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Abstract 6 

The wide diversity among the carbohydrate active enzymes (CAZymes) reflects the equally broad 7 

versatility in terms of composition and chemicals bonds found in the plant cell wall polymers on which they are 8 

active. This diversity, is also expressed through the various strategies developed to circumvent the recalcitrance of 9 

these substrates to biological degradation. Glycoside hydrolases (GHs) are the most abundant of the CAZymes and 10 

are expressed as isolated catalytic modules or in association with carbohydrate binding module (CBM), acting in 11 

synergism within complex arrays of enzymes. This multi-modularity can be even more complex. The cellulosome 12 

presents a scaffold protein immobilized to the outer membrane of some microorganisms on which enzymes are 13 

grafted to prevent their dispersion and increase catalytic synergism. In Polysaccharide-Utilization Loci (PUL), GHs 14 

are also distributed across the membranes of some bacteria to coordinate the deconstruction of polysaccharides and 15 

the internalization of metabolizable carbohydrates. Although the study and characterization of these enzymatic 16 

activities need to take into account the entirety of this complex organization - in particular because of the dynamics 17 

involved in it - technical problems limit this study to isolated enzymes. However, these enzymatic complexes also 18 

have a spatio-temporal organization, whose still neglected aspect must be considered. In this review, the different 19 

levels of multi-modularity that can occur in GHs will be reviewed, from its simplest forms to the most complex. In 20 

addition, attempts to characterize or study the effect on catalytic activity of the spatial organization within GHs will 21 

be addressed. 22 

 23 

 24 
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 27 

Introduction 28 

Spatial arrangement of multi-enzyme cascades is very common in cell, especially regarding the metabolic 29 

pathways [1]. In such a case, enzymes are close to each other and facilitate substrate channelling, consisting of 30 

transferring the metabolite product from one enzyme to the next enzyme in order to reduce diffusion in the bulk 31 

aqueous solvent. For this reason, enzymes must be close enough and correctly oriented [2]. In a way, carbohydrate-32 

active enzymes or CAZymes, because of the diversity of their mode of action and their synergy, must be considered 33 

as multi-enzyme cascades. Carbon is central to the metabolism of microorganisms and some of them, the 34 

lignocellulolytic organisms, have developed a wide range of enzymes to deconstruct the complex plant cell walls 35 

and release carbon molecules contained in carbohydrate-based polymers. Among these enzymes, glycoside 36 

hydrolases (GHs), which are responsible for the hydrolysis of the glycosidic bond between adjacent carbohydrates 37 

or between a carbohydrate and a non-carbohydrate moiety, have been widely studied and numerous examples are 38 

found in the bibliography. In the course of evolution and to counteract the increasing recalcitrance of plant biomass 39 

towards enzymatic deconstruction, microorganisms have developed several strategies. In this review, we will 40 

consider a transient association as an event concerning the spatial proximity and/or the spatial topology between 41 

domains connected to each other through flexible linkers or distinct GHs interacting in a multi-enzyme complex. It 42 

will also concern the transient association of enzyme clusters, in a cascade of events leading to the 43 

depolymerization of plant polysaccharides. All these aspects should be challenged in terms of catalysis efficiency. 44 

The first part of this review will focus on the different aspects of the modularity of GHs, and how this modularity 45 

may impact the organization of these enzymes in relation to each other during polysaccharide degradation. GHs are 46 

often found in multi-modular enzymes in order to bring catalytic and non-catalytic domains close to each other [3]. 47 

These enzymes could also be grafted to a megadalton-size complex known as cellulosome, discovered in the 80’s 48 

[4] or in the case of what has been named Polysaccharide Utilization Loci (PUL) in the early 2000s [5], the GHs 49 

are localized on both sides of the bacterial periplasm or the cytoplasm, in close vicinity to membrane bound 50 

proteins. And even more recently, clustering of enzymes on complex substrate can also be seen as transient 51 

physical associations [6]. However, instead of acting on small molecules as in the metabolic pathways, GHs have to 52 

deal with oligosaccharides, soluble polymers and even insoluble substrates. During catalysis, products are released 53 

and constitute new substrates with new properties. As a consequence, the enzymes would have to adapt constantly 54 

their spatial distribution as the plant cell complex matrix is degraded. It is therefore not surprising that GHs require 55 
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plasticity, either because of the presence of linkers or because of the intrinsic flexibility of the cellulosome scaffold, 56 

one of the main reasons of its efficiency [7]. As dynamic events, it is not possible or very difficult, to explore the 57 

spatial geometry and organization of such enzymes at different moments of the catalytic process. Not considering 58 

these dynamic aspects and the multiple interactions between enzymes and a raw natural substrate presents several 59 

drawbacks. One first disadvantage of such an approach has to do with the specific recognition interactions that exist 60 

between the enzymes and their real substrates and that triggers the catalysis. When using artificial and/or isolated 61 

substrates, the conditions for this recognition are not satisfied which can lead to a wrong estimation/understanding 62 

of the enzymatic activity towards a real substrate [8]. The second downside has to do with the accessibility of the 63 

enzymes to their substrates, which is dramatically facilitated using purified polysaccharides as opposed to 64 

polysaccharides that are embedded in the plant cell wall. This is the reason why it seems to be important to 65 

consider also spatial topology and distances between the different domains of individual enzymes to characterize 66 

such enzymatic complexes. Unfortunately, very few works question these different aspects. Thus, the second part 67 

of this review will propose to summarize information available for the different type of GH organizations and 68 

attempts for their characterization. 69 

A large diversity of modularity and spatial organization 70 

In a first level of spatial organization, clusters of GHs have been recently described [6,9]. The cellulases 71 

Cel7A and Cel7B from Trichoderma reseei can generate molecular proximity working as a collective of individual 72 

dispersed hydrolases. Thus, the enzymes create transient spatio-temporally coordinated and mechanistically 73 

concerted exo- and endo-cellulase activity clusters for efficient interfacial catalysis for the degradation of cellulose 74 

in a multilayer processive way (Fig 1.A). The authors revealed that besides desorption and re-adsorption, enzyme 75 

dispersion involves molecular diffusions as well as direct movement of the cellulases on the cellulose allowing its 76 

deconstruction by “surface ablation” as opposed to a “fibril cutting” tactic develop by the cellulosome (see below), 77 

which maximizes the effect a of local fragmentation [6]. This strategy results in a synergy that makes the exo-78 

cellulase to act 100 times faster on an organized polymer material than when it acts alone. Most of the GHs present 79 

several modules (Fig 1.B), with one or more catalytic modules [10]. And in order to promote the association of the 80 

catalytic domain and its prolonged contact with the substrate, carbohydrate-binding modules (CBMs) provide a 81 

proximity effect and a targeting function [11]. The later role directs the GHs to accessible regions of the plant that 82 

are either undergoing biological degradation or cell wall rearrangement  [8].  However, the presence of a CBM is 83 

not always required since a so-called substrate binding sites (SBSs) located on the catalytic domain of some GHs 84 
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may play a similar role [12]. Sometimes, the presence of a CBM can differentiate the activity of the catalytic 85 

domain towards a substrate, as exemplified in the glycoside hydrolase family 5 subfamily 8 (GH5_8) mannanases 86 

[13]. The authors postulated that GH5_8 mannanases with CBMs target insoluble mannose-based polymers while 87 

monomodular members prefer soluble oligosaccharides. In other cases, the  presence of a CBM is essential for 88 

enzyme activity, as recently described for two modular proteins wtsFae1A and wtsFae1B [14]. These proteins are 89 

feruloyl esterases with a CBM family 48 (CBM48) tethered. This CBM48 interacts with the catalytic domain in 90 

such a way as to extend the cleft where the arabinoxylan backbone is housed. In the absence of the CBM, both 91 

enzymes fail to bind arabinoxylan and are also unable to release ferulic acid from it. Multimodularity could also 92 

create dedicated shape, as reported for AbnA, an extracellular GH43 α-L-arabinanase from Geobacillus 93 

stearothermophilus [15]. The architecture of this enzyme is composed of four domains; the catalytic domain and 94 

two uncharacterized CBMs spaced from each other by a fourth domain seeming to function as a hinge around 95 

which the other domains revolve. Ultimately, the multimodular enzyme is capable of large conformational changes, 96 

where the catalytic domain seems to interact with the CBM, hydrolysing its substrate through a “harpoon” 97 

mechanism. Nonetheless, most of the time, catalytic domain and CBM are linked to each other by a flexible linker 98 

[16]. Its role is not fixed, but some studies investigated the composition, length and position of the linker as 99 

exemplified by in the exoglucanase Cel6B from Thermobifida fusca, which has a CBM2 at its N-terminus [17].  100 

While the length of the linker connecting the two domains did not impact the catalytic efficiency, the position of 101 

the CBM or even a replacement by another produces a different inferred plasticity in the interaction between the 102 

CBM and the catalytic module.  103 

It seems obvious that nature has to make a lot of efforts to optimize the activity of GHs, with or without 104 

CBMs, to make sure that these activities are consistent with the complexity of the targeted substrate. And well 105 

beyond the simple question of the architecture of enzymes into distinct domains, there remains the question of the 106 

more general organization of all enzymes in relation to each other during the hydrolysis of a complex substrate, and 107 

the dynamics of this organization during catalysis. 108 

 In a higher level of organization, combining several GHs, cellulosomes are dynamic elaborate complexes 109 

produced and generally bounded and exposed on the cell surface by anaerobic Gram-positive bacteria for the 110 

efficient deconstruction of lignocellulosic biomass. Considered as true nanomachines, these cellulosomes are 111 

organised around a multi-modular architecture based on a non-catalytic subunit called scaffoldin, containing a 112 

variable number of cohesin modules separated by intermodular linker regions. Dockering modules, in fusion with a 113 
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large variety of catalytic domains, are strongly associated to the cohesins (Fig 1.C). The spatial proximity between 114 

the numerous catalytic domains of the cellulosome allows a synergistic effect and reduce the dispersion of soluble 115 

sugars [18]. The way in which the different dockering bearing enzymes are assembled with their cohesin 116 

counterparts are of great importance.  Far from being purely the result of chance, studies developing cellulosome 117 

chimeras have demonstrated  that the distribution of the different catalytic domains is in fact driven by the length of 118 

the inter-cohesin linker segments of the scaffoldin rather than by the cohesin-dockerin interactions [19]. This 119 

observation suggests that the spatial proximity between enzymes is relevant to increase synergy and how it affects 120 

also the overall conformational flexibility. Furthermore, the enzymatic composition and abundance of cellulosomes 121 

depend on the carbon source and its evolution during the deconstruction of plant cell wall polymers, as revealed by 122 

the studies on Clostridium clariflavum cellulosomes [20]. The bacterium is able to express 13 different scaffoldins, 123 

resulting in cell-free and cell-bound cellulosomes. Their expression levels are higher when the bacterium is 124 

cultivated in presence of complex substrates. As a consequence, the cellulosomes produced display a higher 125 

amount of scaffoldins compared with those expressed in presence of oligosaccharides, exposing up to 56 different 126 

active GHs on complex substrate. In this context, research on cellulosomes from Ruminiclostridium cellulolyticum 127 

has revealed that the conformation of the two domains in dockerins involved in the interaction with cohesins allows 128 

the re-functionalization of the cellulosome, and so the exchange between catalytic domains as an adaptation to 129 

heterogeneous plant cell wall substrates in active degradation [21]. Furthermore, spatial expression and exposition 130 

of cellulosomes on the cell surface varies on substrate used for growth, as exemplified by the cellulosomes 131 

produced by Clostridium clariflavum [22]. The results highlight how cellulosome levels displayed on the cell 132 

surface of bacteria cultivated on a soluble substrate are significantly lower than those grown in recalcitrant, 133 

insoluble complex substrates. In the first situation, cellulosomes are organized as restricted “islands” since most of 134 

the produced cellulosome are released into the growth medium. In the second situation, the cellulosome clusters are 135 

more widely distributed on the surface of the bacterium, allowing the intimate hydrolysis of the recalcitrant 136 

substrates and assimilation of the soluble sugar break down products immediately.  137 

Again, the internal organization of cellulosomes and their clustering as protuberances on the surface of the 138 

bacterial cell may raise questions about how the spatial organization of the hundreds of enzymes that act together 139 

and/or sequentially when working on an insoluble substrate conditions the end-product. 140 

 In recent years, another multi-enzymatic organization called PUL (Fig 1.D) have attracted the attention of a 141 

whole part of the glycobiology community. According to PUL DataBase (PULDB, [23]), a PUL is a set of 142 
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physically-linked genes coding for proteins related to the starch utilization system (Sus), which includes the sugar 143 

transport and capture proteins SusC and SusD. PULs are widespread in the Bacteroidota phylum and confer an 144 

evolutionary advantage to these species by orchestrating the degradation of complex glycans through encoded GHs. 145 

 146 

These enzymes are  dedicated to a particular glycan [24]. Because of the presence of SusC-like and SusD-like, all 147 

PULs are studied by analogy with the archetypical Sus locus from Bacteroides thetaiotaomicron [25], initially 148 

described by Anderson and Salyers in 1989 [26]. The number of PULs within a genome is strongly correlated with 149 

the number of polysaccharides metabolized by a particular specie [27], so some Bacteroidota possess over 100 150 

different PULs [28]. PUL encode also for specific sensor/regulator and surface glycan-binding proteins (SGBPs). 151 

Glycan import into the periplasm is mediated by a SusC-like protein (a TonB dependent transporter) that works in 152 

concert with a SusD-like binding lipoprotein [29], creating a protein complex with a “pedal bin”-like mechanism 153 

[30,31]. Genetic studies on deletion of these spatially related components eliminate or reduce PUL function, 154 

supporting its importance for polysaccharide degradation [29]. Currently, new systems similar to PULs are being 155 

discovered in bacteria from different phylum including gram positive bacteria [24]. 156 

The complex arrangement of PUL-encoded proteins is not yet fully elucidated, and although this system is 157 

very different from the cellulosome, we can hypothesize that the set of enzymatic processes that guide the 158 

deconstruction of polysaccharides into metabolized oligosaccharides involves transient associations and spatial 159 

organization between proteins active on sugars. 160 

Attempts to characterize or study the effect of spatial organization between individual GHs 161 

As described above, GHs exhibit a large variety of architectures, which has been shown to be important for 162 

catalytic function. The catalytic activity of these GHs on plant cell wall polysaccharides implies a cooperative 163 

mode of action meaning a spatio-temporal organization of a large amount of individual GHs in close vicinity to the 164 

substrate. However, the relationship between the catalytic activity and the spatial organization of the different 165 

modules of GHs is, to our knowledge, rarely the focus of research and very partially addressed. This is also the 166 

reason why we have extended our examples to another type of carbohydrate-acting enzyme whose activity is 167 

complementary to that of GHs.  168 
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Whether encoded by PULs or not, GHs produced by microorganisms degrading plant biomass are often 169 

composed of several catalytic domains and/or CBMs, connected to each other via a linker more or less lengthy. If 170 

the role of the linker plays a fundamental function in the activity of processive cellulases [32], thermal adaptation 171 

of some GHs [33] or promote activity and binding efficiency [34], it could also be of importance in spatial module 172 

organization. The effects of length or composition of the linker on the activity of a multi-modular GH5 cellulase 173 

was explored [35]. The authors designed several linkers connecting GH5 to its native CBM3 targeting cellulose and 174 

assessed the enzymatic activity. In a more original way, they studied the effects of linkers on the molecular 175 

architecture of the GH5 in solution, using small angle X-ray scattering (SAXS), enabling to consider the distance 176 

between the two domains and the total length of the enzyme. The linker length induces molecular rearrangements, 177 

supporting the notion that the inter-modular distance and catalytic efficiency are correlated in non-processive GH5. 178 

For example, a linker twice the length of the wild-type enzyme resulted in the highest catalytic efficiency. In that 179 

case, SAXS analysis revealed an optimal distance of 60 Å between the two domains. The relative position of both 180 

domains is also important as inter-domain distance is critical for the diffusion of substrates. More recently, nuclear 181 

magnetic resonance (NMR) spectroscopy was used to provide a mechanistic basis to investigate the role of the 182 

dynamic generated by a linker connecting two adjacent domains [36]. The subject of the study is a Lytic 183 

Polysaccharide MonoOxygenase (LPMO) from Streptomyces coelicolor acting on cellulose. It is composed of the 184 

catalytic domain connected to a CBM2 targeting cellulose by a 30-residue linker region. The authors solved the 185 

structure of the LPMO in solution, providing some evidences on how the linker is disordered and extended, 186 

maintaining the distance between the two domains. As a consequence, the CBM helps the catalytic domain to bind 187 

in the proximity of a previous cut for a prolonged time (Fig 2.A). The flexibility of the linker allows the CBM and 188 

the catalytic domain to move independently of each other. This flexibility promotes also the catalytic domain to 189 

repeatedly oxidize the substrate in a larger surface area. Another study used multiple computational methods to 190 

investigate the properties of disordered linkers in cellulosomal systems and compared with synthetic linkers 191 

displaying differences in length and composition [37]. The authors demonstrated that the length is the main factor, 192 

conditioning the proximity between adjacent domains. Furthermore, short linkers affect the structure of the 193 

domains they are linked to, potentially affecting the efficiency of the catalytic site. 194 

Several types of cellulosomal systems are present in nature, directly bound to the cell surface, even with 195 

intermediate adapter scaffolds, or existing in an intrinsically free scaffold. In Clostridium clariflavum, the 196 

successive assembly of different protein structures amplifies the number of enzymatic subunits, resulting in a 197 
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surface-bound cellulosomal complex of 160 enzymes [38]. In such protein complex, the question of the spatial 198 

organization is essential, knowing that this system is very flexible [39], and that this flexibility is essential for the 199 

efficiency of this complex [7]. Works have addressed this issue, mainly using reduced models of cellulosome or 200 

designer cellulosomes [40]. The question whether the position of defined cellulolytic enzymes is important for the 201 

optimized degradation of a cellulosic substrate was assessed by developing 10 chimaeric scaffoldins incorporating 202 

three cellulases [41]. The authors evidenced that the relative position of each enzyme impacts the catalytic 203 

efficiency of the chimaeric scaffoldins, highlighting undoubtedly an optimal spatial organization (Fig 2.B). A more 204 

recent work questioned the spatial proximity effect of a β-glucosidase mixed with cellulosomes [42]. In order to 205 

reduce the inhibition effect of hydrolysate cellobiose restricting the hydrolytic ability of cellulosomes, the authors 206 

designed a chimaeric β-glucosidase fused to a CBM targeting cellulose or to a dockerin type II in order to bind the 207 

enzyme close to the cellulosome. Hence, spatial distance between the cellulosome and the β-glucosidase seems to 208 

be an important factor to increase degradation of the cellulosic substrate, even if the raw and complex substrate’s 209 

topology might be also involved in the kinetic. Beyond the synergistic effect of the cellulosomal enzymes [43], the 210 

size and specific activity of cellulosome was also investigated [44]. The authors constructed several recombinant 211 

cellulosomes containing various mixtures of three cellulases from family GH5, 9 and 48. The activity increases 212 

with cellulosome complexity and reaches its maximum when the cellulosome is composed of 9 GHs, far from the 213 

maximum of 25 enzymes carried. The authors postulated that the diversity of enzymatic activities is the bottleneck 214 

on the overall cellulosome activity, instead of the protein proximity. 215 

Since it is very challenging to work  with a designer cellulosome, even more with a native cellulosome, 216 

several strategies have been used to develop artificial cellulosomes based on the immobilization of enzymes using 217 

various carriers [45–50]. Despite some uncertainty as to the correct orientation or not of the enzymes, the findings 218 

reveal that generally, proximity between enzymes increases the catalytic efficiency in comparison to the free 219 

enzymes, likely reflecting the primary role of the cellulosome in the deconstruction of complex lignocellulosic 220 

substrates. However, some works are more informative about the spatial organization of catalytic domains. A 221 

polymeric micelle grafted with nitrilotriacetic acid moieties on the corona layer was developed to immobilize 222 

cellulases expressed with a His6-tag opposite to their catalytic pocket [51]. In this way, the authors controlled the 223 

spatial orientation of immobilized enzymes, the distribution, and synergistic interactions of different types of 224 

cellulases. Using fluorescent proteins as probe and a Fluorescence Resonance Energy Transfer (FRET) experiment 225 

to assess the distance between enzymes, the authors set different ratios of cellulases to be immobilized. The 226 
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resulting synergistic catalysis was enhanced over two-fold compare to the cellulases free in solution. In the same 227 

vein, a xylanase from family GH11 was immobilized at precisely controllable surface densities on magnetic beads 228 

[52]. The authors were able to orientate the enzyme optimally with an average centre-to-centre distance between 229 

adjacent enzymes from 4.4 nm to 30.0 nm. They demonstrated that grafting density was the only parameter 230 

affecting not only the specific activity but also the product profile released from a polymeric substrate. Thus, high 231 

density grafting preferentially releases shorter oligosaccharides compared to the same amount of enzymes in 232 

solution (Fig 2.C).    233 

In the era of exponentially growing numbers of sequenced genomes, PULs and their clusters of physically 234 

linked genes targeting carbohydrate degradation are considered an ideal source of new enzyme discovery [28]. 235 

However, beyond the different functions of these proteins, one could postulate that the relatively large amount of 236 

enzymes and transporters encoded by PULs should be spatially organized in a way to efficiently act together. 237 

Studies of the archetypical Sus from Bacteroides thetaiotaomicron indicate transient, substrate-induced complex 238 

formation involving SusC/D, two SGBPs and a surface amylase GH13 [53]. In addition, the xyloglucan utilization 239 

locus from Bacteroides ovatus contains 12 coding protein genes, including 8 for different GHs. Most of them are 240 

structurally and functionally characterized, making this PUL a suitable model [29]. Among these GHs a cell surface 241 

endo-(xylo)glucanase GH9 may have evolved toward a non-catalytic, substrate-binding function and clearly acts in 242 

synergy with the SusD-like and SGBPs components, facilitating substrate capture and import through the 243 

transporter [54]. The authors suggest an assembly of a discrete multiprotein complex possibly facilitating the 244 

orientation of the xyloglucan to be transferred across the outer membrane. Recently, single-particle cryogenic 245 

electron microscopy (cryo-EM) revealed the organization of the SusCD-like proteins from a levan utilization loci 246 

found in  Bacteroides thetaiotaomicron [55]. The co-purified complex exhibited the presence of two lipoproteins, 247 

including an endo-levanase GH32, and revealed large and concerted conformational changes during nutrient import 248 

in the cell. It is important to underscore that , in general, PULs encode also proteins of unknown function or 249 

hypothetical proteins (see Polysaccharide-Utilization Loci DataBase, [23]), and not all PUL proteins are involved 250 

in the complexes described above.  251 

In any case, there is no doubt that PULs offer the possibility to discover new GHs with an interesting 252 

organization and spatial regulation, strongly favoured by the distribution of these enzymes on both sides of the cell 253 

membrane, interacting with more or less complex substrates. 254 
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Future perspectives 255 

Although the molecular basis by which the spatial organization of GHs influences enzymatic catalysis is 256 

not fully understood, research in this area may open up new opportunities to improve and develop new 257 

synergistically acting enzymatic systems capable of degrading complex carbohydrates. So far, most of the studies 258 

developed have focused on biochemical aspects that could explain the effect of spatial organization, but few have 259 

really addressed this topic in depth with orthogonal, mainly structural, approaches. There is therefore a need to 260 

advance the field using an orthogonal "integrative structure determination" approach, integrating structural, 261 

biochemical and bioinformatics studies as proposed by Lansky et al. [15]. In addition, only a few studies aimed at 262 

inducing spatial proximity using protein scaffolds have been developed [56,57]. In these studies, the authors used a 263 

covalent association process involving two protein fragments to systematically study spatial organizations within 264 

multi-modular GHs, correlating biochemical and structural studies. It is clear that biological systems are complex, 265 

at several scales of observation, and it is important to take into account this complexity and in particular the 266 

transient interactions between GHs involved in the hydrolysis of raw substrates. Thus, single-molecule atomic force 267 

microscopy (AFM) is a very promising way to understand the dynamics of GHs during polymer deconstruction 268 

[58], while in situ cryo-electron tomography (Cryo-ET) proved to be a relevant tool to investigate the structure of 269 

cellulosomes in a near-physiological state, and to probe the interactions of the bacterium with cellulose fibres [59]. 270 

In addition, the use of nanometre-scale superresolution imaging in real time in live cells can reveal dynamic 271 

interactions between the proteins encoded by PULs [60]. 272 

Summary 273 

 The fundamental unit of GHs is the catalytic domain. But depending on the complexity of the substrate, 274 

protein architecture, in terms of catalytic and non-catalytic domains, can diverge dramatically, from the 275 

simplest to the most sophisticated spatial organization. 276 

 Due to technical limitations, most of the enzymatic activities of GHs are characterised using non-natural 277 

and/or chromogenic substrates, far away from the intrinsic complexity of plant cell wall raw polymers. 278 

 Emerging works combine structural studies and enzymatic activities to investigate the relationship between 279 

the spatial organization of GHs and the specificity of their mode of action. 280 
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 472 

 473 

Figure 1: Levels of spatial organization in GHs and other CAZymes. Different degrees of structural and spatial 474 

organization are shown, from simplest to more complex ones. (A) Clusters of GHs. Recently some cellullases from 475 

T. reseei have been described forming these transient associations during cellulose degradation.  (B)   Multi-476 

https://doi.org/10.1128/mBio.02172-14
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modular and multifunctional enzymes. In nature microorganisms produce a large variety of these kind of enzymes 477 

exhibiting in many cases complex architectures, the presence of CBMs is common in a great part of them. These 478 

CBMs affect enzymes’ activities both targeting enzymes to their complex substrates and interacting spatially with 479 

the catalytic modules. (C) Cellulosome complexes. Depending on the bacteria specie and conditions, cellulosomes 480 

can be released to the environment or be attached to the cell surface by special anchoring systems. (D) PULs. 481 

While a great variety of these gene clusters have been described by metagenomics approaches, all share in their 482 

organization the presence of the SusC/D-like proteins transporter complexes; SGBPs and some GHs expressed as 483 

lipoproteins can interact between them and with SusC/D-like proteins facilitating the sequestering and hydrolysis of 484 

complex substrates. The image shows the system used by Bacteroides ovatus for xylan utilization (adapted from 485 

[24]). Notice that any of the existing catalytic modules from the different CAZymes hydrolytic families (glycoside 486 

hydrolases (GHs) and carbohydrate esterases (CEs)) can appear in the different levels and are represented by the 487 

different colours and shapes proposed. Different families of CBMs are also showed with different colours. BCW, 488 

bacterial cell wall; AP, anchoring protein; OM, outer membrane; P, periplasm; IM, inner membrane; C, cytoplasm; 489 

TBDT, TonB dependent transporter; HTCS, hybrid two-component systems. Monosaccharides are represented by 490 

Consortium for Functional Glycomics symbols. 491 

 492 

Figure 2: Spatial organization and enzymatic activity of GHs. (A) Full-length model of ScLPMO10C composed 493 

of the LPMO module (ScAA10, in green; PDB code 4OY7), the linker (in blue; Biomagnetic Resonance Data Bank 494 

accession number 27078) and the CBM (ScCBM2, in red; PDB code 6F7E). The corresponding amino acid 495 

sequences of the C-ter of ScAA10, the linker and the N-ter of ScCBM2 is illustrated above using the corresponding 496 

labeling colors. At low substrate concentration (from 2 to 10 g/L of avicel), the full-length ScLPMO10C (upper 497 

panel) is able to release more solubilized oxidized products than ScAA10 (lower panel) (adapted from [36]). (B) 498 

Comparative enzymatic degradation of cellulosic substrate by recombinant enzymes either in the free state (Free, 499 

light blue), bound to respective monovalent scaffoldins (CBM-restored, orange) or bound to scaffoldins at different 500 

positions (Scaf, light purple and dark purple for the most efficient GHs combinations). Details of the constructions 501 

are provided on the right, with number referring to GH families (adapted from [41]). The position of enzymes in a 502 

scaffold can be critical for optimal substrate degradation. (C) A GH11 xylanase NpXyn11A was immobilized on a 503 

solid surface at a controlled protein surface density to regulate the distance between enzymes. In this study, the 504 

proteins Jo and In were used as self-grafting inducers. The left panel illustrates the increasing protein surface 505 
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density of grafting from the higher density (square 1:bead1) to the lower (square 5: bead 5). The hypothetical 506 

arrangement of immobilized enzymes at maximum occupancy is schematically shown. The right panel illustrates 507 

the amount of oligosaccharides (XOS) released after 5 h of incubation: the closer the enzymes are to each other, the 508 

more XOS are released relative to the equivalent amount of free enzyme (in orange) (adapted from [52]). 509 


