGE. Dockerin-bearing enzymes that failed
to interact properly with the matching cohesin on the scaffoldin
would appear in the unbound fraction. The four enzymes were
incorporated together at their optimal ratio into the scaffoldin.
As seen in Fig. 3, complex formation seems to be complete be-
cause all five proteins appear in the bound fraction, whereas the

amount of protein observed in the unbound fraction is negligible.
In addition, the assembly of the complex and its components was
further confirmed by nondenaturing PAGE electrophoresis
(Fig. S3).

Degradation of Unpretreated Wheat Straw. The Xyn-c-Lac and the
Xyn-c produced negligible amounts of reducing sugars after in-
cubation with unpretreated wheat straw. The combination of the
three enzymes f-5A, t-48A, and Xyn11V-a into a designer cellu-
losome resulted in a 1.8-fold increase in enzymatic activity com-
pared with the mixtures of the free enzymes (Fig. 4). Xyn-c-Lac
served to enhance the amount of reducing sugars dramatically by
2.7-fold when combined with the free enzymes. This activity could,
in fact, be attributed to the xylanase solubility tag (Xyn), because
similar levels of reducing sugars were obtained while adding Xyn-c
to the mixture of free enzymes. In contrast, the incorporation of
the Xyn-c-Lac into the designer cellulosome machinery generated
an increase of 1.4-fold in the amount of reducing sugar production
compared with the mixture of the chimeric enzymes in their free
state, and a twofold increase compared with the trivalent designer
cellulosomes lacking the laccase (with or without the control Xyn-c)
following 72 h of incubation with unpretreated wheat straw
(Fig. 4). The fact that the combination of Xyn-c with the de-
signer cellulosomal system did not serve to increase the amount
of reducing sugar production demonstrates that the increase in
activity caused by addition of Xyn-c-Lac to the designer cellu-
losome machinery can be attributed to the laccase moiety. Our
results suggest a strong proximity effect between the laccase and
the other enzymatic (glycoside hydrolase) partners and the ne-
cessity of the laccase to be located in the cellulosome complex to
achieve efficient degradation (Fig. 4). Interestingly the Xyn-c
enzyme contributed to the enzymatic activity in combination
with the other enzymes in the free state only; as part of the
designer cellulosome, Xyn-c reduced the activity compared with
the free enzyme mixture (Fig. 4). Kinetics studies over 7 d of the
tetravalent designer cellulosome bearing the Xyn-c-Lac enzyme
compared with selected controls are shown in Fig. 5. After 7 d,
the tetravalent designer cellulosome caused a 50% increase in
the amount of reducing sugars in comparison to the trivalent
designer cellulosome lacking the laccase (Xyn-c-Lac). Together,
these results demonstrate the ability of laccase to enhance cel-
lulolytic and hemicellulolytic degradation when integrated into
the designer cellulosome machinery.

Fig. 1. Schematic representation of the recombinant proteins used in this
study. The numbers 5, 11, and 48 refer to the corresponding GH family (GH5,
GH48, and GH11) of the catalytic module; uppercase characters (A, C, F, T)
indicate the source of the cohesin module; and lowercase, italicized fonts (a,
c, f, t) indicate the source of the dockerin module.

Fig. 2. Laccase activity of the wild-type Lac and chimeric Xyn-c-Lac toward
different substrates. Enzymatic activity toward 2,6-DMP, ABTS, guaiacol, and
VA was determined with different buffers in various pH conditions (pH value is
given in parentheses under each bar pair). The oxidation rate was calculated
based on the extinction coefficient of the oxidized product of each substrate.
Each reaction was performed three times. Error bars represent SDs.
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Discussion
Recent efforts have focused on the development of renewable
alternatives to fossil fuels, and cellulosic biomass has great po-
tential to contribute to the demand for liquid fuel (5, 47). The
production of lignocellulosic biofuel initially involves the de-
construction of cell-wall polymers into simple sugars. This critical
step has been studied extensively, although an efficient, in-
expensive process has yet to be developed. Lignin acts as a
physical barrier that restricts the access of hydrolytic enzymes to
cellulose and hemicellulose components of the plant cell wall.
Moreover, it has been shown that cellulases have a tendency to
bind lignin in a nonreversible manner (48–51), thus limiting their
availability in solution. Thermochemical pretreatment processes
that are used for removal of the lignin component before cel-
lulose degradation tend to be expensive, slow, and relatively in-
efficient. Furthermore, some of these pretreatments produce
inhibitors that decrease the overall yield of the fermentation
process (7). In this context, laccases have drawn much attention
in past decades as an ecological alternative for many processes in
the biotechnology industries (11–14). Laccases, which facilitate
the degradation of lignin, can largely contribute to current ef-
forts to overcome limitations of enzymatic degradation of lig-
nocellulosic biomass. In parallel, several studies have shown that
highly efficient plant cell-wall degradation can be achieved by the
use of the designer cellulosome complexes (20, 21, 37, 52). De-
signer cellulosome technology, which harnesses the proximity
effect of ordered hydrolytic enzymes to maximize their combined
synergistic effects, was used in this work in combination with
integration of a nonconventional enzyme that degrades lignin.
The goal of this study was to assess whether this laccase could be
converted to the cellulosomal mode and integrated efficiently
into the designer cellulosome machinery, and whether it would
enhance the degradation of lignocellulose.

For this purpose, the recently characterized laccase-like
Tfu1114 from T. fusca, which exhibited synergistic activity in
combination with hydrolytic enzymes on biomass, was selected
(17). The effect of the Lac enzyme in combination with T. fusca
endoglucanase Tfu_1074 (Cel6A) and endoxylanase Tfu_1213
(Xyn11A) on degrading cellulosic biomass was previously dem-
onstrated (17). In this study, a mixture of T. fusca endo- and exo-
acting cellulases, together with an endoxylanase, was selected for
integration into the designer cellulosome complex alongside the
laccase for maximizing their synergism. Interestingly, members of
the family-6 glycoside hydrolase enzymes have never been found
to be part of any known cellulosome system. However, endo-
cellulase Tfu_1074 (Cel6A) was demonstrated to confer enhanced
cellulose-degrading activity in simple designer cellulosomes (38,
53). In contrast, Tfu_0620 (Cel6B) is an exoglucanase, which was
shown to cause an antiproximity effect in designer cellulosomes,
and was therefore deemed incompatible with the cellulosomal
mode (38). Therefore, in this study, we chose to work with the
well-characterized family-48 exocellulase Cel48A, with GH family-
48 enzymes being a major component in the natural secreted
cellulosomes (54–57) together with the family-5 endocellulase
Cel5A, whose synergistic effect with Cel48A has been demon-
strated previously and which were extensively used in their dock-
erin-bearing chimeric forms as successful components of designer
cellulosomes (20–22, 37, 58). Endoxylanase Tfu_1213 is part of the
family-11 glycoside hydrolase enzymes. Therefore, C. thermocellum
Xyn11V, which is also a thermophilic family-11 enzyme and has the
same modular arrangement of T. fusca Xyn11A, was used as a
suitable replacement (43), and its chimeric form was expressed very
efficiently in E. coli.

Fig. 4. Comparative degradation of unpretreated wheat straw by laccase in
tetravalent designer cellulosomes and free-enzyme systems. The unpretreated
wheat straw substrate was incubated for 72 h at 50 °C. Bars: 1, bifunctional
chimeric xylanase-tagged laccase (Xyn-c-Lac); 2, xylanase tag alone (Xyn-c); 3,
three free dockerin-bearing GHs (Xyn11V-a, t-48A, and f-5A); 4, the three free
GHs with the additional xylanase tag (Xyn-c); 5, the three free GHs with the
addition of the xylanase-tagged laccase (Xyn-c-Lac); 6, the three scaffoldin-
complexed GHs; 7, scaffoldin-complexed GHs + xylanase tag; 8, scaffoldin
complexed GHs + laccase. Enzymes were used at 0.5 μM with a substrate
concentration of 7 g/L. Reaction yields from 1 to 8 were as follows: 0.14%,
0.3%, 2.4%, 6.7%, 6.5%, 4.5%, 4.6%, and 9% using the predetermined
maximum sugar release of 3.3 mmol of reducing sugars per gram of dry matter
(57). Each reaction was performed three times. Error bars represent SDs.

Fig. 3. Assessment of cellulosome complex formation by cellulose pull-down.
The designer cellulosome preparations were subjected to interaction with
cellulose by using the ability of its resident CBM to bind microcrystalline cel-
lulose. Bound and unbound fractions were examined by SDS/PAGE. Dockerin-
bearing enzymes interacting properly with matching cohesins of the scaffoldin
protein will appear in the bound fraction. Bands in the unbound fraction
(none visible) indicate enzymes that failed to interact properly with the
matching cohesins of the scaffoldin. Mm, molecular mass.
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As previously discussed, the insertion of noncellulosomal en-
zymes into a designer cellulosome complex is far from trivial (59).
In most cases, when a free cellulolytic enzyme bears a CBM, the
native CBM can be replaced with a dockerin, therefore preserving
the overall modular architecture of the protein. However, in a
protein that contains a single catalytic module and lacks any CBM,
the dockerin can be added at either the N or C terminus via an
appropriate linker regardless of any former knowledge of its effect
on the functionality of the chimeric enzyme (catalytic module and
dockerin). In this study, the conversion of the enzyme Lac into the
cellulosomal mode was complex, because upon inclusion of the
dockerin, the chimeric enzyme failed to be expressed in soluble
form under various expression conditions. This issue was solved by
the addition of the thermophilic G. stearothermophilus xylanase,
which was previously shown to be expressed at high levels and in a
soluble form; we were able to express the chimeric cellulosomal
form of the laccase successfully. The resultant chimeric bifunc-
tional enzyme, Xyn-c-Lac, retains both the xylanase and laccase
activity, and its dockerin module incorporated properly into the
designer cellulosome in combination with the cellulases Cel5A
and Cel48A and the xylanase Xyn11V (Figs. 2 and 3 and Fig. S1).
We validated proper activity of both native Lac and the chi-

meric enzyme Xyn-c-Lac at pH 5–6 compatible with the cellu-
lases and xylanase optimal pH condition. In addition, we
observed activity of the laccase enzymes with the ABTS substrate
at low pH, whereas in a previous study, the laccase failed to
exhibit any activity on that substrate at pH 8 (17). In fact, the
optimal pH range for laccases is highly variable and depends on
the substrate tested; in that context, fungal laccases have also
been reported to be active in the pH range of 3–5 on the ABTS
substrate (12). Additional results on the other substrates were in
concordance with the previous characterization efforts (17). By
demonstrating the activity of the enzyme at low pH on different
substrates, we established the possibility of combining the chi-
meric laccase into the designer cellulosome machinery in com-
bination with other cellulases and xylanases.
In contrast to the results of Chen and coworkers (17), in our

study, the addition of the laccase to the free dockerin-containing
cellulases and xylanase failed to increase enzymatic activity.
However, incorporation of the laccase into the designer cellu-
losome machinery, together with the cellulases and the xylanase,
resulted in a twofold increase in the amount of reducing sugars
compared with the trivalent designer cellulosomes lacking the
laccase. Moreover, because the Xyn solubility tag was not ef-
fective in the cellulosomal mode [the activity of the cellulosome

containing only Xyn-c was significantly lower than the mixture of
free enzymes (Fig. 4, bar 7 versus bar 4)], it is likely that an
enzyme tag that would contribute to the activity of the cellulo-
somal complex would further increase the proximity effect of the
laccase with the glycoside hydrolase components.
Successful incorporation of a laccase into a designer cellulo-

some offers new potential for enzymatic degradation of lignocel-
lulosic biomass and can contribute to future efforts for production
of alternative fuels. The incorporation of nonconventional en-
zymes into designer cellulosomes, such as β-glucosidases, LPMOs,
and expansins, has proved an efficient strategy for enhancement of
biomass degradation by glycoside hydrolases (22, 60–62). These
accessory enzymes act in concert with glycoside hydrolases, either
by releasing product inhibition or by acting directly on the sub-
strate. Designer cellulosomes that have contained either LPMOs
or the laccase have enabled combination of both hydrolytic and
oxidative activities in the same reaction, which would not have
been possible in natural cellulosomes, which are restricted to
anaerobic environments.
The nonconventional enzymes are part of the miniature toolbox

that can serve to enhance the value of designer cellulosome tech-
nology and contribute synergistically to biomass degradation, either
by assisting the glycoside hydrolases in their methodic degradation
of polysaccharide substrates or by attacking different components of
the plant cell-wall matrix.

Materials and Methods
Cloning. Recombinant laccases were cloned by using a two-step restriction-
free procedure (63). The plasmids and primers used for the restriction-free
cloning are listed in Table S2. The other enzymes and scaffoldin were cloned
using restriction enzymes. Additional details can be found in SI Cloning.

Expression and Purification. All recombinant proteins were expressed in E. coli
BL21(DE3), grown in autoinduction media (64), and supplemented with the
appropriate antibiotics. Protein purification was performed by immobilized
metal-ion affinity chromatography on a nickel-nitrilotriacetic acid (Ni-NTA)
column (Qiagen). Scaf·CATF was purified on phosphoric acid-swollen cellu-
lose, 7.5 mg·mL−1 (pH 7), as previously described (36), followed by an addi-
tional purification step using the Ni-NTA column.

Designer Cellulosome Assembly.Designer cellulosome assembly was examined
by both affinity pull-down assay and electrophoretic mobility in native and
denaturing conditions as described earlier (34).

Cohesin–Dockerin Interaction. The procedure of Barak et al. (44) was followed
to test the binding activity of the cohesin and dockerin components of the
designer cellulosome.

Enzymatic Activity Assays. The laccase activity assay was carried out in vertical
shaker incubator at 50 °C for 15 min, using 1.5 μM enzyme and 2 mM substrate
(17). Xylanase activity was assayed on xylan substrates by the DNSmethod (65).
Hatched wheat straw [blended at 0.2–0.8 mm and containing 32% (wt/wt)
cellulose, 30% hemicellulose, and 21% lignin (21)] was washed for 24 h to
remove residual reducing sugars. The enzymes and the scaffoldin at optimal
molar ratios (as determined in Designer Cellulosome Assembly) were incu-
bated for 2 h at 37 °C with 20 mM CaCl2. Then, the complex or enzyme mix-
tures (at 0.5 μM, ∼25 mg of protein per gram of wheat straw for the largest
complex) were assayed for wheat straw degradation in a 200-μL reaction
[50 mM acetate buffer (pH 5.0), 12 mM CaCl2, 2 mM EDTA, 7 g/L wheat straw].
Reaction mixtures were incubated in a vertical shaker incubator for 72 h at
50 °C. All assays were performed in triplicate. To evaluate the concentration of
reducing sugars, the DNS method was used (65). The 7-d activity assay was
conducted similarly with 3.5 g/L unpretreated wheat straw (instead of 7 g/L,
∼49 mg of protein per gram of wheat straw for the largest complex).
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Fig. 5. Kinetics studies of unpretreated wheat straw hydrolysis by the tri-
valent and tetravalent designer cellulosomes (with or without Xyn-c-Lac)
versus the free enzyme mixtures. Enzymes were used at 0.5 μM with a
substrate concentration of 3.5 g/L. Each reaction was performed three times.
Error bars represent SDs.
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