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Abstract

Heterologous display of enzymes on microbial cell surfaces is an extremely
desirable approach, since it enables the engineered microbe to interact directly with the
plant-wall extracellular polysaccharide matrix. In recent years, attempts have been made
to endow non-cellulolytic microbes with genetically engineered cellulolytic capabilities
for improved hydrolysis of lignocellulosic biomass and for advanced probiotics. Thus far,
however, owing to the hurdles of secreting and assembling large, intricate complexes on
the bacterial cell wall, only free cellulases or relatively simple cellulosome assemblies
have been introduced into live bacteria. Here, we employed the “adaptor scaffoldin”
strategy to overcome the low levels of protein displayed on the bacterial cell surface. The
approach mimics natural cellulosome elaborated architectures, thus exploiting the
exponential features of their Lego-like combinatorics. Using this approach, we produced
several bacterial consortia of Lactobacillus plantarum, a potent gut microbe which
provides a very robust genetic framework for lignocellulosic degradation. We successfully
engineered surface display of large, fully active self-assembling cellulosomal complexes
containing an unprecedented number of catalytic subunits all produced in vivo by the cell-
consortia. Our results demonstrate superior enzyme stability and performance of the
cellulosomal machinery, compared to the equivalent secreted free enzyme system and
high cellulase-to-xylanase ratios proved beneficial for efficient degradation of wheat

straw.

Importance
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The multiple benefits of lactic acid bacteria are well established in health and industry.
Here we present an approach to extensively increase the cell-surface display of proteins
via successive assembly of interactive components. Our findings present a stepping stone
towards proficient engineering of Lactobacillus plantarum, a widespread,
environmentally important bacterium and potent microbiome member, for improved

degradation of lignocellulosic biomass and advanced probiotics.
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Introduction

The plant cell wall is a tough and rigid layer that surrounds the cell to withstand internal
osmotic pressure resulting from the difference in solute concentration between the cell
interior and external water (1). Itis composed of various polysaccharides (mostly cellulose
and hemicellulose) and the crosslinked, phenolic polymer lignin. Degradation of the plant
cell wall is performed in nature by various microbial systems that have evolved in order
to utilize its sugars as a main carbon source. The cellulosome (2), first characterized in the
thermophilic anaerobe Clostridium thermocellum (3), is a large, highly cellulolytic multi-
enzymatic complex that can be either anchored to the bacterial cell surface (4, 5) or
secreted to the extracellular medium. Cellulosomal complex formation is based on a
unique type of intermodular interaction between its components: the enzymes and the
scaffoldins. Multiple cohesin modules on the scaffoldin and individual dockerin modules
on the enzyme subunits interact in a noncovalent manner with very high affinity that
approaches and surpasses that of antigen-antibody binding (6). The close proximity
between the multiple enzymes serves to enhance synergistic activity (7), and the
carbohydrate-binding module (CBM), usually contained in the scaffoldin subunit, targets
the entire complex to the substrate. When anchored to the bacterial surface, the
cellulosome also contributes to minimal diffusion loss of enzymes and degradation
products.

In the past, several studies have reported the fabrication of artificial, chimaeric,

cellulosomal structures, engineered for displayed on the surfaces of various microbial
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strains, notably Saccharomyces cerevisiae (8—11), Bacillus subtilis (12, 13), Clostridium
acetobutylicum (14) and Lactococcus lactis (15). For this purpose, designer cellulosome
technology has been employed to mimic the architecture of cellulosome complexes
and/or specifically control their enzyme composition (16—19). One of the major issues of
cell-surface attachment of chimaeric scaffoldins is the low level of surface display that
leads to slow catalysis and low fermentation efficiency (10, 20). The feasibility of
transferring cellulosomal technologies to a bacterium with potential industrial and clinical
applications has been demonstrated recently in Lactobacillus plantarum (21-23).
Although this bacterium lacks the native capacity both to degrade cellulosic substrates
and to produce biofuels like ethanol, it is highly tolerant to low pH and ethanol (up to 13%
(v/v)) (24) and has been identified as a main contaminant in biofuel refineries (25).
Therefore, it could also represent an attractive candidate vehicle for consolidated
bioprocessing (CBP) (21, 22). L. plantarum is also a member of the human gut microbiome
(26) and additional gut ecosystems (27) and affects host attributes such as mate selection
and growth (28, 29). Moreover, strains belonging to this species were recently shown to
promote juvenile growth and buffer the effect of chronic undernutrition in germ-free
mice (30).

Previously, the lignocellulolytic capabilities of engineered L. plantarum towards
simple polysaccharides and wheat straw were demonstrated by introducing two key
enzymes, a cellulase and a xylanase, from the thermophilic bacterium Thermobifida fusca,
using the previously developed pSIP vectors (31) for efficient secretion of heterologous

proteins (21, 22). The two enzymes were also shown to be displayed directly on the cell
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surface of cellulosomes, by which the assembly of the enzymes onto a chimaeric
scaffoldin was controlled by specific cohesin-dockerin interactions. The secreted enzymes
were the most active of the three strategies at early times of degradation; but, as
component parts of the surface-attached designer cellulosomes, the enzymes were more
stable in time and achieved similar levels of degradation compared to those of the
secreted enzymes during later times of degradation. In these latter studies, we devised a
novel cell consortium approach in which each engineered L. plantarum strain expressed
and secreted different components of the complex to be assembled on the cell wall of a
scaffoldin-expressing strain (21, 22). The labor of producing and secreting the
cellulosomal components was therefore divided among the bacterial community.
Nevertheless, due to hurdles of anchoring large scaffoldins on the L. plantarum
cell-wall, we were limited in assembling only small numbers of enzymes in the
cellulosomal complex, thus restricting the fiber-degradation capabilities of the
engineered cell consortium. In order to reach superior levels of degradation of the
recalcitrant fiber, and to exploit the potential of the cellulosomal complex, more
enzymatic functions have to be incorporated into the cellulosomal machinery. In order to
overcome these issues, we have, in the current work, mimicked naturally existing
molecular tactics to amplify the inherent enzyme combinatorics and stoichiometric
plasticity used by several cellulosome-producing bacteria (32, 33). This approach allows
the expression of large, stable and active self-assembling protein complexes on the
bacterial cells and may provide an effective strategy to achieve enhanced cell-surface

display of the engineered enzymes thereby expanding the lignocellulolytic potential in L.
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plantarum.

Results

Engineering of fully active mesophilic enzymes for assembly of cellulosomal structures
on the L. plantarum cell wall. Since the host ‘vehicle’ for our study, L. plantarum, is a
mesophile, we searched for appropriate enzymes derived from mesophilic bacteria to be
used as designer cellulosome components for surface display. Our recent involvement in
genomic sequencing of the mesophilic cellulolytic bacterium, C. papyrosolvens (34),
provided a wealth of potentially compatible enzymes for our study.

The C. papyrosolvens enzymes, selected for heterologous secretion in L. plantarum
destined for self-assembly into active designer cellulosomes on the L. plantarum cell
surface, are shown schematically in Fig. 1A. C. papyrosolvens exhibits strong genome
homology with the closely related mesophile, Clostridium cellulolyticum, which was
demonstrated previously to possess highly efficient polysaccharide-degrading enzymes,
both in the context of in vitro designer cellulosomes (17, 35) and for yeast- or bacterial-
based CBP (14, 36). Two putative C. papyrosolvens cellulases, GH5 and GH9, were selected
on the basis of their homology with the two known synergistic cellulases from C.
cellulolyticum, i.e., the processive endoglucanase Cel9G and the Cel5A endoglucanase
(17). Two putative xylanases were also selected: one from the GH11 family, homologous
to C. cellulolyticum XynllA, and another from the GH10 family, homologous to C.
cellulolyticum Xynl1OA. Both of the C. cellulolyticum enzymes were characterized as
efficient xylanases (37, 38).

The cohesin-dockerin assembly is species-specific (39, 40). Therefore, in order to



143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

control the composition and architecture of the desired designer cellulosomes, each
enzyme was designed to contain a dockerin derived from a distinct bacterial species that
will match a specific cohesin on the chimaeric scaffoldin (16). The chimaeric enzymes
were thus modified by replacing the original C. papyrosolvens dockerin module (that
share the same binding specificity) with dockerins from other bacterial species, resulting
in enzymes with different cohesin-binding specificities.

The hydrolytic activity of each of the five purified recombinant chimaeric enzymes
from C. papyrosolvens was compared to that of the corresponding recombinant wild-type
enzyme, all produced in Escherichia coli (Supplementary materials: Fig. S1). The wild-type
enzymes and their respective recombinant chimaeras were fully active on all cellulosic

substrates or on xylan.

Newly designed recombinant synthetic scaffoldins. In order to increase the
combinatorics of the synthetic cellulosomal machinery, we have mimicked the existing

III

natural microbial “adaptor-scaffoldin” approach into heterogeneous bacterial cells (36,
41, 42). In this approach, several scaffoldins are assembled together through mediation
via adaptor scaffoldin(s) thereby increasing the number of enzymatic components in the
cellulosomal complex (Fig. 1D). We designed two types of adaptor scaffoldins for enzyme
integration (Fig. 1B): one type, Adaptor-1, contains the two cohesin modules that bind the
two dockerin-containing cellulases, and the second, Adaptor-2, contains two cohesin

modules that incorporate the two dockerin-containing xylanases. In addition to the 2

enzyme-integrating cohesins, each adaptor scaffoldin contains a substrate-targeting CBM
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and a type Il or type lll dockerin, respectively, for interaction with the cell surface-
anchoring scaffoldin (42).

As mentioned above, one of the advantages of using the adaptor-scaffoldin
approach is that it amplifies the combinatoric and stoichiometric possibilities for enzyme
integration. In order to explore the combinatorical possibilities and to increment
methodically the number of enzymes integrated into the complex, we created 5 different
types of anchoring scaffoldins, as represented in Fig. 1C, that enable the insertion of up
to 8 enzymes into the displayed designer cellulosomes. All of the anchoring scaffoldins
contain a sortase signal motif for covalent attachment to the cell-surface via a resident L.
plantarum sortase (43). While Anc-1 is composed of four different type | cohesin modules
that directly interact with the four dockerin-bearing enzymes (the two cellulases and the
two xylanases); Anc-2, Anc-3 and Anc-4 possess several copies of type Il and Ill cohesins
with different specificities. This setup of divergent specificities also allows us to analyze
the influence of stoichiometry of the xylanases versus the cellulases on plant fiber
degradation by enabling the attachment of either one or two copies of the cellulase-
bearing adaptor scaffoldin (Adaptor-1) or one or two copies of the xylanase-bearing
adaptor scaffoldin (Adaptor-2). An example of the various cell-surface-displayed
cellulosome assemblies produced by the different cell consortia is shown in Fig. 1D.

In order to examine the binding abilities of our engineered complexes, the two
adaptor scaffoldins and five anchoring scaffoldins were initially purified recombinantly in
E. coli. The respective binding specificities of the cohesin and dockerin modules of both

the purified adaptor scaffoldins and anchoring scaffoldins were examined by performing
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native gel electrophoresis, and each recombinant protein was shown to interact

selectively with its expected partner (see example in Fig. S2).

Secretion of active recombinant C. papyrosolvens mesophilic enzymes by L. plantarum
The secretion and functionality of enzymes by L. plantarum were analyzed by comparing
the enzymatic activity of concentrated culture supernatant fluids from transformed
lactobacilli with that of the pure recombinant proteins from E. coli (Fig. S3). The two
xylanases actively degraded xylan, and their concentration was thus estimated (Fig. S3A
and B, Table 1). The two cellulases were not properly secreted using leader peptide
Lp3050 (data not shown). We therefore selected an alternative leader peptide (Lp2588),
which was also reported as an efficient candidate for secretion of foreign proteins in L.
plantarum (31). The cellulase activities observed in Figs. S3C and D served to estimate the
concentrations of the respective proteins (Table 1) (21). In parallel, we verified the
presence of full-length recombinant enzymes and their ability to properly bind their
respective cohesin modules by Far Western blot analysis (Supplementary materials: Fig.

S4).

L. plantarum secretes and anchors active chimaeric scaffoldins After examining the
proper functionality and integrity of the enzymes to function within the cellulosomal
complex, we examined the expression of anchoring and adaptor scaffoldins in L.
plantarum, which will integrate the enzymes to form the desired elaborate cellulosomal

structures.

10
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The secretion of the adaptor scaffoldins and their functionality were analyzed
using an ELISA-based binding assay by comparing the binding properties of the pure
recombinant proteins (produced in E. coli) to culture supernatants from transformed
lactobacilli. We found that the adaptor scaffoldins were properly secreted into the
extracellular medium and exhibited the expected cohesin-dockerin binding capacities
(Supplementary materials Fig. S5). In addition, in Fig. 2 we can observe that the binding
properties of the adaptor scaffodins attached to the anchoring scaffoldins are functional.
The presence of full-length adaptor scaffoldins was also verified by Western blot analysis
(Supplementary materials Fig. S4). The anchoring and functionality of the chimaeric
scaffoldins were also analyzed by ELISA-based binding assay by comparing the binding
properties of pure proteins (xylanase tag fused to the different dockerins) to washed
whole bacterial cells from transformed lactobacilli (Supplementary materials Fig. S6). We
observed that anchoring scaffoldins composed of two and three cohesins (Anc-2, Anc-3a
and Anc-3b) were attached and fully functional on the L. plantarum cell surface. Both
cohesin/dockerin pairs, appeared to enable comparably high interaction events
(Supplementary materials Fig. S6). On the other hand, anchoring scaffoldins composed of
4 cohesins (Anc:1 and Anc-4) did not exhibit full binding abilities, as they showed
insufficient binding for two of their cohesins (Fig. 2 and Supplementary materials Fig. S6).
In both cases, the cohesins adjacent to the anchoring signal motif were not functional.
This result emphasizes the importance of using the adaptor scaffoldin strategy in this
system, since incorporation of four different dockerin-bearing enzymes extends the

number of catalytic subunits, and this would not be achieved by using a single scaffoldin
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directly anchored onto the L. plantarum cell surface.

ELISA-based binding assays both for adaptor and anchoring scaffoldins also served
to evaluate the quantity of secreted or anchored proteins of the different transformed
strains of L. plantarum by using standard curves of known concentrations of pure proteins

(Table 1).

L. plantarum cells displaying synthetic elaborate cellulosomal machinery show
superior performance over secreted enzymes and simple synthetic cellulosome
strategies. As we reported previously (22), the cell consortia approach is a highly efficient
way for assembling large complexes on bacterial cell walls. In this approach, the effort of
producing and secreting the cellulosomal complex is divided among several strains — each
secreting a different cellulosomal component of the cellulosome, thereby enabling its
combined assembly on the cell wall of the anchored scaffoldin-containing strain. In
addition, since we obtained relatively large differences in the quantity of
secreted/anchored proteins, the flexibility provided by the cell consortium approach is
essential to control the production of cellulosomal complexes, which stoichiometric
amounts of the relevant components.

Here, we examined the ability of the elaborate cellulosomal machineries to degrade
natural plant fiber material (pre-treated wheat straw) as well as to compare their action
to that of the free secreted enzyme approach. To this end, six different types of microbial
consortia were examined as detailed in Fig. 3B. Using these consortia, we experimented

with different stoichiometries of the cellulosomal and secreted enzyme components (Fig.

12
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3A).

Microbial consortia examined in this work produce either the free enzymes or the
surface-displayed designer cellulosomes, and the bacterial cells would directly consume
the sugars produced by their different enzymatic arrangements. Hence, in order to
elucidate the portion of sugars that is consumed by our microbial consortia we performed
in vitro enzymatic hydrolysis with enzymes or assembled designer cellulosomes produced
and purified from E. coli (Fig. 3C), in order to determine the level of soluble sugar
production in the absence of L. plantarum cells. Indeed, as presented in Fig. 3C, we
observed higher amounts of sugars produced by the enzymatic mixtures as opposed to
the residual sugars measured after incubation with the microbial consortia (Fig. 3A). In
addition, we could see from both Figs. 3A and C that the designer cellulosomes
consistently outperformed their respective free enzyme counterparts (bars 1, 2 and 3
compared to 4, 5 and 6).

In Fig. 3C, the comparative degradation of pre-treated wheat straw by the in vitro-
applied enzymes and designer cellulosomes revealed that designer cellulosomes
comprising two copies of the cellulases (bar 2) was the best-performing enzymatic
complex. By comparison, in Fig. 3A, the soluble (residual) sugar measurements reflected
the amount of sugars that were not consumed by the L. plantarum consortia. We then
further evaluated the kinetics of the reaction were also evaluated using microbial
consortia, which revealed the continued activity of the anchored designer cellulosomes
until 96 h, whereas the free enzymes failed to produce additional soluble sugars after 48h

(Fig. S7). Further analysis of unconsumed released sugars from pre-treated wheat straw
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degradation using high performance anionic exchange chromatographic (Table S1),
revealed high amounts of xylan degradation products (mainly xylobiose and xylotriose),

suggesting that L. plantarum could not assimilate these carbon sources.

Discussion

In this study, we used the adaptor scaffoldin strategy for assembly of elaborate
cellulosomal structures (36, 41, 42) on the cell surface of L. plantarum for both
augmenting cell-surface display and improving its fiber-degrading potential. For this
purpose, the use of potent enzymes originating from a mesophilic cellulosome-producing
species, Clostridium papyrosolvens, is well-suited for expression in the gut ecosystem (a
common L. plantarum habitat). Here, all the cellulosomal components were produced in
vivo by the cell-consortia and not supplemented ex vivo as previously reported (36, 41).

Cellulosomal complexes have attracted increased interest in recent years, since
lignocellulosic biomass represents a particularly abundant resource for conversion into
fermentable sugars, suitable for production of biofuels (44). We recently reported the
successful incorporation of simple divalent designer cellulosome components onto the
cell wall of Lactobacillus plantarum (22), an attractive candidate for consolidated
bioprocessing (22, 45, 46). Here, the adaptor scaffoldin strategy was demonstrated to be
an effective approach (i) for increasing the number of catalytic units in the cellulosome
complex displayed on the cell-surface, thereby bypassing the relatively low cell-surface
display of scaffoldins, and (ii) for achieving high binding capacities of the bacterial cell to

the substrate.
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In this work, we produced elaborate cellulosomal complexes by employing a cell-
consortium approach, whereby each recombinant strain of L. plantarum expresses an
individual cellulosomal component (secreted to the extracellular medium or anchored to
the bacterial cell surface). A total of four chimaeric cellulosomal enzymes (cellulases and
xylanases derived from C. papyrosolvens) and two adaptor scaffoldins were functionally
secreted into the extracellular media. In addition, five different types of anchoring
scaffoldins were tested for their ability to properly interact subsequently with the
secreted cellulosomal elements. By composing various co-cultures of recombinant
bacteria expressing the heterologous proteins separately, we were able to attach up to
three adaptor scaffoldins to the anchoring scaffoldins for potential display of up to six
catalytic subunits on the cell surface. Using co-cultures offers the advantage that the
composition of the surface-anchored designer cellulosome, produced by an appropriate
cell consortium, can be easily controlled by adjusting the ratio of each cell type during
inoculation. It was also demonstrated that co-cultures of recombinant bacteria expressing
heterologous proteins did not affect the initial ratio of the strains and therefore did not
affect the ratio of proteins expressed (21). The cell-consortium approach decreases
considerably the burden of the cellular machinery of each strain, thereby maximizing their
ability to grow and to express the various cellulosomal components. In nature, this type
of spatial differentiation strategy is commonly employed by prokaryotic species in a given
ecosystem, which results in a collaboration among the different cell types to achieve a
unique objective from which they will all benefit (47).

The variety of anchoring and adaptor scaffoldins allowed us to examine the
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importance of ratios among the different enzymatic components in order to obtain
efficient substrate degradation. The highest levels of degradation in the present studies
were obtained when a trivalent anchoring scaffoldin enabled attachment to the cell
surface of three adaptor scaffoldins incorporating a total of four cellulases (2 copies of
Adaptor 1) and two xylanases (single copy of Adaptor 2) (see Fig. 3C, Bar 2). This enzymatic
combination was also optimal among purified free enzymes (Fig. 3C, Bar 5). Since the
kinetics of xylan removal by the employed xylanases is much more higher than the slower
cellulose degradation by cellulases used in this study (Fig. S1), it would be therefore logical
that a higher cellulase/xylanase ratio would be required for optimized wheat straw
deconstruction.

We observed here that the cellulosome paradigm was more efficient than the
secreted free-enzyme approach and that elaborate cellulosome structures (consortia 2
and 3) conferred high stability to the catalytic subunits (Table 2) and high cellulose-
binding abilities to the bacterial cells (Table 3). The stability of the enzymes seems to be
a key parameter in terms of enzymatic efficiency. At later cultivation times (above 48 h)
the anchoring paradigm appears more advantageous than the secreted free enzyme
paradigm for the same enzymatic composition (Fig. S7). This corresponds to the decrease
in stability of the secreted cellulases (Table 2), whereas the anchored enzymes remain
fully active. While the cellulosomal machinery is considered to induce synergistic activity
among the catalytic modules by their close proximity within the complex (5, 7), the
present study as well as others (48, 49) strongly support the importance of the stability

conferred upon the enzymes by the scaffoldin subunit.
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The ability of the bacteria to utilize the wheat straw substrate as the sole carbon
source was assessed on a chemically defined medium. However, wheat straw failed to
sustain growth of either the wild-type bacteria or the consortium 2 that produces the
highest amount of sugars (data not shown). We further examined the minimal amount
of sugar required to sustain growth by growing wild-type L. plantarum cells on either
glucose, cellobiose, xylose or xylobiose. No growth was observed on pure xylose and
xylobiose while the minimal concentration that sustained growth was 0.2% glucose (~11
mM) or 0.2% cellobiose (~5.5 mM) on chemically defined medium (CDM) (Fig. S8). The
sugars produced by the best-performing cellulosomal machinery (Fig.3C, bar 2) was about
17 mM of a mixture of soluble sugar products, some of which are not utilizable, and about
4 mM of unconsumed sugars (Fig.3A, bar 2). The lack of growth suggests that the amount
and type of sugars produced by the consortia are the limiting factor for growth
sustainability. To bridge this gap in future studies, we will screen for additional highly
expressed cellulases, in order to generate higher production of sugars that can be
assimilated. In addition, it is important to fine-tune the amount and/or types of xylanases,
which, on the one hand, serve to remove the embedded xylan that prevents physical
access of the cellulases to the cellulose, but, on the other, will produce sugars that are
not consumed by the L. plantarum cells. The data in Table S2 suggests that xylose may be
assimilated by the cells, since low concentrations of xylose were detected in the presence
of L. plantarum. The complete genome sequence of L. plantarum WCFS1 indeed suggests
the presence of genes involved in xylose transport but genes for D-xylose isomerase and

D-xylose kinase were not detected (50), indicating that xylose cannot be fermented.
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Indeed, effective xylose transport was also demonstrated for strain 3NSH, but xylose was
not metabolized in these studies (51). Therefore, further research should consider the
implementation of xylose assimilation genes in strain WCSF1 as for strain NCIMB 8826
(52). Alternative explanations for the lack of bacterial growth by the cell consortia should
be examined in future studies, such as the potential release of cellulase inhibitors by
xylanase action (53).

Within the context of gut microbiome ecosystems, the xylan degradation products
produced by the cell consortia developed in this work could also benefit the overall
microbial community. As a potent gut microbe, the engineering of L. plantarum towards
fiber degradation could be highly beneficial for clinical applications, such as probiotics
(26). Indeed, by enabling this bacterium to degrade plant fiber, we potentially increase its
fitness in the gut by extending its status in the ecosystem, which will allow it to better
persist as a probiotic organism. Furthermore, the augmented cell-surface display
conferred by the adaptor scaffoldin strategy could serve to promote higher efficiency of

mucosal vaccines, based on bacteria as delivery vehicles (54).

Material and Methods

All the experiments have been replicated three times in triplicate, and the data served to
perform the statistical calculations in the relevant figures and tables.

Cloning. All recombinant proteins employed in this study (see representation in
Figure 1) were first cloned into pET28a plasmids and designed to contain a His-tag for

subsequent purification by standard restriction-based cloning procedures (55). The
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recombinant enzymes from C. papyrosolvens were produced by replacing their native
dockerins with dockerins of different specificities using respective genomic DNA: 5-g was
obtained by fusing the catalytic module of C. papyrosolvens GH5 (GenBank: EPR12097.1)
to a dockerin from Archeoglobus fulgidus (Orf2375), 9-b was obtained by fusing the
catalytic module of C. papyrosolvens GH9 (GenBank: EPR13542.1) to a dockerin of
Bacteroides cellulosolvens (ScaA), 10-t was obtained by fusing the catalytic module of C.
papyrosolvens GH10 (GenBank: EPR14039.1) to a dockerin of C. thermocellum (Cel48S)
and 11-a was obtained by fusing the catalytic module of C. papyrosolvens GH11 (GenBank:
EPR13563.1) to a dockerin of Acetivibrio cellulolyticus (ScaB).

The adaptor scaffoldins Adaptor-l and Adaptor-2 were obtained by fusing
previously employed bivalent scaffoldins (19) to a type Il dockerin from C. thermocellum
(CipA) for Adaptor-1 and to a type Il dockerin from Ruminococcus flavefaciens 17 (ScaB)
for Adaptor-2.

The anchoring scaffoldins Anc-2, Anc-3a, Anc-3b and Anc-4 were obtained by fusing
one or two type Il cohesins from C. thermocellum (OlpB) to one or two type Il cohesins
from R. flavefaciens 17 (ScaE), as designated in Figure 1.

The enzymes and the genes coding for the two adaptor scaffoldins were introduced
into L. plantarum using the previously employed pSIP vectors for efficient
secretion/attachment of heterologous proteins (21, 22) using the leader peptide (Lp)
Lp3050 via pLp_3050sAmy, by replacing the amylase gene in these plasmids by an
appropriately amplified gene fragment (31). As the five different anchoring scaffoldins

(Anc-1, Anc-2, Anc-3a, Anc-3b and Anc-4) are to be integrated into the bacterial cell wall,
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we fused them into the potent cell wall anchor (cwa) anchoring signal cwa2 (22) via the
modular pLp_0373sOFA anchoring plasmids (56).

To amplify DNA fragments by PCR for cloning, T-Gradient device (Biometra,
Germany) was used. The PCR was performed in 50 pl reaction mixtures.

For short PCR products (up to 500 base pairs), PCR ready mix (Abgen, Epsom, Surrey,
UK) was employed. For longer PCR fragments, PCRs were performed using Phusion high-
fidelity DNA polymerase F530-S (New England Biolabs, Inc.). Primers were added to a
final concentration of 0.5 uM. PCR was programmed according to each manufacturer’s
instructions. Primers are listed in Table S2 of the supplementary materials.

Protein expression and purification from Escherichia coli. Recombinant proteins
were expressed in E. coli BL21 (DE3) and purified as described earlier (18, 42).

Protein expression in L. plantarum. The methodology described in Morais et al was
followed (22). For the consortia experiments, strains producing either cellulase, xylanase,
adaptor or anchoring scaffoldins, were mixed at stoichiometric molar ratios for the
enzyme/scaffoldin, and scaffoldin/scaffoldin interactions and then grown on MRS (as
prepared by BD Difco™ without protease peptone) supplemented with 40 mM CaCl,.

Western and Far-Western blotting of L. plantarum secreted proteins. The
methodology described in Morais et al was followed (22) for Western Blot experiments
(Fig. S4, E and F). In Far-Western Blot (Fig. S4, A, B, C and D), an interaction step was
included after blocking. Binding interactions with the blotted proteins were assayed with
tagged fusions of specific cohesins fused to the CBM3a module (from the C. thermocellum

scaffoldin) (CBM-Coh) (57, 58). Specific rabbit antibody against the fused tag (CBM)
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diluted at 1:3000 (58, 59) was used as the primary antibody. The Far Western Blot
experiments served here to verify both the presence of the full-length dockerin-bearing
enzymes and their ability to bind their respective cohesins.

ELISA binding assay. The methodology described in Barak et al was followed (57)
with the following modification. MaxiSorp ELISA plates (Nunc A/S, Roskilde, Denmark)
were coated overnight at 4°C with 1 pg/ml of either the specific dockerin fused to
xylanase T6 from Geobacillus stearothermophilus (Xyn-Doc) or the CBM-Coh (100 pl/well)
in 0.1 M sodium carbonate (pH 9). After the blocking step, incremental dilutions of either
L. plantarum washed whole cells, concentrated supernatant fluids (ODggo= 1) or 100 ng/ml
of purified recombinant proteins in blocking buffer were added. Specific rabbit antibody,
raised against either the CBM diluted at 1:3000 in blocking buffer or the type Il cohesin
from C. thermocellum (1:10000 dilution), was used as primary antibody.

Enzymatic activity on pre-treated wheat straw degradation. Prior to enzymatic
assay, culture supernatant fluids (for secreted proteins) were concentrated using Amicon
centrifugal filters with a 30-kDa cut-off (Millipore, Molsheim, France) and washed with
Tris Buffer Saline (TBS x10: 80 g NaCl, 2 g KCl, 30 g Tris, ddw to 1L, adjust pH to 7.4 with
HCl 32%) containing 40 mM CaCly; cells (for anchored designer cellulosomes) were
washed with TBS containing 1% Triton X-100 by centrifugation and resuspension to
eliminate the sugars present in the MRS medium. Hatched wheat straw, pre-treated with
12% sodium hypochlorite, was prepared as described before (18). This type of
pretreatment selectively removes lignin from the biomass, leaving the hemicellulose

fraction largely intact. A typical assay mixture consisted of either washed whole cells or
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concentrated supernatant fluids from L. plantarum at specified concentrations, applied
to a suspension of 40 g/liter pre-treated wheat straw in the relevant specified reaction
volume (50 mM citrate buffer [pH 6.0], 12 mM CaCl;, 2 mM EDTA). Reactions were
incubated at 37°C under shaking. The total amount of sugars released was determined
using the dinitrosalicylic acid (DNS) assay as described previously (42, 60).

When pure proteins or designer cellulosomes were employed (Fig. 3C), similar
conditions were used with a stoichiometric concentration of enzymes (and scaffoldins),
whereby the anchoring scaffoldin was set at 12 nM. The designer cellulosomes were
allowed to assemble for 3 h at room temperature with all the enzymatic assay
components except the wheat straw substrate. Upon addition of the wheat straw, the
enzymatic reaction mixture was incubated for 96 h at 37°C under shaking.

Sugar analysis. Sugar content was analyzed using a high-performance anion-
exchange chromatography (HPAEC) system equipped with a PA1l column (Dionex,
Sunnyvale, CA). Supernatants of the reaction mixtures obtained after centrifugation were
loaded onto the PA1 column, and eluted with 200 mM NaOH (flow rate of 1 ml/min). At
first, standards consisting of pure arabinose, xylose, xylobiose, xylotriose, glucose,
cellobiose, and cellotriose were loaded separately to determine elution time and peak
areas as a function of the sugar concentration. Sugars present in blank were deducted in
all the samples.

Stability assay. The stability of the enzymatic combination at 37°C was
determined by incubating the described consortia (at 3 nM for each enzyme) without

substrate over a 48-h period at 37°C. The residual enzymatic activity was calculated as the
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relative activity of the consortium incubated at 37°C compared to that of the anchored
consortium (washed whole cells) or secreted consortium (concentrated supernatant
fluids) that was directly introduced to the substrate (with no incubation period), on
carboxymethyl cellulose (CMC) or beechwood xylan for a period of 2 hours at 37°C.

Adherence/turbidity assay. Wild-type L. plantarum bacteria or consortia of
transformed strains were grown with inducer until ODgoo=1. A volume of 1 mL of the
cultures was then subjected to interaction with 30 mg of Avicel for 1h at 4°C in TBS
supplemented with 40 mM CaCl,. Gentle centrifugation (about 1 min at 1000 rpm) was
then performed to separate the Avicel substrate. The absorbance at ODeoo was then
verified, using MRS medium supplemented with Avicel under the same conditions as a
blank without bacterial cells. The difference in absorbance at ODeoo reflects the adhesion
of the cells to cellulose.

Bacterial growth. A chemically defined medium (CDM) as developed by Wegkamp
et al (61) was prepared with 20 g/l pre-treated wheat straw. In parallel, consortium 2 or
the wild-type bacteria were cultured in MRS without protease peptone as described
above. Cells were harvested, washed twice in 10 ml1 0.85% NaCl and 10 mM CaCl;, and the
washed cells served as an inoculum of the CDM containing wheat straw as carbon source.
The medium was supplemented with pSIP inducer, 10 mM CaCl, and erythromycin in the
case of consortium 2. Growth at 37°C under agitation (200 rpm) was followed for a week
by measuring the OD at 600 nm of the supernatant culture after the wheat straw
precipitated (5 min). Growth of the wild-type bacteria was assessed on CDM

supplemented with 0 to 1% of either cellobiose, glucose, xylose or xylobiose.
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Fig. 1. Schematic representation of the wild-type and chimaeric proteins used in this study. The
bacterial species from which the representative modules are derived are shown color-coded in
the pictograms. (A) Wild-type and chimaeric C. papyrosolvens enzymes. In the shorthand notation
for the recombinant enzymes, the numbers 5, 9, 10 and 11 correspond to the GH family of the
respective catalytic modules; the origin of a given dockerin module is also indicated by lowercase
italic characters, found in the Key to symbols. (B) Modular architectures of the two different
adaptor scaffoldins designed for this work. Each adaptor scaffolding contains two divergent
cohesins for selective integration of different dockerin-containing enzymes and a type Il or type
Il dockerin for attachment to the appropriate cohesin-containing anchoring scaffoldin. (C)
Modular architectures of the various types of anchoring scaffoldins designed in this study. Each
contains a C-terminal sortase signal motif for covalent attachment to the cell surface. Anc-1
contains 4 divergent cohesins for selective integration of 4 different dockerin-bearing enzymes.
Anc-2 through Anc-4 are anchoring scaffoldins differing in numbers (2—4) or positions (3a, 3b) of
cohesins that integrate the two adaptor scaffoldins and their resident enzymes. (D) Example of
designer cellulosome assembly, resulting from a consortium of different strains of transformed L.
plantarum.
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Fig. 2. ELISA-based binding assay demonstrating the presence of active cohesin modules on the L.
plantarum cell surface. (A) The three different consortia of individually transformed L. plantarum
cells (see panel B for description) and the individual L. plantarum strain transformed with the gene
for anchoring scaffoldin Anc-1 were examined for their capacity to interact with specific dockerin-
bearing fusion proteins. Microtiter plates were coated with 1 pg/ml of the specified dockerins
fused to the carrier protein (xylanase T6 from G. stearothermophilus). Washed whole bacterial
cells from transformed lactobacilli of the different consortia and the Anc-1-bearing strain were
then allowed to interact. The primary antibody used was prepared against the CBM module of the
scaffoldins. Washed bacterial cells (wild-type L. plantarum) served as a control. (B) Description of
the incorporated chimaeric scaffoldins for the indicated cellulosome complex. The different cell
consortia comprised the following: (1) consortium of anchoring scaffoldin Anc-2 with Adaptor-1
and Adaptor-2 (one copy each); (2) consortium of anchoring scaffoldin Anc-3a with 2 copies of
Adaptor-1 and one copy of Adaptor-2; (3) consortium of anchoring scaffoldin Anc-3b with 1 copy
of Adaptor-1 and two copies of Adaptor-2; (4) anchoring scaffoldin Anc-1.
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Fig. 3. Comparative analysis of the hydrolysis of hypochlorite-pretreated wheat straw by free
enzymes versus cell-associated and cell-free designer cellullosomes. (A) Soluble sugars produced
in the extracellular medium by different transformed L. plantarum consortia versus the wild-type
(WT) strain. Reactions were incubated for 96 h at 37°C. For consortia 1, 2, 3 and WT cells, washed
cells were used in the enzymatic reaction, whereas for Consortia 4, 5, 6 and WT secretion cells,
concentrated supernatant fluids were used. Hypochlorite-pretreated wheat straw was used at a
concentration of 40 g/I, and enzymatic activities are represented by the concentration of total
reducing sugars (mM). Experiments were conducted three times with triplicate samples, and
standard deviations are indicated. (B) The recombinant enzymes and chimaeric scaffoldins that
were introduced in the different L. plantarum consortia are indicated, and correspond for the
respective bars in the chart. The molar ratios between the proteins, the number of units and total
enzyme concentration are stipulated. (C) Soluble sugars produced by recombinant cell-free
designer cellulosome assemblies and free enzyme mixtures parallel to the ones used in (A),
assembled from purified proteins produced by E. coli. The cellulosomal components were
assembled stoichiometrically, where the concentration of the anchoring scaffoldin was set at 12
nM. The designer cellulosomes were allowed to assemble for 3 h at room temperature with all
components of the enzymatic assay except the wheat straw substrate. The enzymatic reaction
was incubated for 96 h at 37°C under shaking. Experiments were conducted three times with
triplicate samples, and standard deviations are indicated.
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Supplementary Table Legends

Table S1. Carbohydrate analysis of remaining sugars after enzymatic degradation of pre-

treated hatched wheat straw by various L. plantarum consortia over a 96-h incubation.
Enzyme pM of released sugar + SD
SO RN Arabinose | Glucose Xylose Xylobiose | Cellobiose | Xylotriose | Cellotriose
Anchoring 1 | 198 £10 441 £21 159 +11 1794 +£122 | 4 +0 503 £17 150 =14
Anchoring 2 | 102 £7 336 £27 58 +4 592 +42 42 +1 243 £5 81 £18
Anchoring 3 | 27 +1 672 £39 94 +8 5034 £145 | 4 +0 1870 126 | 32 £2
Secreting4 | 60 £9 75 +1 29 +2 1861 17 | 7+0 1134 £102 | 257 £13
Secreting 5 101 =17 109 £5 142 +30 1926 £184 | ND 1164 131 | 182 £28
Secreting 6 100 £8 162 £9 25 +6 2520 £222 | ND 1773 £154 | 207 11

ND, not detected
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TTCTCTTCAAC 3’

739 Table S2: Primer tables
740
Chlmegras Modules Primers | Sequence Restriction
(plasmid) enzyme
C. papyrosolvens chimaeric enzymes
9-b Forward 5’GCATTATCATGAGCGCAGGAA BspHI
(pET-28a) Catalytic subunit CATATAATTATGGAG ¥’ P
GH9 Reverse 5’CCATTAGCTAGCATCAGGGTT Nhel
TTCCGGTCCACC 3°
Forward 5’ATACAAGCTAGCCCAAAAGGC Nhel
Dockerin b ACAGCTACAGTAT 3
Reverse 5’AGGCTACTCGAGCGCTTTTTG Xhol
TTCTGCTGGGAAC 3’
9-b Forward 5’CAAGGTCATATGCGCAAAAAA Ndel
pLp 2588s Signal peptide 2588 TGGCGATGGTTATT 3’
Reverse 5S’AATCCAGTCGACGTTGCGGGC Sall
CTGACTAACTAAG 3°
. . Forward 5S’AATGCAGTCGACGCAGGAACA Sall
Enzymatic subunit TATAATTATGGAG ¥’
9-b Reverse 5’GACCTAAAGCTTTTACGCTTTT HindIIl
TG TTCTGCTGGGAAC 3°
5-g Forward 5’CCTAATCCATGGGTTATGATG Neol
(pET-28a) Catalytic subunit CTTCACTTATTCCG 3’
GHS5 Reverse 5’AGGCATGGTACCTTATCAGTC Kpnl
TGCGCTTCGAAAGC 3’
Forward 5S’TGGACAGGTACCAGAAGAAG Kpnl
Dockerin g CA AACAAGGGAGATG 3°
Reverse 5S’AATATACTCGAGCTTACCCAG Xhol
TAAGCCATTCTGG 3’
f)Ii)_ZSSSS Signal peptide 2588 see above (5-g)
Forward 5’AATGCAGTCGACTATGATGCT Sall
Enzymatic unit S-g TCACTTATTCCG 3’
Reverse 5’GAACTAAAGCTTTTACTTACC HindIlI
CAGTAAGCCATTCTG 3’
11-a 5’CTGGATGCTAGCATGCACCAT
(pET-21a) Catalytic subunit Forward | CACCATCACCACGCAACAACGA Nhel
GH11 TTACTGAAAATC 3°
Reverse 5’ATCATCGAGCTCAGGCTGAGT Sacl
TCCGCCGCCAAC 3
Forward S’ATTAGCGAGCTCACAGCAACT Sacl
Dockerin ACAACACCAACTACA 3
5S’CAACGTCTCGAGTTATTCTTCT
Reverse Xhol
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11-a

Signal peptide 3050

from previous publication [1]

pLp_3050s
Forward 5’CAGAACGTCGACGCAACAACG Sall
Enzymatic unit 11-a ATTACTGAAAATC 3
Reverse S’AACTTAAAGCTTTTATTCTTCT HindIIl
TTCTCTTCAACAGG 3’
10-¢ Forward 5S’GAATTCCCATGGGCGCTACTC Neol
(pET-28a) Catalytic subunit CAACAGGTACAAGG ¥
GHI10 Reverse 5S’AGACTAAAGCTTTGTAGGAGC HindIIl
TGTAGCGAGAGC 3’
Forward S’AATAGCAAGCTTGAAAGCAGT HindIIl
Dockerin ¢ TCCACAGGTCTG 3’
Reverse 5S’CCATCACTCGAGTCCGGGGAA Xhol
CTCTGTAATAATG 3’
;g;_3OSOS Signal peptide 3050 from previous publication [1]
Forward S’ATTCCAGTCGACGCTACTCCA Sall
Enzymatic unit 10-¢ ACAGGTACAAGG 3
Reverse 5’AAGCGACCCGGGTTATCCGGG Smal
GAACTCTGTAATAATG 3’
Chimaeric scaffoldins
Adaptor-1 Cohesin B, CBM3a, | Forward | 5’"GCAATCCCATGGGCGGGAAAA Neol
(pET-28a) cohesin G* GTTCACCAGGAAATAAY
Reverse | S’GATCAAAGATCTGGCTTCTTC Blll
CTGAGAGACAATCY
Dockerin type II Forward | STGCACCGGATCCAACTAATAA BamHI
(C. thermocellum) ACC TGTAATAGAAG 3’
Reverse | S’AAAGTCCTCGAGCTGTGCGTC Xhol
GTAATCACTTG 3’
Adaptor-1 Cohesin B, CBM3a, | Forward | 5’GCATAAGTCGACGGGAAAAGT Sall
(pLp_3050s) cohesin G, dockerin TCACCAGGAAATAAZ
type 11 Reverse | S’AAGATCCCCGGGTCACTGTGC Smal
(C. thermocellum) GTCGTAATCACTTGATG3’
Adaptor-2 Cohesin A, CBM3a, | Forward | 5’"CTAACGCCATGGGCTTACAGG Neol
(pET-28a) cohesin T* TTGACATTGGAAGTAC3’
Reverse | S’GATCAGGCTAGCAACATTTAC Nhel
TCCACCGTCAAAGY’
Dockerin type III Forward | SCAATGCGCTAGCGCTAACTAC Nhel
(R. flavefaciens 17) GATCACTCCTACG3’
Reverse | S’ACCTGGCTCGAGTTTACCGAA Xhol
TCTTGCGTCTCCG3’
Adaptor-2 Cohesin A, CBM3a, | Forward | 5’ACTGTAGTCGACTTACAGGTT Sall
(pLp_3050s) cohesin F, dockerin GACATTGGAAGTAC3’
type 111 Reverse | SSTCAGAACCCGGGTCATTTACC Smal
(R. flavefaciens 17) GAATCTTGCGTCTCCG3’
ScAnc-1 Cohesin A, CBM3a, | Forward | 5’"CAATTGCCATGGGCCGGCCGC Neol
(pET-28a) cohesins T, G, B** ATTTACAGGTTGACY’
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Reverse

S’ATTGGCCTCGAGTCAAATTGG

CTTATTAGTTACAGTAATG3’ Xhol
ScAnc-1 Cohesin A, CBM3a, | Forward | 5’AACGCTGTCGACCGGCCGCAT Sall
(pLp_0373sOF | Cohesins T, G, B** TTACAGGTTGAC3’
A) Reverse 5’GATTCAACGCGTAATTGGCTT Miul
ATTAGTTACAGTAATG3’
ScAnc-2 Cohesin T, Forward | 5’GTTAAACCATGGGCGAAGCAA Neol
(pET-28a) (OlpB) CTCCAAGTATTGAAATG 3’
Reverse 5’CAAATCGAATTCGCTGGCGTC EcoRI
TTTTAACGGTTCTG 3’
Cohesin F; Forward | 5’GTTACAGAATTCGGCCCCGCT EcoRI
(ScakE) GCTGGTCAGGC 3’
Reverse 5’CTTAGTCTCGAGAGATGTAGT Xhol
ACTCTCAACCTGG 3’
ScAnc-2 Cohesins T, F3 Forward | 5’CATGAAGTCGACGAAGCAACT Sall
(pLp_0373sOF CCAAGTATTGAAATG 3’
A) Reverse 5’ATAGCAACGCGTAGATGTAGT Miul
ACTCTCAACCTGG 3’
ScAnc-3a Cohesins 2T, Forward | 5’GTTAAACCATGGGCGAAGCAA Neol
(pET-28a) (OlpB) CTCCAAGTATTGAAATG 3’
Reverse 5’CAAATCGAATTCCGGTACAGG EcoRI
CTCTTCTGTCGG 3’
ES’(;I;GE)SIH Fs see above (ScAnc-T:F3)
ScAnc-3a Cohesins 2T, F3 Forward | 5’CATGAAGTCGACGAAGCAACT Sall
(pLp_0373sOF CCAAGTATTGAAATG 3’
A) Reverse 5’ATAGCAACGCGTAGATGTAGT Miul
ACTCTCAACCTGG 3’
ScAnc-3b Cohesins T, F3 Forward | 5’GTTAAACCATGGGCGAAGCAA Neol
(pET-28a) CTCCAAGTATTGAAATG 3’
Reverse 5’CAAATCGCTAGCAGATGTAGT Nhel
ACTCTCAACCTGG 3’
Linker Ct-CipA, Forward | 5’AACGCTGCTAGCGGTAGTTCC
Cohesin F3 (Scak) GTACCGACAACACAGCCAAATG Nhel
TTCCGTCAGACGGCCCCGCTGCT
GGTCAGGC 3’
Reverse 5’CTTAGTCTCGAGAGATGTAGT Xhol
ACTCTCAACCTGG 3’
ScAnc-3b Cohesins T, 2F3 Forward | 5’CATGAAGTCGACGAAGCAACT Sall
(pLp_0373sOF CCAAGTATTGAAATG 3’
A) Reverse 5’ATAGCAACGCGTAGATGTAGT Miul
ACTCTCAACCTGG 3’
ScAnc-4 Cohesins 2T, F3 Forward | 5’GTTAAACCATGGGCGAAGCAA Neol
(pET-28a) CTCCAAGTATTGAAATG 3’
Reverse 5’CAAATCGCTAGCAGATGTAGT Nhel
ACTCTCAACCTGG 3’
Eﬁiﬂfgﬁ?ﬁb see above (ScAnc-T»2F3)
ScAnc-4 Cohesins 2T, 2F; Forward | 5’CATGAAGTCGACGAAGCAACT Sall

CCAAGTATTGAAATG ¥
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(pLp_0373sOF Reverse | S’ACCTACACGCGTGTGCTCGAG Miul
A) AGATGTAGTAC 3’

741

742

743

744  The different modules were obtained by PCR amplification from relevant genomic DNA unless

745  otherwise specified.
746

747  * The indicated fragments were obtained by PCR amplification from the plasmid of Scaf- CATGB

748  from our previous report [2]

749  ** The indicated fragments were obtained by PCR amplification from the plasmid of

750  Scaf-CATGB from our previous report [3]

751
752
753
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754  Supplementary Figures

GH9 enzymes on Avicel GH10 enzymes on Xylan
8 1.4
7
2 1.2
€6 %
£ E
£S5 <
© —
34 —e— Wild type GH9 g,, 0.8
®3 9-b 206 —+— Wild type GH10
® @
3 2 —s+— 9-b+Scaf B §o4 —m- 10+
1 € 0.2
0 .
0 02 04 06 08 1 ¢ G4 04 48 08 §
Enzyime concantration In uM Enzyme concentration in nM
GH5 enzymes on CMC GH11 enzymes on Xylan

——Wild type GH5 —— Wild type GH11

Released sugars in mM

O B N W b U1 O N
Released sugars in mM

O B N W b U1 O N

- 5g -®- 1l-a
0 0.2 04 0.6 0.8 1 0 02 04 06 08 1
Enzyme concentration in pM Enzyme concentration in nM
755
756
757

758  Fig S1. Hydrolytic activity profiles of the four recombinant C. papyrosolvens enzymes in
759  comparison with the wild-type forms. The indicated enzymes were incubated 2 h at 37°C for xylan
760  and CMC or 24 h for Avicel. Enzyme notation is given in Figure 1 of the article. Scaf-B refers to a
761  monovalent scaffoldin, comprising the C. thermocellum scaffoldin-borne CBM3a and the B.
762  cellulosolvens cohesin.
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767

768  Fig.S2. Non-denaturating gel electrophoresis of the complex of pure recombinant Adaptor 1 with
769 Anc-3a produced in E. coli. Lane 1: Anc-3a; Lane 2: Adaptor 1; Lanes 3 to 9: ratios of Adaptor 1/
770  Anc-3a(i.e. Lane 3, 2.4:1).
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Fig. S3. Quantification of the secreted L plantarum enzymes by assessing comparative activity with
known concentrations of pure recombinant proteins produced in E. coli. (A) and (B): enzymatic
activity on xylan. Reactions were conducted with either increasing concentrations of purified C.
papyrosolvens xylanases 10-t and 11-a, respectively, or with 30 pl of concentrated culture
supernatant fluids, following a 2-h reaction period at 37°C. (C) and (D): enzymatic activity on
carboxymethyl cellulose (CMC). Reactions were conducted with either increasing concentrations
of purified C. papyrosolvens cellulases 5-g and 9-b, respectively, or with 30 pl of concentrated
culture supernatant fluids following a 2-h reaction period at 37°C.

44



784
785

786
787
788
789
790
791
792
793
794
795

Ny &
170 170
130 130
100 100 -
70 70 .
55 55
40 40
33 33
24
SaC. Lp + 5-g &a D Lp + 9-b
® ¢
I -
i |2 i
100 .
i 100
70
70
55 LII-D
55
40
40
33
33
24

Fig. S4. Far-Western blot analysis (A, B, C and D) and Western blot analysis (E and F) of
concentrated culture supernatant fluids from transformed lactobacilli versus respective pure
recombinant proteins produced in E. coli. (A) Secreted 10-t (calculated mass 44.5 kDa), (B)
secreted 11-a (calculated mass 33 kDa), (C) secreted 5-g (calculated mass 51.3 kDa), (D) secreted
9-b (calculated mass 77.6 kDa). (E) and (F): The lanes in the two panels (E) Adaptor-1 (calculated
mass 79.3 kDa) and (F) Adaptor-2 (calculated mass 72.8 kDa) are as follows: Lanes 1-3: secreted
Adaptor by L. plantarum; Lane 4-6: secreted fraction of wild-type L. plantarum; Lane 7-9: pure
Adaptor produced by E. coli
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Fig. S5. ELISA-based binding assay of pure recombinant proteins produced in E. coli versus
concentrated secreted proteins from transformed L. plantarum. Microtiter plates were coated
with 1 pug/ml the purified proteins as specified in the X axis and subjected to interaction with
either 100 ng/ml of pure adaptor scaffoldin (blue bars) or L. plantarum secreted adaptor scaffoldin
(green bars). The primary antibody used here was elicited against the CBM of the scaffoldins (i.e.,
CBM3a of the C. thermocellum CipA scaffoldin). Concentrated secreted proteins from L.
plantarum wild-type strain were used as a blank.
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Fig. S6. ELISA binding assay of pure recombinant proteins produced in E. coli versus anchored
proteins produced by L. plantarum. Microtiter plates were coated with 1 pg/ml of pure proteins
produced in E. coli as specified in the x axis and subjected to interaction with either 100 ng/ml of
pure chimaeric scaffoldin produced in E. coli (blue bars) or L. plantarum cells displaying the
anchored scaffoldin (green bars). The primary antibody used for panels A, B, C and D was elicited
against the type Il cohesin from C. thermocellum, present on Anc-T,Fs (Anc 2), Anc-2T,F; (Anc 3a),
Anc-T,2F3; (Anc 3b) and Anc-2T,2F; (Anc 4), where T, represents the type Il C. thermocellum
cohesin and F; represents the type lll R. flavefaciens cohesin; for panel E, the primary antibody
was elicited against the CBM of Anc-1. Washed bacterial cells (wild-type strain) served as a control.
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822

823  Fig.S7. Kinetics studies of hypochlorite-treated wheat straw hydrolysis up to 120-h incubation at
824  37°C by the different types of consortia. The composition of the consortia is as specified in Figure
825 3 panel B. Enzymatic activity is defined as total reducing sugars released (uM). Error bars show
826  standard deviations.
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831  Fig.S8. Bacterial growth on incremental concentrations of sugars with chemically defined medium
832  CDM supplemented with (A) cellobiose, and (B) glucose. Xylose and xylobiose as sole carbon
833  sources could not sustain growth.
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