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Abstract

Cellulose deconstruction can be achieved by three distinct enzymatic paradigms: free enzymes,
multifunctional enzymes and self-assembled, multi-enzyme complexes (cellulosomes). To study
their comparative efficiency, the simple and efficient cellulolytic system of the aerobic bacterium,
Thermobifida fusca, was developed as an enzymatic model. In previous studies, most of its
cellulases were successfully converted to the cellulosomal mode and exhibited high cellulolytic
activities, except for Cel6B, a key exoglucanase of the T. fusca enzymatic system. Here, we
investigated the impact of the modular organization of Cel6B on enzymatic activity. The position
of the cellulose-binding module (CBM), its family and linker segment were shown to affect activity.
Surprisingly, exchange of the native family-2 CBM to family-3 generated an increase in Cel6B
activity on cellulosic substrates. Conversion of Cel6B to the cellulosomal mode by fusing a cohesin
to the catalytic module enabled formation of divalent enzyme complexes with dockerin-bearing
enzymes. The resultant pseudo-cellulosomes, containing Cel6B combined with endoglucanase
Cel5A, exhibited enhanced enzymatic activity, compared to mixtures of wild-type enzymes or
bifunctional enzymes, unlike similar pseudo-cellulosomes containing endoglucanase Cel6A or
proccessive endoglucanase Cel9A. Insight into the different enzymatic paradigms benefits
ongoing development of efficient cellulolytic systems for conversion of plant-derived biomass into

valuable sugars.

Novelty statement

The protein engineering of the modular arrangement of a key exoglucanase from a highly
cellulolytic bacterium, Thermobifida fusca, served to explore and compare three major enzymatic
paradigms for cellulose degradation. This approach revealed highly active chimaeric forms of the
exoglucanase that act in synergy together with a potent endoglucanase in bifunctional enzymes
or divalent pseudo-cellulosome-like complexes. Such engineered enzymes could be further
integrated into larger enzymatic complexes, thereby providing a significant step forward towards
conversion of the entire T. fusca free cellulolytic system into the cellulosomal mode and the

enhanced conversion of cellulosic biomass into soluble sugars.



1 Introduction

Effective deconstruction of cellulose, the most abundant biopolymer on earth, is of high interest
in the quest for alternative sources of energy, and also contributes to waste management 2. Due
to its microcrystalline nature, cellulose is, however, extremely difficult to degrade. The biological
degradation of plant cell wall cellulose requires a number of cellulases and hemicellulases that

actin synergy to saccharify this biopolymer and produce pure glucose units as a valuable product.

Cellulases include endoglucanases that hydrolyze the chain internally, exoglucanases that act on
chain ends; both types of enzymes mainly produce cellobiose®* that can be further degraded into
glucose by B-D-glucosidases. The different types of cellulases hydrolyze the crystalline cellulose
fibrils of the plant cell wall in synergistic fashion. In nature, three dominant enzymatic paradigms,
produced by cellulolytic microorganisms for plant cell wall deconstruction have been
distinguished: free enzymes, multifunctional enzymes and multi-enzyme complexes

(cellulosomes) ®.

Free enzymes contain a catalytic module and generally include a carbohydrate-binding module
(CBM) that targets the enzyme to the polysaccharide substrate. Multifunctional enzymes are
composed of two or more catalytic modules in the same polypeptide chain, and they generally
contain one or several CBMs %7, The proximity of several catalytic modules in the same

polypeptide chain results in an enhanced concerted action on cellulosic substrates %82,

Cellulosomes, first described in the anaerobe Clostridium thermocellum *

, adopt various
supramolecular architectures. In C. thermocellum, the cellulosomal complex is composed of a
non-catalytic scaffoldin, which contains a CBM for substrate targeting and multiple cohesin
modules that integrate dockerin-bearing enzymatic subunits into the complex. The inter-modular
high affinity and specific cohesin-dockerin interaction dictates the self-assembly of the

cellulosome complex. The combination of substrate targeting and proximity effects contributes

to the synergistic action and efficiency of cellulosomal enzymes on the cellulosic substrate .

Thermobifida fusca is a highly efficient cellulolytic bacterium that possesses a confined well-
characterized enzymatic system. The cellulase system of this bacterium has been used as a model
to compare free and cellulosomal paradigms by converting the enzymes to the cellulosomal
mode, by providing a dockerin module (usually by replacement of the native CBM) **>, Two of

its enzymes, the endoglucanase Cel5A and the exoglucanase Cel48A, have also been engineered



together as a multifunctional enzyme by fusing the catalytic modules of two enzymes and then
comparing its action on cellulosic substrates to that of the combined free wild-type enzymes and
to the enzymes assembled into cellulosomal mode °. These studies revealed that in most cases,

the cellulosomal mode has an advantage over the other paradigms.

Out of its seven cellulases ¢, T. fusca contains two family-6 cellulases (endoglucanase Cel6A and
exoglucanase Cel6B). Family 6 glycoside hydrolases (GH6s) are not part of any known natural
bacterial cellulosome-producing species; they appear only in free cellulase systems of both fungi
and bacteria. A previous study examined whether the two GH6 enzymes can function in the
cellulosome mode by converting them into cellulosomal enzymes ’. On cellulosic substrates, the
chimaeric dockerin-containing family 6 endoglucanase (originating from Cel6A) was an efficient
cellulosomal enzyme and even more active than the parent wild-type enzyme, when inserted in
the designer cellulosome !!. On the other hand, the chimaeric family 6 exoglucanase (t-6B,
originating from Cel6B), was significantly less efficient than the wild-type enzyme as a component
in designer cellulosomes, indicating its probable incompatibility with the cellulosomal mode of
action. In addition, in another work 8, multiple copies of the same dockerin-containing enzyme
chimaera originating from Cel6B were attached to a self-assembled scaffoldin containing 12
cohesin subunits, and the complex exhibited a marked reduction in its enzymatic activity as
compared to same number of free wild-type enzymes. Only when the free endoglucanase Cel5A
was added to the complexed exoglucanases was the efficiency increased compared to the free

enzymes.

Since Cel6B is abundantly expressed during growth on cellobiose ° and, as a key exoglucanase,
Cel6B is important for achieving maximum activity of synergistic free enzyme mixtures 2°, we re-
investigated, in the present study, the potential incorporation of the Cel6B enzyme in designer
cellulosomes by examining its modular organization (linker length, CBM family and position) and
its impact on enzymatic activity. We selected the chimaeric Cel6B enzyme which provided the
highest enzymatic activity and converted it to the cellulosomal mode, by using an alternative
strategy: by fusing a cohesin module (as opposed to a dockerin module) to the catalytic module
as observed in some cases in nature 212°, Finally we examined its synergistic interactions on
microcrystalline cellulose as a component in divalent “pseudo-cellulosomes” with three different
dockerin-bearing endoglucanases from T. fusca: 5A-t, 6A-t and 9A-t (i.e., derivatives of Cel5A,

Cel6A and Cel9A, respectively). In addition, we examined the action of two bifunctional enzymes



(i.e., the third enzymatic paradigm), engineered by fusions between Cel5A and Cel6B enzymatic
modules and their expression in a single polypeptide chain. The action of the various engineered
enzymes on cellulose degradation was examined as compared to other enzymatic paradigms

containing the same catalytic units.

2 Materials and methods
2.1 Cloning of wild-type T. fusca enzymes and chimaeric proteins

Wild-type enzyme, Cel6B, recombinant enzymes, Cel6Bs., 6B-CBM2, CBM2s-L5-6B, CBM25-L6-6B,
CBM3-L3-6B, CBM3-L6-6B, chimaeric enzymes, 5A-CBM2-6B , 5A-6B-CBM2, 6B-CBM2-5A, CBM2-
6B-5A and cohesin constructs CBM3-L3-6B-CohT and CohT-CBM3-L3-6B, were assembled from
catalytic modules and CBM cloned from T. fusca genomic DNA or previously described plasmids
as described in Supplemental Tables 1 and 2. The 9A-t chimaera was obtained by fusing the
optimized catalytic module of Cel9A 2¢ to a dockerin of C. thermocellum (Cel48S). Chimaera 5A-t
and 6A-t cloning was described before %2, All enzyme constructs were designed to contain a His-

tag at the N-terminus for the subsequent purification.

PCR reactions were performed using Phusion DNA polymerase, (Thermo Scientific, Waltham, MA,
USA ) and ABgene Reddymix x2 (Advanced Biotechnologies Ltd., United Kingdom), and DNA
samples were purified using a HiYield™ Gel/PCR Fragments Extraction Kit (Real GenomicsTaiwan).

Minipreps were prepared using QIA prep Spin Mini prep kit (Qiagen, Netherlands).
2.2 Protein expression and purification

The plasmids were expressed in Escherichia coli BL21 (1DE3) pLysS cells and purified on a Ni-NTA
column (Qiagen), as reported earlier 7. The CBM-containing proteins were purified by affinity to
cellulose as previously described . Purity of the recombinant proteins was tested by SDS-PAGE
on 10% acrylamide gels and the fractions containing the pure recombinant protein were pooled.
Protein concentration was determined by absorbance (280 nm) based on the known amino acid
composition of the protein using the Protparam tool
http://www.expasy.org/tools/protparam.html). If necessary, proteins were concentrated using

Vivaspin concentrators. Proteins were stored in 50% (v/v) glycerol at -20°C.

2.3 Non-denaturing gel electrophoresis



The optimal stoichiometry of the interaction was determined by non-denaturing gel
electrophoresis. Equimolar amounts of the different proteins were combined in 30 pl final volume
of Binding buffer, consisting of Tris buffer saline (TBS) pH 7.4, supplemented with 10 mM CacCl,
and 0.05% Tween-20. The tubes were incubated 1 hr at 37°C. Sample buffer (15 ul from 3X stock,
containing: 3 mL glycerol, 0.6 mL 10x running buffer, 6.4 mL H,O and bromophenol blue), was
added to 30 pl of the reaction mixture, and 25 ul was loaded onto non-denaturing gel (4.3%
stacking/9% separating gels). The gel was run at 100 V for 2h and stained with Coomassie Blue.
The resultant mobility patterns were assessed, and the optimal cohesin-dockerin bearing enzyme

ratio, was chosen for the enzymatic activity reactions.
2.4 Enzyme activity assay

All assays were performed at least twice and in triplicate. Activity was performed on PASC
(phosphoric acid swollen cellulose) and crystalline cellulose (Avicel, Sigma). Degradation of
cellulosic substrates was assayed using enzyme concentrations of 1 uM (wild-type and chimaeras)
in 50 mM acetate buffer pH 5.0 in a final volume of 200 pl. For PASC assays, 150 pl of 7.5 g/l PASC
was added into the reaction and for Avicel assays, a volume of 100 pl 10% Avicel was used. The
1.5 ml tubes were incubated at 50°C for 1h for PASC or 21 h for Avicel under oblique agitation
(400 rpm). Reactions were terminated by immersing the sample tubes in ice water, and the
samples were centrifuged at maximum speed (14,000 x g to pellet the substrate. Dinitrosalicylic
acid (DNS) reagent (150 pl) was added to 100 pl supernatant fluid and the reaction mixture was
boiled for 10 minutes 2. A volume of 200 pl was transferred to a 96 well plate, and optical density
was measured at 540 nm by ELISA plate reader (Modular devices, Versa max microplate reader).
Enzymatic activity was calculated using a glucose standard curve and was expressed in millimolar

of glucose equivalent.

For designer cellulosome experiments, the cohesin-bearing enzyme interacted with dockerin-

bearing enzymes in the absence of substrate, prior to the activity assay for 1 hr.

2.5 Affinity pull-down assay

Equimolar amount of the constructs: Cel6B, CBM3-L3-6B, CBM25-L5-6B and CBM2s-L6-6B, were
tested for their binding ability to cellulose as described by Morais °. Briefly, each enzyme construct

(1000 picomoles) was incubated with 20 mg Avicel cellulose in 1xTBS containing 12 mM CaCl; 1



hr at 4°C. The tubes were then centrifuged at 16,000 x g for 2 min. The supernatants (130 pl
containing unbound proteins), were carefully removed, and 40 pl were supplied with 20 ul SDS
containing sample buffer to a final volume of 60 pl. The pellets (containing bound proteins) was
washed twice by resuspension in 200 pl of 1xTBS containing 12 mM CaCl; and 0.05% Tween-20,
to eliminate non-specific binding. It was then centrifuged at 16,000 x g for 2 min and the pellet
was resuspended in 130 pl of 1xTBS with CaCl,. SDS containing sample buffer (20 ul) was added to
40 pl of the pellet suspension. Both unbound and bound fractions were boiled for 10 min and

then analyzed by SDS PAGE using a 10% polyacrylamide gel.
3 Results
3.1 Production of Cel6B chimaeras with various modular organizations

The recombinant proteins designed for use in this study are shown schematically in Figure 1. Four
recombinant wild-type T. fusca enzymes were prepared for this work: Endoglucanase Cel5A and
exoglucanase Cel6B have family-2 CBMs (CBM2) at their N termini, whereas endoglucanase Cel6A
and processive-endoglucanase Cel9A each has a CBM2 at its C terminus. The latter enzyme also
has a CBM3c fused to the GH9 catalytic module, which is thought to be essential for

endoglucanase processivity?*.

Several variants of the wild-type Cel6B were prepared which differ in the nature (family) of their
CBM, its position in the polypeptide chain and the linker that connects it to the GH6 catalytic
module (Figure 1). In addition, two bifunctional enzymes were designed, in which the catalytic
modules of exoglucanase Cel6B and endoglucanase Cel5A were fused with a CBM2 on either the
N or C terminus of the protein. In the bifunctional enzymes, only one CBM2 (originating from
Cel6B) is used to target both catalytic modules to the cellulosic substrate. Finally, a number of

cellulosome-like components were prepared as will be discussed below.

Initially, the modular architecture of Cel6B and its effect on enzymatic activity was investigated.
The CBM of this enzyme, located at the N-terminus of the protein in the native state, belongs to
family 2, and has the ability to bind microcrystalline and amorphous cellulosic substrates 3. The
CBM2 was shown to be critical to proper enzymatic activity into designer cellulosomes, as its
replacement with a dockerin module ! led to a strong antagonistic effect with partner enzymes.
Therefore, several modifications of the original wild-type enzyme were investigated as described

below.



In order to examine whether linker length affects the enzymatic activity of Cel6B, the wild-type
linker was reduced in length from 32 to 15 residues, and the resultant chimaera was termed
Cel6Bs.. In order to explore whether the position of the CBM influences the enzymatic activity of
the cellulase, the location of the CBM2 of the wild-type enzyme was altered from the N to the C
terminus to form 6B-CBM2. Furthermore, in order to gain insight into the relationship of the Cel6B
catalytic module with its original family 2 CBM, a series of chimaeras were designed in which the
CBM2 of the Cel6B enzyme was replaced either by a CBM2 from the endoglucanase Cel5A from
T. fusca, thus generating the CBM2s-L5-6B (CBM2 and linker, both from Cel5A) and CBM25-L6-6B
(CBM2 from Cel5A and linker from Cel6B), or by the CBM3a from the C. thermocellum scaffoldin
CipA thus forming CBM3-L6-6B (CBM3a from CipA and linker from Cel6B) and CBM3-L3-6B

(CBM3a and linker from CipA) (see linker length and composition in Table 1).

In addition, two bifunctional enzyme-chimaeras were designed, which contained permutations of
the family 6 and family 5 catalytic module together with the CBM2 from the wild-type Cel6B, thus
generating the 5A-6B-CBM2 and CBM2-6B-5A bifunctional enzymes. Two additional bifunctional
enzymes, 5A-CBM2-6B and 6B-CBM-5A were designed, cloned, expressed and purified on a Ni-
NTA column, but the purity of those proteins tested by SDS-PAGE was not sufficient. Therefore,
we only examined the activities of 5A-6B-CBM2 and CBM2-6B-5A in our study. All additional
purified recombinant proteins, showed a single major band on SDS-PAGE (Supplemental Figure

1), and in each case the mobility was consistent with their molecular mass.
3.2 Comparative enzymatic activity of the Cel6B chimaeras

The enzymatic activity of the recombinant enzymes was assayed on amorphous cellulose (PASC)
and microcrystalline cellulose (Avicel). The recombinant enzymes and chimeras: Cel6Bs, 6B-
CBM2, CBM25-L5-6B, CBM25-L6-6B, CBM3-L3-6B and CBM3-L6-6B were compared to the wild-

type enzyme Cel6B (Figure 2A and B).

In most cases, the enzymatic activity of the recombinant enzymes exhibited similar tendencies on
PASC and Avicel substrates. The enzymatic activity of Cel6Bs. was very similar to the wild-type
Cel6B on both substrates, suggesting that the length of the linker is not an important parameter
for catalytic efficiency of Cel6B. In fact, the linker origin had a higher impact on the cellulolytic

activity than its length. In addition, the Cel6B variants with a linker adjacent to a CBM of the same



origin (i.e., CBM3 along with L3; and CBM2s along with L5) were in all cases more active than

variants bearing a linker adjacent to a CBM of different origin (i.e., CBM3 or CBM2s with L6).

Surprisingly, both displacement of the CBM from the N to the C terminus in 6B-CBM and reduction
of the linker length produced a higher cellulosic activity versus that of the wild-type Cel6B on both
substrates. Intriguingly, CBM3-L3-6B, where both CBM and linker originated from the C.
thermocellum cellulosomal scaffoldin, generated the highest cellulolytic activity on both
substrates, compared to the wild-type Cel6B and all other recombinant enzymes tested. CBM3-

L6-6B (with the Cel6B wild-type linker) exhibited enhanced activity on Avicel substrate only.

The fact that the CBM3 from the C. thermocellum scaffoldin together with its adjacent linker
enhances the enzymatic activity of the catalytic module, could result from an enhancement of the
binding affinity to cellulose. Therefore, an affinity pull-down assay was performed to demonstrate
whether the binding to cellulose of the various enzyme constructs is similar, and to understand
whether the difference in enzymatic activity is connected to their binding ability. Four enzymes
were thus compared for their ability to bind cellulose: the wild-type Cel6B exoglucanase
(containing the native CBM2), CBM3-L3-6B (containing CBM3), CBM2s-L5-6B and CBM2s-L6-6B
(both containing the CBM2 from a different enzyme, i.e., the Cel5A endoglucanase). All proteins
were fully present in the bound fractions, and no protein bands were detected in any of the
supernatant (unbound) fraction (Supplemental Figure 2), indicating, that all of the tested enzymes

exhibited strong and full binding ability to cellulose.

3.3 Enzymatic activity of the bifunctional enzymes on microcrystalline cellulose

| 2°, where a synergistic effect of 7.8 between E5

In contrast to a previous report by Irwin et a
(Cel5A) and E3 (Cel6B) was observed on filter paper; here, on Avicel, and under our defined
reaction conditions, no synergism was observed between the wild-type free enzymes Cel5A and
Cel6B (Figure 3). Nevertheless, fusion of the two catalytic modules into a single polypeptide chain
in the recombinant 5A-6B-CBM2 and CBM2-6B-5A bifunctional enzymes resulted in an
enhancement of 1.1 to 1.4 (bars 9 and 10 in Figure 3) as compared to the sum of the individual
activities of the free wild-type enzymes (bar 7), CBM2-6B-5A exhibiting the highest enzymatic
activity. The enzymatic activity of the combination of free enzymes 6B-CBM + Cel5A (bar 8), which
reflects the modular organization 5A-6B-CBM2 (bar 10), was even higher than that of the

bifunctional chimaera, and only slightly lower than that of CBM2-6B-5A (bar 9).



3.4 Conversion of free enzymes to the cellulosomal mode

The CBM3-L3-6B chimaera, which yielded the highest cellulolytic activity, was converted to the
cellulosomal mode, by fusing a cohesin to its catalytic module either at the N- or C-terminal end,
thus generating the enzymatic scaffoldins: CBM3-L3-6B-CohT and CohT-CBM3-L3-6B. The CohT
(cohesin 3 from the C. thermocellum CipA scaffoldin) interacts specifically with the dockerin
(designated t) from C. thermocellum Cel48S. This dockerin was ligated to three different T. fusca
endoglucanases: Cel5A, Cel6A and Cel9A at their C termini to form 5A-t, 6A-t and 9A-t. In previous
reports, the CBM2 was removed from the respective 5A-t and 6A-t chimaeras without affecting
enzyme catalytic efficiency 3, 2. In the case of the processive endoglucanase Cel9A, our present
data indicate that the CBM-restored enzyme (i.e., the 9A-t chimaera with the matching
monovalent scaffoldin, Supplemental Figure 3) yielded similar levels of activity on Avicel as

substrate compared to that of the wild-type enzyme.

Pseudo-cellulosomes were achieved via interaction of enzyme-bearing scaffoldins CBM3-L3-6B-
CohT or CohT-CBM3-L3-6B with either 5A-t, 6A-t or 9A-t resulting in six different pseudo designer
cellulosomes composed in each case of two interacting proteins (Figure 3, bars 11 and 12, and
Figure 4 bars 10 through 13). Complex formation of each cohesin construct with dockerin-bearing
enzymes was verified by non-denaturing gel electrophoresis. Predetermined stoichiometric
mixtures of the enzymatic scaffoldins with enzyme bearing dockerins, versus single constructs,
resulted in a single band with altered mobility (band with increased intensity and shifted),
indicating, that complete or near complete complexation was achieved (see Supplemental Figure

4 for a representative example of complex formation).

The attachment of either CBM3-L3-6B or CBM3-L3-6B to 5A-t did not result in a proximity effect
between the catalytic modules (Figure 3, bars 3+6 compared with 11 and 4+ 6 compared with 12).
However, the pseudo-cellulosomes comprising endoglucanase 5A-t and the exoglucanase Cel6B-
bearing scaffoldins were about 1.6 fold more efficient than the combination of Cel5A and Cel6B

as free enzymes (Figure 3 bars 11 and 12 as compared to bar 7).

For endoglucanase Cel6A or the proccessive endoglucanase Cel9A complexed to cellulosomal
forms of Cel6B, the free wild-type enzymes retained their advantage compared to the pseudo-
cellulosomes (Figure 4, bars 10-13). Nevertheless, the enzymatic activities of these cellulosomes

were relatively high, supporting the high functionality of the cellulosomal form of Cel6B.
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4 Discussion

The critical involvement of exoglucanases in the hydrolysis of recalcitrant crystalline cellulosic
substrates is a dynamic phenomenon, associated with their movement on the cellulose surface
32-36_ 3 process believed to be a function of the resident CBM 377°, This would presumably infer
an intimate spatial and functional relationship between the catalytic module and CBM of the

parent protein, although the precise mechanism of processivity remains poorly understood*!.

Although the enzymes of the cellulase system in T. fusca are all of the free-enzyme paradigm®,
several of them have been subject to conversion into the cellulosomal *#**!” and multi-functional
enzyme modes’. We therefore employed this approach in the present work to explore the role of

the original CBM2 and linker on the enzyme activity of T. fusca exoglucanase Cel6B.

Cel6B is one of the key enzymes of the T. fusca cellulase system, contributing to its very high
cellulolytic activity ?°, and the enzyme is abundantly expressed during growth on cellobiose *°.
However, conversion of the free Cel6B to the cellulosome mode by replacement of its CBM2 with
a dockerin (t-6B) caused an “anti-proximity” effect, and integration of the exoglucanase into
designer cellulosomes led to relatively poor levels of activity ¥’. It is therefore intriguing that either
displacement of the CBM2 of Cel6B from the N- to the C-terminal end of the protein or its
replacement by a scaffoldin-derived CBM3 both led to an increase in enzyme activity on cellulosic
substrates (Figure 2). This surprising result would infer plasticity in the relationship of the CBM
and catalytic module of this exoglucanase, similar to previous studies on modular positioning in

endoglucanase Cel5A 2,

According to our results (Figure 2), linker origin had a more significant impact on cellulolytic
activity than linker length. Similar results were obtained earlier, where the length of the linker
segment that separates the dockerin from the catalytic module appeared to have little if any
effect on enzymatic activity 2. Additional studies on linker length in designer cellulosomes *
revealed that linker length between modules in scaffoldins does have a limited but defined impact

4 concluded

on cellulolytic activity on crystalline cellulose and wheat straw. Another study *
similarly that the inter-cohesin linkers, whose length and composition vary considerably among

bacterial scaffoldins, have limited or no impact on the synergy, proximity effect and activity of

11



cellulosomal cellulases. Nevertheless, long linkers in bacterial scaffoldins that mediate the
anchoring of cells to the cellulose surface might be required. Indeed in intricate cellulosome
systems, long linkers (up to 550 residues) may help maintain conformational flexibility, which is

critical for binding to the cellulosic substrate and compensating for stringency .

We selected the chimaeric enzyme, which yielded the highest enzymatic activity and converted it
to the cellulosomal mode. Here, we opted for the fusion of a cohesin module (and not a dockerin

2345 notably as complexed

module) to the catalytic module as observed in some cases in nature
bifunctional enzymes (toxins) in certain pathogenic bacteria, e.g., Clostridium perfringens*. Such
enzyme-bearing scaffoldins can interact with dockerin-containing enzymes and were used to form
various types of cellulosome-like complexes of novel atypical geometry, defined as “symmetrical”,
“asymmetrical”, “cyclic” and “polymeric” cellulosomes, as engineered previously by Mingardon
and co-workers 2. The resulting unconventional cellulosome types exhibited reduced enzymatic
acitvity as compared to conventional designer cellulosomes, presumably due to the altered

mobility of the enzymes.

In our present study, synergism was tested between the wild-type T. fusca exoglucanase Cel6B
(that hydrolyzes cellulose from the non-reducing end), together with endoglucanases Cel5A or
Cel6A, or with processive endoglucanase Cel9A (Figures 3 and 4). According to previous studies,
the Cel6B exoglucanase is important for achieving maximum activity of synergistic mixtures 247,
However, in our study, (Figures 3 and 4) no synergism was observed between the wild-type

enzymes. This lack of synergism of Cel6B, can be due to the different substrate employed and/or

different ratios of the individual enzymes “.

As reported before ?°, excess exocellulase favors synergism, and the optimal molar ratio between
Cel6B and Cel5A was observed at 4:1 %%, In our work, equal ratios were used between
endocellulase and exocellulase to conform with the bifunctional enzymes and divalent pseudo-
cellulosomes, wherein each GH module was integrated in a single copy. In our experimental
conditions, increased ratio in favor of exoglucanase also favored synergism, until 10:1 ratio

(Cel6B:Cel5A) as can been seen in Supplemental Figure 5.

A relationship between synergism and processivity was observed by Vuong and co-workers . In
the latter study, T. fusca Cel6B was mutated to enhance activity on selected cellulosic substrates,

but the mutants were less synergistic with the wild-type Cel5A endoglucanase than the wild-type
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Cel6B. These results suggested that improving activity by increasing processivity of a single

enzyme is not always an effective strategy to achieve higher synergism between enzymes.

Here, fusing the catalytic modules on a single polypeptide chain into the bifunctional enzyme
CBM2-6B-5A, resulted in activity enhancement as compared to the mixture of the free wild-type
enzymes. Likewise, the pseudo-cellulosomes containing Cel6B and Cel5A derivatives achieved
enhanced levels of degradation of the cellulosic substrate as compared to the corresponding
mixture the wild-type enzymes. Moreover, pseudo-cellulosomes containing 6A-t and 9A-t
attached to the cellulosomal forms of Cel6B were only slightly less effective than the combined
activities of the wild-type enzymes counterparts. In light of the results provided here, the
designed pseudo-cellulosomal version of Cel6B, containing a cohesin module and a CBM2 is
adequate for integration of cellulosomal enzymes into pseudo designer cellulosomes. In future
studies, Cel6B could thus be fused into larger scaffoldins to integrate larger numbers of enzymes
thus providing a considerable step forward in the conversion of the entire T. fusca cellulolytic

system into the cellulosomal mode.
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Table 1: Linker length and composition of the Cel6B chimaeras

Enzyme Linker origin Linker composition Linker
length
Cel6B Cel6B SDDPDPEPSPSPSPSPSPTDPDEPGGPTNPPT 32
Cel6Bs. Cel6B (TS )DPDEPGGPTNPPT 15
6B-CBM2 Cel6B (TS)APANAAG 9
(N terminus)
CBM25-L5-6B Cel5A DEGSEPGGPGGPGTPSPDPGTQPGTGT 29
CBM2;5-L6-6B Cel6B (TS ) SDDPDPEPSPSPSPSPSPTDPDEPGGPTNPPT 34
CBM3-L3-6B CipA C. GGSVVPSTQPVTTPPATTKPPATTIPPSDDPNA 33
thermocellum
CBM3-L6-6B Cel6B TSDPDEPGGPTNPPT 15

(TS) represents the restriction site of Spel
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Figure 1. Schematic representations of the proteins used in this study. The origin of the catalytic
module and cellulosomal elements is shown color-coded in the key. The family number of the
catalytic module and CBM is shown within the pictogram. The predicted molecular weight of each

protein is given.
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Figure 2. Comparative enzymatic activities of the Cel6B variants on (A) amorphous cellulose
(PASC) and (B) microcrystalline cellulose (Avicel). Enzymatic activity is defined as mM total
reducing sugars following a 1-h or 21-h reaction period (PASC and Avicel, respectively) at 50°C.
Each reaction was performed in triplicate, and standard deviations are indicated.
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Figure 3. Comparative enzymatic activities on Avicel of the wild-type Cel6B exoglucanase and
variants with the CelSA endoglucanase, compared to those of bifunctional enzymes and pseudo-
cellulosomes. Lanes: (1) wild-type Cel6B, (2) 6B-CBM2, (3) CBM3-L3-6B-CohT (4) CohT-
CBM3-L3-6B (5) wild-type Cel5A (6) SA-1 (7) Cel5A + Cel6B (wild-type enzymes), (8) wild-type
Cel5A + 6B-CBM2 (9) bifunctional CBM2-6B-5A (10) bifunctional SA-6B-CBM2, (11) pseudo-
cellulosome: 5A-t bound to CBM3-L3-6B-CohT, and (12) pseudo-cellulosome: SA-t bound to
CohT-CBM3-L3-6B. Enzymatic activity is defined as mM total reducing sugars released from
Avicel following a 21-h reaction period at 50°C. Each reaction was performed in triplicate, and
standard deviations are indicated.
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Figure 4. Comparative enzymatic activities on Avicel of wild-type Cel6B exoglucanase with wild-
type endoglucanases Cel9A or Cel6A, compared to pseudo-cellulosomes. Lanes: (1) wild-type
Cel6B, (2) CBM3-L3-6B-CohT, (3) CohT-CBM3-L3-6B, (4) wild-type Cel6A (5) 6A-¢, (6) wild-
type Cel9A, (7) 9A-¢, (8) Cel6A + Cel6B (wild-type enzymes), (9) Cel6B + Cel9A (wild-type
enzymes), (10) pseudo-cellulosome: 6A - bound to CBM3-L.3-6B-CohT, (11) pseudo-cellulosome:
9A-t bound to CBM3-L3-6B-CohT, (12) pseudo-cellulosome: 6A-f bound to CohT-CBM3-L3-6B
and (13) pseudo-cellulosome: 9A-f bound to CohT-CBM3-L3-6B. Enzymatic activity is defined as
mM total reducing sugars released from Avicel following A 21-h reaction period at 50°C. Each
reaction was performed in triplicate, and standard deviations are indicated.
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Supplemental Figure 2
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Supplemental Figure 3
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