
Chapter 9
Cellulosomes: Highly Efficient
Cellulolytic Complexes

Victor D. Alves, Carlos M. G. A. Fontes, and Pedro Bule

Abstract Cellulosomes are elaborate multienzyme complexes capable of effi-
ciently deconstructing lignocellulosic substrates, produced by cellulolytic anaerobic
microorganisms, colonizing a large variety of ecological niches. These macromolec-
ular structures have a modular architecture and are composed of two main elements:
the cohesin-bearing scaffoldins, which are non-catalytic structural proteins, and the
various dockerin-bearing enzymes that tenaciously bind to the scaffoldins. Cellulo-
some assembly is mediated by strong and highly specific interactions between the
cohesin modules, present in the scaffoldins, and the dockerin modules, present in the
catalytic units. Cellulosomal architecture and composition varies between species
and can even change within the same organism. These differences seem to be largely
influenced by external factors, including the nature of the available carbon-source.
Even though cellulosome producing organisms are relatively few, the development
of new genomic and proteomic technologies has allowed the identification of cellu-
losomal components in many archea, bacteria and even some primitive eukaryotes.
This reflects the importance of this cellulolytic strategy and suggests that cohesin-
dockerin interactions could be involved in other non-cellulolytic processes. Due to
their building-block nature and highly cellulolytic capabilities, cellulosomes hold
many potential biotechnological applications, such as the conversion of lignocel-
lulosic biomass in the production of biofuels or the development of affinity based
technologies.
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The Cellulosome—Introduction

Plant cell wall polysaccharides are one of the most abundant sources of carbon and
energy on Earth. They mainly consist of cellulose fibers, which are usually asso-
ciated with hemicellulose, lignin (a non-saccharide polymer), pectins and proteins.
The interactions between the various plant cell wall components form an intricate
structure that is highly resistant to degradation, making all the stored energy largely
inaccessible (Albersheim et al. 2011; Carpita et al. 2015). Because of this complexity,
plant cell wall polysaccharides require a large number of highly specialized enzymes
to catalyse their degradation. These enzymes are included in a group of biocatalysts
capable of degrading, modifying or creating glycosidic bonds, termed Carbohy-
drate Active Enzymes or CAZymes (Henrissat and Davies 2000; Lombard et al.
2010). In light of its potential as a clean alternative source of renewable energy, the
conversion of lignocellulosic biomass into fermentable sugars has fuelled a signifi-
cant amount of dedicated research, leading to the identification and characterization
of an ever expanding number of CAZymes (Jørgensen et al. 2007; Cantarel et al.
2009; Lombard et al. 2014). Most of these enzymes are produced by cellulolytic
microorganisms, including bacteria, fungi and protozoa, which are able to hydrolyse
the lignocellulose in plant cell walls, recycling the photosynthetically fixed carbon
and therefore playing a crucial role in the carbon cycle (Himmel and Bayer 2009;
Himmel et al. 2010). In general, aerobic cellulolytic species secret copious amounts
of enzymes which act individually during structural polysaccharide hydrolysis. The
released products are then captured by the cellulolytic cell and used as an energy
source. However, the energetic constraints posed by anaerobic ecosystems limit the
enzyme producing capabilities of microorganisms. This has imposed an evolutionary
pressure on anaerobic bacteria and fungi leading to the development of an alternative
and more efficient cellulolytic system, termed the cellulosome (Bayer et al. 1994;
Fontes and Gilbert 2010).

The cellulosome was first described in the early 1980’s, in the gram-positive ther-
mophilic bacteria Hungateiclostridium thermocellum (Clostridium thermocellum)
(Bayer et al. 1983; Lamed et al. 1983). This macromolecular structure consists of
a remarkably efficient and well-organized cell surface multi-enzyme complex that
allows enzyme recycling and direct assimilation of polysaccharide hydrolysis prod-
ucts. Cellulosomes have several different components, but are essentially made of
two types of building blocks: dockerin (Doc) bearing enzymes and cohesin (Coh)
bearing structural proteins, named scaffoldins (Bayer et al. 2004; Fontes and Gilbert
2010; Artzi et al. 2017). The high affinity and high specificity protein-protein inter-
actions established between cohesin and dockerin modules define the molecular
platform for cellulosome assembly. These two components bind tightly with each
other according to a specificity pattern, dictating final cellulosomal architecture and
composition (Fig. 9.1) (Carvalho et al. 2003; Doi and Kosugi 2004; Hamberg et al.
2014).
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Fig. 9.1 Acetivibrio cellulolyticum cellulosome. A structure-based concept art illustration. The
cellulosome architecture is organized around the non-catalytic primary scaffoldin (ScaA), a unique
adaptor scaffoldin (ScaB) and several anchoring scaffoldins (ScaC, ScaD and ScaF). ScaA bears
9 cohesin (Coh) modules that congregate the catalytic enzymes via their appended dockerin (Doc)
modules, it also can bind the carbohydrate substrate through a carbohydrate binding module (CBM)
and it is crowned by a N-terminal glycoside hydrolase (GH) and by a C-terminal X-Doc that enables
the anchoring of the cellulosome to the bacterial cell-wall. The schematic cellulosome in the small
image insert is color-coded according to themain 3D image representation. The quaternary structure
as well as the unstructured linkers between modules, are an “artistic” rendering speculation of a
cellulosome. The structure artwork was generated in UCSF Chimera v 1.15 Adapted from (Bule
et al. 2018b)

In this chapter, we dissect the cellulosome in order to explore the functional
and structural properties of each of its key components. We also focus on cellulo-
somal diversity by discussing some of the known cellulosome-producing organisms,
including the architecture and composition of their complexes. Finally, we look at
the regulation of cellulosomal gene transcription and discuss some of the potential
biotechnological applications for these macromolecular structures.

Cellulosomal Components

Cellulosomes result from the assembly of several distinct proteins, usually displaying
a modular organization, with each module having a specific function within
the macromolecular cellulolytic complex. Those functions include cellulosome
assembly, structural support, catalytic activity, substrate binding and cellular teth-
ering. The assembly elements are what distinguish the cellulosomal system from the
free enzyme systems. They include the cohesin modules, present in purely struc-
tural non-catalytic proteins, termed scaffoldins, and the dockerin modules, present
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in the enzymes and some scaffoldins. The strong and specific protein-protein inter-
actions occurring between cohesin and dockerin modules allow the several cellu-
losomal components to congregate in a highly-efficient cellulolytic nanomachine.
Nonetheless, several other elements are also present in the cellulosome, contributing
to its catalytic efficiency, flexibility and ability to recognize its substrates. Here, we
break down the cellulosome into its fundamental pieces in order to provide a better
understanding of their importance within the macromolecular complex.

The Scaffoldin

Thebackbone that creates the cellulosome is built around scaffoldins,which are struc-
tural proteins mainly composed of linker spacedmultiple cohesin modules (Fig. 9.2).
According to their function, scaffoldins are classified into four major types: primary,
anchoring, adaptor and cell-free scaffoldins. It is around primary scaffoldins that
cellulosomes are assembled, by simultaneously incorporating up to hundreds of
CAZymes through high affinity Coh-Doc interactions (Artzi et al. 2017; Smith et al.
2017). Cohesins and dockerins are classified into types (I, II, III, R) based on primary
structure homology (Bayer et al. 2004). Apart from a few exceptions, type I inter-
actions are usually committed to cellulosome assembly, while type II interactions
are associated with cell wall tethering. Therefore, most known primary scaffoldins
possess a C-terminal type II dockerin, which interacts with the complementary type
II cohesin modules in cell-bound anchoring scaffoldins. Many scaffoldins have an
Ig-like stabilizing module, termed the X-module, adjacent to the N-terminal end of
the type II dockerin (Adams et al. 2006). Another common feature in primary scaf-
foldins is the presence of a non-catalytic domain with carbohydrate-binding activity.
These modules, named Carbohydrate-Binding Modules (CBMs), target the cellulo-
some to the crystalline regions of the plant cell wall. Interestingly, scaffoldin CBMs
are almost exclusively family 3 CBMs, as it will be further discussed below (Tormo
et al. 1996; Shimon et al. 2000; Hong et al. 2014).

Complex cellulosomes have dedicated scaffoldins responsible for mediating the
attachment of the cellulosome to the bacterial cell surface, called anchoring scaf-
foldins (Fig. 9.2). The importance of this cell-bound arrangement vis-a-vis the alter-
native cell-free cellulosome is reflected by the clustering of cellulosomal genes, with
primary and anchoring scaffoldin genes usually clustered together (Zhivin et al.
2017). Anchoring scaffoldins are non-covalently bound to the organism surface
through an SLH domain, or covalently bound through a sortase recognition motif
(Lemaire et al. 1995; Rincon et al. 2005). Another type of scaffoldin, the adaptor
scaffoldin, has also been described on more elaborate and highly structured cellulo-
somes (Fig. 9.2). Polyvalent adaptor scaffoldins that have multiple cohesin modules,
can serve as an amplifier for the number of CAZymes integrated into the cellulosome
(Xu et al. 2003; Dassa et al. 2012). Alternatively, monovalent adaptor scaffoldins use
a single cohesin module to intermediate binding between enzymes bearing divergent
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Fig. 9.2 Architecture of cellulosome systems. Schematic representation of four distinct cellulo-
somal systems belonging to the bacteria H. thermocellum, A. cellulolyticus, R. flavefaciens and C.
cellulolyticus. Within each system, the same color is used for dockerins sharing similar specificity
and for the cohesins recognized by those dockerins. X-modules are represented by gray circles
marked with an X. Polyssacharides are represented as green hexagons
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dockerins and the primary scaffoldin (Fig. 9.2). They can also function as a reper-
toire change inducer, by switching the specificity of the CAZymes that populate the
primary scaffoldin in response to substrate availability (Rincon et al. 2004; Moraïs
et al. 2016a). Cell-free scaffoldins are exclusively composed of cohesin modules,
separated by linker sections (Fig. 9.2). They originate untethered cellulosomes that
are released to the extracellular space, like the ones secreted by Clostridium clar-
ifavum or Hungateiclostridium thermocellum, which can coexist with cell-bound
cellulosomes (Artzi et al. 2015; Xu et al. 2016).

Somenoteworthy exceptions from this general scaffoldin blueprint are the absence
of a C-terminal dockerin in the primary scaffoldins of simple cellulosomes (Dassa
et al. 2017) and the reversed cohesin-dockerin arrangement of Bacteroides (Pseu-
dobacteroides) cellulosolvens cellulosome system. In this species, the assembly of
enzymes onto the primary scaffoldin relies on type II cohesins, while the terminal
type I dockerin mediates cellulosome attachment to an anchoring scaffoldin (Zhivin
et al. 2017).

Cohesins and Dockerins

Cohesin and dockerin modules are undoubtedly the most important components of
the cellulosome, such that the basis for the identification of cellulosomal proteins
is dependent upon the presence of one or both of these modular elements. These
complementary modules are generally classified based on sequence similarity. In the
archetypal cellulosome ofHungateiclostridium thermocellum, type I interactions are
reserved for CAZYme recruitment onto the primary scaffoldin, while type II inter-
actions allow tethering the cellulosome to the bacterial cell surface. Although other
species present similar arragements, this dichotomy was broken upon the characteri-
zation of the highly complex cellulosome ofRuminococcus flavefaciens (BergMiller
et al. 2009), which possesses divergent cohesins and dockerins, subsequently clas-
sified as type III modules. More recently, a comprehensive bioinformatics analysis
of Bacteroides (Pseudobacteroides) cellulosolvens’s genome, led to the discovery of
yet another type of interaction, named type R, in what is currently the most complex
cellulosome system known to date (Zhivin et al. 2017). As more data are generated
from genomic and metagenomics studies, it seems that the type classification for
cohesins and dockerins might be more diverse than initially suspected. Metagenomic
data mining offers new opportunities when dealing with uncultured bacteria and such
analysis have already uncovered some divergent unclassified cohesins that do not fall
in any of the known types (Bensoussan et al. 2017). Structural homology type clas-
sification versus a functional classification, although convenient, can be misleading,
and a number of noteworthy discrepancies imply a cautious approach, namely the
alreadymentioned type I and II function reversal ofBacteroides (Pseudobacteroides)
cellulosolvens (Xu et al. 2004a; Bule et al. 2018b).

Cohesin-dockerin interactions are one of the strongest non-covalent protein-
protein interactions known (Stahl et al. 2012) and the basis for cellulosomal assembly.
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They tend to be species-specific, although cross-specificity (predominantly for type II
interactions) has been previously described (Pagès et al. 1997; Haimovitz et al. 2008;
Fontes and Gilbert 2010; Bule et al. 2018b). Both cohesins and dockerins display
a striking overall conservation of structural topology. Cohesins are approximately
150 amino acids long, arranged in a flattened and elongated β-sandwich, composed
of nine β-strands divided between two β-sheets (A and B), arranged in a jellyroll
topology, and bearing a hydrophobic core. β-sheet A is composed of β-strands 4,
7, 2, 1 and 9, while β-sheet B is composed of β-strands 5, 6, 3 and 8 (Fig. 9.3a,
b). A distinctive and noticeable planar plateau is formed by β-sheet B which estab-
lishes the dockerin binding interface of cohesins (Carvalho et al. 2003; Adams et al.
2006). Structurally, dockerins are short protein modules (~ 70 residues long) with
an α-helix dominated configuration, arranged around two highly conserved dupli-
cate sequences (N-terminal or helix-1 and C-terminal or helix-3) presenting nearly
perfect 2-fold symmetry, each composed of about 22 amino acid that, alternatively,
comprise the cohesin binding sites of the dockerin. These two tandem repeats are
connected by a smaller third α-helix (helix-2), and hold a stable tertiary configu-
ration based upon two conserved F-hand Ca2+-binding loop-helix structural motifs
(Fig. 9.3). An almost fully conserved Gly residue on the N-term helix-1 constitutes
a null reference (#0) for a convenient relative dockerin residue position numbering.
As a consequence, residues at positions #1, 3, 5, 9, and 12 (and the equivalent posi-
tions on the C-term helix-2) are typically aspartate or asparagine residues and are
involved in calcium-coordination, whereas positions #10 and 11 are recognized as
main residues involved in cohesin recognition, alongwith positions #17, 18 and 22. A
prevailing residue conservation on both helix-1 and -3 cohesin recognition sites and
the discovery that some dockerin can bind to their cohesin partners by either an N-
or C-terminal helix dominated interaction, disclosed the existence of a dual-binding
mode for type-I interactions (Fig. 9.3) (Carvalho et al. 2003). This means that some
dockerins can bind to the same partner in two distinct orientations, which are related
by a 180º rotation relatively to the cohesin. On the other hand, the first structurally
characterized type II cohesin-dockerin complex revealed a single-binding mode of
interaction. In this complex, the lack of residue conservation between the two dock-
erin repeats only allows binding in a single orientation, with no dominating helix,
since residues on both helices are significantly involved in the interaction. Inter-
estingly, in type II complexes, the adjacent X-module also participates in cohesin
recognition (Adams et al. 2006; Brás et al. 2012; Salama-Alber et al. 2013).

Initially, it was believed that the dual-binding mode would be ubiquitous for
cellulosome CAZyme recruitment, contributing to avert steric clashes among cellu-
losome components while facilitating substrate access, by providing two alternative
binding conformations. In contrast, the single-binding mode would be the norm for
cellulosome cell-anchoring. However, it is now clear that in some organisms, like
Acetivibrio cellulolyticus, there is a widespread dual-binding mode interaction in
both cellulosome assembly and anchoring, even when it involves adaptor scaffoldins
(Cameron et al. 2015; Brás et al. 2016; Bule et al. 2018a). Furthermore, ruminococal
cellulosomes, like that ofRuminococcus flavefaciens, can be assembled and anchored
exclusively through single binding mode cohesin-dockerin interactions (Bule et al.
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Fig. 9.3 The dual binding mode. a. Ribbon representation of a type I cohesin-dockerin complex
from Hungateiclostridium thermocellum (PDB accession code 1OHZ), containing the dockerin
from a xylanase (in rainbow coloring: N-terminus is blue, C-terminus is red) and the second cohesin
from primary scaffoldin ScaA (in yellow). In this panel it is possible to observe that the dockerin is
interacting with the cohesin mainly through its C-terminal helix. b. Overlay of 1OHZwith the same
Coh-Doc complex (PDB accession code 2CCL) in which the dockerin (in grey) has been mutated
to force interaction with the cohesin through its N-terminal helix. The overlay was obtained by
matching the cohesins of both complexes. It is possible to observe that the dockerin of 2CCL is
rotated 180° relative to the dockerin in 1OHZ. c. Cohesin binding interface of the type I dockerin
present in the 1OHZ Coh-Doc complex (N-terminus in blue, C-terminus in red). d. Comparison
of the two cohesin binding helices of the type I Doc, by overlaying the dockerin with a version of
itself rotated by 180° (in grey). This comparison shows that there is conservation of the two key
cohesin recognition residues (Serine/Threonine pair) at the same relative positions (#10, #11) in
both helices. Van der Waals’ surfaces are represented in translucent colors and calcium ions are
shown in green. The structures in this figure were generated using UCSF Chimera v 1.13.1
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2016, 2017). Interestingly, the lack of conservation between the two symmetric dock-
erin halves has, in some cases, resulted in a dual-specificity-binding strategy, inwhich
each of the helices at the binding interface recognizes a different cohesin. This means
that the dockerin can bind distinct partners by using opposite orientations, revealing
the enormous versatility of such interactions (Voronov-Goldman et al. 2015; Brás
et al. 2016). Ultimately, such diversity, although based on a very conserved main
chain Cα trace, relies on the particular composition of key interface recognition
amino acid residues, defining its conserved or divergent character, and subtly modi-
fying inter- and intra-species barriers, binding specificity and binding mode for the
cohesin-dockerin interaction (Slutzki et al. 2015; Bule et al. 2016, 2017; Brás et al.
2016).

Enzymes

Cellulosomal enzymes are, by definition, enzymes containing a dockerin domain.
These enzymes are typically modular and, in addition to the dockerin that mediates
protein-protein interactions, possess one or more catalytic modules and sometimes
one ormoreCBMs, involved in protein-carbohydrate interactions (Fontes andGilbert
2010). As a plant cell wall degrading macromolecular complex, the cellulosome
can integrate numerous different carbohydrate active enzymes. The first identified
cellulosomal enzymes were cellulases, which is not surprising considering that the
first cellulosome was discovered due to its highly efficient cellulolytic properties
(Lamed et al. 1983). In addition to cellulases, other cellulosomal enzymes were
subsequently identified, most notably xylanases, pectinases, carbohydrate esterases,
mannanases and xyloglucanases.

Much like their substrates, complex polysaccharide degrading enzymes are
extremely diverse and tend to be highly specific. They include glycoside hydrolases,
carbohydrate esterases andpolysaccharide lyases andhavebeengrouped into families
according to primary sequence homology, kept in an ever-growing online database
called CAZy.org (Henrissat and Davies 1997, 2000; Cantarel et al. 2009; Lombard
et al. 2010, 2014). The degradation of complex polysaccharides often requires the
synergistic action of several different CAZymes. Synergy may be due to different
modes of action towards the same substrate, like when an endoglucanase hydrol-
yses the substrate, thereby producing additional chain ends that can be cleaved by
an exoglucanase. It can also result from the hydrolysis of two tightly associated
substrates, in which the action of one enzyme could make the concealed substrate
accessible for the action of the second enzyme (e.g. cellulases and xylanases). It can
also work by limiting product inhibition effects, when a second enzyme acts on the
product of a primary enzyme, thus restoring the activity of the first enzyme (e.g.
β-glucosidases and cellulases) (Morag et al. 1991). Even the hydrolysis of a rela-
tively simple polysaccharide such as cellulose involves the cooperative efforts of at
least three groups of enzymes: endo-(1,4)-β-D-glucanases, exo-(1,4)-β-D-glucanases
and β-glucosidases. The endoglucanase randomly attacks the internal O-glycosidic
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bonds, resulting in glucan chains of different lengths; the exoglucanase acts on the
ends of the cellulose chains and releases β-cellobiose as the major end product and
finally, the β-glucosidases act specifically on the β-cellobiose disaccharides releasing
glucose (Kuhad et al. 2011).

The genome sequencing of several cellulosome producing bacteria has identi-
fied a large variety of dockerin bearing enzymes, which include not only cellulases
but also other CAZymes such as hemicellulases, ligninases (Fan and Yuan 2010;
Cragg et al. 2015), pectinases (Tamaru and Doi 2001; Chakraborty et al. 2015),
mannanases (Kurokawa et al. 2001; Sabathé et al. 2002; Perret et al. 2004) and chiti-
nases, suggesting a complex mechanism of enzymatic synergy. Nonetheless, almost
all known cellulosome-producing bacteria characteristically express large amounts
of a single family 48 glycoside hydrolase (GH48) exoglucanase, which is a key
component for the highly efficient cellulolytic activity displayed by these structures
(Morag et al. 1991; Ravachol et al. 2015). Contrastingly, an extensive repertoire of
family 9 glycoside hydrolases is generally secreted by these bacteria, which work
in close synergy with GH48 since, on its own, GH48 displays very little activity
on cellulose. Many GH9 enzymes from different cellulosomic systems have been
characterized, displaying different activities, distinct abilities to bind to cellulosic
substrates and diverse synergies with the major GH48 exoglucanase (Ravachol et al.
2014;Moraïs et al. 2016b). This eventually suggests that enzyme diversity, especially
of GH9 enzymes, reflects the structural diversity of the substrates. In fact, the nature
of the available substrate seems to be an important factor in cellulosome composition
and efficiency, as revealed by some proteomic studies (Gold and Martin 2007; Cho
et al. 2010; Tsai et al. 2010; Wang et al. 2019). The expression levels of enzymatic
components can change depending on the carbon source, which means that cellu-
losomes with different compositions can be assembled by the same microorganism
when grown in the presence of different substrates. Other glycoside hydrolase fami-
lies, such as GH5, GH10, GH11 and GH43, are also commonly found in cellulosome
systems, meaning that these complexes are able to utilize a large variety of plant cell
wall polysaccharides (Artzi et al. 2017).

Interestingly, dockerin bearing proteins are not restricted to CAZymes. Many
other activities have been reported for potential cellulosomic proteins, which are
not directly linked to polyssacharide degradation. These include serpins (Kang et al.
2006), proteases (Levy-Assaraf et al. 2013) and expansins (Chen et al. 2016; Artzi
et al. 2017). The role of these biocatalysts in cellulosome function is still unclear
although it has been suggested that theymay have protective and regulatory functions
or even act in synergy with CAZymes to degrade highly complex substrates (Chen
et al. 2016; Moraïs et al. 2016b; Bensoussan et al. 2017).

Carbohydrate Binding Modules

In general, multi-modular CAZymes are appended to non-catalytic Carbohydrate
Binding Modules (CBMs) that bind carbohydrates, thus playing a critical role in
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targeting their associated enzymes towards the substrate, resulting in improved
catalytic activity (Boraston et al. 2004; Gilbert et al. 2013). Since the first described
CBMs had crystalline cellulose as their primary ligand, these non-catalytic polysac-
charide recognizing modules were initially defined as Cellulose-Binding Domains,
CBDs (Gilkes et al. 1988). After these initial studies, it has been shown that many
carbohydrates can be targeted by different ‘CBDs’, including crystalline cellulose,
non-crystalline cellulose, chitin, β-1,3-glucans, β-1,3-1,4-mixed linkage glucans,
xylan, mannan, galactan and starch (Boraston et al. 2004). Some can even display
‘lectin-like’ specificity and bind to a variety of cell-surface glycans (Fujimoto et al.
2013). In order to reflect their diverse ligand specificity, these modules were renamed
Carbohydrate Binding Modules, or CBMs (Boraston et al. 1999).

Much like the catalyticmodules of CAZymes, CBMs are classified into families in
the CAZy database, according to primary structure homology. Currently there are 86
different CBM families registered on cazy.org, a number that has been consistently
growing (Boraston et al. 2004; Lombard et al. 2014). According to their function,
CBMs have also been classified into one of three types: type A CBMs which interact
with crystalline polysaccharides (primarily cellulose); type B modules which bind
to internal regions of single glycan chains, and type C CBMs that recognize small
saccharides in the context of a complex carbohydrate (Boraston et al. 2004; Fontes
and Gilbert 2010; Armenta et al. 2017).

It is now clearly recognized that CBMs potentiate CAZyme function (Bolam et al.
1998). However, the mechanism by which they do so is still not fully understood.
It was suggested that CBMs may function through a proximity effect or have a
more active role leading to a disruptive effect on the polysaccharides (Boraston et al.
2004; Guillén et al. 2009). Many studies have shown that maintaining enzymes in
the proximity of the insoluble substrate leads to a more efficient degradation, as
the removal of CBMs from enzymes results in a dramatic reduction in enzymatic
activity (Bolam et al. 1998; Boraston et al. 2003). Curiously, enzyme activity on
soluble substrates is not frequently affected when CBMs are removed (Kleine and
Liebl 2006), meaning that CBM function is highly dependent on the nature of the
substrate.

CBMs can also be found in many cellulosomal systems, usually occupying a
central position within the primary scaffoldin (Boraston et al. 2004; Fontes and
Gilbert 2010). Generally, primary scaffoldins contain a family 3 CBM, such as the
one present in ScaA of H. thermocellum (Poole 1992; Morag et al. 1995). This is a
type A CBM that binds strongly to the crystalline surface of cellulose, accounting
for the primary targeting of the cellulosome onto its substrate (Bayer et al. 2004;
Artzi et al. 2017). In contrast to what has been described for many species such as
H. thermocellum, A. cellulolyticus or P. cellulosolvens, the scaffoldins produced by
ruminal bacterium R. flavefaciens do not possess a CBMmodule targeting cellulosic
substrates. Rather, this bacterium expresses an independent ‘CttA’ scaffoldin with
two putative CBMs and a dockerin that specifically recognizes an anchoring scaf-
foldin, which may serve to attach the bacterial cell directly to the substrate (Fig. 9.2)
(Rincon et al. 2010; Salama-Alber et al. 2013). Interestingly, a cell-free scaffoldin
produced by A. cellulolyticus, was found to contain two family 2 CBMs as opposed
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to a family 3 CBM (Dassa et al. 2012). Comparable CBM2-containing cell-free scaf-
foldins were also observed in the genome of Clostridium clariflavum (Artzi et al.
2014)(Artzi et al. 2014). These are the only known examples of scaffoldins containing
CBMs from a family other than CBM3. Family 2 CBMs are more commonly found
associated with free, non-cellulosomal enzymes and the fact that they have only
been found in cell-free scaffoldins suggests that they could have a distinct function
in cellulosomes to that of family 3 CBMs (Simpson et al. 2000; Artzi et al. 2017).

CBMs seem to play a vital role in cellulosome function and not only as a part
of the scaffoldin proteins. Although only two CBM families have been reported
in scaffoldins, many cellulosomal enzymes have CBMs from various families,
exhibiting different carbohydrate specificities. Presently, the study of cellulosomes
has been an important source of novel carbohydrate bindingmolecules and has signif-
icantly helped our understanding of the mechanisms behind carbohydrate recog-
nition (Venditto et al. 2016; Ribeiro et al. 2019). Much like free CAZymes, the
enzyme-borne cellulosomal CBMs likely work to position the catalytic modules in
the proximity of the substrate, resulting in optimal hydrolysis (Hammel et al. 2005).

Anchoring Modules

As mentioned above, most cellulosome producing species assemble different cellu-
losomes presenting distinct conformations and, depending on the nature of their
main scaffoldin, cellulosomes can either be found in a cell-bound or cell-free form
(Fig. 9.2). Nonetheless, in most species there appears to be a preference for the
former. From an energy-efficiency point of view, one could infer the obvious advan-
tages that a tethered complex presents to the anaerobic microorganism since (1)
there is close proximity between the products of hydrolysis and the cell, resulting in
optimal product uptake and (2) the ability to retain the complex at the cell surface
allows the microorganism to benefit from its activity for long periods of time, as
opposed to having to express multiple copies as they diffuse away. Furthermore,
using ex vivo assembled mini-cellulosomes with identical catalytic components,
it has been observed that the cell-bound versions display up to 4.5 times higher
hydrolytic activity than the cell-free versions. This suggests that tethering the cellu-
losome could also be important for its potential biotechnological applications, as it
optimizes function (You et al. 2012).

The surface layer, or S-layer, is a common feature of many gram-positive bacteria.
They are monomolecular crystalline arrays of proteinaceous subunits that surround
the exterior cell wall, providing various functions, including protection and cellular
interaction (Sleytr et al. 1993; Doi and Kosugi 2004). Since the S-layer was first
described, much attention was given to finding how its proteins target and bind
the cell wall. Curiously, the first clue came from the sequence of a gene cluster
encoding some of H. thermocellum scaffoldins, including ScaA (then called CipA).
The cluster sequence revealed an ORF encoding a cohesin module and a C-terminal
domain displaying significant similarity to the N-terminal region of S-layer proteins
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from various species. The authors suggested that this protein could be somehow
involved in the cell-anchoring ofH. thermocellum’s cellulosome (Fujino et al. 1993)
and later confirmed its ability to bind the cell envelope (Lemaire et al. 1995). Since
then, the now called SLH (S-layer homology) domain has been identified in many
bacterial surface proteins. It is composed of either one or three repeated GPTS
(glycine, proline, threonine, serine)-rich segments that bind peptidoglycan associated
polysaccharides in a non-covalent interaction (Mesnage 2000), tethering extracellular
proteins to the bacterial wall, including many cellulosome anchoring scaffoldins (Xu
et al. 2004b; Zhivin et al. 2017). On the other hand, most mesophilic cellulosomes,
such as the ones produced by R. flavefaciens and Ruminococcus champanelensis, do
not possess SLH domains in their anchoring scaffoldins. Instead, they are covalently
bound to the cell wall via a sortase-mediated attachment mechanism (Rincon et al.
2005; Salama-Alber et al. 2013). This mechanism involves three crucial features,
present at the C-terminus of the protein, and collectively called the cell wall sorting
signal: an LPXTG (leucine, proline, X, threonine and glycine, where X is any amino
acid) motif, a hydrophobic domain which interacts with the cytoplasmic membrane
and a tail of charged residues (Schneewind et al. 1992; Mazmanian 1999). During
secretion, the hydrophobic domain and charged tail prevents protein secretion by
stopping membrane translocation, allowing recognition of the LPXTG motif by the
sortase enzyme. The sortase then cleaves the LPXTG motif between the threonine
and glycine residues and covalently attaches the threonine to the amino group of the
pentaglycine cell wall cross-bridge resulting in a cell wall attached protein (Paterson
and Mitchell 2004).

The X-Module

A common feature of primary scaffoldins is the presence of an enigmatic module at
the N-terminus of their dockerins, which has been termed the X module (Fig. 9.2).
This X module-dockerin pairing (XDoc) has been described in many cellulosomes,
such as the ones assembled by H. thermocellum, A. cellulolyticus, P. cellulosolvens
and R. flavefaciens. The exact function of this domain is still relatively unknown,
although it has been repeatedly suggested that its presence could provide struc-
tural stability and enhanced solubility to the adjacent cellulosomal components
(Mosbah et al. 2000; Schubot et al. 2004; Xu et al. 2004a; Kataeva et al. 2004;
Adams et al. 2005). The crystal structure of a H. thermocellum type II cohesin-
dockerin complex together with its neighbouring X-module shows direct hydrogen-
bond contacts between the Ig-like X module and the cohesin. Together with the fact
that the X module stabilizes the type II dockerin in solution, this suggests that there
is a functional enhancement of adjacent components in the presence of the Xmodule
(Adams et al. 2006). The authors also report an increased affinity of the type II Coh
for the XDoc modular pair versus that for the isolated type II Doc, supporting this
assumption.
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Unlike the X-module in the type II Coh-XDoc interaction of H. thermocellum,
the X-module in the type III Coh-XDoc complex of R. flavefaciens does not appear
to contribute directly to the CohE-Doc binding surface (Fig. 9.2). Rather, its elon-
gated stalk-like conformation, supported by 3 dockerin inserts that act as structural
buttresses, appears to serve as an extended spacer, projecting the cellulosome away
from the bacterial cell wall (Salama-Alber et al. 2013). This would position the
catalytic domains away from the cell surface facilitating the action of the cellulo-
somal enzymes on the plant cell polysaccharides. In fact, theR. flavefaciensXmodule
does not bear homologywith any other Xmodules from cellulolytic bacteria. Instead,
it shares significant similarity with the G5 module of Streptococcus pneumoniae’s
StrH protein, whose function is to position the catalytic modules away from the cell,
allowing optimal processing of host cell surface-presented glycoconjugates.

Cellulosome Diversity

Since the cellulosome was first described, it has become increasingly apparent that
its prevalence in nature is not as pronounced as initially predicted. As far as our
knowledge extends, this system is rather restricted to a few specialized microor-
ganisms inhabiting specific ecological niches such as the soil, sewage sludge and
some mammalian gastrointestinal compartments. Nonetheless, there is no denying
that cellulosomes play an essential role in the conversion of recalcitrant lignocellu-
losic substrates in anaerobic environments, and with the expanding availability of
genomic, metagenomic and proteomic tools, it is very likely that new cellulosome
producing species will continue to emerge.

Depending on whether cellulosomes possess a single scaffoldin or multiple types
of interacting scaffoldins, cellulosome systems are divided into two major types:
the simple and the complex. As mentioned, scaffoldins are the molecular platforms
that organize cellulosomes and have the potential to be exceptionally varied in size
and constitution, leading to cellulosome systems that are structurally diverse. Cellu-
losomes can be rather simple and small, like those of Clostridium acetobutylicum,
which can only assemble 5 enzymes in its single scaffoldin (Sabathé et al. 2002). They
can also be large and complex such as those of the P. cellulosolvens system, with its
31 different scaffoldins and a theoretical assembly that can hold up to 110 enzymes
in one single cellulosome unit (Zhivin et al. 2017). As opposed to complex cellulo-
somes, which are found in species living in a wide range of environmental condi-
tions, simple cellulosomes have only been identified in mesophilic organisms. These
bacteria produce cellulosomes with a single scaffoldin backbone that can attach up to
9 cohesins, depending on the species, and are usually not tethered to the bacterialwall.
These include Clostridium josui (Ichikawa et al. 2014), Clostridium cellulovorans
(Cho et al. 2010),Clostridium papyrosolvens (Pohlschröder et al. 1994),Clostridium
cellulolyticum (Fig. 9.2) (Xu et al. 2015) and Ruminococcus bromii (Ze et al. 2015).
This last species is a key resistant-starch degrader found in the human gut (Ze et al.
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2012) and, as such, its dockerin-bearing enzymes were found to hydrolyze starch,
rather than cellulose. Hence, R. bromii complexes were referred to as amylosomes.

The first described cellulosome and currently best-characterized system, is that
of the thermophilic bacterium H. thermocellum (Lamed et al. 1983). Interestingly,
H. thermocellum’s highly efficient cellulolytic performance is supported by three
systems: a free enzyme system; a cell-free cellulosome systemand a cell-bound cellu-
losome system (Xu et al. 2016), which has been extensively studied and still serves
as the archetypal model to this day (Fig. 9.2).H. thermocellum’s genome encodes 72
dockerin-containing proteins, suggesting an elaborate cellulosome system (Pinheiro
et al. 2009). This bacterium can produce eight different scaffoldins including primary
scaffoldin ScaA, the five cell-anchoring scaffoldins ScaB, C, D, F and G, the two
cell-free scaffoldins ScaE and H and the elusive CipB. Primary scaffoldin ScaA has
eight type I cohesins, separated by linkers of various lengths, which can bind to the
dockerins present on cellulosomal enzymes (Gerwig et al. 1993; Kruus et al. 1995).
It also possesses an internal family 3 CBM and a C-terminal type II X-dockerin
that can bind to the cohesins on anchoring scaffoldins ScaB, C or F, tethering the
cellulosome to the bacterial surface, or to the cohesins on ScaE, originating cell-free
cellulosomes (Xu et al. 2016). Considering that ScaB and ScaE have seven type
II cohesins each, it is possible for H. thermocellum to assemble both cell-free and
cell-bound cellulosomes with up to 63 enzymes on a single unit. Enzymes can also
be directly attached to the bacterial surface by interacting with the cohesins on ScaG
and ScaD which, like the other anchoring scaffoldins on this bacterium, are bound
to the cell wall by their C-terminal SLH domains (Leibovitz and Béguin 1996. The
roles of CipB and ScaH are still not fully understood.

The concept of adaptor scaffoldin was first introduced by the cellulosome of
Acetivibrio cellulolyticus (Fig. 9.2) which, with 16 different scaffoldins and over 140
dockerin-bearing proteins encoded in its genome, has a considerably more intricate
system than that ofH. thermocellum (Xu et al. 2003;Dassa et al. 2012). These adaptor
scaffoldins promote the incorporation of more enzymes into one single complex
allowing A. cellulolyticus to integrate up to 84 enzymes in its cellulosome, which,
including ScaA’s own catalytic module, totalizes 96 catalytic components. The ther-
mophilic Clostridium clariflavum has a similar system to that of A. cellulolyticus in
the sense that it also relies on adaptor scaffoldins to create larger assemblies, like its
theoretical, record breaking, 160-enzyme cellulosome (Artzi et al. 2014). Interest-
ingly, in the cellulosomal system of the ruminal bacterium R. flavefaciens (Fig. 9.2),
monovalent adaptor scaffoldins possessing a single cohesin have also been identi-
fied. These adaptors, rather than increasing the number of enzymes, increase the
repertoire of different catalytic units that can integrate the complex (Rincón et al.
2004; Bule et al. 2016). The genome of R. flavefaciens encodes an enormous number
of cellulosomal components, including 222 dockerin-containing proteins, the largest
number described so far (Rincon et al. 2010). These dockerins have been classified
into six different families according to their primary structure homology, a clas-
sification that translates into function, as members of the same family recognize
similar cohesin partners (Israeli-Ruimy et al. 2017; Bule et al. 2017, 2018c). The
monovalent adaptor scaffoldins are capable of recruiting specific families into the
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cellulosome, integrating different catalytic activities in the complex’s profile (Bule
et al. 2016). Intriguingly, numerous dockerin bearing proteins were also identified in
the Ruminococcus albus genome, another cellulolytic ruminal bacterium, but only a
single cohesin was found (Dassa et al. 2014). Given that R. albus shares the same
ecological niche as R. flavefaciens, it has been proposed that these bacteria have a
symbiotic relationship, in which the enzymes produced by R. albus can be integrated
into R. flavefaciens cellulosome, with both benefiting from its catalytic action. This
hypothesis is supported by the fact that the dockerins from the two species share a
high degree of homology, which in some cases can be as high as 60% identity. The
recently described cellulosome system of Ruminococcus champanelensis, a cellu-
lolytic bacteria found in the human gut, was also found to possess a very elaborate
architecture, similar to that of R. flavefaciens (Cann et al. 2016; Moraïs et al. 2016a).

The existence of fungal multi-enzyme complexes has also been proposed from as
early as 1992 (Wilson and Wood 1992). Although it has been suggested that these
complexes are assembled through cohesin-dockerin interactions (Fanutti et al. 1995),
there is still very little information regarding fungal cellulosomes when compared
to their bacterial counterparts. Fungal dockerins have been identified in numerous
cellulolytic enzymes but differ significantly from bacterial dockerins (Haitjema et al.
2017). They can be found either at the N or C-terminus of enzymes and exist in
tandem repeats rather than single copies at the C-terminal region (Steenbakkers et al.
2001). This tandem repetition seems to have a functional significance as it has been
observed that a double-dockerin can bind more tightly to the cellulosome than a
single domain one (Nagy et al. 2007). The only reported 3-dimensional structures of
a fungal dockerin were obtained by NMR and do not display the typical double F-
hand calcium binding fold seen in all bacterial dockerins, but rather a single β-sheet
composed of three or four small antiparallel strands and a short α-helix (Raghothama
et al. 2001; Nagy et al. 2007). Furthermore, there seems to exist pronounced inter-
species recognition, with dockerins from one fungal organism binding the cellulo-
some of others (Nagy et al. 2007). Until recently, there was no convincing evidence
supporting the existence of fungal cohesin domains, but a comparative genomics
study allowed the definitive identification of scaffoldin proteins in the anaerobic fungi
Anaeromyces robustus, Neocallimastix californiae and Piromyces finnis (Haitjema
et al. 2017). These scaffoldin proteins were shown to bind non-catalytic dockerin
domains present in enzymes and contained multiple repeating motifs, which were
suggested to be the cohesin domains. The minimum sequence that defines a single
fungal cohesin remains to be determined but scaffoldin fragments with only four of
these repeats were capable of dockerin recognition. Clearly, there is still much left to
know about fungal cellulosomes but they could potentially have distinct advantages
over the bacterial ones such as a larger variety of catalytic activities and the fact that
they produce glucose and not cellobiose as final product (Gilmore et al. 2015). It is
becoming increasingly evident that fungi have a key role in the conversion of recal-
citrant biomass, much due to their cellulosomal enzymes (Hagen et al. 2020). This
makes fungal cellulosomes attractive blueprints for the engineering of complexes
with multiple biotechnological applications (Gilmore et al. 2020).
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Recent advances in genome-sequencing methods and new metagenomic
approaches are promoting the rapid discovery of new cellulosome systems and
expanding our understanding of well-known cellulosomal species (Dassa et al. 2012,
2014; Artzi et al. 2014; Zhivin et al. 2017). Cohesins and dockerins are being
described in the genome of uncultured bacteria within species not previously docu-
mented (Bensoussan et al. 2017). New types of cohesins that do not fit within the
previously described three types were also found, suggesting that these modules are
more diverse than originally predicted. In addition, cohesins and dockerins have been
identified in the genomes of non-cellulolytic species such asClostridium perfringens,
an opportunistic pathogen that inhabits the gastrointestinal tract (Bayer et al. 1999;
Adams et al. 2008; Peer et al. 2009). Some of these dockerin-bearing proteins were
found to be toxins or to form multi-protein complexes that promote virulence. This
could mean that the cohesin-dockerin interaction can be present in other systems
besides the cellulosome, possibly serving other purposes other than polysaccharide
degradation.

Quaternary Structure

Even though there is now abundant information regarding the 3-dimensional struc-
tures of each of the several cellulosomal components, very little is known about
the conformation of an entire complex. After the first successful attempt at deter-
mining the structure of a cohesin-dockerin complex (Carvalho et al. 2003), some
were inspired to crystallize larger portions of cellulosomes, albeit with relatively little
success (Currie et al. 2012). The intrinsic plasticity of linker segments connecting the
various cohesinmodules, allow scaffoldins to adopt a variety of dramatically different
conformations, making cellulosome quaternary architecture extremely hard to deci-
pher. This conformational flexibility between cohesin modules allow for the optimal
positioning of the enzymatic subunits onto the substrate (Hammel et al. 2005). In
fact, data comparing the activity of designer cellulosomes containing different linker
lengths between cohesins suggest that longer linkers improve hydrolytic efficiency
(Vazana et al. 2013). Interestingly, the linker section connecting the catalytic cores of
cellulosomal enzymes with their dockerins seem to be predominantly rigid (Hammel
et al. 2004, 2005).

The largest crystal structure of a cellulosome ever to be determined by X-ray crys-
tallography belongs to the canonical cellulosome of H. thermocellum and includes
five modules from three different proteins (Currie et al. 2012). It contains the type
I Doc of Cel9D bound to a C-terminal trimodular fragment of ScaA scaffoldin,
which includes a type I cohesin connected by a linker to the X module-type II dock-
erin dyad, which in turn is interacting with ScaF’s type II cohesin (Fig. 9.4). The
structure reveals an elongated topology with a flexible 13-residue linker connecting
the ninth type I cohesin (CohI9) module and the X module. Elevated temperature
factors suggest that the linker is highly dynamic. In addition, the four copies of the
penta-modular complex found in the asymmetric unit of the crystal structure had
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Fig. 9.4 Tridimensional structure of the largest crystallized cellulosome fragment. a. Cellulosome
of Hungateiclostridium thermocellum resulting from the interaction of anchoring scaffoldin ScaF
and primary scaffoldin ScaA. The modules within the dashed box correspond to the modules seen
in the structure below. b. Ribbon representation of a ternary cellulosome complex structure from
Hungateiclostridium thermocellum, containing a total of five modules (PDB accession code 4FL4).
The type II cohesin from anchoring scaffoldin ScaF is represented in red and is interacting with
the type II dockerin from primary scaffoldin ScaA, represented in yellow. The ScaA fragment
also shows the dockerin adjacent X-module (in grey) separated from the 9th type II cohesin (in
green) by a linker region. Lastly, a type I dockerin from the enzyme Cel9D can be seen in light
blue interacting with ScaA’s 9th cohesin. The van der Waals’ surface of the complex is shown in
translucent blue. Calcium ions are represented in green. The structure in this figure was generated
using UCSF Chimera v 1.13.1

slightly different orientations in the DocI-CohI9 region. This suggests the existence
of several possible conformations of the linker sequences that contribute to modulate
the overall conformation of the cellulosome.

Regulation of Cellulosomal Components

The genes encoding most cellulosomal subunits are organized in clusters on the
bacterial chromosome. On simpler systems, the scaffoldin gene is followed down-
streamby the dockerin-bearing enzyme encoding genes, while complex systems have
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Fig. 9.5 Transcription regulation of cellulosomal genes. a. Examples of gene clusters present in
the genome of two simple cellulosome producing bacteria and two complex cellulosome producing
bacteria. b. Transcription regulation via a substrate sensitive anti sigma factor and alternative sigma
factor mechanism. The CBM-like extracellular domain of the anti-sigma factor (in purple) recog-
nizes the appropriate polyssacharide (green hexagons) and changes conformation releasing the
alternative sigma factor (σ) inside the bacterial cell. The alternative sigma factor binds to the RNA
polymerase (RNAP) which will then be able to recognize the appropriate promoter and initiate
transcription of the cellulosomal gene. This figure was made using Servier Medical ART (SMART)

multiple scaffoldin clusters (Fig. 9.5a). As seen in the supra mentioned examples,
the repertoire of dockerin bearing enzymes encoded by each cellulosome producing
system far exceeds the number of cohesins available, even on some of the largest
assemblies. For example, R. flavefaciens FD-1 can gather up to 14 enzymes on a
single cellulosome while its genome encodes over 220 dockerin containing proteins
(Rincon et al. 2010). Even B. cellulosolvens, whose largest assembly can theoret-
ically hold up to 110 enzymes, possesses over 200 dockerin-bearing ORFs in its
genome (Zhivin et al. 2017). One of the few species whose cellulosome could even-
tually attach its full repertoire of dockerin-bearing proteins (78 in total) simulta-
neously on a single unit is C. clariflavum, with its theoretical 160 cohesin-bearing
assembly (Artzi et al. 2014). This suggests that cellulosome composition is not pre-
established and is probably influenced by external factors. Growth rate seems to
influence the expression of cellulosomal genes, with high growth rates resulting in
down-regulation of the components (Dror et al. 2003a). More importantly though, is
that the expression of these genes can change according to the nature of the available
carbon source, resulting in a diversity of possible cellulosomal configurations within
the same system (Dror et al. 2003b; Han et al. 2003; Raman et al. 2009; Artzi et al.
2015). It was previously observed that the expression levels of cellulases, such as
the highly prevalent GH48 exoglucanase, are increased when the bacteria are grown
on cellulose compared to when cultivated on cellobiose, while the opposite is true
for other glycoside hydrolases. Enzymatic profiles also seem to differ in the pres-
ence of hemicellulosic polysaccharides when compared to those of cultures grown
on crystalline cellulose (Dykstra et al. 2014; Artzi et al. 2015).

It is evident that a substrate sensing mechanism is operating within cellulosome
producing organisms, in order to adjust the expression of cellulosomal components to
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the available carbon sources. Some of the bacteria producing complex cellulosomes,
such asH. thermocellum,C. clariflavum,A. cellulolyticus andB. cellulosolvens, seem
to regulate their cluster genes by a pathway involving a set of transmembrane and
RNA polymerase interacting proteins called anti-sigma factors and alternative sigma
factors, respectively (Kahel-Raifer et al. 2010; Nataf et al. 2010; Muñoz-Gutiérrez
et al. 2016). This is a commonmechanism found in bacteria, inwhich the sigma factor
(or alternative sigma factor) interacts with an RNApolymerase, promoting gene tran-
scription, while the anti-sigma factor suppresses transcription by sequestering the
sigma factor (Paget 2015). The ingenuity of the cellulosome regulating mechanism
is in the extracellular portion of the anti-sigma factor involved, which has CBM-
like domains capable of recognizing specific polysaccharides in the surrounding
medium. When a transmembrane anti-sigma factor binds to its cognate substrate
it changes conformation, releasing the alternative sigma factor in the intracellular
space, which will in turn interact with the RNA polymerase, allowing promoter
recognition and initiating transcription (Fig. 9.5b). This allows the bacteria to opti-
mize its resources, by recognizing the polysaccharides in the extracellular medium
and reacting accordingly, changing cellulosome composition and architecture as new
substrates are exposed during the degradation process. A substrate independent tran-
scriptional regulation mechanism has also been reported in C. cellulolyticum, which
regulates cellulosomal stoichiometry by selective RNA processing and stabilization
(Xu et al. 2015). This would allow the production of pre-optimized cellulosomes
which could be crucial for correct cellulolytic function.

Applications for Cellulosomes

Due to its building-block nature, it is no surprise that the cellulosome has inspired
numerous ingenious biotechnological solutions. These mainly explore the highly
specific cohesin-dockerin interaction to promote reactionmechanismswhose compo-
nents function in close proximity. The development of mini-cellulosomes and
designer cellulosomes represent one of the most popular and successful studies in
the field of cellulosomics (Bayer et al. 1994). The in vitro and in vivo construc-
tion of these cellulosome derivatives have been used both in the study of cellulo-
somal function and in trying to improve the efficiency of native cellulosomes, for
various biotechnological purposes. The main difference between mini-cellulosomes
and designer cellulosomes lies in the nature of their cohesins. The first are built
on truncated versions of the native scaffoldins, containing cohesins similar to those
found in the original complexes. Designer cellulosomes, on the other hand, have a
chimeric scaffoldin composed of cohesins with distinct specificities that can orig-
inate from multiple species, allowing the incorporation of specific enzymes with
control over position and number of copies (Fierobe et al. 2002, 2005; Moraïs et al.
2012). By designing tailor-made scaffoldins, several authors have been able to answer
numerous questions regarding cellulosome assembly and function. These include the
dynamics of enzyme incorporation into scaffoldins (Borne et al. 2013), the effects
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of enzyme relative position (Stern et al. 2015), the importance of scaffoldin-borne
CBMs for catalytic efficiency (Mingardon et al. 2007) and the importance of inter-
modular linkers for flexibility and steric accommodation (Caspi et al. 2009; Molinier
et al. 2011; Vazana et al. 2013), among other findings.

One of the most extensively explored applications of designer cellulosomes has
been its use in the conversion of lignocellulosic biomass into fermentable sugar,
which is still a major bottleneck in biofuel production (Hasunuma et al. 2013).
For this purpose, cellulosomes are used as a blueprint for the design, construction
and exploitation of tailor-made catalytic multi-protein complexes integrating fungal
and bacterial enzymes from non-aggregating systems, displaying particular promise
in biomass saccharification. These enzymes include some not commonly found in
cellulosomes, such as lytic polysaccharide monooxygenases (LPMOs), expansins
and laccases, which have successfully helped to improve cellulosome efficiency
with the introduction of novel complementary enzymatic activities (Gefen et al.
2012; Arfi et al. 2014; Chen et al. 2016; Davidi et al. 2016). Notably, there have been
some efforts to obtain genetically engineered microorganisms, capable of producing
and displaying mini-cellulosomes or designer cellulosomes on their cell surface.
The objective is to create bacteria suitable for consolidated bioprocessing (CBP),
meaning that they can be used to ferment plant cell walls into fuels in a one step
process, using a single bioreactor, without the addition of enzymes (Hyeon et al.
2011; Moraïs et al. 2014; Ou and Cao 2014; Liang et al. 2014; Willson et al. 2016).

Other innovative applications have been exploring the properties of cellulosomal
components, mainly taking advantage of the ability for CBMs to recognize polysac-
charides and the high-affinity and specificity of cohesin-dockerin interactions. These
include microarray technologies (Haimovitz et al. 2008; Israeli-Ruimy et al. 2017),
affinity protein-purification systems (Demishtein et al. 2010) and molecular biosen-
sors (Hyeon et al. 2014). To surpass the limitation posed by the near irreversible
cohesin-dockerin interaction, a H. thermocellum dockerin with a lower affinity for
its cohesin partner was successfully engineered, which enabled its use as an affinity
tag for protein purification (Demishtein et al. 2010). The protein purification system
consists of a H. thermocellum CBM fused to a cohesin that can be immobilized in
a cellulose column and is capable of recognizing the dockerin tag in a recombinant
protein. The protein is then eluted with EDTA, which disrupts the cohesin-dockerin
interaction. Besides proving a very efficient and robust alternative system for affinity
chromatography, the affinity tag was also shown to have little effect on the proper-
ties of the proteins tested, including enzymes. Furthermore, the relatively inexpensive
costs of cellulose-based affinity columns together with their reusable nature and high
capacitymake this systemvery attractive for affinity protein purification (Karpol et al.
2009; Demishtein et al. 2010). Another curious cohesin-dockerin based technology
consists of a high sensitivity and selectivity self-assembling biosensor that could
potentially be used to detect multiple specific molecules in a complex mixture, such
as blood serum (Hyeon et al. 2014).

It has been shown that the proximity effect promoted by cellulosomes can also be
transferred to other platforms. By drawing inspiration from cellulosomal assembly,
other cellulolytic macromolecular structures have been designed. These include
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self-assembling circular multi-enzyme complexes (Mitsuzawa et al. 2009), cellu-
lase coated nanospheres (Blanchette et al. 2012), streptavidin clustered cellulases
(Kim et al. 2012) and cellulases that are bound to DNA scaffolds (Mori et al. 2013).
Nevertheless, none of these platforms seem to possess the same degree of struc-
tural flexibility or substrate targeting capabilities which accounts for much of the
cellulosome’s efficiency.

The utilisation of enzymes and cellulosomes are also being considered as valu-
able alternatives for the usage of agro-wastes and organic pollutants as a renew-
able resource, reducing the consequent environmental pollution (Bayer et al. 2007;
Karmakar and Ray 2011) and as feed additives to improve digestibility of animal
diets (Costa et al. 2014). Even so, only a few of the many possible research applica-
tions have been explored and, as our knowledge about thesemulti-enzyme complexes
increases, so does the potential for future innovation.

Concluding Remarks

There is no doubt that the study of cellulosomes has provided considerable insights
on how recalcitrant polysaccharides are processed in nature, highlighting the pivotal
role that anaerobic microorganisms colonizing lignocellulosic environments have in
the carbon cycle. In addition, deciphering cellulosome function led to the discovery
of many new biocatalysts and carbohydrate interacting molecules (Venditto et al.
2016) with many potential biotechnological applications, with the conversion of
cellulosic biomass into biofuels being the most explored (Bayer et al. 2010; Arora
et al. 2015; Kahn et al. 2019). The strong and highly-specific interaction between
cohesin and dockerin modules has also broaden our knowledge about protein-protein
interactions and provided innovative tools for the development of new affinity based
technologies, with applications in research and healthcare (Haimovitz et al. 2008;
Demishtein et al. 2010; Hyeon et al. 2014).

There is still much to be explored in the field of cellulosomics. Although cellu-
losome producing microorganisms are relatively rare, new systems will no doubt
continue to emerge at increasingly faster rates. The massification of next generation
sequencing technologies, metagenomic approaches, high-throughput methodologies
and automation have streamlined otherwise very time-consuming protocols and are
allowing the identification of cellulosomal components in a large variety of organ-
isms, including some non-cellulolytic species (Adams et al. 2008; Peer et al. 2009;
Dassa et al. 2014; Ben David et al. 2015; Haitjema et al. 2017). It would be extremely
interesting to understand how wide cellulosome diversity can extend and what other
functions could the cohesin-dockerin interaction potentially have in nature, beyond
cellulosomal assembly.Regulation of cellulosomal component expression and partic-
ularly its dependence on substrate availability has been somewhat elucidated through
transcriptomic and proteomic studies, but there is still a lack of information regarding
their secretion and the assembly processes (Blouzard et al. 2010; Kahel-Raifer et al.
2010). Fungal cellulosomes are also still very poorly understood, especially regarding
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the nature of the cohesin-dockerin interactions supporting their assembly. Clearly
defined cohesin modules are yet to be described and whether glycosylation is impor-
tant for dockerin binding remains to be established (Nagy et al. 2007). Given the
extensive repertoire of dockerin-bearing fungal enzymes, understanding the fungal
cellulosome system is an objective worth pursuing, as it could provide answers to
many of the challenges found in biomass conversion (Haitjema et al. 2017).

One particularly challenging task that has been eluding researchers for many
years is the determination of a high-resolution structure of a complete cellulosome.
Such structure could shed light into the interactions between the several cellulosomal
components and between the cellulosome and the substrate. It could also provide the
answer to whether the dual-binding mode actually serves to better accommodate
the enzymes in the complex, avoiding steric hindrance. Unfortunately, the highly
flexible nature of cellulosomes and the heterogeneity in enzyme content make them
impractical crystallization subjects. Cryo-electron microscopy could prove useful to
that end, but for now only low-resolution small-angle X-ray scattering structures are
available (Hammel et al. 2005; Currie et al. 2013).

The development of novel designer cellulosomes is one of the most prolific strate-
gies in the field of cellulosomics. Besides providing several tools for the study of
cellulosomes, many studies have been developing new complexes with improved
biochemical properties destined for biotechnological purposes (Arora et al. 2015;
Kahn et al. 2019; Gilmore et al. 2020), including the production of biofuels by CBP.
It is to be expected that new cellulosome based technology will continue to emerge,
in not only the field of biofuel production, but also in those where affinity-based
approaches should prove useful. To that end, it is essential to further our knowledge
about the mechanics behind these intricate systems.
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