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Abstract

Lignocellulosic biomass is a promising feedstock for the manufacture of biodegradable and renewable
bioproducts. However, the complex lignocellulosic polymeric structure of woody tissue is difficult to access
without extensive industrial pre-treatment. Enzyme processing of partly depolymerised biomass is an
establishedtechnology, and there is evidence that high temperature (extremely thermophilic) lignocellulose
degrading enzymes (CAZymes) may enhance processing efficiency. However, wild-type thermophilic
CAZymes will not necessarily be functionally optimal under industrial pretreatment conditions. With recent
advances in synthetic biology, it is now potentially possible to build CAZyme constructss from individual
protein domains, tailored to the conditions of specific industrial processes.. In this review, we identify a
‘toolbox’ of thermostable CAZyme domains from extremely thermophilic organisms and highlight recent
advances in CAZyme engineering which will allow for the rational design of CAZymes tailored to specific

aspects of lignocellulose digestion.
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Introduction

Biomaterials (materials derived from renewable and sustainable biological substrates) could provide an
economically viable strategy to mitigate or ameliorate environmental challenges and potentially replace
products derived from petrochemical feedstocks (Naik et al. 2010). However, to maximise efficiency of
bioproduct synthesis, large sources of simple polysaccharides are required. Second generation feedstocks are a
potential source of such material, as they are typically not food crops (such as many first generation bioproduct
feedstocks) and therefore do not impact on human food security. Some plant species produce large amounts of
dense lignocellulosic biomass and are able to grow in a wide range of conditions and environments (Hendriks
and Zeeman 2009; Himmel et al. 2007). However, lignocellulosic biomass is highly recalcitrant (Himmel et al.
2007), requiring large investments of energy (with associated financial and waste costs) to access (Alvira et al.

2010).

The integration of Carbohydrate Active Enzymes (CAZymes) in the processing of lignocellulosic biomass is a
promising strategy for reducing the difficulty and cost of biopolymer extraction (Mir et al. 2014; Turumtay
2015). CAZymes are active on oligosaccharides, polysaccharides and glycoconjugates. They consist of protein
domains that are classified into a hierarchy of families based on their structure and function, including
Glycoside Hydrolases (GHs), GlycosylTransferases (GTs), Carbohydrate-Binding Module (CBMsS),
Carbohydrate Esterases (CEs), Polysaccharide Lyases (PLs) and Auxiliary Activity families (AAs) (Cantarel et

al. 2009; Lombard et al. 2014).

However, while CAZymes represent a useful tool for breaking down lignocellulosic biomass, they are generally
not suited to the harsh conditions (especially extreme temperature) that form the basis of many industrial
pretreatments of lignocellulosic biomass (Blumer-Schuette et al. 2014). As one approach to overcoming the
problem of enzyme functional stability, thermostable CAZymes have been identified in and isolated from
hyperthermophilic and extremely thermophilic organisms (i.e., organisms that grow optimally at temperatures
exceeding 70°C (Leuschner and Antranikian 1995)). By mining genomes of extremely thermophilic organisms,
it is possible to identify CAZymes that may operate effectively under the extreme conditions characteristic of
industrial pre-treatments and other white biotechnological (i.e. industrial) applications. An added benefit of
using extremely thermophilic CAZymes is that they may be expressed in planta with little fear of cytotoxicity,
due to their very low activity at mesophilic temperatures (Mir et al. 2014). This approach can potentially reduce

the need for exogenous enzyme loading, where accumulation of the expressed enzyme in the plant tissues



produces ‘self-processing’ plants, potentially increasing the efficiency of lignocellulose degradation at high
temperatures (without impacting the normal growth and development of the plant at mesophilic temperatures

(Mir et al. 2014)).

The field of synthetic biology has a long history, and through innovations such as the iGEM competition and
Biobricks foundation (Smolke 2009; Vilanova and Porcar 2014) has established a registry of ‘components’
(including promoters, ribosome binding sites, protein coding sequences and terminators, among others;
http://parts.igem.org) for the rational design and programming of systems in living cells (Endy 2005; Hartwell et
al. 1999; Purnick and Weiss 2009). However, characterisation and incorporation of new individual components
into the system remains an issue, and is a bottleneck to progress (Cameron et al. 2014). Most components are
derived from wild-type systems, and are limited in function. For example, a xylanase which binds to cellulose
may be desirable, in order to digest xylan closely associated with cellulose to make it more accessible to
enzymic degradation, but xylanase CBMs do not typically bind well to cellulose (McCartney et al. 2006).
Nevertheless, the concept of engineering rationally designed multi-component CAZymes, potentially capable of
targeting lignocellulose biopolymer backbones and accessory structures would appear to offer considerable

promise for lignocellulosic biomass processing. .

There have been a number of recent reviews summarising the industrial applications of extremely thermophilic
CAZymes, either of specific enzyme classes (Atomi et al. 2011; Elleuche et al. 2015; Fatima and Hussain ;
Nisha and Satyanarayana 2016), or with a focus on lignocellulose processing (Blumer-Schuette et al. 2014;
Elleuche et al. 2014; Guerriero et al. 2015; Mir et al. 2014; Turumtay 2015; Urbieta et al. 2015). However, these
reviews do not highlight the modular nature of hyperthermophilic CAZymes or how they might be used to tailor
enzymes for lignocellulose deconstruction. In this review, we provide a survey of CAZyme modules with
known lignocellulose degrading abilities derived from extremely thermophilic organisms, and explore how they
might be applied in white biotechnology and enzyme engineering. We identify a list of predicted CAZyme
domains (using publicly available proteomes from Ensemble Bacteria and HMMER protein domain prediction;
Supplementary data 1) from the proteomes of a selection of extremely thermophilic organisms (Fig 1,
Supplementary data 2). These domains cover a significant proportion of existing CAZyme families (Fig. 2) and
comprise a wide range of activities and substrate specificities, as summarised in the CAZy database

(www.cazy.org (Lombard et al. 2014)).
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Figure 1 The spread of optimum growth temperature and pH of extremely thermophilic organisms covered in this review, as well as
some of the main pretreatments (Alvira et al. 2010) associated with lignocellulose deconstruction.
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Figure 2 The overall coverage of CAZyme families identified from extremely thermophilic organisms, expressed as a
percentage. The CAZyme class is listed on the X-axis. GT: Glycosyl Transferase, GH: Glycoside hydrolase, PL:
Polysaccharide Lyase, CBM: Carbohydrate-Binding Module, CE: Carbohydrate Esterase and AA: Auxilliary Activity. The
number listed below each class is the absolute count of domains identified in each class for extremely thermophilic
organisms. The first number in the bars indicates the absolute proportion of all known CAZyme domain families present
in the extremely thermophilic organisms and the second number is this proportion expressed as a percentage
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CAZyme categories

CAZyme domains are divided into families, based on their structures (Cantarel et al. 2009; Lombard et al.
2014). This classification implies that two CAZyme domains that are members of the same family are likely to
have similar activities and substrate specificities, but in reality this is not always the case. While broad trends
are often seen within a CAZyme family, the diversity of activities, specificities and thermostabilities is high.
This is evident in the GH3 domain family, where four GH3 enzymes from Cellulomonas fimi showed a range of
activities on many xylo- and oligosaccharides (Gao and Wakarchuk 2014) even though no other catalytic
domains were apparent. The GH5 domain family also displays considerable functional diversity, with recent
studies highlighting specificities for substrates such as cellulose (Huy et al. 2016; VValadares et al. 2016; Wang et
al. 2016b), xylans and xyloglucans (dos Santos et al. 2015; Ghatge et al. 2014) mannans (T6th et al. 2016; Zang
et al. 2015) and glycoceramides (Han et al. 2017b). Occasionally, new CAZyme domain families or rare
variants of existing families are also discovered, such as a xylan degrading (Corréa et al. 2012) or
multifunctional (Morrison et al. 2016) GH39 enzyme, or the recently defined GH116 family, which was shown
to act on glucosylceramide, N-acetylglucosaminides and xylosides (Cobucci-Ponzano et al. 2010; Ferrara et al.
2014). If each CAZyme domain is viewed as a potential building block for the rational design and synthesis of
enzymes for a range of applications, then identification and characterisation of new CAZyme domains from

both known and novel families will further supplement our toolset for enzyme design.

‘Omics’ technologies are excellent methods for expanding the CAZyme repertoire. By investigating the
(meta)genomes, (meta)transcriptomes, (meta)proteomes and (meta)secretomes of organisms and communities
which process lignocellulose (Kuuskeri et al. 2016; Lopez-Mondéjar et al. 2016; Montella et al. 2017; Schneider
et al. 2016; Solomon et al. 2016; Wang et al. 2016a), a full complement of lignocellulose degrading CAZymes
may be identified. Additionally, CAZyme genes from organisms which synthesise lignocellulose (such as plants
(Geisler-Lee et al. 2006; Pinard et al. 2015) and some bacteria (reference)) could allow for diversified
modification of biopolymers (such as adding side chains or chemical groups, and altering the structure of xylan

(Abramson et al. 2010)).

Cataloguing each domain individually could provide a comprehensive toolbox for enzyme design, but the
capability of such a toolbox could be drastically increased by determining the underlying mechanisms of domain
variety and implementing them in protein design. This would allow for fine-tuning of synthetic enzymes to

specific processes. A key technique for investigating differences in mechanisms of action is protein



crystallography, which uses high quality structural data to identify mechanisms of binding or stability between
and within CAZyme domains (Czjzek and Ficko-Blean 2017). Relatively few CAZyme domains have been
structurally resolved at high resolution (www.cazy.org), but every CAZyme class is based on at least one

resolved structure.

Recent examples of mechanistic insights from structural analyses include new variants of rare domain structures
(Godoy et al. 2016), general mechanisms of substrate binding (as seen in studies on CBM35 xylanases (Sainz-
Polo et al. 2014a; Sainz-Polo et al. 2014b; Valenzuela et al. 2012) and GH30 xylanases (Sainz-Polo et al. 2014a;
Sainz-Polo et al. 2014b; Verma and Goyal 2014; Verma et al. 2013)) as well as interactions with specific

substrates (Attia et al. 2016; dos Santos et al. 2015; Pires et al. 2017).

The value of structural data is not limited to understanding interactions of domains with substrates. In some
cases it can help to elucidate how enzymes behave under certain conditions (such as the mechanistic basis for
glucose tolerant and intolerant GH1 domains (Yang et al. 2015)). Structural data can reveal interactions between
domains in a single enzyme. The resolved structure of Xyn10C from Paenibacillus barcinonensis (Sainz-Polo et
al. 2015a) is the first structure of an enzyme with two tandem CBMSs, showing the architecture and interaction of

multiple domains in an enzyme.

Engineering CAZyme domains

Studying CAZyme domains and the mechanisms by which they perform their functions is the first step towards
informed rational CAZyme design. While it is possible for a protein to have multiple domains with different
substrate targets (Sainz-Polo et al. 2015b), enzyme design constitutes more than simply choosing domains with
desirable functions and combining them in an arbitrary manner (André et al. 2014; Elleuche 2015). For example,
the addition of a CBM2 , CBM3 or CBM4 CAZyme domains to enzymes increased binding affinity,
thermostability and enzyme activity ((\Voutilainen et al. 2014; Duan et al. 2017; Foumani et al. 2015; Liu and
Ding 2016), . whereas the removal of a CBM domain (had a deleterious effect on enzyme performance, with
reduced activity and thermostability(Ghatge et al. 2014; Li et al. 2015; Yi et al. 2013).The relationship between
domain functions is not necessarily additive. Whole CAZymes can behave in a synergistic manner (Chung et al.
2015; Liu and Ding 2016) and CAZyme domains have also been shown to functionally synergise (Diogo et al.
2015; Liu and Ding 2016). However, the effects of domain addition or deletion are not necessarily predictable.

For example, separating two domains that co-occur in a wild-type enzyme (such as the CBM46 domain from



Bacillus halodurans BhCel5b) can reduce or abolish catalytic activity of both (Venditto et al. 2015). Conversely,
some domains operate more efficiently when separated from each other (Khan et al. 2013). The addition of a
known thermostabilizing domain such as CBM22 (Khan et al. 2013; Lee et al. 1993) can reduce the
thermostability of the protein construct while increasing catalytic efficiency (Araki et al. 2006). These examples

emphasise the complex interactions that occur between CAZyme domains within an enzyme.

Table 1 Quantities of CAZyme families identified by this review and the main substrates they are known to target

CAZyme family2 Number® Main substratesc
CBM2 3 Cellulose, chitin and xylan.
CBM3 18 Cellulose and chitin
CBv4 18 Xylan, B-1,3-glucan, #-1,3-1,4-glucan, #-1,6-glucan and amorphous cellulose
CBM6 1 Amorphous cellulose, xylan, -1,3-glucan, -1,3-1,4-glucan, and B-1,4-glucan
CBM9 19 Xylan and cellulose
CBM13 3 Mannose and xylan
CBM16 3 Cellulose and glucomannan
CBM22 37 Xylan and mixed -1,3/B-1,4-glucans
CBM28 2 Non-crystalline cellulose, cellooligosaccharides, and B-(1,3)(1,4)-glucans
CBM35 15 Xylan, decorated soluble mannans, mannooligosaccharides and $-galactan.
CBM36 1 Xylans and xylooligosaccharides
CBM37 8 Xylan, chitin, microcrystalline and phosphoric-acid swollen cellulose, alfalfa cell walls, banana stem and wheat straw
CBM44 28 Cellulose and xyloglucan
CBM46 1 Cellulose
CBM54 9 Xylan, yeast cell wall glucan and chitin
CBM60 1 Xylan
CBM@63 1 Cellulose
GH10 24 Cellulose and xylan
GH11 1 Xylan
GH1 54 Cellulose, xylan, mannan and xyloglucan
GH3 30 Cellulose and xylan
GH5 31 Cellulose, xylan, mannan, lichenin, chitosan, xyloglucan and arabinoxylan
GH8 1 Chitosan, cellulose, lichenin and xylan
GH9 3 Cellulose, lichenin, xyloglucan
GH12 28 Cellulose, xylan and xyloglucan
GH16 10 Cellulose, xylan, xyloglucan, lichenin and chitin
GH26 5 Mannan, xylan and cellulose

aThe CAZyme family designation
bThe number of domains identified from extremely thermophilic proteins using HUMER
¢The main substrates on which these domains act



The most obvious and immediate use for a toolbox of CAZyme domains would be to provide a catalogue of
parts from which custom enzymes may be assembled. However, as the toolbox expands, it may begin to fill a
substantially more significant function - providing a set of protein scaffolds for rational engineering on new
functionalities. To date, reports of rationally engineered CAZymes are limited, but two main strategies are being

employed: directed evolution (DE) and rational design (Davids et al. 2013).

Using DE, thermostability of GH10 Xyn IIl from Trichoderma reesei was enhanced (Matsuzawa et al. 2016).
Similarly, a GH51 o-l-arabinofuranosidase has been engineered for higher transglycosylating activity (Arab-
Jaziri et al. 2013, 2015) and reduced secondary hydrolysis of transglycosylation products (Bissaro et al. 2014).
While DE is an attractive option for protein engineering, widespread use of the technique is impeded by

difficulties with screening and selection of variants with desirable traits (Turner 2009).

To overcome this problem, a number of strategies have been developed. By limiting analysis to mutations in
specific residues (such as those in the active sites of proteins), it is possible to reduce the number of variants to
be screened. CASTing, or Combinatorial Active Site Testing is one method by which this can be achieved
(Reetz et al. 2006). This approach require knowledge of the crystal structure of the protein to accurately identify
the sites for modification. If the crystal structure is not available, high throughput screens are used. Techniques
such as ribosome display (Gan and Jewett 2016), mRNA display (Horiya et al. 2017), Yeast display (TraxImayr
and Shusta 2017) and Phage-based techniques (Brodel et al. 2017) may be used in combination with in vitro
compartmentalization-based fluorescence-activated cell sorting (IVC-FACS) to identify and pool variants with
desirable properties (Ma et al. 2016). Finally, colorimetric assays based on enzyme reaction mechanisms can be
adapted to high throughput applications (Smart et al. 2017). Recently, a kit was developed that contains
chromogenic substrates that can be used to test the activities of carbohydrate degrading enzymes that can be
multiplexed in a 96 well format (Schiickel et al. 2016). Although substantial progress has been made, selection
and screening of DE clone libraries remains a challenge and continues to be an area of active research and

innovation (Klenk et al. 2016; Lin et al. 2017; Ma et al. 2016; Reetz 2017).



The limitations of DE (Turner 2009) may be overcome through rational design (directly targeting and mutating
specific residues of a protein to obtain a desired effect), although this approach requires in-depth knowledge of
the structure and mechanisms of the protein. Using this method, various CAZyme properties have been altered;
e.g., increasing both the thermal stability and optimal catalytic temperature of GH10 (de Souza et al. 2016) and
GH11 (Han et al. 2017a) xylanases by the introduction of a mutations (by site-directed mutagenesis) to
influence disulphide bond formation, salt bridges and the ratio of acidic to basic amino acids (de Souza et al.

2016; Han et al. 2017a).

Enzyme engineering of CAZymes to confer new functional characteristics has been applied with some
success. Altering active site architecture through mutation (e.g. W22Y) changed the binding properties of T.
reesei GH12 enzyme TrCel12A, resulting in expanded substrate specificity (Zhang et al. 2015). Similarly, a
GHI1 B-glucosidase from Thermus thermophilus was converted to a trans-p-acetylglucosaminidase by mutation
of the N163 and E338 residues in the active site to remove steric conflicts with the N-acetyl-d-glucosamine
substrate (André-Miral et al. 2015), This is an especially significant result, considering that no native GH1
family protein exhibits trans-p-acetylglucosaminidase activity. Additionally, a single predicted amino acid
change in a Geobacillus stearothermophilus B-xylosidase (Y509E) was enough to confer new exo-xylanase

functionality to the enzyme (Huang et al. 2014).

Applying the toolbox: CAZyme domains for in planta lignocellulose degradation

The efficient breakdown of lignocellulose can be achieved using extremes of temperature, pressure and pH,
which differ depending on which biopolymer is the target of extraction (Alvira et al. 2010). While
supplementing physical and chemical pre-treatment processes with enzymes can potentially reduce the
economic and energy investment required for biopolymer extraction (Blumer-Schuette et al. 2014), in planta
expression of these enzymes (as opposed to external enzyme loading) may also be beneficial (Mir et al. 2014,
2017). Expressing thermostable enzymes directly in the plant tissue should not disrupt normal growth and
development of the biomass, due to inactivity of the enzymes at lower temperature (Mir et al. 2014; Montalvo-
Rodriguez et al. 2000). On heating, the harvested biomass undergoes some autohydrolysis (Bhatia et al. 2017;

Mir et al. 2014). This strategy has been shown to be effective in first generation feedstocks (Kim et al. 2016).



However, studies on the heterologous in planta expression of thermostable CAZymes have shown that while this
strategy does improve digestibility, localisation of the product is important (Castiglia et al. 2016; Kim et al.
2016). Expressing a protein in the wrong cellular compartment can lead to deleterious effects. For example,
plastid targeted expression of a thermostable endoglucanase in tobacco resulted in binding of the recombinant
gene product to thylakoid membranes and a negative impact on plastid development (Castiglia et al. 2016).
Conversely, enzymes may perform better, or accumulate more if expressed in the correct locale [such as Xyl10b
from Thermotoga maritima MSB8, which had higher yield and specific activity when targeted to the apoplast vs
the chloroplast (Kim et al. 2016)]. Fusion to a CBM is one strategy through which translocation of a protein

product to a desired location may be achieved (Oliveira et al. 2015).

Conclusions

Hyperthermophilic and extremely thermophilic organisms are a potentially valuable source of thermostable
CAZyme domains for industrial use (Blumer-Schuette et al. 2014). The ability to degrade lignocellulosic
substrates is surprisingly common in hyperthermophilic and extremely thermophilic organisms, despite the
oligotrophic nature the ecological niches these organisms typically inhabit (Chaban et al. 2006; Rothschild and
Mancinelli 2001). There are now numerous reports of highly stable CAZymes, across most of the CAZyme
families and we have provided a list of putative thermostable CAZyme domains that can break down cellulose

and xylan (Table 2, Fig. 3), as well as other important lignocellulosic biopolymers (Online Resource 3).

However, many issues relating to the function and engineering of these enzymes remain unresolved.
Modifications to CAZymes can have unpredictable consequences and the achievable limits for engineered
catalytic ability are not known. Additionally, considering the functional diversity in some CAZyme families, it
is unclear whether molecular modelling and docking studies on some enzymes in a family may be applied to
others. Finally, while producing self-processing lignocellulosic biomass is an attractive prospect for industry,
the impact of in planta production of enzymes on other performance factors (such as disease resistance) of plant

growth need to be determined.

CAZyme domains from extremely thermophilic organisms provide a toolbox which can be used to design
enzymes suited to a range of industrial processes. As our understanding of protein domains and enzyme
engineering increases, so will the value of such a toolbox. These domains provide a way to modify existing

enzymes and are also highly thermostable scaffolds for further modifications. Studying these domains and their
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interactions within proteins could eventually facilitate de novo design and synthesis of new highly thermostable

and highly catalytic proteins.

Table 2. Quantities of CAZyme families identified by this review and the main substrates they are known to
target, according to the CAZy database (http://www.cazy.org; Lombard et al. 2014)

CAZyme
family?
CBM2
CBM3
CcBM4
CBM6
CBM9
cBM13
CBM16
cBM22
CBM28
CBM35
CBM36

CBM37

CBM44
CBM46
CBM54
CBM60
CBM63
GH10
GH11
GH1
GH3
GH5
GH8
GH9
GH12
GH16
GH26

Number®

3
18
18
1
19
3
3
37
2
15
1

8
28

24

54
30
31

28
10

Main substrates®

Cellulose, chitin and xylan.

Cellulose and chitin

Xylan, B-1,3-glucan, p-1,3-1,4-glucan, B-1,6-glucan and amorphous cellulose
Amorphous cellulose, xylan, B-1,3-glucan, B-1,3-1,4-glucan, and B-1,4-glucan
Xylan and cellulose

Mannose and xylan

Cellulose and glucomannan

Xylan and mixed B-1,3/B-1,4-glucans

Non-crystalline cellulose, cellooligosaccharides, and B-(1,3)(1,4)-glucans
Xylan, decorated soluble mannans, mannooligosaccharides and -galactan.
Xylans and xylooligosaccharides

Xylan, chitin, microcrystalline and phosphoric-acid swollen cellulose, alfalfa cell
walls, banana stem and wheat straw

Cellulose and xyloglucan

Cellulose

Xylan, yeast cell wall glucan and chitin

Xylan

Cellulose

Cellulose and xylan

Xylan

Cellulose, xylan, mannan and xyloglucan
Cellulose and xylan

Cellulose, xylan, mannan, lichenin, chitosan, xyloglucan and arabinoxylan
Chitosan, cellulose, lichenin and xylan
Cellulose, lichenin, xyloglucan

Cellulose, xylan and xyloglucan

Cellulose, xylan, xyloglucan, lichenin and chitin
Mannan, xylan and cellulose

¥The CAZyme family designation

*The number of domains identified from extremely thermophilic proteins using HMMER

“The main substrates on which these domains act

11



CBM16

CBM2

CBM3

CBM37

CBM4, CBM6 — amorphous
CBM44

CBM9

GH1
GH116
GH3
GH30
GH5
GH9

GH1

GHS
GH74

GH9

Cellulose

GH12
GH16
GH26
GHS
GH51
GH74
GH8
GH9

. B-D-glucopyranose

— B-1,4- glycosidic bond

CBM13
CBM2
CBM22
CBM35
CBM37
CBM44
CBMS54
CBM60
CBM9
GH43
GH8

GH1
GH116
GH3
GH51

Glucuronoxylan (GX) - Hardwoods

GH30
GH39
GH43

GH4
GH67

GH4
GH67

Methyl group

. B-D-xylopyranose

B-1,4- glycosidic bond

N

|

GH1
GH10
GHS
GH74
GH9
GH30
GH43
GH51
GH8

a-1,2- glycosidic bond
Acetyl group

4-0-glucuronic acid

Figure 3 Schematic representation of important plant secondary cell wall biopolymers, as well as the CAZyme domains which can degrade
them covered by this review. The name of the biopolymer is listed at the top of the figure. The box in the top left of the diagram indicates
CAZyme domain families which have activities on the biopolymer, but have no record of specific interactions. The red arrows indicate specific

areas of activity. The key is located at the bottom of each diagram
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