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Reste indocile, ma p’tite guerrière 
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Car nous sommes là dans la lumière 
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Abstract 

Clostridium perfringens is an anaerobic bacterium found ubiquitously in Nature, including as a 

member of the human gut microbiome, that under normal conditions asymptomatically colonizes the 

distal gut. However, it is also an opportunistic pathogen, and is the principal cause of gas gangrene and 

necrotic enteritis, and represents a leading cause of foodborne illnesses. C. perfringens produces a battery 

of secreted carbohydrate-active enzymes called glycoside hydrolases whose activities suggest that their 

substrates are complex eukaryotic glycans, such as those found in the mucosal layer of the gut. A striking 

feature of these enzymes is their large size and extensive modularity. The additional functions conferred 

by their non-catalytic ancillary modules, which include family 32 carbohydrate binding modules 

(CBM32), are thought to increase catalytic activity and as such are proposed to play a critical role in 

glycan degradation. Two of the largest and most architecturally complex of these enzymes in C. 

perfringens are GH31 and GH84A, which contain multiple CBM32s and several other ancillary modules. 

Very little structural or functional information is know regarding these enzymes, particularly with respect 

to glycan recognition, the role of ancillary modules, and overall structural topology. We have employed a 

multi-disciplinary “dissect-and-build” approach to characterize the molecular determinants of 

carbohydrate binding by CBM32s, and global glycan recognition by full-length C. perfringens glycoside 

hydrolases.  

Various X-ray and NMR structures of CpGH31 and CpGH84A CBM32s, both in apo form and in 

complex with galactose and N-acetylgalactosamine, reveal several novel modes of recognition of 

common mucin O-glycan monosaccharides by these modules. These results highlight that the prediction 

of CBM32 binding partners based primarily on sequence is insufficient, as important residue 

conformations required for substrate specificity cannot be predicted based solely on amino acid sequence. 

The full-length solution structure of CpGH84A was determined using SAXS-based techniques. 

CpGH84A adopts an elongated conformation spanning 320 Å in length, and contains a single central 

hinge region that facilitates conformational heterogeneity of this enzyme in solution. These results 
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provide unprecedented insights into the three-dimensional arrangement of the catalytic and ancillary 

modules, the latter of which contribute several functions, including carbohydrate recognition and glycan 

degradation.   
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Chapter 1 

General Introduction 

1.1 Carbohydrates 

Carbohydrates are an abundant and diverse class of macromolecules. The generic term 

‘carbohydrate’ refers to monosaccharides, compounds containing carbon, hydrogen and oxygen atoms, 

usually in a variable ratio of Cx(H2O)y, and their polymers (1). Carbohydrates play integral roles in 

organic life, including energy supply, structural integrity, and cell-cell communication and adhesion. For 

example, the monosaccharide glucose (Glc) is the primary fuel source molecule of the cell, while the 

glucose polymers glycogen and starch serve as energy stores in human and plant cells, respectively (2). 

Carbohydrates also play a critical structural role, such as chitin in the exoskeletons of arthropods, and 

cellulose, the most abundant organic polymer on Earth, in the primary cell walls of most plants (3, 4). The 

genetic molecules of life, DNA and RNA, contain in their structures the monosaccharides deoxyribose 

and ribose, respectively, while derivatives of ribose form the basis of several critical small molecule 

cofactors in the cell, such as ATP, NADH, FAD, cAMP and cGMP (5). The carbohydrates decorating the 

cellular membrane and the carbohydrate components of the extracellular matrix coating all cells play 

diverse roles in cell protection, immunity, and adhesion, among others (6-8). The diverse functions of 

carbohydrates in the cell are a result of the great structural and biochemical diversity of monosaccharides 

and their polymers. 

The number of carbons within a given monosaccharide varies, however the most common contain 

five or six carbons and are aptly named pentoses and hexoses. Typically, most carbon atoms of a 

monosaccharide subunit contain covalently attached hydroxyl groups (-OH), with at least one additional 

carbonyl group (C=O), consistent with them also being referred to as polyhydroxy aldehydes (aldoses) or 

polyhydroxy ketones (ketoses) (Figure 1.1A) (1). While monosaccharides can exist in the open-chain 
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Figure 1.1. Monosaccharide structures and distinguishing features. 

A) Common monosaccharides found in Nature, shown in their β-anomeric forms. i) glucose, ii) N-
acetylglucosamine (GlcNAc), iii) mannose, iv) galactose, v) N-acetylgalactosamine (GalNAc), vi) fucose, 
vii) glucosamine (GlcN), and viii) N-acetylneuraminic acid (Neu5Ac, or sialic acid). Monosaccharides are 
represented by coloured symbols based on accepted nomenclature from the Consotrium for Functional 
Glycomics (9). B) Differences in the configuration at the hemiacetal group, or anomeric carbon, give rise 
to α- and β-anomers of the same monosaccharide, in this case galactose. This process is reversible, and 
typically leads to an equilibrium of both anomers in solution. C) The disaccharide N-acetyllactosamine 
(LacNAc) is a result of a β-1-4 linkage between galactose and GlcNAc. The reducing end of LacNAc is 
characterized by the presence of a reactive hemiacetal group, while the non-reducing end lacks this 
feature and cannot act as a reducing agent. Carbons are numbered in each monosacchraride starting at the 
anomeric carbon.  

A) 
i) ii) iii) 

iv) v) vi) 

vii) viii) 

B) 

α-anomer β-anomer 

C) 
β-1,4 glycosidic bond 

non-reducing end 

reducing end 

1 2 
3 

4 

5 

6 

1 2 
3 

4 

5 

6 



 

 

 

3 

form, in Nature most are found in the cyclic form, which is formed by a condensation reaction involving 

the carbonyl group carbon and a hydroxyl group (10). The resulting heterocyclic ring contains a 

hemiacetal or hemiketal group and a C-O-C bridge. Following cyclization, the hydroxyl group on the 

anomeric carbon will either be on the opposite (α) or same (β) side relative to the endocyclic oxygen, 

resulting in α- and β-anomers of the same monosaccharide (Figure 1.1B) (1). This basic monosaccharide 

structure can subsequently be modified, including with the addition of amino or carboxyl groups, removal 

of one or more hydroxyl groups, or extension of the structure with additional polyhydroxyl chains (11). 

Together, the chemical modifications to monosaccharides result in a large pool of carbohydrate subunits 

with unique chemical properties from which diverse polymers can be built.  

Monosaccharides are linked to one another via a dehydration reaction involving the hemiacetal or 

hemiketal hydroxyl group of one sugar and a hydroxyl group of a second sugar, resulting in a covalent 

linkage called the glycosidic bond (12). The stereochemistry of the glycosidic bond depends largely on 

the anomeric state of the starting monosaccharide subunits, leading to α- and β-configured glycosidic 

bonds (Figure 1.1C) (1). Monosaccharide polymers involving a small number (typically 3-9) of 

monosaccharides are referred to as oligosaccharides, while those chains containing greater than ten 

monosaccharide subunits are called polysaccharides, or glycans (13). The term ‘sugar’ is often used 

interchangeably with ‘carbohydrate,’ although it formally refers to monosaccharides and oligosaccharides 

only (13). The polarity of saccharide polymers is based on the presence of reactive groups at its end-

points. Terminal monosaccharide subunits containing reactive aldehyde or ketone groups are called 

reducing sugars, while those that do not are called non-reducing sugars (14). Homo- or 

heteropolysaccharides are built using the combinatorial diversity generated from chemically unique 

monosaccharide building blocks and glycosidic bond stereochemistry. Polysaccharides may be linear or 

branched, and are often appended to non-carbohydrate macromolecules such as proteins and lipids (13). 

Simple polysaccharides include cellulose, which is comprised of homogeneous linear chains of β-1-4-

linked glucose (15). In contrast, eukaryotic polysaccharides are heterogeneous and often branched, and 
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are built using structurally diverse monosaccharides linked using stereochemically varied glycosidic 

bonds (16). 

1.1.1 Complex Eukaryotic Glycans 

Complex carbohydrate structures display tremendous structural and functional diversity as a 

result of the unique chemical properties of the resident monosaccharide subunits and their arrangement 

into a variety of linear or branched polysaccharides. The most striking differences are observed between 

plant and animal polysaccharides. The basic structure of plant polysaccharides is relatively simple. In 

their most basic form, these carbohydrates are homo-polymers, consisting of repeating units of a simple 

monosaccharide, such as glucose or N-acetylglucosamine (GlcNAc), linked by the same common 

glycosidic bond (17). Notable examples of these include the storage polysaccharide starch and the 

structural polysaccharides cellulose, chitin, pectin and arabinoxylan (3, 18-22).  

In complex multi-cellular animal organisms the diversity of polysaccharides increases 

dramatically compared to those found in plants. Animal polysaccharides are hetero-polymers of simple or 

modified monosaccharide subunits participating in various glycosidic linkages, giving rise to highly 

branched polysaccharides of varying lengths and shapes (23, 24). Eukaryotic polysaccharide profiles are 

difficult to predict and study due to the inherent heterogeneity of the saccharide chains (25-27). For this 

reason, the monosaccharide composition and structural assembly of mammalian polysaccharides vary 

from one organism to another, as well as within a single organism (28-30). Mammalian polysaccharides 

serve a variety of functions, including mediating protein folding, cell adhesion and cell communication 

(31-34). In these roles, complex polysaccharides are usually found appended to non-carbohydrate 

molecules, and are called glycocongugates. Glycocongugates may be minimally or heavily glycosylated, 

potentially adding tremendous bulk to the overall size of the molecule (35, 36). The position, degree and 

composition of the polysaccharide components of glycocongugates are critical to the structure and 

function of the parent molecule (37-39).   
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An important group of glycocongugates in mammals is the glycoproteins, which consist of a core 

protein molecule with covalently attached carbohydrate chains that are often branched and highly 

heterogeneous in composition. Due to this complexity, glycoproteins are classified based on the method 

of attachment of the saccharide chain to the protein, and are thus commonly referred to as N- or O-linked 

glycans (Figure 1.2) (16). The linkage and subsequent carbohydrate composition contribute to the overall 

structure and function of the parent glycoprotein.  

 N-linked glycans are covalently attached to the amide nitrogen of an asparagine residue through 

the consensus sequence Asn-X-Ser/Thr within the parent protein, where X is any amino acid except 

proline (40). All N-linked glycans share a common pentasaccharide core comprising two GlcNAc 

moieties and three mannose (Man) units (Man3GlcNAc2-Asn) (41). This five-membered core serves as 

the basis to which additional sugars are added to form high-mannose, complex or hybrid polysaccharide 

chains, often terminating with a negatively charged sialic acid moiety (Figure 1.2A) (42).  

 In contrast, O-linked glycans are covalently attached to the side chain hydroxyl oxygen atom of a 

serine or threonine residue in the protein component of the glycoprotein (43). Generally, attachment sites 

of O-linked glycans are more difficult to identify compared to the N-linked glycans, as there is no 

identifiable amino acid consensus sequence for their attachment (44-46). Due to the apparent lack of 

stringent protein sequence requirements, any serine or threonine residue within a polypeptide represents a 

potential O-glycosylation site, so O-linked glycoproteins are usually heavily glycosylated (47). The 

carbohydrate composition of O-glycans displays a high degree of heterogeneity, but unlike the N-linked 

polysaccharides, there is no universal core saccharide motif upon which all O-glycans are based. Rather, 

the monosaccharide attaching the glycan chain to the protein varies from one type of glycoprotein to 

another (48-50). The most common starting monosaccharide is α-N-acetylgalactosamine (α-GalNAc), a 

linkage found in many mucin-type O-glycans (Figure 1.2B) (51). 
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Figure 1.2. Representative schematics of the N- and O-glycan structures. 

A) In N-glycans, the common pentasaccharide core (Man3GlcNAc2; boxed) forms the basis for the 
attachment of additional mannose subunits, heteroglycan chains or both to form high-mannose, complex 
and hybrid N-glycans, respectively. B) The structures of the mucin O-glycan core types 1, 2, 3 and 4, 
including the common starting α-GalNAc moiety, are shown in boxes. The stereochemistry of each 
glycosidic linkage is denoted by a symbol (α or β), and a number represents the carbon to which each 
subsequent monosaccharide is attached. Monosaccharides are represented by coloured symbols based on 
accepted nomenclature from the Consortium for Functional Glycomics (9).  
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Figure 1-4. Extended structures of the four most common glycan core structures of 
mucin O-glycans. 
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starting α-GalNAc moiety, are shown in boxes. The stereochemistry of each glycosidic 
linkage is denoted by a symbol (α or β), and a number represents the carbon to which 
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coloured symbols based on accepted nomenclature from the Consortium for Functional 
Glycomics.(ref) 
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1.1.2 Mucins and the Mucosal Layer 

The mucosal lining of the human gastrointestinal (GI) tract is a dynamic and complex fluid rich in 

large extracellular glycoproteins called mucins, which can be membrane-bound or secreted (52). In order 

to protect the gut epithelial cells from the large number of bacteria found in the colon, mucins form a 

thick barrier in this portion of the GI tract (53). Here, the mucosal lining is divided into two distinct 

layers. The thin inner epithelial mucous layer, which measures ~100 µm in thickness, contains primarily 

membrane-bound mucins, while the thicker outer luminal layer measures ~700 µm and comprises gel-

forming mucins that are secreted by goblet cells into the extracellular milieu (Figure 1.3A) (52). There 

are over 20 different types of human mucins ranging in size and in domain composition (54). The major 

gel-forming mucin that forms the thick outer mucosal layer of the colon is MUC2, which is almost 

exclusively O-glycosylated and can polymerize via disulfide bridges between cysteine residues located in 

the N- and C-terminal regions of the protein chains (55). Hydration of the polysaccharide chains of 

MUC2 results in massive mucin complexes that give the outer luminal mucus layer its characteristic 

viscous consistency (56). 

Many species of commensal bacteria present in the colon occupy the outer luminal layer of the 

mucosa, where loosely packed soluble MUC2 provides a considerable nutrient source for these microbes 

(56). However, the migration of commensal microbes towards the inner mucosal layer is prevented by the 

release of new MUC2 from the epithelial cell layer. Flat sheet-like arrangements of cross-linked mucins 

found in the inner mucosal layer become highly hydrated and therefore expand dramatically as they 

migrate into the outer mucosal layer (57). This expansion is regulated in part by endogenous host 

proteases that act to solubilize the densely packed mucin networks emerging from the inner mucosal layer 

(57). In this way, the thick network of continually secreted gel-forming mucins is thought to impede the 

penetration of the commensal bacteria into the sterile inner epithelial mucus layer (56, 57). Indeed, 

bacteria have been found both at the epithelial cell layer and in the deep crypts of the intestinal villi of 

MUC2-/- mice, suggesting that the lack of the dense polymeric MUC2-based outer mucosal layer also 

results in the absence of the protective inner mucosal barrier (56, 58). Therefore, the presence and 
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Figure 1.3. The gastrointestinal mucosal barrier of the human large intestine. 

A) The normal colonic mucosa consists of a single layer of epithelial cells covered by a layer of secreted 
mucous, which is produced by specialized epithelial goblet cells. The mucous consists of a thin inner 
epithelial layer and a thicker outer luminal layer. Large numbers of commensal bacteria (1010-1012 per 
gram) living in the colonic lumen often migrate into the looser outer mucosal layer. However, the inner 
mucosal layer remains sterile, likely due to the presence of densely packed cell-surface and secreted 
mucins, and the directional movement of newly produced mucins toward the surface of the mucosal layer. 
B) Pathogenic bacteria (red) produce mucous-degrading enzymes that serve to deplete the outer and inner 
mucosal layers, granting the pathogen access to the epithelial cell layer.   

Gut Lumen 
Gut Lumen Gut Lumen 

Outer mucosal layer 

Inner mucosal layer 

Epithelial cell layer 

Lamina propria 

Gut Lumen A) B) 



 

 

 

9 

organization of the mucosal barrier critical for protection against gut bacteria is dependent on the mucin 

MUC2. 

Mucins are very large glycoproteins, with protein components ranging in length from a few 

hundred to several thousand amino acids that are heavily glycosylated. Indeed, the carbohydrate 

components account for roughly 90% of the total mass of the mucin (59). Eight mucin-type core O-glycan 

structures are found covalently attached to these proteins, each beginning with the typical α-GalNAc, and 

with cores 1-4 being the most common (Figure 1.2B). From here, the polysaccharide chain is extended 

with the addition of GalNAc, GlcNAc, galactose (Gal), fucose (Fuc) or sialic acid; glucose and mannose 

are not found in mucin O-glycans (60). The resulting polysaccharides vary tremendously from one 

another, as well as between tissues and cell types.   

 

1.2 Commensal Bacteria and Carbohydrate Utilization 

1.2.1 The Gut Microbiome 

The bacterial ecosystem existing in the human GI tract is one of the most densely populated 

microbial communities on Earth, containing approximately 1013-14 bacteria representing many hundreds of 

different species and subspecies (61). The enormous collective bacterial genome represented by these 

species is thought to contain approximately 100 times as many genes as the human genome (62). The 

diverse metabolic activities of the gut microbiome are so influential for the regular functioning of the host 

that they are often collectively referred to as “the forgotten organ” (63). The bacterial populations in the 

human gut vary widely along the length of the GI tract, as well as among individuals. Because of this 

heterogeneity, the identification and characterization of the gut microbiome is a mammoth task, with 

many species yet to be characterized. However, two phyla represent the majority of species catalogued to 

date: the Gram-positive Firmicutes and the Gram-negative Bacteroides (64, 65). Among these are 

members of the Lactobacillus, Eubacterium, Bifidobacterium, Enterobacteriaceae, Peptostreptococcus 

and Clostridium genera (66, 67).  
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One of the most important host-commensal relationships involves the targeting of host mucins by 

resident bacteria. The degradation of mucins by these bacteria is mutually beneficial: mucins are a rich 

source of energy for the bacteria, and in turn the degradation of these glycoproteins plays a major role in 

the turnover of mucins and host epithelial cells (68-70). As commensals continually graze on the loose 

outer layer of mucous, new goblet cells originating in the crypts begin producing mucins. As the cells 

migrate to the surface of the crypts, the mucin is released into the inner mucosal layer and then expands 

dramatically to form a fresh layer of mucin. In this way, commensal bacteria are involved in the regular 

turnover of goblet epithelial cells and replenishing of the MUC2 barrier (57, 71).  

The commensal gut bacteria of the lower GI tract are also intricately involved in the maintenance 

of human health, many aspects of which are still poorly understood. Conserved microbial molecules such 

as flagellin, lipopolysaccharides, and peptidoglycans are recognized by the immune system components 

present in the gut, such as Toll-like receptors, epithelial antibacterial proteins, and immunoglobulin A and 

other antibodies (72, 73). These complex interactions trigger signal cascades in the host cells that 

stimulate cytokine production, the subsequent activation and maturation of T-cells, and the development 

of normal immune functions (74-76). By sampling the extracellular environment for these bacterial 

markers, the host immune system is also able to distinguish between commensal and pathogenic bacteria.  

1.2.2 Carbohydrate Utilization by Commensal Bacteria 

Members of the gut microbiome play a major role in harvesting energy by degrading indigestible 

dietary polysaccharides (77). While the bacteria utilize a portion of the released monosaccharides as an 

energy source, a considerable amount of carbon is converted into short chain fatty acids and other 

byproducts, which are reabsorbed by the colon epithelial cells and used in a variety of host metabolic 

processes (78). The incredible diversity and volume of polysaccharides entering the gut compels its 

microbial inhabitants to develop efficient strategies for their degradation and reabsorption, especially 

given that many microbes are in competition for the same nutrient sources. The synthesis, modification, 
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and degradation of polysaccharides are carefully orchestrated by a large class of enzymes collectively 

called carbohydrate-active enzymes (CAZymes).  

CAZymes are found extensively in bacteria, eukaryotes, archaea and even viruses, accounting for 

1-3% of the proteins encoded by the genomes of most living organisms (79, 80). Not surprisingly, 

members of the human gut microbiome devote a remarkably high percentage of their genomes to 

CAZymes, including Bacteroides thetaiotaomicron (6.6%) and Bacteroides fragilis NCTC 9343 (4.8%), 

in an effort to utilize the large array and volume of dietary polysaccharides present in this environment 

(80). Commensals targeting dietary plant cell wall polysaccharides have evolved a number of methods of 

recognizing and degrading the components of insoluble plant fibers arriving in the hindgut, most of which 

are mediated by CAZymes such as cellulases, hemicellulases, and xylanases. Some bacteria secrete 

individual hydrolytic enzymes freely into the extracellular environment, where they are responsible for 

releasing solubilized products from the insoluble substrate that can then be used by the bacterium itself or 

by other members of the microbial community (81, 82). However, the genomes of many Bacteroides 

subspecies in the gut contain clusters of genes called polysaccharide utilization loci (PUL) that encode 

complex multi-protein systems that are expressed in the outer membrane and work to sequentially bind 

and degrade sugars and transport the released products into the cell. One such example is the starch-

utilization system (Sus) of B. thetaiotaomicron, which comprises eight proteins, including catabolic 

enzymes, porins, lipoproteins, transporters, and carriers (83, 84). The synergistic and deliberate 

sequestration, degradation, and intake of important polysaccharide substrates of PUL-encoding bacteria 

provide them with an important advantage in the competitive gut microbiome. 

In contrast to the complex multi-component systems of the Bacteroides, the smaller genomes of 

many Firmucutes species have been found to contain fewer CAZymes, and more carbohydrate-

transporting machinery (85). In response to the release of soluble monosaccharides by the sugar-

degrading machinery of Bacteroides, Firmicutes species have been shown to decrease production of their 

own CAZymes and instead up-regulate the production of carbohydrate transporters called ATP-binding 
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cassette transporters (85). In this way, species not encoding specialized sugar-degrading machinery are 

able to harvest the products of the efficient degradation of important nutrients by other species.  

CAZymes are divided into four categories: glycoside hydrolases (GH), glycosyltransferases, 

polysaccharide lyases, and carbohydrate esterases. Each class of enzyme is subdivided into families that 

are defined based on amino acid similarities (86). Generally speaking, catalytic mechanisms and 

sometimes substrate preferences are shared among members of the same family, although this is not 

always the case. This unpredictability requires that each new enzyme be characterized separately, as 

assumptions regarding function based simply on sequence similarities are not always accurate. Together, 

the genomic, structural, and functional information of all CAZymes is maintained in the online CAZy 

database, which is closely monitored and regularly updated as new members and families are discovered 

and characterized (79).   

1.2.3 Glycoside Hydrolases 

Glycoside hydrolases (GHs) are the largest group of CAZymes and constitute the major catalytic 

machinery involved in the hydrolysis of glycosidic bonds linking monosaccharide subunits, or a 

monosaccharide and a non-sugar moiety. This hydrolysis reaction typically occurs via an acid-base 

catalysis mechanism, with one residue acting as the base and the other as the acid (87). This group of 

enzymes is widespread in Nature, serving a number of functions including the regular maintenance of 

cellular sugars, plant biomass and mammalian polysaccharide degradation by commensals and pathogens 

of the human gut, and anti-bacterial defense (79, 88-92). Currently, the CAZy database recognizes 133 

GH families and over 186,000 sequences of putative GHs across all domains of life (79).  

The CAZy-based sequence classification of GHs is a tool used to predict an enzyme’s catalytic 

mechanism, substrate preference and protein fold, as members of the same family often share these 

features. In addition to family classification, GHs are further characterized based on their functional 

characteristics. GHs that cleave terminal sugars from polysaccharide chains, usually at the non-reducing 

end, are termed exo-type GHs, whereas those acting within these chains are referred to as endo-type GHs 
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(87). Independently of substrate preference, the two main methods of stereospecific glycosidic bond 

hydrolysis can also be used to further classify GHs. In inverting mechanisms the anomeric conformation 

of the product is reversed with respect to that of the starting substrate. In contrast, retaining mechanisms 

result in the conservation of the anomeric state of the sugar following hydrolysis (93). GH families are 

also divided into 14 clans based on structural fold similarities. The most common of these is the (β /α)8-

barrel fold (86).   

1.2.4 Carbohydrate-Binding Modules 

Carbohydrate-binding modules (CBMs) are a diverse class of small non-catalytic protein modules 

commonly associated with CAZymes that function to bind a variety of carbohydrate ligands (94-96). 

They are found in an array of microorganisms, including archaea, eubacteria, and fungi. Upon their 

discovery as discrete modules linked to microbial cellulases, they were called cellulose-binding domains 

and were found to retain their ability to bind cellulose following proteolytic cleavage from the catalytic 

module (97, 98). Upon further probing of bacterial genomes, similar modules were found in enzymes 

targeting a variety of polysaccharide substrates, prompting them to be renamed as the more general CBMs 

(95). More recently, with the advent of rapid genome sequencing, CBMs have been identified in multi-

modular enzymes with more exotic sugar substrates, such as those targeted in animal pathogenesis (96). 

The discrete fold, sugar-binding properties, and their location in large enzymes distinguish CBMs from 

other non-catalytic carbohydrate binding proteins such as lectins, antibodies, and sugar transporters.  

The presence of CBMs directly contributes to the efficiency of the catalytic properties of the 

parent enzyme in a number of ways. The binding of CBMs to sugar moieties within a polysaccharide 

allows for the proximity effect, whereby the associated catalytic module is brought in close proximity to 

its substrate through the presence of CBMs. For example, this effect is observed in cellulases and 

xylanases targeting crystalline insoluble substrates (99). CBMs also mediate a similar phenomenon 

termed the targeting effect. In this case, the enzyme is guided towards a particular ligand based on the 

specificity of the associated CBM for that ligand. Targeting allows enzymes to fine-tune substrate 
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hydrolysis, which is especially helpful in environments containing diverse polysaccharide structures such 

as the plant cell wall and gut mucosa (95). The binding of some CBMs to fibrous polysaccharides has 

been shown to cause the release of non-covalently bonded sugar chains, thereby loosening the tightly 

packed substrate assembly and granting access to the catalytic module for more efficient degradation, a 

disruptive effect that has been documented in members of CBM families with specificities for cellulose 

and glycogen (100-102). Lastly, CBMs can be found in multiple copies, often in tandem, within parent 

CAZymes. Generally, tandem CBMs tend to have higher collective affinity compared to individual CBMs 

as a result of an avidity effect (103, 104). Individually, CBMs have been shown to exhibit a wide range of 

affinities for their polysaccharide binding partners, from the very tight binding of some CBMs to 

cellulose, to very weak binding of others to mammalian mono- and disaccharides (Kd = 10-2-10-7 M) (96, 

105, 106). The presence of tandem CBMs has, in some cases, increased the binding affinity by 10-100 

fold (107-109). 

Similar to the GHs, CBMs have been classified based on sequence similarity into 69 current 

families within the CAZy database (79, 110). Additionally, CBMs have been grouped into three types that 

serve to describe their function. Type A CBMs recognize the surfaces of crystalline polysaccharides, 

Type B CBMs bind carbohydrate moieties within polysaccharide chains (endo), and Type C CBMs bind 

to the termini of polysaccharides (exo) (Figure 1.4) (111). Structural and functional studies on a variety 

of individual CBMs have revealed that a hydrophobic interface mediates binding of the target 

carbohydrate; the removal of these aromatic residues renders the CBM unable to bind to its ligand (106, 

112). The recognition of mammalian polysaccharides is, thus far, restricted to CBM families 32, 40, 41, 

47, and 51 (110). These families share a conserved β-sandwich protein fold, with the carbohydrate-

binding site located in the loops joining the β-sheets at the apex of the protein. This common binding site, 

as well as similarities in the amino acid composition of these sites, indicates that these CBMs likely 

evolved from the same ancestral protein. 
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Figure 1.4. Characteristic ligand binding by Type A, B and C CBMs. 

Aromatic residues (shown in red) mediate the binding of sugars (shown in green) to each type of CBM 
structure. A) Type A CBMs (shown: CBM1 from cellulase 7A from Trichoderma reesei) non-specifically 
bind the planar surface of crystalline cellulose using a series of conserved hydrophobic residues along one 
face of the protein (113). B) In order to accommodate binding to the middle of longer glycan chains, Type 
B CBMs (shown: CBM15 from xylanase 10C from Cellvibrio japonicus in complex with xylopentose) 
contain an aromatic-lined groove allowing for variability in substrate recognition (114). C) Type C CBMs 
(shown: CBM32 from sialidase 33A from Micromonospora viridifaciens in complex with galactose) bind 
to mono-, di-, and trisaccharides by means of a single aromatic residue presented at the surface of the 
protein, as well as through the aid of hydrogen bonding networks between the protein and the sugar (94).  

A) B) C) 
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1.2.5 Bacterial Pathogens of the Human Gut 

In contrast to commensal members of the human gut microbiome, bacterial pathogens of the 

human GI tract pose a threat both to the host and to the balanced commensal microbe population. The 

healthy gut microbiome provides a critical line of defense against pathogens. Host epithelial cells 

regularly sample the mucosa for bacterial antigens, allowing for rapid identification of pathogens and 

subsequent release of anti-microbial peptides (115, 116). In addition, commensal bacteria occupy specific 

niches in which they compete for resources. The consumption of available carbon sources by commensals 

helps to prevent a surplus of nutrients that could be an easily available resource for invading microbes 

(117). 

However, disturbances in the composition and population of the gut microbiome can provide 

ideal conditions for infection by opportunistic pathogens. The use of antibiotics weakens the commensal 

population, allowing pathogens to exploit this disruption through the uptake of unused resources (118). In 

fact, many pathogens are unable to colonize and infect the host GI tract without pre-treatment with 

antibiotics (119, 120). Decreases in commensal diversity and subsequently in metabolic robustness may 

also allow pathogens entry into important nutritional niches (121). Once the pathogens have overcome 

this initial phase of infiltrating the mucosa and establishing strategies for resource consumption and 

growth, an inflammatory phase follows wherein the pathogen must achieve sufficient density in order to 

induce the inflammatory response required to infect its host (122). The recognition of pathogenic markers 

by host cells triggers the release of reactive oxygen and nitrogen species that react with luminal 

metabolites. However, the resulting compounds are employed by certain pathogens as electron acceptors 

in anaerobic respiration (123, 124). Some of the most prolific bacterial pathogens of the human gut 

include Escherichia coli, Clostridium difficile, Shigella dysenteriae, Vibrio cholera, Staphylococcus 

aureus, and Clostridium perfringens.  
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1.2.6 Clostridium perfringens 

C. perfringens is a Gram-positive, spore-forming anaerobe that is ubiquitously found throughout 

the environment, such as in soil and sewage, as well as in the GI tracts of humans and animals (125-127). 

A member of the Firmicutes phylum, C. perfringens is a commensal member of the human gut 

microbiome, but is perhaps better known as an opportunistic pathogen. Virulent strains of this bacterium 

are major causative agents of clostridial myonecrosis (gas gangrene), as well as a range of gastrointestinal 

diseases including food poisoning, gastroenteritis, and necrotic enteritis (128, 129). Notably, C. 

perfringens is the second most common cause of bacterial foodborne illness in humans and imparts a 

major economic cost to health care systems (130-132). This bacterium is also the causative agent of 

several animal diseases, particularly in livestock and poultry. For example, C. perfringens is responsible 

for enterotoxemia in lambs and calves, and necrotic enteritis in poultry (133, 134).  

C. perfringens contains a thick extracellular layer of peptidoglycan responsible for the retention 

of the Gram stain, and also serves as an attachment site for a number of extracellular proteins (135, 136). 

While the genomes of pathogenic C. perfringens strains (strains 13, ATCC 13124 and SM101) have been 

sequenced and reveal a lack of flagella-associated proteins and chemotaxis-associated gene products, the 

bacterium produces type IV pili, and is capable of pili-assisted gliding motility at a rate of 85 µm/hr (137-

139). In addition to serving as the attachment site for pili, the peptidoglycan layer of C. perfringens is also 

thought to mediate the secretion and cell surface attachment of several extracellular virulence factors 

(137, 138). 

 C. perfringens secretes at least 16 potential virulence factors, including 13 toxins, eight of which 

are lethal in humans (128). This bacterium is classified into five biotypes (A-E) based on the differential 

expression of the four major lethal toxins, α, β, ε, and ι (126). Types A-C are the most relevant to human 

disease, particularly the type A strains that include strains 13, ATCC 13124 and SM101. These strains are 

associated with gas gangrene and produce the α-toxin, a multifunctional metalloenzyme with 

phospholipase C activity (140). In addition, the type A food poisoning-causing strain SM101 produces 
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and secretes the enterotoxin CPE, which targets the disintegration of the tight junctions between epithelial 

cells of the host gut lining, causing diarrhea in the host (89, 141, 142).  

C. perfringens grows rapidly on mucin-based substrates, suggesting that the recognition of, 

adhesion to, and degradation of mucin is important in the pathogenesis of this microbe (143, 144). In fact, 

several additional virulence factors are secreted by C. perfringens, including collagenases, proteases, 

adhesins, hemolysins, and not surprisingly, CAZymes such as GHs. These virulence factors are thought to 

potentiate the activity of the major disease-causing toxins by targeting mucins and other mucous 

components (138).  

 

1.3 Multi-Modular Glycoside Hydrolases in C. perfringens 

The ability of C. perfringens to degrade mucin, as well as other mammalian polysaccharides, is 

revealed in its genome, which contains greater than fifty open reading frames encoding putative GHs. 

These enzymes predict catalytic activities that are consistent with the carbohydrate composition of 

mammalian polysaccharides but not of dietary polysaccharides. Of these putative GHs, 13 are predicted to 

be secreted into the extracellular environment, and 6 contain the LPXTG motif responsible for tethering 

associated proteins to the cell surface peptidoglycans through a sortase-mediated process (Figure 1.5) 

(145). The location of these GHs on the cell surface or in the extracellular milieu, as well as their 

predicted activities towards mammalian substrates suggests an important role of these enzymes in 

bacterium-host interactions. In fact, several of these enzymes are identified virulence factors thought to 

potentiate the effects of the α-toxin by targeting and destroying the complex barrier of mucosal 

polysaccharides protecting the epithelial cells (Figure 1.3B) (138, 146). Notable examples of these 

include the large sialidases NanI and NanJ, and CpGH84A (NagH or µ-toxin) (126, 147).  

A distinguishing feature of the secreted C. perfringens CAZymes is their extensive modularity, 

which includes a catalytic module, at least one carbohydrate-binding module (CBM), and additional 

ancillary modules, some of which remain functionally uncharacterized (Figure 1.5). Together, these 
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Figure 1.5. Modular architecture of the large extracellular C. perfringens glycoside hydrolases. 

Protein names and gene symbols are shown on the left. Catalytic modules (grey) are numbered based on 
their CAZy classification. CBMs from families 32 (CBM32, red), 40 (CBM40, green), 41 (CBM41, 
purple) and 50 (CBM50, blue) are also designated based on CAZy classification. Additional ancillary 
modules are denoted as follows: FIVAR modules (F, beige), cohesins (COH, black), dockerins (DOC, 
black), and fibronectin type-III (FN3, black). Protein sequence analysis has identified several modules of 
unknown function (white), including the bacterial immunoglobulin-like type 2 domains (BIG_2), 
polycystic kidney disease domains (PKD), concanavalin A-like lectin domains (ConA-like), calcium-
binding cadherin-like domains (CalXβ), and those currently not characterized (UNK). The presence of an 
LPXTG motif is indicated. The total number of amino acids is shown at the C-terminus of each protein.  

GH2 
CpGH2A 

(CPF_1474) DOC 1355 

GH2 CpGH2B 
(CPF_1221) 

CBM50 LPXTG  1455 

GH3 
CpGH3 

(CPF_0259) LPXTG  845 

CpGH13 
(CPF_1087) GH13 GH13 CBM41 CBM41 LPXTG  2129 

CpGH20 
(CPF_1614) GH20 CBM32 CBM32 UNK1 CBM32 ConA-like 1471 COH FN3 

CpGH29 
(CPF_2130) GH29 CalXβ 932 

CpGH31 
(CPF_1301) GH31 BIG_2 FN3 CBM32 COH CBM32 CBM32 UNK 1965 FN3 

NanJ (CpGH33) 
(CPF_0532) GH33 COH CBM32 CBM40 UNK2 FN3 1173 

NanI (CpGH33) 
(CPF_0721) GH33 CBM40 694 

CpGH36 
(CPF_1472) GH36 CBM32 CBM32 F FN3 1588 

 CpGH84A (NagH) 
(µ-toxin) (CPF_0184) GH84 DOC CBM32 CBM32 CBM32 CBM32 UNK3 F F F 1627 

CpGH84B (NagI) 
(CPF_0875) GH84 CBM32 CBM32 UNK3 F LPXTG  1296 

CpGH84C (NagJ) 
(CPF_1442) GH84 CBM32 COH FN3 1001 

CpGH84D (NagK) 
(CPF_1487) GH84 CBM32 CBM32 F UNK3 LPXTG  1172 

CpGH85A  
(CPF_0285) GH85 CBM32 UNK4 PKD FN3 LPXTG  1135 

CpGH85B  
(CPF_0815) 

GH85 CBM32 UNK4 FN3 1127 

CpGH89  
(CPF_0859) GH89 CBM32 CBM32 CBM32 CBM32 CBM32 CBM32 F F F F FN3 2095 

CpGH95  
(CPF_0859) GH95 DOC ConA-like CBM50 1479 

CpGH101  
(CPF_0685) GH101 ConA-like FN3 1686 
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modules confer a number of different functionalities to the full-length enzyme with the common goal of 

maximizing catalytic efficiency.   

The majority of CBMs in the large, secreted C. perfringens GHs are members of CBM family 32 

(CBM32), suggesting a critical role of this diverse CBM family in the function of these enzymes. For 

example, removal of five tandem CBM32 modules from C. perfringens GH89 significantly reduced the 

ability of this enzyme to bind to and degrade porcine gastric mucins (PGM) (103). The CBM32 family is 

one of the most diverse CBM families, with members recognizing carbohydrates from plant cell wall 

polysaccharides and mammalian polysaccharides (94). Sequence variability in the loop regions results in 

a range of mono-, di- and tri-saccharide binding partners, including galactose, GalNAc, GlcNAc, N-

acetyllactosamine (LacNAc), polygalacturonic acid, type-II blood group antigen H-trisaccharide, and N-

acetyl-β-D-glucosamine-α-1,4-D-galactose (GlcNAc-α-1,4-galactose) (148-150) (Figure 1.6). The 

recognition of each sugar is mediated by a unique set of conserved hydrophobic and polar residues. These 

modules are of particular interest in the study of mammalian polysaccharide degradation in the gut, are 

they are highly represented in the genomes of many gut microbes, such as Bifidobacterium bifidum, 

Lactobacillus spp., Clostridium spiroforme, and C. perfringens (110). 

 

1.3.1 Additional Ancillary Modules 

In addition to CBMs, the large multi-modular extracellular C. perfringens GHs contain several 

additional ancillary modules, including fibronectin type-III (FN3) modules, cohesin (COH) and dockerin 

(DOC) modules, FIVAR  (Found In Various Architectural Regions) modules, CBMs from families 40, 41 

and 50, and modules of unknown structure or function. 

FN3 modules are found in many bacterial CAZymes although their exact function in this capacity 

is unclear. Structural determination of the FN3 module from the CpGH84C revealed a cluster of 

conserved positively charged residues at the apex of the β-sandwich fold, suggesting that these modules 

may play a role in tethering the enzyme to the negatively charged cell wall of the bacterium  
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Figure 1.6. Representative structures of CBM32 proteins from C. perfringens. 

A) CpGH89 CBM32-4 in complex with GlcNAc-a-1,4-galactose (150), B) CpGH89 CBM32-5 in 
complex with Tn antigen (150), C) CpGH84A CBM32-2 in complex with GlcNAc (149), D) CpGH84C 
CBM32 in complex with galactose (151), and E) CpNanJ CBM32 in complex with galactose (148). 
Protein structures are depicted in light orange, stacking aromatic residues with red sticks, carbohydrate 
ligands with green sticks, and Ca2+ with blue spheres.   

D) 

A) C) 

E) 

B) 
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(Figure 1.7A-C) (152). In mammals, FN3 modules are found as part of the modular structure of many 

intra- and extracellular proteins (153, 154). These modules mediate a vast number of important molecular 

interactions, and have been shown to mediate contacts with cell-surface integrin receptors, heparin, 

myosin, and fibroblast growth factor receptor, to name only a few (155-158).  

Cohesin and dockerin modules have been extensively characterized due to their key role in the 

assembly of the cellulosome, a bacterial multi-modular cellulose-degrading complex (159-162). Cohesin-

and dockerin-like modules have been identified in several of the secreted C. perfringens GHs, including 

GH2, GH20, GH31, GH33 (NanJ), GH84A, GH84C and GH95 (Figure 1.5) and much like their 

cellulosomal counterparts they are involved in ultra-high affinity interactions with one another (Kd ~ 10-11 

M) (Figure 1.7D,E) (163). The presence of either a cohesin or dockerin module in the C. perfringens 

enzymes suggests that higher order enzyme complexes may form on the surface of C. perfringens or in 

the extracellular milieu, which would serve to increase the efficiency of mucin degradation by this 

bacterium. 

FIVAR modules have been identified as tandem repeating units in large secreted putative 

adhesion proteins of several streptococcal bacteria (164, 165). Multiple copies of FIVAR modules have 

also been found in tandem as part of the modular architecture of a large intercellular adhesion protein 

from Staphylococcus epidermis with a proposed role in binding fibronectin as a means of biofilm 

formation (166). Structural analyses of individual FIVAR modules have shown that this module adopts a 

three-helix bundle topology, including the recent structural elucidation of a FIVAR module from 

CpGH84A (163, 167, 168). A series of lysine residues was identified along a contiguous surface of this 

FIVAR module (Figure 1.7F), which is proposed to mediate mucin binding, as exhibited by the tandem 

FIVAR modules of CpGH89 (103, 168). 

The CBM40 module from CpGH33 (NanJ) has been structurally and functionally characterized, 

and demonstrates a ligand binding preference for sialic acid (148). CBM41 modules are found in bacterial 

pathogens such as Streptococcus pneumoniae and Streptococcus pyogenes, and have been shown to 
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Figure 1.7. Representative structures of common ancillary domains in the secreted glycoside 
hydrolases from C. perfringens. 

A) Modular architecture of CpGH84C with the FN3 module indicated. B) Crystal structure of the FN3 
domain from CpGH84C (152). C) Surface representation of CpGH84C FN3 colored according to 
electrostatic potential (basic residues = blue, acidic residues = red). A patch of basic residues at the apex 
of the protein (circled) is proposed to mediate interactions with the negatively charged peptidoglycan 
component of the bacterial cell wall. D) Modular architecture of CpGH84A with the FivDOC modular 
pair indicated. E) Crystal structure of the FivDOC modular pair from CpGH84A in complex with the 
cohesin module from CpGH84C (152). Ca2+ ions are shown as blue spheres. F) Surface representation of 
the FIVAR module from this complex (grey) with surface-exposed lysine residues shown in blue. The 
presence of multiple positively-charged residues on the surface of the FIVARs is thought to confer 
mucin-binding abilities to these modules.  
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tightly bind α-glucans such as amylopectin, pullulan and pectic galactan (169). CBM50s have been found 

appended to GHs with catalytic specificities for chitin or peptidoglycan (79). The roles of CBM41 and 

CBM50 modules in the secreted C. perfringens GHs are currently unknown. 

1.3.2 Coordinated Polysaccharide Degradation in C. perfringens 

Although some studies have characterized the structure and function of ancillary modules from C. 

perfringens GHs, they have mostly involved the isolated modules outside of the context of the full-length 

enzyme. Relatively little is known about the full-length enzymes, including coordination of ancillary and 

catalytic modules with regard to their assumed cooperative roles in catalysis, adherence of the enzyme to 

host polysaccharides and to the exterior of the bacterium, and the association of multiple enzymes. This 

gap in our understanding is coupled with a general lack of the three-dimensional structures of multi-

modular CAZymes. The recalcitrance of these enzymes to recombinant full-length expression in and 

purification from traditional bacterial systems (e.g. E. coli) and resistance to crystallization, presumably a 

result of implied flexibility due to their size and modular architecture, has made structural determination 

of the full-length enzymes problematic.  

To circumvent these issues, a “dissect-and-build” approach has been developed, wherein the 

various modules are first characterized on an individual basis using X-ray crystallographic or solution 

nuclear magnetic resonance (NMR) methods, and subsequently assembled based on low-resolution 

molecular envelopes of overlapping multi-modular constructs determined using small-angle X-ray 

scattering (SAXS) (170-172). This approach was used to create a model of the full-length solution 

structure of CpGH84C, a multi-modular β-N-acetylglucosaminidase (152). This enzyme is a smaller 

homolog to the µ-toxin CpGH84A, and comprises a family 84 catalytic module, one CBM32 module, a 

cohesin module, and a C-terminal FN3 module. The individual crystal structures and biochemical 

properties of these isolated modules, as well as the structures of a number of modular pairs, were first 

determined in order to elucidate the functions of each component of the protein. The full-length structure 

was reconstructed using SAXS-generated molecular envelopes determined for each of the overlapping 
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constructs. The resulting full-length enzyme structure provided important insights into the spatial 

coordination of the modules comprising CpGH84C (Figure 1.8). The catalytic site and carbohydrate-

binding site of the CBM32 module were spatially arranged in such a way as to promote the targeting of 

the catalytic domain to polysaccharide substrates. The formation of an ultra-high affinity protein-protein 

interaction between the cohesin module of CpGH84C and the dockerin module of CpGH84A hinted to 

the formation of a bienzymatic complex between these enzymes (163). In addition, the FN3 module is 

separated from its neighbouring cohesin module by a flexible linker, a suggested pivot point promoting a 

range of conformations by the parent enzyme (152). Together these features are thought to promote 

contact between C. perfringens and its target mucin substrates, maximize the efficiency of mucin 

polysaccharide degradation by coordinating enzymatic complex formation between secreted GHs, and 

limit the diffusion of breakdown products away from the bacterial cell surface. Coordinated 

polysaccharide degradation has been previously observed in the cellulosome, an intricate cell-surface 

associated multi-enzyme complex found in Clostridium thermocellum and other cellulolytic bacteria 

(173). 

Despite this valuable first look into coordinated carbohydrate recognition by secreted C. 

perfringens enzymes, relatively little is known about the structure and coordinated polysaccharide 

recognition of two of the largest and most architecturally complex GHs secreted by this microbe:  

CpGH84A, a putative N-acetylglucosaminidase virulence factor, and CpGH31, a family 31 GH with 

putative α-glucosidase activity (Figure 1.5) (138). CpGH84A is the largest of four secreted, multi-

modular GH84 enzymes encoded by C. perfringens, and is thought to play a role in tissue degradation by 

deconstructing complex meshes of carbohydrates (129, 138). However, the biochemical mechanisms by 

which this occurs have not been studied. Early studies on CpGH84A suggested that this enzyme had 

hyaluronidase activity, and on the basis of these studies several other family 84 members were 

subsequently annotated as putative hyaluronidases (126). However, enzymatic assays revealed CpGH84A 

to have N-acetylglucosaminidase activity due to its ability to hydrolyze 4-methylumbeliferyl-N-acetyl-β- 



 

 

 

26 

 
 
 
Figure 1.8. Reconstruction of the solution structure of CpGH84C. 
 
A) Integration of the SAXS-generated low-resolution molecular envelope (yellow) with the crystal 
structures of the catalytic module (light blue, orange, light green), the CBM32 module (red) and the 
cohesin module (blue) using rigid body modeling techniques. This approach is applied to multiple 
overlapping constructs in an effort to build a model of the full-length structure. B) The composite solution 
structure of CpGH84C, shown in complex with the FivDOC modular pair (pink, green) from CpGH84A. 
The C-terminal FN3 domain (black) is thought to tether to the bacterial cell surface and confer flexibility 
to the enzyme. C) Solvent-accessible surface representation of CpGH84C. Figure adapted from (152). 
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D-glucosamine (126). It was not until the catalytic activities of CpGH84A homologs in C. perfringens 

and similar GH84 family members from other organisms were extensively studied that further evidence 

for N-acetylglucosaminidase activity was uncovered. As such, evidence now strongly suggests that 

CpGH84A is not a hyaluronidase but in fact a N-acetylglucosaminidase (174-176). The 182-kDa 

CpGH84A contains a variety of ancillary modules, including four tandem CBM32s, a module of 

unknown function, three tandem FIVAR modules, and a C-terminal dockerin module (Figure 1.5). The 

larger CpGH31 is a 220-kDa putative α-glucosidase that in addition to the catalytic module, contains two 

FN3 modules, a module of unknown function, as well as three CBM32s separated by a putative cohesin 

module and a bacterial immunoglobulin-like type 2 (BIG_2) module (Figure 1.5) (79, 137).  

Together, the large size and extensive modularity and degree of difficulty in obtaining full-length 

structures, combined with the critical role of these enzymes in host-pathogen interactions, rank the 

extracellular C. perfringens GHs among the “high-hanging fruit” of structural biology.  

 

1.4 Scope of Research and Hypotheses 

The aim of the current study is to provide structural and functional insights into carbohydrate 

recognition by large, multi-modular, secreted C. perfringens GHs. Carbohydrate recognition is critical to 

the function and catalytic efficiency of CAZymes, and many ancillary modules present in these enzymes 

are suggested to target mammalian polysaccharides such as mucins. In particular, the presence of multiple 

CBM32s in the C. perfringens GHs, as well as their ability to bind mammalian polysaccharides and 

increase catalytic efficiency, indicate that these ancillary modules are critical to the host-microbe 

interactions involving this opportunistic pathogen. Although there is a growing wealth of information on 

the structure and function of these modules, the molecular determinants of carbohydrate recognition and 

specificity of CBM32s are difficult to predict due to loop region sequence variability. In addition, the 

roles of the additional ancillary modules in the context of the full-length enzymes, whose repeated 

presence in C. perfringens GHs signals an important role for these proteins, remain to be studied.  
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In addition to the study of individual modules involved in targeting and binding mammalian 

sugars, a comprehensive full-length analysis of C. perfringens GHs is required in order to deepen our 

understanding of the coordinated functions of these enzymes, as well as their roles in host-pathogen 

interactions. Specifically, studying the spatial coordination of CBM32s and the other ancillary modules in 

the context of full-length C. perfringens multi-modular GHs is an area of research requiring significant 

investigation.  

Our hypotheses regarding the molecular determinants of carbohydrate recognition and the global 

coordinated recognition of glycans by C. perfringens GHs are as follows: 

1. The CBM32 modules of C. perfringens GHs display varying ligand-binding preferences required 

to target their parent GHs to specific mucin glycan sites. These specificities do not necessarily 

match the catalytic activities of their parent enzymes. 

2. The ancillary modules found in secreted multi-modular enzymes in C. perfringens play an 

important role in the function of the enzyme, and as such are spatially arranged to allow for 

efficient hydrolysis of mucosal glycans. These large enzymes adopt conformational heterogeneity, 

therefore a “beads-on-a-string” model is not representative of their modular organization in 

solution. 

The global aim of this study is to provide structural and functional insights into carbohydrate 

recognition by large multi-modular C. perfringens GHs. CpGH84A and CpGH31 are ideal candidates for 

the study of ligand binding by C. perfringens CAZymes due to their large size and the presence of 

multiple ancillary modules with a variety of proposed functions. In order to contend with the large size of 

these enzymes, we have undertaken an extensive, multi-disciplinary “dissect-and-build” approach towards 

their structural and functional characterization. Using this multi-disciplinary structural approach, we will 

address the following objectives:  
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1. “Dissect” - To structurally and functionally characterize CBM32s from CpGH31 and CpGH84A 

in order to expand our knowledge of the molecular determinants of carbohydrate recognition by 

these modules (addressed in Chapters 2, 3 and 4). 

2. “Build” - To assemble the full-length solution structure of CpGH84A in order to gain an 

understanding of the three-dimensional arrangement of its ancillary modules and the role of 

enzyme topology in global glycan recognition (addressed in Chapter 5). 

Together, these studies provide novel insights on both detailed molecular determinants of mono- 

and disaccharide saccharide binding, as well as on global coordinated glycan recognition by the secreted 

GHs in C. perfringens. 
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Chapter 2 

N-Acetylgalactosamine recognition by a family 31 glycoside hydrolase from 

Clostridium perfringens 

2.1 Abstract 

Clostridium perfringens is a Gram-positive, anaerobic commensal member of the human gut 

microbiome. This bacterium secretes a battery of large multi-modular CAZymes that contribute to the 

natural turnover of the mucosal layer of the gut by degrading associated complex glycans. C. perfringens 

is also an opportunistic pathogen and several of the secreted CAZymes have been identified as virulence 

factors. Among the most complex of these is a putative α-glucosidase from the GH31 superfamily. This 

large enzyme contains a variety of non-catalytic ancillary modules, including three CBM32 modules that 

to date have not been characterized. NMR-based experiments were used to demonstrate the preference of 

each module for galacto-configured sugars, including the ability of all three CBM32s to recognize the 

common mucin monosaccharide GalNAc. Various X-ray crystal structures of the CpGH31 CBM32s, both 

in apo form and bound to GalNAc, highlight that sequence similarities to previously characterized 

binding modes alone are insufficient for the full characterization of ligand binding by individual CBMs. 

Instead, the three-dimensional arrangements of binding site residues and overall topology of the binding 

site itself play much greater roles in ligand specificity. The varying degrees of ligand promiscuity by the 

three modules provide a comprehensive system for the recognition of GalNAc among the dense 

eukaryotic carbohydrate networks of the colonic mucosa. These findings expand our understanding of 

ligand targeting by large multi-modular CAZymes, and offer additional insights into the variety of ligand-

binding preferences by CBM32s.   

2.2 Introduction 

The human distal gut microbiome is one of the most densely populated microbial ecosystems in 

Nature, and is home to an enormous variety of bacterial species living in an intricate, symbiotic 
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relationship with the host (177). This host-microbe relationship involves the regular turnover by 

commensal species of the protective mucosal layer comprising heavily glycosylated proteins called 

mucins (52). Mucins represent an important nutrient source for commensal mucosa-associated microbes, 

including Lactobacillus ssp., Bifidobacteria ssp., and Clostridium perfringens (143, 178-180). The 

recognition, modification, and degradation of the mucin glycans are key to the survival of mucolytic 

bacteria and toward this end, these microbes produce and secrete a diverse suite of carbohydrate-active 

enzymes (CAZymes), particularly glycoside hydrolases (110). However, enhanced glycan degradation is 

a hallmark of opportunistic bacterial pathogens of the gut and leads to depletion of the protective mucosal 

lining thereby providing pathogenic enterotoxins access to the gut epithelial cell layer (52, 181).  

The genomes of infectious strains of the opportunistic pathogen Clostridium perfringens contain 

up to 56 open-reading frames coding for glycoside hydrolases of varying catalytic activities, of which 13 

are secreted into the extracellular milieu (138, 182). These enzymes are notable regarding their size (i.e., 

93-216 kDa) and extensive modularity (126). In addition to their respective catalytic modules, these 

enzymes comprise differing numbers and types of ancillary modules, which confer a wide variety of 

complementary functions that potentiate simultaneous adherence to target glycans and the bacterium 

surface and hydrolysis of target glycans, and mediate multi-enzyme complex formation (103, 152, 163).  

The most commonly found ancillary module in the secreted C. perfringens glycoside hydrolases 

is the carbohydrate-binding module (CBM), which functions to localize the parent enzymes to appropriate 

glycan targets (95, 96). They are presently classified into 69 families based on sequence and fold, and 

have been traditionally associated with plant cell wall-degrading enzymes (94, 110).  However, CBMs are 

increasingly being identified in enzymes involved in the degradation of complex eukaryotic glycans (94, 

96, 110). The most highly represented CBM family in C. perfringens glycoside hydrolases is CBM family 

32 (CBM32), which are often found in multiple copies within the parent enzymes and targets a diverse 

number of sugar ligands, including galactose, N-acetylgalactosamine (GalNAc), N-acetylglucosamine 

(GlcNAc), N-acetyllactosamine (LacNAc), N-acetyl-β-D-glucosamine-α-1,4-D-galactose (GlcNAc-a-1,4-
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galactose), polygalacturonic acid, and type II blood group antigen H-trisaccharide (148-151, 183). 

Structures of several clostridial CBM32s in complex with the aforementioned carbohydrates has allowed 

for the identification of a unique subset of residues involved in the recognition and binding of each type 

of sugar. The most common of these is the canonical galactose-binding mode, whereby galactose is 

coordinated by a set of conserved aromatic and polar residues. The first of these modules to be 

characterized was the CpGH84C CBM32, whose variable loop regions contain six conserved residues 

involved in the recognition of galactose: Trp661 mediates the primary π-π-stacking interaction, the 

secondary aromatic residue Phe757 coordinates the C6 group via hydrophobic interactions, and a number 

of polar residues coordinate the O3 and O4 hydroxyl groups via hydrogen bonds (151, 184).  

As part of its secreted CAZyme arsenal, C. perfringens contains an open reading frame coding for 

a 220-kDa family 31 glycoside hydrolase (locus tag CPF_1301 in strain ATCC 13124), hereafter referred 

to as CpGH31, with predicted α-glucosidase activity (138). It comprises an N-terminal glycoside 

hydrolase family 31 catalytic module, two fibronectin-type III (FN3) modules, three CBM32s, a putative 

cohesin (COH) module, and a bacterial immunoglobulin-like type 2 (BIG_2) module (Figure 2.1) (138). 

The three CpGH31 CBMs are expected to impart substrate-targeting functions to the parent enzyme, 

however information regarding the ligand specificities of the three CBM32s is currently lacking. 

Here, we undertook the structural and functional characterization of the three CpGH31 CBM32s. 

Nuclear magnetic resonance (NMR)-based titration and saturation transfer difference (STD NMR) 

analyses indicated that all three CpGH31 CBM32s preferentially bound the apolar face of GalNAc, with 

CBM32-1 and CBM32-3 also possessing the ability to accommodate other galacto-configured sugars. The 

GalNAc binding sites of the three CBM32s each reveal a unique set of residues required to coordinate this 

acetylated ligand.  
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Figure 2.1. Modular architecture of the putative α-glucosidase GH31 from C. perfringens. 

The enzyme contains an N-terminal family 31 glycoside hydrolase catalytic domain (GH31; grey), two 
fibronectin-type III domains (FN3; purple), three family 32 carbohydrate-binding modules (CBM32; 
blue), a putative cohesin module (COH; orange), a bacterial immunoglobulin-like type 2 module (BIG_2; 
white) and a module of unknown function (UNK; green). The amino acid borders of the CBM32s are 
indicated.   

GH31 FN3 CBM32-1 BIG_2 1965 CBM32-2 CBM32-3 UNK FN3 

933 1095 1300 1470 1640 1785 

COH 
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2.3 Results 

2.3.1 Carbohydrate binding preference of the CpGH31 CBM32 modules 

Sequence comparison of the three putative CpGH31 CBM32s indicated that they share low 

identity to one another (17-24%; Figure 2.2A). When compared to previously characterized C. 

perfringens CBM32s, CpGH31 CBM32-1 displayed conserved carbohydrate-binding residues with the 

GlcNAc-binding CpGH84A CBM32-2 (Figure 2.2B), and CpGH31 CBM32-3 showed near-perfect 

conservation of the canonical galactose-binding residues in the sole CBM32 of CpGH84C (Figure 2.2C) 

(151). However, the sugar-binding specificity of CpGH31 CBM32-2 could not be predicted by sequence 

comparison alone.  

To assess the sugar specificities of the three CpGH31 CBM32s, their binding to an array of 

carbohydrates, including galactose, glucose, GalNAc, GlcNAc, glucosamine (GlcN), and LacNAc was 

monitored by 2D 1H-15N HSQC NMR experiments (Figure 2.3). Contrary to the sequence-based 

prediction that CpGH31 CBM32-1 binds GlcNAc, addition of this sugar did not produce observable 

chemical shift changes in the CpGH31 CBM32-1 spectra. Rather, residue-specific chemical shift 

perturbations were observed upon addition of galactose, GalNAc and LacNAc. Similarly, CpGH31 

CBM32-3 also displayed a preference for the galacto-configured sugars, as revealed by chemical shift 

perturbations upon addition of galactose, GalNAc, and LacNAc, an observation consistent with sequence-

based prediction. In contrast to CpGH31 CBM32-1 and CBM32-3, CBM32-2 displayed a binding 

specificity for GalNAc only. Subsequent NMR-based titrations of the three CpGH31 CBM32s with 

GalNAc revealed dissociation constants (Kd) of 6.2 ± 1.9 mM, 0.90 ± 0.38 mM, and 0.85 ± 0.26 mM for 

the CpGH31 CBM32-1:GalNAc, CBM32-2:GalNAc, and CBM32-3:GalNAc interactions, respectively. 

These values are consistent with binding affinities previously reported for CBM32:sugar interactions (95, 

148-151, 183). 
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Figure 2.2. Sequence comparison of the CpGH31 CBM32s. 

A) Sequence alignment of the three CBM32 modules from CpGH31. Amino acid sequence identities are 
also shown. B) A sequence alignment of CpGH31 CBM32-1 with CpGH84A CBM32-2, known to bind 
GlcNAc, indicates that several GlcNAc-binding residues, identified with asterisks, are conserved in 
CpGH31 CBM32-1. C) Sequence alignment of CpGH31 CBM32-3 with the canonical galactose-binding 
CBM32 from CpGH84C shows near-perfect conservation of galactose-binding residues, denoted with 
arrows. All sequence alignments were created using CLUSTALW (185) and displayed using ESPript 
(186). 
 
 
 
 
 
 
 
 
 

A) 

B) 

 1       10        20          30        40           50        60         70        80        90   
GH31_CBM32-1                                  D      S                             R N  NG      I                        K MKT     Q          AV      Q     S         I    K   IE              V      S         V   N.DPYRNVP D   EWKWG YSS..DEPSK  DG DSS FH QD AIDKP...F IDMQ AYT  KLELLF K G.  S KRAE Y SLDGVTYEK FS. 
GH31_CBM32-2                                  D      S                             R N  NG      I                        S LQS     K          SS      I     Q         T    E   LE              I      A         L   ENITVSGDS Q   GMGLD LIDGTTSSDD  RM LKW FT DQ DKGTLPFEM FEFN PKT  NFTIYN M S.  T N... A MKKVKAVGY NGE 
GH31_CBM32-3                                  D      S                             R N  NG      I                        S LEA     E          AV      I     Q         T    K   LN              V      T         V   N......DS K   IYATS ADR..DYKEN  DG ENT WH AY AADKLPVSI IKLD AYD  QIDYLP Q SR  H TEYK E SLDNENWTE RTG 

     100       110       120       130           140                                                
GH31_CBM32-1                                                 E   Y                                                         T      I           K VT  S        LA    R                                                 AEGSDIAPWA DGEVKT NFNKPIKVRYF I  KE IGN....F  MR F P K...                                           
GH31_CBM32-2                                                 E   Y                                                         S      L           V TA  S        LA    E                                                 FDLGEKANIT ATTVYE GGK...EFDKI I  LD HKDKN..T  IN I F EKSE                                           
GH31_CBM32-3                                                 E   Y                                                         A      I           R TA  T        AS    V                                                 LEVNEAGNAL NRGYNP RFN.TINAQYL F  LK LGDTNNKY  AA L F GK..                                           

CBM32-1 CBM32-2 CBM32-3
100
17 100
24 18 100

% amino acid identity

1       10        20        30            40         50        60        70        80      
GH31_CBM32-1       P     E  W  Y   E     DGDD           D      FI  D  K            KNG GS         L              MKT              AV    SS       S  S I      I M     IE L  L          R   Y   D    DPYRNV KD    WK GQ SSD PSK        ....QFH Q  A DKP  .   Q AYT  K EL FR   N  VK AEI SS  GVTY
GH84A_CBM32-2       P     E  W  Y   E     DGDD           D      FI  D  K            KNG GS         L              IRS              LL    NT       N  T L      L L     LD I  V          K   F   E    .....N SL    .S QV EGN .AN        GVWYKTL G  S AGE  G   G EIK  G RF IG   G  SD WNK K.  YSLD

  90       100       110       120       130       140                                     
GH31_CBM32-1           D         V    F  PI   Y      E I   L   EF                                          FSNA      P     E    N      VR  KI T  S   F                                             EKV    EGS IA WATDG  KTI  NK  K   F  V K   GN  AMR  RPYK....                               
GH84A_CBM32-2           D         V    F  PI   Y      E I   L   EF                                          WTTI      G     D    S      AK  RL N  N   W                                             NES    KEY KT APAGK  IEE  ET  S   I  T M   NK  TFS  AIVSDELE                               

 

1       10        20        30            40         50        60        70        80      
GH31_CBM32-1       P     E  W  Y   E     DGDD           D      FI  D  K            KNG GS         L              MKT              AV    SS       S  S I      I M     IE L  L          R   Y   D    DPYRNV KD    WK GQ SSD PSK        ....QFH Q  A DKP  .   Q AYT  K EL FR   N  VK AEI SS  GVTY
GH84A_CBM32-2       P     E  W  Y   E     DGDD           D      FI  D  K            KNG GS         L              IRS              LL    NT       N  T L      L L     LD I  V          K   F   E    .....N SL    .S QV EGN .AN        GVWYKTL G  S AGE  G   G EIK  G RF IG   G  SD WNK K.  YSLD

  90       100       110       120       130       140                                     
GH31_CBM32-1           D         V    F  PI   Y      E I   L   EF                                          FSNA      P     E    N      VR  KI T  S   F                                             EKV    EGS IA WATDG  KTI  NK  K   F  V K   GN  AMR  RPYK....                               
GH84A_CBM32-2           D         V    F  PI   Y      E I   L   EF                                          WTTI      G     D    S      AK  RL N  N   W                                             NES    KEY KT APAGK  IEE  ET  S   I  T M   NK  TFS  AIVSDELE                               

 

*" *" *" *" *"

*"

C) 1       10        20        30         40        50        60        70        80        90 
GH31_CBM32-3    K  A              A DGD NT WHS     A   P   T  LD  Y  N   Y PRQ S NG  T YK   SLD EN TEV TG S  L      S  D                   YQ         I I    A DL  I  L     R  HV    I        W   R  D S  E IYAT EA RDYKEN V   E  I   A  A. DKL VS   K  K     Q D     N       E   ET   N         
GH84C_CBM32    K  A              A DGD NT WHS     A   P   T  LD  Y  N   Y PRQ S NG  T YK   SLD EN TEV TG T  I      T  E                   WS         L L    V EI  V  A     K  RI    V        F   K  R V  T SSEE SG NAPASF S   M  F   K  SP HEG HH   E  N     K K     D       G   SV   G         

      100       110       120       130          140                                        
GH31_CBM32-3  LE N A           I F    A Y R        D  N   K A AAE    GK                                  N                     TI    L   A  TL  T      Y S   L                                          V E GNALANRGYNP R N  N Q   FT LK  G  N ...        VFY                                    
GH84C_CBM32  LE N A           I F    A Y R        D  N   K A AAE    GK                                  T                     SV    V   V  SV  Q      F T   V                                          D A ........IKF E D  D K   LD TD  S  A GRG        NVH                                    

 

1       10        20        30         40        50        60        70        80        90 
GH31_CBM32-3    K  A              A DGD NT WHS     A   P   T  LD  Y  N   Y PRQ S NG  T YK   SLD EN TEV TG S  L      S  D                   YQ         I I    A DL  I  L     R  HV    I        W   R  D S  E IYAT EA RDYKEN V   E  I   A  A. DKL VS   K  K     Q D     N       E   ET   N         
GH84C_CBM32    K  A              A DGD NT WHS     A   P   T  LD  Y  N   Y PRQ S NG  T YK   SLD EN TEV TG T  I      T  E                   WS         L L    V EI  V  A     K  RI    V        F   K  R V  T SSEE SG NAPASF S   M  F   K  SP HEG HH   E  N     K K     D       G   SV   G         

      100       110       120       130          140                                        
GH31_CBM32-3  LE N A           I F    A Y R        D  N   K A AAE    GK                                  N                     TI    L   A  TL  T      Y S   L                                          V E GNALANRGYNP R N  N Q   FT LK  G  N ...        VFY                                    
GH84C_CBM32  LE N A           I F    A Y R        D  N   K A AAE    GK                                  T                     SV    V   V  SV  Q      F T   V                                          D A ........IKF E D  D K   LD TD  S  A GRG        NVH                                    
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Figure 2.3. Carbohydrate binding preferences of the CpGH31 CBM32 modules. 

Regions for the 2D 1H-15N HSQC spectra of 100 µM CBM32-1 and CBM32-3 and 184 µM CBM32-2 in the absence (black) and presence (red) 
of 8mM galactose (Gal), glucose (Glc), GalNAc, GlcNAc, LacNAc or GlcN. Significant residue-specific chemical shifts are observed for only 
Gal, GalNAc and LacNAc (CBM32-1 and CBM32-3), and for GalNAc (CBM32-2), indicating the preference of the GH31 CBM32s for 
galacto-configured ligands. 
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2.3.2 General structural features of the CpGH31 CBM32 modules 

 The structural basis of the preference of CpGH31 CBM32 modules displayed for galacto-

configured sugars, and in the case of CBM32-2 specificity for GalNAc, was investigated by determining 

the X-ray crystal structures of apo-CBM32-1, a CBM32-2:GalNAc complex, and CBM32-3 in apo-, Gal-

bound, and GalNAc-bound forms. A summary of statistics is detailed in Table 2.1.  

Each of the CpGH31 CBM32 structures comprised the characteristic β-sandwich topology, with a 

short α-helix and a Ca2+ ion capping one side of the modules. Variable length loop regions extend from 

the apex of each CBM32, from which a subset forms the respective sugar-binding sites. (Figures 2.4, 2.7 

and 2.8).   

2.3.3 Structural basis of galacto-configured sugar specificity by CpGH31 CBM32-1 

With the 1.35 Å resolution structure of apo-CpGH31 CBM32-1 determined (Figure 2.4A; Table 

2.1), and in the absence of a complex structure despite extensive co-crystallization and soaking attempts, 

multi-dimensional heteronuclear NMR experiments were used to map the GalNAc binding site onto the 

apo-CBM32-1 structure. Backbone amide and proton chemical shift assignments of CBM32-1 (Figure 

2.5) allowed the identification of residues whose backbone amide resonances were significantly perturbed 

by GalNAc (Figure 2.4B). These residues primarily grouped to four distinct regions in the primary 

structure of CBM32-1: I. Gln971, Tyr972, Ser973, Asp975; II. His990, Ser991, Gln992, Asp993; III. 

Gly1021, Asn1022, Gly1023, Ser1024; IV. Ala1087, Met1088, Glu1090. Five additional residues 

(Lys937, Lys964, Leu1013, Phe1017, and Glu1040) also displayed significantly perturbed backbone 

amide resonances (Figure 2.4C). When mapped onto the CpGH31 apo-CBM32-1 structure, the perturbed 

residues are localized to two regions around the variable loops located at the apex of the CBM. The 

presence of an aromatic residue (Tyr972) and several polar residues (Gln971, Asp975, Ser973, His990, 

Gln992, Asp993, and Asn1022) are consistent with previously identified CBM32 carbohydrate-bindings 

sites (Figure 2.4D). 
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Table 2.1. X-ray data collection and refinement statistics for the CpGH31 CBM32s. 

  

Data collection statistics CBM32-1 (apo) CBM32-2 (GalNAc) CBM32-3 (apo) CBM32-3 (galactose) CBM32-3 (GalNAc) 

Wavelength (Å) 
Beamline 
Space group 
Resolution range 
Cell dimension  
α, β, γ, (°) 
Rmeas 
Completeness (%) 
<I/σI> 
Redundancy 
Total reflections 
Unique reflections 

Refinement statistics 

Rwork (%) 
Rfree (%) 
r.m.s.d. 
     Bond lengths (Å) 
     Bond angles (°) 
Average B-factors (Å2) 
     Protein atoms chain A 
     Protein atoms chain C 
     Water molecules 
     Ligand 
     Cations 
Number of atoms 
     Protein atoms chain A 
     Protein atoms chain C 
     Water molecules 
     Ligand 
     Cations 
Ramachandran statistics 
     Most favoured (%) 
     Additional allowed (%) 
     Disallowed (%) 

Protein Data Bank code 

1.033 
APS 23-ID-B 

C2221 
30.00-1.35 (1.40-1.35) 

55.62, 55.67, 88.70 
90.00, 90.00, 90.00 

0.063 (0.45) 
98.9 (97.7) 
23.8 (4.2)  
5.7 (5.1) 
171557 
30335 

 
 
 

18.9 
20.7 

 
0.006 
1.066 

 
15.471 

- 
23.924 

- 
10.335 

 
1152 

- 
114 

- 
2 
 

97.1 
2.9 
0.0 

 
4LPL 

0.979 
CLS 08B1-1 
P22121 

38.41-2.00 (2.05-2.00) 
48.30, 84.75, 86.17 
90.00, 90.00, 90.00 

0.16 (0.52) 
99.9 (100) 
13.7 (7.8)  

14.0 (14.1) 
345760 
24623 

 
 
 

19.2 
22.1 

 
0.020 
1.928 

 
14.906 
16.384 
26.716 
30.178 
8.660 

 
1175 
1156 
352 
50 
2 
 

98.0 
2.0 
0.0 

 
4UAP 

 

1.055 
NSLS X6A 
P212121 

50.00-1.58 (1.64-1.58) 
38.76, 52.56, 70.17 
90.00, 90.00, 90.00 

0.042 (0.084) 
98.9 (91.0) 
34.7 (26.6) 

7.8 (7.6)  
157870 
20155 

 
 
 

16.1 
19.4 

 
0.024 
2.248 

 
8.266 

- 
20.399 

- 
9.189 

 
1277 

- 
193 

- 
2 
 

98.1 
1.9 
0.0 

 
4LQR 

0.98 
NSLS X6A 
P212121 

40.00-1.50 (1.55-1.50) 
62.34, 62.34, 85.35 
90.00, 90.00, 90.00 

0.051 (0.32) 
98.9 (99.9) 
24.8 (5.0) 
4.2 (4.1) 
226854 
53421 

 
 
 

17.5 
20.1 

 
0.007 
1.120 

 
14.734 
14.720 
28.938 
28.014 

9.89 
 

1249 
1253 
515 
24 
2 
 

98.1 
1.9 
0.0 

 
4LKL 

 

0.98 
SSRL 14-1 
P43212 

42.89-2.50 (2.60-2.50) 
60.549, 50.549, 83.69 

90.00, 90.00, 90.00 
0.114 (0.513) 
100.0 (100.0) 

14.3 (3.8) 
6.0 (6.2) 
35305 
5836 

 
 
 

17.4 
22.1 

 
0.007 
1.016 

 
28.966 

- 
34.197 
44.594 
39.150 

 
1235 

- 
52 
30 
1 
 

96.8 
3.2 
0.0 

 
4P5Y 

 

 
Data in parentheses represent data from the highest resolution shell  
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Figure 2.4. Mapping the binding site of GalNAc onto the surface of CpGH31 CBM32-1 using 
heteronuclear NMR studies. 

(Caption on following page) 
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A) Crystal structure of apo CpGH31 CBM32-1 solved to 1.35 Å. Residues significantly perturbed in the 
presence of GalNAc are shown in red. B) The titration of incremental additions of GalNAc to a 500 µM 
15N-labeled sample of CBM32-1 was monitored using overlapping 2D 1H-15N HSQC spectra at 14.1 T 
and 303 K. C) The resulting normalized residue-specific chemical shift perturbations calculated using the 
formula Δδ = [(0.17)ΔδN)2 + (ΔδHN)2]1/2 (187) and plotted as a function of residue. The calculated mean 
(dotted line) and one standard deviation (SD) above the mean (solid line) are shown. Residues whose 1H-
15N resonances showed chemical shift changes greater than 1 SD above the mean were considered 
significant and are shown in red. Residues whose 1H-15N resonances showed chemical shift changes 
greater than the mean but less than 1 SD above the mean are shown in white. D) Residues displaying 
significantly changing chemical shifts were mapped onto the crystal structure of CBM32-1 and are shown 
in red. Two distinct regions on the surface of CBM32-1, outlined in black dotted lines, form the binding 
site. E) The perturbed residues cluster to a region at the apex of the protein comprising four variable loop 
regions. The side chains of the affected residues in the presence of GalNAc are shown in stick 
representation and labeled accordingly. F) The proposed aromatic stacking residue Tyr972 is located 
perpendicular to Phe1085, a residue which experienced backbone chemical shift perturbations greater 
than the mean value but less than one SD above the mean. G) The 1H reference spectra (top) and STD 
NMR spectra (bottom) of 8 mM GalNAc in the presence of 100 µM CpGH31 CBM32-1.  
 



 

 

 

41 

 
 

Figure 2.5. 2D 1H-15N HSQC spectrum of uniformly 13C/15N-labeled 1.3 mM CpGH31 CBM32-1. 

The spectrum was recorded at 600 MHz and 303 K on a protein sample comprising 25 mM Tris-HCl, pH 
6.9, 50 mM NaCl, 0.5 mM DSS and 90% H2O/10% D2O. Peaks are labeled according to one-letter amino 
acid codes and position in the amino acid sequence.   
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The sidechain of Tyr972 of CBM32-1 appears positioned to form the primary π-π-stacking 

interaction with GalNAc (Figure 2.4E), with several polar residues positioned in close proximity to 

participate in hydrogen bonding contacts with the hydroxyl groups of a galacto-configured sugar; in this 

case GalNAc (Figure 2.4D,E). Two aromatic residues, with sidechains perpendicular to one another are 

also a common feature of the sugar-binding site of CBM32s, and Phe1085, which experienced backbone 

chemical shift perturbations greater than the mean value but less than one standard deviation above the 

mean, is located adjacent to Tyr972 in an orientation similar to that previously observed in CBM32s 

(Figure 2.4F). Complementary STD NMR spectroscopic analysis revealed strong STD signals for the 

apolar α- and β-H3, α- and β-H4, α/β-H6, and acetyl group protons whereas the STD signals of the H1 

protons were attenuated (Figure 2.4G). These observations suggest that the C1 edge of GalNAc is 

exposed to the solvent and is thus accessible for extension of the glycan chain at this position, while the 

remainder of the sugar is involved in interactions with CBM32-1 via hydrophobic and hydrogen bonding 

interactions. The topology of the sugar-binding site and the STD NMR data are also consistent with the 

more general galacto-configured binding specificity displayed by CBM32-1. 

A comparison of the sugar binding sites of CpGH31 CBM32-1 and CpGH84A CBM32-2 

provided a structural rationale for the former being specific for galacto-configured sugars and not 

GlcNAc, as predicted by sequence comparison. The shallow groove in CpGH31 CBM32-1 is unlikely to 

accommodate the ligand O4 hydroxyl group in an equatorial position, thus conferring specificity towards 

galacto-configured ligands by this CBM (Figure 2.4D). Furthermore, the orientation of the sugar in the 

binding site is heavily influenced by the relative positions of the hydrophobic residues that serve to stack 

with the sugar and cradle hydrophobic groups. Three aromatic residues (Tyr819, Trp836 and Trp935) of 

CpGH84A CBM32-2 serve to secure the C8 methyl of the 2-acetamido group of GlcNAc, whereas the 

binding site of CpGH31 CBM32-1 only contains one additional hydrophobic residue (Phe1085) (Figures 

2.4F, 2.6A), which is positioned to stabilize the C6 group of GalNAc. Whether the C6 or C8 carbons of 

the ligand are coordinated by the protein surface will thus depend on the positions of the secondary 
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Figure 2.6. Comparison of the GalNAc binding site of CpGH31 CBM32-1 and the GlcNAc binding 
site of CpGH84A CBM32-2. 

A) Despite the sequence conservation of Tyr972 and Phe1085 (CpGH31 CBM32-1, magenta) with 
Tyr819 and Trp935 (CpGH84A CBM32-2, cyan), respectively, the position of these residues in the 
variable loop regions are not structural conserved. The GlcNAc molecule bound to CpGH84A CBM32-2 
is shown in green stick format. B) Sequence alignment of the GalNAc-binding CpGH31 CBM32-1 with 
the GlcNAc-binding CpGH84A CBM32-2. The aromatic residues involved in coordinating GlcNAc by 
CpGH84A CBM32-2 are indicated above the sequence and denoted with stars, and the aromatic residues 
perturbed upon the binding of GalNAc by CpGH31 CBM32-1 are shown below the sequence and 
indicated by circles.   

W935 

Y819 

W836 
Y972 

F1085 

     1        10         20        30        40        50        60   
GH84A_CBM32-2       P     E  W  Y   E     DGDD           D      FI  D  K                      RS       E    A  L    NT    K  N  TSL      L L  E  L  IR V  .....N SLI   .S QV  GN . NL       GVWY TL G    AGE  G   G  IK DG  F IG
GH31_CBM32-1       P     E  W  Y   E     DGDD           D      FI  D  K                      KT       S    S  V    SS    Q  S  SAI      I M  A  I  LE L  DPYRNV KDM   WK GQ  SD P KA       .... FH Q    DKP  .   Q  YT EK  L FR

     70         80        90       100       110       120       130  
GH84A_CBM32-2 KNG GS         L               D         V    F  PI   Y      E I   L        S K   F     S    S T I     T   A     E S      AK  RLT   N     T    G   D WNK K. EY LDNE W T KEY K GAP GKD I E  ET  S   I   NM   NKW  F
GH31_CBM32-1 KNG GS         L               D         V    F  PI   Y      E I   L        V R   Y     V    V S A     A   T     T N      VR  KIV   S     A    N   K AEI SS DG TYEK F N EGS I PWA DGE K I  NK  K   F   TK   GNF  M
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aromatic residues with respect to the primary hydrophobic stacking surface, a three-dimensional feature 

impossible to predict based solely by protein sequence (Figure 2.6B).  

 

2.3.4 CpGH31 CBM32-3 coordinates galactose and GalNAc via a conserved set of residues 

To decipher the molecular determinants of carbohydrate recognition by CpGH31 CBM32-3, X-

ray crystal structures of its apo-, Gal-bound, and GalNAc-bound forms were determined to 1.58 Å, 1.50 Å 

and 2.50 Å resolution, respectively (Figure 2.7A-C; Table 2.1). Alignment of the three CBM32-3 

structures revealed only minimal sugar–induced structural changes (r.m.s.d < 0.218 Å), and only subtle 

differences in B-factors associated with the variable loops were also observed. These findings are 

suggestive of a preconfigured conformation for carbohydrate recognition with limited dynamic properties, 

which is a structural feature previously observed for other CBMs (183, 188, 189). 

The amino acids residues of CpGH31 CBM32-3 involved in the coordination the galactose and 

GalNAc moieties were conserved, and included Tyr1674, His1671, Arg1702, Asn1707 and Tyr1774. The 

apolar face (b-face) of both sugars forms π-π-stacking interactions with Tyr1674, while a secondary 

aromatic residue, Tyr1774, whose side chain is perpendicular to that of Tyr1674, mediates additional 

hydrophobic interactions with the C6 group of each sugar (Figure 2.7D)(190). This is the first 

documented instance of CBM32 from C. perfringens using tyrosine as the main aromatic stacking 

residue, a role usually filled by a conserved tryptophan residue. Galactose and GalNAc binding is further 

stabilized through a series of polar contacts formed between the side chains of His1671, Arg1702 and 

Asn1707 and the C2-C3-C4-C5 edge of each sugar. Specifically, hydrogen bonds were observed between 

Asn1707 and the O4 hydroxyl and endocyclic oxygen, His1671 and the O4 hydroxyl, and Arg1702 and 

the O3 and O4 hydroxyl and 2-acetamido groups. The orientation of galactose and GalNAc, and the 

respective contacts being made with the CBM are consistent the STD NMR data that, similar to CBM32-

1, show strong STD signals for the apolar α- and β-H3, α- and β-H4, α/β-H6, and acetyl group protons 

(Figure 2.7E). The residues involved in the coordination of galactose by CBM32-3 are conserved with 
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Figure 2.7. CpGH31 CBM32-3 recognizes GalNAc with the same set of residues employed by 
canonical galactose-binding CBM32s. 

A) Structural overlay of the crystal structures of CpGH31 CBM32-3 in complex with galactose (grey) and 
GalNAc (orange), solved to 1.50 Å and 2.50 Å, respectively (r.m.s.d. = 0.183 Å). Galactose is shown in 
green, and GalNAc in magenta. The Ca2+ ion found in both structures is depicted as a blue sphere. 
Electron density of B) GalNAc bound to the single peptide chain of the CpGH31 CBM32-3:GalNAc 
structure and C) galactose bound to monomer chains A and C in the CpGH31 CBM32-3:galactose 
structure. Ligands are shown in green stick representation. Green mesh represents the Fobs-Fcalc electron 
density maps obtained from refinement with the sugar omitted and contoured to 3.0 σ, and cyan mesh 
represents the 2Fobs-Fcalc

 electron density maps contoured to 1.0 σ. D) Structural overlay of the ligand-
coordinating residues from the galactose-bound (grey) and GalNAc-bound (orange) structures, in 
complex with galactose (green) and GalNAc (magenta), rotated approximately 90° with respect to panel 
A). E) The 1H reference spectra (top) and STD NMR spectra (bottom) of 50 mM GalNAc in the presence 
of 250 µM CpGH31 CBM32-3. 
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the canonical galactose-binding CBM32s, indicating that CpGH31 CBM32-3 is a canonical galactose-

binding module (151).   

This structural information also provides a basis with which to predict the interactions CBM32-3 

may form with LacNAc, which we observed in NMR titrations. The hydrophobic pocket formed by the 

side chains of Tyr1774 and Tyr1674, and the subsequent positioning of the GalNAc C6 group, leaves the 

C1 of the sugar directed toward the solvent, which would allow for the binding of the β-1-4-coordinated 

dissacharide LacNAc at this position. Previous studies on the LacNAc-bound structure of the canonical 

galactose-binding CBM32 from CpGH84C identified an aspartate (Asp749) in a loop adjacent to the 

binding site that makes hydrogen-bonding interactions with the GlcNAc moiety of LacNAc (151). 

Although this residue is not conserved in CpGH31 CBM32-3, the side chain of Asp1769 is similarly 

positioned in an adjacent loop and could form hydrogen bond contact with LacNAc. 

 

2.3.5 Structural basis of GalNAc specificity by CpGH31 CBM32-2 

Perhaps the most unique observation from the NMR titration experiments was the GalNAc 

specificity displayed by CpGH31 CBM32-2. To determine the molecular determinants of the specificity, 

the structure of CBM32-2 was determined in complex with GalNAc to a resolution of 1.4 Å (Figure 

2.8A,B). GalNAc is coordinated by a subset of residues located in the variable loop region at the apex of 

the CBM. Trp1359 mediates the main aromatic-based π-π-stacking interaction between the b-face of 

GalNAc and the protein surface. The CpGH31 CBM32-2 GalNAc-binding site comprises no secondary 

aromatic residues, which is an unusual feature among clostridial CBM32 and has only been observed in 

one other case; the non-canonical galactose-binding CpGH84A CBM32-1 (183). To compensate for the 

lack of supporting hydrophobic contacts, several polar residues interact with the C3-C4-C5-C6 edge of 

GalNAc via an extensive network of direct and water-mediated hydrogen bonds. Specifically, the side 

chains of Arg1393 and Asp1351 with the O3 hydroxyl, the side chains of Arg1393, Asp1356 and 

Lys1453 with the O4 hydroxyl, the side chain of Thr1457 and backbones of Lys1358 and Ile1360 with 
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Figure 2.8. Characterization of GalNAc binding to CpGH31 CBM32-2. 

A) The X-ray crystal structure of CpGH31 CBM32-2 (grey) in complex with GalNAc (green), solved to a 
resolution of 1.4 Å. The associated Ca2+ ion is depicted as a blue sphere. B) Electron density of GalNAc 
bound to peptide chains A and B of the CpGH31 CBM32-2:GalNAc structure. GalNAc is shown in green 
stick representation. Green mesh represents the Fobs-Fcalc electron density maps obtained from refinement 
with the sugar omitted and contoured to 3.0 σ, and cyan mesh represents the 2Fobs-Fcalc

 electron density 
maps contoured to 1.0 σ. C) GalNAc (green) is coordinated to the surface of CpGH31 CBM32-2 by a 
number of aromatic and polar residues (orange) via direct and water-mediated hydrogen bonds. 
Associated water molecules are shown as small cyan spheres and hydrogen bonds are depicted by dashed 
lines. The aromatic stacking interaction is mediated by Trp1359. D) The 1H reference spectra (top) and 
STD NMR spectra (bottom) of 8 mM GalNAc in the presence of 100 µM CpGH31 CBM32-2. Upon 
protein saturation, strong STD signals for a subset of apolar GalNAc protons, particularly α- and β-H3, α- 
and β-H4, α/β-H6 and acetyl group, are visible. E) The surface of CpGH31 CBM32-2 is specific for 
GalNAc. The shallow surface of the protein (shown in grey), accommodates the O4 hydroxyl group of the 
ligand in an axial position only. While the sugar stacks onto the surface of Tp1359 (light purple), the 
numerous hydrogen-bonding interactions (magenta), target the O6 hydroxyl and 2-acetamido groups on 
either end of the sugar.   
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the O6 hydroxyl, the backbone of Ile1360 and side chain of Lys1453 with the endocyclic oxygen, and the 

side chains of Asp1351, Arg1393 and Asn1401 with the 2-acetamido group (Figure 2.8C). The O1 

hydroxyl is directed out into solution and does not form any interactions with the protein surface. The 

coordination of the C3-C4-C5-C6 edge of the binding site is in accordance with the STD NMR signals 

observed for the GalNAc H3, H4 and H6 protons, as well as the attenuation of signal of the H1 protons 

(Figure 2.8D). Complementary heteronuclear NMR experiments, in which >90% of the backbone amide 

and proton chemical shifts of CBM32-2 were assigned (Figure 2.9), identified these residues as being 

involved in GalNAc coordination.  

 The topology of the sugar binding site of CpGH31 CBM32-2 provides a rationale for GalNAc 

specificity. Firstly, the shallow binding surface accommodates the hydroxyl O4 group of the sugar in the 

axial position only, explaining the inability of CpGH31 CBM32-2 to bind gluco-configured ligands such 

as glucose, GlcNAc and GlcN. In order to selectively bind GalNAc over other galacto-configured ligands, 

such as galactose and LacNAc, polar groups in the binding site are positioned to form water-mediated 

hydrogen bonding interactions to the 2-acetamido group in addition to the coordination of the O6 

hydroxyl groups of the sugar (Figure 2.8E). This bilateral hydrogen-bonding network has not been 

previously observed for a CBM-sugar interaction. Rather, surface residues of the protein module are 

typically positioned to coordinate only one end of monosaccharide ligands. Since the hydrogen bonds 

involving the extended 2-acetamido group of GalNAc and the side chains of Asp1351, Arg1393 and 

Asn1401 are water-mediated, the distance between these side chains and the shorter O2 hydroxyl group of 

galactose or the galactose moiety of LacNAc may be too great to allow for these ligands to adhere to the 

protein surface.  
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Figure 2.9. 2D 1H-15N HSQC spectrum of uniformly 13C/15N-labeled 444 µM CpGH31 CBM32-2.

The spectrum was recorded at 600 MHz and 308 K on a protein sample comprising 25 mM Tris-HCl, pH 7.43, 50 mM NaCl, 0.5 mM DSS and 
90% H2O/10% D2O. Peaks are labeled according to one-letter amino acid codes and to the position in the amino acid sequence. 
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2.4 Discussion 

CBMs have long been known to play a key role in the enhancement of activity of their parent 

enzymes, which include secreted bacterial CAZymes and virulence factors. A particularly prevalent and 

diverse CBM family found in CAZymes of the gut microbiome is the CBM32s. An increasing number of 

unique features are being uncovered for CBM32s from C. perfringens enzymes. What was first thought to 

be a CBM family based on the canonical recognition of galactose is one that has rapidly evolved into a 

relatively unpredictable and diverse group of CBMs with the ability to recognize a variety of ligands 

using a varied set of molecular features. The CBMs from CpGH31 exhibit both canonical galactose-

binding properties, as well as unpredictable modes of GalNAc binding. As such these CBM32s represent 

a valuable tool with which to examine carbohydrate recognition in the context of the parent enzyme.  

The modes of GalNAc recognition by the three CpGH31 CBM32s involve a similar composition 

of residues, which cluster to the same three regions on the respective CBM structures. Despite these 

similarities, none of the GalNAc-binding residues are conserved in all three CBM32s. A comparison of 

the GalNAc binding sites of CpGH31 CBM32-2 and CBM32-3 underlines an important contrast between 

these two modes of GalNAc recognition. In the case of CpGH31 CBM32-3, the ligand is coordinated by 

the classical subset of conserved canonical galactose-binding residues. The C6 group of the sugar is 

tucked against the hydrophobic surface formed by the secondary aromatic residue Tyr1774, while a single 

polar residue, Arg1702, coordinates the 2-acetamido group. In contrast, the binding site of CpGH31 

CBM32-2 contains no secondary aromatic residues, and instead relies on a complex bilateral hydrogen-

bonding network involving numerous polar residues to coordinate the O6 hydroxyl and 2-acetamido 

groups. Remarkably, CpGH31 CBM32-2 has customized its binding site to accommodate GalNAc only, 

both through the shallow nature of the site and its specially positioned bilateral polar residue network.   

The canonical galactose-based recognition of GalNAc by CpGH31 CBM32-3, the binding of 

GalNAc with an allowance for LacNAc and galactose by CpGH31 CBM32-1, and the strict preference of 
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CpGH31 CBM32-2 for GalNAc suggest that this sugar ligand is at the core of the carbohydrate 

recognition pattern of this CpGH31. These varying degrees of GalNAc specificity as part of a 

carbohydrate-binding profile by these separate modules underline the importance of the adherence to this 

monosaccharide by secreted CAZymes. In fact, GalNAc is extremely prevalent in the O-glycans of the 

colonic mucosa, both in humans and in animals. By definition, O-glycosylation involves the attachment 

of a GalNAc moiety at its C6 carbon to a serine or threonine residue on the associated protein component 

of the glycoprotein (57). This interaction is at the center of the four core structures identified in human 

colonic mucins, and is also present in the core of the T and Tn antigens (191). Acetylated 

monosaccharides, including GalNAc, are also present in the rest of the intricate branched carbohydrates 

of O-glycans (192). Based on its prevalence in mucin O-glycans, the ability of a carbohydrate-modifying 

enzyme to recognize this critical monosaccharide is critical. The preferential binding of GalNAc by the 

CpGH31 CBM32s further highlights this importance and suggests that CpGH31 may target GalNAc-rich 

regions of mucin for enzymatic degradation. The destruction of these critical mucin regions may serve as 

vital host-pathogen interactions for C. perfringens and aid in the propagation of the bacterium into the 

inner mucosal layer of the gut.  

At first glance, it is tempting to classify these modules as molecular anchors between the enzymes 

and their substrates; in several cases the protective eukaryotic polysaccharides lining the human digestive 

tract. In this way, it would seem intuitive that the composition and ligand-binding preference of appended 

CBM32s would directly reflect the specificity of the parent enzyme. However, as an increasing number of 

secreted CAZymes and their associated CBM32s are identified and characterized an interesting trend is 

emerging; one where the enzymatic activity of the enzyme rarely matches the binding preferences of the 

attached CBM32s (148, 150, 193). Thus, it has become increasingly obvious that the relationship between 

enzyme activity and binding preference of the associated CBM32 is not as intuitively obvious as we may 

have expected. 
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Interestingly, the CpGH31 catalytic domain is a putative α-glucosidase, and not a GalNAc-

specific enzyme, as the sugar-binding properties of its appended CBM32s would imply. As we continue 

to examine CBM32s in the context of their parent enzymes, we begin to get a sense of the arsenal of 

CBM32s that a given enzyme can contain and what this composition may imply for the function of the 

enzyme. Our most complex example to date comes from studies on a family 89 glycoside hydrolase with 

α-N-acetylglucosaminidase activity, CpGH89. This enzyme contains six CBM32 modules with a wide 

range of sugar-binding properties with seemingly little relation to the parent enzyme activity, including 

canonical galactose-binding, preference for the galactose moiety of the bent sugar GlcNAc-α-1,4-

galactose, as well as two CBM32s with no apparent sugar-binding activity (150). A similar mismatch is 

observed in the exo-β-D-N-acetylglucosaminidase CpGH84C, which contains a single canonical 

galactose-binding CBM32 (96). SAXS studies on CpGH84C provide the first clue in our understanding of 

CBM contribution to enzyme function: despite this mismatch, the active site of the catalytic module and 

binding site of the CBM are spatially coordinated (152). This study may imply that for larger enzymes 

like CpGH89 and CpGH31, which contain a number of CBM32s with varying ligand binding profiles, 

spatial coordination and overall enzyme topology plays a key role, perhaps in aligning the CBM32s to 

recognizing neighboring ligands in such a way as to optimize substrate degradation by the catalytic 

module. The diversity in ligand binding preferences by CBM32s may serve to mirror the complex 

heterogeneous mucin glycans found in the mucosal layer of the gut. In this way, the disconnect between 

the catalytic activity of the enzyme and the substrate preferences of its CBMs may be rectified by the 

ability of the CBMs to collectively adhere to catalytically relevant targets. 

Our studies on CpGH31 thus provide a valuable example of CBM activity in the context of the 

whole enzyme; this enzyme is unique in that other modules separate the three CBM32s, as opposed to the 

CBM32s appearing in tandem as seen in other enzymes such as CpGH89 and the µ-toxin CpGH84A. Our 

studies on individual CBMs is valuable as it explores the molecular tools employed by each module of the 

enzyme, but represents only half of the “dissect-and-build” approach to understanding the role of these 
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CBMs in the context of the entire enzyme. As such, we stress that future studies of CBM-containing 

enzymes, particularly of large multi-modular CAZymes, will need to include a detailed structural analysis 

of the enzyme’s global topology, as well as conformational dynamics, in order to paint a complete picture 

of ancillary module function and pinpoint the role of each CBM32 in improving catalytic efficiency. In 

this way, we will be able to correlate more exactly the information uncovered in individual CBM studies 

such as these to the function and spatial coordination of ligand recognition by the enzyme as a whole 

entity. 

 

2.5 Materials and Methods 

2.5.1 Cloning, recombinant protein expression, and purification 

CpGH31 CBM32-1, CBM32-2, and CBM32-3 were amplified using PCR from Clostridium 

perfringens ATCC 13124 genomic DNA (Sigma; locus tag CPF_1301). Forward and reverse 

oligonucleotide primers were designed and used for amplification (Table 2.2). Gene fragments encoding 

CBM32-1 (nucleotides 2803-3285), CBM32-2 (nucleotides 3898-4410) and CBM32-3 (nucleotides 4918-

5355) were PCR amplified, cloned into pCR8/GW/TOPO plasmids (Invitrogen), and transferred into 

Champion pET300/NT-DEST Gateway vectors using LR Clonase II (Invitrogen). A 11-amino acid 

fragment originating from the TOPO vector was transferred into the final vector, however we believe that 

this in no way impacts the structure and function of the protein.  The resulting gene products contained a 

non-cleavable N-terminal hexahistidine tag, the small fragment of the TOPO vector used for cloning, 

followed by the respective CBM32 sequence from CpGH31 (CBM32-1: residues 933-1095; CBM32-2: 

residues 1300-1470; CBM32-3 residues 1640-1785). A CBM32-2 gene fragment encoding residues 1323-

1470 of CPF_1301 was PCR amplified and subcloned into the NdeI and XhoI sites of a pET28a 

expression vector encoding a cleavable hexahistidine tag. The fidelity of each construct was verified 
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Table 2.2. Oligonucleic primers used for cloning of the CpGH31 CBM32s. 

  

CBM32-1 (FWD) 5’-GTAAATAAGGATGGACATTC-3’
CBM32-1 (REV) 5’-TCACTTATAAGGTCTAAACTCTC-3’
CBM32-2 (resi. 1300-1470) (FWD) 5’-CTGGTTCCGCGTGGATCCGCTAAAATTATTGATTTAGAAAGTG-3’
CBM32-2 (resi. 1300-1470) (REV) 5’-CCGCTCGAGCTTCTCATAAAATTCAATTTC-3’
CBM32-2 (resi. 1323-1470) (FWD) 5’-GGAATTCCATATGAACATTACTGTAAGTGGTG-3’
CBM32-2 (resi. 1323-1470) (REV) 5’-CCGCTCGAGTTATTCACTCTTCTCATAAAATTC-3’
CBM32-3 (FWD) 5’-GATTCTAGCAAGTTAGAAGC-3’
CBM32-3 (REV) 5’-TCATTTTCCGTAGAATACTAATTC-3’

Primer Name Primer Sequence
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by DNA sequencing, with Gly to Ala mutation was observed in the TOPO fragment in all three clones. 

The resultant CpGH31 CBM32-expressing plasmids were transformed into Escherichia coli strain BL21 

(DE3).  

The recombinant unlabeled and 13C/15N-labeled CpGH31 CBM32 constructs were expressed and 

purified as N-terminal hexahistidine fusion proteins similar to that previously described for CpGH84A 

CBM32-1 (194).  The generation of seleno-methionine labeled CBM32-2 comprising residues 1323-1470 

involved growth on M9 SeMet high-yield media prepared according to instructions of the manufacturer 

(Shanghai Medicilon Inc.) at 37°C to an O.D600 of 1.2, following by addition of seleno-methionine and an 

inhibitory media cocktail (Shanghai Medicilon Inc.), induction of protein expression by addition of 

isopropyl β -D-1-thiogalactopyranoside (IPTG), and growth at 20°C overnight. Purification of the seleno-

methionine labeled CBM32-2 construct involved Ni-NTA affinity chromatography, dialysis against 25 

mM Tris-HCl, pH 7.5, 50 mM NaCl, cleavage of the N-terminal hexahistidine tag by incubation with 

thrombin (10 units/mg protein; Sigma) overnight at room temperature, and size exclusion 

chromatography with a S75 Superdex column (GE Healthcare). In all cases, fractions containing the 

purified proteins were pooled and concentrated, and purity was assessed by SDS-PAGE to > 95%.   

 

2.5.2 NMR Spectroscopy 

Multidimensional heteronuclear NMR spectra were acquired on Varian INOVA 600 MHz and 

Bruker 800 MHz spectrometers each equipped with cryoprobes for CpGH31 CBM32-1 (303 K) and 

CpGH31 CBM32-2 (308 K). 1H, 13C, 15N backbone and side chain resonance assignments of uniformly 

13C/15N-labeled CpGH31 1.3 mM CBM32-1 (25 mM Tris-HCl, pH 6.9, 50 mM NaCl, 90% H2O/10% 

D2O) and 444 µM CBM32-2 (25 mM Tris-HCl, pH 7.43, 50 mM NaCl, 90% H2O/10% D2O) were 

completed using the following datasets: 2D 1H-15N HSQC, HNCACB, CBCA(CO)HN, HNCO, 

HNCACO, and 15N-edited NOESY-HSQC (100 ms mixing time). All proton chemical shifts were 

referenced to 4-4-dimethyl-4-silapentane-1-sulfonic acid (DSS). NMR spectra were processed and 
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analyzed using NMRPipe (195) and NMRViewJ (196). Of the 156 assignable backbone resonances from 

a total 163 residues in CBM32-1 (excluding Pro955, Pro960, Pro977, Pro999, Pro1053, Pro1068 and 

Pro1093) 96% of the backbone 1H, 13C and 15N chemical shift resonances were identified. For CBM32-2, 

88% of the 167 assignable backbone 1H, 13C and 15N chemical shift from 171 total residues (excluding 

Pro1310, Pro1314, Pro1372, Pro1382) were identified. 

2.5.3 NMR-based carbohydrate titrations 

 Protein samples comprising 100 µM 15N-labeled CBM32-1, 184 µM 15N-labeled CBM32-2, and 

100 µM 15N-labeled CBM32-3 in 25 mM Tris-HCl, pH 6.9, 50 mM NaCl and 10% D2O had galactose, 

glucose, GalNAc, GlcNAc, GlcN, and LacNAc added to a final concentration of 8 mM and assessed by 

2D 1H-15N HSQC spectra recorded on a Varian Inova 600 MHz spectrometer at 303 K. For the GalNAc 

titrations, incremental additions of the carbohydrate resulting in total concentrations of 250 µM, 500 µM, 

1 mM, 2 mM, 3 mM, 4 mM, 5 mM, 6 mM, 7 mM and 8 mM were added to 500 µM 15N-labeled CBM32-

1, 410 µM 15N-labeled CBM32-2 and 500 µM 15N-labeled CBM32-3.  Following processing and analysis 

of the spectra as described above, titration analysis was conducted using CcpNmr Analysis (197). Non-

linear fits were individually applied to protein (A) peaks displaying significantly perturbed backbone 

amide resonances in the presence of the ligand (B), resulting in the protein-ligand complex (AB) using the 

quadratic equation: 

𝐴(𝐵 + 𝑥 − 𝐵 + 𝑥 ! − 4𝑥) 

where, A = (Δδbound-Δδfree)/2)  B = 1 + Kd/([A]free+[AB]) , and x = ([B]+[AB])/([A]+[AB]).  The reported 

average Kd values and corresponding standard deviations were calculated from the resulting dissociation 

constants for the significantly perturbed backbone amide resonances.  

 

2.5.4 STD NMR studies 

STD NMR spectra were collected on samples dissolved in 25 mM phosphate buffer, pD 6.9, 50 

mM NaCl, 100% D2O at 298 K on a Bruker 500 MHz spectrometer equipped with a 1.7 mm TCI probe. 
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Spectra on samples containing 100 µM CBM32-1 or 100 µM CBM32-2 were acquired in the absence of 

and presence of 8 mM carbohydrate. Spectra of 250 µM CBM32-3 in the absence and presence of 50 mM 

carbohydrate were acquired. E-Burp2 shaped pulses were employed for saturation of protein resonances 

with bandwidths of 300 Hz for a period of 2.5 s. Similar ligand STD signals were obtained when protein 

saturation pulses were centered at -0.5 ppm for CBM32-1 and CBM32-2 and 7.5 ppm for CBM32-3. Off-

resonance pulses were centered at 35 ppm. 512 transients were collected for each sample. Residual HDO 

suppression was achieved using excitation sculpting. Processing of the difference spectrum was with 

exponential line broadening using a line broadening of 0.1 Hz. 

2.5.5 Crystallization, data collection, and structure determination 

Crystallization studies were performed at 291 K or 298 K using the hanging drop vapour 

diffusion method. CBM32-1 at 11 mg/ml crystallized in 32% PEG 4000, 100 mM Tris-HCl pH 8.0, 225 

mM MgCl2. A complex of seleno-methionine labeled CBM32-2 with GalNAc was crystallized using a 

protein concentration of 7.5 mg/ml in 25% PEG 3350, 0.1 M BisTris pH 6.5, 5% glycerol, 10 mM 

GalNAc.  Apo CBM32-3 at 13 mg/ml was crystalized in 20% PEG 10,000, 100 mM HEPES pH 7.5, 50 

mM NaCl. CBM32-3:galactose and CBM32-3:GalNAc complex crystals were obtained by first mixing 

the 10 mg/ml protein in 20 mM galactose or 10 mM GalNAc for 1 hr, followed by incubation with an 

equal volume of 1.6 M ammonium citrate. All CBM32-1 and CBM32-3 crystals were cryoprotected using 

crystallization solution supplemented with 25% ethylene glycol prior to X-ray diffraction data collection 

while the CBM32-2:GalNAc complex crystals were cryoprotected in 20% glycerol.  

Diffraction data were collected at 100 K at the Advanced Photon Source (Argonne National 

Laboratory) beamline QM/CA-CAT 23-ID-B, the Canadian Light Source beamline CMCF-BM 08B1-1, 

the National Synchrotron Light Source (Brookhaven National Laboratory) beamline X6A, or the Stanford 

Synchrotron Radiation Lightsource (SLAC National Accelerator Laboratory) beamline 14-1.  

Reflection data for apo CBM32-1, apo CBM32-3, and the CBM32-3:galactose complex were 

integrated and scaled using HKL-2000 (198), while data for the CBM32-2:GalNAc and CBM32-
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3:GalNAc complexes were integrated using MOSFLM (199) and scaled using Aimless (200). The apo 

CBM32-1 and apo CBM32-3 structures were determined by molecular replacement using PHENIX 

AutoMR (201), with the C. perfringens CpGH84C CBM32 (PDB accession code: 2J1A) used as a search 

model for the apo CBM32-1 and CBM32-3 structures. The refined apo CBM32-3 model was 

subsequently used as a search model for molecular replacement-based determination of the CBM32-

3:galactose and CBM32-3:GalNAc complex structures. The structure of CBM32-2 in complex with 

GalNAc was determined by SAD whereby automated experimental phasing was performed using SHELX 

(202), and automated model building was done using ARP/wARP (203). Final models of all five 

structures were obtained using successive rounds of manual model building in Coot (204) and automated 

refinement using PHENIX (201) or REFMAC (205). Model validation was performed using SFCHECK 

(206) and PROCHECK (207).  

 

2.5.6 Data Deposition 

Structure coordinates were submitted to the Protein Data Bank (PDB) under accession code 4LPL 

(apo CBM32-1), 4UAP (CBM32-2:GalNAc complex), 4LQR (apo CBM32-3), 4LKS (CBM32-

3:galactose complex), and 4P5Y (CBM32-3:GalNAc complex). 
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Chapter 3 

1H, 15N and 13C backbone and side-chain resonance assignments of a family 32 

carbohydrate-binding module from the Clostridium perfringens GH84A 

3.1 Abstract 

The Gram-positive anaerobe Clostridium perfringens is an opportunistic bacterial pathogen that 

secretes a battery of enzymes involved in glycan degradation. These glycoside hydrolases are thought to 

be involved in turnover of the mucosal layer glycans and in the spread of major toxins commonly 

associated with the development of gastrointestinal diseases and gas gangrene in humans.  These enzymes 

employ multi-modularity and carbohydrate-binding function to degrade extracellular eukaryotic host 

sugars.  Here, we report the full 1H, 15N and 13C chemical shift resonance assignments of the first family 

32 carbohydrate-binding module (CBM32-1) from CpGH84A, a secreted family 84 glycoside hydrolase. 

 

3.2 Introduction 

The Gram-positive bacterium Clostridium perfringens is Janus-faced in that it is a commensal 

member of the human gut microflora, but is also an opportunistic pathogen causing gas gangrene, necrotic 

enteritis, and gastroenteritis (125). In this context, the bacterial genome encodes a plethora of secreted 

multi-modular, carbohydrate-active enzymes with varying substrate-binding specificities and catalytic 

activities to effectively degrade eukaryotic sugars (208). Most of these enzymes are glycoside hydrolases, 

which catalyze the hydrolysis of glycosidic bonds. Structural and functional characterization of these 

enzymes, including the catalytic domain and the ancillary modules that confer a variety of functions to 

improve catalytic efficiency, will contribute to an improved understanding of how C. perfringens interacts 

with the host. 

The most common ancillary module found in glycoside hydrolases is the carbohydrate-binding 

module (CBM), which functions to target the parent enzyme to relevant sugar targets. CBMs are typically 
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found in tandem in many of the carbohydrate-degrading virulence factors produced by C. perfringens, 

including the sialidases (NanI and NanJ) and a putative N-acetylglucosaminidase (CpGH84A). The 

family 32 CBMs (CBM32) represent the predominant type of CBM found in the C. perfringens glycoside 

hydrolases, and display a β-sandwich topology, with an exposed variable loop region which is the site of 

carbohydrate-binding (148, 149, 151).  This CBM family displays an unprecedented diversity both in 

sequence and in potential carbohydrate ligands, all of which makes predicting ligand partners excessively 

difficult and muddies our understanding of the role of these modules in glycoside hydrolase function (94, 

95). 

CpGH84A is a 182-kDa multi-modular glycoside hydrolase that has been associated with the 

virulence of C. perfringens (126). It comprises a glycoside hydrolase family 84 catalytic domain, four 

CBM32 modules in tandem (CBM32-1-4), an uncharacterized region, three tandem FIVAR (Found In 

Various ARchitectures) modules and a C-terminal dockerin (DOC) module (Figure 3.1A). To better 

understand substrate recognition by CpGH84A we have embarked on the structural and functional 

characterization of the four CBMs.  Recently, CpGH84A CBM32-2 was found to have specificity for 

terminal N-acetylglucosamine residues (GlcNAc) (149); however, no information currently exists for the 

remaining three CBM32 modules in CpGH84A. 

We have initiated multi-dimensional heteronuclear NMR studies on CpGH84A CBM32-1 to 

thoroughly examine its structure and to functionally characterize this module in an effort to better 

improve our understanding of how these carbohydrate-active enzymes impact host-pathogen interactions.  

As a first step towards this goal, we report the 1H, 13C and 15N chemical shift resonance assignments for 

the CpGH84A CBM32-1. 

3.3 Assignments and Data Deposition 

As shown by the labeled two-dimensional 1H-15N HSQC spectrum in Figure 3.1B, all 144 

expected backbone HN-15N correlations were identified; seven proline residues are also found within the 

sequence (Pro661, Pro676, Pro680, Pro697, Pro713, Pro729 and Pro759). Twenty pairs of side chain HN  
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Figure 3.1. 2D 1H-15N HSQC spectrum of CpGH84A CBM32-1. 

A) Modular architecture of CpGH84A with CBM32-1 outlined in red. B) 2D 1H-15N HSQC spectrum of 
uniformly 13C/15N-labeled 0.8 mM CpGH84A CBM32-1 in 50 mM NaCl Tris-HCl, pH 6.9, 50 mM NaCl, 
0.5 mM DSS and 90% H2O/10% D2O at 800 MHz and 303 K. Peaks are labeled according to one-letter 
amino acid acids and to position in the protein sequence. Resonances corresponding to asparagine and 
glutamine side chain amide protons are enclosed in parentheses.   

A) 

B) 
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correlations were identified, corresponding to eighteen asparagine and two glutamine residues. In all, 

100% of all backbone 1H, 13C and 15N chemical shift resonance assignments of the C. perfringens 

CpGH84A CBM32-1 module have been confirmed. Similarly, the chemical shift assignments of all side 

chain resonances are 96% complete. Interestingly, our analysis has revealed a number of unusual 

chemical shifts, such as the backbone amide proton of Asn726 (11.42 ppm), Hγ1 of Lys695 (-0.91 ppm), 

Hβ and Hγ21 of Thr741 (1.61 ppm and -0.19 ppm, respectively), and Hβ1 of Leu776 (-0.39 ppm). A small 

subset of resonances remain unassigned for the side-chain amide group for Gln673, Hβ for Asp660, Cε 

and Hε for Phe684 and Tyr694 and Lys737, and Cγ and Hγ for Leu750, as well as for side-chain chemical 

shifts beyond Cα for Ile700, Met723, Met758 and Glu783, and beyond Cβ for Arg672 and Arg775. There 

is also a subset of 1H-15N correlation peaks which remain unassigned and likely correspond to backbone 

amide groups from amino acid residues in the hexahistidine affinity tag region and ε-NH3
+ groups from 

lysine side chains. Sequential backbone and side-chain chemical shifts for have been deposited into the 

BioMagResBank (BMRB) database (http://www.bmrb.wisc.edu) under BMRB accession number 17694. 

 

3.4 Materials and Methods 

3.4.1 Production of 13C/15N-labeled CpGH84A CBM32-1 

C. perfringens ATCC 13124 genomic DNA (Sigma) was used as a template to PCR amplify the 

fragment of the nagH gene encoding CpGH84A CBM32-1. Forward (5’-

CATATGGCTAGCGATCCAAATAGAATAATAGCAAC-3’) and reverse (5’-

AATTCGGATCCTTATGAATCCTCTTTCTTATTTAC-3’) primers were designed with NheI and 

BamHI restriction sites (underlined), respectively for recombinant cloning purposes.  The gene fragment 

comprising nucleotides 1978-2400 and encoding amino acids 660-800 of nagH was cloned into a 

pET28a(+) expression vector using the NheI and BamHI restriction sites. The recombinant polypeptide 

comprises a N-terminal hexahistidine tag, a thrombin protease cleavage site, and CpGH84A CBM32-1. 

The resulting expression plasmid was transformed into Escherichia coli strain BL21(DE3) cells. Uniform 
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13C/15N labeling and purification of CpGH84A CBM32-1 was performed via bacterial expression, Ni2+-

affinity chromatography (Amersham Life Sciences) and size exclusion chromatography (Sepharose-75; 

Amersham Life Sciences). Fractions containing purified 13C/15N-CpGH84A CBM32-1 were pooled and 

concentrated to a final volume of 1 ml in a 3K MWCO Amicon concentrator. Purity was assessed by 

SDS-PAGE to >95%. A single NMR sample containing 0.8 mM 13C/15N-CpGH84A CBM32-1 in 50 mM 

Tris-HCl pH 6.9, 50 mM NaCl, 0.5 mM DSS and 10% D2O and was used to collect all two- and three-

dimensional NMR datasets. 

 

3.4.2 NMR Spectroscopy 

NMR spectra were acquired on a Varian INOVA 500 MHz spectrometer equipped with a triple 

resonance cryoprobe at 303 K. Backbone sequential and side chain resonance assignments (1H, 13C, 15N) 

of 13C/15N-CpGH84A CBM32-1 were completed using the following datasets: 2D 1H-15N HSQC, 3D 

HNCACB, 3D CBCA(CO)NH, 3D HNCO, 3D HNHA, 3D HC(CO)HN-TOCSY, 3D C(CO)HN-TOCSY, 

3D HNCA, 3D HCCH-COSY, and a 3D HCCH-TOCSY. A reference 2D 1H-15N HSQC and 

corresponding 3D 15N-edited and 13C-edited aliphatic and aromatic NOESY-HSQC experiments with 

mixing times of 100 ms were collected using a Varian INOVA 800 MHz spectrometer to confirm several 

aromatic chemical shifts. All proton chemical shifts were referenced to DSS. NMR spectra were 

processed and analyzed using NMRPipe (195) and NMRView 5.2.2 (196), respectively. 
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Chapter 4 

An unusual mode of galactose recognition by a family 32 carbohydrate-

binding module 

4.1 Abstract 

Carbohydrate-binding modules (CBM) are ancillary modules commonly associated with 

carbohydrate-active enzymes (CAZymes) that function to mediate the adherence of the parent enzyme to 

its carbohydrate substrates. CBM family 32 is one of the most diverse CBM families, whose members are 

commonly found in bacterial carbohydrate-active enzymes that modify eukaryotic glycans. One such 

example is the putative µ-toxin, CpGH84A, of the family 84 glycoside hydrolases, which comprises an N-

terminal putative β-N-acetylglucosaminidase catalytic module and four tandem family 32 carbohydrate 

binding modules (CBM32).  Here, we report a unique mode of galactose recognition by the first CBM32, 

CBM32-1 from CpGH84A. Solution nuclear magnetic resonance (NMR)-based analyses of CpGH84A 

CBM32-1 indicate a divergent subset of residues, located in ordered loops at the apex of the CBM, 

conferring specificity for the galacto-configured sugars galactose, GalNAc, and LacNAc that differs from 

those of the canonical galactose-binding CBM32s. This study showcases the impressive variability in 

ligand binding by this CBM family, and offers insight into the growing role of these modules in the 

interaction of CAZymes with eukaryotic glycans.  

 

4.2 Introduction 

Carbohydrate-binding modules (CBM) are found within carbohydrate-active enzymes 

(CAZymes) as independent non-catalytic modules that, as the name implies, specifically bind 

carbohydrates (95, 110). The general function of CBMs is to target CAZymes to their substrates and 

thereby promote catalysis. CBMs are abundant in the CAZymes that modify plant cell wall 

polysaccharides (111) but with the explosion in genome sequencing efforts these modules are 



 

 

 

65 

increasingly being found in enzymes that are implicated in complex glycan modification (96). In addition 

to their important biological roles, the wide variety of binding specificities displayed by CBMs has 

proven to be beneficial model systems for studying the molecular mode of carbohydrate recognition by 

proteins (95). CBMs are presently classified into 69 amino acid sequence-based families, among which 

the most valuable model family of CBMs is CBM32 (94, 110).  This is one of the most diverse CBM 

families having great depth of amino acid sequence variability and binding specificity, the latter of which 

spans both plant cell wall polysaccharides and eukaryotic glycans (94). With respect to the recognition of 

eukaryotic glycans, differences in the variable loop regions of CBM32s accommodate binding to a wide 

variety of mono- and disaccharides, including galactose, N-acetylgalactosamine (GalNAc), N-

acetylglucosamine (GlcNAc), N-acetyllactosamine (LacNAc), polygalacturonic acid, type II blood group 

antigen H-trisaccharide, and N-acetyl-β-D-glucosamine-α-1,4-D-galactose (GlcNAc-α-1,4-galactose), 

with the binding affinities of individual CBM32s to their respective monosaccharide ligands being 

typically weak (Kd = 10-3-10-4 M) (148-151).  

The secretion of CAZymes, specifically glycoside hydrolases, by members of the human gut 

microbiome is integral to the survival of these microbes, as these enzymes are instrumental in the 

degradation of heavily glycosylated proteins and cell-surface glycoproteins found as part of the protective 

mucosal layer of the host intestinal tract (181). A relevant example is Clostridium perfringens, strains of 

which have genomes containing up to approximately 56 open frames coding for glycoside hydrolases 

with a wide variety of catalytic activities and containing numerous CBM32s (138). Using this battery of 

glycoside hydrolases and other CAZymes, pathogenic strains of this Gram-positive anaerobe promote the 

onset and progression of gastrointestinal diseases by penetrating and aggressively degrading eukaryotic 

glycans, allowing the bacterium access to the underlying epithelial cells (52, 125, 182). The enrichment of 

CBM32 modules in enzymes such as those from C. perfringens indicates an important role for these non-

catalytic ancillary modules in modulating the activities of their parent enzymes (96). However, the 

diversity of binding specificity and molecular modes of CBM-carbohydrate recognition are not yet well 
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understood for CBM32s in general and the CBMs from C. perfringens, in particular, are a useful system 

to address this deficiency.  

C. perfringens produces CpGH84A, a 182-kDa putative N-acetylglucosaminidase, also referred to 

as the µ-toxin (126), and comprises an N-terminal glycoside hydrolase family 84 catalytic module 

followed by four tandem CBM32s, an uncharacterized region (UNK3), three tandem Found In Various 

ARchitectures (FIVAR) modules, and a C-terminal dockerin (DOC) module (Figure 3.1A) (149, 163, 

168). The four CBMs display remarkably low amino acid sequence identity (< 25%) with one another 

(149), leading to the hypothesis of diverse binding specificity for these CBMs. Of these CBMs, however, 

only the second CBM, referred to as CBM32-2, has been studied and was shown to have specificity for 

N-acetylglucosamine (149). The CBMs of CpGH84A provide an excellent model system to further 

develop our nascent foundation of understanding the fundamental molecular features of how CBMs 

recognize carbohydrates while providing useful insight into the molecular function of this toxin. 

In an effort to understand the basis for sugar recognition by CBM32-1 from CpGH84A, we 

examined its carbohydrate-binding and structural properties. Nuclear magnetic resonance (NMR)-based 

titration and saturation transfer difference (STD) analyses identified its preference for galacto-configured 

mono- and disaccharides. We determined the NMR-derived solution structure of apo-CBM32-1 to 

identify the molecular determinants of this interaction. While sharing the β-sandwich fold typical of 

previously studied CBM32s (94), CBM32-1 relies on a subset of non-conserved residues situated in the 

variable loop regions of the protein module that contribute to a mode of galactose binding that is unique 

among CBM32s characterized to date, highlighting the remarkable diversity in this family of 

carbohydrate binding proteins. These structure-based findings will motivate other studies that explore 

how the tandem CBM32 proteins in CpGH84A contribute to host glycan recognition and their impact on 

pathogenesis. 
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4.3 Results 

4.3.1 CpGH84A CBM32-1 binds galacto-configured sugars 

Initial screening of CpGH84A CBM32-1 specificity by glycan microarrays was inconclusive, 

likely due to the low affinity of the CBM32 for carbohydrates, which is a common and confounding 

feature when examining the carbohydrate binding properties of CBM32s (94). Given the ubiquity of 

aromatic amino acids involved in the known interactions of CBM32s with carbohydrates, we employed 

UV difference spectroscopy to qualitatively screen binding to a wide variety of monosaccharides. Of the 

monosaccharides that were tested (glucose, mannose, fucose, sialic acid, GlcNAc, GalNAc, galactose) at 

excess concentrations, only galactose and GalNAc induced a perturbation in the ultraviolet (UV) 

difference spectrum that was diagnostic of tryptophan residue(s) changing solvent environment (not 

shown). This was further examined by using 2D heteronuclear 1H-15N HSQC experiments. Consistent 

with the UV difference experiments, the addition of 30-fold excess galactose, glucose, GalNAc, and N-

acetyllactosamine (LacNAc) to CBM32-1 resulted in only galactose, GalNAc, and LacNAc inducing 

chemical shift perturbations for a subset of resonances in the CBM32-1 spectrum, whereas the addition of 

glucose did not result in any observable spectral changes (Figure 4.1).  These results indicated the 

preference of CBM32-1 for galacto-configured ligands. Given the lack of significant amino acid sequence 

identity with known galactose-specific CBM32s (94, 148, 150), however, it was unclear how the 

specificity towards these ligands is conferred motivating structural studies. 

 

4.3.2 Solution structure of CpGH84A CBM32-1 

Towards more fully understanding the structural determinants of galactose recognition by 

CBM32-1 and to further interpret the results obtained from our NMR-based experiments, the solution 

NMR-derived structure of this protein module in the apo-state was determined. A total of 2888 

unambiguous, manually assigned NOE-derived distance restraints and 190 dihedral angle restraints were 

used as inputs to generate a total of 200 structures of CpGH84A CBM32-1 from which a structural  
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Figure 4.1. CpGH84A CBM32-1 displays specificity for galactose. 

A) B) 

N784 L787 N784 L787 

Q734 Q734 

Y710 Y710 

K796 K796 

D768 D768 

L692 L692 

I700 I700 

I738 I738 

T757 T757 

Overlay of 2D 1H-15N-HSQC spectra of 100 µM CpGH84A CBM32-1 in the absence (black) and presence (red) of A) 3 mM galactose and B) 
3 mM glucose. Galactose-induced chemical shift changes are observed for a subset of resonances in the CpGH84A CBM32-1 spectrum. 
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ensemble representing 20 lowest energy structures of this CBM32 module exclusive of any NOE distance 

violations greater than 0.3 Å and dihedral violations greater than 5° were selected for further structural 

analysis. A summary of the structural statistics is shown in Table 4.1.   

The backbone superposition of the 20 lowest energy structural models revealed excellent 

convergence in the core of the protein module (Ile665- Lys796; backbone r.m.s.d. of 0.56 ± 0.06), and 

with a few exceptions was consistent with the NOE data (Figure 4.2). A region comprising residues 

Asn671-Glu691 lacked this high level of convergence, a finding likely attributed to a lack of 

unambiguous medium- and long-range 1H-1H NOE distance restraints associated with this region.  

CpGH84A CBM32-1 adopted a β-sandwich-like fold with two faces. One face comprised the β-

strands β8 (Ala761-Glu765), β5 (Val719-Met723), β11 (Leu787-Val794) and β2 (Leu692-Tyr694); the 

opposite face contained strands β7 (Ile748-Glu752), β6 (Ala736-Thr741), β10 (Gly773-Thr779), β3 

(Tyr705-Ser711) and β1 (Ile665-Asn671). A short antiparallel sheet formed by β4 (Ile714-Leu716) and 

β9 (Leu769-Val771) was located at the base of the β-sandwich. In addition, a short α-helix (residues 

Asp681-Asp685) was situated in the interstrand loop region between β1 and β2 (Figure 4.2). The five 

loops opposite to the β4-β9 sheet that connect the two faces of the β-sandwich are herein collectively 

referred to as the variable loop region. A search of the DALI database for structural homologues in the 

Protein Data Bank (http://rcsb.org) using the coordinates of CBM32-1 supported its identity as a CBM, 

with the greatest structural similarity to the CBM32-2 from CpGH84A (149), CBM32-5 from CpGH89 

(150), and CBM32 from NanJ from C. perfringens (151) (Table 4.2).   

15N-based heteronuclear NMR relaxation experiments were also performed to assess the backbone 

dynamic properties of apo-CBM32-1. Specifically, steady-state {1H}-15N NOE values, longitudinal 15N T1 

and transverse 15N T2 relaxation time constants were calculated for 111 out of the 133 possible previously 

assigned 1H-15N backbone resonances (Figure 4.3). Residues Ile665-Lys796, defining the protein core of 

CBM32-1, showed very little deviation from the calculated average heteronuclear {1H}-15N NOE, 15N T1, 

and 15N T2 values of 0.75, 512 ms, and 101 ms, respectively suggesting that the structure was well 
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Table 4.1. NMR structural statistics for CpGH84A CBM32-1. 

 
 

 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 

 
 
 

 
 

aTALOS+-derived dihedral restraints for residues located in secondary structure elements were used when 
9 out of 10 predictions fell in the same region of the Ramachadran plot, with the resulting φ and ψ angles 
were restricted to two times the error from the TALOS output for the structure calculations (209). bThe 
following parameters were used. High temperature annealing: force constants of 150 kcal mol-1 Ǻ-2 for 
NOE energy and 100 kcal mol-1 rad-2 for dihedral energy. First slow cooling: 150 kcal mol-1 Ǻ-2 for NOE 
energy and 200 kcal mol-1 rad-2 for dihedral energy. Second slow cooling: 150 kcal mol-1 Ǻ-2 for NOE 
energy and 200 kcal mol-1 rad-2 for dihedral energy. Final minimization using Powell method: 75 kcal mol-

1 Ǻ-2 for NOE energy and 400 kcal mol-1 rad-2 for dihedral energy. Quadratic harmonic potential terms, 
with force constants of 1 000 kcal mol-1 Ǻ-2, 500 kcal mol-1 rad-2, and 500 kcal mol-1 rad-2 for bond, 
angular, and improper terms, respectively were used to maintain covalent geometry close to ideality. 
 
 

Restraints used for structure calculations 
     Sequential 
     Medium-range (1 ≤ | i-j | ≤ 5) 
     Long-range (| i-j | >5) 
     Dihedral restraints (ϕ, ψ) 
Energies (kcal mol-1) 
     Eoverall 
     ENOE 
     Ebond 
     Eangle 
     Eimproper 
     Ecdih 
r.m.s.d. from experimental restraints 
     Dihedral angles (°) 
     Distances (Å) 
r.m.s.d. from idealized geometry 
     Bond (Å) 
     Angle (°) 
Ramachandran statistics 
     Residues in most favourable regions (%) 
     Residues in additional allowed regions (%) 
     Residues in generously allowed regions (%) 
     Residues in disallowed regions (%) 
r.m.s.d. to mean structure (Å) 
     Backbone atoms (Ile665-Lys796) 
     Heavy atoms (Ile665-Lys796) 

 
1014 
319 

1555 
190 

1.46 ± 30.05 
47.24 ± 5.74 
16.20 ± 1.63 

118.56 ± 3.37 
21.89 ± 1.28 
2.14 ± 0.26 

 
0.43 ± 0.026 

0.015 ± 0.001 

0.003 ± 0.001 
0.41 ± 0.006 

 
54.1 
42.1 
3.4 
0.3 

 
0.56 ± 0.06 
0.62 ± 0.06 
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Figure 4.2. Solution NMR structure of CpGH84A CBM32-1. 

A) Backbone superposition (N, Cα and C’) of the 20 lowest-energy NMR-derived structures of CBM32-1. B) Energy-minimized average NMR 
structure of CBM32-1. The structure adopts the β-sandwich fold typical of CBM32 modules. The 11 β-strands are labeled in order of appearance, 
as well as the α-helix that appears between β1 and β2. The core of the protein (residues 665-796 inclusive) is displayed, with the unstructured N-
terminal hexahistidine tag and the flexible four C- terminal residues (residues 797-800) removed for clarity. The N- and C-termini of the protein 
module core are labeled as N and C, respectively. C) The amino acid sequence of CpGH84A CBM32-1 with secondary structure indicated above 
the sequence. β-strands and the α-helix are represented by arrows and cylinders, respectively and numbered according to there position in the 
structure. 
 
 
 
 
 

N 

A) B) 

N C 

C 

α1 

β1 

β2 

β11 

β5 
β8 

β3 

β10 

β6 

β7 

N 
β4 

β9 

C) 
DPNRIIATYISNRQDAPTGNPDNIFDNNASTELVYKNPNRIDVGTYVGVKYSNPITLNNVEFLMGANSNPNDTMQ 
 
 
KAKIQYTVDGREWIDLEEGVEYTMPGAIKVENLDLKVRGVRLIATEARENTWLGVRDINVNKKEDS  

660 -  

- 800 

β1 α1 β2 β3 β4 β5 

β6 β7 β8 β9 β10 β11 



 

 

 

72 

Table 4.2. Top DALI search results for structural homologues of CpGH84A CBM32-1. 

 

Name of 
Structure 

PDB 
Identifier 

Organism Z-Score Aligned 
Residues 

r.m.s.d 
(Å) 

Sequence 
Identity 

(%) 

GH84A 
CBM32-2 

2W1S Clostridium 
perfringens 

13.6 123 2.2 20 

GH89 
CBM32-5 

4AAX Clostridium 
perfringens 

9.7 116 2.8 13 

NanJ 
CBM32 

2V72 Clostridium 
perfringens 

9.3 118 3.0 10 

α-1,3/4 
fucosidase  

3UES Bifidobacterium 
longum ssp. 

infantis 

9.3 118 3.1 9 
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Figure 4.3. Backbone dynamics of apo CpGH84A CBM32-1. 

Plots of A) {1H}-15N NOE, B) longitudinal 15N T1 and C) transverse 15N T2 values as a function of residue 
number recorded at 11.7 T. Residues are labeled according to full-length CpGH84A. Gaps indicate 
prolines or residues whose 1H-15N resonances displayed partial peak overlap or weak signal, excluding 
them from analysis.  
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ordered and governed by the overall diffusion tensor. The five N-terminal and four C-terminal residues of 

CBM32-1 displayed significantly reduced {1H}-15N NOE values indicating increased mobility within 

these regions, which was consistent with a lack of medium- and long-range 1H-1H NOEs in the 

corresponding NOESY datasets. Asn679 located at the end of loop regions linking strand β1 and helix α1, 

and Ala761 at the C-terminus of the linker region connecting strands β7 and β8 displayed larger that 

average T1 and T2 values (678 and 147 ms, and 640 and 133 ms, respectively) suggestive of increased 

mobility compared to other residues in the core region of CBM32-1. An isotropic correlation time (τm) of 

7.6 ± 1.2 ns was determined for the core region of CBM32-1 from the 15N T1, and 15N T2 values {Dosset, 

2000 #671}, which is consistent with a monomeric species under experimental conditions and similar to 

the calculated τm of 9.1 ns and 6.3 ns for a family 11 CBM from Clostridium thermocellum and for a 

xylan-binding CBM13 of Streptomyces lividans, respectively (188, 189). Overall, the NMR relaxation 

data indicate that CBM32-1 is stable and well ordered with exception of short N- and C-terminal regions. 

 

4.3.3 Mapping the galactose-binding site of CpGH84A CBM32-1 

In order to quantitatively characterize the binding of CpGH84A CBM32-1 to galacto-configured 

ligands and to identify the key molecular determinants of these interactions with respect to the our NMR-

based apo-structure, incremental additions of galactose, GalNAc, and LacNAc were made to CBM32-1 

and the resulting chemical shift perturbations were monitored by NMR-based 1H-15N HSQC experiments. 

When the normalized chemical shifts were plotted against the ligand concentration binding affinities (Kd 

values) of 3.3 ± 0.9 mM for galactose, 2.5 ± 0.6 mM for GalNAc and 2.9 ± 0.6 mM for LacNAc were 

observed, and are in a similar range with previously reported affinities for similar mono- and 

disaccharides (95, 148-151). Using our site-specific backbone chemical shift assignments, we also 

observed that all three sugars produced significant chemical shift changes of backbone amide groups for a 

core subset of residues that included Ala725-Asn728, Asp731, and Asn784-Leu787. A number of ligand-

specific residue perturbations were also observed: Thr732 upon the addition of galactose and GalNAc, 
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Asn730 upon the addition of GalNAc, and Lys735 and Val789 with the addition of LacNAc (Figure 4.4). 

When the residues displaying significant chemical shift perturbations in the presence of galactose were 

mapped onto the CBM32-1 structure they localized to the variable loop region at the apex of the protein 

module (Figure 4.5).  

 

4.3.4 NMR analysis of galactose bound to CpGH84A CBM32-1 

Saturation transfer difference (STD) NMR spectroscopy was employed to further assess the 

binding of galactose to CpGH84A CBM32-1. Strong STD signals were observed for the subset of apolar 

galactose protons β-H3, β-H4, and α/β-H6 but not for the H1 protons (Figure 4.6).  These effects 

indicated that the C3-C4 edge of the b-face of β-D-galactose was making primary contacts to the surface 

of CBM32-1. The lack of observed STD signals for the H1 protons positions the C1 edge of galactose 

facing the solvent in such a way as to allow for extension of the sugar chain at C1.  

 

4.4 Discussion 

CBMs were once studied primarily in the domain of plant cell wall polysaccharide degradation 

(111). The increasing number of CBMs observed in CAZymes with no role in biomass degradation, 

however, has suggested a broader distribution of these modules (96, 110). The amino acid sequence 

variation among CBM32s and vast complexity of possible sugar ligands, including eukaryotic glycans, 

reflects the known diversity of ligand specificities in this CBM family (94) (Figure 4.7). This diversity of 

CBM32s is well represented in the abundant and varied CBM32 modules found in C. perfringens 

enzymes (96). In these multi-modular glycoside hydrolases the CBMs likely influence catalytic efficiency 

by localizing the enzyme to its preferred substrate, and potentially aid in bacterial adherence.  The 

sampling of characterized CBM32s is sufficient to enable appreciation of the diversity in the family but 

inadequate to fully understand the structure-function relationships to a predictive extent. Concomitantly, 

the grasp of CBM32 specificity and function in important C. perfringens enzymes is still limited. To 

continue bridging these knowledge gaps it is important to maintain the development of a 
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Figure 4.4. Characterization of ligand-binding properties of CpGH84A CBM32-1 using solution 
NMR studies. 

Titrations of 15N-CBM32-1 with incremental additions of A) galactose B) GalNAc and C) LacNAc, were 
monitored using 2D 1H-15N HSQC spectra at 11.7 T and 298 K and calculated using the formula ∆δ = 
[(0.17∆δN)2 + (∆δHN)2]1/2 (187). The calculated mean (dotted line) and one standard deviation above the 
mean (solid line) are shown for each sugar. Residues whose 1H-15N resonances exhibited chemical shift 
changes greater than one standard deviation above the mean were considered significantly perturbed and 
are indicated by solid colour. Residues whose 1H-15N resonances undergo chemical-shift changes greater 
than the average but less than one standard deviation above the mean chemical shift change are shown in 
white. The binding curve and corresponding dissociation constant (Kd) for each sugar are shown as insets.  
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Figure 4.5. NMR-based mapping of galacto-containing sugars onto the structure of CpGH84A 
CBM32-1. 

A) Residues displaying significantly perturbed backbone 1H-15N resonances in the presence of galactose 
were mapped onto the energy-minimized average structure of CpGH84A CBM32-1 and are shown in red. 
B) The galactose-binding site localized to the variable loop region at the apex of the protein, C) where the 
side chains of those residues displaying significantly perturbed backbone 1H-15N resonances are depicted 
and labeled accordingly. D) A subset of residues affected by galactose binding represent surface-exposed 
residues that form a contiguous surface in the variable loop region of CpGH84A CBM32-1. For clarity, 
Asn679, whose 1H-15N resonance is perturbed, is not shown in the surface representation. This residue 
displayed significantly larger T1 and T2 values and is in close proximity to the solvent-exposed ionizable 
side chain of Asp681, which through dynamics and/or slight pH changes in its microenvironment could 
contribute to the observed perturbation of this resonance.  
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Figure 4.6. Saturation transfer difference (STD) analysis of galactose binding to CpGH84A 
CBM32-1. 
1H reference spectra (top) and STD NMR spectra (bottom) of 4 mM D-galactose in the presence of 40 µM 
CpGH84A CBM32-1. Strong STD signals for a subset of apolar galactose protons, β-H3, β-H4 and α/β-
H6 are shown, indicating that these protons experience magnetization transfer upon protein saturation and 
are involved in direct interactions with CBM32-1. In contrast, a lack of STD signal for H1 protons 
designate that the C1 edge of the sugar is solvent-exposed and does not interact with the protein face.  
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Figure 4.7. CpGH84A CBM32-1 displays a unique mode of galactose recognition among CBM32 family members. 

A) Sequence alignment of CpGH84A CBM32-1 with characterized C. perfringens CBM32s exhibiting specificity towards various sugars. 
Residues involved in the coordination of GlcNAc by CpGH84A CBM32-2 and galactose by CpGH84C CBM32 are indicated by diamonds and 
open circles, respectively (149, 151). The main aromatic stacking interaction in each protein is underlined. B) The canonical galactose-binding site 
of CpGH84C CBM32 (orange) is characterized by the C3-C4-C5 edge of galactose (green) making CH-π stacking interactions with a Trp residue, 
an apolar pocket created by a secondary aromatic residue positioned at a right angle to the Trp residue, as well as conserved Asn, His, and Arg 
residues forming hydrogen bonds with the sugar (151). C) A structural comparison of CpGH84A CBM32-1 (indigo) with the canonical galactose-
binding site of CpGH84C CBM32 (orange) (151) depicts the lack of structural conservation of the two sites. D) The binding sites of CpGH84A 
CBM32-1 (indigo) and CBM32-2 (magenta) (149) each comprise the main aromatic residue and one aspartic acid residue (Trp786 and Asp731 for 
CpGH84A CBM32-1 and Trp935 and Asp877 for CpGH84A CBM32-2). 
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correspondence between the ligand binding specificities of CBM32 proteins and their structures.  

CBM family 32 is known to be a family containing members that represent very diverse binding 

specificity; however, the most common binding specificity for currently characterized examples of 

CBM32s is for non-reducing terminal galacto-configured sugars (94). Among these known CBM32s 

galactose specificity is achieved through a highly conserved set of interactions that we refer to as a 

canonical CBM32 galactose-binding site (148, 150, 151). In this conserved binding site the C3-C4-C5 

plane of the galactopyranose ring make CH-π interactions with a Trp or Tyr sidechain. The phenyl 

sidechain of a Phe residue is positioned such that its sidechain is at right angles to the Trp or Tyr residue 

creating an apolar pocket that accomodates the C6-hydroxymethyl group of the galactose. The side chains 

of conserved Asn, His, and Arg residues make hydrogen bonds with the endocyclic oxygen (O5), C3-OH, 

and C4-OH (Figure 4.7).  

The general location of the galacto-binding site in CpGH84A CBM32-1 at the apical tip of the β-

sandwich fold is conserved with CBM32s that have the canonical galactose-binding site (148, 150, 151). 

However, this site in CBM32-1 is shifted to a different set of loops and thus the residues Ala725-Asn728, 

Asp731, Thr732 and Asn784-Leu787, which are implicated in galactose binding by our NMR studies, 

represent a subset of residues that are not well-conserved among canonical galactose-binding CBM32s 

(Figure 4.7). The only semi-conserved residue is Trp786, which at the primary structure level aligns with 

the Phe residue in the canonical galactose-binding site. The side chain of Trp786, however, is oriented 

such that it would be at right angles to the Phe residue. Indeed, the placement and orientation of Trp786 

quite closely matches that of a key Trp residue in the binding site of CBM32-2 from CpGH84A. In 

CBM32-2, the side chain of this residue makes a classic carbohydrate-aromatic side chain interaction with 

the b-face of a GlcNAc residue. An Asp in CpGH84A CBM32-2 that hydrogen bonds with the C4-OH is 

also structurally conserved in CBM32-1.  

With knowledge of general modes of sugar recognition among CBM32s, the binding site 

architecture of CpGH84A CBM32-1 from its NMR structure, mapping of chemical shifts upon ligand 
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binding, and STD NMR signals from galactose protons we can propose a mechanism of galactose 

recognition.  The ability of CBM32-1 to bind LacNAc and the lack of STD NMR signal from the H1 

proton suggests recognition of the non-reducing terminus of galactose. Consistent with this is the 

maximal signal from the H3 and H4 protons observed by STD NMR. We thus propose that the 

galactopyranose interacts with the side chain of Trp786 such that the C3-C6 plane of the galactose b-face 

packs against the indole ring of the tryptophan, in much the same manner as is seen in the canonical mode 

of galactose binding. A roughly 30° angle of the galactopyranose ring relative to the tryptophan side chain 

would position the axial C4-OH to potentially hydrogen bond with Asp731 and provide specificity for 

galactose; in CBM32-2 the analogous residue (Asp877) hydrogen bonds with the equatorial C4-O4 of 

GlcNAc, which is made possible by the parallel orientation of the glucopyranose ring and the tryptophan 

side chain.  This orientation of galactose in the CBM32-1 binding site would also potentially place the 

C3-OH and C2-OH groups to interact with Ser727 and Asn726, respectively, and put C6-hydroxymethyl 

group of the sugar in proximity to Asn728, The785, and Asn784; all of the chemical shifts of these amino 

acids are perturbed upon sugar binding.    

Overall, CpGH84A CBM32-1 possesses a galactose-binding site that represents a departure from 

the canonical CBM32 galactose-binding site. The inability to predict this binding specificity from the 

primary structure continues to highlight the diversity of the CBM32 family and reinforces the need to 

pursue detailed structural studies in an effort to determine the composition of the binding site and relative 

orientation of key binding residues.  

 

4.5 Materials and Methods 

4.5.1 Recombinant protein expression and purification 

Recombinant 13C/15N-labeled CpGH84A CBM32-1 (residues 660-800 of CpGH84A) was 

expressed and purified as an N-terminal hexahistidine-tagged fusion protein as previously described 
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(194). Protein concentration was assessed using absorbance at 280 nm (ε = 19940 M-1 cm-1) (210). All 

experiments described herein were performed with the hexahistidine-tag present.  

 

4.5.2 NMR spectroscopy and structure calculations 

All heteronuclear multidimensional NMR experiments were performed at 303 K on Varian 

INOVA 500 MHz and 800 MHz spectrometers equipped with triple resonance cryoprobes on a single 0.8 

mM 13C/15N-labeled CpGH84A CBM32-1 sample containing 50 mM Tris-HCl pH 6.9, 50 mM NaCl, 0.5 

mM DSS and 10% D2O. Sequential and backbone resonance assignments were determined as previously 

described, which have been deposited in the BMRB under accession number 17694 (194). Interproton 

distances were measured using 3D 15N NOESY-HSQC and aliphatic and aromatic 13C NOESY-HSQC 

datasets, each of which was recorded with a 100-ms mixing time at 800 MHz. All NMR spectra were 

processed and analyzed using NMRPipe (195) and NMRView 5.2.2 (196), respectively.  

Structures of CpGH84A CBM32-1 were generated using the simulated annealing protocol in 

CNS 1.2 (211). A protocol employing 20,000 molecular dynamic steps in the first cooling stage and 10 

cycles of 1000 minimization steps was used to generate 200 structural models. Interproton distances were 

calibrated using maximum and minimum NOE intensities (dαN, dβN, and dNN) for known distances in 

regions comprising extended, helical or loop structures. A total of manually assigned, unambiguous 2888 

NOE-derived distance restraints were obtained for structure calculations, including 1014 sequential, 319 

medium-range (1< | i-j | ≤ 5), and 1555 long-range (| i-j | > 5) distance restraints. Analysis of 13Cα, 13Cβ, 

13C’, 1Hα, and 15N chemical shifts using the program TALOS+ (209) resulted in the generation of 190 

backbone dihedral restraints. The 20 lowest energy structures with no distance violations greater than 0.3 

Å and no dihedral angle violations greater than 5° were accepted into the final structural ensemble. The 

quality of the model was assessed using PROCHECK (206) and MOLMOL (212). Figures were 

generated using MOLMOL (212) and PYMOL (213).  
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4.5.3 NMR relaxation studies 
15N T1, 15N T2, and steady-state heteronuclear {1H}-15N nuclear Overhauser effect (NOE) values 

were measured at 500 MHz on a single 300 µM 15N-labeled CpGH84A CBM32-1 sample containing 50 

mM Tris-HCl pH 6.9, 50 mM NaCl, 0.5 mM DSS and 10% D2O. Longitudinal delays of 10 ms, 20 ms, 40 

ms, 80 ms, 320 ms, 400 ms, and 640 ms and transverse Carr-Purcell-Meiboom-Gill (CPMG) delays of 10 

ms, 30 ms, 50 ms, 70 ms, 90 ms, 100 ms and 110 ms were used for data acquisition. Rate analysis 

software in NMRView 5.0.4 (196), as well as CurveFit (214), were used to analyze T1 and T2 decay rates 

for 111 well-resolved residues. Steady-state heteronuclear {1H}-15N NOE data were obtained with and 

without 3 s of proton saturation and a total recycle delay of 7 s.  NOE values for 111 well-resolved 

residues were extracted as the ratio of peak intensities with and without proton saturation. The isotropic 

correlation time (τm) was calculated using the Tensor2 software from the 15N T1 and 15N T2 decay rates 

calculated from 111 well-resolved residues in the protein core {Dosset, 2000 #671}. Error analysis was 

performed using 100 cycles of Monte Carlo simulations. 

 

4.5.4 NMR-based carbohydrate titrations 

Protein samples comprising 100 µM 15N-lableled CpGH84A CBM32-1 in 50 mM Tris-HCl pH 

6.9, 50 mM NaCl, 0.5 mM DSS, 10% D2O were titrated with incremental additions of galactose, GalNAc 

and LacNAc and monitored using 2D 1H-15N HSQC spectra recorded at 500 MHz. Incremental additions 

of each carbohydrate resulted in total ligand concentrations of 250 µM, 500 µM, 1 mM, 1.5 mM and 2.5 

mM. Significantly perturbed chemical shifts were calculated as previously described (187). Following 

processing and analysis of the spectra as described above, titration analysis was conducted using 

NMRViewJ (196). Dissociation constant (Kd) values for each protein-carbohydrate interaction were 

interpolated from plots of the chemical-shift change as a function of carbohydrate concentration using the 

Titration Analysis tool in NmrViewJ (196). Specifically, non-linear fit was individually applied to 

significantly perturbed backbone amide resonances using the quadratic equation f = A+(C-

A)!((Pt+x+10B)+((Pt+x+10B)2-4Pt!x)1/2))/(2!Pt), where A is the chemical shift difference at zero sugar 
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concentration relative to the reference apo-spectrum, B is the log10 of the dissociation constant, C is the 

observed chemical shift difference at infinite concentration, and Pt is the protein concentration in µM. 

The reported average Kd values and corresponding standard deviations were calculated from the resulting 

dissociation constants for the significantly perturbed backbone amide resonances.  

 

4.5.5 STD NMR studies 

STD NMR data on a sample containing 40 µM CpGH84A CBM32-1 and 3 mM galactose in 25 

mM phosphate buffer pD 6.9, 50 mM NaCl, 100% D2O were acquired on a Bruker 500 MHz 

spectrometer at 298 K equipped with a 1.7 mm TCI cold probe. E-Burp2 shaped pulses with bandwidths 

of approximately 150 Hz over a period of 2 s centered at -1 ppm were used to saturate protein resonances. 

Off resonance saturation pulses were centered at 35 ppm and 1024 transients were collected. Residual 

HDO suppression was achieved using excitation sculpting. Processing of the difference spectrum was 

done using exponential line broadening, with a line broadening of 0.2 Hz. 

 

4.5.6 Accession numbers 

Chemical shift assignments for CpGH84A CBM32-1 have been submitted to BioMagResBank  

(BMRB) under accession number 17694. Structural coordinates and NMR restraints have been submitted 

to the Protein Data Bank (PDB) under accession code 2LS6. 
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Chapter 5 

Solution structure and dynamics of full-length GH84A, a multi-modular β-N-

acetylglucosaminidase from Clostridium perfringens 

5.1 Abstract 

Clostridium perfringens is a Gram-positive anaerobe and an opportunistic pathogen of the human 

distal gut. The battery of carbohydrate-active enzymes secreted by this pathogen includes several large 

multi-modular glycoside hydrolases whose known or proposed functions suggest that their substrates are 

the heterogeneous mucin O-glycans found in the gut’s protective mucosal layer. These enzyme contain a 

number of ancillary modules, which are thought to increase catalytic efficiency by conferring various 

functions to the parent enzyme, including targeting to relevant carbohydrate substrates, cell surface 

adhesion and protein-protein interactions. Very little structural or functional information is known 

regarding these enzymes, particularly with respect to coordinated glycan recognition, the role of the 

ancillary modules in enzyme function, and overall structural topology. One of the largest and most 

architecturally complex of these secreted glycoside hydrolases is CpGH84A, a 182-kDa putative family 

84 N-acetylglucosaminidase which contains multiple CBM32s and several other ancillary modules. Using 

a combination of NMR spectroscopy, X-ray crystallography and small angle X-ray scattering, a “dissect-

and-build” approach was employed to structurally and functionally characterize many of these ancillary 

modules and to build a full-length solution structure of CpGH84A. This model reveals that CpGH84A 

adopts an elongated conformation spanning 320 Å in length and includes a single hinge region that 

facilitates moderate conformational heterogeneity of this enzyme in solution. The solvent-exposed 

binding sites and mucin O-glycan sugar binding capacities of the tandem CBM32s from CpGH84A 

suggest that these modules function to collectively concentrate the parent enzymes to appropriate mucin 

substrates. This model provides us with unprecedented structural insight into how carbohydrate 
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adherence, catalytic activity, and enzyme complexation are coordinated by large multi-modular glycoside 

hydrolases in C. perfringens. 

 

5.2 Introduction 

Extensive tissue degradation is a hallmark of many bacterial infections, particularly those of the 

human gastrointestinal (GI) and respiratory tracts (215-217). Bacterial pathogens of the human GI tract 

must contend with a thick protective mucosal layer, which is a significant physical barrier comprised of 

heavily glycosylated proteins called mucins (52). The destruction of this dense network of complex 

carbohydrate chains by the bacterium is essential for the spread of the infection, as the removal of the 

mucosal layer grants the pathogen access to the epithelial cell layer, the target site of major cytolytic 

toxins (218, 219). In addition, the highly branched carbohydrate component of degraded mucin acts as an 

important carbon source for the advancing bacterium.  

 Human gut pathogens are exceptionally well equipped to target and destroy mucins, as their 

genomes encode for a staggering number of CAZymes with which to efficiently destroy host 

polysaccharides. This complement of enzymes includes glycoside hydrolases, polysaccharide lyases, 

glycosyl transferases, and carbohydrate esterases (79, 91). Many of these secreted CAZymes are 

important virulence factors, aiding to greatly increase the efficacy of the spread of disease (129, 220). The 

overwhelming complexity of the eukaryotic carbohydrates found in the human gut is mirrored in the wide 

variety of CAZyme catalytic activities and specificities, thus ensuring complete modification and 

degradation of all carbohydrate permutations represented in the host glycans. Two of the most striking 

features of these enzymes in C. perfringens are their large size and their structural complexity. Indeed, 

most of these proteins are greater than 1000 amino acids in size and often comprise a large number of 

modules.  

 The opportunistic pathogen Clostridium perfringens, which a leading cause of food-borne illness 

and gastrointestinal disease, implements one of the most spectacular CAZyme arsenals aimed the 
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destruction of eukaryotic glycans in the bacterial world. The genome of C. perfringens contains up to 56 

open reading-frames coding for putative glycoside hydrolases alone, many of which are large and multi-

modular in nature (79, 138). The modules comprising these complex enzymes perform a variety of 

different functions whose ultimate goal is to improve the catalytic efficiency of the parent enzyme. The 

most extensively studied ancillary modules in C. perfringens glycoside hydrolases include the family 32 

carbohydrate-binding modules (CBM32), which target the enzyme to appropriate sugar targets (94-96), 

and the cohesin (COH) and dockerin (DOC) modules that together form ultra-tight protein-protein 

interactions thought to aid in the formation of bienzymatic complexes (149, 151). The repeated presence 

of these important ancillary modules in C. perfringens glycoside hydrolases indicates that they play a 

critical role in the overall functioning of the enzyme. However, the immense size and architectural 

complexity of these enzymes has made them recalcitrant to full-length studies, and as such, the exact 

spatial coordination and cooperativety of these ancillary modules in the context of the full-length enzyme 

has remained for the most part unstudied.   

 One such CAZyme in C. perfringens is CpGH84A, which is also known as the putative µ-toxin 

(126, 138). This 182-kDa exo-β-D-N-acetylglucosaminidase comprises a family 84 catalytic module, four 

tandem CBM32s, a module of unknown function (UNK3), three tandem Found In Various ARchitecture 

(FIVAR) modules, and a C-terminal dockerin (DOC). High-resolution structures and functional 

information current exist for several of the isolated modules, including CBM32-1 and CBM32-2 that bind 

galacto-configured sugars and GlcNAc, respectively, and for the FIVAR-DOC (FivDOC) modular pair 

(149, 163, 168, 183). In addition to their presence in many of the secreted glycoside hydrolases in C. 

perfringens, the FIVAR modules have been annotated as potential sugar-binding modules proteins 

produced by many commensal and pathogenic bacterial species (164, 165). Indeed, FIVAR modules from 

the large α-N-acetylglucosaminidase CpGH89 have shown affinity for human gastric (HGM) and bovine 

submaxillary gland mucins (BSM) (103).  
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The structures and biochemical properties of the remaining modules of CpGH84A, as well as the 

overall three-dimensional arrangement and spatial coordination of each ancillary module in the context of 

the full-length module, are unknown. Full-length reconstructions of the smaller CpGH84 family member 

CpGH84C, and two glycoside hydrolases from Streptococcus pneumoniae suggest that the position and 

orientation of each module is coordinated to allow for optimal cooperation between domains of varying 

functions (152, 221, 222). However, the analysis of a protein as large and complex as CpGH84A has not 

been attempted. 

 Toward this end, we have undertaken a comprehensive, multi-disciplinary “dissect-and-build” 

approach towards constructing a complete three-dimensional solution model of CpGH84A. In this 

manner, the complete CpGH84A enzyme was constructed using structural and functional information of 

individual modules, as well as overlapping multi-modular CpGH84A fragments, using a combination of 

solution-state NMR studies, X-ray crystallography, and small-angle X-ray scattering (SAXS). The 

solution model of CpGH84A reveals an enzyme adopting an extended conformation spanning ~320 Å 

with a moderate range of motion about a single hinge region, and provides novel insights not only into the 

molecular determinants of carbohydrate recognition, but also into the role of ancillary modules in the 

effective degradation of eukaryotic glycans in host-pathogen interactions.  

 

5.3 Results 

5.3.1 Hydrodynamic properties of multi-modular fragments of CpGH84A 

Recombinant multi-modular fragments spanning the length of CpGH84A were subjected to 

dynamic light scattering (DLS) analysis to assess their hydrodynamic properties in solution prior to 

structural characterization via SAXS-based methods (Table 5.1). Specifically, multi-modular constructs 

included the catalytic module and the adjacent CBM32-1 (GH84A-CBM32-1), the four tandem CBM32s 

(CBM32(1-4)), CBM32-4, UNK3 and first two FIVAR modules (3UF), the three tandem FIVARs 

(FIVAR(1-3)), and the FIVAR-DOC modular pair in complex with the CpGH84C COH module 
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Table 5.1. DLS analysis of CpGH84A modular constructs. 

 
 
Data are reported as the mean and standard error for each parameter, derived from three independent 
measurements.  

Construct Concentration (mg/ml) Radius (nm) Molecular weight (kDa) % polydispersity Baseline
GH84A-CBM32-1 1.60 3.71±0.3 72.1±12.4 20.6±9.3 1.003±0.004

0.98 3.90±0.2 81.9±11.8 21.0±8.7 1.000±0.000
0.25 3.90±0.1 81.4±5.7 22.1±3.4 1.000±0.000

Average 3.83±0.1 78.5±5.5 21.2±0.8 1.001±0.001
CBM32(1-4) 10.35 3.69±0.1 70.6±3.8 14.8±4.4 1.013±0.007

4.92 3.52±0.1 64.3±5.4 19.1±1.3 1.065±0.066
2.80 3.69±0.1 71.6±2.5 18.9±3.4 1.014±0.107
1.81 3.78±0.1 75.6±3.9 20.2±3.5 1.003±0.002
1.30 3.51±0.3 64.3±13.3 17.2±3.9 1.105±0.075

Average 3.64±0.1 69.3±4.1 18.0±2.1 1.040±0.043
3UF 4.16 3.16±0.3 50.4±12.6 25.8±34 1.119±0.010

2.13 3.48±0.3 63.0±11.5 18.4±5.8 1.078±0.110
1.20 3.62±0.3 73.4±7.4 17.9±1.7 1.008±0.008

Average 3.42±0.2 62.2±11.5 20.7±4.4 1.068±0.056
FIVAR(1-3) 2.85 3.01±0.1 44.5±6.8 18.4±7.1 1.013±0.010

1.88 2.92±0.0 41.4±1.6 30.5±0.9 1.000±0.000
1.05 2.65±0.4 40.2±4.1 31.4±3.9 1.000±0.001

Average 2.86±0.2 42.0±2.2 26.7±7.3 1.005±0.007
FivDOC-COH 3.40 2.46±0.3 27.9±7.6 24.5±8.9 1.000±0.000

2.21 2.57±0.2 30.8±4.9 20.9±7.1 1.000±0.000
1.07 2.63±0.7 34.8±21.9 15.7±3.7 1.164±0.141

Average 2.55±0.1 31.2±3.5 20.4±4.5 1.054±0.095
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(FivDOC-COH). The average hydrodynamic radii measured for each fragment corresponded to average 

apparent molecular weights of 78 kDa, 69 kDa, 62 kDa, 42 kDa, and 31 kDa for GH84A-CBM32-1, 

CBM32(1-4), 3UF, FIVAR(1-3), and FivDOC-COH respectively. Values for GH84A-CBM32-1, 

CBM32(1-4), and FivDOC-COH were consistent with their respective theoretical molecular weights 

(88.5 kDa, 66.1 kDa, 32.9 kDa) while constructs containing multiple FIVAR modules were elevated 

compared to the theoretical values (3UF: 49.6 kDa; FIVAR(1-3): 24.7 kDa), which we associate with an 

extended conformation that was observed in the X-ray crystal structure of the FIVAR(1-3) (see below; 

atomic coordinates kindly provided by J. Zhang, Beijing Normal University). The average percent 

polydispersity (%Pd) for each construct was also measured (Table 5.1) and are within ~10% error of the 

typical 20% cutoff value for monodisperse protein populations (223). All calculated molecular weight and 

%Pd values were consistent across measured concentrations, indicating that the monomeric state and 

monodispersity of these protein constructs are independent of protein concentration.  

 

5.3.2 SAXS analysis of the CpGH84A multi-modular fragments 

A SAXS-based approach was used to further characterize the solution properties of each multi-

modular CpGH84A construct. Scattering profiles for GH84A-CBM32-1, FIVAR(1-3), and FivDOC-COH 

were collected over the course of the elution of each construct from an online SE-HPLC-SAXS apparatus. 

Scattering profiles for the CBM32(1-4) and 3UF constructs were collected using traditional SAXS 

instrumentations over a range of concentrations (1.25 - 10.0 mg/ml and 1.0 - 4.0 mg/ml, respectively).  

The radius of gyration (Rg) for the scattering curves collected over the course of protein elution 

from the SE-HPLC column was calculated using the Guinier approximation (I(q) = I0 ! exp(-q2Rg
2/3), and 

plotted as a function of I0, the scattering intensity at zero dilution. The profiles for GH84A-CBM32-1, 

FIVAR(1-3), and FivDOC-COH each indicate that the curves corresponding to the regions of protein 

elution from the SE-HPLC display very little variation in the Rg values (Figure 5.1), which indicates that 

particle size is independent of protein concentration and that effects due to aggregation or interparticle  
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Figure 5.1. Rg vs. I0 plots for SAXS scattering curves of GH84A-CBM32-1, FIVAR(1-3) and 
FivDOC-COH. 

SAXS data for A) GH84A-CBM32-1, B) FIVAR(1-3) and C) FivDOC-COH were purified using an 
online SE-HPLC system immediately prior to SAXS analysis. Scattering patterns of the frames 
corresponding to the elution peak of the protein were collected, and the Guinier approximation was used 
to calculate Rg (green), I0 (red), qmax (magenta) and qmin (blue) for each curve. Curves corresponding to the 
regions of protein elution from the SE-HPLC display consistent Rg values, indicating minimal effects 
from aggregation or interparticle interference.  

A) 

B) 

C) 
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interference effects are minimal. Data points at high q representing low signal to noise ratios were 

truncated, resulted in the final scattering curves use for all subsequent SAXS analysis (Figure 5.2A,D,E).  

For CBM32(1-4) and 3UF, minor variances were observed in the Rg values of the raw scattering profiles 

as a function of concentration. A positive derivation from linearity in the Guinier plot at very low q values 

was also observed for 3UF, suggesting low levels of aggregation. To minimize the effects of aggregation 

or interparticle interference effects, a total of 10 points, corresponding to the lowest Guinier boundary 

within each concentration series, were removed from each scattering profile for both CBM32(1-4) and 

3UF, as well as for the protein standards. The truncated scattering profiles for CBM32(1-4) (10.0, 2.5 and 

1.25 mg/ml), 3UF (4.0, 2.0 and 1.0 mg/ml) and BSA (7.25, 1.81 and 0.41 mg/ml) were normalized using 

the DATOP software (224), and final merged curves generated, where each was extrapolated to infinite 

dilution (Figure 5.2B,C). The Guinier approximation for the final scattering curves of GH84A-CBM32-

1, CBM32(1-4), 3UF, FIVAR(1-3), and FivDOC-COH were used to calculate Rg values of 34.2 ± 0.8 Å,  

38.4 ± 3.1 Å, 42.9 ± 4.2 Å, 30.8 ± 1.4 Å, and 25.2 ± 0.6 Å, respectively (Figure 5.2). All SAXS statistics 

are summarized in Table 5.2. 

 The Kratky (q2*I(q) vs. q) and Porod-Debye (q4*I(q) vs. q4) transformations were applied to the 

final scattering profiles of each multi-modular fragment in order to assess its dynamic properties in 

solution (Figure 5.3). Parabolic peaks attaining low baselines at high q values were observed in the 

Kratky plots of GH84A-CBM32-1, CBM32(1-4), FIVAR(1-3), and FivDOC-COH, suggesting a lack of 

flexibility in solution. Similarly, the presence of clear plateaus in the Porod-Debye plots for each these 

constructs also indicated a lack of flexibility. In contrast, the Kratky plot of 3UF was characteristic of a 

protein exhibiting some degree of flexibility, as indicated by the slightly elevated baseline at high q 

values. The lack of a clear plateau in the Porod-Debye plot further supported the notion that 3UF exhibits 

some conformational heterogeneity in solution. 

 Pairwise distribution (P(r)) functions for each multi-modular CpGH84A fragment were 

determined, from which a maximum particle size (Dmax) could be calculated (Figure 5.4). The P(r)  
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Figure 5.2. Final scattering curves and Guinier plots for the CpGH84A modular fragments. 

Final scattering profiles (log(I(q)) vs. q) (left) and accompanying Guinier plots (ln(I(q)) vs. q2) 
(right) are shown for A) GH84A-CBM32-1, B) CBM32(1-4), C) 3UF, D) FIVAR(1-3) and E) 
FivDOC-COH. Rg values generated from the Guinier plots are indicated for each fragment and are 
shown in Å. 

A) 

B) 

C) 

D) 
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Table 5.2. SAXS-derived structural parameters of CpGH84A modular constructs. 

N/A, not applicable 
 a Calculated by the methods of Fischer et al.(225)  
 b Average of χ values determined for the 20 models calculated by the DAMMIF ab initio procedure 
 c Averaged NSD for models calculated by the DAMMIF ab initio modeling procedure 
 d Theoretical molecular mass 
 

 

 

Synchrotron Construct Molecular Number of Rg Rg Porod
(Beamline) concentations mass (kDa)a amino acids (Guinier) (Å) (GNOM) (Å) volume (Å3) χDAMMIF

b NSDc

SOLEIL (SWING) GH84A-CBM32-1 88.5d 769 34.2±0.8 36.4±0.11 121,500 120 2.75±0.04 0.58±0.01
     36.1 mg/ml 100.9
FIVAR(1-3) 24.7d 210
     9.1 mg/ml 24.8 30.8±1.4 34.5±0.2 29,900 124 1.30±0.09 0.61±0.02
FivDoc-X82 32.9d 275
     6.8 mg/ml 34.5 25.2±0.6 25.9±0.03 41,600 88 0.92±0.01 0.61±0.02

SSRL (4-2) CBM32(1-4) 66.1d 569
     Final 84.9 38.4±3.1 39.7±0.14 102,200 135 2.18±0.08 0.59±0.02
     10 mg/ml 79.2 35.5±0.7 36.5±0.08 95,300 124 N/A N/A
     5 mg/ml 86.8 40.1±1.7 39.8±0.15 104,600 140 N/A N/A
     2.5 mg/ml 86.1 37.6±2.8 39.1±0.13 103,700 132 N/A N/A
     1.75 mg/ml 89.1 40.8±0.9 40.9±0.16 107,300 143 N/A N/A
     1.25 mg/ml 83.9 37.8±3.0 39.3±0.15 101,000 132 N/A N/A
Bovine serum albumin 66.4d 607
     Final 85.5 29.4±0.96 29.32±0.01 103,000 98 N/A N/A

CHESS (F2) 3UF 49.6d 434
     Final 58.8 42.9±4.2 45.1±0.24 70,800 150 1.61±0.02 0.62±0.02
     4 mg/ml 52.0 42.1±1.7 42.4±0.24 62,600 147 N/A N/A
     2 mg/ml 60.8 42.7±4.6 43.7±0.22 73,300 149 N/A N/A
     1 mg/ml 57.3 40.7±6.7 43.2±0.22 69,000 147 N/A N/A
Glucose isomerase 173d 1552
     0.4 mg/ml 239.2 35.0±1.2 34.3±0.04 288,000 107 N/A N/A
Lysozyme 14.3d 129
     4.2 mg/ml 12.8 14.1±0.56 14.2±0.05 15,400 41 N/A N/A

Dmax (Å) Ab initio modeling
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Figure 5.3. Kratky and Porod-Debye plots for the scattering profiles of CpGH84A modular 
fragments. 

Kratky plots (q2*I(q) vs. q) (left) and Porod-Debye plots (q4*I(q) vs. q4) (right) are shown for A) GH84A-
CBM32-1, B) CBM32(1-4), C) 3UF, D) FIVAR(1-3), and E) FivDOC-COH. Low baseline values, 
characteristic of inflexible proteins, are present in the Kratky plots of all constructs except 3UF, 
suggesting that the latter exhibits some flexible in solution. In addition, clear plateaus (red), which are 
indicative of an inflexible protein, are present in the Porod-Debye plots of all constructs except 3UF, 
suggesting that the latter is flexible in solution.  

A) 

B) 

C) 

D) 

E) 

+ 



 

 

 

96 

 

Figure 5.4. GNOM-generated pairwise distribution (P(r)) functions and fits to the scattering 
profiles for each modular fragment of CpGH84A. 

Dmax values of 120 Å, 135 Å, 150 Å, 124 Å and 88 Å were determined for A) GH84A-CBM32-1, B) 
CBM32(1-4), C) 3UF, D) FIVAR(1-3) and E) FivDOC-COH, respectively.  
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functions of GH84A-CBM32-1, CBM32(1-4), 3UF, FIVAR(1-3), and FivDOC-COH were each 

asymmetrical, and corresponded to Dmax values of 120 Å, 135 Å, 150 Å, 124 Å, and 88 Å, respectively. 

The presence of more than one local maxima in the pairwise distributions of GH84A-CBM32-1, 

CBM32(1-4), 3UF, and FIVAR(1-3) were suggestive that these proteins contained distinct globular 

regions. In contrast, the distribution of FivDOC-COH contained a single maximum, indicative of an 

overall shape of this complex being a single globular region. 

 

5.3.3 Ab initio and rigid body modeling of the overlapping multi-modular CpGH84A fragments 

Towards assembling a SAXS-derived solution model of full-length CpGH84A (Figure 5.5A), ab 

initio and rigid body modeling was performed on the overlapping multi-modular fragments.  

In the case of GH84A-CBM32-1, the twenty low-resolution calculated ab initio models of 

GH84A-CBM32-1 were highly consistent, resulting in an average χDAMMIF value of 2.75 ± 0.04 and a 

normalized spatial discrepancy (NSD) value of 0.58 ± 0.01. The calculated average solution envelope 

revealed an extended conformation comprising a large and a small globular region (Figure 5.5B). Rigid 

body modeling was performed in order to produce pseudo-atomic models of the GH84A-CBM32-1 

modular pair, where the the crystal structure of the CpGH84A catalytic module (kindly provided by Ms. 

Patricia Massel, University of Victoria; Figure 5.5C) and the NMR-derived structure of CBM32-1 

(Chapter 4) were used as rigid bodies. The five models with the lowest χCRYSOL values showed the 

catalytic module occupying the larger globular region of the envelope, while CBM32-1 occupied the 

smaller region  (Figure 5.5D). While the models are identical, the model ensemble displayed two possible 

orientations for GH84A-CBM32-1 with respect to the orientation of the calculated average envelope, each 

rotated 180º with respect to each other. Four of the five models adopt model with a χCRYSOL of 3.87, and 

one of the five adopts a conformation with a similar χCRYSOL of 3.85 (Figure 5.5E). The theoretical 

scattering of each of these models gave a good fit to the scattering profile of GH84A-CBM32-1 (Figure 

5.5F).  
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Figure 5.5. Ab initio and rigid body modeling of the GH84A-CBM32-1 modular pair. 

A) Modular architecture of CpGH84A with GH84A-CBM32-1 outlined in red. B) The DAMAVER-
generated average solution envelope for GH84A-CBM32-1 shows the large and small globular regions 
predicted by the GNOM-based P(r) function. C) Crystal structure of the CpGH84A catalytic module. D) 
Subset of BUNCH-generated models of GH84A-CBM32-1 fitted to the DAMAVER-generated envelope 
using SUPCOMB, where the position of the catalytic domain is fixed (ΧCRYSOL=3.85-3.88). E) 
Representative BUNCH-generated models of GH84A-CBM32-1 in the each orientation adopted by the 
modular pair. F) Experimental SAXS profiles of these models (red) and computed fit of the BUNCH 
models (black).   
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Ab ibitio models of CBM32(1-4) (Figure 5.6A) also produced consistent models with an average 

χDAMMIF value of 2.18 ± 0.08 and a NSD value of 0.59 ± 0.02, and the generated average envelope of 

CBM32(1-4) displayed at least three distinct globular regions (Figure 5.6B). Using the structures of 

CpGH84A CBM32-1 (Chapter 4), CBM32-2 (149, 183), the crystal structure of LacNAc-binding 

CBM32-4 (Figure 5.5C; Table 5.3; A.B. Boraston, personal communication), and a preliminary NMR-

derived fold of CBM32-3 (Figure 5.5D), which NMR-based titration studies shown to be non-functional 

(data not shown), rigid body modeling yielded models with poor χ values and poor agreement of the 

theoretical scattering of each model with the experimental scattering profile of CBM32(1-4). These 

results were suggestive that the behavior of CBM32(1-4) fragment may not be represented by a single 

model, but rather by an ensemble of models of varying conformations. To address the potential flexibility 

in this protein, the ensemble optimized method (EOM) was employed, where a large pool of conformers 

is generated, and the optimized combined theoretical scattering from an ensemble of representative 

conformers is compared to the experimental scattering profile of the target protein (226). An overall χEOM 

value of 3.82 indicated that the CBM32(1-4) fragment displays multiple conformations in solution. The 

superposition of the resulting representative models of CBM32(1-4) revealed a relatively compact 

ensemble adopting an overall shape similar to the DAMAVER-generated envelope (Figure 5.6E), that is 

reflected in the good overall fit of the theoretical scattering of the ensemble to the experimental data 

(Figure 5.6F). Two of the three models, representing 57% of the total ensemble, adopted similar 

extended conformations in which the positions of the four CBM32s were similar in each case. The third 

model represented 43% of the ensemble and adopted a more compact orientation (Figure 5.6G). These 

models suggest that flexibility within this construct is subtle, and that a major rearrangement resulting in a 

wide range of conformations of CBM32(1-4) does appear to occur. This observation may explain why 

heterogeneity in CBM32(1-4) could not be detected in the Kratky and Porod-Debye plots.     

 The generation of a molecular envelope for 3UF (Figure 5.7A) resulted in an average χDAMMIF 

value of 1.61 ± 0.02 and a NSD value of 0.62 ± 0.02 and revealed an elongated solution shape for this 
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Figure 5.6. Ab initio and rigid body modeling of CBM32(1-4). 

A) Modular architecture of CpGH84A with CBM32(1-4) outlined in red. B) DAMAVER-generated 
average solution envelope for CBM32(1-4). C) Crystal structure of CBM32-4 (1.4 Å). D) NMR solution 
model of CpGH84A CBM32-3. Left; backbone superposition (N, Cα, and C’, r.m.s.d. = 1.93 ± 0.44) of 
the 20 lowest-energy NMR-derived models. Right; Energy-minimized average NMR model of CBM32-3. 
In both panels, the core of the protein (residues 956-1059 inclusive) is displayed, with the short flexible 
N- and C-termini (residues 947-955 and 1060-1063, respectively) removed for clarity. E) Optimized 
ensemble generated for CBM32(1-4), with CBM32-1 (salmon), CBM32-2 (cyan), CBM32-3 (green) and 
CBM32-4 (pink) treated as separate rigid bodies. Non-bonded residues are depicted as white spheres. F) 
Experimental SAXS profile of CBM32(1-4) (red) and computed fit of the EOM ensemble (black). G) 
Representative models from the optimized ensemble and their relative proportions in the ensemble. 
Altogether, CBM32(1-4) displays some conformational heterogeneity in solution, with 57% of the models 
adopting an extended conformation, and 43% adopting a slightly more compact arrangement.  
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Table 5.3. CpGH84A CBM32-4 X-ray data collection and refinement statistics. 

 
Data in parentheses represent data from the highest resolution shell. 
  

Data collection statistics CBM32-4 (NaI) CBM32-4 (native)
Wavelength (Å) 1.5418 1.5418
Beamline MicroMax-002 MicroMax-002
Space group P2 P21

Resolution range 37.59-2.10 (2.17-2.10) 19.62-1.40 (1.45-1.40)
Cell dimension 35.2, 64.8, 37.7 35.1, 64.7, 37.7
α, β, γ (°) 90.0, 94.3, 90.0 90.0, 94.5, 90.0
Rmerge 0.116 (0.268) 0.052 (0.263)
Completeness (%) 99.6 (95.8) 94.6 (75.2)
<I/σI> 7.5 (3.2) 14.2 (2.4)
Redundancy 3.7 (3.5) 3.58 (2.40)
Total reflections 36812 112023
Unique reflections 9972 31314
Refinement statistics
Rwork (%) N/A 14.9
Rfree (%) 17.1
RMSD
     Bond lengths (Å) 0.006
     Bond angles (°) 1.073
Average B-factors (Å2)
     Protein atoms chain A 16.8
     Water molecules 30.1
     Cations 13.6
     Ethylene glycol 27.2
Number of atoms
     Protein atoms chain A 1250
     Water molecules 303
     Cations 2
     Ethylene glycol 10
Ramachandran statistics
     Most favoured (%) 96.25
     Additional allowed (%) 3.75
     Disallowed (%) 0
Protein Data Bank code N/A 4TXW
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Figure 5.7. Ab initio and rigid body modeling of 3UF. 

A) Modular architecture of CpGH84A with 3UF outlined in red. B) DAMAVER-generated average 
solution envelope for 3UF. C) Phyre2 homology model of the UNK3 module from CpGH84A. D) 
Optimized ensemble generated for 3UF represented by four models, with the FIVAR(1-2) modular pair 
(light orange) treated as a single rigid body and the CBM32-4 (light pink) and UNK3 (pale cyan) treated 
as independent rigid bodies. The models have been aligned by both FIVAR modules and showcase the 
hinge region located between the UNK3 and FIVAR1 modules, whereby the more compact and full 
extended models are represented by 62% and 38% of the full ensemble, respectively. Non-bonded 
residues are depicted as white spheres. E) Experimental SAXS profile of 3UF (red) and computed fit of 
the EOM ensemble (black). F) Two of the representative models showcase the total range of motion of 
the CBM32-4-UNK3 modular pair of 126° with respect to the FIVAR(1-2) modular pair. G) Three of the 
four models from the ensemble adopt similar orientations, with a maximum range of motion of 80° with 
respect to the FIVAR(1-2) modular pair, indicating that 3UF adopts this smaller range of motion more 
consistently in solution.   
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 CpGH84A fragment. This conformation mirrors the Dmax value of 150 Å for 3UF, and is consistent with 

its DLS-predicted elevated apparent molecular weight.  Subsequent rigid body modeling involved the use 

of X-ray crystal structures of CBM32-4 (Figure 5.5B) and the FIVAR1 and FIVAR2 modules from the 

FIVAR(1-3) structure (Figure 5.8B). In the absence of a X-ray crystal or NMR structure of the UNK3 

module, a Phyre2 homology model was generated for this purpose (Figure 5.7C). Using these four 

structures as separate rigid bodies resulted in both poor χ values and poor agreement to the scattering 

profile of 3UF, which is in agreement with the predicted flexibility of this construct based on the Kratky 

and Porod-Debye plots. When EOM was employed to generate an ensemble of models that best 

represented the experimental scattering profile of 3UF a χEOM value of 2.44 was obtained for ensembles in 

which the FIVAR1 and FIVAR2 were treated as one rigid body, and CBM32-4 and UNK3 as individual 

rigid bodies. The models comprising this ensemble adopt extended conformations, all with a distinct 

hinge region located between the UNK3 and FIVAR1 modules (Figure 5.7D). The more compact models 

adopted similar bent conformations and represented 62% of the conformations adopted by the full 

ensemble, with this predominant overall conformation resembling the DAMMIF-generated average 

solution envelope. The optimized combined theoretical scattering of this ensemble fit well with the 

experimental data (Figure 5.7E). Three of the four models representing the conformations in the 

ensemble adopt similar bent arrangements and represent the majority of the protein conformations in 

solution. The range of motion of these models spans a maximum of 80º. The remaining model indicates 

that the hinge region allows motions of up to approximately 126º, a conformational heterogeneity 

consistent with the flexibility predicted by the Kratky and Porod-Debye plots (Figure 5.7F,G).  

 SAXS analyses were employed to characterize the conformational behavior of FIVAR(1-3) 

(Figure 5.8A) in solution. The twenty DAMMIF-generated low resolution ab initio models of FIVAR(1-

3) were very similar, giving an average χDAMMIF value of 1.30 ± 0.09 and a NSD value of 0.61 ± 0.02. The 

low-resolution molecular envelope had an elongated, slightly curved conformation with a maximum 

distance of 124 Å, which is consistent with the 112 Å length of the FIVAR(1-3) X-ray crystal structure 
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Figure 5.8. Ab initio and rigid body modeling of FIVAR(1-3). 

A) Modular architecture of CpGH84A with FIVAR(1-3) outlined in red. B) Crystal structure of 
FIVAR(1-3), with FIVAR1 (orange), FIVAR2 (yellow) and FIVAR3 (brown). C) DAMAVER-generated 
average envelope of FIVAR(1-3). D) Subset of BUNCH-generated models (ΧCRYSOL=1.82-2.01) of 
FIVAR(1-3), where each FIVAR module is treated as an independent rigid body. Each model has been 
fitted to the DAMAVER-generated envelope using SUPCOMB. The models adopt similar conformations, 
however, 4 of 5 of these are in the same relative orientation with respect to the DAMAVER envelope. E) 
Representative BUNCH-generated models of FIVAR(1-3) in the each orientation adopted by the modular 
fragment. F) Experimental SAXS profiles of FIVAR(1-3) models (red) and computed fit of the BUNCH 
models (black). The lower ΧCRYSOL value and more favourable fit to the experimental data of the top 
model suggest that the top model better represents the orientation of FIVAR(1-3) in solution.   
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(kindly provided by Dr. Jimin Zheng, Beijing Normal University) (Figure 5.8B,C). Rigid body modeling 

was subsequently performed in order to generate pseudo-atomic models of FIVAR(1-3), and involved 

treating each FIVAR module from the X-ray crystal structure of FIVAR(1-3) as a separate rigid bodies 

(Figure 5.8B). Of the resultant models, the five with the lowest χCRYSOL values were retained for further 

analysis. These models adopted elongated conformations similar to the crystal structure of FIVAR(1-3), 

with χCRYSOL values ranging from 1.82 - 2.01 (Figure 5.8D). Some variation was observed in the relative 

orientation of FIVAR1 and FIVAR3 with respect to the DAMAVER-generated average envelope. The 

orientation in which the C-terminal FIVAR3 module was positioned in the bent region of the envelope 

(χCRYSOL=1.82) was more highly represented among the selected BUNCH values and has a better overall 

fit to the data. In comparison, the orientation in which the N-terminal FIVAR1 module occupied this 

region had a slightly elevated χCRYSOL value of 2.00 and a less favourable fit to the FIVAR(1-3) scattering 

profile (Figure 5.8E). Together, the high relative representation of the first orientation in the rigid body 

models and its good agreement to the data suggest that this orientation is favoured in solution (Figure 

5.8F). 

To characterize the solution properties of the C-terminal region of CpGH84A, analysis of the 

SAXS data for the CpGH84A FivDOC-CpGH84C COH complex was performed (Figure 5.9A,B). Ab 

initio modeling of FivDOC-COH gave consistent models with excellent average χDAMMIF and NSD values 

of 0.92 ± 0.01 and 0.61 ± 0.02, respectively. The calculated average low-resolution molecular envelope 

showed that FivDOC-COH adopts a pear-shaped conformation in solution (Figure 5.9C). Rigid body 

modeling, where all three modules were fixed in order to retain intermodular FIVAR3-DOC and DOC-

COH interfaces observed in the X-ray crystal structure of the FivDOC-COH complex (163), was 

subsequently used to fit the complex crystal structure of FivDOC-COH into this envelope. The resulting 

models showed excellent agreement to the experimental data, with χCRYSOL ranging from 0.95-1.28. When 

the models with the five lowest χCRYSOL scores were aligned to the DAMAVER-generated envelope, the 

models, which matched X-ray crystal structure of FivDOC-COH complex (163) (Figure 5.9D), 
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Figure 5.9. Ab initio and rigid body modeling of FivDOC-COH. 

A) Modular architecture of CpGH84A with FivDOC outlined in red (top), and modular architecture of 
CpGH84C with cohesin (COH) outlined in red. B) The crystal structure of the GH84A Fiv-DOC modular 
pair in complex with cohesin from CpGH84C (163). FIVAR3 is shown in light orange, dockerin in black 
and cohesin in green. Non-bonded residues are represented by white spheres. C) The DAMAVER 
averaged envelope of FivDOC-COH indicates that this protein complex adopts an averaged bell-shape in 
solution. D) Subset of BUNCH-generated models (ΧCRYSOL=0.95-1.02) of FivDOC-COH fitted to the 
DAMAVER-generated envelope using SUPCOMB. E) Representative BUNCH-generated models 
depicting the two possible orientations of FivDOC-COH in solution. F) Representative experimental 
SAXS profile of FivDOC-COH (red) and representative computed fit of a BUNCH-generated model 
(black).   
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represented two orientations of the complex relative to the envelope, rotated 180º with respect to one 

another, each with identical χCRYSOL values and fits to the experimental data (Figure 5.9E,F). The 

presence of the ultra-tight DOC-COH interaction and the two possible orientations suggests variability in 

the orientation of the bienzymatic complex formation between CpGH84A and CpGH84C.  

 

5.3.4 Assembling a full-length model of CpGH84A 

To generate a complete model of CpGH84A, representative models from each CpGH84A 

fragment were selected. For the rigid GH84A-CBM32-1, FIVAR(1-3) and FivDOC-COH constructs, the 

rigid body-derived ensembles with the best overall fit to the experimental data were chosen. From each of 

these, the model adopting the most highly represented conformation, and having the lowest χCRYSOL value 

and best individual fit to the data was used. Since the CBM32(1-4) and 3UF constructs displayed some 

conformational mobility in solution, a representative model of the conformation with the highest relative 

proportion in solution was selected from each respective EOM ensemble. Overlapping modules from each 

construct were aligned using PYMOL, resulting in the structural model of full-length CpGH84A.  

CpGH84A adopts an elongated conformation in solution with a maximum length of ~320 Å 

(Figure 5.10). The N-terminus of the enzyme, comprising the GH84A catalytic module and CBM32-1, is 

structurally restrained while the central region of the enzyme is more dynamic. This conformational 

freedom, albeit limited in the CBM32(1-4) fragment precedes a flexible hinge region between the UNK3 

module and the first FIVAR module. Motions within this hinge region, based on the SAXS analyses, 

allow for intermodular angles between CBM32-4 and the UNK3 module of up to ~130º (Figure 5.7). The 

C-terminal region of CpGH84A, comprising the three FIVAR modules and DOC module, is devoid of 

any significant conformational motions, thus acting as a stalk that would allow the enzyme to extend 

away from a DOC:COH-associated enzyme partner, such as CpGH84C or NanJ sialidase (163). 

 

  



 

 

 

108 

 

Figure 5.10. Composite full-length solution structure of CpGH84A in complex with the CpGH84C 
cohesin module. 

The overall structure of full-length CpGH84A bound to the cohesin module from CpGH84A is shown in 
A) cartoon and B) solvent-accessible surface representations. The enzyme adopts an elongated 
conformation spanning ~320 Å. The enzyme adopts some flexibility in the hinge region linking the 
UNK3 and FIVAR1 modules (black arrows) with a full range of motion of roughly 126°. The N-terminal 
catalytic module is shown in dark grey, CBM32 modules in red, UNK3 in light cyan, FIVAR modules in 
light orange, dockerin in black, and CpGH84C cohesin in green. CBM32 binding sites are circled, and the 
catalytic site is denoted with an arrow.  
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5.4 Discussion 

CpGH84A, which is has been identified as a virulence factor (i.e. µ-toxin) in C. perfringens 

pathogenesis, represents one of the most architecturally elaborate CAZymes secreted by this bacterium 

(Figure 1.5). The schematic representation of the modular structure of CpGH84A and the presence of 

intermodular linker regions with its primary structure is suggestive of a highly dynamic protein (Figure 

5.5A). However, the current SAXS-based analysis of overlapping recombinant protein fragments of 

CpGH84A reveals an enzyme with regions of restricted motions, including at the N-terminus where the 

catalytic module is located and the stalk-like C-terminal region, and a central hinge that confers some 

conformational flexibility to the enzyme. The presence of a single flexible hinge has also been proposed 

in the smaller GH84 family member CpGH84C, in which the linker between the COH and FN3 module 

may allow for conformational heterogeneity (152). In contrast, previous studies on the two large multi-

modular virulence factors SpuA and StrH from the bacterial pathogen Streptococcus pneumoniae suggest 

that these enzymes adopt a wider range of conformations in solution as a result of conformational 

variability throughout the modular architectures of the respective enzymes (221, 222). 

The catalytic module and CBM32-1 at the N-terminus of CpGH84A appear to adopt a 

conformation with limited flexibility between the modules. While the exact orientation of the active site 

of the enzyme relative to the sugar-binding site of CBM32-1 cannot be delineated from the SAXS 

analysis, the approximate distance from the rigid body-derived models of ~70 Å between the active site 

and CBM32-1, which recognizes non-reducing terminal galacto-configured sugar residues of mucin 

glycans, suggests that these domains may be spatially coordinated. This distance is similar to that 

observed in the C. perfringens GH84 family member CpGH84C (i.e. 60 Å), whose active and CBM32 

binding sites were oriented in the same direction in the X-ray crystal structure (152). In the case of 

CpGH84C, the existing X-ray structure of the modular pair, coupled with complimentary dynamic 

information gathered from the SAXS-based analysis of its molecular envelope, allowed for a definitive 

examination of coordinated ligand recognition and catalysis between these two modules in solution. The 
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arrangement of the CpGH84C catalytic site and CBM32 binding site appears optimal for the simultaneous 

binding and hydrolysis of target glycans, and the presence of a catalytic module with an adjacent CBM32 

in four of the C. perfringens GH84 family members (Figure 1.5) suggests a functional advantage of 

coordinated catalysis and adherence afforded by this pairing that has been evolutionarily conserved.  

Conformational flexibility in CpGH84A appears more pronounced within the region comprising 

these four CBM32 modules. The overwhelming majority of C. perfringens CBM32 sugar ligands 

characterized to date are galacto-configured, including a variety of binding modes for common mucin O-

glycan monosaccharides such as galactose, GalNAc, and GlcNAc (Figure 1.2) (148, 149, 151). This 

suggests the importance of the recognition of these moieties within the mucosal layer by secreted C. 

perfringens GHs. Although the exact composition of mucin glycan chains varies between individual 

mucin proteins, cell types, and even between individuals, galacto-configured monosaccharides are highly 

represented in mucin O-glycan chains (Figure 1.2) (43, 227, 228). In particular, GalNAc forms the basis 

for all mucin core structures (Figure 1.2), and its abundance in mucin O-glycans (16, 229) provides 

multiple binding sites for CBM32-bearing enzymes to mucin. Indeed, the CpGH84A CBM32s display 

specificities for several common mucin O-glycan sugar moieties, including galactose, GalNAc and 

LacNAc for CpGH84A CBM32-1 (Chapter 4), GlcNAc for CBM32-2 (149), and LacNAc for CBM32-4 

(A.B. Boraston, personal communication).  

While SAXS analysis alone is not sufficient to assign the absolute relative orientation of each 

CBM32, models of CBM32(1-4) consistently suggest that the sugar-binding sites of the functional 

CBM32s (CBM32-1, CBM32-2 and CBM32-4) are projected outward from the protein backbone and are 

solvent exposed. This exposure to the surrounding environment, as well as the ability of these modules to 

recognize common mucin O-glycan sugars, signal that the recognition of and adherence to these ligands is 

central to the function of these modules.  

The four CBM32 modules in CpGH84A would seem to also provide this CAZyme with an 

advantage over the other CpGH84 family members, whose structures comprise fewer CBM32 modules 
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(Figure 1.5). Specifically, the recognition of large surface areas of mucin with relatively high affinity 

requires of mucin-degrading CAZymes to include in their modular architecture several tandem CBM32s, 

each with the ability to recognize mucin O-glycan mono- and disaccharides. The diverse yet 

complementary sugar binding specificities of CBM32-1, CBM32-2, and CBM32-4, their proximity to one 

another, and a degree of conformational freedom would allow the enzyme to maximally adopt and bind to 

its substrate-rich environment. These properties would grant the enzyme the ability to recognize an array 

of glycan substrates in the complex mesh-like network observed in the mucosal layer and to adhere to 

glycans with high affinity via the avidity effect. In this way, the weak sugar affinities of isolated CBM32s 

(Kd ~ 10-3 M (94-96)) would be compensated by the avidity effect resulting from multivalent interactions 

between tandem CBM32s and their associated sugar ligands. 

 The dynamic hinge region in the core of CpGH84A involving the UNK3 module links the N-

terminal catalytic and glycan adherence component of the enzyme to its extended C-terminal region, 

comprising the overlapping FIVAR(1-3) tandem construct, and the DOC module. This C-terminal region 

confers a remarkable degree of rigidity to this portion of the enzyme. The elongated FIVAR(1-3) tandem 

construct acts as a stalk, accounting for roughly 35% of the length of the enzyme. A similar arrangement 

has been observed in the surface-attached StrH, in which the elongated G5 modular pair accounts for 

~50% of the enzyme’s length and allows the separation of its associated catalytic modules from the 

enzyme’s cell-surface attachment point (221). In the case of CpGH84A, this extended region projects the 

N-terminus catalytic and sugar binding modules away from a non-covalently associated COH-bearing 

CAZyme, such as CpGH84C or the NanJ sialidase, which interact with the C-terminal CpGH84A DOC 

module with very high affinity (163). 

Notably, all of the COH-containing, secreted C. perfringens CAZymes known to interact with the 

CpGH84A DOC module, which include the CpGH20, NanJ sialidase CpGH84C (163), also have a C-

terminal fibronectin type-III (FN3) module (Figure 1.5), which is has been proposed to associate non-

covalently with the peptidoglycan layer of the bacterial cell surface (145, 152). In this capacity, FN3-
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containing CAZymes also act to tether the CpGH84A on the surface of C. perfringens. In this capacity, 

the DOC-COH interaction is not only critical for the CAZyme complexation and cooperativity of 

associated activities, but also serve as an important anchor for enzymes lacking traditional cell-surface 

attachment mechanisms. 

Overall, the “dissect-and-build” approach was successfully applied to assemble a SAXS-based 

structural model of the full-length CpGH84A enzyme, which provides valuable insights regarding the 

coordination of ancillary modules, enzyme complexation and carbohydrate recognition in multi-modular 

glycoside hydrolases. 

 

5.5 Materials and Methods 

5.5.1 Cloning 

Gene fragments encoding CBM32-3 (amino acids 947-1063), CBM32-4 (amino acids 1064-

1229), GH84A-CBM32-1 (amino acids 31-800), CBM32(1-4) (amino acids 660-1229), CBM32-4 + 

UNK3 + FIVAR(1-2) (3UF; amino acids 1064-1498), and FIVAR(1-3) (amino acids 1363-1573) were 

amplified via PCR from C. perfringens genomic DNA (ATCC 13124) and cloned into either pET28a(+) 

or pET21b expression vectors (see Table 5.4 for primer sequences). With the exception of CBM32-4 and 

CBM32(1-4), all constructs encoded polypeptides comprising the protein of interest followed by a C-

terminal, non-cleavage hexahistidine tag. CBM32-4 and CBM32(1-4) comprised an N-terminal 

hexahistidine tag fused to the protein of interest by an intervening thrombin protease cleavage site. 

Bidirectional DNA sequencing was used to verify the fidelity of each construct.  

 

5.5.2 Protein expression and purification 

Expression vectors for C. perfringens encoding CpGH84A CBM32-3, CBM32-4, GH84A-

CBM32-1, CBM32(1-4), 3UF, and FIVAR(1-3) were transformed into Escherichia coli BL21 (DE3) cells 

and cultured in LB or TB medium supplemented with either kanamycin or ampicillin (50 µg/ml).  
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Table 5.4. Oligonucleic primers used for the cloning of individual modules and modular fragments 
of CpGH84A. 

  
Expression

Vector
CBM32-3 pET21b CBM32-3 (FWD) 5’-GGAATTCCATATGGAATTAGAAAGTGCGGG-3’

CBM32-3 (REV) 5’-CGGCTCGAGAACTTCATTTGAATTAACTTCAAAC-3’
CBM32-4 pET28a CBM32-4 (FWD) 5’-GGCAGCCATATGGTTTATGAACCATCATTAGTAG-3’

CBM32-4 (REV) 5’-GGTGGTCTCGAGTTAAGTTGGATCATTAACTGTAGAG-3’
GH84A-CBM32-1 pET21b Catalytic (FWD) 5’-CTACTAGCTAGCAATAAGAACATTAGAAAG-3’

CBM32-1 (REV) 5’-CCGCTCGACTGAATCCTCTTTCTTATTTA-3’
CBM32(1-4) pET28a CBM32-1 (FWD) 5'-CATATGGCTAGCCATCCAAATAGAATAATAGCAAC-3'

CBM32-4 (REV) 5’-GGTGGTCTCGAGTTAAGTTGGATCATTAACTGTAGAG-3’
3UF pET21b CBM32-4 (FWD) 5’-GGAATTCCATATGTATGAACCATCATTAGTAGATG-3’

FIV2 (REV) 5’-CCGCTCGAGATCAACCTCTGGTGTTTAC-3’
FIVAR(1-3) pET21b FIV1 (FWD) 5’-GGGAATTCCATATGTTAAAGGCAAAATATGATGAGCTTA-3’

FIV3 (REV) 5’-CCGCTCGAGTATTAATAAAGAGTTAAATCTTGCTA-3’

Construct Primer Name Primer Sequence
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Transformed bacterial cells were grown at 37°C until the culture reached the optical density at 

600 nm of 0.6 - 0.8, upon which protein expression was induced by the addition of IPTG to a final 

concentration of 1 mM. Protein purification was performed via sonication, Ni2+-affinity chromatography 

(Amersham Life Sciences), and size exclusion chromatography (Sephraose-75 or Sepharose-200; 

Amersham Life Sciences). Fractions containing the purified proteins were pooled and concentrated, and 

purity assessed by SDS-PAGE to >95%. The complex between CpGH84A FivDOC and CpGH84C COH 

was prepared as previously described (163). All protein concentrations were determined using UV 

absorbance at 280 nm and calculated extinction coefficients.  

 

5.5.3 NMR spectroscopy and structure calculations 

All heteronuclear multidimensional NMR experiments were performed at 298K on Varian 

INOVA 500 MHz and 800 MHz spectrometers equipped with triple resonance cryoprobes on a single 1.1 

mM 13C/15N-labeled CpGH84A CBM32-3 sample containing 25 mM Tris pH 7.5, 50 mM NaCl, 0.5 mM 

DSS and 10% D2O. Sequential and backbone resonance assignments were determined using the following 

datasets: 2D 1H-15N and 1H-13C HSQC, 3D HNCACB, 3D CBCA(CO)HN, 3D HNCO, 3D HC(CO)HN, 

3C(CO)HN, 3D HCCH-COSY, and 3D HCCH-TOCSY. Interproton distances were measured using 

three-dimensional 15N NOESY-HSQC and aliphatic and 13C NOESY-HSQC datasets, each of which was 

recorded with a 100-ms mixing time at 800 MHz. All NMR spectra were processed and analyzed using 

NMRPipe (195) and NMRView 5.2.2 (196), respectively.  

Models of CpGH84A CBM32-3 were generated using the simulated annealing protocol in 

CYANA version 2.1 (230). A total of 65% of NOESY peaks were assigned after seven interactive cycles 

of NOE assignment and structure calculation, in which 100 conformers were generated per cycle using 

random torsion angle values with 10,000 steps of torsion angle dynamics-drive simulated annealing. The 

twenty structures with the lowest target function from the last iterative cycle were used for the structural 

ensemble. Figures were generated using MOLMOL (212) and PYMOL (213).  
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To assess the ligand binding properties of CpGH84A CBM32-3, a protein sample comprising 100 

µM 15N-labeled protein in 25 mM Tris-HCl pH 6.9, 50 mM NaCl,10% D2O was prepared, and 1H-15N 

HSQC spectra recorded on the apo-form and upon addition of galactose, glucose, GalNAc, GlcNAc, 

GlcN, and LacNAc to a final concentration of 8 mM. All NMR spectra were processed and analyzed 

using NMRPipe (195) and NMRView 5.2.2 (196), respectively. 

 

5.5.4 Crystallization, data collection and structure determination 

Crystallization studies were performed at 298 K using the hanging drop vapour diffusion method. 

CBM32-4 at 20 mg/ml was crystallized in 12% PEG 20K, 0.1M MES pH 6.5, and crystals were 

cryoprotected using the crystallization solution supplemented with 15% ethylene glycol. Diffraction data 

for native CBM32-4 were collected at 113 K on a Rigaku R-Axis 4++ area detector coupled to a MM-002 

x-ray generator with Osmic Blue optics and an Oxford Crystream 700. Iodide derivatization of CBM32-4 

was achieved by soaking the native crystals in 15% ethylene glycol supplemented with 1 mM NaI for ~1 

minute and returning the crystals to the cryostream for data collection. Data for CBM32-4 were processed 

with MOSFLM (231), POINTLESS (232), and SCALA (232).  The structure of CBM32-4 was 

determined by SIRAS whereby heavy-atom detection, heavy-atom refinement, and phase calculation were 

performed using the autoSHARP program (233). The final model of CBM32-4 was obtained using 

successive rounds of manual model building in Coot (204) and automated refinement using PHENIX 

(201). Model validation was performed using SFCHECK (206). 

 

5.5.5 Homology modeling 

A homology model of the UNK3 module was generated using the Phyre2 homology server (234). 

The structure of CpGH84A catalytic module used in the SAXS analysis comprised the X-ray crystal 

structure of the CpGH84A catalytic module (atomic coordinates kindly provided by Ms. Patricia Massel, 

University of Victoria) in which two missing short disordered loop regions (amino acids 31-37, 533-537 

incl.) were built using MODELLER (235).  
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5.5.6 Dynamic light scattering 

Prior to analysis, samples were spun at 14,000 rpm for 5 min in 1.5 ml centrifugal 0.22 µM filter 

unit (Millipore). Measurements were performed using a DLS DynaPro MSXTC039 system (Protein 

Solutions Inc.) at 277 K and wavelength of 825.2 nm, using 20 acquisitions of 10 s each. All data were 

collected and analyzed using the DYNAMICS V6.3.40 software (Protein Solutions Inc.) Analyzed DLS 

data are summarized in Table 5.1.  

 

5.5.7 SAXS data collection 

SAXS data for the CpGH84A CBM32-1, FIVAR(1-3), and FivDOC-COH constructs were 

collected on the SWING beamline of the SOLEIL synchrotron (L'Orme des Merisiers,  Saint-Aubin, 

France) using an AVIEX170170 CCD detector. Samples were purified using an online size exclusion 

high-pressure liquid chromatography (SE-HPLC) system (150 or 300 Å cutoff) immediately prior to 

SAXS analysis. The column was equilibrated for 30 minutes with either filtered 25 mM Tris-HCl pH 7.5, 

50 mM NaCl, 2% glycerol, or 25 mM HEPES pH 7.0, 50 mM NaCl, 2% glycerol at a flow rate of 500 

µl/min. For the HPLC-SAXS collection or protein samples, the flow rate was adjusted to 200 µl/min. The 

scattering patterns of the frames corresponding to the elution peak for each protein sample were measured 

with an exposure time of 1 s at 295 K. The wavelength was set at 1.127 Å with a sample-to-detector 

distance set at 1.7 m, leading to scattering vectors q (defined as q = 4π/λsinθ, where 2θ is the scattering 

angle) ranging from 0.007 to 0.65 Å-1. Scattering data were collected on protein samples with 

concentrations of 36.7 mg/ml (GH84A-CBM32-1), 9.1 mg/ml (FIVAR(1-3)), and 6.8 mg/ml (FivDOC-

COH). Normalized buffer scattering was subtracted from sample scattering. Final scattering curves for 

each construct were obtained by averaging normalized buffer subtracted sample scattering representing 

proteins of similar Rg values.  
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SAXS data for the CpGH84A CBM32(1-4) were collected at the Stanford Synchrotron Radiation 

Lightsource (SSRL) beamline 4-2 using a Rayonix MX225-HE detector at 288 K. Scattering patterns for 

each protein sample was measured 15 times with an exposure time of 1 s, a wavelength of 1.5 Å, and a 

sample-to-detector distance set at 2.5 m, leading to scattering vectors ranging from q = 0 - 0.42 Å-1. 

Samples of bovine serum albumin (0.45 - 7.25 mg/ml) and lysozyme (0.57 - 9.10 mg/ml) were measured 

for reference and calibration. Scattering patterns were measured on the CBM32(1-4) construct for 

samples ranging in concentration from 1.25 - 10.0 mg/ml. Scattering curves for each concentration were 

averaged, followed by subtraction of the normalized buffer scattering. Averaged subtracted curves for 

protein concentrations of 10.0, 5.0 and 2.5 mg/ml were normalized, merged, and extrapolated to zero 

dilution using the software ALMERGE (236). 

SAXS data for CpGH84A 3UF were collected at the F2 beamline at the Cornell High Energy 

Synchrotron Source (CHESS) using a Dual Pilatus 100K-S detector. Scattering patterns for each protein 

sample was measured 10 times with an exposure time of 30 s, a wavelength of 1.25 Å, and a sample-to-

detector distance set at 1.5 m, leading to scattering vectors ranging from q = 0 - 0.42 Å-1. Single samples 

of lysozyme (4.2 mg/ml) and glucose isomerase (0.4 mg/ml) were measured for reference and calibration. 

Scattering patterns were measured on 3UF for samples ranging in concentration from 1.0 - 4.0 mg/ml. 

Scattering curves for each concentration were averaged, followed by subtraction of normalized buffer 

scattering. Averaged subtracted curves were normalized using DATOP (224), and merged and 

extrapolated to zero dilution using the software ALMERGE (236).  

All samples and buffers were filtered in microcentrifuge spin filters at 14,000 rpm and 277 K for 

5 minutes, and the protein concentrations verified onsite prior to data collection.  

 

5.5.8 SAXS analysis 

The radii of gyration (Rg) were derived from the Guinier approximation: I(q) = I0 exp(-q2Rg
2/3), 

where I(q) is the scattering intensity and I0 is the forward scattering intensity at zero dilution. Rg and I0 are 
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inferred from the slope and the intercept, respectively, of the linear of fit of ln(I(q)) vs. q2 in the q range 

q*Rg < 1.3. At low angles, the scattering intensities were well approximated by the Guinier law. All 

collected scattering curves were indicative of monomeric states of the molecules in solution. The distance 

distribution function P(r) was calculated on the final curves by the Fourier inversion of the scattering 

intensity I(q) using GNOM. The P(r) function was also used to calculate the Rg.  

The low-resolution envelopes of the overlapping CpGH84A protein constructs were determined 

ab initio from the scattering curve using the program DAMMIF (237), from which 20 models were 

generated. These solutions were subsequently compared and averaged with the program DAMAVER 

(238), which also computes the NSD values for the groups of ab initio models. In all cases, calculations 

led to highly similar forms with NSD values ranging between 0.5 - 0.7. The combined ab initio and rigid-

body modeling program BUNCH (239) was run 10 - 20 times for each protein, generating models from 

the scattering data using the available atomic coordinates. The atomic coordinates of the CpGH84A 

catalytic module (kindly provided by Ms. Patricia Massel, University of Victoria), CBM32-1 (PDB: 

2LS6), CBM32-2 (PDB: 2WIQ), CBM32-3 (preliminary NMR-derived fold presented here), CBM32-4 

(PDB: 4TXW), UNK3 (Phyrer2-based homology model), FIVAR(1-3) (kindly provided by Dr. Jimin 

Zheng, Beijing Normal University), and FivDOC-COH (PDB: 2OZN) were used in the analyses. The 

program SUBCOMB (240) was used to superimpose the BUNCH-generated models to the DAMAVER-

generated envelope, and goodness of fit of the models to the scattering profiles was assessed using the 

program CRYSOL (241). The EOM program (226) was used to generate optimized model ensembles 

from a pool of 10,000 conformers with rigid body units whose combined theoretical scattering best fit the 

SAXS experimental profiles. All final models are represented using PYMOL (213). SAXS data are 

summarized in Table 5.2.  
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Chapter 6 

General Discussion 

6.1 Foreword 

As a commensal member of the mammalian gut microbiome C. perfringens secretes an 

impressive arsenal of large multi-modular GHs predicted to mediate critical host-microbe interactions, 

which also contribute to its virulence as an opportunistic pathogen (126, 138, 145, 147). The varied 

catalytic activities of these CAZymes reflect the rich complexity of mucin O-glycans comprising the 

protective host mucosal layer. Carbohydrate recognition by these GHs is mediated, in part, by resident 

CBM32 modules that often appear in multiple copies (Figure 1.5) and display specificity for a range of 

mucin terminal O-glycan mono- and disaccharide moieties. The uncoupling of enzyme and CBM 

specificity, where carbohydrate-based substrates targeted by catalytic modules do not directly match the 

sugar moieties recognized by the CBMs, is an emerging trend among these complex CAZymes. This 

discrepancy is further complicated by the additional variation in CBM32 sequence, and the subsequent 

difficulty in the prediction of the preferred sugar ligand partners of this diverse family of modules. The 

studies presented here detail the structural and functional characterization of several CBM32s from two 

particularly large and complex secreted C. perfringens GHs, CpGH31 and CpGH84A, and have resulted 

in the characterization of several novel modes of carbohydrate recognition. The molecular determinants of 

these interactions, in conjunction with an experimentally derived model of the full-length solution 

structure of CpGH84A, can be used to elucidate the mechanisms of collective adherence of tandem 

CBM32s to relevant glycans in the context of the full-length parent enzymes. Some key considerations 

related to these studies include, but are not exclusive to, the evolutionary relationships of C. perfringens 

CBM32s, and the roles of tandem CBM32s and of modularity and multiplicity in glycan recognition by 

large multi-modular CAZymes.  
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6.2 Insights into the evolutionary relationships between C. perfringens family 32 CBMs 

The low sequence identity and impressive sugar binding diversity displayed among CBM32 

family members have driven structural and functional studies in an effort to understand the roles of these 

modules in the context of their associated CAZymes, particularly those predicted to target complex, 

heterogeneous mammalian glycans. Early studies on individual CBM32s from C. perfringens CAZymes 

characterized the canonical recognition of galacto-configured mono- and disaccharides by these modules 

via a strictly conserved set of residues, which include primary stacking and secondary aromatic residues 

and a number of polar residues (148, 151). More recent studies indicate that this strict classification is no 

longer accurate. For example, novel ligand-binding preferences for GlcNAc and GlcNAc-α-1,4-galactose 

by CBM32-2 from CpGH84A and CBM32-3 and CBM32-4 from the α-N-acetyglucosaminidase 

CpGH89, respectively, were recently uncovered (149, 150). CBM32s are thus not strictly canonical 

galactose-binding modules, but instead mediate binding to a growing array of simple and modified mono- 

and disaccharide ligands.  

The studies presented here have added to the emerging sugar binding complexity displayed by C. 

perfringens CBM32s. Specifically, we have uncovered additional novel modes of carbohydrate 

recognition, including two unexpected, unique mechanisms of GalNAc binding in CpGH31 CBM32-1 

and CBM32-2 (Chapter 2), and hitherto unseen non-canonical form of galactose recognition by 

CpGH84A CBM32-1 (Chapter 4). These studies illustrate the difficulty and potential inaccuracy of 

predicting sugar binding specificity based solely on the comparison of primary protein sequence to 

previously characterized CBM32s. Together these results hint at a complex evolutionary relationship 

among CBM32 modules. 

A comprehensive analysis of the phylogenetic relationship of over 200 individual CBM32s from 

CAZymes across several bacterial species provided valuable insight into the evolutionary relationships 

between individual family members (Figure 6.1) (94). This analysis revealed that amino acid variation 

within this family of modules occurs both within and between species. The variation is particularly  
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Figure 6.1. Phylogenetic tree outlining the evolutionary relationships between known CBM32s. 

(Caption on following page) 
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The CpGH31 CBM32s (blue) show the greatest sequence similarities to CBM32s from different enzymes, 
and therefore display heterogeneous clustering. CpGH31 CBM32-3, a canonical galactose-binding CBM, 
shares the highest sequence identity with other canonical-galactose binding CBM32s (green) and as such 
can be found on this branch of the phylogenetic tree. In contrast, the CpGH84A CBM32s (red) cluster to 
the same branch of the evolutionary tree, indicating homogeneous clustering by these modules. A 
comparison of the CpGH84A CBM32s with all known CBM32 sequences indicates that these CBMs do 
not cluster to the region of the tree corresponding to GH84 enzymes (magenta). CBM-associated enzyme 
groupings are shown on the right-hand side and are bolded, and amino acid borders for each CBM are 
shown in parentheses. Figure adapted from (94).   
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pronounced in C. perfringens CBM32s, a species where these modules are highly represented, as 

evidenced by recent structural and functional studies defining divergent modes of ligand recognition. 

Indeed, sequence variability among CBM32s found in C. perfringens CAZymes occurs both within and 

between individual enzymes. For example, the canonical galactose-binding CBM32s found in the multi-

modular, secreted GH20, GH31, GH33, GH84, and GH89 enzymes are considered homologous, 

including comprising strictly conserved galactose-binding residues, and cluster together in the 

phylogenetic tree (Figure 6.1) (94). In contrast, the six CBM32 modules from CpGH89 cluster to three 

entirely separate regions of the global phylogenetic tree, illustrating significant CBM32 sequence variety 

within a single enzyme (94, 150). Based on these observations in C. perfringens and in other species, two 

distinct forms of sequence clustering have been noted in bacterial CAZymes containing multiple 

CBM32s, termed homogeneous and heterogeneous clustering (94). In homogeneous clustering, two or 

more CBM32s from the same enzyme display the most sequence similarity to one another, which is 

thought to result in similar, overlapping sugar binding profiles. In contrast, heterogeneous clustering 

refers to CBM32s from one enzyme that display the most sequence identity to CBM32s from a different 

enzyme grouping and is suggested to translate into different sugar binding profiles for each CBM32 in a 

given multi-modular enzyme (94).  

 The application of these clustering conventions to the CBM32s from CpGH31 and CpGH84A 

reveals some unexpected results. Phylogenetic analysis showed that each of the three CpGH31 CBM32s 

are located on vastly different branches of the tree, sharing sequence similarities with CBM32s from a 

diverse number of GH families across several bacterial species, and therefore exhibiting heterogeneous 

clustering (Figure 6.1). In contrast, the CpGH84A CBM32s adopt homogeneous clustering, where all 

four modules group to the same branch in the phylogenetic tree (Figure 6.1) (94). Interestingly, the sugar 

binding properties of the CBM32s within each of these enzymes contradicts those predicted by their 

respective clustering patterns. In the studies presented here, sequentially divergent CpGH31 CBM32s 

were shown to recognize a closely related panel of galacto-configured sugars, including the ability of all 
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three to bind GalNAc (Chapter 2), whereas the four CpGH84A CBM32s, which are closely related in 

sequence, each show different sugar binding specificities, including galactose, GalNAc and LacNAc for 

CpGH84A CBM32-1 (Chapter 4), GlcNAc for CBM32-2 (149), and LacNAc for CBM32-4 (A.B. 

Boraston, personal communication). This striking discrepancy between clustering patterns and sugar 

binding profiles in these C. perfringens CBM32s may explain why attempting to classify their binding 

partners based on primary sequence is insufficient. In the comparison of C. perfringens CBM32s to 

modules from diverse enzymes and bacterial species, the homo- and heterogeneous clustering convention 

appears to serve only as a guideline with which to study the evolutionary relationship between CBM32s, 

and does not accurately reflect, or aim to predict, the binding specificities of each module.  

Furthermore, this phylogenetic analysis demonstrates the tendency of CBM32s across all species 

to cluster with modules from the same GH families, as separate clusters can be observed for related 

CBM32s appended to pectate lyases, GH10, GH16, GH31, GH84 and GH85 from a variety of species 

(Figure 6.1) (94). Much like their recalcitrance to classification based on homo- and heterogeneous 

clustering, the CBM32s from CpGH31 and CpGH84A do not conform to this convention. The CpGH31 

CBM32s are scattered across the evolutionary tree, and all four CpGH84A CBM32s cluster to a region of 

the phylogenetic tree separate from the aforementioned GH84 family cluster (Figure 6.1).   

The sequence variability within CBM32s from C. perfringens is particularly pronounced 

compared to those found in other species. A closer examination of the phylogenetic relationship within C. 

perfringens CBM32s reveals that the clustering patterns observed across all CBM32 modules are 

reflected within C. perfringens CBM32s. For example, the CpGH84A CBM32s cluster together on a 

single branch and share the poorest sequence identity with the cluster of canonical galactose-binding 

CBM32s (Figure 6.2). The CpGH31 CBM32 modules are scattered throughout the phylogenetic tree of 

C. perfringens CBM32s (Figure 6.2), reflecting the heterogeneous clustering of these modules observed 

in the global CBM32 evolutionary tree. This phylogenetic tree highlights two notable examples whereby 

sequence similarities and divergence between CBM32s are misleading with respect to ligand binding  
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Figure 6.2. Unrooted phylogenetic tree of C. perfringens CBM32 sequences. 

CpGH84A CBM32s (red) cluster to a similar region of the tree (homogeneous clustering), while the 
CpGH31 CBM32s (blue) are scattered across the phylogenetic tree (heterogeneous clustering). The 
canonical galactose-binding CBMs cluster together in the phylogenetic tree (green). CBMs are numbered 
and denoted by their parent enzyme. Figure kindly provided by A.B. Boraston (personal communication).  
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prediction. First, the tree showcases the significant sequence divergence of CBM32-1 from CpGH84A, 

which has been shown to bind to galacto-configured ligands (Chapter 4), from the canonical galactose-

binding cluster (Figure 6.2). In this case, these modules are distantly related by primary sequence, yet 

share a common panel of galacto-configured ligands. Second, the GalNAc-specific CpGH31 CBM32-2 is 

closely related in sequence to the GlcNAc-binding CpGH84A CBM32-2 (Figure 6.2), a sequence 

similarity that led to the inaccurate prediction of GlcNAc-binding activity by CpGH31 CBM32-2 

(Chapter 2). These two modules display divergent ligand-binding preferences, however this distinction is 

masked by their close evolutionary relatedness among C. perfringens CBM32s. This phylogenetic 

analysis of CBM32s from secreted C. perfringens GHs further highlights the complex and unpredictable 

relationship between primary sequence and ligand binding preferences of CBM32s.  

Our studies of CBM32s from CpGH31 (Chapter 2) and CpGH84A (Chapters 3 and 4) complete 

the characterization of the full set of CBM32s from these two complex enzymes, significantly 

supplementing the current catalogue of structural and functional information on C. perfringens CBM32s 

(94-96). The completion of these studies allows for the conclusive analysis of notable examples of 

sequential and ligand-binding discrepancies among groups of characterized CBM32s appended to large 

multi-modular CAZymes secreted by this microbe. The departure of C. perfringens CBM32s from 

traditional clustering conventions deduced from the aforementioned phylogenetic analyses, and the 

discrepancy between clustering patterns and resulting sugar binding profiles among these modules 

illustrate the complex evolutionary relationships among C. perfringens CBM32s and bring into question 

the value of the these phylogenetic analyses in the prediction of CBM32 binding partners. While the 

similarities and differences between CBM32 sequences may be valuable in a study of CBM32 evolution, 

our studies stress that the evolutionary relationships between C. perfringens CBM32s should not be 

utilized as a tool in the prediction of ligand binding preferences. The studies outlined in this thesis support 

and intensify the emerging complexity of this protein family and in fact suggest that these modules may 
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be so varied that attempts to apply any classification convention within the C. perfringens CBM32s is 

futile and impractical. 

Given the great sequence variation among CBM32s as well as the heterogeneous sugar 

composition of the mucin glycans, the existence of additional novel modes for the recognition of 

galactose, GalNAc, and GlcNAc by currently uncharacterized CBM32s is likely. However, with our 

inability to accurately predict sugar binding preferences based on primary sequence, and the extent of 

sequence variation present in uncharacterized CBM32 modules, the structural and functional study of new 

CBM32s remains necessary for their individual characterization, an enormous task given the number of 

CBM32s presently uncharacterized in secreted C. perfringens GHs. While novel modes of ligand binding 

may very well be uncovered with this approach, the general recognition of O-glycan containing mono- 

and disaccharides by CBM32s and the global adherence of CBM32s to mucin glycans are universal 

features likely to apply to all C. perfringens CBM32s regardless of the intricacies of any future 

characterization of individual modules. Therefore, we should shift our efforts and resources toward the 

characterization of tandem CBM32s and the mechanisms by which these varied modules cooperatively 

function to bind relevant glycans in the context of their full-length parent enzymes.  

 

6.3 Insights into the roles of tandem CBM32s in secreted, multi-modular CAZymes in C. 

perfringens 

Previous studies on multi-modular GHs have uncovered three general modes of CBM function 

within these enzymes. The first involves the participation of CBMs in forming the active site of the 

enzyme, a mode that to date is limited to the α-glucanase SpuA from S. pneumoniae (222). The second 

mode is one in which the CBMs are orientated in the same direction as the catalytic site and are thought to 

direct the latter toward relevant substrates. This mode is the most common and has been observed in the 

NanB and NanH neuraminidases from Vibrio cholera and more recently, in GH84C from C. perfringens 

(152, 242, 243). The final mode describes CBM binding sites whose orientations relative to the catalytic 

site appear to be random, as observed in pneumococcal GH98 enzymes (244). Prior to the studies outlined 
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in this thesis (Chapter 5), a mode of CBM activity could not be assigned to the CBM32s from 

CpGH84A. 

The varied solvent-exposed orientations of the CBM32 binding sites suggested by our SAXS-

based models of CpGH84A indicate that CBM-mediated carbohydrate recognition by this enzyme 

resembles the third mode of CBM function, whereby the orientation of the sugar binding sites do not 

align with the active site of the catalytic module. The orientations of the CBM binding sites, as well as the 

varied sugar binding specificities of the CpGH84A CBM32s, suggest that the role of these modules is to 

direct the enzyme to regions rich in catalytic substrates. This targeting and concentration effect is 

mediated by the coordinated recognition of multiple CBM32s with weak individual affinities for mucin 

O-glycan sugars, and the resulting strong adherence to substrate-rich mucin regions through the avidity 

effect (Section 5.4). 

The avidity effect employed by tandem CBMs has been studied in the family 2b CBMs of 

Cellulomonoas fimi xylanase 11A, CBM6s from Clostridium stercorarium xylanase, and the CBM17 and 

CBM28 modules from Bacillus sp. 1 139 Cel5, whereby the association of multiple CBMs increased the 

binding affinity by a factor of 10- to 100-fold compared to the affinity of the isolated CBMs (107-109). In 

addition, the enhanced adherence to bovine submaxillary mucin and human gastric mucin by fragments of 

CpGH89 containing between 2 and 5 tandem CBM32s has been documented using dot blot assays (103). 

As a result of the strong evidence for the presence of the avidity effect to overcome weak individual 

CBM-carbohydrate interactions, it is therefore reasonable to postulate that a similar phenomenon is 

present in secreted multi-modular C. perfringens GHs such as CpGH31 and CpGH84A. Future functional 

assays would be required to experimentally assess this possibility. 

The expanding diversity in the modes of carbohydrate recognition by CBM32 for galacto-

configured sugars in mucin O-glycans, such as galactose and GalNAc, leads to an intriguing question: 

why have CBM32s evolved different mechanisms for the recognition of the same ligand? The presence of 

identical and/or overlapping binding profiles for the recognition of similar galacto-configured mucin O-
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glycan monosaccharides, such as GalNAc or galactose, in the CBM32s of a single enzyme almost 

certainly increase the probability of the enzyme binding to these important monosaccharides. Specifically, 

subtle differences in the binding sites built to recognize similar ligands reflect and complement the 

heterogeneous and dynamic mucin surface and may help to ensure optimal contacts with the mucin 

surface over the course of glycan decomposition by parent enzymes. Furthermore, the ability of 

CpGH84A and CpGH89 to recognize less common mucin-based sugar moieties, such as GlcNAc and 

GlcNAc-α-1,4-galactose, provides these enzymes with additional sugar binding properties should some of 

the resident CBM32s dissociate from the mucin substrate. Together, the diversity of the sugar binding 

profiles and of modes of recognition for a given sugar by CpGH31 and CpGH84A would ensure maximal 

contact with mucin, thus increasing the catalytic efficiency of the parent enzyme. 

Given the fact that CpGH31 and CpGH84A are secreted and potentially non-covalently 

associated with the bacterial cell surface, and that their catalytic activities are predicted to target complex 

mucin O-glycans and not dietary polysaccharides, their associated CBM32s most likely serve to 

concentrate the CAZymes to substrate-rich areas, regardless of whether this interaction is mediated by 

tandem CBM32s whose individual binding profiles are similar or different. Therefore, the difference in 

clustering behaviors and sugar binding profiles observed for the CpGH31 and CpGH84A CBM32s 

(Section 6.1) may be largely irrelevant to the more general adherence to carbohydrate-based substrates by 

these CAZymes, as the overall effect of tandem CBM32s docking to mucin O-glycans is the same 

regardless of their combination of binding partners. However, the sugar binding preferences and affinities 

of tandem C. perfringens CBM32s within a single CAZyme, as well as the cooperative role of these 

modules in the recognition of mucin glycans, are subjects that remain largely uncharacterized to date and 

require further investigation. 

Based on our SAXS studies on the CpGH84A tandem CBM32(1-4) construct, and the insights 

discussed in this section and in Section 5.4, we propose a model by which the tandem CBM32s of 

CpGH84A adhere to mucins (Figure 6.3). The variation in the orientation of the CBM32s within the 
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Figure 6.3. Proposed model for the coordinated degradation of mucin by multi-modular glycoside 
hydrolases in C. perfringens. 

Representative examples of multi-modular GHs from C. perfringens are shown with functional modules 
denoted in the legend below. Enzymes are attached to the cell surface covalently using the LPXTG motif 
or non-covalently by FN3 modules. Enzymatic complexes are facilitated by ultra-tight dockerin-cohesin 
interactions. Carbohydrate-binding modules facilitate the adherence of the catalytic modules to relevant 
mucin O-glycan chains.   
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tandem CBM32(1-4) construct suggests that mucin binding by CpGH84A is possible regardless of the 

orientation of the enzyme relative to the mucin surface. The collective binding affinity of CBM32(1-4) to 

the terminal non-reducing sugar moieties of adjacent glycan chains via the avidity effect is likely to be 

sufficient in order to dock the catalytic module in proximity to its substrate while still allowing the 

CAZyme to disengage from the mucin surface as new substrates become available. Transient ligand 

binding by CBM32s is also likely advantageous, as it allows the enzymes to rapidly sample and bind to 

the highly dynamic mucin surface (95). This model also applies to CpGH31, however a SAXS-based 

approach similar to the one employed for the study of CpGH84A should be applied to tandem CBM32-

containing fragments of this enzyme so as to assess the spatial coordination of CBM32s separated by 

other ancillary modules (Figure 1.5). Further investigation into the mechanisms of collective 

carbohydrate binding by multiple CBM32s in both enzymes will be required to determine whether the 

CBM32s dock to their sugar ligands in a random or sequential fashion, or if binding cooperativity occurs 

for the tandem CBM32s. These remaining gaps in our understanding of carbohydrate binding by tandem 

CBM32s underline our need to shift efforts towards their study. 

 

6.4 Insights into multi-modularity and multiplicity in secreted C. perfringens GHs 

The extensive modularity of the secreted C. perfringens CAZymes is unique among structurally 

characterized GHs to date. The presence of multiple ancillary modules displaying a variety of functions, 

as well as the multiplicity of these modules within a single enzyme is in stark contrast to the simple 

modular architectures observed in a large number of bacterial GHs (87, 245). The majority of GHs 

produced and secreted into the extracellular milieu by cellulolytic bacteria and fungi comprise a catalytic 

module and a single appended cellulose-specific CBM (246, 247). This contrast among CAZymes leaves 

us to question why so much energy is invested by C. perfringens in synthesizing such complex GH 

architectures, especially given the efficiency of more architecturally simplistic GHs on their substrates 

(248). 
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The answer to this question may reside in the habitat and available resources for C. perfringens in 

comparison to aerobic cellulolytic bacterial and fungal species. The targets of many cellulose-degrading 

species include hardwood and softwood stems, grasses, straw, and leaves, whose cell walls contain large 

amounts of the simple glucose polymer cellulose (249). As these plant sources thrive in the presence of 

atmospheric oxygen, the bacterial and fungal species responsible for their saccharification are also aerobic 

(249). Plant biomass is also an endless source of energy for these species, as its major component 

cellulose is the most abundant biopolymer in Nature (3). The presence of excess oxygen and massive 

abundance of carbon sources make it possible for these species to produce and secrete large quantities of 

synergistic free GHs into the environment (250-252). The bountiful enzymatic release of large volumes of 

cellobiose and glucose, the products of cellulose degradation, by these free enzymes in close proximity to 

the organism themselves may reduce the urgency required to absorb these products before they are 

scavenged by competing organisms (253).  

In contrast, the human distal gut is a largely anaerobic environment, as very low levels of oxygen 

have been detected along the length of the GI tract (254, 255). As such, species of anaerobic bacteria are 

abundant in the gut microbiome and must therefore compete with each other for access to the relatively 

limited pool of carbohydrate sources present in the lumen and mucosal layer of the gut in the form of 

plant biomass polysaccharides and host mucin O-glycans, respectively. In addition, the products of 

carbohydrate degradation are precious carbon sources that must be quickly gathered by the bacteria whose 

enzymes have produced them, as they can easily be scavenged by competing species. Therefore, the 

production and secretion of large amounts of free GHs into the extracellular space by gut bacteria would 

be energetically inefficient and likely result in the loss of degradation products to neighbouring bacteria. 

To circumvent this problem, C. perfringens may give itself a significant competitive advantage by 

focusing its efforts on producing and expressing a contingent of highly complex enzymes and tethering 

them to the cell surface. Glycan degradation would occur in close proximity to the cell surface such that 

hydrolytic products could rapidly be taken up by the bacterium and limit scavenging by other resident gut 



 

 

 

133 

bacteria (138). Similar cell-surface attached enzyme networks have been documented in anaerobic 

cellulolytic bacteria like Clostridium thermocellum and Ruminococcus flavefaciens, which produce and 

secrete highly efficient multi-modular cell-surface attached cellulose-degrading machinery called 

cellulosomes (173, 256). 

In addition, the modular architecture and variation in the number and characteristics of the 

ancillary modules of the secreted C. perfringens GHs may be required in order for its CBM32s to contend 

with the complexity of the heterogeneous mucin O-glycans. A single CBM with strong affinity to 

cellulose, like the those appended to free cellulases in plant biomass-degrading species, may be 

insufficient to localize large multi-modular enzymes to mucin O-glycans, not to mention impractical, as 

the dynamic and structurally heterogeneous mucin surface requires enzymes to bind only temporarily to 

their substrates (106, 257).  

The structural and functional attributes of the additional ancillary modules, such as FIVARs, 

dockerins and cohesins, may also serve an energy-saving purpose and thus give C. perfringens an 

important advantage over other members of the gut flora. The rigid region within CpGH84A comprising 

the FIVAR(1-3) tandem fragment appears to serve as a stalk or arm, extending the enzyme away from its 

complexed enzyme partner and the bacterial cell surface. This feature may help compensate for the lack 

of free enzymes released into the extracellular environment, as the ability to maintain the CAZymes and 

substrates in close proximity to the cell surface may maximize the uptake of the hydrolytic products. 

Furthermore, bienzymatic complex formation mediated by the high affinity COH-DOC interaction has the 

potential to increase catalytic efficiency through a cooperative mechanism (163). This interaction also 

suggests that not all secreted C. perfringens GHs are anchored directly to the cell membrane, but may in 

fact be tethered to one another, a strategy that may reduce the energy expenditure required to individually 

anchor each enzyme to the cell surface (152, 163, 168).  In addition, as some of these enzymes, such as 

CpGH31 and CpGH84C, contain centrally located COH modules, bienzymatic complex formation at 

these locations may also act to further extend the reach of the enzymes and increase catalytic efficiency. 
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6.5 Future directions 

Our studies have provided us with valuable insights regarding the roles of CBM32s and other 

ancillary modules in carbohydrate recognition and host-pathogen interactions. In particular, the full-

length solution structure of CpGH84A allows us to make important connections between the high-

resolution structure and function of its ancillary modules and their cooperativity in the context of the full 

enzyme. However, there remains some degree of ambiguity regarding the exact superposition of atomic 

models with their accompanying molecular envelopes. Specifically, the assignment of the orientation of 

the N- and C-termini of each multi-modular construct with respect to the envelope is complicated by the 

presence of several well-fitting models with similar χ values. To resolve any uncertainty related to this, 

our current model of CpGH84A should be supplemented with additional SAXS data representing 

constructs with greater modular overlap. The resulting scattering data, representing larger constructs, are 

likely to favor models adopting a consistent single orientation as a result of larger and presumably more 

asymmetrical overall protein shapes and would likely alleviate some of the ambiguity present in this 

study. In addition, some concentration-dependent discrepancies in Rg were observed for 3UF, so the 

recollection of this dataset as well as of additional related overlapping SAXS fragments may improve the 

overall data collection statistics and provide a more robust analysis of this fragment of the enzyme.   

 In addition to the minor ambiguities present in our study of CpGH84A, the precise roles of 

several ancillary modules found in the secreted C. perfringens GHs remain unknown, including the UNK 

modules. Elucidating the structure-functional relationship of these modules is of particular importance for 

those enzymes whose modular architectures contain several of these modules interspersed with individual 

CBM32s, as is the case with CpGH31. A “dissect-and-build” approach coupling their characterization 

with the assembly of full-length CpGH31 would not only serve to illustrate the roles of additional 

ancillary modules in the function of the full-length enzyme, but would shed light on the method of 

coordination of CBM32s separated by other modules. 
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In spite of the aforementioned experimental limitations and gaps in our knowledge of the roles of 

currently uncharacterized ancillary modules, our SAXS-based approach provides a complete structural 

and dynamic portrait of a large, multi-modular enzyme otherwise inaccessible by traditional structural 

biology methods such as NMR and X-ray crystallography. Nonetheless, this method remains insufficient 

for the visualization of the intact full-length protein. The ability to visualize full-length CpGH84A is the 

logical next step in its complete structural characterization, effectively eliminating any ambiguity 

resulting from manual assembly of full-length SAXS models from smaller fragments. Advances in the 

manipulation of anaerobic clostridial species and subsequent endogenous expression and purification of 

full-length extracellular proteins, suggest that similar systems may be employed to express and purify the 

full-length CpGH84A directly from C. perfringens, or using alternative expression systems (i.e. Bacillus) 

(258, 259). Full-length protein structure determination by cryo-electron microscopy is developing 

popularity based on its suitability for the structural characterization of large proteins and protein 

assemblies (260-262). The application of this technique to CpGH84A and/or to bienzymatic complexes of 

large, multi-modular C. perfringens enzymes would serve to complement and validate existing SAXS 

models and provide additional insight on the topology of the full-length enzyme and arrangement of 

associated cell-surface enzyme complexes. 

In additional to full-length characterization and visualization, additional in vivo experiments are 

required to expand our understanding of the role of each CAZyme in the pathogenesis of C. perfringens. 

The study of extracellular C. perfringens GHs would also undoubtedly benefit from fluorescence 

microscopy experiments, whereby the recognition of host tissues by multi-modular constructs or by full-

length enzymes could be confirmed. Mouse GI tract tissue samples can be probed with FITC-labeled 

tandem constructs and visualized using traditional fluorescence microscopy methods (101, 263). In 

addition, the ligand specificity and degree of mucin degradation imparted by each enzyme could be 

probed by designing CpGH31 and CpGH84A gene knockout mutants of C. perfringens using yeast-
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mediated ligation, or advanced clostridial gene knock-out systems such as ClosTron or TargeTron (264-

266).  

The structural and functional characterization of the architecturally complex multi-modular GHs 

from C. perfringens represents a fascinating area of structural biology with several exciting avenues that 

remain to be explored. The “dissect-and-build” approach utilized in these studies provides valuable 

insights into the mechanisms and role of carbohydrate recognition in the host-pathogen interactions of C. 

perfringens in the human gut and serves as a strong foundation upon which further studies can be based.  
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