Cellulose

A crystalline polysaccharide
comprising very long, linear,
unbranched chains of pure
glucose (up to 15,000 units)
that are connected by
B-1,4-linkages and are resistant
to simple enzymatic hydrolysis.

Hemicellulose

A mixture of branched
polysaccharides that are
relatively easily hydrolysable.
Hemicelluloses include, among
other polysaccharides, xylans,
xyloglucans, glucuronoxylans,
arabinoxylans, arabinans,
mannans, glucomannans and
B-glucans.
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Cellulosomes: bacterial nanomachines
for dismantling plant polysaccharides

The plant cell wall is a recalcitrant network of poly-
saccharides that are highly resistant to enzymatic
degradation and is composed of cellulose, which is the
main component, hemicellulose (such as xylans), the
non-polysaccharide aromatic polymer lignin, and other
polysaccharides (such as pectin) and proteins'->.
Different species of cellulolytic bacteria and fungi
can hydrolyse lignocellulose in plant cell walls*. In the
early 1980s, the cellulosome complex was discov-
ered in the highly cellulolytic thermophilic anaerobe
Clostridium thermocellum®S. Cellulosomes are multi-
enzyme complexes that are produced by a select num-
ber of anaerobic bacteria. Cellulosome-producing
bacterial species have been identified in different eco-
systems, including forest and pasture soils, hot spring
pools, sewage sludge, compost piles and the microbiota
of both vertebrates and invertebrates"”® (TABLE 1). The
energy levels in anaerobic bacteria limit the production
of enzymes, and, to overcome this limitation, anaerobic
bacteria developed the cellulosome — a highly efficient,
highly organized, cell surface enzymatic system* that
enables enzyme recycling and the direct assimilation of
hydrolytic products. Furthermore, cellulosomes phys-
ically separate individual cellulose microfibrils from
larger particles, which results in better access to cellulose
surfaces®!’. Cellulosome-producing bacteria inhabit
complex environments that comprise communities of
numerous cellulolytic and saccharolytic microorgan-
isms and are characterized by particularly recalcitrant
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Abstract | Cellulosomes are multienzyme complexes that are produced by anaerobic cellulolytic
bacteria for the degradation of lignocellulosic biomass. They comprise a complex of scaffoldin,
which is the structural subunit, and various enzymatic subunits. The intersubunit interactions in
these multienzyme complexes are mediated by cohesin and dockerin modules. Cellulosome-
producing bacteria have been isolated from a large variety of environments, which reflects

their prevalence and the importance of this microbial enzymatic strategy. In a given species,
cellulosomes exhibit intrinsic heterogeneity, and between species there is a broad diversity in the
composition and configuration of cellulosomes. With the development of modern technologies,
such as genomics and proteomics, the full protein content of cellulosomes and their expression
levels can now be assessed and the regulatory mechanisms identified. Owing to their highly
efficient organization and hydrolytic activity, cellulosomes hold immense potential for
application in the degradation of biomass and are the focus of much effort to engineer an ideal
microorganism for the conversion of lignocellulose to valuable products, such as biofuels.

polysaccharide substrates. These highly sophisticated
bacteria provide a major polymer-degrading function
in the lignocellulosic ecosystem and release ample
amounts of soluble saccharides and other degradation
products for accompanying non-cellulolytic ‘satellite’
strains'!.

Cellulosomes are composed of two main types of
building block: dockerin-containing enzymes or other
types of ancillary protein, and cohesin-containing struc-
tural proteins, which are termed scaffoldins. Cohesins
and dockerins are complementary modules that bind
tightly to each other. The specificity characteristics
of the cohesin-dockerin interaction dictate the inte-
gration of the enzymes into the complex as well as
its final architecture®'. Scaffoldins can also contain a
dockerin module for binding to other scaffoldins and
a carbohydrate-binding module (CBM) for targeting
the complex and its enzymes to appropriate sites on the
plant cell wall substrate. Cellulosomes can be attached
to the bacterial cell surface or can be released as cell-free
cellulosomes'" (FIG. 1).

In this Review, we discuss the cellulosome-producing
bacteria that are currently known and their role in the
environment, the composition of different cellulosomes
and the structural characterization of key cellulosome
modules. In addition, we discuss the enzyme diversity,
function and regulation of cellulosomes, and their var-
ious applications, including the degradation of biomass
for potential biofuel production.
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Table 1 | Cellulosome-producing bacteria

Species Temperature Source Largest Largest Largest Largest Data accession
anchoring adaptor primary cellulosome number®
scaffoldin* scaffoldin* scaffoldin* complex*

Highly structured cellulosomes

Acetivibrio Mesophile Sewage sludge 3 4 7 96 GCA_000179595.2

cellulolyticus

Pseudobacteroides  Mesophile Sewage sludge 10 - 11 110 NZ_LGTC00000000.1

cellulosolvens

Clostridium Mesophile Soda lake 2 4 10 40 Ga0025046

alkalicellulosi

Clostridium Thermophile ~ Thermophilic 4 5 8 160 NC_016627.1

clariflavum methanogenic

bioreactor

Clostridium Thermophile  Cellulose-degrading NA NA NA NA GCF_000521465.1

straminisolvens bacterial community

Clostridium Thermophile Horse manure, hot 7 - 9 63 NC_009012.1

thermocellum springs, sewage and soil

Ruminococcus Mesophile Human gut 1 2 7 11 NC_021039.1

champanellensis

Ruminococcus Mesophile Rumen 1 9 2 14 NZ_ACOK00000000.1

flavefaciens

Simple cellulosomes

Clostridium Mesophile Soil - - 5 5 CP002660

acetobutylicum

Clostridium sp. Mesophile Corn stover - - 6 6 CP003259

BNL1100

Clostridium Mesophile Biogas reactor - - 5 5 HG917868.1,

bornimense HG917869.1

Clostridium Mesophile Rumen NA NA NA NA JHYD01000000

cellobioparum

Clostridium Mesophile Compost - - 8 8 CP001348

cellulolyticum

Clostridium Mesophile Wood fermenter - - 9 9 CP002160

cellulovorans

Clostridium josui Mesophile Compost - - 6 6 JAGE00000000.1

Clostridium Mesophile Paper mill — — 6 6 GCA_000421965.1

papyrosolvens

Clostridium sacch- ~ Mesophile Soil - - 2 2 CP004121.1

aroperbutylaceton-

icum

Clostridium Mesophile Termite gut - - 2 5 AORV00000000.1

termitidis

Ruminococcus Mesophile Human gut 2 = 1 2 FP929051.1

bromii

NA, not available (or the data are too poor to make a proper estimate). *Number of cohesins. *‘Estimated number of enzymes. SFrom the NCBI Assembly Database.

Lignin

A complex organic polymer
that consists of various
crosslinked aromatic alcohols.
Lignin can be covalently linked
to hemicellulose by ferulic acid
side chains. Lignin confers
structural support and turgidity
to the plant cell wall.

Cellulosome-producing microorganisms
Cellulosome-producing bacteria originate from different
anaerobic habitats (TABLE 1), belong to different genera
and species, and can be thermophilic or mesophilic. The
prototypical cellulosome-producing bacterium is the
thermophile C. thermocellum, which has the most-studied
and best-characterized cellulosome system.

C. thermocellum has eight scaffoldin genes' and its
highly structured cellulosome complex contains up
to 63 enzymes. The mesophilic bacterium Acetivibrio
cellulolyticus contains an even more complicated

cellulosome system that has 16 scaffoldins. The con-
cept of an ‘adaptor scaffoldin’ (see below) was first
defined in this bacterium®. Adaptor scaffoldins enable
cellulosomes to incorporate even more enzymes into
one complex, and the A. cellulolyticus cellulosome can
thus integrate 96 enzymatic subunits. The thermo-
philic bacterium Clostridium clariflavum has a similar
cellulosome system to that of A. cellulolyticus, with a
record number of 160 enzymes in a single complex'.
Ruminococcus flavefaciens was isolated from the cow
rumen and produces a cellulosomal system that has
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Lignocellulose

A general term that refers to
the composite of cellulose,
hemicellulose, pectin and
lignin, and indicates the plant
cell wall and biomass.

Modules

Independently folding
portions of proteins that
have independent functions.

Thermophile

A bacterium or fungus that
lives in an environment with
relatively high temperatures.
The optimum temperature for
the growth of thermophiles is
usually between 45 °C and
70 °C. Hyperthermophilic
microorganisms thrive at
temperatures that exceed
70°C.

Mesophiles

Bacteria and fungi that live at
moderate temperatures. The
optimum temperature for the
growth of mesophiles is usually
between 20 °Cand 45 °C.

Glycoside hydrolases
Enzymes that hydrolyse the
glycosidic linkage between two
carbohydrates or between a
carbohydrate and a
non-carbohydrate group.

an enormous number of components, including 222
dockerin-containing proteins that are divided into six
different subtypes'’. Recently, the cellulolytic bacterium
Ruminococcus champanellensis, which was discovered
in the human gut'*-?', was also observed to produce an
elaborate cellulosome system'**.

All bacterial species that are known to produce
simple cellulosome systems are mesophiles (TABLE 1);
these bacteria secrete a relatively small complex that
is based on a single scaffoldin that incorporates up
to nine enzymatic subunits, according to the number
of cohesin modules on the scaffoldin. Such bacte-
ria include Clostridium cellulolyticum®, Clostridium
cellulovorans®, Clostridium josui', Clostridium papyro-
solvens®, Ruminococcus albus and Ruminococcus bro-
mii**¥. R. albus was isolated from the cow rumen and
contains numerous dockerin-containing proteins, but
only one cohesin sequence was found in its genome.
The paucity of scaffoldins in this species would argue
against an authentic cellulosome in this cellulolytic
bacterium, and why this bacterium produces dockerin
modules remains a mystery?. Intriguingly, R. bromii,
which was isolated from the human gut, has the abil-
ity to degrade starch, but not cellulose. Some of its
starch-degrading enzymes contain dockerin modules
that were shown to interact with cohesins identified
in the genome. In this case, the ‘cellulosome’ complexes
can be referred to as amylosomes®?’.

The possible existence of cellulosome complexes
in anaerobic fungi (namely in the genera Piromyces,
Orpinomyces and Neocallimastix) should be noted.
However, the apparent lack of authentic cohesins
and bona fide dockerins in the fungal systems would
argue that these complexes differ markedly from
bacterial cellulosomes®.

Initially, enzymes and scaffoldins were discovered
by seeking specific protein functions or by searching for
genes that are adjacent to known cellulosomal genes,
but methodical approaches for the identification of full
cellulosomal systems in a particular microorganism were
lacking'>*-*2. Recently, genome-sequencing methods
have improved remarkably, and systematic metagenomic
approaches for genome and protein analysis are now
common, thus facilitating the discovery of new, com-
plete or fragmented cellulosome systems (BOX 1). These
analyses can be applied to newly discovered bacteria to
search for new cellulosomes or for further characteriza-
tion of cellulosomes that are produced by well-known
cellulosomal bacterial species!!612%33,

Recent deep-sequencing analysis of cellulosomal
elements in fibre-rich rumen metagenomes* revealed
their remarkable phylogenetic diversity and identified
many unknown proteins from uncultured bacteria
and from the Bacteroidetes phylum, such as species
in the Prevotella and Bacteroides genera, that were not
documented before. In addition, uncommon cohesin
sequences could not be classified into one of the three
previously known types, which suggests that type clas-
sification is much more diverse than previously consid-
ered. Importantly, the dockerin-containing proteins had
functions that were associated with catabolic processes
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Figure 1| Types of cellulosome system. A primary
scaffoldin can be bound directly to the cell surface through
an anchoring scaffoldin or, in a more elaborate system,
through an intermediary adaptor scaffoldin. Cellulosomes
can also exist in an inherently cell-free state through
attachment to an appropriate free scaffoldin. In
Clostridium clariflavum, direct attachment to the cell
surface generates cell-bound cellulosomes comprising
multiples of eight enzymes, depending on the number of
cohesins on the anchoring scaffoldin. Successive assembly
of primary, adaptor and anchoring scaffoldins amplifies
the number of enzyme subunits, which results in a
surface-bound cellulosome complex of 160 enzymes in this
particular bacterium. The inherently cell-free cellulosome
of C. clariflavum can reach up to 56 enzymatic subunits

in a single complex, which is secreted from the celland
disperses in solution. CBM, carbohydrate-binding module.

as well as other microbial interactions, which suggests a
broader role for the cellulosomal machinery than only
fibre degradation.

Interestingly, cohesin-encoding and/or dockerin-
encoding genes have also been identified in the genomes
of non-cellulolytic microorganisms. However, only one
or two cohesin modules per protein were detected.
For example, the archaeon Archaeoglobus fulgidus®>=*
contains a gene that encodes one cohesin and a tandem
gene that encodes both a cohesin and a dockerin®.
Nevertheless, A. fulgidus lacks identifiable cellulosomal
glycoside hydrolases. Several cohesin and dockerin mod-
ules were also found in the non-cellulolytic bacterium
Clostridium perfringens, which is an opportunistic
pathogen that inhabits the human and animal gastro-
intestinal tracts. Interestingly, these cohesin-containing
and dockerin-containing proteins are all putative glyco-
side hydrolases, which suggests a role for these proteins
in the degradation of mammalian polysaccharides®.
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Box 1 | Contribution of omics studies to the cellulosome field

Genomics entails the complete sequencing of single genomes, usually of pure, cultivated microbial clones. Metagenomics
is a broader approach, in which the genomic content of all of the microorganisms that are present in a desired ecosystem is
explored. Metagenomic studies enable the identification and quantification of microbial species that inhabit the natural

environment from which the sample was taken, thus identifying bacterial species that cannot be cultivated in the
laboratory. In addition, new genes can be discovered that encode novel enzymes or other putative proteins that are

important for metabolic processes'*’.

Metagenomic studies have been carried out on samples from the termite hindgut'#!, cow rumen®42143 gut

microbiomes'*

,enriched thermophilic cellulose-degrading sludge

145 146

and mangroves'*®, in which numerous characterized

and uncharacterized genes that encode polysaccharide-hydrolysing and cohesin-containing and dockerin-containing
proteins were detected. These studies showed that the microbial diversity in each environment is enormous'#2. In addition,
enzymes that have a role in the degradation of biomass are different in each environment.

For finding specific genes of interest, such as carbohydrate-active enzyme and cellulosomal genes, a gene-centric
approach can be used'*. This approach emphasizes the functionality of each community, based on the abundance of genes
that are related to the community'*’. The most active genes that are involved in the degradation of biomass can thus be
identified, which would help select genes of interest for further biochemical investigation. Metagenomic data benefit from
metatranscriptomics and metaproteomics (the fullmMRNA and protein content in an environmental sample) to determine

which enzymes or genes are most expressed and active.

Proteomic approaches were used to identify key cellulosomal components. Whole-genome sequencing has enabled
analyses of the composition of cellulosomes by mass spectrometry methods that have become more sophisticated
and accurate over the years. Cellulosomes that have been studied in this way include those from Clostridium
thermocellum®®, Clostridium cellulovorans'"'*, Clostridium cellulolyticum*’, Ruminococcus flavefaciens'*°, Clostridium
clariflavum®® and Clostridium termitidis***. Cellulosome complexes were purified from the extracellular medium by
different methods. The cellulosomes were reported to be released from the bacterial cell wall during late stationary
phase, which enabled their isolation from the used growth medium®**%!. In some studies, different cellulosome
populations were isolated from the same growth medium. For example, the cellulosome of C. cellulolyticum was
fractionated by ion-exchange chromatography, which resulted in six fractions, each comprising differing enzyme
profiles, and the catalytic activity of each fraction consequently diverged'*?. For bacterial species that have more
complex cellulosome systems, such as C. clariflavum, gel filtration chromatography resulted in two major fractions that

were distinct in both scaffoldin and enzyme content*.

Although the cellulosomes of each bacterial species are generally divergent, the most abundant enzymes usually belong
to similar glycoside hydrolase families. The exoglucanase glycoside hydrolase 48 (GH48) is one of the most highly
expressed enzymes in every cellulosome described to date. The GH9 and GH5 enzyme families (usually cellulases) are also
very prominent in cellulosomes, as are GH10, GH11 and GH26 hemicellulases. Many other families are commonly found in

cellulosomes, although in much lower abundance.

In addition to proteomics, transcriptomics has been applied to detect cellulosome-related gene expression during the
growth of C. thermocellum'>* and for understanding the effect of different conditions and substrates on gene expression***.

Some were identified as toxins and were shown to form
two-enzyme or enzyme—toxin complexes that promote
virulence®. Overall, cohesins and/or dockerins were
identified in the genomes of 40% of the archaea and
14% of the bacteria, but only in a few primitive eukar-
yotes®. There is evidence of extensive horizontal gene
transfer between bacteria and other microorganisms®.
The distribution of these modules among so many non-
cellulosomal microorganisms indicates broad use of
the strong cohesin-dockerin interaction for different,
currently undefined functions. Importantly, several
cohesin-containing scaffoldins seem to be characteristic
only of cellulosome-producing bacteria, which indicates
that the cellulosome paradigm may be the exception
rather than the rule for the use of these modules.

Cellulosome composition and structure
Cellulosomes can be divided into two major groups:
simple cellulosomes and highly structured cellulosomes
(TABLE 1). Highly structured cellulosomes are composed
of more than one scaffoldin and, consequently, contain
many more enzymes in a single assembly than simple
cellulosomes. By contrast, simple cellulosomes are based
on a single primary scaffoldin.

Scaffoldins. Three major types of scaffoldin — primary,
anchoring and adaptor scaffoldins — can form cellulo-
somes, although not every species contains all types.
The most important scaffoldin is the primary scaffoldin®,
which is usually the most highly expressed scaffoldin
and contains numerous cohesins that interact with
dockerin-containing enzymes*?**'. The primary scaffol-
din usually contains a cellulose-binding CBM that targets
the complex to its substrate. For simple cellulosomes, the
mechanism by which the single primary scaffoldin is
attached to the cell surface is unknown*. However, cell
surface attachment was suggested by electron micro-
graphs that showed protuberances on the cell surface.
Furthermore, the cells were shown to attach to cellulose
fibres®, and, for C. cellulovorans, cell attachment of cellu-
losomes has been proposed to occur through the enzyme
EngE, which interacts, through its dockerin module, with
the cohesin of the primary scaffoldin, cellulose-binding
protein A (CbpA). EngE also contains a peptidoglycan-
binding S-layer homology (SLH) domain that could
anchor the scaffoldin to the cell surface*.

Highly structured cellulosomes contain several scaf-
foldins and many enzymes. In these cellulosomes, the
primary scaffoldin sometimes contains a specialized
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Figure 2 | Alternative roles of adaptor scaffoldins. The cellulosome of Ruminococcus
flavefaciens is covalently linked to the cell surface through a sortase recognition motif
thatis located at the carboxyl terminus of the anchoring scaffoldin E (ScaE). In strain 17
(REF. 45), the ScaE cohesin binds to the polyvalent adaptor scaffoldin ScaB, the seven
cohesins of which bind to the primary ScaA dockerin, which acts to amplify the number
of enzymes on the ScaB scaffoldin. The ScaA cohesins bind either directly to a
dockerin-containing enzyme or to the dockerin of the monovalent adaptor scaffoldin
ScaC, of which its single cohesin of alternative specificity changes the composition of
the enzymes integrated onto the ScaA scaffoldin. The system is characterized by four
different cohesin—dockerin specificities, which are colour-coded.

Cellulases

A group of enzymes that
catalyse cleavage of the
cellulose chain.

Carbohydrate esterases
Enzymes that deacetylate
substituted saccharides or
alkyl (for example, ethyl)
groups of hemicelluloses.

Polysaccharide lyases
Enzymes that cleave
polysaccharide chains that
contain uronic acid.

Exoglucanase

A cellulase that hydrolyses

the cellulose chain only at

one of its free termini (reducing
or non-reducing) and then
degrades the substrate in a
processive manner.

Endoglucanase

A cellulase that can hydrolyse
the glycosidic bond at any site
along a cellulose chain.

B-Glucosidases

Cellulases that hydrolyse only
terminal, non-reducing glucose
units from short cellodextrins.

dockerin that mediates cell surface attachment by inter-
acting with the cohesin, or cohesins, of an anchoring
scaffoldin. Anchoring scaffoldins interact with the cell
surface through specialized anchoring modules, either
non-covalently through SLH domains or covalently
through sortase motifs*>*. The more complex cellulo-
somes contain adaptor scaffoldins that either connect
two scaffoldins or a scaffoldin and an enzyme. These
scaffoldins may have a regulatory role in determining
the assembly and composition of a cellulosome complex,
depending on the available substrate (FIC. 2). Monovalent
(single cohesin) adaptor scaffoldins can change the type
of enzyme that is integrated into a cellulosome and can
be regarded as a ‘switch’ that changes the cohesin spec-
ificity of the primary scaffoldin®*. Depending on the
substrate, different enzymes with different activities
can thus be integrated into the cellulosomal complex.
By contrast, polyvalent adaptor scaffoldins (containing
several cohesins) can act as a platform for the expan-
sion of the cellulosome complex and the integration
of multiple enzymes'*'*, thus enabling more efficient
substrate hydrolysis. Polyvalent adaptor scaffoldins have
been found in the cellulosomes of A. cellulolyticus® and
C. clariflavum’®, whereas monovalent forms have been
identified in R. flavefaciens*** and R. champanellensis®.

Most of the cellulosomes that have been described
to date are cell-anchored. However, recently, evidence
for inherent cell-free scaffoldins was reported in
C. thermocellum, C. clariflavum and A. cellulolyticus
(FIG. 1). The secretion of cellulosomes was verified exper-
imentally for C. thermocellum" and C. clariflavum®.

REVIEWS

The expression of cell-free versus cell-anchored cellulo-
somes has yet to be examined quantitatively. Cell-free
cellulosomes are composed of different combinations of
scaffoldins compared with cell-anchored cellulosomes,
which suggests that their expression is different. Cell-
free scaffoldins lack an appropriate anchoring domain
or motif that could tether the complex to the cell surface.
In addition, it has long been recognized that anchored
cellulosomes detach from the cell surface during the
later stages of growth®.

Enzymes. The cellulosome of C. thermocellum was
initially discovered owing to its ability to adhere to and
hydrolyse cellulose®$, and numerous cellulases were
found in its cellulosome. In addition to cellulases, other
polysaccharide-degrading, carbohydrate-active cellulo-
somal enzymes were subsequently identified; most
notably, xylanases, pectinases, mannanases and xylo-
glucanases. Plant cell wall-degrading enzymes are par-
ticularly diverse and complex. They include glycoside
hydrolases, carbohydrate esterases and polysaccharide
lyases. These enzymes are broadly grouped according
to their functionality, and are classified into families*®
according to the primary sequence of their catalytic
module, its consequent structure and mechanism
of action.

Carbohydrate-active enzymes characteristically act
synergistically to hydrolyse resistant plant-derived sub-
strates. Synergism may emanate from different modes
of action towards the same substrate. For example,
an exoglucanase could cleave more chain ends if an
endoglucanase concomitantly hydrolyses the substrate,
thereby producing additional chain ends®. Synergy
could also result from the hydrolysis of two intermin-
gled substrates, in which the action of one enzyme could
make the concealed substrate accessible for the action
of the second enzyme; for example, the cooperation of
cellulases and xylanases. In addition, one enzyme
could decrease the product inhibition of another
enzyme thereby restoring its activity, such as the effect
of B-glucosidases on cellulases®. Synergism between dif-
ferent glycoside hydrolases is often observed®'. In this
respect, different types of synergistic glycoside hydro-
lases and/or carbohydrate esterases can be found in
the same cellulosomal protein, forming highly active
multifunctional enzymes”*.

Intriguingly, all known cellulosome-producing
bacteria characteristically produce a single glycoside
hydrolase 48 (GH48) exoglucanase, which is usually
expressed in very large amounts and is crucial for enzy-
matic activity***>**, By contrast, they generally produce
an extensive repertoire of family 9 glycoside hydro-
lases. Recently, the entire set of 13 GH9 enzymes in
C. cellulolyticum was characterized™; these enzymes
exhibit different activities, distinct abilities to bind to
cellulosic substrates and diverse synergies with the major
Cel48A exoglucanase, independently of their modular
organization. The GH9 enzymes of R. champanellensis
were also examined for different activities on different
cellulolytic substrates, and distinct synergies with the
Cel48A exoglucanase were observed®. These reports
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suggest the importance of enzyme diversity, especially
for the GH9 enzymes, for efficient cellulose degradation.
Other glycoside hydrolases, such as GH5, GH10, GH11
and GH43, are common components of cellulosome sys-
tems, thereby providing bacteria with a powerful and
diverse enzymatic apparatus for the enhanced hydrolysis
of plant wall polysaccharides.

In addition to dockerin-containing carbohydrate-
active enzymes, other dockerin-containing proteins are
present in cellulosomes, such as serpins™, proteases” and
expansin-like proteins®**’. These proteins have unique
functions that are uncommon to cellulosomes, and their
diverse roles may contribute to physiological processes in
bacteria, to the assembly and regulation of cellulosome
components and/or indirectly to the degradation of
biomass.

Cohesin and dockerin modules. The cohesin—-dockerin
interaction is the fundamental basis for the assembly
of cellulosome complexes. This non-covalent inter-
action is one of the strongest known in nature®-*? and
is very difficult to dissociate®. Intriguingly, the force
that is required to break the interaction between a
cohesin—-dockerin pair was estimated to be half of the
force required to break a covalent bond**. Cellulosome
complexes can contain dozens of interconnected com-
ponents that are reinforced by these strong interactions.
Such a strong bond between the cohesin and dockerin
modules is required for maintaining the assembly and
stability of the complex under adverse environmental
conditions.

Three types of cohesin—dockerin interaction have
been described that are based on the sequences of each
cohesin—dockerin pair and their binding partners. Type I
interactions occur between dockerin-containing catalytic
subunits and cohesins of the primary scaffoldin. Type II
interactions occur between two scaffoldins (usually
anchoring scaffoldins and primary scaffoldins), but there
are exceptions*. Curiously, Bacteroides cellulosolvens is
the only known bacterium to have the opposite inter-
action pattern, whereby its enzymes contain type II
dockerins, whereas the scaffoldins contain type I dock-
erins®. Type III interactions are observed in rumino-
coccal cellulosomes; these interactions are distinct from
the type I and type II interactions that are observed in
Clostridium spp. (REF. 28).

Structural studies of cohesin and dockerin modules
identified crucial interface residues that are responsi-
ble for the strong intermodular binding and specificity,
and that are characteristic for cellulosome architec-
ture. The type I cohesin module is usually composed
of approximately 150 amino acids, and is constructed
of two nine-stranded B-sheets that are arranged in jelly-
roll topology®”®. All three cohesin types interact with
their dockerins through p-strands 5, 6, 3 and 8 of their
B-sheets”®. The type III cohesin of R. flavefaciens ScaE
has a very similar topology to that of type I cohesins and
interacts with its dockerin module through p-strands 5,
6, 3 and 8, similar to that of the type I interaction. The
type III cohesin of ScaE contains two ‘B-flaps’ between
B-strands 4 and 8, similar to those of type II cohesins, but

also has a prominent 13-residue a-helix that is enveloped
by an extensive amino-terminal loop that is not found in
other cohesin types™.

The type I dockerin module contains approximately
70 amino acids and folds into two tandem repeats, each
of which comprises a distinctive Ca**-binding loop and
a-helix. Characteristic ‘recognition residues’ have been
noted at helix positions 10, 11, 17 and 18, which are
generally conserved in both repeats”. Surprisingly, the
dockerin typically interacts with the cohesin through
either of the two a-helix repeats, but not both®’. A
dual-binding mode was thus proposed for the type I
interaction, whereby either of the two symmetrical
repeats can bind to the cohesin surface, but in 180° rota-
tion®. This implies that dockerin-containing proteins
can be incorporated into the complex in two different
orientations that may either avert steric clashes in large,
multicomponent cellulosomes and/or promote confor-
mational alterations in the position of the parent enzyme
during degradation of the cellulosic substrate.

In regard to the structure of the type I dockerin
module itself, recent structural studies have resolved
a long-standing enigma in the field. It had previously
been inferred that the dockerin undergoes conforma-
tional changes following cohesin binding. However,
new evidence now favours an inherent cohesin-primed
conformation of the dockerin without cohesin-induced
alterations to its structure”.

In addition to type I cohesin-dockerin interactions,
crystal structures of type I and type III complexes were
also solved®”°. Interestingly, the type II interaction in
C. thermocellum does not have a dual-binding mode, and
the two helices interact with the cohesin through several
interactions at the cohesin-dockerin interface. However,
despite initial evidence that the type I and type II inter-
actions reflect dual-binding and single-binding modes,
respectively, it is now clear that the mode of binding is
not strictly indicative of the modular type”. By contrast,
the conserved or divergent nature of the recognition
residues in the two repeated segments determines the
binding mode of a given dockerin.

Type III interactions can also be of either single-
binding or dual-binding mode. In fact, the ruminococcal
type III cohesins and dockerins are highly diverse, and,
in some cases, the sequence of the second calcium-
binding dockerin loop is severely distorted. The type
IIT dockerin of the CttA protein from R. flavefaciens
contains two additional helices, but interacts with the
ScaE cohesin in a manner similar to that of the type I
interaction”. The specialized atypical type III dockerins
that have extra helices are rare and contain three unusual
sequence inserts that act as structural buttresses to sup-
port the extended stalk-like neighbouring X module.
The latter module probably maintains the parent protein
at a fixed distance from the cell surface and thus requires
the additional physical reinforcement that is provided
by the inserts.

As more cellulosome-producing bacteria and their
cohesins and dockerins are sequenced, our views on the
sequence characteristics of these modules have changed.
Although cohesin-dockerin specificity of a given type
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Figure 3 | Crystal structure of a Clostridium thermocellum cellulosome fragment.
a| Schematic representation of a basic cellulosome assembly in Clostridium
thermocellum that comprises the primary scaffoldin, a monovalent anchoring scaffoldin
and nine dockerin-containing enzyme subunits. b | The cellulosome fragment includes
the type Il cohesin module from the anchoring protein scaffoldin dockerin binding
protein A (SdbA; blue), a tri-modular portion of the scaffoldin subunit, comprising

the ninth type | cohesin (cyan) and X module-type Il dockerin pair (orange), and an
enzyme-derived type | dockerin module (red). ¢ | Structural depiction of the type | (left)
and type Il (right) interfaces between the cohesin and dockerin modules. The surfaces of
interface residues are shown and amino acid residues are colour-coded red for acidic,
blue for basic, green for polar and grey for hydrophobic. The character of the type Il
interaction is clearly more hydrophobic, as indicated by the dominance of grey areas,
than the type linterface, which also presents extensive hydrophilic and electrostatic
interactions. CBM, carbohydrate-binding module.

is usually preserved within a species, there are excep-
tions. Similarly, specificity between species is not always
observed. Broad interspecies recognition is common
among the simple cellulosome systems of mesophilic
clostridia. Similarly, some cross-species overlap has been
observed with type II interactions®.

The success at determining the structures of individual
cohesins and dockerins and their combined complexes
has generated ambitious attempts to crystallize larger por-
tions of cellulosomal components. However, these efforts
have proved problematic, and only isolated crystal struc-
tures of larger cellulosome fragments have been described,
the most extensive of which included three different
proteins comprising five separate modules™ (FIC. 3).

Carbohydrate-binding modules. The major scaffol-
din-borne CBM positions the cellulosomal enzymes, and
presumably the bacterial cell itself, upon the cellulosic
substrate. Primary scaffoldins generally contain a family 3
CBM (CBM3) that binds selectively to cellulose”™ and
has a crucial role in its degradation®7>7.

Recently, a putative cell-free scaffoldin, ScaM,
was found to be a part of the cellulosome system of
A. cellulolyticus, which contains three type I cohesins and
two family 2 CBMs'". Similar CBM2-containing scaffoldins

REVIEWS

were discovered in the genome of C. clariflavum'®. These
scaffoldins are the only known examples that contain
CBMs from a family other than CBM3. Family 2 CBMs are
usually associated with free, non-cellulosomal enzymes
and are divided into two subfamilies, one of which binds
to cellulose, whereas the other binds to xylan”. Family
2 CBMs are of interest, as they seem to be present only on
cell-free scaffoldins and not on cell-anchored scaffoldins,
which suggests that they have a different role to family
3CBMs.

CBMs are important for cellulosome function, but
not only as a part of the scaffoldin protein. Although
the known scaffoldins contain CBMs that belong only
to two families, many cellulosomal enzymes have CBMs
from various families that exhibit different carbohydrate
specificities. The enzyme-borne CBMs are thought to
position the catalytic modules for optimal hydrolysis™.

Regulation of cellulosomal components

The number of genes that encode dockerin-containing
enzymes is much larger than the number of cohesins that
are available on the primary scaffoldin, which suggests a
fine-tuned regulation of the enzymatic components that
is dependent on the available carbon source. The carbon
source is an important factor that determines the com-
position of a cellulosome, in regard to both its integrated
enzymatic subunits and overall architecture, as revealed
through proteomics studies of several cellulosomal bac-
teria that were grown on different growth media*®”*-%!.
For example, the quantity of the GH48 exoglucanase
was reported to increase when a bacterium is grown on
cellulose compared with cellobiose**®2. A similar pattern
could be observed for other cellulases, whereas other
glycoside hydrolases showed the opposite response. In
addition, following cultivation on hemicellulosic sub-
strates, the expression levels of cellulosomal enzymes
changed compared with growth on cellulose.

Cellulosomal genes are expressed at higher levels
in the presence of complex natural polymers than in
the presence of simple oligosaccharides, and, at high
growth rate, cellulosomal genes are downregulated®.
This implies a mechanism of substrate sensing that
coordinates the expression of relevant cellulosomal
genes. In C. thermocellum some cellulosomal genes are
regulated by several anti-sigma factors and alternative
sigma factors®-*. In the absence of substrate, the trans-
membrane anti-sigma factor is attached to an alterna-
tive sigma factor in the cell. Each anti-sigma factor also
has an exocellular CBM-like component that contacts
the polysaccharide substrate in the external medium.
Binding of an appropriate substrate to this CBM results
in a conformational change in the anti-sigma factor that
releases the alternative sigma factor, which then interacts
with RNA polymerase, thereby initiating transcription of
cellulosomal genes.

Similar gene pairs that encode sigma factors and
anti-sigma factors are present in related bacteria
that produce highly structured cellulosomes, such as
C. clariflavum, A. cellulolyticus and B. cellulosolvens’,
as well as in non-cellulosomal bacteria®. This sophisti-
cated system enables the sensing of the status of the plant
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Carbon catabolite repression
A regulatory mechanism that,
in the presence of a preferred
substrate, prevents the
expression of genes that are
required for the utilization of
secondary sources of carbon.

Two-component system

A signal transduction pathway
that involves a sensor in the
extracellular environment and
an intracellular response
regulator.

Box 2 | Minicellulosomes and designer cellulosomes

Minicellulosomes comprise a truncated scaffoldin, in which cohesin specificity is very similar or identical to the native
protein, and the precise positional integration of dockerin-containing enzymes cannot be achieved. This enables the
incorporation of multiple copies of a single enzyme or the uncontrolled (but not necessarily random'*) incorporation of
multiple enzymes. By contrast, artificial designer cellulosomes are characterized by a chimeric scaffoldin that contains
cohesins with divergent specificity and originates from different bacterial species, thus enabling the specific and

controlled incorporation of desired enzymes.

Studies using artificial cellulosomes have shown that complexed enzymes are more efficient in substrate degradation
than mixtures of free enzymes'****’. Enzyme targeting to the substrate through the scaffoldin-borne carbohydrate-binding
module (CBM), the physical proximity effect of the enzymatic components and synergy among different glycoside

hydrolases that are specific for different parts of the lignocellulose substrate

cellulosome efficiency*°.

158 were defined as major factors for

Designer cellulosomes have been used as tools for studying and understanding the structure—function relationships of
native cellulosomes. In this context, the role of linker length between the different modules has been studied. The length

of intermodular linkers is essential to avoid steric hindrance

160

and to allow flexibility'®", but is of relatively minor

importance for the enzymes!®’. The modular architecture of cellulosomes has also been investigated. The overall

flexibility of the scaffoldin enables efficient degradation in conventional cellulosomes

163 and a negative influence of

multiple CBMs in the cellulosome was observed. The position of a specific enzyme relative to the others could also have a
role in specific cases'®*. The position of the dockerin in the chimeric enzymes also seems to be an important parameter®%.

In many of these studies, the simple but potent free enzymatic system of the non-cellulosomal bacterium Thermobifida
fusca was converted to the cellulosomal mode by fusing dockerin modules to the enzymes. Unlike cellulosome-producing
bacteria, the T. fusca cellulase system contains a limited number of well-characterized cellulases (only seven) and other
glycoside hydrolases, thus simplifying the decision of which enzymes to study. This system has since acted as an excellent
model for the comparison of free-enzyme systems with engineered designer cellulosomes!*”*¢2

Very recently, the apparent limitation of designer cellulosomes in terms of scaffoldin size'*” was overcome through the
use of adaptor scaffoldins, which extend the platform scaffoldin and enable the integration of more enzymes (FIC. 4).
Octavalent designer cellulosomes were thus produced that were 70% as efficient in degrading wheat straw than natural
C. thermocellum cellulosomes®?. These artificial designer cellulosomes, which are comparable in size to natural
cellulosomes, were correctly assembled, and evidence for their stability was documented. This strategy paves the way for
increased enzyme numbers and types within a single cellulosomal complex, in which all components are inserted in a

controlled and precise manner.

wall polysaccharides in the extracellular milieu during
the degradation process and regulates the produc-
tion of the cellulosomal enzymes that are necessary to
respond to newly exposed substrates and newly produced
substrate intermediates.

In C. cellulolyticum, carbon catabolite repression and
a two-component system regulate the core and accessory
enzymes in cellulosomes®. This mechanism resem-
bles the sigma factor-anti-sigma factor mechanism in
the ability of the available substrate to determine gene
expression and thereby optimize cellulosome function.
Recently, a new mechanism of transcriptional regulation
of cellulosomes has been reported in C. cellulolyticum®.
Selective RNA processing and stabilization were reported
to be responsible for regulating the stoichiometry of
transcripts that encode the cellulosomal components in
the cip-cel operon. This suggests substrate-independent
regulation of cellulosome composition that would com-
plement the action of specific carbon substrates at the
transcriptional level by producing pre-optimized cellulo-
somes. This memory mechanism at the RNA level would
certainly be crucial for correct cellulosome function
and could account for the respective adaptation and
competition strategies in cellulolytic communities.

Applications of cellulosomes

Minicellulosomes and designer cellulosomes. Artificial
complexes that mimic cellulosomes were proposed more
than two decades ago'', and since, they have been produced
extensively, both in vitro and in vivo. Minicellulosomes

and designer cellulosomes have been used both as tools
for the study of cellulosome action and as potential
replacements for, or extensions of, native cellulosomes
for nanobiotechnological applications, notably for the
production of biofuels from cellulosic biomass (BOX 2).

To broaden cellulosome diversity and increase
substrate degradation, ‘external’ enzymes, such as
B-glucosidases, lytic polysaccharide monooxygenases
(LPMOs) or expansins, have been incorporated into
designer cellulosomes. This incorporation complemented
the complex with novel enzymatic activities that gener-
ally resulted in an enhancement of overall activity>***%.
Integration of a laccase increased cellulase activity, thereby
paving the way for the combined cellulosome-mediated
degradation of both lignin and cellulose”. In addition,
adaptor scaffoldins have been used to amplify the num-
ber of enzymes that can be incorporated into designer
cellulosome complexes® (FIC. 4).

Cellulosome architecture has also inspired the design
of other complexes, including self-assembled 12-enzyme
and 18-enzyme complexes®*, cellulases that are cova-
lently bound to nanospheres®, cellulases that are bound to
streptavidin and inorganic particles®, and cellulases that
are bound to a DNA scaffold”. These studies increased
the number of enzymes in a single complex, demonstrat-
ing that the value of the proximity effect in cellulosomes
can be transferred to novel platforms. Nevertheless, other
important parameters, such as structural flexibility, sub-
strate targeting and/or the potential control of enzyme
composition, could not be reproduced in these complexes.
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Figure 4 | State-of-the-art designer cellulosome technology. The limited size of
recombinant designer cellulosomes'*’ can be overcome through the use of an adaptor
scaffoldin in combination with the sequential incorporation of enzymes. The
incorporation of two additional enzymes, the family 6 and family 9 glycoside hydrolases
(coloured), was thus achieved®. This strategy can be further extended to enable the
inclusion of additional numbers and types of enzymes into the cellulosome complex.
Cohesin—dockerin interactions are colour-coded in the figure, with each pair having a
different specificity. In the shorthand notation for the enzymes, the numbers, 5, 6, 9, 10,
11,43 and 48 refer to the respective glycoside hydrolase family of the catalytic modules.
CBM, carbohydrate-binding module.

Recombinant designer cellulosome-producing
microorganisms. Minicellulosomes and designer cellulo-
somes, which are displayed on microbial cell surfaces,
have been considered for use in industrial applications,
notably for the production of biofuels from plant-derived
biomass. In this context, the development of consolidated
bioprocessing (CBP) has been proposed®, in which a sin-
gle microbial culture, co-culture or mixed culture is used
to produce biofuels directly from lignocellulosic biomass
in a single bioreactor. Several microorganisms have been
engineered to display minicellulosomes or designer
cellulosomes on their cell surface for the enzymatic con-
version of lignocellulose to sugar and lactic acid. These
organisms include Bacillus subtilis*®, Pichia pastoris'®
and Lactobacillus plantarum''. In most cases, cluster-
ing of the enzymes in cellulosome complexes resulted in
more efficient degradation of plant cell wall substrates.
An additional benefit of surface-displayed cellulosomes
is the possible recovery of enzymes by centrifugation of
the cells and their recycling as biocatalysts, which might
decrease costs'%.

One example of CBP was through the use of
Clostridium acetobutylicum, which was supplemented
with a functional cellulosome for production of acetone
or butanol'”. Similarly, Saccharomyces cerevisiae'**'”> was
engineered to display cellulosomes for the direct produc-
tion of ethanol from biomass. Likewise, Corynebacterium
glutamicum was transformed with a mini-cellulosome for
the production of amino acids'®. The cellulosome-lacking,
butanol producer Clostridium beijerinckii has also been
proposed for the integration of cellulosomal genes'””.

REVIEWS

Taken together, these studies demonstrate that
cellulosomal components are active and can be function-
ally assembled in a more manageable foreign organism
that would then be more suitable for the production of
valuable products from biomass waste.

Designer cellulosome technology can also be used
with alternative metabolic pathways for the enhance-
ment of reaction times in enzymatic cascades. Substrate
channelling in such enzymatic complexes can increase
the efficiency of a reaction'®, in particular by acceler-
ating rate-limiting steps that are controlled by enzymes
that have low activities'®.

Thermostable cellulosomes. Thermophilic micro-
organisms and enzymatic processes are very attrac-
tive for industrial applications. Their advantages
include increased stability during extended periods of
time, increased reaction rates, increased process flexi-
bility, higher rates of diffusion, higher substrate solubil-
ity and lower contamination risks''®'"". In addition, the
high growth temperature could facilitate the recovery of
valuable products, such as ethanol"'%.

Two recent studies'>''* investigated the stability
of designer cellulosomes at increased temperatures
(>50°C) in vitro and showed increased hydrolytic
performance of thermophilic cellulosomes compared
with conventional designer cellulosomes'** However,
an ideal thermophilic microorganism that can natu-
rally convert plant biomass into biofuels has not been
identified. Engineering a cellulosome-producing
thermophilic microorganism for the production of
biofuels is the preferred strategy for the development
of thermophilic CBP, as engineering a solventogenic
thermophile to hydrolyse lignocellulose requires the
introduction of more enzymes to achieve complete
biomass degradation''®!"2,

Two candidates for thermophilic CBP are C. thermo-
cellum and C. clariflavum, which are naturally etha-
nologenic and can be adapted to tolerate relatively
high concentrations of ethanol''>"®. It has also been
proposed to engineer the metabolic pathways® of
C. thermocellum for the production of isobutanol'’” and
ethanol'®. In parallel, co-culture of C. thermocellum
with a solventogenic bacterium is also being exten-
sively explored, as it might decrease production costs
for the conversion of lignocellulose into biofuels'’. The
lack of pentose metabolism in C. thermocellum'® can
be remedied by concomitant growth with an appropri-
ate thermophile, such as Thermoanaerobacter spp.'°.
C. clariflavum, as a relatively newly described cellulo-
somal species, has not been used for the production of
solvents. Nevertheless, C. clariflavum strain 4-2a, with
its ability to utilize pentoses'?, is a particularly attrac-
tive candidate for CBP. However, some issues remain
problematic for the effective application of CBP, such
as enzyme inactivation by alcohol and solvents'?, and
the costs of culturing under anaerobic conditions'*.

Recent advances in genetic engineering of these
particularly recalcitrant anaerobic bacteria and the
development of genetic tools such as targetrons,
which are gene-targeting vectors that are derived from
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mobile group II introns, have been demonstrated in
C. thermocellum'?*. In addition, CRISPR-Cas9, which has
already been used in the mesophile C. cellulolyticum',
could be adapted to thermophilic anaerobes.

Additional applications of cellulosomal components in
biotechnology. Owing to the modular nature of cellu-
losomes, cellulosomal components have been proposed
for use in many biotechnological applications®, especially
together with other affinity systems (such as protein A,
antibodies and lectins). These hybrid biomolecules could
be used for various purposes, such as immunoassays and
blotting, microarray technology, drug delivery, localiza-
tion and cytochemistry, isolation and immobilization,
affinity chromatography, and cell separation"'. Indeed,
the high-fidelity, high-affinity cohesin-dockerin inter-
action® could be used as a partner in other affinity-
based applications, such as those that involve avidin-
biotin'*. For example, a biosensor that is based on the
cohesin-dockerin interaction was recently developed'*’.
Nevertheless, only a few of the many possible research
applications have been explored, and there is a large
potential for future innovation.

A major limitation in some of these techniques is the
near-irreversible cohesin-dockerin binding®'*, with
dissociation occurring only in the presence of denatur-
ants and at high temperatures. Nevertheless, engineering
of the C. thermocellum dockerin has decreased its affinity
for cohesin, which enabled its use as an affinity tag for
protein purification'**'*,

In contrast to the cohesin-dockerin interaction,
the affinity of CBMs for different polysaccharides has
been explored more extensively'*'. Fusion proteins that
contain a CBM have been used as bioreactors'*?, plant
growth modulators'®, as affinity tags for protein puri-
fication', microarray tools for the study of protein
interactions”, biosensors'** and to study cellulosic sub-
strates*>'*. In addition, an array of quantum dots using
cellulosomal components has been developed'®’.

Outlook

When cellulosomes were discovered more than 30 years
ago, we initially expected that cellulosome-producing
bacteria would be prevalent in nature. However, the
following years have demonstrated that cellulosome-
producing bacterial species are specialized and rare, but
they clearly have a pivotal role in processing intractable
polysaccharides that are derived from plant cell walls in
lignocellulosic ecosystems. Since their discovery, cellu-
losomes have been identified, owing to genome sequenc-
ing, in specialized anaerobic bacteria. Only relatively few
species have evolved to produce cellulosomes, but they
have a key polymer-degrading function in environments
characterized by decomposing plant matter.

(2009).

Biology (Garland Science, 2011).
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The development of metagenomics will probably iden-
tify additional cellulosome-producing bacteria. Structures
of individual cellulosomal components have been exten-
sively investigated, as well as the lignocellulosic enzymatic
activities that can be incorporated into these complexes.
The composition of cellulosomes is dependent on the
carbon source and other regulatory factors, and its
diverse nature within given cellulosome systems has been
investigated by transcriptomic and proteomic studies.

Future research should be dedicated to the func-
tion of cellulosomes, their role in natural microbiomes
and their importance in a given ecosystem. In parallel,
studies should continue to focus on further discovery
of novel cellulosome-producing bacteria from various
ecosystems, including terrestrial, aquatic and marine
ecosystems, and vertebrate and invertebrate microbiota.
There is a need for investigations into cellulosome
secretion and assembly processes, and comparative
cellulosome regulation in various species.

The high-resolution structural determination of a
complete cellulosome seems a romantic but imprac-
ticable goal'*®. Global structural analysis of complete
cellulosomes has been hindered by their inherent com-
positional heterogeneity. Heterogeneity in enzyme
content, the random incorporation of subunits into the
complex, glycosylation of the elongated linker segments,
alternative conformations that reflect the dual-binding
mode, the general dynamic nature of the complex and its
enormous size, would all argue against its crystallization
for X-ray structural determination. Thus, crystal struc-
tures of a complete native complex seem to be an implau-
sible dream, and other approaches of lower resolution
and/or reliability, such as electron microscopy, small-
angle X-ray scattering” and advanced computational
techniques'”, will probably have to suffice®.

In addition, further exploration into the functions
and roles of non-cellulosomal cohesin-containing and
dockerin-containing proteins is warranted. It is intriguing
to consider the various functions of these complementary
high-affinity protein modules in nature. They are pro-
duced almost exclusively by archaea and bacteria. Their
role in cellulosome structure and function is clear, but what
other roles do they have in non-cellulosomal systems?

Finally, designer cellulosomes have proven an excep-
tional tool for studying the structure and function of
cellulosomes. They can potentially be used for various
applications, the most challenging of which would be the
production of biofuels by CBP. In addition, their appli-
cations in areas other than the conventional degrada-
tion of biomass, such as the enhancement of metabolic
pathways and the enhancement or extension of affinity
interactions, should prove valuable. Future research will
continue to broaden both the basic and applied aspects
of cellulosome-based technology.
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