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Protein-carbohydrate interactions are pivotal to many biological processes, from plant 

cell wall degradation to host-pathogen interactions. Many of these processes require the 

deployment of carbohydrate-active enzymes in order to achieve their intended effects. 

One such class of enzymes, glycoside hydrolases, break down carbohydrate substrates by 

hydrolyzing the glycosidic bond within polysaccharides or between carbohydrates and 

non-carbohydrate moieties. The catalytic efficiency of glycoside hydrolases is often 

enhanced by carbohydrate-binding modules (CBMs) which are part of the modular 

structure of these enzymes. Understanding the carbohydrate binding function of these 

modules is often key to studying the catalytic properties of the enzyme. This thesis 

investigates the molecular determinants of carbohydrate recognition by CBMs that share 

similar amino acid sequences and overall three-dimensional structures and thus fall 

within the same CBM family. Specifically this research focused on two families; plant 

cell wall binding family 6 CBMs and the -glucan binding family 41 CBMs. Through X-

ray crystallography, isothermal titration calorimetry and other biochemical experiments, 

the structural and biophysical properties of CBMs were analyzed. Studying members of 

CBM family 6 allowed us to establish the overall picture of how similar CBMs interact 
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with a diverse range of polysaccharide ligands. This was found to be due to changes in 

the topology of the binding site brought about by changes in amino acid side chains in 

very distinct regions of the binding pocket such that it adopted a three-dimensional shape 

that is complementary to the shape of the carbohydrate ligand. Members of CBM family 

41 were shown to have nearly identical modes of starch recognition as found in starch-

binding CBMs from other families. However family 41 CBMs are distinct as they are 

found mainly in pullulanases (starch debranching enzymes) and have developed binding 

pockets which are able to accommodate -1,6-linkages, unlike other starch-binding CBM 

families. These are the first studies comparing multiple CBMs from within a given CBM 

family at the molecular level whose results allow us to examine the distinct modes of 

carbohydrate recognition within a CBM family.  

Analysis of the family 41 CBMs revealed that these CBMs are mainly found in 

pullulanases from pathogenic bacteria. Members from Streptococcal species were shown 

to specifically interact with glycogen stores within mouse lung tissue, leading us to 

investigate the role of -glucan degradation by the pullulanase SpuA in the pathogenesis 

of Streptococcus pneumoniae. SpuA targets the -1,6-branches in glycogen granules, 

forming -1,4-glucan products of varying lengths. The overall three-dimensional 

structure of SpuA in complex with maltotetraose was determined by X-ray 

crystallography and showed that its active site architecture is optimal for interacting with 

branched substrates. Additionally, the N-terminal CBM41 module participates in binding 

substrate within the active site, a novel feature for CBMs. This is the first study of -

glucan degradation by a streptococcal virulence factor and aids in explaining why it is 

crucial for full virulence of the organism.  
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Chapter 1: General Introduction 
 

1.1 Carbohydrates and the Environment 
Carbohydrates are the most abundant biomolecules on the planet. They are ubiquitous in 

nature as they are found in places such as plant biomass, insect exoskeletons, bacterial 

cell surfaces and biofilms, and mammalian cell surfaces. The functionality of 

carbohydrates are determined by their overall three-dimensional shape, which is also 

dependent on length of the carbohydrate, its sugar composition, the position of the 

anomeric carbon and the type of glycosidic linkages that can be formed between sugar 

monomers. These create a platform for millions of different possible combinations of 

carbohydrate structures, and each structure is suited for serving its function in nature. 

 

1.1.1 Plant and Fungal Polysaccharides 
Plant cell-wall material is the main component of terrestrial biomass 1. The bulk 

of plant cell wall material is cellulose, a homopolymer of -1,4-glucose which takes on 

an overall linear shape. Cellulose is hypothesized to exist in two forms, crystalline and 

amorphous. In the crystalline form cellulose chains self associate via intra- and 

intermolecular hydrogen bonds and van der Waals forces to form cellulose fibrils and 

microfibrils, which are extremely insoluble and provide the majority of tensile strength to 

the plant cell wall. Amorphous regions lack this higher order structure and are more 

susceptible to increased degradation. Plant cell walls also contain a number of other sugar 

polymers termed hemicellulose which includes xylan (-1,4-linked xylose), laminarin (-

1,3-linked glucose), mannan (-1,4-linked mannose) and lichenan (mixed -1,3-1,4-



 

 

2 
linked glucose). The other main structure found within the plant cell wall are pectins, 

substituted heteropolysaccharides composed of a -1,4-D-galacturonic acid backbone 

with rhamnose, galactose and arabinose substituents. Cellulose contains regions of 

attachment for hemicellulose and pectins, forming a complex interwoven amalgam within 

the cell wall. Together they form a rigid structure which provides a barrier that is highly 

resistant to environmental forces and biological attack. Seaweeds, which include algae 

and kelp, have cellulose and -1,3-glucans such as laminarin within their cell wall 

structures but also contain specific unique polysaccharides such as alginic acid, agarose 

and carageenan.  

Fungal cell walls are mainly composed of chitin, a linear polymer of -1,4-linked 

N-acetyl-glucosamine, which provides rigidity to the cells and helps stabilize long 

filamentous cells such as hyphae and mycelia. Chitin is also the main component of 

exoskeletons found in arthropods such as insects (beetles, spiders, etc.) and crustaceans 

(crab, shrimp, etc.). These exoskeletons serve as a solid barrier for protection from 

dessication and other environmental forces. Other fungal cell wall polysaccharides 

include -1,3-glucans, chitosan (a polymer of -1,4-linked glucosamine) in addition to a 

small percentage of cellulose. 

 

1.1.2 Bacterial polysaccharides 
Bacterial cells are surrounded with carbohydrate coatings which serve as a 

protective barrier for the cell. Gram positive and gram negative bacteria contain a thick 

wall of peptidoglycan, a repeating unit of N-acetyl-glucosamine and N-acetyl-muramic 

acid connected by a -1,4-linkage. Peptidoglycan layers are connected via oligopeptide 



 

 

3 
chains and the overall three-dimensional structure aids in maintaining the bacterial cell 

structure. Gram negative bacteria have a thin wall of peptidoglycan followed by an outer 

membrane containing lipopolysaccharide (LPS), a unique bacterial species-specific sugar 

polymer attached to the cell by a lipid anchor. Many gram positive pathogenic bacteria 

have carbohydrate capsules attached to the peptidoglycan layer such as lipoarabino-

mannan from Mycobacterium tuberculosis 2and capsular polysaccharide from 

Streptococcal species 3; 4; 5. The functions of these capsules serve to protect bacteria from 

the immune system and are implicated in attachment to host cells during infection 4. For 

example, the hyaluronic acid capsule of Streptococcus pyogenes mimics that found in its 

human host and helps the organism hide from the immune system 6.  

Bacterial biofilms consist of bacterial cells and associated extracellular polymeric 

substances (EPS) which include many carbohydrate structures7. This exopolysaccharide 

matrix is secreted by bacteria to create a platform for the attachment of many bacterial 

cells, creating a multicellular entity, which aids in bacterial resistance to environmental 

forces such as dessication and antibiotics. Most bacteria live in biofilms, which are found 

everywhere in the environment in conditions with a solid substrate that is exposed to 

aqueous solutions. Biofilm formation by Pseudomonas aeruginosa can lead to chronic 

infection in lung epithelia 8. The most well known biofilm is that found in dental plaque 

of which a large portion is made up of a dextran matrix deposited onto the teeth by the 

bacterium Streptococcus mutans 9. Without proper removal, the biofilm contributes to the 

loss of tooth enamel causing ailments such as cavities and gingivitis. Biofilms are also 

problematic in the colonization of hospital equipment, which can lead to hospital-

acquired bacterial infections in patients. 
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1.1.3 Energy storage by -glucans 
Most organisms are capable of metabolizing glucose as an energy source for 

cellular processes. In plants and animals, glucose is stored as starch and glycogen, 

respectively. Starch is composed of amylose, a homogenous polysaccharide of -1,4-

linked glucose, and amylopectin, which is similar to amylose but with additional -1,6-

branch points occurring every approximately 20 glucose residues. Starch is stored within 

amyloplasts within the seeds, roots and stems. Glycogen is of similar composition to 

amylopectin but with -1,6-branches occurring more frequently every 8 – 12 residues 

and is mainly found in the liver hepatocytes where it makes up ~8% of liver mass. Due to 

the -1,4-linkages, portions of starch and glycogen take on a double helix shape forming 

compact granules for efficient storage of glucose 10. Other common -glucans include 

pullulan, dextran and mutan. Pullulan is a linear water soluble polymer of repeating -

1,6-linked maltotriose (three -1,4-linked glucose monomers) occuring naturally in the 

plant fungus Aureobasidium pullulans. It is generated from starch for the production of 

blastospores and hyphae 11. Dextran is a homogenous polymer of -1,6-linked glucose 

and is produced from the lactic acid fermentation of sucrose by S. mutans for 

extracellular energy storage 12.  Mutan is a water insoluble polymer of -1,3-linked 

glucose generated from starch in some tubers and can also be found in the cell wall of 

some fungal species13. 

 



 

 

5 
1.1.4 Mammaliam cells and Complex Glycans 

Complex glycans can be found attached to the surface of mammalian cells as 

glycolipids and glycoproteins or as soluble entities and serve many important functions in 

cell recognition, cell signaling, cell development, and cell-matrix interactions. The 

surfaces of mammalian cells are coated in varied complex glycans and are differentially 

expressed during stages of growth and maturation. Fully mature cell often have 

carbohydrate structures which are characteristic to their cell type, permitting cell 

recognition. Often changes in these surface carbohydrates are indicative of many 

malignant forms of cancer 14.  

Surface glycoproteins are classified as either N-linked or O-linked. N-linked 

sugars are attached to proteins via the amine group of asparagines, forming an 

aspartylglycosylamine linkage with an N-acetylglucosamine. N-linked glycans are varied 

in their composition but all have characteristic high mannose content and terminate in 

fucose or sialic acid. They also contain an identical N-acetylchitobiose-trimannosyl core 

structure. O – linked glycans are attached to hydroxyl groups of serine and threonine side 

chains and are common in mucin and mucopolysacharides lining lung and GI tract 

epithelium and the epithelium of the reproductive tract. They also have a common core 

structure composed of GalNAc substituted with Gal and GlcNAc residues to form a 

backbone structure for the attachment of peripheral carbohydrate antigens such as 

LewisA, LewisY and Tn antigen as well as sialylated and branched forms of these sugars. 

Mucins provide a highly hydrated surface which act as a barrier between body fluids and 

epithelium. Many pathogenic bacteria use these glycans as receptors for invasion and as a 

nutritional source to promote growth and spread throughout the body (see section 1.6). 

Heparan sulfate and chondroitin sulfate are components of proteoglycans and 
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occur in all animal tissues, making up a majority of the extracellular matrix. They are 

involved in regulating the movement of molecules through the ECM which aids in many 

cell regulatory processes.  

Perhaps the most well known complex glycans are those of the ABO blood group 

system comprised of antigens in the form of carbohydrates found on the surface of red 

blood cells. Type O, also known as the H-antigen, is a chain of -fucose-(1,2)--D-

galactose linked to -N-acetyl-glucosamine and -D-galactose. The H antigen serves as 

the base for types A and B with type A having an -1,3-N-acetyl-galactosamine and type 

B having an -1,3-galactose attached to the galactose of the terminal fucosylgalactose 

moiety. Their functional role remains unknown; however, these antigens play an 

important immunological role in recognition of self and can cause severe reactions in an 

individual who receives blood of the wrong type.  

Cell signaling events in response to environmental stimuli are often triggered by 

the modification of target proteins, including phosphorylation, acetylation, ubiquitination 

and methylation. More recently the importance of O-GlcNAc modification of proteins 

has become apparent in signaling events 15. It was once thought that proteins within the 

nucleus and cytoplasm were not glycosylated, but now it is known that O-GlcNAc is a 

dynamic modification occurring on cellular proteins, often competing with 

phosphorylation sites at serine and threonine residues 16; 17. O-GlcNAc modifications of 

cellular proteins have been identified in regulating events such as chromatin 

rearrangement, transcription, translation, regulation of glucose levels and maintaining cell 

shape. It also has many implications in diseases such as diabetes, neurodegeneration, and 

many forms of cancer 18; 19; 20; 21.  
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1.2 Carbohydrate-Active Enzymes 
Carbohydrates are dynamic molecules that are constantly being synthesized and 

broken down. To achieve this, organisms contain genes encoding a variety of enzymes 

that are involved in glycosidic bond formation and cleavage. These include 

glycosyltransferases, which are mainly responsible for the formation of the glycosidic 

bond in the biosynthesis of carbohydrates, and polysaccharide lyases, carbohydrate 

esterases and glycoside hydrolases, which are involved in the breakdown of 

polysaccharides and carbohydrate moieties. These carbohydrate-active enzymes are 

grouped into over 250 families based on amino acid sequence similarity and are all listed 

in the continually updated Carbohydrate-Active Enzyme (CAZy) database 

(www.cazy.org) 22. Closer analysis of the genomes listed within the database reveals the 

importance of carbohydrate metabolism to life on Earth as 1-3% of the genome of most 

organisms is devoted to encoding glycosyltransferases (GTs) and glycoside hydrolases 

(GHs) 23. This provides a wealth of gene sequences in which to study the structure and 

function of carbohydrate-active enzymes to better understand how these enzymes 

function in nature.  

 

1.2.1 Glycosidic Bond Formation 
Glycosyltransferases (GTs) are responsible for the biosynthesis of carbohydrates 

from the formation of plant cell wall polysaccharides to detailed glycoconjugates found 

on cell surfaces (see Section 1.1.4). They catalyze the transfer of a sugar moiety via an 

activated donor sugar molecule onto an acceptor (which can be either a carbohydrate, 
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protein or lipid molecule) forming a glycosidic bond with either retention or inversion of 

the anomeric carbon. In the CAZy database there are currently over 12,000 GT sequences 

grouped into 91 amino acid sequence-based families with structures representing only 29 

of these families 24; 25. GTs are the least studied of the carbohydrate-active enzymes due 

to difficulty in expressing and purifying these enzymes for crystallization. So far all GTs 

share a high degree of structural similarity despite the low amino acid sequence identity 

between families and fall into either the GT-A or GT-B fold clan (Figure 1A&B). The 

first characterized GT-B fold was reported in 1994 of the bacteriophage T4-

glucosyltransferase (GT family 63) which catalyzes the transfer of glucose to phage-

modified DNA 26 (Figure 1A). The enzyme contained two domains with a characteristic 

Rossmann nucleotide-binding motif, which was shown to interact with the activated 

nucleotide sugar donor molecule. In 1999 the first GT-A fold was revealed by the X-Ray 

crystal structure of SpsA, a glycosyltransferase implicated in the synthesis of B. subtilis 

spore coat 27 (Figure 1B). The GT-A fold of this family 2 GT is also a two-domain 

enzyme with an N-terminal Rossmann motifs and a C-terminal DxD motif with mixed 

//-sandwich. Recently a third fold was identified in an -2,3- sialyltransferase from 

Campylobacter jejuni from GT family 42, which was found to be similar to GT-A with a 

seven-stranded -sheet but no DxD motif 28 (Figure 1C). Despite the structural 

similarities in GTs, they show exquisite specificity for both the activated sugar donor and 

the acceptor substrate due to modifications within loop regions surrounding the active 

site. 
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Figure 1: The three GT folds observed in glycosyltransferases (A) GT-B fold from 
bacteriophage T4 glucosyltransferase (GT63) (PDB Code 2BGU) 26  (B) GT-A fold from 
Bacillus subtilis spore coat forming glycosyltransferase SpsA (GT2) (PDB code 1QG8) 
27. (C) A new fold recently revealed from an -2,3-sialyltransferase from Campylobacter 
jejuni (GT42), a modified GT-A fold (PDB code 2P2V) 28. 
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1.2.2 Carbohydrate breakdown 
Carbohydrate esterases, polysaccharide lyases and glycoside hydrolases are all 

enzymes involved in the breakdown of polysaccharides. Carbohydrate esterases are a  

class of enzymes that catalyze the de-O or de-N-acetylation of substituted sugars using a 

catalytic mechanism similar to protein and lipid esterases that utilize a Ser-Asp-His 

catalytic triad (CE families 1, 3, 5, 7, 10, 12) 29. Other families have been shown to use a 

Zn2+ catalyzed deacetylation method (4, 9, 11, 14) 30.  There are 15 sequence-based 

families with structures for thirteen families, most often showing a classic serine-protease 

() sandwich fold 22. CE’s are most commonly implicated in the deacetylation of 

chitin 31, peptidoglycan modification 32, and the deacetylation of acetylated plant xylans 

and glucans 33.  

Polysaccharide lyases cleave glycosidic bonds via -elimination which results in 

the formation of a double bond at the newly formed non-reducing end between C4 and 

C5. Most PLs are of bacterial origin and are active on uronic acid sugars such as 

glucuronates, galacturonates and alginates which are found in plant pectins and algaes. 

These enzymes participate in plant biomass degradation and as virulence factors in plant 

and human pathogens, as in pectin degradation in soft rot by Erwinia species 34. Their 

presence in human pathogens often mimics the activity of hyaluronate lyases and heparin 

lyases 35, however, the presence of polygalacturonate pathways in human pathogens is 

ambiguous. Entire pectin utilization pathways are found in a variety of human pathogens 

from Enterobacteraciae 36; specifically the foodborne pathogen Yersinia enterocolitica.  

Y. enterocolitica produces a pectate lyase (PL-2) and polygalacturonase and it is 
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rationalized that they allow the bacteria to scavenge pectin found within the human 

intestine to be used as a nutritional source 37. There are 18 sequence based families with 

structures representing 14 families 22. A selection of folds are observed within PLs, such 

as the -helix, -jelly roll folds and -toroid, while the active sites remain structurally 

conserved 37. 

Glycoside hydrolases are by far the most prevalent class of carbohydrate-active 

enzyme with over 30,000 entries in 112 amino acid sequence-based families 38.  

Structures have been determined for 76 of these families. The mechanisms of glycosidic 

bond hydrolysis by glycoside hydrolases have been extensively studied. In general, 

glycosidic bond cleavage results in either inversion or retention of the anomeric carbon39. 

Inversion occurs in a single step while retention is a two-step mechanism involving an 

oxacarbenium ion-like transition state. A third mechanism which also results in retention 

of the anomeric configuration is substrate-assisted catalysis where the N-acetyl group of 

the sugar acceptor takes the place of the catalytic nucleophile, forming an oxazolinium 

intermediate 39. Unlike GTs, structural data on GHs has revealed several different folds, 

such as the (/)6, -helix, -propellor, -jelly roll and the (/)8 TIM barrel motif, of 

which the latter is found in the majority of GHs to date (Figure 2A-F). Enzymes within a 

family have similar structures, mechanisms of hydrolysis, and conserved catalytic 

residues, therefore we can often predict the activity of a GH within a given family. 

Because of fold similarities between GH families, GHs have been grouped into 14 

structure-based clans which helps classify new GH enzymes whose categorization based 

on amino-acid sequence may relate to more than one family 40.   
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Figure 2: Folds observed within Glycoside hydrolases. (A) TIM barrel (/)8 motif from 
Clostridium perfringens -N-acetylglucosaminidase (GH89) (PDB Code 2VCA) 41. (B) 
(/)6 toroid motif from Bacillus sp. unsaturated glucuronyl hydrolase (GH88) (PDB 
Code 1VD5) 42. (C) -jelly roll motif from Trichoderma reesei cellobiohydrolase I (GH7) 
(PDB Code 1CEL) 43. (D) -helix fold from Yersinia enterocolitica exo-
polygalacturonase (GH28) (PDB Code 2UVE) 44. (E) 6-fold -propeller motif from 
Micromonospora viridifaciens sialidase (GH33) (PDB Code 1EUR) 45 (F) 5-fold -
propeller motif from Thermotoga maritima -fructosidase (GH32) (PDB Code 1UYP). 
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GH activity is, in general terms, opposite to GTs in that GHs hydrolyze the glycosidic 

bond between two sugar molecules or a carbohydrate and non-carbohydrate moiety. 

Therefore it is no surprise that GHs and GTs work together in many dynamic processes. 

Examples include the synthesis and breakdown of polysaccharides in plant  

growth and differentiation and in meeting energy requirements in the case of starch and 

glycogen. The dynamic O-GlcNAc modification of cellular proteins is regulated by 

OGlcNAc-transferase 46, a GT41 that transfers an O-GlcNac onto serine and threonine 

sidechains, and OGlcNAcase from family GH84 which catalyzes the removal of these 

sugars 47. The importance of synergism between these two enzymes is apparent in many 

diseases, where an abundance of O-GlcNac modified cellular proteins can lead to 

diabetes, Alzheimers and cancers 19; 20; 21.    

GHs are important in plant cell wall degradation which represents the largest 

reservoir of organic carbon in the biosphere, and thus cell wall degradation by microbial 

enzymes is pivotal to many biological and industrial processes 48. However, the 

polysaccharide composite of plant cell walls is relatively recalcitrant to enzymatic 

degradation and as a result microbes have evolved complex enzymatic systems in order 

to tackle this problem. For example, Clostridium thermocellum and Clostridium 

cellulolyticum secrete a megadalton multimodular enzyme complex called the 

cellulosome 49. It is an extracellular enzyme complex, which functions to degrade plant 

cell wall tissue. The multienzyme arrangement is mediated by a scaffoldin protein base 

containing cohesin domains, which interact with dockerin domains of the hydrolytic 

enzymes, forming an ensemble of various catalytic subunits 50. 



 

 

14 
More recent research into human pathogenic bacteria has identified GHs as 

virulence factors. Clostridium perfringens secretes a battery of hydrolytic enzymes as 

exotoxins for pathogenesis, of which many are glycoside hydrolases 51, and recent 

experiments suggest that these enzymes may form multimodular complexes like those 

found in the cellulosome52. Also many GHs appear as virulence factors in Streptococcus 

pneumoniae 53 where they may participate directly in hydrolysis of host glycans. This 

relatively new area of glycoside hydrolase virulence factor research will likely translate 

to many other pathogens and their importance in pathogenesis may lead to novel targets 

for drug therapies to treat infections and combat bacterial antibiotic resistance.  

 

1.3 Glycoside Hydrolases and their modularity  
To increase the efficiency of degradation, glycoside hydrolases often have complex 

modular architectures consisting of a catalytic module fused with one or more ancillary 

modules via linker peptides. A module is defined as a contiguous amino acid sequence 

within a larger sequence that folds independently (Figure 3) and has an individual 

function but together increase the overall efficiency of the enzyme. The first indication 

that these enzymes contained distinct independent functioning modules was from the 

limited papain digestion of cellobiohydrolase I and II from the fungus Trichoderma 

reesei 54; 55. Proteolytic cleavage identified two functional N and C terminal domains 

where the hydrolytic activity of N-terminal domain remained active but the specific 

activity on cellulose decreased to 50% of initial activity. The C-terminal domain 

independently bound to crystalline cellulose but had no catalytic activity, suggesting that  
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Figure 3: Modularity of glycoside hydrolases as shown by the sialidase from 
Micromonospora viridifaciens (PDB Code 1EUT) 45. Catalytic module (GH33) shown in 
green, linker (Ig fold) shown in yellow and carbohydrate-binding module (CBM32) 
shown in red.  
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the C-terminal carbohydrate-binding activity complemented the catalytic module. With 

the implementation of bioinformatics came the ability to find distinct regions within 

glycoside hydrolases that share sequence and secondary structure similarities to other 

protein motifs, including cohesins, dockerins and FN3 motifs which potentially mediate 

protein-protein interactions. However, the most frequently found modules are the 

carbohydrate-binding modules (CBMs) which interact with the target carbohydrate 

substrate. Because large multimodular enzymes can be difficult to work with in the 

laboratory, the popular molecular biological approach has been to dissect the modular 

structure of glycoside hydrolases and study the activity of the individual modules 

independently, allowing researchers to then fit the pieces together and determine how the 

enzyme functions as a whole. 

1.4 Carbohydrate-Binding Modules 
Carbohydrate binding modules are the most prominent accessory module found in 

glycoside hydrolases 56. They are classified as non-catalytic modules that assist in the 

efficient degradation of the targeted carbohydrate substrate. This is accomplished by 

binding to the target substrate and directing the catalytic module to the cleavage site, 

which in turn increases the specific activity of the enzyme. The modular structure of a 

glycoside hydrolase may include a single or multiple CBMs, either from the same or 

different CBM families and may also include other functional modules, such as those that 

mediate protein-protein interactions. The importance of CBMs to carbohydrate 

degradation is significant, as demonstrated by the immense distribution of these modules 

in glycoside hydrolases (www.cazy.org) 22 and by biochemical analysis. The contribution 
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of CBM research to the field of protein-carbohydrate interactions has been invaluable and 

has led to CBM use in many biotechnological applications 57; 58; 59; 60. 

CBMs have three main roles in carbohydrate degradation: targeting the enzyme to its 

substrate, localizing the catalytic module of the enzyme in close proximity of the 

substrate, and disruption of the carbohydrate surface 56.  The targeting effect of CBMs 

allows for the specific interaction with polysaccharide substructures within higher-order 

polymers, such as cellulose-specific CBMs that are suited to interact with either 

crystalline or amorphous regions of cellulose. The proximity effect of CBMs helps in 

directing the enzyme within the proximity of the target substrate rather than in solution. 

The disruptive effect by CBMs increases the accessibility of the enzyme to the target 

substrate by disrupting the surfaces of insoluble substrates such as cellulose and chitin 61. 

We have recently revealed a potential fourth function for CBMs, an anchoring effect 

where an appended CBM anchors a secreted glycoside hydrolase onto the surface 

carbohydrates of bacterial cells (ALVB and ABB, unpublished data). A modification of 

the proximity effect, the anchoring of the glycoside hydrolase onto the bacterial surface 

keeps the enzyme in close proximity of the bacterial cell rather than the substrate, acting 

as a possible defense mechanism against antimicrobials present in the bacterium’s 

environment. 

Glycoside hydrolases often contain multiple CBMs, which may or may not be from 

the same family and may exist in tandem or be separated by other modules. Multiple 

CBMs show an increased affinity for their target substrate over the single modules, which 

is brought on by an avidity effect with the ligand 62; 63. The first study to characterize the 

role of bifunctional CBMs in cellulose binding was Linder et. al. who showed that two 
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recombinantly fused CBDs had an increased affinity for cellulose over the single 

modules64. This is attributed to an additive effect of the free energies of binding for the 

individual CBDs plus the coupling free energy (the free energy caused by the increased 

probability of the second CBD binding with ligand after the first CBD is bound). The first 

investigation into the role of multiple CBMs within an enzyme was of Cellulomonas fimi 

xylanase, which contains one internal and one C-terminal CBMs from family 2b 65. When 

both CBMs were incorporated into a single polypeptide chain, either within the enzyme 

or joined by a polypeptide linker, they had an 18-20 fold increase in affinity for soluble 

and insoluble xylan and insoluble cellulose over the individual modules. Multiple CBMs 

also may occur in tandem within the modular structure of glycoside hydrolases. The 

Clostridium stercorarium xylanase contains a tandem triplet of CBM6s where the 

individual modules interact with xylan with an affinity of ~103 – 105 M-1 but together 

have a cooperative effect and have an overall 20-40 fold increase in affinity for xylan 62.  

CBMs are able to bind specifically with their target ligand but may also accommodate 

other sugars with a slightly decreased affinity. An example is CBM29-2 from Piromyces 

equi NCP-1, a non-catalytic protein which is part of the cellulase/hemicellulase complex, 

that is able to accommodate both gluco- and manno- configured sugars 66. This flexibility 

in ligand recognition permitted the cellulase/hemicellulase complex to target a range of 

different components within the plant cell wall. Mutagenic studies pin pointed CBM29-

2’s specificity for both sugars to a glutamate residue within the binding pocket 67. When 

glutamate is mutated to an arginine, CBM29-2 loses its affinity for manno-

oligosaccharides, showing a possible evolutionary link in promiscuous ligand binding. 

Another interesting example of CBM promiscuity is TmCBM9-2 from Thermotoga 
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maritima xylanase Xyn11A 68, which is able to bind tightly with reducing end glucose 

and xylose residues. In both sugars, the hydroxyl groups are positioned equatorially, 

making the same contacts with the protein, and furthermore, the C6 hydroxymethyl group 

in cellulose does not make any direct contacts with the protein 69. Since xylan and 

cellulose are intimately associated within the plant cell wall, the promiscuity in 

TmCBM9-2 ligand binding would increase the number of binding sites in the enzyme 

while maintaining its specificity for xylan. CBM family 4 contains many examples of 

modules with varied polysaccharide binding specificities, including TmCBM4-2, from a 

T. maritima laminarinase with specificity for -1,3-linked glucans, mixed -1,3-1,4-

linked glucans and cellooligosaccharides 70, RmCBM4-1 and 4-2 from Rhodothermus 

marinus xylanase with specificities for xylan, cellulose and mixed -1,3-1,4-linked 

glucans 71, and CfCBM4-1 and 4-2, from Cellulomonas fimi cellulase specific for mixed 

-1,3-1,4-linked glucans in addition to amorphous cellulose and cellooligosaccharides 72. 

Recent work with family 32 CBMs from secreted glycoside hydrolase exotoxins from the 

pathogen Clostridium perfringens showed that the appended CBM32s are able to 

accommodate galactose and substituted galactose moieties 51 which might be beneficial 

to the enzymes as it would increase their chance of interacting with complex human 

glycans, their intended target substrate.  

Although CBMs are mainly associated with glycoside hydrolases, there are examples 

of CBMs appended to glycosyltransferases. Many family 27 GTs have C-terminal family 

13 CBMs. The CBM13 module from a polypeptide-N-acetylgalactosaminyltransferase 

(GalNAc transferase) involved in the O-glycosylation of mucin biosynthesis was shown 
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to interact with GalNAc and inactivation of this module prevented attachment of the 

enzyme to its acceptor 73.  

There are a few examples of CBMs that exist as independent modules and are not 

found in the context of a catalytic module. CBM family 14 and 18 contains members 

from non-catalytic proteins that interact with chitin. The fungus Cladosporium fulvum 

utilizes a CBM14 as a means of protecting itself from plant chitinases 74. YeCBM32 from 

Yersinia enterocolitica, interacts with pectin fragments within the periplasm of the 

organism as a means to retain these fragments in the periplasm for further degradation 

and transport into the cytoplasm 75. Because independent CBMs have similar properties 

to lectins and lectins can be classified as CBMs based on amino acid sequence 

similarities (such as ricin B-chain from CBM family 13 and wheat germ agglutinin from 

CBM family 18), it is sometimes difficult to make the distinction between CBMs and 

lectins. 

1.4.1 CBM Structure 
Initially CBMs were classified as cellulose binding domains based on their 

discovery in enzymes that are active on cellulose. Since they are also found in enzymes 

not active on cellulose, the term carbohydrate-binding module has become a more widely 

accepted term to classify these modules. Similar to GHs and GTs, CBMs are grouped into 

52 sequence-based families 56, which may be found in the continuously updated 

carbohydrate-active enzyme data base at www.cazy.org 22. A new family is created once 

the carbohydrate-binding activity of a putative CBM has been demonstrated. Other 

putative members are then added based on amino acid sequence similarities. The CBM 

classification system enables CBMs to be grouped according to structure; however, 
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binding specificity is dependent on differences within loops and side chains. Therefore 

belonging to a specific family may (eg: CBM41) or may not (eg: CBM6) be predictive of 

binding function.  

Like catalytic modules from glycoside hydrolases, CBMs also exhibit a variety of 

folds. Seven different folds have been identified which include the -sandwich, -trefoil, 

cysteine knot, unique, OB, hevein, and hevein-like folds 56. By far the most dominant 

fold is the -sandwich, a fold shared with some lectins which is comprised of two 

overlapping -sheets, each containing 3-6 antiparallel -strands. Most often the binding 

site is located on the concave face of one of the -sheets but may also be found at the 

apex of the protein within the loops joining the -strands (families 6, 32, 47, 51). All -

sandwich CBMs have an associated metal ion that helps in maintaining the overall 

structure of the protein, however there are also examples of CBMs with additional metal-

assisted ligand binding site properties. The interactions of xylan with a family 36 CBM 

from Paenibacillus polymyxa xylanase 76 and with a family 35 CBM from Cellvibrio 

japonicus xylanase 77are calcium dependent as well as the interaction of a CBM35 from 

Amycolatopsis orientalis exo--D-glucosaminidase with glucuronic acid (ALvB and 

ABB, unpublished data). The adaptability of this fold in carbohydrate-binding proteins 

makes it an ideal scaffold for protein-carbohydrate interactions with a diverse range of 

polysaccharides. The cysteine knot, unique and OB folds only appear in “type A” CBMs 

(see below) that interact with crystalline cellulose and chitin. 

Along with the sequence and fold-based classification systems, CBM binding 

function can be classified into three different types based on the topology of the binding 
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sites which reflects the macromolecular structure of the target ligand 56 (Figure 4). Type 

A CBMs contain a planar hydrophobic ligand binding surface that interacts with 

crystalline polysaccharides such as cellulose and chitin and are found in families 1,2,3,5 

and 10 (Figure 4A). Mainly aromatic side chains are responsible for forming a platform 

that mediates hydrophobic stacking interactions with cellulose chains by overlapping 

with the pyranose rings of glucose 78. Hydrogen bond formation by type A CBMs does 

not appear to be important because mutating amino acids involved in hydrogen bond 

formation does not affect its affinity for ligand 79.  Type B CBMs, which make up the 

majority of CBM families due to their frequent presence in plant cell wall degrading 

enzymes, contain clefts that accommodate single polysaccharide chains (Figure 4B). The 

three-dimensional structure of all Type B CBMs determined to date have a -sandwich 

fold with a single ligand binding site comprised of a shallow extended cleft on the 

concave surface of the protein or at the apex of the protein within loops joining the -

sheets (eg: family 6). Type C CBMs, comprising families 9, 13, 14, 18, 32, 47 and 51 

interact with mono- or disaccharides in a lectin-like manner (Figure 4C).  The most well 

studied type C CBM is TmCBM9-2 from Thermotoga maritima xylanase which interacts 

with the reducing end of glucose or xylose polymers 68; 69 (see promiscuity and CBMs 

above). Only recently has there been more information on type C CBMs since very few 

type Cs are involved in plant cell wall recognition and they appear to be more prevalent 

in bacterial exotoxins and enzymes active on complex glycans 51, 80,81. Like the type B 

CBMs, Type C most commonly have a -sandwich fold with a short binding site on the 

concave surface (such as families 9, 14, 18) or at the apex of the protein (such as families  
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Figure 4: CBM types based on binding site topology. (A) Type A CBMs have a planar 
binding surface for interacting with crystalline ligands: CBM1 from Trichoderma reesei 
cellobiohydrolase I (PDB Code 1CBH) 82. (B) Type B CBMs have an extended binding 
pocket for interacting with extended sugars: CBM6 from Clostridium stercorarium 
xylanase in complex with xylotetraose (blue) (PDB Code 1UY4) 83. (C) Type C CBMs 
have short binding pockets for interacting with mono-, di-, or trisaccharides: CBM9 from 
Thermotoga maritima xylanase in complex with cellobiose (blue) (PDB Code 1I82) 69.  
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32, 47, 51), while family 13 CBMs have a -trefoil fold that resembles the ricin toxin 

fold 84. This fold has three antiparallel -sheet repeats with three potential binding sites 

for ligand interaction which is optimal for multivalent interaction with target ligands. In 

both types B and C CBMs, interactions with ligand are mediated by hydrophobic stacking 

interactions between aromatic side chains and the face of the sugar molecules. Unlike in 

type A CBMs, direct and water-mediated hydrogen bonds play a significant role in ligand 

binding. Classification of a CBM into type B or C includes the number of subsites within 

the binding site, where 1-3 subsites are classified as type C and >3 subsites are type B. 

The number of direct hydrogen bonds formed per Å of buried polar surface area is 

another criterion; type Cs follow a lectin-like pattern of hydrogen bonding with ~3.7 

hydrogen bonds per 100 Å2 of buried polar surface area, while type B CBMs have ~2 

hydrogen bonds per 100 Å2 of buried polar surface area. Reasons for this remain 

unknown, however, they may involve the role of the bulk solvent in protein-ligand 

interactions by the different CBM types as well as the need to accommodate highly 

decorated plant cell wall ligands 56. Sometimes classification into types can be 

ambiguous, as seen with the starch-binding families 20, 25, 26, 34, 41. Modules from 

these families fall between type B and C as they have folds and extended binding pockets 

similar to type B CBMs, however, they have a hydrogen bonding pattern similar to type 

C with ~3.4 hydrogen bonds per 100 Å2 of buried polar surface with only two subsites for 

direct interaction with glucose molecules 63; 85. 

1.4.2 Plant specific CBMs: a historical perspective 

CBM research originated in the late 80’s with the discovery that limited 

proteolytic cleavage of cellobiohydrolase I (CBHI) from Trichoderma reseei yielded two 
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functional domains, one that acts as a binding site for insoluble cellulose at the carboxy 

terminus and another, termed the protein core, which contains the active site for 

hydrolytic activity on cellulose 54. However, only the hydrolytic activity of the protein 

core on crystalline cellulose was affected whereas its activity on smaller molecular mass 

substrates remained the same, suggesting that the C-terminal domain aids in adsorption of 

the enzyme onto crystalline cellulose.  Further studies on T. reseei cellobiohydrolase II 

(CBHII) revealed a similar binding domain at the N-terminus which was also involved in 

adsorption of the enzyme onto cellulose. Researchers were also able to identify the 

modular boundaries of these binding domains in CBHI and CBHII and suggested that 

these modules were important in synergism with the catalytic core in hydrolyzing 

cellulose. They first proposed that these “secondary substrate binding sites” are key to 

efficient cellulose hydrolysis 55. Preliminary structural studies of both CBHI and CBHII 

using small angle x-ray scattering (SAXS) showed that the enzymes were tadpole shaped 

with an ellipsoid hydrolytic “core” and an elongated tail comprised of the binding 

domains which were in a position to anchor the hydrolytic core onto cellulose 86; 87. 

Studies on several other cellulolytic enzymes from bacterial and fungal origin also 

identified similar binding domains with independent binding function. These experiments 

confirmed that cellulolytic enzymes contained discrete domains that fold independently 

of one another and work synergistically to effectively break down cellulose. These 

domains became known as cellulose binding domains (CBDs) and were grouped into 

families based on sequence similarities and binding properties (CBD I – XIII) 88. Soon 

after CBDs were identified, similar secondary binding domains were found in enzymes 

that were active on other plant cell wall hemicellulose 89; 90. A new classification system 
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for these domains was established to include domains with specificity for polysaccharides 

other than cellulose and they became known as carbohydrate binding modules (CBMs). 

The family base classification system of CBMs initially established in 1999 has since 

grown to include 52 amino acid sequence based families (www.cazy.org) 22. Of the 52 

sequence based families, at least 36 are involved in recognizing plant cell wall glycans. 

1.4.3 CBMs and complex glycans: the wave of the future 

It has long been known that CBMs aid in the efficient degradation of plant cell 

wall polysaccharides by glycoside hydrolases. More recently it has become apparent that 

CBMs are also potentially involved in the degradation of complex glycans by glycoside 

hydrolases from pathogenic bacteria in human hosts 91; 92; 93.  Recently, new CBM 

families have been discovered in secreted or surface-associated glycoside hydrolases 

from bacteria and these glycoside hydrolases are often  key virulence factors in 

pathogenesis 80,81. CBMs that bind to complex human glycans belong to the families 32, 

40, 47, and 51. They have demonstrated binding function on complex sugars such as 

sialylated glycoproteins, blood group A/B antigens and LewisY antigen. Sialidases, or 

neuraminidases, are key virulence factors in bacteria and viruses and have been shown to 

remove terminal sialic acid residues from complex glycans, unmasking receptors for 

invasion into host cells 94. Often these enzymes have appended CBMs that aid in the 

removal of sialic acid, such as the large sialidase toxin with CBMs from family 32 and 40 

that interact with galactose and sialic acid respectively, allowing the enzyme to be 

targeted to glycan regions containing these sugars 95. In fact, many exotoxins secreted by 

C. perfringens contain family 32 CBMs. A detailed study of these CBM32s showed that 

they are able to interact with terminal galactose commonly found in highly decorated N 
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and O-linked glycans, such as LacNAc and type II H-trisaccharide (a precursor to the 

blood group A/B antigens) 51. Their role in pathogenesis appears to allow for colonization 

of mucosal surfaces and spread into surrounding tissues, utilizing the carbohydrates as a 

nutritional source by the bacteria. 

Blood group antigens also are a target for bacterial virulence factors. A family 98 

GH from the fucose utilization operon, a known virulence factor in Streptococcus 

pneumoniae, contains a triplet of CBM47s at the C-terminus which interact with 

fucosylated sugars found in the ABH blood group antigens and LewisY antigen as well as 

with the surface of mouse lung tissue 80. It is speculated that virulence is conveyed 

through the catalytic activity of the enzyme on host lung tissue. Recently a new family, 

CBM51, was identified in a putative -fucosidase and blood group specific endo--

galactosidase exotoxins of C. perfringens 81. Their specificity for host glycans also 

conveys the importance of these CBMs in pathogenesis of the organism. 

The combined effect of CBMs from glycoside hydrolases in the recognition of 

host glycans by bacteria for pathogenesis, colonization, as a nutritional source, and 

evading the hosts immune system, defines a new avenue of CBM research apart from 

plant cell wall recognition.  

1.5 Relevance of PhD Research 

1.5.1 Evolution of CBM research 
Initially CBMs were identified by proteolytic cleavage of glycoside hydrolases 

active on plant cell walls (see Section 1.5) where additional binding domains attached to 

the hydrolytic core enhanced the catalytic activity of the enzyme. Subsequent 



 

 

28 
experiments to find additional domains with similar function within glycoside hydrolases 

included proteolytic cleavage of enzymes and recombinantly producing truncated 

enzymes lacking the binding domain. These experiments demonstrated that enzymatic 

activity on substrate decreased for the truncated enzymes as compared to wild type 

enzyme and established the importance of CBMs in polysaccharide degradation.  

In addition to determining the presence and function of these CBMs within the 

context of glycoside hydrolases, research in the 1990’s began focusing on the structural 

properties of CBMs. The first structure of an independent CBM was the NMR structure 

of the C-terminal CBD (or CBM family 1) from T. reseei CBHI in 1989 (now known as a 

Type A CBM) 82. Following were several NMR and X-ray crystal structures on several 

CBMs from different CBM families. The general goal for obtaining structural data at the 

time was to establish the fold for each CBM family by obtaining a structure for one or 

two members of a given family. Because all members of a given CBM family share a 

high degree of amino acid sequence homology, the fold would be representative of the 

overall fold of a family.  

Once folds were established and the ability to obtain structural data became more 

conventional, research focused on the structural basis of ligand recognition by CBMs. By 

2000, only two CBM crystal structures were solved in complex with ligand (family 13 

and 18, ricin B chain and WGA respectively)96; 97 and one NMR structure of a family 20 

CBM in complex with -cyclodextrin 98. Only since 2001 have CBM structures in 

complex with ligand become a key aspect of CBM research. The structures allowed for 

the observation of the molecular determinants that drive a tight binding interaction and 
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established the importance of hydrogen bonding networks and hydrophobic stacking 

interactions between the sugar and amino acid side chains within the binding pocket.  

Previously, all work on CBMs has involved looking at a single member within a 

given family. The intent of this PhD work beginning in 2004 was to look at diversity of 

ligand recognition within a CBM family by obtaining structural and biochemical data for 

multiple CBMs in a given family. This has allowed us to observe how different members 

within a CBM family impart specificity for their ligand while maintaining similar folds 

and amino acid sequences.  Family 6 and family 41 were our representative families. 

CBM family 6 is exemplary because they share similar amino acid sequences and overall 

structural folds and binding sites but members bind to a structurally diverse range of plant 

cell wall polysaccharides, including cellulose, xylan, -1,3-glucans and mixed -glucans. 

Our objective was to study the molecular basis of ligand recognition by CBM6s and to 

further elucidate how family members accommodate the variability in plant cell wall 

polysaccharide structure (see Section 2). 

Family 41 is a new CBM family (2004) that interacts with -glucans but is 

distinguishable from other -glucan binding CBM families found in glucanases and 

amylases. Members from family 41 are mainly found in pullulanases, also known as 

starch-debranching enzymes, and have evolved a binding site that is able to accommodate 

-1,6-linkages found in pullulan. Our objective was to study the molecular basis of -

glucan recognition by CBM41. By studying multiple members within CBM family 41, 

we have been able to observe how they have evolve binding sites suited for interacting 

with pullulan compared to starch which is primarily -1,4-linked glucose, and also 
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observed a novel bivalent architecture that is optimally suited for interacting with -

glucan chains (see Section 3).  

1.5.2 Evolution of starch degradation 
Bacterial starch recognition has long been established as a means of biomass 

conversion using plant-based starch granules as a carbohydrate source. Activity of 

bacterial, fungal and yeast amylases, glucanases and cyclodextrinases on starch granules 

break down starch into smaller glucose units that can be utilized by the organism as a 

nutritional source. Its activity is also exploited as a means of producing ethanol in the 

production of food and biofuels. Therefore research on bacterial -glucan active enzymes 

has focused primarily on starch degradation from environmental sources. Our research on 

the -glucan binding Family 41 CBMs from bacterial pullulanases identified additional 

family members mainly from bacteria that are human pathogens, such as Streptococcus 

pneumoniae, Streptococcus pyogenes, and Klebsiella pneumoniae 85. Often they are 

essential for viability of the organism in their host. Since some of these pathogenic 

bacteria have no known environmental niche, it was our objective to study the mechanism 

of -glucan degradation by a pullulanase from S. pneumoniae and how it may contribute 

to virulence of the organism.  

The N-terminal CBM41 modules of the pullulanases SpuA and PulA from S. 

pneumoniae and S. pyogenes respectively have demonstrated glycogen binding activity 

and, like the fucose specific CBM47s 80, interact with mouse lung tissue, however, were 

shown to localize specifically to glycogen granules in type II alveolar cells (see Section 

3.4). In addition to providing the bacteria with a nutritional source, glycogen degradation 

also appears to be a means of evading the host immune system during invasion (see 
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section 4). This may have pharmaceutical importance in developing new drug targets to 

combat Streptococcal infections. This research is the first to establish starch degradation 

activity as a means of bacterial virulence, expanding the field of -glucan active enzymes 

to include activity on starch from animal sources by pathogenic bacteria. 
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Chapter 2: Molecular Determinants of Carbohydrate Recognition 
by the -Glucan Binding Family 6 CBM’s 

 

2.1: Introduction 
 

Every sugar has a three-dimensional structure whose shape is determined by the 

different linkages between each monomer. The three-dimensional structure of 

polysaccharides is important for plant cell wall structure. For example, the -1,4-linkages 

between glucose monomers in cellulose form linear polymers that are suitable for self 

association, forming rigid fibrils that provide the majority of the tensile strength to the 

cell wall. The hemicellulose xylan is -1,4-linked xylose, and the loss of the C6 

hydroxymethyl group causes the polysaccharide to form a three-fold linear helix 99. It is 

closely associated with cellulose fibrils to further increase strength of the plant cell wall. 

Other plant polysaccharides include -1,3-glucans such as laminarin which form a large 

U-shaped coiled structure while mixed -1,3-1,4-glucans such as lichenan have an 

extended two-fold helix (Figure 5). These contribute to an overall triple-helix structure 

within the plant cell wall. The three dimensional structure of a polysaccharide is key 

when discussing the specificity of a CBM-carbohydrate interaction as these polypeptides 

have evolved binding pockets that are contoured to the shape of the ligand, driving high 

specificity and affinity interactions.  

CBM family 6 is a large family containing approximately 150 members from ~35 

different types of enzymes, mainly from bacterial origin. They are associated with 

enzymes that have activity on a diverse range of -linked plant polysaccharides  
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Figure 5: Three dimensional shapes of some plant polysaccharides. (A) cellulose (beta-
1,4-glucose) (1J84) (B) xylan (beta-1,4-xylose) (1UY4) (C) laminarin (beta-1,3-glucose) 
(1W9W) (D) lichenan (mixed beta-1,3-1,4-glucose) (1UYO) (E) agarose (3,6-anhydro--
L-galactose-(1,3)- -D-galactopyranose) (2CDP). 
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(www.cazy.org) 22 and ligand specificity often parallels the target substrate of the 

catalytic module. Before the implementation of the CBM classification system, this 

family was known as the cellulose binding domain (CBD) family VI  with cellulose 

binding function demonstrated on amorphous cellulose and xylan 100. CBM6s are 

approximately 120 amino acid residues in length and share similar amino acid sequences, 

with ~50-70 % sequence similarity and 20-60% sequence identity. 

The first CBM6 structure of the C-terminal CBM6 of Clostridium thermocellum 

xylanase Xyn11A was solved in 2001 101. CtCBM6 was shown to have a -sandwich fold 

with a lectin-like -jelly roll topology and two possible binding clefts as indicated by 

solvent exposed tryptophan residues; cleft A on the apex of the protein within the loops 

connecting the -strands and cleft B on the concave face of the jelly roll (Figure 6A). 

Mutagenic studies determined that cleft A was the binding site, which distinguished this 

family of CBMs from other families with similar folds such as CBM4, 15, 17, and 22 

where ligand binding occurs across the face of the protein in “cleft B” 56. CtCBM6 bound 

to xylooligosaccharides with high affinity and to cellohexaose with ~100x lower affinity.  

The affinity for xylooligosaccharides increased as the degree of polymerization increased 

up to xylopentaose indicating at least 5 possible subsites for interacting with xylan. In 

2003 the structure of CsCBM6-3, a module belonging to a triplet of CBM6s found in a 

Clostridium stercorarium xylanase Xyn11A, was solved in complex with xylotriose, 

cellobiose and laminaribiose, and exhibited similar affinities for cellulose and xylan 102. 

The protein displayed the same -jelly roll fold with ligand bound within the cleft A 

binding site for all structures. The complex with xylotriose showed three binding subsites 

with the possibility of up to six binding subsites available to interact with xylan. The 
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possibility of ligand binding in cleft B in both CtCBM6 and CsCBM6-3 was prevented 

due to a proline residue blocking accessibility to this site. Therefore it was hypothesized 

that cleft B was utilized by other family 6 members whose specificity was different from 

these two modules. In 2004 the structure of a C-terminal CBM6 from Cellvibrio mixtus 

lichenase was solved in complex with a variety of plant cell wall glucans to address this 

hypothesis 103. CmCBM6-2 could accommodate cello-, and xylooligosaccharides in both 

cleft A and B, where cleft A binds terminal sugars and cleft B binds internal sugars. Both 

clefts acted synergistically in binding to insoluble cellulose 104. Interestingly, mixed -

1,3-1,4-linked glucans only bound within cleft B with four binding subsites where the -

1,3-linkage is specifically located at subsite 4 (Figure 6A). Thus cleft B is utilized by 

CmCBM6-2 and it appears to be specific for mixed -1,3-1,4-glucans however this 

research failed to examine the interaction of a pure -1,3-glucan. In these studies cleft A 

interacts indiscriminantly with both cello- and xylo-oligosaccharides. In all structures so 

far there are three structurally conserved amino acids that interact with the sugars; two 

hydrophobic side chains (Trp/Tyr) and an Asn (Figure 6B). This leads to the question: 

Does cleft A bind only to -1,4-linked glucans and xylans? Cleft B may also act as a 

binding site when it is accessible to solvent but so far has only been shown to be an active 

binding site in CmCBM6-2 (Figure 6A). The question is then posed: Is cleft B utilized 

by other members of this family? The global question is how is specificity defined by 

members of family 6 CBMs for different plant -glucans when they have similar amino 

acid sequences and similar protein structures and binding sites? The research in this 

chapter aims to address these questions. Our overall hypothesis is that cleft A is the  
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Figure 6: Binding clefts of family 6 CBMs (A) Cleft A and B of CmCBM6-2. Cleft A 
bound with xylotriose (1UYX) and cleft B bound with mixed -glucan GLC-1,3-GLC-
1,4-GLC-1,3-GLC (1UY0). Ligands shown in magenta and residues shown in grey stick 
representation. Cartoon representation of overall -sandwich fold shown in cyan. (B) 
Structural overlaps of complexed CtCBM6 (orange, PDB code 1UXX), CsCBM6-3 
(green, PBD code 1NAE) and CmCBM6-2 (cyan, xylotriose PDB code 1UYX) with 
mainchain in ribbon to show overall structural similarities between these CBM6s. 
Conserved amino acids in cleft A and ligands shown in stick representation. Images 
generated using PyMol. 
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primary binding site and the topology of the cleft A binding site is altered to 

accommodate the different three- dimensional shapes of ligands. Alterations to binding 

site topology are imparted through amino acid modifications within the binding site, thus 

altering the ligand specificity of the module. The objective of this research is to study 

other members of this family and acquire more structural and biochemical data for 

comparison with the known CBM6 data, from this a general model of how the binding 

site accommodates the many different plant polysaccharide ligands may be generated.  

The impact of this research may have implications in industry since many CBMs 

are being utilized as biotechnological tools. Learning how this family interacts with 

ligand may be useful in engineering CBMs for use as bioprobes as well as creating 

designer CBMs with enhanced binding sites in generating hybrid enzymes for use in 

biomass conversion.  

The following sections present studies on two separate CBM6s. The first study is 

on the first family 6 module found in the C-terminal CBM6 triplet from Clostridium 

stercorarium xylanase Xyn11A, named CsCBM6-1. This study addressed the 

contribution of individual subsites within cleft A of CsCBM6-1 by dissecting the 

thermodynamic driving forces of each subsite towards ligand binding to 

xylooligosaccharides of increasing length. The hypothesis is that binding subsites 

determine the position of the sugar within the binding pocket and as chain length of the 

ligand increases, more subsites are occupied and further contacts with the sugar are made, 

driving a higher affinity interaction. The next study was carried out on a C-terminal 

family 6 CBM from a Bacillus halodurans laminarinase (-1,3-glucanase), where 

structural and biochemical data was obtained for comparison. Previous research on 
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CBM6s did not fully examine pure -1,3-glucans and this was the first study to include 

structural and functional data on an extended -1,3-glucan ligand. This study also 

demonstrated how cleft A binding site architecture is able to differentiate between -1,4-

linked xylan and -1,3-linked glucan.. 

The results obtained from studying these two CBMs are placed in the context of 

data in the literature and more recently obtained, unpublished data, allowing us to make a 

more detailed comparison of CBM6 binding site architecture. Closer inspection of the 

binding sites identified 5 specific regions in cleft A where amino acid side chains 

contribute to forming a binding pocket whose overall topology accommodates the three-

dimensional structure of its corresponding ligand. 
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2.2.1 Abstract 

The optimal ligands for many carbohydrate-binding proteins are often oligosaccharides 

comprising two, three, or more monosaccharide units. The binding affinity for these 

sugars is increased incrementally by contributions from binding subsites on the protein 

that accommodate the individual monosaccharide residues of the oligosaccharide. Here, 

we use CsCBM6-1, a xylan-specific type B carbohydrate-binding module (CBM) from 

Clostridium stercorarium falling into amino acid sequence family CBM6, as a model 

system to investigate the structural and thermodynamic contributions of binding subsites 

in this protein to carbohydrate recognition. The three-dimensional structures of 

uncomplexed CsCBM6-1 (at 1.8 Å resolution) and bound to the oligosaccharides 

xylobiose, xylotriose, and xylotetraose (at 1.70 Å, 1.89 Å, and 1.69 Å resolution, 

respectively) revealed the sequential occupation of four subsites within the binding site in 

the order of subsites 2, 3, 4 then 1. Overall, binding to all of the xylooligosaccharides 

tested was enthalpically favourable and entropically unfavourable, like most protein–

carbohydrate interactions, with the primary subsites 2 and 3 providing the bulk of the free 

energy and enthalpy of binding. In contrast, the contributions to the changes in entropy of 

the non-primary subsites 1 and 4 to xylotriose and xylotetraose binding, respectively, 

were positive. This observation is remarkable, in that it shows that the 10–20-fold 

improvement in association constants for oligosaccharides longer than a disaccharide is 

facilitated by favourable entropic contributions from the non-primary binding subsites.  
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2.2.2 Introduction 

Carbohydrate binding modules target polysaccharides with selectivity based on 

the architecture of their binding site where its shape is complementary to the shape of the 

ligand. For example type A CBMs have a planar binding surface to bind with crystalline 

polysaccharides while type B and C CBMs have binding grooves to accommodate glycan 

chains, with the former having elongated grooves for longer glycan chains and the latter 

having an abridged binding site for “lectin-like” binding of small sugar molecules. Much 

of the research into CBM function is driven by the desire to unravel their biological roles 

for their use as model systems to study fundamental aspects of sugar recognition 72; 105; 

106. 

It was shown previously how the binding-site topography of two evolutionarily 

related family 4 CBMs (both type B CBMs) seated the different ligand conformations of 

β-1,4-glucans and β-1,3-glucans uniquely 72. Furthermore, the specific roles of apolar and 

hydrogen bonding residues in glycan recognition by type B CBMs have been investigated 

through site-directed mutagenesis 70; 105; 106. These and similar studies have revealed that 

this class of CBM typically binds extended glycan chains through interactions between 

the protein and sugar at up to five binding subsites within the binding groove, each 

subsite accommodating an individual monosaccharide residue of the oligosaccharide. 

While CBMs make an ideal model system for studying this phenomenon it is not unique 

to CBMs: many carbohydrate-binding proteins have oligosaccharides comprising three or 

more monosaccharides as their optimal ligands 97; 107; 108. Despite this, a somewhat poorly 

investigated question is what are the structural and energetic contributions of each subsite 

to ligand binding. Dissection of this may yield insight into how the free energy of 

carbohydrate binding is increased incrementally with increasing oligosaccharide length. 
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This will yield important information regarding fundamental aspects of protein–

carbohydrate interactions, and it may provide a basis of information for engineering 

CBMs specific to particular biotechnological applications.  

Clostridium stercorarium (NCIB 11745) harbours a putative xylanase comprising a 

catalytic module followed by triplicate family 6 CBMs 62. The X-ray crystal structure of 

the last CBM in the triplet, CsCMB6-3, has been solved in complex with xylotriose, but 

complexes of it with longer sugar species could not be obtained due to the influence of 

intermolecular crystal contacts 102. Here, we describe the crystal structure of the first 

CBM in this triplet, CsCBM6-1. The advantage of this CBM as a model system is that it 

could be co-crystallized with xylooligosaccharides of varying length without apparent 

interference of crystal contacts. Using a combination of X-ray crystallography and 

isothermal titration calorimetry (ITC) to study the interaction of CsCBM6-1 with 

xylooligosaccharides of varying length we were able to dissect the structural and 

thermodynamic contributions of the individual subsites in its binding site. 

2.2.3 Materials and Methods 

Xylooligosaccharides were obtained from Megazyme International Ireland Ltd. (Bray, 

Co. Wicklow, Ireland). CsCBM6-1 was produced and purified as described 62. CsCBM6-

1 was dialyzed extensively into distilled water and then lyophilized.  

Determination of protein concentration- The concentration of purified protein was 

determined by measuring UV absorbance (280 nm) using a calculated molar extinction 

coefficient 109of 12,950 M−1cm−1.  
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Isothermal titration calorimetry (ITC)- ITC was performed as described, 68 using a VP-

ITC (MicroCal, Northampton, MA). CsCBM6-1 was resuspended in 50 mM potassium 

phosphate buffer (pH 7.0). Carbohydrate solutions were prepared by mass using the same 

stock of buffer used to resuspend the protein. Protein and carbohydrate solutions were 

filtered (0.2 µm pore size) and degassed prior to use. Titrations were performed at 25 °C 

by injecting 4–10 µl samples of oligosaccharide solutions at 3–15 mM into the ITC 

sample cell containing 200–600 µM CsCBM6-1. The concentrations of protein were 

chosen such that they were in threefold or greater excess of the dissociation constants (i.e. 

C-values greater than 3) except in the case of xylobiose, where the concentration of 

protein was approximately equal to the dissociation constant. Because the solutions of the 

xylobiose and protein were prepared by mass and the concentrations of protein confirmed 

by UV absorbance, we have confidence in their concentrations. Furthermore, for 

xylobiose the regressed stoichiometry was reproducible and essentially the same as for 

longer xylooligosaccharides and, thus, the n value was judged to be reasonably accurate. 

A recent study suggests that these conditions are sufficient to provide acceptable 

confidence in the thermodynamic parameters regressed from ITC experiments with low 

C-values 110. Heats of dilution upon titration of carbohydrate into buffer, buffer into 

buffer, or buffer into protein were negligible. Binding stoichiometries, enthalpies, and 

equilibrium association constants were determined by fitting the data to a one-site 

binding model with MicroCal Origin 7. All data show the average and standard deviation 

of three independent titrations. Binding to xylose was quantified by UV difference 

spectroscopy as described 111.  
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Crystallization of CsCBM6-1- CsCBM6-1 was prepared for crystallization by overnight 

treatment with thrombin at room temperature in 25 mM Tris–HCl (pH 8.0) to remove the 

N-terminal His6 tag. This reaction was concentrated and buffer-exchanged in a 10 ml 

stirred ultra-filtration device. Crystals of CsCBM6-1 (25 mg ml−1) were grown at 20 °C 

using the vapour-phase diffusion technique from hanging drops in 25% (w/v) 

polyethylene glycol 2000 monomethylether, 0.2 KSCN, 0.1 M sodium acetate (pH 4.5). 

Crystals of CsCBM6-1 in complex with sugars were prepared by co-crystallization in the 

above conditions. Due to its low affinity for xylose (Table 2), CsCBM6-1 would not 

crystallize in conditions containing a concentration of this sugar high enough to obtain a 

complex.  

Data collection, structure solution and refinement- All crystals were frozen at 160 K after 

a short soak in artificial mother liquor supplemented with 20% (v/v) glycerol (final 

concentration). Crystals of CsCBM6-1 belonged to the spacegroup P41212 with general 

cell dimensions of a=83.4 Å, b=83.4 Å, and c=44.7 Å, with one protein molecule in the 

asymmetric unit. Data were collected with a Rigaku R-AXIS 4++ area detector coupled 

to a MM-002 X-ray generator with Osmic “blue” optics and an Oxford Cryostream 700. 

Data were processed using the Crystal Clear/d*trek software provided with the 

instrument. In each data set, 5% of the reflections were flagged as “free” to monitor 

refinement procedures 112. The same reflections were flagged for all of the data sets. 

Statistics are given in Table 1 for the crystals and data sets used in the structure solution 

and refinement.  
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Table 1: Data collection and structure statistics for CsCBM6-1 

 Uncomplexed xylobiose xylotriose xylotetraose 
Data collection     
Resolution (Å) 20-1.80 (1.86-

1.80) * 
20-1.70 (1.74-
1.70) 

20-1.89 (1.96 – 
1.89) 

20-1.69 (1.75-
1.69) 

Rmerge 0.068 (0.336) 0.056 (0.378) 0.070 (0.354) 0.045 (0.345) 
I / I 16.3 (5.6) 17.8 (4.6) 16.0 (5.2) 22.3 (5.0) 
Completeness (%) 99.0 (100.0) 99.6 (99.9) 99.9 (100.0) 99.1 (100.0) 
Redundancy 8.2 (7.8) 7.7 (6.9) 8.2 (8.0) 8.6 (7.5) 
     
Refinement     
Rwork / Rfree 0.140/0.178 0.149/0.189 0.132/0.167 0.134/0.177 
No. residues     
    Protein 132 131 132 132 
    Ligand/ion atoms N/A 19 28 37 
    Water molecules 154 161 156 166 
B-factors     
    Protein 26.7 25.2 27.0 22.8 
    Ligand/ion N/A 35.5 43.7 40.6 
    Water 43.6 42.3 43.5 39.4 
R.m.s deviations     
    Bond lengths (Å) 0.019 0.018 0.018 0.018 
    Bond angles () 1.622 1.687 1.631 1.679 
PDB Code 1UY1 1UY2 1UY3 1UY4 
*Highest resolution shell is shown in parenthesis.  

 



 

 

46 
The program molrep 113 was used to find a molecular replacement solution using the data 

for the xylotetraose complex and the crystal structure of the family 6 CBM from 

Clostridium thermocellum (PDB code 1gmm) as a search model 101. This initial model 

was corrected by successive rounds of building using XtalView 114 and refinement with 

REFMAC 115. The native and other CsCBM6-1 complexes were built and refined using 

the refined xylotetraose complex as a starting point. As was done previously, the 

direction of the xylooligosaccharide from reducing end to non-reducing end was 

determined by potential hydrogen bonding of the O5 atoms and the difference between 

the B-factors of C5 and O5 (a relatively large discrepancy is found if the sugar is built 

and refined in the wrong orientation) 102, 116. Water molecules were added using 

REFMAC/ARP-WARP and inspected visually prior to deposition. Unless stated 

otherwise, computing was done using the CCP4 suite 117. All final model statistics are 

given in Table 1. 

All surface area calculations were computed with GETAREA 1.1 118.Figure 7, Figure 8,  

Figure 9 and Figure 11 were prepared with PyMOL (http://pymol.sourceforge.net/) and 

are shown in divergent stereo.  

Protein Data Bank accession codes- Atomic coordinates and structure factors have been 

deposited with the Protein Data Bank and can be accessed through the PDB codes given 

in Table 1.  
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2.2.4 Results and Discussion 

Structure of CsCBM6-1 in the absence of ligand - CsCBM6-1 is the fourth family 6 CBM 

to have its three-dimensional structure determined. Like the family 6 CBM from 

Clostridium thermocellum, CtCBM6, 101CmCBM6 from Cellvibrio mixtus endoglucanase 

5A 104 and CsCBM6-3 102, CsCBM6-1 is an 11-stranded β-sandwich with five β-strands 

forming one β-sheet of the sandwich and four β-strands forming the opposing sheet 

(Figure 7). Two additional β-strands form a finger-like structure that extends away from 

the β-sandwich core and creates a portion of the carbohydrate-binding site (Figure7).  

Two regions of electron density corresponding to two metal ions were found in the 

electron density maps of CsCBM6-1. The first, which was modelled as Ca2+, was 

coordinated by the side-chains of Glu25, Glu27 (bidentate), and Asp137. Interactions 

with the backbone carbonyl oxygen atoms of Arg37, Asp137 and a single water molecule 

completed the coordination. The placement and coordinating residues of this metal ion 

were very well conserved with the calcium atoms in CtCBM6 and CsCBM6-3. An 

additional metal ion, modelled as Na+ on the basis of its B-factor and coordination 

(though it may be K+), was found at the interface of symmetry-related molecules and 

coordinated by groups present in both molecules. 
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Figure 7: Three-dimensional structure of uncomplexed CsCBM6-1. The overall 
secondary structure of the protein is shown with the apolar amino acid side-chains in the 
binding site (Trp107, Tyr51, and Ile40) shown in “licorice”. The bound metal ion is 
shown as a blue sphere.  
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 As expected, the structures of CsCBM6-3, CtCBM6, CmCBM6 and CsCBM6-1 were 

extremely similar. CsCBM6-1 had a root-mean-square-deviation (rmsd) with CsCBM6-3 

of 0.52 Å2 over 121 matched Cα atoms (as determined with PyMol). The rmsd between 

CsCBM6-1 and CtCBM6 was 0.54 Å2 over 108 matched Cα atoms, while the same 

measurement between CsCBM6-1 and CmCBM6 was 2.1 Å2 over 95 matched Cα atoms. 

The fold of family 6 CBMs is shared by CBMs in families 2, 3, 4, 15, 17, 22, 27, 28, 29, 

and 32 and, to a lesser degree, with lectins from a variety of sources 102. 

Structure of CsCBM6-1 in complex with xylooligosaccharides - CsCBM6-1 co-

crystallized with xylooligosaccharides from xylobiose to xylohexaose. Clear electron 

density for each sugar residue in the ligands xylobiose to xylotetraose was evident 

(Figure 8). Examination of the surface of CsCBM6-1 with xylotetraose occupying the 

binding site suggested space for an additional xylose residue at the non-reducing end of 

the oligosaccharide (Figure 9) But this space was not occupied by the non-reducing 

terminal sugar(s) of xylopentaose or xylohexaose, despite this region being surrounded 

by a large solvent channel leaving ample room for additional sugar residues (not shown). 

Clear density for only four sugar residues in xylopentaose and xylohexaose was visible, 

and those corresponded to the same residues as those observed for xylotetraose. 

Disordered density at low levels of contouring was visible extending from the reducing 

ends of these two oligosaccharides into the solvent channels of the crystal (not shown).  
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Figure 8: Observed electron density for (A) xylobiose, (B) xylotriose and (C) 
xylotetroase bound to CsCBM6-1 (next page). All maps are maximum-likelihood-115/σA-
119weighted 2Fobs−Fcalc electron density maps contoured at 1σ (0.27, 0.26, and 0.28 
electrons/Å3 for xylobiose, xylotriose, and xylotetraose, respectively). Trp107, Tyr51, 
Ile40 and Pro133 are shown in “licorice”. The red sphere and its electron density indicate 
the water molecule at the base of the binding cleft that is conserved with CsCBM6-3. The 
Cα trace of the protein backbone is shown in grey. 
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Figure 9: Solvent-accessible surface of CsCBM6-1 complexed with xylotetraose. Purple 
regions indicate the surface contributed by the binding site apolar amino acid side-chains. 
The sugar molecule is shown in blue and red “licorice”. This surface reveals the pocket 
where a well-ordered water molecule (red sphere) that bridges multiple interactions 
between the ligand and protein is present. 
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These additional residues could not be modelled confidently and, because the 

xylopentaose and xylohexaose complexes did not offer any additional information over 

the xylotetraose, these structures are not discussed any further nor were they deposited. 

No obvious structural differences in the polypeptide in its liganded and unliganded states 

could be found.  

On the basis of these results, it appeared that the binding site of CsCBM6-1 had four 

subsites that accommodated the individual sugar residues of xylotetraose (Figure 10). 

Increasing the sugar length from xylobiose to xylotetraose resulted in the sequential 

accommodation of subsites in the order 2+3, 4 then 1 (Figure 10). In the refined 

structures containing xylobiose, xylotriose and xylotetraose, the positions of sugar 

residues occupying subsites 2, 3 and 4 overlapped with only insubstantial differences (not 

shown). An apolar cradle was formed by Trp107 and Tyr51 in subsite 2 and Ile40 in 

subsite 3 (Figures 8, 9 and 10). Only five putative direct hydrogen bonds were made with 

xylotetraose: three in subsite 1 and one in each of subsites 3 and 4. Eight water-mediated 

hydrogen bonds were distributed approximately equally over subsites 2–4. Of note is the 

very ordered water moecule in subsite 2 that has the potential to bridge a number of 

interactions (Figures 8, 9 and 10). No obvious interactions between the xylose residue 

occupying subsite 1 and the protein were evident, except for potential van der Waals 

interactions with Pro133.  

Comparison with other xylan-specific CBM6s - As mentioned, CsCBM6-1 exists as part 

of a triplet of CBMs and we have described the structure of CsCBM6-3 in complex with 

xylotriose. An overlap of the CsCBM6-1–xylotetraose complex and the CsCBM6-3– 
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Figure 10: A schematic showing the interactions of CsCBM6-1 with 
xylooligosaccharides. A, The interactions with xylotetraose. Binding subsites referred to 
in the text are shown underneath the schematics with brackets and are numbered in 
accordance with IUPAC nomenclature. The water molecule conserved in the CsCBM6-3 
binding site is indicated with an arrow. B, The occupation of subsites by 
xylooligosaccharides of different lengths. The thermodynamic contributions of the 
subsites are given immediately below in the table. These values were obtained by 
subtraction of the thermodynamic values of the xylooligosaccharide with length n from 
the oligosaccharide with length n+1 (e.g. ΔΔH(subsite1) = ΔH(xylotetraose) − 
ΔH(xylotriose) ). See Table 2 for a complete list of thermodynamic values determined by 
isothermal titration calorimetry.  
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 xylotriose complex shows that the xylose residues sandwiched between the aromatic 

amino acid side-chains in subsite 2 overlap extremely well (Figure 11). The constellation 

of hydrogen bonds formed in this subsite is very similar in the two proteins (not shown), 

including an ordered water molecule that mediates multiple interactions (this water 

molecule is indicated in (Figures 8, 9 and 10). The most notable difference in this subsite 

is the substitution of Trp107 for Phe112 in CsCBM6-1 versus CsCBM6-3 (Figure 11A). 

In subsite 3, Ile40 is substituted for Phe45 in CsCBM6-1 versus CsCBM6-3. This appears 

to cause the xylose residue in subsite 3 of CsCBM6-1 to be rotated approximately 5° 

around an axis perpendicular to the plane defined by the pyranose ring and pushed up 

1–2 Å from the binding site relative to the equivalent sugar residue in CsCBM6-3 (Figure 

11A). The result is that ND2 of Asn135 in CsCBM6-1 hydrogen bonds with the oxygen 

atom of the glycosidic bond between subsites 2 and 3, whereas the equivalent atom in 

CsCBM6-3 hydrogen bonds with the endocyclic O5 of the xylose residue in subsite 3. In 

both proteins, subsite 1 contributes no obvious protein–carbohydrate interaction.  

The structure of CtCBM6 in complex with xylopentaose was solved recently and an 

overlap of the CtCBM6 and CsCBM6-1 binding sites hints at their extremely similar 

modes of xylooligosaccharide binding (Figure 11B). Indeed, the arrangements of protein–

carbohydrate interactions are nearly identical (not shown). The primary difference is the 

presence of a slightly extended loop around amino acid residues 63–66 in CtCBM6 that 

allows Asp64 and Thr65 to make additional interactions with the reducing-end 
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Figure 11: Overlap of the binding sites of A) CsCBM6-1 (blue) and CsCBM6-3 (green) 
with bound xylotetraose and xylotriose, respectively, and (B) CsCBM6-1 (blue) and 
CtCBM6 (magenta) with bound xylotetraose and xylopentaose, respectively. Trp107, 
Tyr51, Ile40, Asn135, and Asn108 of CsCBM6-1 are shown in “licorice” as are their 
direct counterparts in CsCBM6-3: Phe112, Tyr56, Phe45, Asn140, and Asp112, 
respectively. Ile23, Tyr34, and Trp92 are shown in licorice for CtCBM6. The loop in 
CtCBM6 containing residues 63–66 that is discussed in the text is indicated by arrows. 
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 monosaccharide residue of xylopentaose 104. The creation of an additional binding 

subsite makes CtCBM6 able to best accommodate a pentasaccharide. The presence of a 

fifth subsite in CtCBM6 is consistent with it having a fourfold higher affinity for 

xylopentaose relative to xylotetraose, 101 whereas CsCBM6-1 with only four subsites 

binds xylopentaose negligibly better than xylotetraose (~1.5-fold increase in the 

association constant; Table 2).  

CsCBM6-1 and CsCBM6-3 both bind weakly to cellooligosaccharides but CsCBM6-3 

has the ability to bind non-crystalline cellulose, whereas CsCBM6-1 does not. On the 

basis of the CsCBM6-3 structure, we had proposed that this difference in binding 

specificity may be due to the Trp/Phe and Ile/Phe substitutions giving different binding-

site topographies 102. In light of the CsCBM6-1 structure, which shows only very subtle 

differences between it and CsCBM6-3, this now seems unlikely. On the basis of the 

recent discovery that CmCBM6 has two separate binding sites, each with subtly different 

binding specificities,103 we are investigating the possibility of a secondary binding site in 

CsCBM6-3 that contributes to cellulose binding. 

Thermodynamic dissection of binding subsite properties - The addition of xylose to 

CsCBM6-1 induced perturbations in the UV difference spectrum with peaks at 292.2 nm, 

285.2 nm, and 275.6 nm and troughs at 288.8 nm and 279.9 nm (not shown). This UV 

difference pattern is indicative of the movement of a tryptophan side-chain into a more 

apolar environment 120. There is only one such residue in CsCBM6-1, Trp107 in subsite 

2, making this observation most consistent with the occupation of subsite 2 by xylose. 

Thus, we propose the sequential occupation of subsites in the order 2, 3, 4, then 1 with 
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xylose-based ligands of incremental lengths (see Figure 9 for a schematic). Using 

quantitative UV difference titrations, it was clear that the binding of xylose to subsite 2 

was weak and had a correspondingly small free energy of binding (ΔG) relative to longer 

sugar species (Table 2). By comparing the ΔG values of xylooligosaccharides of 

incremental lengths, we saw diminishing improvements of ΔG (i.e. ΔΔG) of 

−2.61 kcal mol−1 for the occupation of subsite 2, −1.87 kcal mol−1 for subsite 3, 

−1.11 kcal mol−1 for subsite 4, and −0.58 kcal mol−1 for subsite 1 (Figure 9B). Clearly, 

occupation of subsites 2 and 3 provides the majority of the free energy of binding for the 

interaction of CsCBM6-1 and xylooligosaccharides.  

The titration of xylotetraose into CsCBM6-1 resulted in the release of substantial heats as 

measured by isothermal titration calorimetry (ITC) at 25 °C (Fig 12). Analysis of the ITC 

binding isotherms for xylobiose, xylotriose, and xylotetraose indicated enthalpically 

favourable binding with partially offsetting unfavourable changes in entropy (ΔS; Table 

2), a thermodynamic signature that was broadly similar to the interactions of all soluble 

glycan binding CBMs studied to date 111; 121. There was little difference in the changes in 

enthalpy (ΔH) for these sugars, indicating very small unfavourable or negligible 

contributions to ΔH from subsites 4 and 1, respectively (Fig 10B). Therefore, subsites 2 

and 3 provide the majority of the ΔG of binding and they provide the bulk of the driving 

ΔH. This may not be surprising considering that these two subsites  
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Table 2: Thermodynamics of CsCBM6-1 binding to xylooligosaccharides determined by 
isothermal titration calorimetry at 25 °C in 50 mM potassium phosphate (pH 7.0)  

Ligand Ka  
(x104 M-1) 

G  
(kcal mol-1) 

H  
(kcal mol-1) 

S  
(cal mol-1 K-1) 

n 

Xylosea 0.01 
(± 0.00) 

-2.61  
(±0.09) 

ND ND 1a 

Xylobiose 0.19 
(± 0.02) 

-4.48 
(±0.02) 

-9.46 
(±0.11) 

-16.70 
(±0.33) 

0.89 
(±0.01) 

Xylotriose 1.27  
(±0.01) 

-5.59  
(±0.00) 

-9.06  
(±0.12) 

-11.63 
(±0.43) 

0.95 
(±0.01) 

Xylotetraose 3.48  
(±0.09) 

-6.17  
(±0.03) 

-9.11  
(±0.15) 

-9.88  
(±0.56) 

0.93 
(±0.01) 

Xylopentaose 5.29  
(±0.13) 

-6.44  
(±0.01) 

-7.92  
(±0.08) 

-4.96  
(±0.28) 

0.93 
(±0.01) 

a stoichiometry was set as 1 in the data analysis 
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Figure 12: An isotherm of CsCBM6-1 binding to xylotetraose obtained by isothermal 
titration calorimetry at 25 °C in 50 mM potassium phosphate buffer (pH 7.0). The upper 
panel shows the raw calorimetric data. The lower panel shows the integrated data 
(spheres) and the fit of a bimolecular interaction model (continuous line).  
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contribute four of the five direct hydrogen bonds and five of the eight water-mediated 

hydrogen bonds. The occupation of subsites 2 and 3 by xylobiose results in the burial of 

166 Å2 and 284 Å2 of polar and apolar surface area, respectively. Current structural 

energetic predictions derived from lectin–carbohydrate interactions 107; 122and applied to 

the CsCBM6-1–xylobiose interaction suggest that burial of such surface area would 

result in a binding ΔH of ~−6 kcal, only two-thirds of the observed ΔH. This 

disagreement between structural energetic predictions based on lectin–carbohydrate 

interactions and our experimental measurements may arise from differences in hydrogen 

bonding between lectins and CBMs or, more enigmatically, differences in the 

participation of solvent in binding.  

Under these conditions, the majority of the enhanced ΔG for xylotriose and xylotetraose 

relative to xylobiose comes by virtue of favourable contributions to ΔS (i.e. positive 

values of ΔΔS; Fig 10B). Relative to xylobiose, the occupation of subsite 4 by xylotriose 

buries an added 37 Å2 and 122 Å2 of polar and apolar surface area, respectively, while 

occupation of subsite 1 adds another 25 Å2 of polar and 31 Å2 apolar buried surface 

areas. Though, overall, xylotriose binds with a thermodynamic signature similar to that of 

xylobiose, the buried surface area of subsite 4 is dominated by apolar groups. The 

thermodynamic contribution of this site to binding is entirely entropic and might be 

considered consistent with the release of ordered water from the apolar surface back into 

bulk solvent. It would appear that the direct and water-mediated hydrogen bonds in this 

subsite do little to enhance ΔH, as the small enthalpic contribution from this subsite is 

unfavourable. The contribution of subsite 1 to binding is less clear. Overall, the total 

buried surface area in this subsite is low (~56 Å2 cf. ~150 Å2 buried per xylose residue in 
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the other three subsites). This is consistent with the observation that the sugar residue 

occupying this site makes few contacts with the protein. However, it raises questions as 

to the aetiology of the favourable entropic contribution that results from occupation of 

this subsite. This may be due to the primary interaction in this subsite being between the 

aliphatic C5 carbon atom of the xylose residue in subsite 1 and the aliphatic carbon atoms 

in the ring of Pro133. Thus, like in subsite 4, the desolvation of these apolar surfaces may 

result in the favourable contribution to the ΔS of binding.  

On the basis of the X-ray crystal studies, the reducing sugar at the terminus of 

xylopentaose appears to extend into the solvent and makes no contact with the protein. 

Yet, this sugar molecule binds more tightly than xylotetraose, due to gains in entropy 

with partially offsetting losses in enthalpy (Table 2). A similar phenomenon was 

observed recently with the family 36 CBM from Paenibacillus polymyxa GH43 76. 

Improvements in the free energy of binding to longer oligosaccharides in the apparent 

absence of interactions with terminal sugar residues have been seen with other CBMs 72; 

116 123. There is currently no verifiable explanation for this; however, it may relate to the 

stabilization of optimal binding conformations for non-terminal sugar residues by the 

presence of flanking sugars.  

An interesting feature of xylooligosaccharide recognition by CsCBM6-1 was the 

presence of only very limited enthalpy–entropy compensation. A plot of ΔH versus TΔS 

for the four xylooligosaccharides (xylobiose to xylopentaose) yielded a slope of 0.43 

(R2=0.84) (not shown). With many protein–carbohydrate interactions, such a plot gives a 

slope that approximates to unity, reflecting nearly fully compensating changes in ΔH and 
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TΔS 124; 125. In contrast, the limited enthalpy–entropy compensation for CsCBM6-1 

indicates that ligand length has a more profound effect on ΔS than it does on ΔH, again 

suggesting a highly entropically influenced binding mechanism. 

Subsites and specificity - The structure of CsCBM6-1 demonstrates that it is a type B 

CBM with four binding subsites comprising its xylan-binding site. These subsites are 

occupied in the order 2, 3, 4, then 1 by xylooligosaccharides of increasing length. Xylose 

appears to occupy subsite 2 and provides the “glue” for binding. This is congruous with 

subsite 2 providing the bulk of the protein–carbohydrate interactions in the form of 

stacking interactions with aromatic amino acid side-chains, direct hydrogen bonds, and 

water-mediated hydrogen bonds. However, complete specificity is not conferred, as only 

the 2′, 3′ and 4′ hydroxyl groups make hydrogen bonds with the CBM, potentially 

allowing glucose to bind in this subsite. In addition to making a large contribution to ΔG, 

the occupation of subsite 3 contributes binding specificity. Steric hindrance legislates 

against the presence of a C6-hydroxymethyl group (e.g. such as in glucose), as would any 

glycosidic linkage other than β(1−4) between subsites 2 and 3. Thus, this subsite ensures 

that the surfaces to be “glued” together are appropriately complementary. With respect to 

plant cell walls, this essentially limits the tight binding of CsCBM6-1 to xylan, as it is the 

only polysaccharide with β-1,4-linked five-carbon pyranose sugar monomers. This 

polysaccharide frequently has arabino- or glucurono- substituents on its O2 and/or O3 

groups. The structure of CsCBM6-1 in complex with xylotetraose suggests that these 

groups may be accommodated when on the xylose residues that occupy subsites 3 and 4, 

as the 2′ and 3′ hydroxyl groups of these residues are solvent-exposed. However, it is 
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clear that subsite 4 contributes less free energy to binding, suggesting that the decorations 

on xylan would be better tolerated in this position than in subsite 3. 

Implications - To our knowledge, this is the first study of a protein–carbohydrate 

interaction that marries X-ray crystallography and ITC to dissect out the structural and 

energetic contributions of binding subsites. The results show that the binding subsites 

were occupied in an orderly and sequential manner. In this case, where the ligand was a 

repeating polymer of β-1,4-linked xylose, subsites were occupied in the order 2, 3, 4 then 

1. Only a fragment of the optimal ligand was required to provide the bulk of the free 

energy of binding. This gives the impression of a “zipper-like” mode of recognition 

where a small portion of the ligand provides an anchor for binding at the primary subsites 

(i.e. subsites 2 and 3) and the interaction is stabilized as the zipper closes and the non-

primary subsites (i.e. subsites 1 and 4) are occupied by additional monosaccharide 

residues of the oligosaccharide ligand. Somewhat remarkably, the interactions at the non-

primary subsites were found to be almost entirely entropic in their contributions to the 

overall free energy. The vast majority of protein–carbohydrate interactions, including 

CsCBM6-1, are characterized by overall thermodynamic signatures of favourable 

changes in binding enthalpy, offset partly by unfavourable changes in binding entropy. In 

these cases, the unique contributions of subsites can be masked by the dominating 

energetics accompanying occupation of the primary subsites. Thus, this highlights the 

power of the approach used here to better understand the fine details of oligosaccharide 

recognition.  
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Overall, the ΔG of binding xylooligosaccharides by CsCBM6-1 is built in increments of 

decreasing magnitude as additional subsites are occupied, a pattern that is broadly 

coherent with a decreasing number of protein–carbohydrate interactions in the subsites 

additional to the primary subsite, subsite 2. As family 6 CBMs may make a suitable 

platform for the directed evolution of small molecule capture agents, this study suggests 

that the choice of binding subsites to be evolved can be prioritized on the basis of their 

potential contributions to ligand binding. 
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2.3.1 Abstract 

Enzymes that hydrolyze insoluble complex polysaccharide structures contain non-

catalytic CBMs that play a pivotal role in the action of these enzymes against recalcitrant 

substrates. Family 6 CBMs (CBM6s) are distinct from other CBM families in that these 

protein modules contain multiple distinct ligand binding sites, a feature that makes 

CBM6s particularly appropriate receptors for the -1,3-glucan laminarin, which displays 

an extended U-shaped conformation. To investigate the mechanism by which family 6 

CBMs recognize laminarin, we report the biochemical and structural properties of a 

CBM6 (designated BhCBM6) that is located in an enzyme, which is shown, in this work, 

to display -1,3-glucanase activity. BhCBM6 binds -1,3-glucooligosaccharides with 

affinities of ~1 x 105 M
-1. The x-ray crystal structure of this CBM in complex with 

laminarihexaose reveals similarity with the structures of other CBM6s but a unique 

binding mode. The binding cleft in this protein is sealed at one end, which prevents 

binding of linear polysaccharides such as cellulose, and the orientation of the sugar at this 

site prevents glycone extension of the ligand and thus conferring specificity for the non-

reducing ends of glycans. The high affinity for extended -1,3-glucooligosaccharides is 

conferred by interactions with the surface of the protein located between the two binding 

sites common to CBM6s and thus reveals a third ligand binding site in family 6 CBMs. 

This study therefore demonstrates how the multiple binding clefts and highly unusual 

protein surface of family 6 CBMs confers the extensive range of specificities displayed by 

this protein family. This is in sharp contrast to other families of CBMs where variation in 

specificity between different members reflects differences in the topology of a single 

binding site.
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2.3.2 Introduction 

It is well established that the orientation of the aromatic residues in the binding site of 

CBMs confers specificity for the planar and 3-fold helical conformations of cellulose and 

xylan, respectively 56. The mechanism by which CBMs recognize other polysaccharides, 

which display more elaborate conformations, is unclear. An example of polysaccharides 

that exhibit complex conformations is provided by the -1,3-linked glucose polymer 

laminarin, which adopts an extensive U-shaped conformation, and thus cannot be 

accommodated in CBMs that contain linear clefts 56. The two potential ligand binding 

sites in CBM6s may present structural features that make these proteins ideally suited to 

accommodate polysaccharides with extended U-shaped conformations. To assess this 

hypothesis we have determined the structure-function relationship of a CBM6, designated 

BhCBM6, located in an enzyme that displays laminarinase activity. BhCBM6 does indeed 

bind to laminarin displaying maximum affinity for ligands with a d.p. >5. Uniquely, the 

protein displays absolute specificity for the non-reducing end of laminarin chains, and the 

crystal structure of BhCBM6 in complex with laminarihexaose shows that the ligand 

extends out of cleft A interacting with the surface of the protein that does not encompass 

either cleft A or cleft B. These data demonstrate that the remarkable flexibility in ligand 

specificity displayed by CBM6s reflects variation in the location of the carbohydrate 

interacting sites on the surface of the protein, and is not exclusively the result of 

differences in the topology of a single binding site.  
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2.3.3 Materials and Methods 

Carbohydrates and Polysaccharides—Xylooligosaccharides, laminarioligosaccharides, 

Konjac glucomannan, wheat arabino-xylan, Tamarind xyloglucan, and oat -glucan were 

obtained from Megazyme International Ireland Ltd. (Bray Co., Wicklow, Ireland). All 

other carbohydrates and glycoproteins were purchased from Sigma.  

Cloning of Catalytic Domain and BhCBM6 of the Laminarinase—The DNA fragment 

(nucleotides 76-2328) of the laminarinase gene (see GenBankTM AP001507; open reading 

frame BH0236) encoding the catalytic domain of the enzyme was amplified by PCR from 

Bacillus halodurans (C-125) genomic DNA (ATCC BAA-125) using the method of 

Boraston et al. 68 employing primers 5'-CACCTCCCCTCATGCGGTGAGC-3' 

CTTTTAGCCAATATTAAAGCTATG-3' (stop codon in bold). The amplified product 

was ligated into pET-151 TOPO (Invitrogen, San Diego, CA) to generate pAB1. The 

encoded polypeptide contained an N-terminal His6/V5 epitope tag and a TEV protease 

cleavage site. The DNA fragment encoding BhCBM6 (nucleotides 2367-2775 of the 

laminarinase gene) was amplified using the primers 5'-

CATATGGCTAGCGATTTGAAAAATCCTTACGAG-3' (an NheI site is underlined), 

and 5' GCGGCCGCAAGCTTTTAGCCGTTTGCTCGGAAAAC 3' (a HindIII site is 

underlined; stop codon in bold) and cloned into NheI- and HindIII-digested pET28a to 

give pAB2. The encoded polypeptide contains an N-terminal His6 tag and a thrombin 

cleavage site.  

Expression and Purification of the Catalytic Domain and BhCBM6 of the 

Laminarinase—The catalytic domain of the laminarinase was produced in Escherichia 
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coli strain TUNER (Novagen) containing pAB1, and the protein was purified from cell-

free extracts by immobilized metal ion affinity chromatography (IMAC) following the 

method of Freelove et al. 126 except the recombinant protein was eluted with 10 mM 

imidazole. BhCBM6 was produced in 4-liter cultures of E. coli BL21(DE3) containing 

pAB2 as described previously 68, and the protein was purified by IMAC following the 

method of Boraston et al. 68. Purified polypeptides were concentrated and exchanged into 

distilled water in a stirred ultrafiltration unit (Amicon, Beverly, MA) on a 5000 molecular 

weight cut-off (MWCO) membrane (Filtron, Northborough, MA). Purity, assessed by 

SDS-PAGE, was greater than 95%.  

Enzyme Activity Assay—Enzyme reactions were carried out as described previously 127 

using 0.2% substrate. The concentration of purified protein was determined by UV 

absorbance (280 nm) using calculated molar extinction coefficients 109 of 184,060 
M

-1 cm-1 

and 36,130 M-1 M-1, for the catalytic domain of the laminarinase and BhCBM6, 

respectively.  

UV Difference Titrations—Automated UV difference titrations were performed as 

described previously 70using a USB2000 CCD spectrometer (Ocean Optics, Dunedin, FL) 

with a diffraction grating providing measurements at 2048 approximately evenly spaced 

wavelengths between 234 and 395 nm. Difference spectra were examined for peak and 

trough wavelengths, and values at the appropriate wavelengths extracted for further 

analysis. The peak-to-trough heights at the wavelength pairs 289.3/301.0 nm, 289.3/294.5 

nm, and 282.8/287.4 nm were calculated by subtraction of the trough values from the 

peak values, and the dilution-corrected data were plotted against total carbohydrate 
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concentration. Data for the three wavelength pairs were analyzed simultaneously with 

MicroCal Origin (v.7.0) using a one site binding model accounting for ligand depletion 70. 

Experiments were performed at 20 °C in 50 mM Tris, pH 7.5. The data reported are the 

averages and standard errors of the means of three independent titrations.  

Isothermal Titration Calorimetry—Isothermal titration calorimetry (ITC) was performed 

as described previously 68 using a VP-ITC (MicroCal, Northampton, MA) in 50 mM 

potassium phosphate buffer (pH 7.0) at 25 °C using 100-250 mM BhCBM6 in the reaction 

cell and 1-5 mM oligosaccharide in the syringe, which gave C-values >10. Reverse 

titrations were performed by injecting 3-µl samples of 2.35 mM BhCBM6 into 100 µM
 

laminarin (based on an average degree of polymerization of 25; 128). All data show the 

average and standard deviation of two or three independent titrations.  

Crystallization of BhCBM6—BhCBM6 was treated overnight with thrombin at room 

temperature, concentrated, and buffer exchanged into water in a 10-ml stirred 

ultrafiltration device using a 5000 MWCO membrane. Crystals of BhCBM6 (25 mg/ml) 

were grown at 18 °C using the vapor-phase diffusion technique from hanging drops in 

24% polyethylene glycol 2000 monomethylether, 0.2 M sodium citrate, 0.1 M MES, pH 

6.5, and 3% glycerol. Crystals of BhCBM6 in complex with xylobiose were prepared by 

adding xylobiose powder directly to hanging drops containing crystals and allowing these 

to equilibrate for 72 h. Crystals of BhCBM6 (20 mg/ml) in complex with excess 

laminarihexaose were grown using the same technique in 10-µl drops with 0.1 M MES, 

pH 6.5, containing 1.8 M ammonium sulfate as the mother liquor.  
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Data Collection, Structure Solution, and Refinement—All computing was done using the 

CCP4 suite 117 unless otherwise stated. Uncomplexed or xylobiose complexed crystals 

were frozen at 113 K after a short soak in artificial mother liquor supplemented with 

glycerol at 20% (v/v). Crystals of BhCBM6 in complex with laminarihexaose were cryo-

protected in the same manner with mother liquor containing ethylene glycol at 20% (v/v). 

Data were collected with a Rigaku R-AXIS 4++ area detector coupled to a MM-002 x-ray 

generator with Osmic "blue" optics and an Oxford Cryostream 700. Data were processed 

using the Crystal Clear/d*trek 129 software provided with the instrument. In all data sets, 

five percent of the observations were flagged as free 112 and used to monitor refinement 

procedures. In the case of the uncomplexed BhCBM6 and xylobiose complex, the same 

reflections were flagged as free. Statistics are given in Table 3 for those crystals and data 

sets used in the structure solution and refinement.  

Using the data for the triclinic uncomplexed crystals and the coordinates of the CBM6 

from the Clostridium thermocellum xylanase Xyn10B (PDB ID 1GMM ; 101) as a search 

model, the program molrep 113 was able to find two molecular replacement solutions 

corresponding to the two BhCBM6 molecules in the asymmetric unit. One molecule was 

corrected by successive rounds of building using XtalView 114 and refinement with 

REFMAC 115. This corrected model was used to replace the second molecule in the unit 

cell followed by additional rounds of building and refinement. This model was used 

directly as a starting point in the building and refinement of the xylobiose complex. 

Molecular replacement using the refined uncomplexed coordinates was used to solve the 

structure of the laminarihexaose complex. This model was corrected, and the 

laminarihexaose molecule was built manually in XtalView followed by refinement with 
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REFMAC. Water molecules were added using REFMAC/ARP-WARP and inspected 

visually prior to deposition. All final model statistics are given in Table 3.  Figs. 16, 17, 

and 19 were prepared with PyMOL (see URL pymol.sourceforge.net/) and are shown in 

divergent stereo. The native BhCBM6, xylobiose complex and laminariohexaose complex 

have been deposited with the PDB codes of 1W9S, 1W9T, and 1W9W, respectively. 

2.3.4 Results and Discussion 

The Modular Architecture and Catalytic Activity of the B. halodurans Laminarinase—

The alkalophilic bacterium Bacillus halodurans contains an open reading frame 

(BH0236) that encodes a 1020 amino acid of unknown function. Based on PSI-BLAST 

amino acid sequence alignments 130 the encoded protein appears to comprise three 

modules (Fig 13). The N-terminal module of this protein shows similarity with family 81 

glycoside hydrolases, a family of proteins in which some members display -1,3-

glucanase activity, exemplified by Eng1p from Saccharomyces cerevisiae, which is 

involved in cell separation 131; 132, whereas others, an example of which is the Glycine 

max -glucan elicitor receptor, are devoid of catalytic activity but do bind -1,3-glucans 

133. The putative glycoside hydrolase catalytic module from the B. halodurans protein is 

the only bacterial example in this family. The recombinant catalytic module of this 

enzyme hydrolyzed laminarin with an activity of 14,231 min-1 (14,231 mol of reducing 

sugar produced per mol of enzyme per min) but displays no detectable activity against 

oat-spelt xylan, wheat arabinoxylan, xyloglucan, lichenan, galactan, arabinan, carob 

galactomannan, konjac glucomannan, -glucan, polygalacturoniuc acid (pectin), amylose,  
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Table 3: Data collection and structure statistics for BhCBM6 

 Uncomplexed Xylobiose Laminarihexaose 
Data collection    
Space group P1 P1 P43212 
Cell dimensions    
    a, b, c (Å) 30.8, 40.8, 51.6 30.7, 41.0, 56.0 61.6, 61.6, 121.7 
 ()  108.9, 105.9, 90 108.9, 105.9, 90 90.00, 90.00, 90.00 
Resolution (Å) 20-1.59 (1.65-

1.59)* 
20-1.62 (1.68-1.62) 20-2.10 (2.17-2.10) 

Rmerge 0.030 (0.168) 0.048 (0.237) 0.055 (0.372) 
I / I 24.9 (5.7) 14.9 (4.5) 17.8 (4.4) 
Completeness (%) 90.1 (68.5) 91.9 (84.4) 95.6 (93.5) 
Redundancy 3.7 (3.2) 3.6 (3.2) 5.8 (6.0) 
    
Refinement    
Rwork / Rfree 0.119/0.166 0.121/0.179 0.209/0.269 
No. residues    
    Protein 266 266 134 
    Ligand/ion atoms N/A 72 (in 4 xylobiose) 67 ( in 1 

laminarihexaose) 
    Water 350 372 121 
B-factors    
    Protein 15.2 16.7 50.8 
    Ligand/ion 16.7 (Na and 

glycerol) 
27.7 (Na and sugar) 49.0 (Na and sugar) 

    Water 30.7 31.6 53.9 
R.m.s deviations    
    Bond lengths (Å) 0.018 0.019 0.018 
    Bond angles () 1.615 1.687 1.935 
*Highest resolution shell is shown in parenthesis.  
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Figure 13: Modular organization of the B. halodurans laminarinase. Amino acid numbers 
corresponding to the module boundaries are shown above the schematic. The individual 
module constructs used in this study are also shown. UNK represents a module of 
unknown function. 
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amylopectin, hydroxyethyl cellulose, or carboxymethyl cellulose. Thus, the B. halodurans 

protein is clearly a -1,3-glucanase (or laminarinase), similar to its eukaryotic 

homologues. 

The C-terminal 100 amino acid module has no identity to proteins of known function. 

Separating the C-terminal module and the N-terminal catalytic module is a module of 

140 amino acids module having ~36% identity to the xylan binding CBM6 from C. 

thermocellum xylanase 10A 101. Based on its identity with CBM6s and its presence in a 

functional -1,3-glucanase, we hypothesized that this module, defined as BhCBM6, is 

indeed a CBM with -1,3-glucan binding specificity.  

Analysis of BhCBM6 Binding Specificity—Using a standard depletion binding analysis 79 

no binding to the insoluble polysaccharides regenerated cellulose or pachyman (an 

insoluble -1,3-glucan from Poria cocos) was evident (data not shown). Similarly, native 

affinity gel electrophoresis did not reveal significant binding to soluble preparations of 

wheat arabinoxylan, amylopectin, oat -glucan, or lichenan, the latter two of which are 

commonly recognized by -1,3-glucan binding CBMs 70; 103; 134. Using a modificationof 

the macroarray method of McCartney et al. 57 BhCBM6 showed weak binding to wheat 

arabino-xylan, birchwood glucurono-xylan, and pectic galactan, but did not interact with 

polysaccharides containing -(1,3)(1,4) linked glucose, i.e. oat -glucan (data not 

shown). 

UV Difference Studies of BhCBM6 Binding—Xylose, xylooligosaccharides, and O-

methyl--D-xylose induced relatively large changes in the UV absorbance difference 
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spectrum indicating binding to these sugars. The addition of glucose, sophorose (-1,2-

glucobiose), and -1,3-glucooligosaccharides (laminarioligosaccharides) also gave UV 

difference signals (see Fig. 14A for a representative UV difference spectrum), apparently 

at odds with the inability to detect binding to glucose-based polymers by affinity 

electrophoresis and macroarray assays. No perturbation of the UV absorbance spectrum 

was observed when cellobiose, cellotriose, sucrose, mannose, galactose, fucose, N-

acetylglucosamine, or N-acetylgalactosamine was added to BhCBM6.  

Three wavelength pairs in the UV difference spectra were used to monitor the 

dependence of the UV absorbance spectra on ligand concentration and quantify binding 

to carbohydrates (Fig. 14B). BhCBM6 bound to glucose and xylose with association 

constants (Ka) of ~8 x 102 M
-1 (Table 4). Xylobiose was bound ~2-fold more tightly 

indicating a small dependence of binding on ligand length. No additional gains in affinity 

were observed when the ligand length was increased to xylotriose (Table 4). Gentiobiose 

(-1,6-glucobiose) and sophorose (-1,2-glucobiose) were bound with affinities similar to 

that for xylobiose (Table 4). The -1,3-glucooligosaccharides laminaribiose, 

laminaritetraose, and laminarihexaose were bound with association constants increasing 

from ~1 x 104 M
-1 to ~1 x 105 M

-1, indicating the strong preference of BhCBM6 for -1,3-

glucooligosaccharides and the dependence of affinity on sugar length. Thus, despite the 

inability to detect binding to polysaccharides containing -1,3-linked glucose residues by 

depletion binding, affinity electrophoresis, and macroarray experiments, BhCBM6 does 

indeed appear to be primarily a -1,3-glucan-specific CBM, consistent with its presence 

in a -1,3-glucanase.  
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Figure 14: UV difference and ITC analysis of BhCBM6 binding. Panel A, UV difference 
spectra collected with the indicated concentrations of added laminarihexaose. Peak and 
trough wavelengths are shown. Panel B, isotherm of laminarihexaose titrated into 
BhCBM6. The curves show the data at the wavelength pairs of 289.3/301.0 (open 
circles), 289.3/294.5 nm (closed squares), and 282.8/287.4 nm (closed circles). Solid 
lines show the global fits to a one-site binding model. Error bars represent the standard 
errors of 3 measurements. Panel C, isotherm of BhCBM6 binding to laminarin obtained 
by isothermal titration calorimetry (see "Materials and Methods" for experimental 
details). The upper panel shows the raw calorimetric data. The lower panel shows the 
integrated data (closed circles) and the results of a heat of dilution experiment (open 
circles). 
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Table 4: Affinity of BhCBM6 for sugars determined by UV difference titrations at 20 °C 
in 50 mM Tris, pH 7.5 

Carbohydrate Ka (x104 M-1) 
-D-Glucose 0.1 (±0.0)  
Laminaribiose 0.9 (±0.1)  
Laminaritetraose 1.8 (±0.4)  
Laminarihexaose 10.2 (±2.9)  
Gentiobiose 0.3 (±0.1)  
Sophorose 0.6 (±0.2)  
-D-Xylose  0.1 (±0.0)  
O-Methyl--D-xylose  0.1 (±0.0)  
-1,4-Xylobiose  0.3 (±0.0)  
-1,4-Xylotriose 0.3 (±0.1) 

 



 

 

80 
Thermodynamics of -1,3-Glucan Recognition—Isothermal titration calorimetry revealed 

the interaction of BhCBM6 with -1,3-glucooligosaccharides to be enthalpically 

favorable and entropically unfavorable at 25 °C (Table 5), like most protein-carbohydrate 

interactions studied to date. The near unitary stoichiometries indicated the formation of a 

simple 1:1 protein to carbohydrate macromolecular complex. Typically, CBMs that bind 

to extended glycan chains (Type B CBMs, 56) show a consistent increase in binding 

affinity with increasing sugar length. BhCBM6 showed a decrease in affinity when 

comparing laminaribiose with laminaritriose though the affinity consistently increased 

when moving from laminaritriose up to laminarihexaose (Table 5). The loss of affinity 

when binding laminaritriose versus laminaribiose appeared to be caused by an enthalpic 

penalty that more than offset a favorable gain in entropy. The reason for this is unclear, 

even in light of the structure of BhCBM6 in complex with laminarihexaose (see below), 

which revealed no obvious peculiarity in how this third sugar interacts with the protein. 

BhCBM6s binding to laminarin was assessed by ITC in a mode where the protein was 

titrated into the polysaccharide. The resulting binding isotherms, which were highly 

reproducible, were not consistent with a single class of binding interaction (Fig. 14C). At 

least two binding phases were visually evident: one at low molar ratios (up to ~0.2) and 

another at higher molar ratios. A Scatchard analysis of these data, which were non-linear 

(not shown), confirmed the complexity of the isotherms. These results suggest either 

multiple classes of non-equivalent binding sites present in the laminarin population or 

cooperativity in the binding. We cannot conclusively comment on this and because of the 

apparently complex nature of laminarin recognition the kinetic and thermodynamic 
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Table 5: Affinity of BhCBM6 for sugars determined by isothermal titration calorimetry at 
25 °C in 50 mM potassium phosphate, pH 7.0 
 
 

Carbohydrate n Ka 
(x104 M-1) 

H 
kcal/mol 

S 
cal/mol/K 

G 
kcal/mol 

Laminaribiose  0.98  
(± 0.05)  

6.46 
(±0.15)  

-12.80  
(± 0.14)  

-20.80  
(± 0.42)  

-6.55  
(± 0.01)  

Laminaritriose  1.08  
(± 0.00)  

4.38 
(±0.01)  

-11.33  
(± 0.02)  

-16.80  
(± 0.08)  

-6.33  
(± 0.00)  

Laminaritetraose  1.01  
(± 0.01)  

6.59 
(±0.03)  

-10.89  
(± 0.02)  

-14.50  
(± 0.07)  

-6.58  
(± 0.00)  

Laminaripentaose  1.09  
(± 0.00)  

18.67 
(±0.45)  

-11.79 (± 
0.04)  

-15.40 (± 
0.15)  

-7.19 (± 
0.01)  

Laminarihexaose  1.14  
(± 0.00)  

29.03 
(±0.11)  

-11.95  
(± 0.01)  

-15.10  
(± 0.03)  

-7.45  
(± 0.00)  
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parameters of binding for the individual interactions could not be accurately 

deconvoluted. However, estimates from the analysis of the cumulative heats indicated 

association constants in the range of ~105 M
-1, consistent with the affinities for 

laminarioligosaccharides. The total number of binding sites was approximated by 

graphical determination of the stoichiometric limit of the interaction in the isotherms 

plotted in derivative form (standard presentation of ITC data) and cumulative form (not 

shown). This gave an n value of ~0.8 (i.e. ~1 CBM molecule per laminarin chain), which 

is consistent with BhCBM6 binding only to the ends of laminarin (see below). The 

binding to xylan and pectic galactan was too weak to quantify by this method.  

 

Structure of BhCBM6 —In order to gain insight into the mechanism of carbohydrate 

recognition by BhCBM6 we solved its three-dimensional structure by x-ray 

crystallography (see "Materials and Methods"). The final model of BhCBM6 in the 

absence of ligand consisted of two BhCBM6 molecules (133 amino acids each), six 

sodium atoms, two glycerol molecules, and 350 water molecules (refinement statistics are 

given in Table 3). Like other CBM6s whose structures have been determined, BhCBM6 

adopts a -sandwich fold with a 5-stranded -sheet opposing a 4-stranded -sheet (Figure 

15). This fold was highly similar to the xylan-binding CBM6 from a C. thermocellum 

xylanase (root mean-square-deviations (r.m.s.d.) of 0.81 Å2 over 98 matched C) 101; the 

two xylan-binding CBM6s from a Clostridium stercorarium xylanase (r.m.s.d. of 0.71 Å2 

over 107 matched C and 0.83 Å2 over 108 matched C, respectively) 83; 102 and the 

glucan binding CBM6 from a Cellvibrio mixtus, endoglucanase (r.m.s.d. of 1.04 Å2 over 

95 matched C) 104.  
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Each BhCBM6 monomer coordinated 3 metal ions (Figure 15). The first is coordinated 

by the side chain oxygens of Gln16, Glu18, and Asn134. The coordination is completed by 

the backbone carbonyl oxygens of Asn134, Asp38, and a single water molecule. The 

placement of this metal ion is conserved with the four other CBM6 structures, where 

these metal ions were modeled as calcium atoms. However, in the case of BhCBM6, the 

B-factor refined to an unreasonably high value when this atom was modeled as calcium, 

suggesting a metal with fewer electrons. Based on the presence of a relatively high 

concentration of sodium atoms in the conditions used to crystallize BhCBM6 the electron 

density corresponding to the metal ion was modeled as sodium. The second metal ion, 

also modeled as sodium, was coordinated by the side-chain oxygens of Asn44 and Asp47. 

The backbone carbonyl oxygens of Trp42, Gly25, and Thr84 (of a separate, neighboring 

molecule) also participate in binding this atom. The third bound sodium ion is bound to 

the protein by one side chain oxygen of Asp90 and four water molecules and, thus, is 

somewhat tenuously associated. Indeed, while the first bound sodium is likely structurally 

significant, as its position appears to be conserved in this protein family, the significance 

of the other two is unclear.  

BhCBM6 in Complex with Xylobiose—A complex of BhCBM6 was obtained by soaking 

unliganded P1 crystals in excess xylobiose. Electron density for two xylobiose molecules 

bound to each of the two monomers of BhCBM6 in the unit cell was clearly evident. The 

secondary binding site contained a somewhat disordered sugar molecule (not shown). The 

xylobiose molecule in this site made few interactions with the protein, with one being a 

potential hydrogen bond with a second neighboring BhCBM6 molecule. Thus, the 

biological significance of this binding site is uncertain and will not be discussed further.  
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Figure 15: Three-dimensional structure of uncomplexed BhCBM6. The overall secondary 
structure of the protein is shown with the aromatic amino acid side chains in the binding 
site (Trp42 and Trp99) shown in a licorice representation. Bound metal ions are shown as 
blue spheres. 
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The other binding site, which accommodated a glycerol in the unliganded structure, is the 

conserved binding site among xylan binding CBM6s. The electron density for the 

complete xylobiose molecule bound to this site (in both of the BhCBM6 monomers)  

allowed modeling of all of the atoms in this xylobiose molecule (Figure 16). However, 

because of the inability to discriminate between the positions of C-5 and O-5, the 

direction of the sugar (i.e. reducing end versus non-reducing end) was somewhat 

ambiguous. This was resolved to some extent by examining the B-factors of C-5 and O-5; 

one orientation resulted in large B-factor discrepancies whereas in the other they were 

approximately equal. Furthermore, two well ordered water molecules were observed to be 

properly positioned to hydrogen bond to what was assumed to be the O-5 atoms in each of 

the xylose residues when oriented based on the B-factors. Thus, the carbohydrate was 

modeled as having the non-reducing sugar sandwiched between tryptophans 42 and 99 

(Figure 16), while the hydrogen bonding schematic reveals five potential direct hydrogen 

bonds (Figure 17). Three potential water-mediated hydrogen bonds are present with one 

making numerous potential interactions and is structurally conserved with water 

molecules in other CBM6s (Figures 16, 17, and 18A). The ability to bind in this 

orientation is supported by the capacity of BhCBM6s to interact with O-methyl--D-

xylose (Table 4). This sugar, with a blocked reducing end, bound better than its 

unmodified counterpart, indicating that BhCBM6 must be able to accommodate the non-

reducing end of the sugar. Despite this, we currently have no evidence that BhCBM6 

cannot also bind the reducing end of xylobiose. It is apparent that the non-reducing 

terminus of the sugar is oriented in the binding pocket such that the oligosaccharide chain 

cannot extend past Gln39 (i.e. over a wall of the binding pocket) 
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Figure 16: Observed electron density for xylobiose (A) and laminarihexaose (B) bound to 
BhCBM6. All maps are maximum-likelihood (25)/ A (38) weighted 2Fobs - Fcalc electron 
density maps contoured at 1 (0.40 and 0.13 electrons/Å3 for xylobiose and 
laminarihexaose, respectively). Asn132, Trp42, and Trp99 are shown in a licorice 
representation. The red sphere and its electron density indicate the water molecule at the 
base of the binding cleft that is conserved among CBM6s. 
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Figure 17: A schematic showing the interactions of BhCBM6 with xylobiose (A) and 
laminarihexaose (B). Binding subsites referred to in the text are shown above the 
schematics with brackets and are numbered in accordance with IUPAC nomenclature. 
The water molecule conserved in the cleft A binding site of CBM6s is indicated with an 
arrow. 
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Figure 18: Solvent accessible surface of BhCBM6 complexed with xylobiose (A) and 
laminarihexaose (B) and the family 4 CBM from T. maritima, TmCBM4-2, in complex 
with laminarihexaose (C). Purple regions indicate the surface contributed by the binding 
site apolar amino acid side chains. The sugar molecules are shown in blue and red 
licorice representations. The surfaces in panels A and B reveal the pocket where a well 
ordered water molecule (red sphere) that is conserved in the cleft A binding site of 
CBM6s and bridges multiple interactions between the ligand and protein. 
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without substantial distortions to the sugar. In contrast, the reducing end appears free to 

extend out into solvent.  

BhCBM6 in Complex with Laminarihexaose—BhCBM6 co-crystallized with 

laminarihexaose in the space group P43212 with a single protein and sugar molecule in the 

asymmetric unit. All six glucose residues of the laminarihexaose molecule could be 

unambiguously modeled (Figure 16). The terminal glucose residue at the non-reducing 

end of this oligosaccharide sandwiched between tryptophans 42 and 99, as was modeled 

for xylobiose (Figure 16).  

The complex of BhCBM6 with laminarihexaose revealed six binding subsites (Figure 17). 

The extended nature of this binding site and BhCBM6s preference for oligosaccharides 

with a degree of polymerization >4 classify this CBM as a Type B CBM 56. Relatively 

few direct potential hydrogen bonds (~10) were distributed throughout these subsites, 

consistent with the relatively low density of direct hydrogen bonds observed with other 

Type B CBMs 56. Numerous additional potential hydrogen bonds were mediated by five 

water molecules (Figure 17). 

The bound laminarihexaose molecule adopts a U-shape very similar to that observed in 

the x-ray crystal structure of the laminarin-binding CBM from a Thermotoga maritima 

laminarinase (Figure 18 and Ref. 72) and similar to that predicted for -1,3-glucans in 

solution 135. Similar to the laminarin-binding CBM4, the constellation of interactions 

between BhCBM6 and laminarihexaose are unique to the conformation of this sugar and 

legislate against high affinity for other sugars. Unlike the family 4 CBM, which binds -

1,3-glucans in a deep binding groove (Figure 18C), the BhCBM6 binding site begins with 
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a small "slot" only sufficient to accommodate the glucose residue at the reducing end of 

the oligosaccharide (Figure 18B). The remainder of the oligosaccharide curls around the 

CBM to form a crown (Figure 18B). The U shaped, or open helical, conformation of 

laminarin enables the ligand to curl over the walls that form the slot-like binding site and 

maintain interactions with the protein. In contrast, polysaccharides that have a 2-fold or 3-

fold linear axis, such as cellulose and xylan, respectively, would simply extend out into 

solvent and not make any further direct interactions with the protein surface, explaining 

why xylose displays the same affinity for the protein as xylooligosaccharides and no 

increase in affinity is observed for xylose polymers. The sugar at the non-reducing end of 

laminarihexaose interacts with the terminal region of the CBM6 binding site such that O-

3 is pointing directly at the protein surface sterically occluding extension of the sugar 

polymer and thus conferring specificity for the non-reducing end of the polysaccharide.  

Comparison of CBM6 Structures That Lead to the Differences in Specificity—

Comparison of the structures of CBM6 modules that recognize xylan and mixed linked -

(1,4)(1,3) glucans, respectively, with BhCBM6, which binds to laminarin, provides novel 

insights into the structural basis for the extensive range of ligand specificities displayed 

by this family of proteins. In the xylan binding CBM6s cleft A is open at both ends 

explaining why these proteins are able to bind to the internal regions of the xylose 

polymers, with the central sugar in this site sandwiched between two aromatic residues 

(Figure 19). The surface of the cleft is likely to clash with the C-6 hydroxymethyl group 

of the pyranose ring at subsites 4 and 5, legislating against tight binding to glucose-

containing ligands. By contrast, the primary ligand binding site in the C. mixtus CBM6  
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Figure 19: Overlap of cleft A region of BhCBM6 in complex with laminarihexaose 
(blue), CmCBM6 from C. mixtus LicA in complex with cellobiose (beige, Ref. 98), and 
CsCBM6-1 from C. stercorarium in complex with xylotetraose (green, Ref.83). Relevant 
residues are labeled as follows: (a) Trp99, Trp92, and Trp94; (b) Trp42, Tyr33, and Tyr38; (c) 
Gln29, Gln20, and Ile27 in BhCBM6, CmCBM6, and CsCBM6-1, respectively. The label d, 
which indicates Tyr128 in BhCBM6, also shows the loop comprising residues 124-129 
that is discussed in the text. 
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that recognizes -(1,4)(1,3) mixed linked glucans is in cleft B, which lacks the extended 

loop that occludes this binding site in the other CBM6 modules. Cleft A in the C. mixtus 

CBM does display weak affinity for the terminal sugars of both xylose and glucose-

containing oligosaccharides, but not the internal regions of the respective 

polysaccharides. The monosaccharide is again sandwiched between the parallel aromatic 

residues but is oriented 90° relative to the position of the sugar in the xylan binding 

modules and thus C-1 is pointing at the surface of the protein and sugars attached to O-4 

extend into solvent and thus do not interact with the protein (Figure 19). The topology of 

cleft A in BhCBM6 is most similar to the C. mixtus CBM (Figure 19). A glutamine 

residue, which at this position is typically an isoleucine or phenylalanine in xylan binding 

CBM6s, blocks off one end of the binding site in both the C. mixtus CBM6 and BhCBM6. 

However, while in the C. mixtus CBM this residue hydrogen bonds with either terminus 

of the sugar, in BhCBM6 it interacts specifically with the non-reducing sugar. The unique 

feature of the BhCBM6 binding site is an extended loop comprising residues 124-129. 

This loop, and most notably the side chain of Tyr128, creates a raised platform that follows 

the U-shaped curvature of the laminarioligosaccharide up and out of cleft A and along a 

surface that is distinct from the usual cleft A of CBM6s (Figure 19). Thus, remarkably, 

the primary specificity of BhCBM6 for laminarin is conferred by a binding surface that is 

not only different from cleft A and cleft B, but has a convex shape, while the ligand 

binding site of all other Type B CBMs conform to concave clefts. These data therefore 

reveal a third ligand binding site in the CBM6 family of proteins that exhibits a unique 

topology. These data demonstrate how the multiple binding clefts and highly unusual 

protein surface of CBM6s confers the extensive range of specificities displayed by this 
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protein family. This is in sharp contrast to other families of CBMs where variation in 

specificity between different members is conferred by differences in the topology of a 

single binding site, while the range of ligand recognition observed in CBM6 is the result 

of variation in the location of the ligand binding site in different members of this family.  

Conclusions—The biological rationale for the targeting of BhCBM6 to the non-reducing 

ends of -1,3-glucan chains is intriguing and rather counterintuitive as the molar 

concentration of available binding sites will be considerably less than for the majority of 

Type B CBMs, which bind to the internal regions of polysaccharides. Similar targeting, 

but to the reducing end termini of plant structural polysaccharides is mediated, however, 

by TmCBM9-2 from the T. maritima xylanase10A 68; 69. While it is possible that 

localization of the B. halodurans laminarinase to the ends of polysaccharide chains may 

reflect an exo-mode of action by the enzyme, the reaction products generated by its 

catalytic domain are consistent with a typical endo-mode of action; the enzyme releases 

oligosaccharides that display a range of different sizes (data not shown), whereas exo-

acting glycoside hydrolases produce a single reaction product. The targeting of B. 

halodurans laminarinase to the ends of laminarin may reflect the complexity of the 

macromolecular structure that contains this polysaccharide, which, as a consequence, is 

recalcitrant to enzymatic attack. It is possible that disrupted regions of the plant cell wall, 

through either mechanical damage or the action of other enzymes, will contain a 

relatively large number of polysaccharide termini and be susceptible to laminarinase 

attack. BhCBM6, by targeting the enzyme to these susceptible regions may potentiate its 

catalytic activity. 
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2.4: Discussion: Molecular determination of ligand specificity within the 
Family 6 CBMs. 
 

The objective of this research was to study other CBMs within family 6 to acquire 

more structural and biochemical data for proposing a general model of how CBM6 

binding sites accommodates the many different plant polysaccharide ligands. Including 

the CBMs from this research there are 8 known structures in complex with 18 different 

ligands: BhCBM6 from B. halodurans laminarinase 136, CsCBM6-1 and CsCBM6-3 from 

C. stercorarium xylanase Xyn11A 83; 102, CmCBM6-2 from C. mixtus lichenase 104, 

CtCBM6 from C. thermocellum xylanase Xyn11A 101, SdCBM6-2 from Sarcophagus 

degradans agarase AgaB 137, CcCBM6 from a putative galactosidase from Clostridium 

cellulolyticum GH59 (Elizabeth Ficko-Blean; unpublished data) and finally a close 

relative of family 6 CBMs, a family 35 CBM, AoCBM35 from A. orientalis exo-beta-D-

glucosaminidase (Alicia Lammerts van Bueren; unpublished data). With the structural 

and biochemical information that has been accumulated on Family 6 CBMs we are able 

to observe how the structurally similar proteins within a CBM family are specific for a 

wide range of plant polysaccharides. Our hypothesis was that the topology of the cleft A 

binding site is altered to accommodate the different three-dimensional shapes of ligands 

and that alterations to binding site topology are imparted through amino acid 

modifications within the binding site, thus altering the ligand specificity of the module. 

 

Overall 3-dimensional structures 

Structural overlaps of all known CBM6s show that these proteins are all very 

similar with four antiparallel -strands overlapping five antiparallel -strands in a -
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sandwich fold with a -jelly roll topology (see Figure 6A and Figure 20). They share 

anywhere from 19% - 60% amino acid sequence identity and RMSD’s for all CBM6s fall 

between 0.72 and 1.89 Å over the entire protein (~120 amino acids) (Table 6). BhCBM6, 

CsCBM6-1 and SdCBM6, CcCBM6 and AoCBM35 have only one binding site occupied 

by ligand at the apex of the protien within the loops connecting -strands, making cleft A 

the only binding site in these modules which supports our hypothesis that cleft A is the 

main binding cleft in family 6 CBMs. Cleft B is thus far only an active binding site in 

CmCBM6-2 104 (Figure 6A). It is shown bound to a mixed -1,3-1,4-glucan by an 

exposed Trp39 on the edge of one face of the -sandwich 104. BhCBM6 Trp48 is 

structurally conserved with CmCBM6-2 Trp39 however it is stacked against Pro83, 

preventing binding with ligand, as was similarly seen in CtCBM6 (ref). The same was 

observed in SdCBM6-2 where structurally conserved Tyr68 is blocked by the side chain 

of Arg140 which would also prevent ligand binding. CcCBM6 Tyr59 is conserved with 

SdCBM6-2 Y68 but is also blocked by an adjacent Ser94, preventing interaction with 

sugar. Both CsCBM6-1 and AoCBM35 do not have an apparent cleft B site.  

The -sandwich fold is characteristic of type B CBMs, which bind to extended 

sugar molecules, and in the majority of Type C CBMs that bind mono-, di- or tri 

saccharides, and indeed all CBM6s have binding within the binding cleft A (See section 

1.4.1 in introduction). Upon closer observation of the cleft A binding site of CBM6s, we 

can identify 5 regions that contribute to ligand specificity: three sites of amino acid 

conservation and two molecular “hotspots” that alter the binding site to allow for the 

individual ligands to fit tightly within the binding pocket (Figure 21 and Table 7).  
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Figure 20: Structural overlaps of all known family 6 CBMs and AoCBM35. CsCBM6-1 
(blue, PDB code 1UY4), BhCBM6 (burnt yellow, PDB code 1W9W), SdCBM6-2 
(magenta, PDB code 2CDP), CsCBM6-3 (red, PBD code 1NAE), CmCBM6 (cyan, PDB 
code 1UYX), CtCBM6 (orange, PDB code 1UXX) and AoCBM35 (green). C-alpha 
backbone is shown in ribbon. Generated using PyMol. 
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Table 6: (A) Percentage of amino acid sequence identity and (B) RMSD’s for all 
structures of members of Family 6 and Family 35. 
 

A (%) CsCBM6-3 CmCBM
6-2 

CsCBM6-1 BhCBM6 SdCBM6-2 CcCBM6 AoCBM35 

CtCBM6 49 24 57 40 22 47 19 
CsCBM6-3 - 26 60 38 17 44 24 
CmCBM6-2 - - 23 35 24 34 28 
CsCBM6-1 - - - 38 20 44 22 
BhCBM6 - - - - 25 45 21 
SdCBM6-2 - - - - - 24 22 
CcCBM6 - - - - - - 16 
 

B (Å) CsCBM6-3 CmCBM
6-2 

CsCBM6-1 BhCBM6 SdCBM6-2 CcCBM6 AoCBM35 

CtCBM6 0.91 1.46 0.72 1.12 1.52 1.17 2.11 
CsCBM6-3 - 1.41 0.76 0.98 1.54 1.09 1.88 
CmCBM6-2 - - 1.49 1.28 1.61 1.39 1.97 
CsCBM6-1 - - - 1.25 1.52 1.09 1.83 
BhCBM6 - - - - 1.49 0.78 1.92 
SdCBM6-2 - - - - - 1.56 1.79 
CcCBM6 - - - - - - 2.12 
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Figure 21: Structural overlaps of individual binding sites showing the regions of 
differentiation thought to be important in specific ligand interactions. CsCBM6-1 (blue, 
PDB code 1UY4), BhCBM6 (burnt yellow, PDB code 1W9W), SdCBM6-2 (magenta, 
PDB code 2CDP), CsCBM6-3 (red, PBD code 1NAE), CmCBM6 (cyan, PDB code 
1UYX), CtCBM6 (orange, PDB code 1UXX), CcCBM6 (grey, EFB unpublished) and 
AoCBM35 (green, ALVB unpublished). Residues are shown in licorice representation. 
Regions and labeled A-E and the conserved water residue is shown as a blue sphere. 
Image generated using PyMol. 
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Table 7: Important Residues for Sugar binding by CBM6s  
Region 
of ligand 
binding 

 
Protein 

Region 
     A              B               C              D                E          Ligand 

CtCBM6 W Y N I T xylan 
CsCBM6-1 W Y N I T xylan 

Internal 
extended 
sugar CsCBM6-3 F Y N F T xylan 
        

BhCBM6 W W N E Y -1,3-
glucan 

SdCBM6-2 W Y N Y W agarose 

Non-
reducing 
end of 
Extended 
sugars 

CmCBM6 W Y N E G cellulose 

        
CcCBM6 W F N E Y xylose Terminal 

sugars AoCBM35 W N/Y N E/H R Glucuronic 
acid 
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Conserved amino acids within Cleft A  

Regions A and B consist of structurally conserved hydrophobic amino acid side 

chains that functionally allow for hydrophobic stacking interactions with a sugar 

monomer. Region A is usually a tryptophan, the exception being CsCBM6-3 where it is a 

phenylalanine, and region B a tyrosine except for BhCBM6 where it is a tryptophan and 

CcCBM6 is a phenylalanine. AoCBM35 is a unique case because Tyr33 is flipped away 

from the binding site and instead a calcium ion is present bound by the mainchain 

hydroxyl group of Try33 and Asn32. The calcium coordinates with the uronate group and 

the C4 hydroxyl group of GlcUA. Both the presence of calcium and Asn32 were shown 

to be essential for ligand binding. In all instances region C contains a structurally 

conserved asparagine whose side chain forms a direct hydrogen bond from the same 

sugar monomer bound by region A and B and the oxygen of the glycosidic linkage. These 

three regions are also conserved in the amino acid sequences of members of family 6 

whose structures are unknown and are likely involved in all ligand interactions (Figure 

22). Also within the binding site of all CBM6 structures is a conserved water molecule 

that hydrogen bonds with the conserved Asn carbonyl group in region C and to the 

equatorial C2 or C3 hydroxyl groups of the single sugar that is sandwiched between 

Regions A & B. The exception in this case is SdCBM6-2 where due to the cyclization of 

galactose at C3 and C6 the oxygen is no longer in the correct position to form a water-

mediated hydrogen bond. In AoCBM35 the calcium is positioned in this region instead of 

a water molecule which has two additional waters coordinated with the calcium ion, 

which are displaced when bound to glucuronic acid. Although not directly in the binding 

pocket, SdCBM6-2 also requires a calcium for binding agarose which stabilizes the  
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Figure 22: Amino acid sequence alignments of family 6 CBMs (next page). Sequences 
marked with (*) represent those with known structures. The sequences without structures 
were chosen at random from the CaZY database to demonstrate the relevance of binding 
site residues in CBM6s whose structures are unknown. Regions A, B and C (see Figure 
21) are highlighted with a red arrow. Region D residues are highlighted in yellow. Region 
E residues are surrounded by a blue box. Region E residues in CBM6s with additional 
loop regions (Eloop) are circled in blue  
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amino acid side chains important for binding 137; however, so far the involvement of 

calcium in ligand binding is restricted to these three CBMs. It appears that in all cases the 

regions bound by A, B and C provide most of the driving force for ligand binding since 

most of the interactions between a single sugar molecule and the protein are made within 

this site. This was confirmed in our study of CsCBM6-1 binding subsite dissection where 

this region, termed subsite 2, was occupied by xylose, however at least two sugars were 

required to study the thermodynamic properties suggesting that the interaction of Asn in 

region C with the oxygen of the glycosidic linkage is an important driving force in the 

interaction 83. 

 

Molecular “hotspots” within cleft A 

Regions D and E appear to act as “hot spots” where specific modifications act to 

confer specificity of this family to their respective ligands. The purpose of region D 

appears to be to strategically position amino acid side chains at the end of the binding site 

to either open up the binding site to surrounding bulk solvent or blocking the end of the 

binding site (Figure 21 and Table 7). This affects whether the CBM optimally binds to 

extended internal regions within a polysaccharide or to their terminal ends. CsCBM6-1, 

CsCBM6-3 and CtCBM6 all bind to internal stretches of polysaccharide within xylan, 

having at least 4 binding subsites available for interacting with the ligand. The subsite 

within Region D is occupied by an isoleucine in CsCBM6-1 and CtCBM6 while 

CsCBM6-3 has phenylalanine (Figure 23A). By lying parallel to the binding pocket, 

isoleucine does not occlude the binding site, allowing xylan to extend out into the 

surrounding bulk solvent. CsCBM6-3 has a phenylalanine in this region which also lies 



 

 

104 
parallel with the ligand, also allowing the ligand to extend out into the surrounding bulk 

solvent. The terminal sugar binders BhCBM6, SdCBM6-2, CmCBM6, CcCBM6 and 

AoCBM35 all have amino acid side chains that occlude the binding pocket within Region 

D (Fig. 23B and C): a glutamate in BhCBM6, CmCBM6-2 and CcCBM6 and a tyrosine 

in SdCBM6-2 are all directed into the binding site. AoCBM35 shares this glutamate 

residue with BhCBM6, CmCBM6-2 and CcCBM6; however, it forms a water-mediated 

hydrogen bond with C3 of glucuronic acid. Histidine 22 directly interacts with C4 and 

also contributes to binding terminal glucuronic acid residues. 

The amino acid in Region D interacts directly with the ligand in the case of 

BhCBM6, CmCBM6, and CcCBM6 where the glutamate hydrogen bonds with the C4 

hydroxyl of the terminal sugar. In the case of CsCBM6-3 and SdCBM6-2 the phenyl and 

tyrosyl rings lie perpendicular to the sugar molecule and does not interact directly with 

the ligand. 

Region E is important for accommodating the three dimensional shape of the 

ligand, whether it interacts within a glycan chain or to terminal sugars (Figure 21 and 

Table 7). The relatively small side chain provided by a threonine residue in CtCBM6, 

CsCBM6-3 and CsCBM6-1 allows for xylan to extend out into bulk solvent on the 

opposite end of region D (Figure 21 and Fig 23A). CmCBM6-2 has glycine residues in 

this region also allowing the ligand to direct out into the bulk solvent (Fig 23A) where 

van der Waals forces contribute to ligand stability in this region. In BhCBM6, SdCBM6-2 

and CcCBM6 the protein adjusts its three-dimensional structure in order to support the 

ligand with the addition of hydrophobic side chains. BhCBM6 has an extended loop 

region and an additional Tyr residue forming a U shaped cleft to provide specificity 
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Figure 23: (A) Structural overlaps of CBM6s that bind internally to sugars CtCBM6 
(orange, PDB code 1UXX), CsCBM6-1 (blue, PDB code 1UY4) and CsCBM6-3 (red, 
PBD code 1NAE). (B) Structural overlaps of CBM6s that bind to non-reducing end of 
ligands CmCBM6 (cyan, PDB code 1UYX), BhCBM6 (burnt yellow, PDB code 1W9W),  
SdCBM6-2 (magenta, PDB code 2CDP). (C) Structural overlap of CBM6s that bind to 
terminal sugars CcCBM6 (gray-unpublished data) and AoCBM35 (green- unpublished 
data) 
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 for the coiled structure of laminarin and not linear xylan (Fig 23B). SdCBM6-2 contains 

an additional Trp residue in this region providing a second subsite for stacking with the 

galactose sugar in 3,6-anhydro--L-galactose-(1,3)- -D-galactopyranose which was 

demonstrated to be necessary for ligand binding (Fig 23B).   

The two CBM6s that bind to terminal sugars, AoCBM35 and CcCBM6, have 

bulky sidechains that block this end of the binding pocket (Figure 23C).  AoCBM35 

contains an Arg67 which forms direct hydrogen bonds with the uronate group of a 

terminal GlcUA, allowing it to accommodate this decoration at the C6 position where 

otherwise would be a hydroxymethyl group. CcCBM6 has a loop containing Y139 which 

is shifted ~6 Å up into the binding pocket and positions the Tyr so that it blocks this end 

of the binding pocket for accommodating terminal xylose residues.  

Although amino acids within regions D and E structurally align, the amino acid 

sequence alignments using ClustalW did not align the amino acids within hotspot D 

(Figure 22). However, region E did align in the amino acid sequence.  CBMs with 

additional loop regions (BhCBM6, SdCBM6-2 and CcCBM6) have a conserved glycine 

in region E. Structurally, the glycine makes room for the additional loop to extend into 

this region. The aromatic amino acids present in the loop region also align in the 

sequences (Figure 22, Eloop). Therefore region E can be used to predict how other 

unknown CBM6s structurally interact with their ligand. For example, BcCBM6 from a 

predictive mannanase (BcCBM6Aman6), and both SdCBM6-1 modules from agarases 

Aga16B and 16E contains a glycine or alanine in region E and a tyrosine or tryptophan in 

region Eloop. Therefore it is likely that these CBM6s also contain the additional loop 

region. Interestingly, based on the amino acid sequence alignments, it appears as though 
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the additional loop region is common to most CBM6s except for those that interact with 

xylan (CtCBM6, CsCBM6-1, CsCBM6-3) and in CmCBM6, the only CBM6 thus far to 

have a functional cleft B binding site.  

 

Overall Conclusion – This CBM family has specialized regions within the 

binding site that at the molecular level are able to discriminate between the many three 

dimensional structures of plant polysaccharides. The amino acids within these regions 

form an overall binding site topology that is complementary to the three-dimensional 

shape of the ligand. Looking at the fundamental molecular determinants in carbohydrate 

recognition within family 6 has implications in predicting important amino acids for 

carbohydrate binding in members whose structures are unknown and provides an 

understanding of how ligand specificity is determined by CBM binding site architecture. 

This information may also be useful as a biotechnological tool in modifying CBMs for 

optimal ligand binding. 
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Chapter 3: Molecular Determinants of -Glucan Recognition by 
Family 41 CBMs 

 

3.1 Introduction 
 

Although starch is a complex polysaccharide, it is limited in composition when 

compared to plant cell wall polysaccharides. A granule of starch is an amalgam of 

amylose (-1,4-glucose) and amylopectin (-1,4-glucose with -1,6-branch points 

approximately every 16-20 glucose units). Glycogen is very similar in structure to 

amylopectin with -1,6-branches occurring more frequently approximately every 8-12 

glucose units. Unlike plant polysaccharides which have varied structures due to the 

presence of multiple linkages and varied sugar compositions, starch and glycogen are 

mainly -1,4-linked glucose, giving rise to a double helix structure with occasional -1,6 

branches (Figure 24).  As a result, there are fewer CBM families involved in the 

recognition of starch than those that interact with plant polysaccharides. Only 9 of the 51 

families have demonstrated -glucan binding activity, with 8 of those shown to interact 

with -1,4-linked glucose (families 20, 21, 25, 26, 34, 41, 45 and 48) and some families 

are able to tolerate an -1,6-linkage (41, 48). One family, family 24, has demonstrated -

1,3-glucan binding activity from a mutanase (-1,3-glucanase). Often called starch 

binding domains (SBDs), they are associated with -glucan degrading enzymes such as  

and  amylases and glucoamylases (CBM families 20, 21, 25, 26 and 34) and 

pullulanases (CBM families 41 and 48). There are also examples of modules that  
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Figure 24: Three-dimensional structure of starch components. (A) Maltotetraose (M4) 
(alpha-1,4-linked glucose) and (B) Glucosyl-maltotriose (GM3) (maltotriose-alpha-1,6-
glucose). Graphical representation on left and structural representation on right. (M4 
PDB code 2J72) (GM3 PDB code 2J73). 
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are involved in glycogen synthesis and glycogen-binding AMP-activated protein kinases 

(CBM family 48) and in -glucan water-dikinases (CBM family 45).  

The first SBDs were initially identified in 1989 as distinct domains within larger 

starch-degrading enzymes when it was shown that amylases with little sequence 

homology to each other have similar C-terminal sequence motifs 138. In parallel to the 

initial studies on plant CBMs and their importance in the hydrolysis of cellulose, starch-

degrading enzymes lacking these C-terminal domains have unchanged activity on soluble 

glucans but have a reduced activity on granular starch 139. Now known as CBM family 

20, this is the most studied starch binding CBM family with structures for ~8 different 

modules from bacterial cyclodextrin glucanotransferases, -amylases and a eukaryotic 

glucoamylase from Aspergillus niger.   

All starch-binding CBM families studied, with the exception of family 45, have 

structural representatives, revealing similar three-dimensional protein structures and 

similar modes of starch recognition. The first solution structure of a starch-binding CBM 

in complex with ligand was the C-terminal CBM from A. niger glucoamylase in complex 

with -cyclodextrin 98. The structure revealed two binding sites: site one at the apex of 

the protein with a shortened binding pocket, and site 2 on the side of the -sandwich with 

an elongated binding pocket for recognizing longer chains of starch.  The N-terminal 

CBM34 from Thermoactinomyces vulagris -amylase also has two binding sites 

allowing for an enhanced binding affinity to granular starch 140.  With the exception of 

CBM20 and CBM34, all other starch-binding CBMs studies to date have identified single 

binding sites located on the side of the -sandwich. Some -glucan degrading enzymes 

have multiple CBMs to efficiently interact with granular starch. An elegant study on the 
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starch binding activity of the tandem C-terminal family 25 and 26 modules from Bacillus 

halodurans -amylase demonstrate an enhanced affinity in binding starch through an 

avidity effect 63. The structures of BhCBM25 and 26 revealed that they bound to 

maltooligosaccharides through a conserved mode of starch recognition to each other and 

other known starch-binding CBMs. To date all research on -glucan recognition by 

CBMs from different families illustrate a very similar mode of starch recognition despite 

sharing very little amino acid sequence identity as shown in the CaZY database 22.  

The family 41 CBMs were previously known as family X28 modules with 

unknown function and were first studied in this thesis research. They are appended to 

bacterial pullulanases from family 13 glycoside hydrolases. They are also known as 

starch debranching enzymes as they have demonstrated activity on -1,6-linkages in 

starch and pullulan. All previous research shows that many starch binding domains have 

a decreased affinity for maltooligosccharides containing -1,6-linkages 63; 140. In pullulan, 

the frequency of -1,6-linkages is much greater than that found in starch as they occur 

every three -1,4-linked glucose units. Because CBM41s are associated with 

pullulanases, the chance of these modules encountering an -1,6-linkage is much greater 

than CBMs within other -glucan degrading enzymes, such as amylases and -

glucanases. The question asked is, how do CBM41’s from pullulanases accommodate 

the frequency of -1,6-linkages found in pullulan? This research involved studying the 

starch binding activity of the family 41 CBMs from Thermotoga maritima, Streptococcus 

pneumoniae and Streptococcus pyogenes pullulanases. Our hypothesis is that they share 

similar structure and modes of starch recognition with the other families of starch 

binding modules but have a modified binding site architecture which would allow them 
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to accommodate an -1,6-linkage. To test this hypothesis, biochemical and structural 

analysis was carried out on these modules and compared with the known structures of 

other starch binding CBMs to see if the mode of starch recognition is conserved in this 

family. 

The first study on the modular structure of pullulanase PulA from T. maritima 

identified a new family of CBMs with -glucan binding function. It was shown from 

thermodynamic studies that the N-terminal CBM41 can interact with high affinity to 

maltooligosaccharides and can accommodate an -1,6-linkage. It wasn’t until the 

structure of TmCBM41 was solved in complex with maltotetraose and glucosyl--(1,6)-

maltotriose that we were able to identify how the binding site architecture accommodates 

the -1,6-linkage, distinguishing this family from other starch binding domains and 

providing a rationale for why these modules are only found in pullulanases. In 

establishing CBM41 as a new family, we identified other potential family members using 

PSI-BLAST with amino acid sequence similarity to TmCBM41. Surprisingly, our search 

yielded an abundance of CBM41 modules in pullulanases that were associated with 

pathogenic strains of bacteria, of which over half occur in duplicate (see Table 11). Our 

studies of the tandem CBM41 modules from S. pneumoniae and S. pyogenes revealed 

their contribution to virulence arose through interactions with glycogen in host lung 

tissue. Their tandem arrangement facilitates this interaction by forming a bivalent 

scaffold with two opposing binding sites optimized for interacting with opposing -

glucan chains within glycogen. This study is the first to identify glycogen as a target 

molecule in Streptococcal pathogenesis. 
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3.2 -Glucan Recognition by a New Family of Carbohydrate-Binding 
Modules Found Primarily in Bacterial Pathogens 

 

Alicia Lammerts van Bueren, Ron Finn, Juan Ausió, and Alisdair B. Boraston 

Department of Biochemistry and Microbiology, University of Victoria, Victoria, Canada 

Adapted from Biochemistry, 43 (49), 15633 -15642, 2004 

Contributions to Research: Cloning, protein production, biochemical assays (except 

sedimentation), preparation of manuscript and figures.
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3.2.1 Abstract 

TmPul13, a family 13 glycoside hydrolase from Thermotoga maritima, is a four-module 

protein having pullulanase activity; the three N-terminal modules are of unknown 

function while the large C-terminal module is likely the catalytic module. Dissection of 

the functions of the three unknown modules revealed that the 100 amino acid module at 

the extreme N-terminus of TmPul13 comprises a new family of carbohydrate-binding 

modules (CBM) that a bioinformatic analysis shows are most frequently found in 

pullulanase-like sequences from bacterial pathogens. Detailed binding studies of this 

isolated CBM, here called TmCBM41, reveals a preference for -(1,4)-linked glucans, 

but occasional -(1,6)-linked glucose residues, such as those found in pullulan, are 

tolerated. UV difference, isothermal titration calorimetry, and analytical 

ultracentrifugation binding studies suggest that maltooligosaccharides longer than four 

glucose residues are able to bind two TmCBM41 molecules per oligosaccharide when 

sugar concentrations are below the CBM concentration. This is explained in terms of an 

equilibrium expression involving the formation of both a 1 to 1 sugar to CBM complex 

and a 1 to 2 sugar to CBM complex (i.e., a CBM dimer ligated by an oligosaccharide). 

The presence of an -(1-6) linkage in the oligosaccharide appears to prevent this 

phenomenon.  
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3.2.2 Introduction 

Thermotoga maritima is a hyperthermophilic eubacteria first discovered in geothermal 

heated marine sediment 141. It has an optimal growth temperature of 80 degrees C and is 

one of the most thermophilic bacteria known. It produces a number of thermostable 

enzymes for polysaccharide depolymerization. One of these is a pullulanase, TmPul13, 

encoded by pulA, whose enzymatic activity has previously been studied 142; 143. This 

enzyme appears to be specific for the -(1,6)-glycosidic linkage in pullulan; however, it 

is not able to cleave the -(1-6) bonds in amylopectin or -(1-4) bonds in -glucans. 

TmPul13 is a relatively large enzyme (843 amino acids) and is likely comprised of a 

number of modules. It is a member of the Glycoside hydrolase family 13 which is, based 

on the number of amino acid sequence entries, one of the largest glycoside hydrolase 

families (http://afmb.cnrs-mrs.fr/CAZY/index. html). This family comprises a number of  

-glucan active enzymes, including amylases, pullulanases, cyclomaltodextrin 

transferases, dextranases, and -glucosidases, which are found in a number of biological 

locales where they are involved in the depolymerization, modification, or synthesis of -

glucans. These enzymes are usually highly modular, comprising a catalytic module along 

with accessory modules, most frequently noncatalytic carbohydrate-binding modules 

(CBM) that mediate the tight association of the enzymes with their substrates 56. 

Currently, there are 52 families of CBMs defined on the basis of sequence similarity. 

Members of eight of these families have been observed to bind to granular starch and/or 

-glucooligosaccharides; however, previous to this research, only one fungal member of 

one family has been studied in detail 144; 145.  
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In this study, we dissect the modular structure of TmPul13 by heterologous production of 

its individual modular components in Escherichia coli. We report the -glucan binding 

affinity and specificity of these modules and, on the basis of this information, propose a 

new CBM family, family 41. In addition, we dissect the kinetic and thermodynamic 

mechanism(s) of ligand recognition by this new CBM. This is the first study of a CBM 

from a bacterial pullulanase, which is made more unique by its hyperthermophilic source. 

Furthermore, examination of this new family of CBMs reveals its distribution in 

primarily pathogenic bacteria and suggests a carbohydrate-binding function for these 

modules in pathogenic microbes.  

3.2.3 Materials and Methods 

Carbohydrates and Polysaccharides. 63--D-Glucosylmaltotriose (GM3) and 63--D-

glucosylmaltotriosylmaltotriose (GM3M3) were purchased from Megazyme Ltd. (Bray, 

C. Wicklow, Ireland). Maltose (M2), maltotriose (M3), maltotetraose (M4), 

maltopentaose (M5), maltohexaose (M6), isomaltose, isomaltotriose, panose, pullulan, 

and amylopectin (starch) were from Sigma (St. Louis, MO).  

Cloning, Expression, and Purification of CBMs. The DNA fragments encoding the 

modules X28, X45, X20, X28/45/20, and TmPul13 (see Figure 1) were amplified by PCR 

from T. maritima genomic DNA (strain MS8B, ATCC 43589D) by a procedure described 

previously 68. The 5' oligonucleotide primers were 5'-

CACCGAAACCACCATCGTAGTC-3' (X28, X28/45/20, and Pul13), 5'-

CACCGACACATCTCCCAGAATC-3' (X45), and 5'-

CACCGGAGAGCTCGGAGCCGTA-3' (X20). The 3' oligonucleotide primers were 5'-
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CTTTTATGGTTTTTCGTAGAAAAA-3' (X28), 5'-

CTTTTAATCGTAATAGTAGTCGTC-3' (X45), 5'-

CTTTTATTCGTATCCTTCGATTTT-3' (X20 and X28/45/20), and 5'-

CTTTTACTCTCTGTACAGAACGTA-3' (Pul13) (the stop codon is in bold). These 

allowed for the amplification of nucleotide sequences from pulA encoding amino acids 

20-120 (X28), 121-222 (X45), 223-339 (X20), 20-339 (X28/45/20), and 20-843 (Pul13) 

of TmPul13. The 5' CACC in the 5' oligonucleotide primers was essential for inserting 

purified fragments into pET Directional TOPO Expression Kits (Invitrogen, Carlsbad, 

CA) using pET150 to give pET150-X28 and pET150-Pul13 and using pET100 to give 

pET100-X45, pET100-X20, and pET100-X28/45/20. They were transformed into E. coli 

BL21(DE3) for polypeptide production. All polypeptides comprised a His6 tag fused to 

the N-terminus by an enterokinase cleavage site. The fidelity of the cloned inserts was 

confirmed by bidirectional DNA sequencing.  

Six liters of LB medium inoculated with E. coli BL21/DE3* harboring each expression 

vector was incubated at 37 deg C in shaking flasks to an OD600nm of ~0.6. Isopropyl -D-

thiogalactopyranoside (IPTG) was added to a final concentration of 0.1 mM for pET150-

Pul13 and incubation continued for ~4 h. For pET150-X28, pET100-X28/45/20, pET100-

X45, and pET100-X20, the flasks were incubated at 37 deg C with shaking to an OD600nm 

of ~0.6, at which point the temperature was cooled to room temperature (~21 deg C) and 

incubation continued for ~16 h. The addition of IPTG was not necessary. The cells were 

harvested by centrifugation at 5000 rpm for 10 min, resuspended in 90 mL of 20 mM 

Tris, pH 8.0, containing 0.5 M NaCl, and lysed by French press. The pET150-Pul13 cells 

were resuspended in BugBuster protein extraction reagent (Novagen, Madison, WI) and 
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lysed according to manufacturer's protocols. After centrifugation at 15000 rpm for 45 

min, the supernatant was collected, and the polypeptides were purified by immobilized 

metal affinity chromatography (IMAC) with HIS-Select nickel affinity gel (Sigma, St. 

Louis, MO) according to manufacturer's protocols. Purified polypeptides were 

concentrated in a stirred ultrafiltration unit on a 5K molecular weight cutoff filter and 

dialyzed extensively against 50 mM Tris, pH 7.5, using regenerated cellulose dialysis 

tubing with a 3K MWCO. Purity was greater than 95%, as assessed by SDS-PAGE. 

Yields were typically 50 mg/L of culture or more.  

Determination of Protein Concentration. The concentration of purified proteins was 

determined by UV absorbance at 280 nm using the following calculated extinction 

coefficients 109: 34850 M-1 cm-1 for TmCBM41 (X28), 7680 M-1 cm-1 for X45, 35560 M-1 

cm-1 for X20, 76810 M-1 cm-1 for X28/45/20, and 155730 M-1 cm-1 for TmPul13.  

Affinity Electrophoresis. The binding of all polypeptides was assessed by affinity 

electrophoresis 146 in 10% native polyacrylamide gels polymerized without 

polysaccharide or in the presence of 0.5% amylopectin, pullulan, amylose, or dextran. 

Electrophoresis was performed for 2 h at room temperature with native running buffer 

(25 mM Tris-base, 0.2 M glycine) in an XCell SureLock Mini-Cell system (Invitrogen, 

Carlsbad, CA) at a constant voltage of 100.  

Macroarrays. BSA, CcCBM17, TmCBM4-2, and TmCBM41 were labeled with Alexa 

Fluor 680 succinimidyl ester (Molecular Probes, Eugene, OR) according to the 

manufacturer's recommendations. Free label removal and buffer exhange were achieved 

by gel filtration using Sephadex G-25 (Amersham Biosciences). Macroarrays were 
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prepared by spotting 1 L of a 10 or 1 mg/mL solution of polysaccharide onto a 

nitrocellulose membrane. The membranes were allowed to dry for at least 2 h. 

Membranes were then blocked for 1 h at 10 deg C with a solution of PBS containing 1% 

BSA and 0.05% Tween 20. These were probed by incubation at 10 deg C overnight with 

10 mL of blocking buffer containing ~10 mg/mL Alexa Fluor 680 labeled protein. Probed 

membranes were briefly washed twice with PBS and then laser scanned with an 

excitation wavelength of 700 nm using a LICOR Odyssey infrared scanner (LICOR, 

Lincoln, NE). Binding was visualized by the presence of fluorescence.  

Isothermal Titration Calorimetry. Isothermal titration calorimetry (ITC) was performed 

as described previously 68 using an VP-ITC (MicroCal, Northampton, MA). All 

polypeptides were dialyzed into 50 mM Tris buffer (pH 7.5). Carbohydrate solutions 

were prepared by mass using dialysate buffer saved from the protein dialysis. Protein and 

carbohydrate solutions were filtered (0.2 m) and degassed prior to use. Experiments 

were performed at 25 deg C. Titrations were performed by injecting 10 L samples of 

oligosaccharide solutions at 1-5 mM into the ITC sample cell containing 50-150 M 

TmCBM41. The concentrations of protein were chosen such they were in 5-fold or 

greater excess of the dissociation constants. Heats of dilution upon titration of buffer into 

carbohydrate or buffer into buffer were negligible. Reverse titrations were performed by 

injecting 4-10 L samples of concentrated TmCBM41 (1.385-2.22 mM) into solutions 

containing M4, M5, M6, pullulan, or amylopectin. These binding data were corrected for 

the heats of dilution determined by titrating TmCBM41 into buffer. Binding 

stoichiometries, enthalpies, and equilibrium association constants were determined by 

fitting the corrected data to the appropriate binding model (see text) with MicroCal 
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Origin 7. In the cases of pullulan and amylopectin, the carbohydrate concentrations were 

expressed as equivalents of a tetrasaccharide in all of the calculations. Using a method 

adapted from Sigurskjold et al. 144, the acceptor concentration (i.e., the concentration of 

binding sites in the polysaccharides in terms of tetrasaccharide equivalents) was a 

regressed parameter. All data show the average and standard deviation of three 

independent titrations.  

UV Difference Titrations. High-precision, automated UV difference titrations were 

performed using equipment essentially the same as that described previously 70; 111. 

Protein and carbohydrate samples were prepared identically to those for ITC, filtered, and 

degassed prior to use. All experiments were held at 25 deg C in a Peltier thermostated 

cuvette holder. Samples of carbohydrate (1 mM) were added to 2 mL of protein (~33 

M) and allowed to equilibrate for 80 s with stirring. One thousand scans (10 ms 

integration time) collected from 225 to 380 nm were averaged for each carbohydrate 

addition. The protein concentration used for each titration was calculated from the 

absorbance at 280 nm extracted from the spectrum at zero carbohydrate concentration. 

Each spectrum was corrected for dilution due to the addition of ligand, and the difference 

spectra were calculated by subtraction of the absorbance spectrum at zero carbohydrate 

concentration. Difference spectra were examined for peak and trough wavelengths and 

values at the appropriate wavelengths extracted for further analysis. The peak-to-trough 

heights at the wavelength pairs 292.72/288.82 nm, 285.06/288.82 nm, and 285.06/278.24 

nm were calculated by subtraction of the trough values from the peak values and the data 

plotted against total carbohydrate concentration. The resulting isotherms were analyzed 

with DynaFit 147 using the model equilibria as discussed in the text. Data for the three 
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wavelength pairs were fit simultaneously to improve the precision of the regressed 

parameters. The parameters determined were the Ka and molar difference absorbance 

response (A). Though the CBM concentration ([M]) was measured during the 

experiment, because the experiments were performed under pseudo-first-order conditions 

(acceptor concentration >10-fold in excess of Kd), this parameter was also allowed to 

float in the analysis to give a regressed value of [M] (called [Mfit]). Under these 

conditions, [Mfit] actually represents an experimental estimate of the concentration of 

total binding sites, rather than just the macromolecule concentration. Assuming that the 

ligand concentration is known with accuracy as it is prepared by mass from pure 

lyophilized material, the ratio [Mfit]/[M] (i.e., the experimentally determined 

concentration of total binding sites divided by the known concentration of CBM) gives an 

estimate of the number of ligand binding sites on M, i.e., the stoichiometry or n value. 

The data reported are the averages and standard deviations of four independent titrations.  

Analytical Ultracentrifugation. Sedimentation equilibrium experiments were carried out 

using a Beckman XL-I analytical ultracentrifuge using an An-60 Ti (titanium) rotor. The 

samples were loaded on six-hole charcoal-filled Epon 12 mm cells. All runs were carried 

out at 20 deg C. The scans were analyzed using XL-A UltraScan II version 6.0 

sedimentation data analysis software (Borries Demeler, Missoula, MT) using a global 

nonlinear, least squares, curve fitting 148; 149. The protein samples at different 

concentrations ranging from an OD230 of 0.3-0.8 to an OD280 of 0.3-0.8 were extensively 

dialyzed against 50 mM Tris-HCl (pH 7.5) buffer and were analyzed for equilibrium 

conditions achieved at different rotor speeds (see legend to Figure 29 for more 

details).The partial specific volume of the TmCBM41 protein (0.740 cm3·g-1) was 
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calculated from its amino acid composition according to ref 150 using the partial specific 

volumes provided in ref 151.  

3.2.4 Results and Discussion 

Modular Properties of TmPul13 and Identification of Its Carbohydrate-Binding Module. 

Pullulanase activity has been demonstrated for TmPul13, but the modular arrangement 

and the functions of the accessory modules have not been reported. On the basis of PSI-

BLAST amino acid sequence alignments 130 of the entire TmPul13 sequence, this protein 

appeared to comprise four modules (Figure 25). The three N-terminal modules have 

undetermined function and fall into the X-module families X28, X45, and X20 22. The 

large C-terminal module shows sequence homology to glycoside hydrolases from family 

13, so it is therefore highly likely that this is the catalytic module responsible for 

TmPul13's pullulanase activity. To determine if any of these accessory modules are 

CBMs, each individual module (called X28, X45, and X20, respectively), a triple module 

consisting of all the X domains (called X28/45/20), and the full-length enzyme 

(TmPul13) were cloned and produced independently in E. coli (see Figure 25). All of the 

polypeptides could be produced at high levels in the cytoplasm and purified to 

homogeneity by IMAC.  

X28, X28/45/20, and TmPul13 bound to amylopectin, pullulan, and amylose but 

not to dextran [linear -(1,6)-linked glucose] as assessed by affinity gel electrophoresis 

(AGE) binding experiments 146 (Table 8). Neither, X45 nor X20 bound to any of these 

polysaccharides. These results clearly indicated that X28 is a CBM having affinity for -

glucans with -(1,4) or mixed -(1,4)(1,6) linkages but has no affinity for -glucans of  
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Figure 25: Modular organization of TmPul13. Amino acid numbers corresponding to the 
module boundaries are shown above the schematic. The individual module constructs 
used in this study are also shown.  
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Table 8: Qualitative Assessment of Binding of TmPul13 and Its Modules to -Glucans 
Determined by Affinity Electrophoresis 

 

 

 

 

 

 

a + indicates binding  

b - indicates no binding.

Protein Amylopectin Amylose Pullulan Dextran 
TmPul13 +a + + - b 

X28/X45/X20 + + + - 
TmCBM41 
(X28) + + + - 

X45 - - - - 
X20 - - - - 
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-(1,6)-linked glucose. On the basis of amino acid sequence comparisons, X28 and its 

homologues comprise a new family of CBMs now classified as CBM family 41. Thus, 

the X28 module from TmPul13 will be referred to hereafter as TmCBM41. The functions 

of the X45 and X20 modules remain to be determined. A more complete analysis of 

TmCBM41's specificity to polysaccharides was performed by a macroarray binding assay 

(Figure 26). This confirmed binding to amylopectin and pullulan and the lack of binding 

to dextran. TmCBM41 also displayed binding to pectin galactan, wheat arabinoxylan, and 

birchwood xylan, revealing cross-specificity for other polysaccharides. However, the 

binding to these polysaccharides was sufficiently weak to be unquantifiable by ITC. 

Thus, TmCBM41 has a clear preference for -glucans. Curiously, TmCBM4-2 did not 

appear to bind to laminarin (a -(1,3)-glucan), for which TmCBM4-2 has a very high 

affinity, unfortunately suggesting that this relatively short and soluble polysaccharide was 

not effectively immobilized on the membrane.  

A Kinetic Model of Oligosaccharide Recognition by TmCBM41. The addition of 

maltooligosaccharides to TmCBM41 resulted in relatively large changes in the UV 

spectra as shown in the UV difference spectra (not shown). Large peaks at ~293, 285, and 

275 nm and troughs at ~289 and 278 nm are distinctive of the involvement of tryptophan 

side chains in binding 70; 120. The lack of the distinctive tyrosine peak at 286.5 nm 

suggested no involvement of tyrosine residues in binding; however, any tyrosine signal 

may have been masked by the large tryptophan signal. The peak-to-trough heights at 

wavelength pairs 292.72/288.82 nm, 285.06/288.82 nm, and 285.06/278.24 nm were 

dependent on the concentration of added carbohydrate and were used to quantitatively 

assess the binding interactions (Figure 27). Preliminary fitting of the binding isotherms to  
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Figure 26: Polysaccharide macroarray binding analysis of Alexa Fluor 680 labeled 
TmCBM41. (A) BSA (negative control), (B) CcCBM17 (positive control), (C) TmCBM4-
2 (positive control), and (D) TmCBM41. Proteins were fluorescently labeled, and blots 
were prepared and probed as described in Materials and Methods. Polysaccharides tested 
include (1a) 1% amylopectin, (1b) 1% pullulan, (1c) 1% glucomannan, (1d) 1% 
galactomannan, (1e) 1% pectic galactan, (1f) 1% arabinogalactan, (1g) 1% wheat 
arabinoxylan, (1h) 1% xyloglucan; (2a-2h) polysaccharides in the same order except at 
0.1%; (3a) blank, (3b) 1% dextran, (3c) 1% pachyman, (3d) 1% laminarin, (3e) 1% oat -
glucan, (3f) 1% birchwood xylan, (3g) 1% methylcellulose, (3h) 0.1% glycerol; (4a-4g) 
polysaccharides in the same order except at 0.1%, (4h) blank. Both positive controls 
displayed the expected binding specificity based on previous studies 70; 120 except that 
TmCBM4-2 did not appear to bind laminarin, suggesting that this short and soluble 
polysaccharide was not effectively immobilized on the membrane. 
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a binding model assuming 1:1 interactions (equilibrium 1 in Figure 28) yielded two 

observations. First, the affinities for maltotriose (M3) up to maltoheptaose (M7) were in 

the vicinity of 5 × 105 to 2 × 106 M-1. Second, the stoichiometry of binding appeared to 

steadily decrease from a 1:1 carbohydrate:protein ratio in the case of M3 and M4 to 

~0.5:1 for M7. Because the concentration of protein used for these experiments was 16-

70-fold in excess of the dissociation constants, the binding isotherms at total ligand 

concentrations less than the CBM concentration (~33 M) should approximate pseudo-

first-order reactions. Thus, the change in stoichiometry with ligand length was visually 

evident in the different initial slopes of the binding isotherms (Figure 3). This indicated 

that some of the interactions were not simple 1:1 interactions. The 1:2 

carbohydrate:protein stoichiometry for M7 binding is reminiscent of observations made 

for the family 27 CBM from T. maritima binding to mannohexaose 123 and a mutant of 

the family 29 CBM from Pyromyces equi binding to cellohexaose 67. In both cases the 

hexasaccharides were able to function as divalent acceptors, as in equilibrium 2 (see 

Figure 28). Such a model could explain the interaction of TmCBM41 with 

maltooligosaccharides. Another possibility is that TmCBM41 preassociates to form a 

dimer prior to binding carbohydrate, resulting in a 1:2 stoichiometry (equilibrium 3 in 

Figure 28). 
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Figure 27: Quantitative UV difference analysis of TmCBM41 binding to -
glucooligosaccharides. Panel A: Isotherms of M3 (closed triangles), M4 (open circles), 
M5 (closed circles), M6 (open squares), and M7 (closed squares) titrated into TmCBM41. 
The absorbance difference shown is the peak to trough height at 292.72 and 288.82 nm, 
respectively. Panel B: Isotherm of M7 titrated into TmCBM41. The curves show the data 
at the wavelength pairs of 292.72/288.82 nm (closed circles), 285.06/288.82 nm (open 
circles), and 285.06/278.24 nm (closed squares). Solid lines show the fits resulting from 
the application of equilibrium 2 (see Figure 28). Panels C and D show the residuals 
resulting from the fits of equilibrium 2 and equilibrium 1, respectively. 
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Figure 28: Equilibria used to model the interactions of TmCBM41 with -
glucooligosaccharides. M represents TmCBM41 and L the -glucooligosaccharide. LM 
represents the 1:1 complex of TmCBM41 and the -glucooligosaccharide while LM2 
represents the -glucooligosaccharide with two bound TmCBM41 molecules. M2 
represents a TmCBM41 dimer.  
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The fits of the data to three binding models (equilibria 1-3 in Figure 28) were evaluated 

with the program DynaFit 147 in order to discriminate between the possible binding 

mechanisms. The fits of all of the data using equilibrium 3 were extremely poor, and the 

model was immediately rejected on a statistical basis (large sum-of-squares values and 

clear systematic deviations between the model data and the experimental data; not 

shown). The data for 63--D-glucosylmaltotriose (GM3; glucose linked -(1-4) to 

maltotriose), 63--D-glucosylmaltotriosylmaltotriose (GM3M3; maltotriose linked -(1-

4) to GM3), maltose (M2), maltotriose (M3), and M4 were adequately described by the 

bimolecular model of equilibrium 1. Trial of equilibrium 2 failed to reduce the sum of the 

squares of the fits. Furthermore, P-values of fit comparisons indicated a greater than 99% 

chance that the single binding site model (equilibrium 1) was more appropriate for these 

carbohydrate ligands. The near unitary stoichiometries obtained from the fits were 

consistent with this (Table 9). In contrast, the M5-M7 isotherms were not well modeled 

by equilibrium 1. The application of equilibrium 2 greatly reduced the sum of the squares 

of the fits. The residuals of the fits to equilibrium 2 (Figure 27C) and equilibrium 1 

(Figure 27D) show random scatter for equilibrium 2 but large systematic deviations for 

equilibrium 1. Statistical comparison of equilibrium 1 vs equilibrium 2 indicated an 

insignificantly small probability (<1%) that equilibrium 1 was the more appropriate 

model. Thus, equilibrium 2 was deemed the best description of the interaction of 

TmCBM41 with M5, M6, and M7.  

Experiments performed by isothermal titration calorimetry (ITC) yielded the same 

conclusions. Titrations performed by titrating GM3, GM3M3, M2, M3, and M4 into 

TmCBM41 gave isotherms of the expected sigmoidal shape (Figure 29A). These 
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isotherms could be analyzed in a symmetrical manner. That is, when the same isotherm 

was fitted using a one-site binding model (equilibrium 1, Figure 28), the same results 

were obtained if the protein was treated as the macromolecule (M) and the carbohydrate 

as the ligand (L) and when reversing these assignments (results not shown). Furthermore, 

a reverse titration of TmCBM41 into M4 gave essentially the same results as the titration 

of M4 into protein (Table 9, Figure 29B), confirming the symmetry of the system and the 

suitability of using a single binding site model (equilibrium 1). As would be expected, 

analysis of the experiments using these ligands gave stoichiometries near unity (Table 

10). The isotherms of M5, M6, and M7 titrated into TmCBM41 were not sigmoidal 

(Figure 29C), and analyses using equilibrium 1 gave extremely poor P-values (<0.005) 

from run test analysis of the residuals, indicating strong systematic deviations between 

the data and model. The reverse titrations of TmCBM41 into M5 (Figure 29D) and M6 

were essentially sigmoidal but also did not fit a single site binding model as judged by the 

same statistical tests. Analyses that treated TmCBM41 as having a single binding site and 

the carbohydrate as having two different and independent binding sites (i.e., equilibrium  

2) gave good agreement between the model and the data. Thus, the ITC results were in 

accord with the UV difference binding studies. The binding of -cyclodextrin 

(cycloheptaamylose), however, was a more ambiguous case. -Cyclodextrin clearly 

presented two binding sites, each accommodating a single CBM. However, these binding 

sites appeared to be so similar in affinity that the individual parameters for binding these 

sites could not be resolved in these experiments. Thus, the two binding sites were treated 

as independent but, unlike with M5-M7, identical in the analysis. 
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Table 9: Parameters of TmCBM41 Binding to Maltooligosaccharides Determined by UV 
Difference Titrations at 25 C in 50 mM Tris, pH 7.5 

 
 

a Abbreviations: M2, maltose; M3, maltotriose; M4, maltotetraose; M5, maltopentaose; 
M6, maltohexaose; M7, maltoheptaose; GM3, 63--D-glucosylmaltotriose; GM3M3, 63-
-D-glucosylmaltotriosyl maltotriose.b GM3, GM3M3, and M2-M4 were fit to a one-site 
binding model (see equilibrium 1 in Figure 3.2.4); M5-M7 were fit to a binding model 
treating the carbohydrate as divalent (see equilibrium 2 in Figure 28). Notation 
corresponds to the species shown in the schemes representing the respective equilibria.c 
A = molar UV difference response using the peak-to-trough height at 292 and 289 nm.d 
Binding stoichiometry. Where no error is reported, the value was fixed as a constant 
during the nonlinear fitting. The values for M5-M7 represent the number of binding sites 
per CBM. 

 

Liganda Species 
Formedb 

Ka   
(x105 M-1) 

G 
(kcal/mole) 

Ac (x103 

units/mole/
L) 

nd 

M2 LM 0.53 (± 0.01) -6.45 (± 0.03) 1.15 (± 0.02) 1.00 

M3 LM 4.26 (± 0.20) -7.68 (± 0.03) 1.23 (± 0.03) 1.00 (± 0.02) 

M4 LM 11.18 (± 1.36) -8.25 (± 0.07) 1.24 (± 0.05) 0.92 (± 0.02) 

LM 22.72 (± 4.56) -8.40 (± 0.12) 1.25 (± 0.07) 1.02 (± 0.05) 
M5 

LM2 0.25 (± 0.13) -6.02 (± 0.33) 1.26 (± 0. 77)  

LM 22.59 (± 6.81) -8.29 (± 0.41) 1.20 (± 0.04) 1.05 (± 0.03) 
M6 

LM2 0.49 (± 0.21) -6.35 (± 0.40) 1.68 (± 0.51)  

LM 14.58 (± 12.99) -8.01 (± 0.47) 1.25 (± 0.04) 1.02 (± 0.05) 
M7 

LM2 1.22 (± 0.07) -6.73 (± 0.04) 1.64 (± 0.11)  

GM3 LM 0.27 ± (0.01) -6.04 (± 0.01) 1.25 (± 0.03) 1.00 

GM3M3 LM 1.79 (± 0.14) -7.16 (± 0.05) 1.20 (± 0.02) 0.85 (± 0.01) 
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Table 10: Parameters of TmCBM41 Binding -Glucans Determined by Isothermal 
Titration Calorimetry at 25 C in 50 mM Tris, pH 7.5 

a M2, maltose; M3, maltotriose; M4, maltotetraose; M5 maltopentaose; M6, maltohexaose; M7, 
maltoheptaose; GM3, 63--D-glucosylmaltotriose; GM3M3, 63--D-glucosylmaltotriosyl 
maltotriose; -CD, -cylodextrin; AmPec, amylopectin. Experiments performed by titrating 
protein into carbohydrate (reverse titrations) are indicated by (rev).b GM3, GM3M3, AmPec, 
pullulan, -CD and M2-M4 were fit to a one-site binding model (see Equilibrium 1 in Figure 5); 
M5-M7 were fit to a binding model treating the carbohydrate as divalent (see Equilibrium 2 in 
Figure 28). Notation corresponds to the species shown in the schemes representing the respective 
equilibria. c binding stoichiometry. The values for M5-M6 represent the number of binding sites 
per CBM.d amylopectin and pullulan are polysaccharides of unknown length. These 
stoichiometries are expressed as moles of CBM per tetraose equivalent (see Materials and 
Methods). 
 

Liganda Species 
Formedb 

Ka   
(x105 M-1) 

G 
(kcal/mole) 

H 
(kcal/mole) 

S 
(cal/mole/K) nc 

M2 LM 0.33 (± 0.00) -5.97 (± 0.01) -13.07 (± 0.03) -23.15 (± 0.07) 1.06 (± 0.01) 

M3 LM 2.76 (± 0.04) -7.20 (± 0.01) -14.80 (± 0.23) -24.75 (± 0.78) 0.94 (± 0.01) 

M4 LM 5.42 (± 0.08) -7.59 (± 0.01) -13.73 (± 0.44) -19.80 (± 1.41) 1.00 (± 0.05) 

M4 (rev) LM 7.46 (± 0.19) -7.77 (± 0.01) -13.42 (± 0.17) -18.15 (± 0.49) 0.83 (± 0.00) 

LM 15.75 (± 2.62) -8.20 (± 0.10) -14.76 (± 0.18) -21.15 (± 0.92) 1.06 (± 0.10) 
M5 

LM2 0.40 (± 0.11) -6.08 (± 0.16) -7.58 (± 0.25) -4.41 (± 1.41) 1.16 (± 0.04) 

LM 5.32 (± 0.32) -7.57 (± 0.03) -15.99 (± 0.32) -27.40 (± 0.57) 0.98 (± 0.04) 
M5 (rev) 

LM2 0.14 (± 0.01) -5.47 (± 0.01) -8.77 (± 2.59) -10.49 (± 8.92) 1.00 (± 0.23) 

LM 10.80 (± 0.73) -7.98 (± 0.06) -13.70 (± 0.05) -18.20 (± 0.26) 1.07 (± 0.05) 
M6 

LM2 0.70 (± 0.03) -6.41 (± 0.04) -11.30 (± 0.86) -15.70 (± 2.90) 1.10 (± 0.01) 

LM 20.70 (± 1.84) -8.35 (± 0.05) -14.39 (± 0.03) -19.35 (± 0.07) 0.76 (± 0.00) 
M6 (rev) 

LM2 1.04 (± 0.04) -6.63 (± 0.02) -11.61 (± 0.13) -15.95 (± 0.50) 0.77 (± 0.01) 

LM 9.24 (± 2.50) -7.87 (± 0.23) -14.00 (± 0.16) -19.60 (± 0.94) 1.15 (± 0.08) 
M7 

LM2 0.69 (± 0.18) -6.38 (± 0.22) -6.65 (± 4.33) -0.18 (± 14.50) 0.67 (± 0.22) 

GM3 LM 0.26 ± (0.01) -6.02 (± 0.01) -12.40 (± 0.20) -21.50 (± 0.71) 1.11 (±  0.04) 

GM3M3 LM 1.50 (± 0.07) -7.06 (± 0.00) -17.2 (± 0.38) -34.1 (± 1.27) 1.05 (± 0.01) 

-CD LM & LM2 4.20 (± 0.13) -7.44 (± 0.03) -12.70 (± 0.04) -16.70 (± 0.17) 1.90 (± 0.05) 

-CD (rev) LM & LM2 3.46 (± 0.00) -7.33 (± 0.00) -10.71 (± 0.05) -10.55 (± 0.21) 1.94 (± 0.05) 
AmPec 

(rev) LM 1.29 (± 0.37) -6.75 (± 0.17) -15.17 (± 1.48) -27.50 (± 4.38) 0.32d (± 0.04) 

Pullulan 
(rev) LM 1.01 (± 0.05) -6.62 (± 0.27) -16.66 (± 0.12) -32.95 (± 0.33) 0.23d (± 0.01) 
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Figure 29: Isotherms of TmCBM41 binding to -glucooligosaccharides produced by ITC. 
Panels A and B show the isotherms of TmCBM41 interacting with M4; panels C and D 
show the isotherms of TmCBM41 interacting with M5. The isotherms in panels A and C 
were produced by titrating M4 or M5, respectively, into TmCBM41. The isotherms in 
panels B and D were produced by titrating TmCBM41 into M4 or M5, respectively. The 
solid lines in the lower panes of panels A and B show the fits of a one-site binding model 
(equilibrium 1). The solid lines in the lower panes of panels C and D show the fits of a 
two-site binding model where the carbohydrate was treated as the divalent species 
(equilibrium 2). Insets in panels C and D show plots of the residuals for the model of 
equilibrium 1 (open circles) and equilibrium 2 (closed circles).  
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 The recognition of all of the oligosaccharides tested, other than M5-M7, appears to 

adhere to equilibrium 1 whereas the recognition of M5-M7 appears to go by equilibrium 

2. Should this be the case, then at subsaturating concentrations of M5-M7 there should be 

a detectable concentration of dimeric species, but at excess M5-M7 concentrations, where 

the singly ligated high-affinity species is preferred, there should be no dimeric species. 

Likewise, in the absence of ligand or with any concentration of the other oligosaccharides 

(i.e., M2-M4, GM3, and GM3M3) no dimers should be formed. Sedimentation 

equilibrium analytical ultracentrifugation analysis of TmCBM41 revealed only 

monomeric species in the absence of ligand, with a 1:2 molar ratio of M3 to protein, with 

a 5:1 molar ratio of M3 to protein, and with a 5:1 molar ratio of M6 to protein (Figure 

30). The determined molecular masses were 15670, 15780, 16310, and 16700 Da for 

these species, respectively. These values are in reasonably good agreement with the 

expected molecular mass of 15391 Da for monomeric TmCBM41, 15895 Da for 

monomeric TmCBM41 + M3, and 16382 Da for monomeric TmCBM41 + M6. In 

contrast, the experiments performed with a 1:2 molar ratio of M6 to protein yielded data 

that was inconsistent with the presence of a single monomeric molecular species. These 

data could be satisfactorily modeled using a two-component system representing a 

monomer-dimer equilibrium of a 16370 Da species (32740 Da for the dimer), suggesting 

an association constant of dimerization estimated to be (2-4) × 104 M-1, in acceptable 

agreement with the association constants estimated by UV difference and ITC for the 

formation of the maltohexaose ligated dimeric species [i.e., (~5-10) × 104 M-1; Tables 9 

and 10]. Thus, these results are entirely consistent with the proposed kinetic model of 

maltooligosaccharide binding.  
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Figure 30: Sedimentation equilibrium analysis of TmCBM41 (4.3 M) in the absence (A) 
and in the presence of either 2.15 M maltotriose (B) or 2.15 M maltohexose (C). The 
upper plots show the absorbance at 280 nm as a function of the square of the radial 
distance of the sample at any position within the cell (r) minus the square of the radial 
position at a reference point (r[ref]) (r2 - r2[ref]). The continuous lines in the upper plots 
were obtained by fitting the experimental data (circles) to a single ideal component model 
of Mr 15670 (A), to a single ideal component of Mr 16310 (B), and to a monomer-dimer 
model of monomer Mr 16370 (C). The lower plots show 2 residuals as a function of r2 - 
r0

2 for the best fit (solid line). The rotor speed of the equilibrium plots shown in this 
figure was taken at 45000 rpm at 20 degrees C. The buffer composition was 50 mM Tris-
HCl (pH 7.5). The A280 of the starting sample was approximately 0.3.  
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 On the basis of the dependence of Ka on the length of the oligosaccharides, TmCBM41 

requires four to five sugars for maximal binding. Thus, M5, M6, and M7 must comprise 

up to two, three, and four overlapping and identical binding sites, respectively. Initial 

occupation of the first of these overlapping binding sites is likely to be the high-affinity 

interaction. The second binding site must then be some fragment of the maximal four to 

five sugar binding site, most likely an overhang at a terminus of the oligosaccharide. In 

strict terms, the two binding sites on the oligosaccharides are nonidentical but dependent: 

formation of the low-affinity site first depends on occupation of the high-affinity site and 

possible rearrangement to accommodate binding of the second CBM. The discrepancy 

between the M5-M7 data obtained in both titration modes likely reflects the inability to 

account for negative cooperativity. In the reverse titration mode (i.e., protein titrated into 

sugar) the occupation of the binding sites is sequential due to the initial occupation of the 

highly favored high-affinity sites, and thus, the approach that we employed to analyze the 

reverse titration data, which assumed nonidentical but independent binding sites, still 

provides reasonable approximations. However, at low sugar to protein molar ratios when 

sugar was titrated into protein, both high-affinity and low-affinity interactions would 

occur simultaneously, resulting in possibly large negatively cooperative effects. Failure to 

account for this would cause inaccuracies in determining the binding parameters. This 

mechanism of binding maltooligosaccharides longer than M4 is the same as the 

mechanism proposed for TmCBM27 binding to mannohexaose 123. A similar mechanism 

likely also explains the ligand-mediated dimerization of a mutant of PeCBM29 67. 

However, in the case of the PeCBM29 mutant, the formation of the species with one 

CBM bound to one sugar occurs with a low affinity. Binding of the second CBM to this 
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complex occurs with a high affinity and stabilizes the doubly ligated species of two 

CBMs per sugar. Unlike the TmCBM41 scenario, this must involve positive cooperativity 

whereby binding of the first CBM creates a new binding site of greater affinity for 

another CBM, either by presentation of a sugar with an optimal binding conformation or 

by the formation of additional CBM-CBM interactions.  

The potential biological significance of these dimerization events is unclear. TmCBM41 

does not appear to dimerize upon binding to complex sugars that more accurately 

represent the biological substrate of TmPul13 (see below), leaving the potential function 

of this phenomenon ambiguous. However, manipulation of this occurrence may lead to 

applications that require tunable dimerization.  

Recognition of Complex Oligosaccharides. Pullulan is a repeating unit of -(1,6)-linked 

M3. To assess the impact of the -(1,6) linkages on the ability of TmCBM41 to bind -

glucans, we studied the interaction of TmCBM41 with GM3, GM3M3, isomaltose 

[disaccharide of -(1,6)-linked glucose], isomaltotriose [trisaccharide of -(1,6)-linked 

glucose], and panose [a trisaccharide of glucose with an -(1,6) linkage followed by an 

-(1,4) linkage]. TmCBM41 did not bind to the latter three sugars. The affinity of 

TmCBM41 for GM3 was similar to that of M2 and an order of magnitude weaker than for 

M3 and longer maltooligosaccharides (Tables 2 and 3). GM3M3 was only bound as 

tightly as M3 and comprised a single binding site, unlike similarly sized 

maltooligosaccharides. These results indicate that TmCBM41 tolerates -(1,6) linkages, 

but not particularly well, and only in the context of a sufficient number of -(1,4)-linked 

glucose residues. Given the four to five sugar footprint of TmCBM41, this CBM must 
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likely accommodate an internal -(1,6) linkage giving TmCBM41 the ability to bind to 

pullulan. However, its preference for -(1,4) linkages would target TmCBM41 to regions 

rich in this linkage, possibly leaving the -(1,6) linkages, the preferred substrate for 

TmPul13, exposed and susceptible to cleavage.  

Recognition of Polysaccharides. Pullulan and amylopectin ITC binding isotherms were 

obtained by titration of TmCBM41 into the polysaccharide (not shown). The data for both 

polysaccharides could be suitably fit using a bimolecular interaction model (equilibrium 

1 in Figure 28) where the concentration of the polysaccharide was expressed as 

equivalents of M4 (see Materials and Methods). Furthermore, Scatchard plots of the data 

were linear (not shown), further indicating a simple mode of interaction with a single 

class of binding site. The stoichiometry obtained for pullulan (Table 10) equated to one 

TmCBM41 module binding every ~17 glucose residues, supporting the idea of well-

spaced, independent binding sites. This was curiously at odds with the results obtained 

with GM3M3. One GM3M3 molecule accommodates a single CBM (Tables 9 and 10), 

suggesting that approximately every seven sugars in pullulan should constitute a binding 

site. Since the tertiary structure of pullulan in solution is not known, perhaps the 

decreased number of binding sites in pullulan is due to a conformation adopted by the 

polysaccharide that prevents binding of TmCBM41 to some of the theoretical binding 

sites on the polysaccharide. The stoichiometry for amylopectin equated to one TmCBM41 

molecule binding every ~13 glucose residues (Table 10). The association constants for 

pullulan and amylopectin were ~105 M-1 (Table 10), similar to that of M3 and GM3M3 

binding. Considering the composition of pullulan, the similarity in affinities is, perhaps, 

expected. However, amylopectin contains infrequent -(1,6) branches and, therefore, 
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contains longer stretches of linear -(1,4)-linked glucose, leading one to expect affinities 

upward of those found for M4-M7. Again, this decrease in affinity may be due to a 

conformation adopted by amylopectin in solution that is nonoptimal for TmCBM41 

binding.  

Thermodynamic Mechanism of -Glucan Binding. All binding reactions between 

TmCBM41 and -glucan substrates reported were favored by a negative change in 

enthalpy (H) (Table 10). In contrast, all changes in entropy (S) were unfavorable. This 

signature is common to protein-carbohydrate interactions, CBMs in particular. Though 

Gibb's free energy of binding (G) generally increased with oligosaccharide length, there 

was no correlation between oligosaccharide length and changes in H and S, suggesting 

different contributions to the thermodynamics from interactions at the different subsites 

in the CBM binding site.  

The interaction of TmCBM41 with GM3M3 was enthalpically more favorable than with 

other maltooligosaccharides (Table 10); however, the change in entropy for this 

interaction was comparably worse, resulting in a less favorable G. A similar observation 

can be made for the interactions with amylopectin and pullulan in comparison with 

maltooligosaccharides. This latter phenomenon, whereby soluble polysaccharides are 

bound more weakly than oligosaccharides due to entropic penalties, appears to be 

common with CBMs (see refs 66; 101; 116; 121 for examples).  

A New Family of CBMs. TmCBM41 from T. maritima pullulanase Pul13 is a CBM that 

binds tightly to -glucans. Modules with significant amino acid sequence identity are 
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found in no fewer than 34 proteins from 22 different bacterial species (Table 11). These 

modules frequently occur as repeats, almost exclusively in pullulanases. Interestingly, a 

great number of these pullulanases are from human pathogens. Recently, a membrane-

associated pullulanase (GenPept accession number CAD32942) from Streptococcus 

pyogenes strain NZ131rgg was identified as a glycoprotein-specific adhesin 152. In light 

of our study, it appears likely that the tandem N-terminal CBM41 modules of the S. 

pyogenes pullulanase are responsible for its glycoprotein binding activity. Thus, 

TmCBM41 from T. maritima Pul13 is the first well-characterized member of a new, 

relatively large, and apparently diversely functioning family of carbohydrate-binding 

modules. This family has now been classified as CBM family 41 (carbohydrate-active 

enzyme families and CBM families can be accessed through the CAZy server at 

www.cazy.org).  
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Table 11: Proteins Containing Modules Similar to TmCBM41 

Organism Protein  
GenPept 
accession 
number 

Number of 
modules 

% Identity 
with 

TmCBM41 
Thermotoga maritima pullulanase NP_229641 1 100 
Fervidobacterium 
pennivorans pullulanase type I AAD30387 1 72 

Bacillus cereus  Pullulanase NP_832487 1 49 
Bacillus anthracis pullulanase NP_845079 1 46 
Bacillus sp. alkaline amylopullulanase  BAA11332 3 30, 21, 35 
Streptomyces coelicolor  -amylase/dextrinase NP_626477 2 39, 32 
Micrococcus sp. -amylase  A60999 2 23, 24 
Bacillus halodurans alkaline amylopullulanase  NP_244564 2 33, 27 
Streptomyces avermitilis  pullulanase NP_827159 2 28, 22 
Streptococcus agalactiae  pullulanase NP_687867 1 31 
Streptococcus agalactiae  Unknown  NP_735320 1 31 
Actinoplanes sp. -amylase  CAC02970 2 31, 32 
Bacillus sp. KSM-1876 alkaline pullulanase  BAB47586 2 24, 22 

Streptomyces lividans 
1,4--D-glucan 
glucanohydrolase, -
amylase precursor  

Q05884 2 31, 40 

Streptococcus 
pneumoniae pullulanase  AAG33958 2 21, 23 

Streptococcus 
pneumoniae TIGR4 alkaline amylopullulanase NP_344806 2 21, 23 

Streptococcus 
pneumoniae R6 Alkaline amylopullulanase  NP_357841 2 21, 23 

Streptococcus pyogenes pullulanase NP_269940 2 15, 20 
Streptococcus pyogenes pullulanase  CAD32942 2 15, 20 
Streptococcus pyogenes  pullulanase  NP_665498 2 15, 20 
Streptococcus pyogenes pullulanase  NP_608014 2 15, 20 
Streptococcus agalactiae   Unknown  NP_735732 2 12, 18 
Streptococcus agalactiae  pullulanase NP_688225 2 11, 17 
Microbulbifer degradans  hypothetical protein  ZP_00065715 1 22 
Vibrio parahaemolyticus  pullulanase precursor  NP_801148 1 19 
Streptococcus mutans  pullulanase  NP_721884 1 30 
Streptococcus 
pneumoniae  Thermostable pullulanase  NP_358619 1 23 

Klebsiella pneumoniae -dextrin endo-1,6--
glucosidase P07811 1 22 

Klebsiella pneumoniae pullulanase precursor  P07206 1 19 

Vibrio vulnificus  Type II secretory pathway 
protein  NP_763140 2 22, 13 

Klebsiella aerogenes pullulanase precursor  AAA25124 1 21 
Saccharophagus 
degradans  hypothetical protein  ZP_00065687 1 16 

Klebsiella pneumoniae   pullulanase precursor  S38801 1 20 

Deinococcus radiodurans -dextran endo-1,6--
glucosidase  NP_294128 1 24 
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3.3 The Structural Basis of α-Glucan Recognition by a Family 41 
Carbohydrate-binding Module from Thermotoga maritima  
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Adapted from Journal of Molecular Biology 365 (3) 555-560 published 19 January 2007. 
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3.3.1 Abstract 

The N-terminal family 41 CBM, TmCBM41 (from pullulanase PulA secreted by 

Thermotoga maritima) that we previously found to have α-glucan binding activity was 

shown to have specificity for α-1,4-glucans but was able to tolerate the α-1,6-linkages 

found roughly every three or four glucose units in pullulan. Using X-ray crystallography, 

the structures were solved for TmCBM41 in an uncomplexed form and in complex with 

maltotetraose and 63- -D-glucosyl-maltotriose (GM3). Ligand binding was facilitated by 

stacking interactions between the α-faces of the glucose residues and two tryptophan 

side-chains in the two main subsites of the carbohydrate-binding site. Overall, this mode 

of starch binding is quite well conserved by other starch-binding modules. The structure 

in complex with GM3 revealed a third binding subsite with the flexibility to 

accommodate an α-1,4- or an α-1,6-linked glucose.  
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3.3.2 Introduction 

Carbohydrate polymers are important in many biological processes. Among their many 

functions, they can serve structural roles, such as the cellulose in plant cell walls or chitin 

in crab and insect exoskeletons, or serve as storage molecules, such as the α-glucans 

starch and glycogen. The depolymerization of these polysaccharides, and others, is 

achieved primarily by glycoside hydrolases. Due to the recalcitrance of these 

polysaccharides to enzymatic degradation, many glycoside hydrolases contain 

carbohydrate-binding modules (CBMs), which serve to concentrate the enzyme onto its 

substrate thereby facilitating its action 56. To date, there have been studies on seven CBM 

families that recognize α-glucans: CBM20 98; 145 CBM21 138; 153; 154,CBM25 and CBM26 

63, CBM34 140, CBM41 85, and CBM45 155, with structures representing five of these 

families (20, 25, 26, 34 and 41).  

Thermotoga maritima produces an 843 amino acid residue enzyme, TmPul13, that is 

active on the α-1,6-glycosidic linkages found in pullulan but has no activity on the α-1,6-

linkages in amylopectin or on pure α-1,4-glucans 142; 143. Previously, we dissected the 

modular structure of this enzyme and determined that the N-terminal 100 residues 

defined a new family of α-glucan-specific CBMs (See section 3.2 and 85. This module, 

TmCBM41, bound tightly to pure α-1,4-glucans, α-1,4-glucooligosaccharides, mixed α-

(1,4)(1,6)-glucooligosaccharides and pullulan. The ability to bind the latter ligands 

suggested an ability to tolerate the α-1,6-linkages found in pullulan. Here, we explore the 

structural basis of this by determining the high-resolution X-ray crystal structures of 

TmCBM41 in native, maltotetraose (M4) bound, and 63-α-D-glucosyl-maltotriose (GM3) 

bound forms. 
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3.3.3 Materials and Methods 
 

TmCBM41 was produced and purified as described (Section 3.2.3). TmCBM41 was 

treated for four days with recombinant enterokinase at room temperature and the cleaved 

His6 tag was removed by passing the cleavage reaction through an IMAC Ni2+-

Sepharose mini column (Novagen, Madison WI) and collecting the flow-through 

containing cleaved protein product. TmCBM41 was buffer-exchanged in to 5 mM Tris–

HCI (pH 7.5) in a 10 ml stirred ultrafiltration device using a 5 kDa cutoff membrane. 

Crystallization experiments were carried out using the vapor-diffusion, hanging-drop 

method at 18 oC. Crystals of TmCBM41 (20 mg/ml) were grown overnight in 1.6 M 

ammonium sulfate, 0.1 M Mes (pH 6.5) and 5% (v/v) isopropanol. An iodide derivative 

was obtained by growing crystals of TmCBM41 in mother liquor supplemented with 

0.1 M NaI. The native and iodide derivative crystals were in the space group H32 with 

approximately 65% (v/v) solvent. TmCBM41 was co-crystallized with an excess of 

maltotetraose and GM3 in 30% (w/v) polyethylene glycol 1500 as the mother liquor. 

These crystals were in the space group C2 with roughly 36% (v/v) solvent. Crystals were 

frozen at 113 K directly in the cryo-stream after a short soak in mother liquor 

supplemented with 15–20% (v/v) ethylene glycol. Data were collected with a Rigaku R-

Axis 4++ area detector coupled to an MM-002 X-ray generator with Osmic Blue optics 

and an Oxford Cryostream 700. Data were processed using Crystal Clear/d*trek 129.  

Structure determination and refinement: All computing was carried out with the CCP4 

suite unless stated otherwise 117. Using only the anomalous signal, ShelxD was able to 

locate the one iodide ion incorporated in the asymmetric unit by co-crystallization with 

NaI 156. Initial phasing to 3.0 Å was done by SIRAS using the program SHARP,157 and 
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yielded isomorphous phasing powers of 0.5 for centric and acentric reflections, and an 

anomalous phasing power of 0.4. The figures of merit (FOM) for centric and acentric 

reflections were 0.19 and 0.24, respectively. At this stage the electron density maps were 

uninterpretable. The high solvent content of this crystal form was exploited through 

solvent flattening and the phases were extended to 1.69 Å with the program DM,158 

which ultimately yielded an FOM of 0.67 and easily interpretable maps (Figure 31), 

despite the apparently poor phasing power of this derivative. ARP/wARP 159 was able to 

build a nearly complete model that required minimal manual correction using COOT 160. 

Refinement steps were carried out with REFMAC 115. The unliganded model was used to 

solve the complexed structures by molecular replacement using MOLREP 113. 

Carbohydrate ligands were added manually using COOT and the structures refined as 

described above. Water molecules were added using the REFMAC implementation of 

ARP/wARP and inspected visually before deposition. In all data sets, 5% of the 

observations were flagged as “free” and used to monitor refinement procedures 112. All 

final model statistics are given in Table 12.  

3.3.4: Results and Discussion 
 

Structure and α-glucooligosaccharide recognition: TmCBM41 exhibits a β-sandwich 

fold with four β-strands overlapping three β-strands in an immunoglobulin-like topology. 

Face 1 is comprised of β strands 1, 3, 4 and 7, while face 2 is comprised of β strands 2, 5 

and 6 (Figure 31). W27, W29 and W73 are solvent-exposed and comprise the binding site 

of this molecule (Figure 31; see below).  
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Table 12: Data collection and model statistics for TmCBM41 

 Native Iodine 
Derrivative 

Maltotetraose 
(M4) 

Glucosyl-
maltotriose 
(GM3) 

Data collection     
Space group H32 H32 C2 C2 
Cell dimensions     
    a, b, c (Å) 112.5, 112.5, 

83.7 
113.9, 113.9, 
81.8 

106.4, 37.2, 
57.2 

106.5, 37.0, 54.9 

 ()  90, 90 , 90 90, 90, 90 90, 112.4, 90 90, 112.0, 90 
Resolution (Å) 19.81–1.69 

(1.75–1.69)* 
19.81–2.95 
(3.06–2.95) 

19.81–1.49 
(1.54–1.49) 

19.80–1.40 
(1.45–1.40) 

Rmerge 0.036 (0.384) 0.086 (0.385) 0.060 (0.402) 0.044 (0.257) 
I / I 14.6 (2.8) 10.7 (2.5) 11.9 (2.8) 17.8 (2.8) 
Completeness (%) 99.4 (100.0) 100.0 (100.0) 97.5 (94.5) 91.2 (68.4) 
Redundancy 6.84 (5.52) 8.64 (8.76) 3.97 (3.37) 3.65 (2.74) 
     
Refinement     
Rwork / Rfree 0.203/0.240  0.163/0.230 0.155/0.207 
No. residues     
    Protein 101  203 203 
    Ligand/ion atoms N/A  90  79  
    Water 135  375 338 
B-factors     
    Protein 39.8  17.6/20.1 17.2/16.9 
    Ligand/ion N/A  26.8 23.0 
    Water 53.5  33.7 30.3 
R.m.s deviations     
    Bond lengths (Å) 0.021  0.020 0.021 
    Bond angles () 1.883  1.938 2.030 
*Highest resolution shell is shown in parenthesis.  
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Figure 31: Structure of TmCBM41. (a) The experimental electron density map (contoured 
at 1σ = 0.24 e−/Å3) produced by iodide SIRAS phasing contoured around the refined 
model of TmCBM41. (b) The overall fold of TmCBM41 showing tryptophan side-chains 
involved in ligand binding in stick representation. 
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Crystals of TmCBM41 in complex with M4 and GM3 yielded excellent data and clear 

electron density for ligand bound to each of the two TmCBM41 molecules in the 

asymmetric unit, allowing unambiguous modeling of all of the residues in these 

carbohydrates (Figure 32). The central glucose residues of M4, GLC2 and GLC3 make 

the majority of the interactions with the protein, most noticeably through what is often 

referred to as stacking interactions between the α-faces of adjacent pyranose rings and the 

indole rings of W29 and W73. GLC1 makes one potential direct hydrogen bond with 

TmCBM41, GLC2 makes four, and GLC3 makes three (Figure 32) for a total 

complement of eight direct hydrogen bonds. W27 contributes a single water-mediated 

hydrogen bond to the O6 of GLC3. GLC4 makes no apparent interaction and is likely 

visible in the structure only due to interactions with symmetry-related molecules. 

The structure of TmCBM41 in complex with GM3 revealed how this might tolerate the α-

1,6-linkages found in pullulan. The directionality of GM3 in the binding site is 

maintained with M4. However, last three glucose residues of GM3 occupied the same 

subsites as the first three glucose residues of M4 (Figure 32). The non-reducing end α-

1,6-linked glucose of GM3 occupied a new subsite. The protein–carbohydrate 

interactions at the subsites that are conserved with M4 were expected to be identical. 

Surprisingly, the side-chain of E37, which was well ordered in the M4 complex, was 

disordered in the GM3 complex and could not be modeled. The potential hydrogen bond 

contributed by this side-chain is thus lost in the GM3 complex, though we cannot explain 

why this is the case. GLC2 of GM3 is slightly displaced relative to the structurally 

analogous GLC1 of M4 due to the necessity of accommodating the terminal α-1,6-linked 

GLC1 of GM3. As a result, the side-chain of S35 no longer hydrogen bonds with the O6 
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Figure 32: TmCBM41 in complex with (a) M4 and (b) GM3 showing the binding site 
tryptophan residues in stick representation. Maximum-likelihood115 /σA

119 weighted 2Fo–
Fc electron density maps contoured at 1σ (0.38 e−/Å3 and 0.43 e−/Å3 for M4 and GM3, 
respectively) are shown surrounding each ligand. The protein backbone is shown as Cα 
traces. Corresponding binding site architecture with hydrogen bonding patterns are 
shown for (c) M4 and (d) GM3. 
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of GLC2 in GM3 (i.e. GLC1 of M4). However, in the GM3 complex, the side-chain of 

S35 swings to make a putative hydrogen bond with O3 of the terminal α-1,6-linked 

GLC1 of GM3. Thus, relative to the M4 complex, two direct hydrogen bonds are lost in 

the GM3 interaction but one new hydrogen bond and two water-mediated hydrogen 

bonds are added, with the other interactions being conserved (Figure 32).  

In total, both M4 and GM3 make eight and seven direct hydrogen bond contacts, 

respectively, with TmCBM41 at three binding subsites. With M4, the calculated polar 

surface area of the protein buried upon ligand binding is 282.7 Å2; similarly, 293.3 Å2 of 

polar surface area is buried by GM3. Therefore, the hydrogen bond densities exhibited by 

these two ligands are very similar, with 2.8 and 2.7 hydrogen bonds per 100 Å2 for M4 

and GM3, respectively. By definition, type B CBMs have approximately 2.1 hydrogen 

bonds per 100 Å2, while lectins have 3.4 hydrogen bonds per 100 Å2 56. The classification 

of TmCBM41 as either a type B or type C CBM is uncertain, as its ability to bind longer 

oligosaccharides with increasing affinities and four binding subsites would classify this 

CBM as type B; however, the hydrogen bond density observed in binding the ligand 

correlates with a lectin-like CBM (type C). Thus, as noted for other α-glucan-binding 

CBMs,7 TmCBM41 has properties that are intermediate between type B and C CBMs.  

Implications in polysaccharide recognition: TmCBM41 clearly accommodates an α-1,6-

linked glucose on the non-reducing end of the maltotriose recognition sequence, and even 

makes specific contacts with this residue. The additional α-1,4-linked glucose units at the 

reducing end in the polysaccharide would extend into the solvent. Likewise, the α-1,6-

linked glucose at the reducing end of the maltotriose would introduce a kink in the 
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polysaccharide that would extend the polysaccharide into the solvent. Thus, the 

recognition determinant in pullulan would appear to be the GM3 unit. Curiously, the 

oligosaccharide GM3 is bound tenfold less tightly than M3, while GM3M3 and pullulan, 

both multimers of GM3, are bound with affinities similar to that of M3.9 On the basis of 

this observation, it would appear that a terminal α-1,6-linkage is a strong detriment to 

binding but internal α-1,6-linkages are better tolerated. Precisely why this is so is unclear.  

Comparison with other starch-binding CBMs: The X-ray crystal structure of the CBM41, 

KpCBM41, from the Klebsiella pneumoniae pullulanase was solved recently in the 

context of the entire enzyme 161. This CBM shares~ 22% sequence identity with 

TmCBM41, and has an RMSD of~ 1.9 Å, indicating that these CBMs are quite distantly 

related CBM family members. The architectures of the α-glucan-binding sites are 

structurally well conserved (Figure 33(a)). Two of the binding site aromatic residues are 

conserved at both the sequence and structure levels, while the third is only structurally 

conserved (Figure 33(a) and (b)). Many of the predicted hydrogen bonding residues are 

also conserved (Figure 33(a) and (b)). TmCBM41 has 6–10% sequence identity and 

RMSDs of 2.0–2.8 Å with CBMs from families 20, 25, 26, and 34, revealing the 

structural similarity with these α-glucan-binding proteins. We reported previously that the 

starch-binding CBMs from these families showed a conserved mode of α-glucan 

recognition 63. The -glucan-binding sites of TmCBM41 and KpCBM41 share the same 

general location and architecture as the starch-binding members of families 20, 25, and 

26 (Figure 33(c)). However, relative to the CBMs in these families, the binding sites of 

TmCBM41 and KpCBM41 are shifted towards the loop that separates β-strands 2 and 3 

(Figure 33(c)). In TmCBM41, this allows interactions between the α-1,6-linked glucose 
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Figure 33: A comparison of TmCBM41 with other α-glucan-binding modules. (a) 
Overlap of the binding sites of TmCBM41 (green) with KpCBM41 (tan; PDB code 
2FHF)161 showing binding site aromatic side-chains, hydrogen bonding residues, and 
ligands in stick representation. (b) Amino acid sequence alignment of TmCBM41 with 
KpCBM41 showing the secondary structures above and below, respectively. Residues 
involved in binding are indicated above and below the sequences with red and blue 
triangles for TmCBM41 and KpCBM41, respectively. (c) Overlap of the binding sites of 
TmCBM41 (green) with the Bacillus halodurans CBM25 (yellow; PDB code 2C3W)63 
showing binding site aromatic side-chains, hydrogen bonding residues and bound ligands 
in stick representation. In (a) and (c), the protein backbone is shown as Cα traces and the 
β2 strand is labelled for reference; (b) was prepared with ESPRIPT 162. 
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and residues in this loop (Figure 33(a) and (c)). This may be an adaptation of CBMs 

found in pullulanases. Indeed, CBMs from families 20, 25, and 26 are found mainly in 

predicted α-1,4-glucan-specific enzymes, while family 41 CBMs are found mainly in 

predicted pullulanases. 
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3.4.1 Abstract 

The ability of pathogenic bacteria to recognize host glycans is often essential to their 

virulence. Here we report structure-function studies of previously uncharacterized 

glycogen-binding modules in the surface-anchored pullulanases from Streptococcus 

pneumoniae (SpuA) and Streptococcus pyogenes (PulA). Multivalent binding to glycogen 

leads to a strong interaction with alveolar type II cells in mouse lung tissue. X-ray crystal 

structures of the binding modules reveal a novel fusion of tandem modules into single, 

bivalent functional domains. In addition to indicating a structural basis for multivalent 

attachment, the structure of the SpuA modules in complex with carbohydrate provides 

insight into the molecular basis for glycogen specificity. This report provides the first 

evidence that intracellular lung glycogen may be a novel target of pathogenic streptococci 

and thus provides a rationale for the identification of the streptococcal -glucan–

metabolizing machinery as virulence factors. 
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3.4.2 Introduction 

Glycoside hydrolases are increasingly being found as virulence factors in bacterial 

pathogens. For example, sialidase, a glycoside hydrolase that cleaves the bonds between 

sialic acid residues, has long been known to act as a virulence factor in S. pneumoniae 

through its ability to unmask receptors and a more recently implicated role in biofilming 

163; 164. Recent signature-tagged mutagenesis studies performed with S. pneumoniae have 

indicated that a large number of known or putative glycoside hydrolases are necessary for 

full virulence in a mouse-lung model of S. pneumoniae infection53. An underappreciated 

feature of these and many other glycoside hydrolases is their modularity. Many glycoside 

hydrolases have, in addition to a domain harboring the catalytic activity, one or more 

accessory modules. For example, the S. pneumoniae sialidase has a 200-residue N-

terminal region with strong amino acid sequence identity to a family of sialic acid–

binding modules classified as family 40 carbohydrate-binding modules (CBMs). Indeed, 

the type of accessory module most commonly found in glycoside hydrolases is the CBM. 

CBMs are currently classified into 52 families on the basis of amino acid sequence (see 

www.cazy.org). The primary function of these accessory modules seems to be targeting 

an enzyme to a particular substrate 56. Thus, for example, sialidases may have sialic acid–

specific CBMs. Family 41 in the CBM classification is a relatively recently classified 

family of CBMs whose only functionally characterized member is an -glucan–specific 

CBM from an enzyme of the marine bacterium Thermotoga maritima 85. This particular 

family is remarkable for its relatively high proportion of entries originating from bacterial 

pathogens, notably the streptococci S. pneumoniae and S. pyogenes, which are the 

bacteria relevant to this work. 
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A number of streptococci are found as human commensals that colonize a variety of 

environments in the body. Too often, these bacteria slip out of a passive role and into one 

of accomplished pathogenicity. One such streptococcus, S. pneumoniae, kills more 

people in the USA each year than all other vaccine-preventable diseases combined. 

Infection can result in acute respiratory disease (pneumonia), meningitis, septicaemia and 

otitis media165. A second notable streptococcus, S. pyogenes (group A streptococcus or 

GAS), is the causative agent of diseases such as pharyngitis (strep throat), scarlet fever 

(rash), impetigo (infection of the superficial layers of the skin) and cellulitis (infection of 

the deep layers of the skin). More invasive infections can result in necrotizing fasciitis, 

myositis and streptococcal toxic shock syndrome 166. Frequently associated with 'flesh-

eating disease', S. pyogenes is also an infrequent but particularly serious cause of 

community-acquired pneumoniae 167; 168. Both S. pneumoniae and S. pyogenes are ever-

present menaces to human health that are made that much more dangerous by the 

increasing prevalence of antibiotic resistance 165; 166. 

As human commensals with no known environmental niches, S. pneumoniae and S. 

pyogenes must contribute a substantial portion of their genome toward maintaining the 

host-bacterium relationship. Therefore, it is somewhat surprising that both organisms host 

a battery of genes that constitute the machinery required for the metabolism of highly 

polymerized -glucans, such as starch and glycogen, which are most likely to be found in 

environmental niches. Indeed, S. pneumoniae signature-tagged mutagenesis studies have 

implicated a number of -glucan–active enzymes as virulence factors 53. Likewise, the 

machinery involved in the transport of -glucooligosaccharides has more recently been 

shown to be a virulence factor in S. pyogenes 169. Key extracellular components in the -
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glucan–metabolizing machinery of both of these bacteria are the closely related S. 

pneumoniae SpuA and S. pyogenes PulA proteins. Both enzymes are anchored to the cell 

wall at their C termini and both can hydrolyze the -glucan pullulan (comprising -(1,4)-

glucotriose joined by -(1,6) linkages) and are thus classified as pullulanases 152; 170. 

SpuA has been shown, through signature-tagged mutagenesis studies, to be necessary for 

full virulence in a mouse-lung model of S. pneumoniae infection 53, and PulA has been 

suggested to have glycoprotein-binding activity and may contribute to virulence through 

this strepadhesin activity 152; 171. SpuA and PulA share nearly identical multimodular 

architectures comprising tandem putative family 41 CBMs separated from a family 13 

glycoside hydrolase catalytic module by a region of unknown function (Fig. 34). 

The importance of these -glucan–specific enzymes to the virulence of streptococci 

currently lacks an adequate explanation. We approached this problem by dissecting the 

modular structures of SpuA and PulA and focusing structure-function studies on the 

putative N-terminal CBMs. The results reveal that these modules are -glucan–binding 

modules that bind through a tight multivalent interaction with starch and glycogen. The 

X-ray crystal structures of the modules show the structural basis of their binding 

specificity, and fluorescence-microscopy experiments demonstrate that they have notable 

specificity for surfactant-producing alveolar type II pneumocytes. Thus, the N-terminal 

modules of SpuA and PulA represent a previously uncharacterized kind of bacterial 

carbohydrate-binding protein that targets glycogen in the lung and possibly in other 

tissues. Furthermore, on the basis of the carbohydrate-specific binding and catalytic 

function of the streptococcal pullulanases, we hypothesize a role for these proteins, as 
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well as other -glucan–specific enzymes from S. pneumoniae and S. pyogenes, in 

respiratory infections. 

3.4.3: Materials and Methods 

Carbohydrates: All carbohydrates and glycoproteins were purchased from Sigma. 

Cloning: The gene fragment encoding the tandem CBM41 modules and the X-module of 

SpuA was amplified by PCR using S. pneumoniae TIGR4 genomic DNA (American 

Type Culture Collection BAA-334D) as a template. Similarly, the gene fragment 

encoding the tandem CBM41 modules and the X-module of PulA was amplified from S. 

pyogenes genomic DNA (American Type Culture Collection 12344D). The amplified 

DNA fragments were cloned into pET 28a via engineered NheI and XhoI restriction sites 

to yield the plasmids pSpnDX and pSpyDX. Amino acid substitutions were introduced 

into SpyDX by site-directed mutagenesis using a 'megaprimer' PCR method 172 with 

wild-type pSpyDX plasmid DNA as a template. The DNA sequence fidelity of all 

constructs was verified by bidirectional sequencing. These constructs encode the 

respective wild-type and mutant CBM tandem modules separated from N-terminal His6 

tags by thrombin protease cleavage sites. 

Protein production and purification: Appropriate plasmids were transformed into 

chemically competent E. coli BL21 STAR (DE3) cells (Novagen). Cultures were grown 

up in LB medium supplemented with 50 g ml-1 kanamycin at 37 °C to an absorbance at 

600 nm (A600) of 0.6. IPTG was then added to a concentration of 1 mM and growth 

allowed to continue at 37 °C for an additional 4 h. Cells were harvested by centrifugation 

and resuspended in 40 ml of 20 mM Tris (pH 8.0) and 0.5 M NaCl (buffer A) 
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supplemented with protease inhibitor cocktail (Roche) and ruptured using a French 

pressure cell. Cell debris was removed by centrifugation and the target polypeptides 

present in the clarified supernatants purified by Ni2+ immobilized metal affinity 

chromatography as described previously 68. Purity of the fractions was assessed using 

SDS-PAGE, and those fractions with pure protein were pooled and concentrated in a 

stirred ultrafiltration device with a 5,000-Da MWCO membrane under pressurized 

nitrogen. The protein was then dialyzed into 20 mM Tris (pH 8.0) and 0.5 M NaCl. 

Protein prepared for crystallization was further purified by size-exclusion 

chromatography using a Sephacryl S-200 column equilibrated in 20 mM Tris (pH 8). 

Selenomethionine (SeMet)-labeled SpyDX was produced using procedures described 173 

and purified as above with 1 mM DTT included in all buffers. 

Protein concentration was determined from A280 using calculated molar extinction 

coefficients for wild-type (SpyDX = 0.05718 cm-1 M-1, SpnDX = 0.06287 cm-1 M-1) 

and mutant proteins (SpyDX1 = 0.04882 cm-1 M-1, SpyDX2 = 0.05432 cm-1 M-1, 

SpyDX12 = 0.04332 cm-1 M-1) 109. 

Affinity electrophoresis and carbohydrate macroarray: Affinity electrophoresis was 

performed as described 146 using 10% (w/v) polyacrylamide gels polymerized with and 

without the inclusion of 0.5% (w/v) polysaccharide (amylose, amylopectin, pullulan, 

dextran and type IV glycogen from bovine liver). A 20-g sample of each protein was 

loaded on to a gel and samples were run at 100 V for 150 min in an Invitrogen Mini Cell 

Sure lock system. Gels were stained with Coomassie blue R250 in 25% (v/v) methanol 

and 10% (v/v) acetic acid and destained with 25% (v/v) methanol and 10% (v/v) acetic 
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acid. Binding to polysaccharide was visualized as reduced mobility of the protein on 

these gels relative to the nondenaturing gel lacking polysaccharide. 

Carbohydrate-glycoprotein macroarrays were prepared by spotting 1 l of 1% (w/v) 

carbohydrate or glycoprotein solutions onto a nitrocellulose membrane. The membranes 

were then blocked for 1 h at 10 °C in 20 mM Tris (pH 8.0) containing 0.5 M NaCl and 

1% (w/v) BSA (blocking buffer). To individual membranes, 200 g of each protein, 

containing an N-terminal His6 tag, was added in a 5-ml solution of blocking buffer. The 

membranes were incubated with shaking for 1 h at 10 °C. The membranes were then 

washed with 3 x5 ml of blocking buffer and put into a fresh 5 ml of blocking buffer, to 

which 10 l of 0.5 mg ml-1 AlexaFluor 680–labeled streptavidin, previously complexed 

with biotin-NTA Ni2+, was added (see below). The membranes were incubated for 30 

min at 10 °C to ensure complete binding of the streptavidin/biotin–nitrilotriacetic acid 

(NTA) label with the His tags of each protein. Membranes were then washed three times 

with 5 ml of 20 mM Tris (pH 8.0) and 0.5 M NaCl with 0.5% (v/v) Tween-20 to remove 

any unbound label. Binding was visualized on a LICOR Odyssey system (LICOR 

Biosciences) at 700 nm. 

The biotin-NTA–streptavidin complex was made by adding 1 mg of AlexaFluor 680–

labeled streptavidin (Molecular Probes–Invitrogen) and 1.5 mg of biotin-NTA (Molecular 

Probes) to 1 ml of 5 mM Tris (pH 8.0) plus 50 l of a 10 mg ml-1 solution of NiSO4 (500 

g). The solution was then incubated in the dark for 10 min at room temperature. Free 

nickel and biotin-NTA were separated from the mixture by size-exclusion 
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chromatography using Sephadex G-25 (GE Healthcare) pre-equilibrated with 5 mM Tris 

(pH 8.0). The collected fractions were pooled and stored at -20 °C in a dark box. 

Quantitative binding studies: Adsorption isotherms using granular corn starch were 

performed and analyzed using methods identical to those described 63. ITC was 

performed as described 68 using a VP-ITC (MicroCal) in 20 mM Tris (pH 8.0) and 0.5 M 

NaCl at 25 °C. Carbohydrate solutions were prepared by dissolving a known mass of 

lyophilized carbohydrate in the buffer saved from concentrating down protein in a stirred 

ultrafiltration device with a 5,000 MWCO membrane. A solution of 2 mM SpnDX or 

SpyDX was titrated into type IV glycogen from bovine liver (0.84 mg ml-1). Using a 

well-established method 85; 144, the concentration of receptor (glycogen) was left as a 

floating parameter during the fitting to a one-site binding model using the concentration 

of glycogen converted to molar equivalents of glucose. Thus, the final stoichiometry is 

expressed as number of glucose units per binding site. For oligosaccharides, 13.5 mM 

maltotetraose was titrated into ~400 M SpyDX or SpnDX. The concentrations of protein 

for all titrations were chosen so that they were in five-fold or greater excess of the 

dissociation constants. All data described are the average and standard deviation of three 

independent titrations, except for SpyDX with maltotetraose, where the values and errors 

are reported from a single titration. 

Crystallization of SpnDX and SpyDX: SpyDX (50 mg) was treated overnight with 

restriction-grade thrombin (Novagen) to remove the His tag. SeMet-labeled SpyDX 

required 3 days of thrombin treatment because of the presence of DTT. The cleavage 

reactions were cleaned up by size-exclusion chromatography using a Sephacryl-S200 

column. Crystals of both native and SeMet-containing SpyDX were obtained at 20 mg 
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ml-1 in 11% (w/v) PEG 20,000, 0.1 M Tris (pH 7.0), 7.5% (v/v) ethylene glycol and 0.2 

M NaH2PO4 by the vapor-diffusion hanging drop method. SpnDX was treated in the same 

manner as SpyDX to remove the His tag and then incubated at room temperature for 2 

weeks to promote the formation of a stable 28-kDa degradation product. This stable 

product was isolated by size-exclusion chromatography as above. Fractions containing 

protein with a single band at 28 kDa were pooled and concentrated to 17 mg ml-1. This 

28-kDa fragment was cocrystallized with an excess of maltotetraose at 17 mg ml-1 in a 

solution of 18% (w/v) PEG 4,000, 0.2 M zinc acetate and 0.1 M sodium cacodylate (pH 

6.4). Crystals were flash-frozen in liquid nitrogen in mother liquor supplemented with 

20%–25% (v/v) ethylene glycol. 

Data collection, structure determination and refinement: Diffraction data for SeMet-

labeled SpyDX were collected at the National Synchrotron Light Source on beamline X8-

C. Diffraction data for the SpnDX–maltotetraose complex were collected with a Rigaku 

R-AXIS 4++ area detector coupled to a MM-002 X-ray generator with Osmic 'blue' 

optics and an Oxford Cryostream 700. All data were processed using Crystal Clear/d*trek 

129. Data collection and processing statistics are given in Table 13. 

The structure of SpyDX was solved by the SAD method using crystals of SeMet-labeled 

protein and data collected at the selenium edge (0.9797 Å, f' = -7.83, f'' = 5.56), which 

was determined by a fluorescence scan. Six selenium sites (ten were expected, five per 

monomer in the asymmetric unit) were found by ShelxD 156, using data extending to 3.0 

Å that was prepared for input into this program by ShelxC. Refinement of heavy atom 

parameters and initial phasing with SHARP 157 yielded an overall anomalous phasing 

power of 1.2 and figures of merit of 0.4 and 0.2 for acentric and centric reflections, 
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Table 13: Data collection and refinement statistics for SpyDX and SpnDX 

 
 SpyDX SeMet SpnDX 

maltotetraose 
Data collection   
Space group P21 P21212 
Cell dimensions   
    a, b, c (Å) 37.62, 71.49, 101.04 50.56, 89.12, 60.00 
 ()  90.0, 90.02, 90.0 90.00, 90.00, 90.00 
Resolution (Å) 37.62-1.60 (1.66-

1.60) * 
19.51-2.10 (2.17-
2.10) 

Rmerge 0.087 (0.478) 0.072 (0.367) 
I / I 9.2 (3.1) 10.3 (3.1) 
Completeness (%) 96.8 (95.1) 96.9 (99.1) 
Redundancy 5.09 (5.14) 4.40 (4.31) 
   
Refinement   
Resolution (Å) 1.60 2.10 
No. reflections 348383  

(68393 unique) 
69812 
(15873 unique) 

Rwork / Rfree 0.179/0.216 0.221/0.304 
No. atoms   
    Protein 1819 (A) 

1779 (B) 
1801 

    Ligand/ion N/A 79/3 
    Water 497 189 
B-factors   
    Protein 20.830 (A) 

18.917 (B) 
41.877 

    Ligand/ion N/A 57.548/80.613 
    Water 29.450 56.646 
R.m.s deviations   
    Bond lengths (Å) 0.021 0.011 
    Bond angles () 1.707 1.554 
*Highest resolution shell is shown in parenthesis.  
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respectively, over the full 1.6-Å resolution range. Density improvement by solvent 

flattening with DM 158 yielded a final figure of merit of 0.85 and electron density maps 

of sufficient quality to allow nearly complete automatic building of the model with 

ARP/wARP 159. The initial model was corrected and completed manually by successive 

rounds of building using COOT 160 and refinement with REFMAC 115. The coordinates of 

SpyDX were used to solve the structure of SpnDX by molecular replacement using 

MOLREP 113 to find the single molecule of SpnDX in the asymmetric unit. The initial 

model of SpnDX was manually corrected and refined as above. Water molecules were 

added using the REFMAC implementation of ARP/wARP and inspected visually before 

deposition. In both data sets, 5% of the observations were flagged as 'free' 112 and used to 

monitor refinement procedures. All final model statistics are given in Table 13. (SpyDX 

Ramachandran plot statistics: 86.3% residues in most favored region, 12.1% residues in 

additional allowed regions, 1.1% residues in generously allowed regions, 0.5% in 

disallowed regions. SpnDX: 77.5% residues in most favored region, 16.8% residues in 

additional allowed regions, 2.1% residues in generously allowed regions, 3.7% in 

disallowed regions.) Structure images were prepared with PyMOL 

(http://pymol.sourceforge.net/). 

Indirect immunofluorescence: Proteins were labeled with FITC as per the manufacturer's 

protocol (Invitrogen). Free label was separated from the labeled protein by gel-filtration 

using Sephadex G-75. Freshly dissected, normal mouse lungs were infiltrated at room 

temperature with optimal–cutting temperature compound and frozen at -80.0 °C. Cryostat 

sections (10–15 m) were collected on gelatin-coated glass slides. Some sections were 

post-fixed with 4% (v/v) paraformaldehyde in PBS (5 min) followed by 100% (v/v) 
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methanol (1 min), whereas other sections were not fixed. The sections were rinsed and 

blocked in 5% (v/v) lamb serum in PBS Tween-20 for 45 min at room temperature. 

Fluorescently labeled carbohydrate-affinity proteins were diluted to 200–250 pg l-1 in 

5% (v/v) lamb serum in PBS and applied directly to sections for overnight incubation (4 

°C). For double labeling experiments, primary antibody (anti–proSurfactant protein C, 

Chemicon) was diluted in 5% (v/v) lamb serum in PBS (1:1,000) and applied to sections 

overnight. Sections were rinsed three times in PBS and the secondary antibody Alexa 568 

conjugated goat anti-mouse IgG (Molecular Probes) diluted as 1:800 or 1:1,500 in 5% 

(v/v) lamb serum. PBS was applied to each section. After incubation (2 h), sections were 

rinsed with PBS. In some preparations, section was counter-stained with Hoechst 33342 

(Molecular Probes). Sections were mounted with coverslips and examined with a Leica 

DM-6000 and images captured with a Hamamatsu Orca wide-field camera controlled 

with Openlab software (v. 4.04 from Improvison). Single optical sections were imaged 

using a Nikon C1 plus confocal laser scanning microscope. Contrast and brightness were 

adjusted and images cropped and assembled using Adobe Photoshop. 

3.4.4: Results and Discussion 
-glucan binding modules in streptococcal enzymes: The large, surface-anchored 

pullulanases of S. pneumoniae and S. pyogenes have repeated ~100-residue sequences at 

their N termini (Fig. 34a). Each of the repeated modules bears ~44% amino acid 

sequence identity to the others and ~20% identity to T. maritima CBM41, a family 41 

CBM that binds tightly to -glucans comprising primarily -(1,4) linkages 85and is found 

in a secreted T. maritima pullulanase 142 (Fig. 34b). The S. pneumoniae and S. pyogenes 
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Figure 34: (A) Modular arrangement of streptococcal pullulanases PulA and SpuA. Each 
enzyme has an N-terminal leader signal peptide (SP) followed by two family 41 CBMs. 
An X-module with unknown function separates the tandem CBM41s (1 and 2) from the 
C-terminal catalytic module, a family 13 glycoside hydrolase (GH13). An LPxTG motif 
(where x is any amino acid) is present, indicating that the enzyme is anchored to the cell 
wall at the C terminus. Amplified SpyDX and SpnDX gene fragments for our study are 
indicated. (B) Amino acid sequence alignments of the individual CBM41s from SpyDX 
and SpnDX with CBM41 from T. maritima pullulanase PulA (TmCBM41), and K. 
pneumoniae pullulanases (KpCBM41). Red letters, conserved residues; red highlight, 
identical residues; black triangles, conserved binding site residues; open triangle and red 
circle, structurally conserved binding site tryptophan residue in T. maritima. 
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N-terminal modules also have ~17% amino acid sequence identity to an N-terminal 

module in the Klebsiella pneumoniae pullulanase (Fig. 34b). This module has recently 

been suggested to have -glucan–binding activity 161. The presence of the repeated 

modules in streptococcal pullulanases and their similarity to known carbohydrate-binding 

proteins suggested a carbohydrate-binding function for these modules. Indeed, the entire 

pullulanase of S. pyogenes has been implicated previously in carbohydrate-mediated 

strepadhesin activity 152; 171, lending greater support to the hypothesized function of the 

repeated streptococcal modules. However, a comparison of T. maritima CBM41 and 

Klebsiella CBM41 with the putative streptococcal CBMs provides very little insight into 

the function of the putative streptococcal CBMs because of their extremely low amino 

acid sequence identities. To investigate the functions of the putative family 41 CBMs in 

the streptococcal pullulanases, we dissected these proteins at the genetic level, producing 

recombinant soluble modules whose function could be studied in isolation. 

We were unable to produce recombinant individual streptococcal CBM41 modules or 

tandem modules as soluble protein in Escherichia coli. However, when we included in 

the tandem constructs the domain of unknown function that separates the catalytic 

domain and putative CBMs (called the X-module; Figure 34a), excellent yields of soluble 

protein were obtained. Purified SpyDX, the recombinant tandem CBM41–X-module 

construct from the S. pyogenes pullulanase, was stable for several weeks when stored at 

room temperature or at 4 °C (data not shown). Purified SpnDX, the recombinant tandem 

CBM41–X-module construct from the S. pneumoniae pullulanase, was stable for several 

weeks when stored at 4 °C but slowly degraded over several weeks to a stable 28-kDa 

fragment when stored at room temperature (data not shown). We initially investigated the 
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ability of SpyDX and SpnDX to bind a variety of glycoproteins and polysaccharides by a 

macroarray binding analysis. This yielded identical results for SpyDX and SpnDX, 

indicating that they specifically recognize amylose (pure -(1,4)-linked glucose), 

amylopectin (-(1,4)-linked glucose with -(1,6) branch points), pullulan (linear polymer 

of mixed -(1,4)- and -(1,6)-linked glucose) and glycogen (similar to amylopectin with 

more frequent -(1,6) branch points) (Figure 35). Binding to these polysaccharides and 

lack of binding to dextran (a linear polymer of -(1,6)-linked glucose) was confirmed by 

affinity electrophoresis (data not shown). Thus, the module pairs do seem to be -

glucan–specific carbohydrate-binding proteins, consistent with their similarity to known 

-glucan–binding proteins. The proteins showed no cross-reactivity with glycoproteins 

that have previously been identified as ligands of the intact S. pyogenes pullulanase 

(thyroglobulin and mucin) 152.  

Tight binding via a multivalent interaction: We initially quantified the binding 

parameters for SpyDX and SpnDX by a solid-state depletion isotherm method using the 

ligand cornstarch, which is a composite of amylose and amylopectin that is insoluble at 

room temperature. By this method, the affinities (Ka) of SpyDX and SpnDX for 

cornstarch were determined to be 2.2 0.4 x105 M-1 and 1.1 0.5 x106 M-1 (Figure 36a,b), 

and the binding capacities (No) were determined to be 5.9 0.3 and 3.0 0.3 moles per 

10 g starch, respectively. Commercial preparations of glycogen, a highly polymerized 

branched -glucan that is similar to amylopectin, are soluble, necessitating the use of 

isothermal titration calorimetry (ITC) to quantify binding to this ligand. Using ITC, the 

Ka, change in enthalpy (H) and change in entropy (S) upon the binding of  
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Figure 35: (a) T. maritima CBM27. (b) T. maritima CBM41. (c) SpyDX. (d) SpnDX. The 
following solutions were spotted on a nitrocellulose membrane: a1, amylose; a2, 
amylopectin; a3, pullulan; a4, dextran; a5, glycogen; b1, oat spelt xylan; b2, 
arabinogalactan; b3, pachyman; b4, glycerol; b5, thyroglobulin; c1, fetuin; c2, 
asialofetuin; c3, mucin type IS; c4, mucin type II; c5, mucin type III; d1, heparin; d2, 
chondroitin sulfate; d3, hyaluronic acid; d4, aggrecan; d5, proteoglycan. The ability of 
glycogen to interact with the nitrocellulose membrane is unknown, which may account 
for the weak signal produced in this experiment. 
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SpyDX to bovine liver glycogen were determined to be 1.4 ± 0.1 x105 M-1, -20.4 ±0.6 

kcal mole-1 and -44.8 ±2.1 cal mole-1 K-1, respectively (Fig. 36 c,d). The stoichiometry 

(n) of binding was found to be 1 molecule of SpyDX for every ~91 glucose residues in 

glycogen. The corresponding Ka, H, S and n values for SpnDX were 5.1 ±0.4 x105 M-

1, -26.9 ±0.2 kcal mole-1, -64.2 ±0.5 cal mole-1 K-1 and ~1:88 protein/glucose. Thus, the 

affinities were in good agreement with those determined for starch binding, and the 

stoichiometries suggested a sparse distribution of binding sites in glycogen. 

Most if not all -glucan–binding CBMs, including T. maritima CBM41, also bind 

smaller oligosaccharide fragments of their target polysaccharide ligands 63; 85; 98. Both 

SpyDX and SpnDX bound maltotetraose (-(1,4)-glucotetraose), as determined by ITC. 

The Ka, H and S upon the binding of SpyDX to maltotetraose were determined to be 

2.6 ±0.2 x103 M-1, -14.0 ±0.1 kcal mole-1 and -31.2 cal mole-1 K-1 (data not shown). The 

stoichiometry (n) of binding was found to be 1.92 ±0.01. The corresponding Ka, H, S 

and n values for SpnDX were 9.2 ±0.7 x103 M-1, -13.6 ±0.0 kcal mole-1 and -27.4 ±0.0 

cal mole-1 K-1 and 2.28 ±0.00 maltotetraose/protein. The stoichiometries indicated 

binding of two maltotetraose molecules to one molecule of SpyDX or SpnDX, which is 

consistent with the presence of two modules, each with a functional binding site, in both 

of the proteins. Notably, the measured affinities for maltotetraose were considerably 

lower than those measured for cornstarch or glycogen. We rationalized this on the basis 

of SpyDX and SpnDX having two functional binding sites (that is, they are bivalent) 

interacting with polysaccharides, which can be considered as polyvalent ligands. This 

type of avidity effect is seen frequently with tandem constructs of polysaccharide-binding 

CBMs63; 174. 
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Figure 36: (a,b) Depletion binding isotherm of SpnDX (a) and SpyDX (b, solid squares) 
with binding site mutants SpyDX1 (triangles ) and SpyDX2 (circles) on granular 
cornstarch. Solid lines, best fits to a one-site binding model. (c,d) Isotherms of SpnDX 
(c) and SpyDX (d) binding to type IV bovine liver glycogen, produced by ITC. The 
isotherms (upper charts) were produced by titrating SpnDX and SpyDX into glycogen. 
Solid lines in lower charts show fit of a one-site binding model to the data. All error bars 
represent the s.d. of measurements made in triplicate. 
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We tested this hypothesis by introducing mutations into the individual binding sites of 

SpyDX and assessing the binding of the mutants to starch. Three mutant SpyDX variants 

were created: a W28A W30A double mutant in the N-terminal module-binding site, 

called SpyDX1; a W135A F137A double mutant in the C-terminal module binding site, 

called SpyDX2; and a W28A W30A W135A F137A quadruple mutant, called 

SpyDX12. These mutations were chosen on the basis of guidance from the structure of 

T. maritima CBM41 175, which implicated these residues in binding (Figure 34b). ITC 

performed with SpyDX1 and SpyDX2 using maltotetraose as a ligand yielded 

stoichiometries of 1.05 ±0.12 and 0.84 ±0.11, respectively, and Kas of 2.26 ±0.21 x103  

M-1 and 4.06 ±0.56 x103 M-1, respectively. The stoichiometries of near unity, combined 

with the nearly wild-type affinity of the single binding site, indicated that the mutations 

did indeed successfully destroy the function of one site without compromising the other. 

Depletion isotherm studies of these mutants revealed no binding of SpyDX12 (data not 

shown) and greatly reduced binding of SpyDX1 and SpyDX2 to cornstarch (Figure 

36b). The low affinities of SpyDX1 and SpyDX2 prevented the isotherm from 

reaching saturation, precluding accurate deconvolution of the binding constants. 

However, fixing the No value to that of the wild-type protein (5.9 mole per 10 g starch) 

allowed us to determine estimates of the Kas for SpyDX1 (1.0 ±0.6 x104 M-1) and 

SpyDX2 (8.7 ±0.9 x103 M-1), which indicated roughly 20- and 25-fold decreases in 

affinity relative to wild-type for the mutants, respectively. Overall, the results showed 

that SpyDX and SpnDX interact most tightly with highly polymerized -glucans. 

Furthermore, SpyDX—and probably SpnDX, because of its amino acid sequence identity 

with SpyDX—requires two functional binding sites for the tight interaction  
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with polysaccharide. This strongly supports the hypothesis that a multivalent interaction 

between the proteins and -glucan polymers is necessary for optimal affinity. 

The structural basis of -glucan recognition: Insights into the molecular determinants of 

-glucan recognition and the basis of SpyDX and SpnDX multivalency were obtained by 

determining the X-ray crystal structures of these proteins. SpyDX crystallized overnight 

in the space group P21 with two SpyDX monomers per asymmetric unit. The final model 

of SpyDX lacked the C-terminal 76 amino acid residues comprising the X-module. SDS-

PAGE analysis of SpyDX crystals in comparison to the protein sample that was used to 

set up the crystals revealed that the molecular weight of the protein that crystallized was 

~7.5 kDa less than the input protein (data not shown). This is consistent with loss of the 

X-module by protein degradation in the crystal drop. SpnDX could be crystallized in the 

presence of maltotetraose only after we promoted the degradation of this protein to a 

stable 28-kDa product by storing the protein at room temperature for several weeks. The 

structure of this protein was then solved to 2.1 Å by molecular replacement, using the 

coordinates of SpyDX as a search model. Like SpyDX, the crystallized fragment of 

SpnDX lacked the amino acid residues comprising the X-module. 

Consistent with amino acid sequence analyses of SpyDX and SpnDX, these proteins 

comprise two modules, each having the -sandwich fold and Ig-like topology common to 

starch-binding proteins (Figure 37) 63; 98. The two modules in these proteins are joined by 

a well-ordered linker and associate via an interface rich in hydrophobic amino acid side 

chains (Figure 37). The intimate structural association of the tandem modules, combined  
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Figure 37: Secondary structure of the tandem CBM41s is shown in 'wall-eyed' stereo. 
Binding site residues are shown as pink sticks inside blue mesh. Blue mesh is a 
representative electron density map, shown as a maximum likelihood115 /A-weighted 119 
2Fo – Fc map contoured at 1 (0.33 e- Å-3), with phases and Fcs derived from the final 
refined model. The two CBM41s form a rigid structure via interacting hydrophobic 
interfaces, shown as blue sticks. 
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with our observed inability to produce functional individual modules, suggest that 

SpyDX and SpnDX form distinct rigid functional units. Structural overlap of SpyDX 

chain A with SpyDX chain B yielded an r.m.s. deviation of 0.25 Å. Overlap of SpyDX 

(either chain A or B) and SpnDX, which overall share 46% sequence identity, yielded an 

r.m.s. deviation of 1.4 Å. Comparisons between SpyDX (either chain A or B in the 

asymmetric unit) and SpnDX using only the N- or C-terminal modules gave r.m.s. 

deviations of 1.1 Å or 0.9 Å, respectively. These are comparable to the overall r.m.s. 

deviation, suggesting that the relative positions of the two modules in SpyDX and in 

SpnDX are similar. This supports the notion that the two modules in SpyDX and SpnDX 

are required for the formation of a single well-ordered structural unit that comprises the 

two modules. The electron density maps of SpnDX cocrystallized with maltotetraose 

revealed density for carbohydrates bound to both the N- and C-terminal modules, 

allowing the modeling of maltotetraose and maltotriose molecules, respectively (Fig. 

38a,b). The observation of two functional binding sites was consistent with the 

experimental stoichiometry determined by ITC. The protein-carbohydrate interactions at 

the two sites were similar and dominated mainly by stacking interactions between the A-

faces of the pyranose rings and aromatic amino acid side chains, but they did involve a 

few potential hydrogen bonds (Fig. 38c,d). There are two sub-sites apparent in each 

binding site, and each is occupied by a glucose molecule. In the N-terminal module, 

SpnDX-1, glucose 2 (GLC2; glucoses are numbered from the nonreducing end) stacks 

against Trp30 while Trp28 hydrogen bonds with the GLC2 O5. Asp86 makes two 

hydrogen bonds to the C2 and C3 hydroxyl groups of GLC2. GLC3 also stacks against 

Trp40 while two water-mediated hydrogen bonds are made between the O2 and O3  
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Figure 38: (a,b) SpnDX-1 with maltotetraose (a) and SpnDX-2 with maltotriose modeled 
(b). Representative electron density map (blue mesh) is a maximum likelihood 115 A-
weighted119 2Fo – Fc map contoured at 1.5 (0.30 e- Å-3) with phases and Fcs derived 
from the final refined model. Ligand (yellow) and binding site residues (gray) are shown 
as sticks. (c,d) Schematics of ligand interactions with SpnDX-1 (c) and SpnDX-2 (d). 
(e,f) Structural overlap of the individual CBM41s, CBM41-1 (e) and CBM41-2 (f), from 
SpnDX (blue) and SpyDX (green). Modules are shown as C traces and conserved 
binding site residues are shown as sticks. 
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hydroxyl groups and the side chain of Asn82. Analogous contacts are observed in the C-

terminal module, SpnDX-2; however, the two water-mediated hydrogen bonds are 

replaced with direct hydrogen bonds between Lys188 and the O2 and O3 hydroxyl 

groups of GLC2. As observed with other -glucan–binding CBMs, the convex A-face of 

-glucan chains is complemented nicely by the concave shape of the SpnDX binding 

sites 63 (Fig. 38a,b). The amino acids involved in ligand binding by SpnDX are well 

conserved in SpyDX, as is the binding site architecture (Fig. 38e,f), suggesting that a 

nearly identical mode of interaction between -glucans and SpyDX can be expected. 

The overall arrangement of the modules in SpyDX and SpnDX is such that the two 

binding sites of these proteins are diametrically opposed and face in opposite directions 

(Figure 37). This suggests that the enhanced affinity (that is, the avidity) of these proteins 

for -glucan polysaccharides is unlikely to result from the two binding sites interacting 

with the same glucan chain, as this would require a 180° bend in the polysaccharide 

chain. Rather, the enhanced affinity must result from the simultaneous interaction of the 

two binding sites with separate but tethered chains. This is relatively simple to envision 

with an insoluble polysaccharide, such as starch, where sugar chains may be held in 

proximity owing to their aggregated state. Consequently, one binding site on the protein 

interacts with one polysaccharide chain, while the second binding site on the protein 

interacts with a site on a separate but proximal polysaccharide chain that is anchored in 

the same aggregate. This scenario has been described extensively with respect to 

insoluble cellulose recognition174. This, of course, cannot occur with a soluble 

polysaccharide, such as the glycogen used in this study, where the binding to separate 

soluble chains is akin to the recognition of separate, independent ligands and would not 
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result in an avidity effect. Hence, the separate binding sites in SpyDX and SpnDX 

proteins are probably binding individual chains, but ones that are joined by a relatively 

close branch point, such that the binding 'region' is a somewhat conformationally 

restricted presentation of two binding sites. 

Though the Ig-like fold of the individual modules comprising SpnDX and SpyDX is 

common to -glucan–binding modules, the fusion of two modules into a single functional 

domain has not been observed before for any carbohydrate-binding modules. With the 

exception of certain family 3 CBMs that form part of the active sites of some enzymes 

that hydrolyze cellulose 176, all currently characterized CBMs comprise independently 

folded modules that function in the absence of additional accessory modules. 

Furthermore, to the best of our knowledge, this bilobed architecture built of two Ig-like 

folds to create a bivalent carbohydrate-binding protein with divergently opposed binding 

sites is unique among carbohydrate-binding proteins in general. 

Recognition of a ligand in the lung: Because the S. pneumoniae pullulanase is a virulence 

factor in a murine-lung model of respiratory infection 53, we investigated whether the 

lung contains potential target ligands of SpyDX and SpnDX by fluorescence staining of 

mouse lung sections using fluorescein isothiocyanate (FITC)-labeled versions of these 

proteins as affinity probes. Both SpyDX and SpnDX interacted very specifically with a 

subpopulation of alveolar cells in both fixed (Fig. 39, top images) and unfixed (data not 

shown) tissue sections. In agreement with the binding data, SpyDX 1 and SpyDX 2 

showed reduced binding, and SpyDX 12 did not appear to bind at all (Fig. 39, bottom 

images). The subpopulation of alveolar cells to which SpyDX and SpnDX bound was 

identified as alveolar type II cells by the strict colocalization of these proteins with  
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Figure 39: Top images, binding of wild-type modules to lung tissue, shown at x20; scale 
bar, 100 M. Insets, closeups of single labeled cells, shown at x100; scale bar, 20 M. 
Bottom images, decreased binding of SpyDX mutants SpyDX1, SpyDX2 and SpyDX 
12, shown at x40; scale bar, 50 M. 
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prosurfactant C protein (proSP-C), a marker of this specific cell type177; 178 (Fig. 40). 

However, the fluorescence signal from CBM binding and anti–proSP-C binding localized 

to different subcellular structures (Fig. 40). The regions most intensely stained by SpyDX 

and SpnDX were consistent with recognition of structures in the cytoplasm of the cells 

(Fig. 41). However, owing to the diffuse staining at the peripheries of some alveolar type 

II cells by both CBMs, we cannot completely discount the possibility that SpyDX and 

SpnDX recognize a ligand associated with the membrane. Alveolar type II cells are 

relatively rich in glycogen stores; given the in vitro specificity of SpyDX and SpnDX for 

-glucans, it is most likely that these pullulanase-derived streptococcal -glucan–binding 

proteins specifically recognize the glycogen in alveolar type II cells. 

Conclusion: Several lines of evidence are now indicating that degradation of host 

glycogen is an important factor in bacterial pathogenesis. First, four -glucan–specific 

enzymes have been identified as virulence factors in a mouse model of S. pneumoniae 

lung infection: two predicted pullulanases (locus tags SP0268 and SP1118), a predicted 

-amylase (SP1382) and a predicted glucanotransferase (SP1121) 53. One of the 

pullulanases, SpuA of this study, is known to be anchored to the cell wall, whereas the -

amylase is predicted to be extracellular. The other two enzymes are predicted to be 

cytoplasmic. In addition to these enzymes, a malto-oligosaccharide/maltodextrin–binding 

component (SP2108; malX) of the malto-oligosaccharide ABC transporter has been 

identified as a virulence factor 53. Overall, the -glucan–metabolizing machinery is well 

conserved between S. pneumoniae and S. pyogenes, though of this machinery only the 

malto-oligosaccharide/maltodextrin–binding component (malE; SPY1058) of the S.  
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Figure 40: Lung tissue costained with FITC-labeled SpyDX (green, top), an antibody to 
ProSP-C detected with goat anti-mouse Alexa 568 (red, middle) and DAPI (blue, bottom) 
shown at x100; scale bar, 20 M. 
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Figure 41: Shown are confocal images of lung tissue doubly stained with FITC-labeled 
SpyDX (a–c) or FITC-labeled SpnDX (d–f) and an antibody to ProSP-C, a marker for 
type II alveolar cells. a and d show staining with FITC-labeled SpyDX and SpnDX, 
respectively (green). b and e show staining with a specific ProSP-C antibody detected 
with goat anti-mouse Alexa 568 (red). b and f are merged CBM-FITC and anti–ProSP-C 
images. All images are shown at x60; numerical aperture, 1.4; scale bar, 25 M. 
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pyogenes malto-oligosaccharide ABC transporter has been shown to be directly involved 

in virulence 169, whereas PulA is only implicated in virulence 152. Here we have 

demonstrated the strong preference of the N-terminal carbohydrate-binding modules 

(SpyDX and SpnDX) of the cell wall–anchored streptococcal pullulanases for glycogen 

in vitro. These seem to directly target the glycogen in alveolar type II cells. This 

evidence, taken together, strongly points to a role of -glucan degradation and/or 

metabolism in the success of S. pneumoniae, and probably S. pyogenes, as pathogens. 

Alveolar type II cells have previously been suggested to be a primary target for 

carbohydrate-dependent adherence of S. pneumoniae 179. This seems to be mediated by 

non–glucose-based extracellular glycans, indicating that -glucans, and thus the 

CBM41s, are probably not a factor in adhesion to the surface of this type of lung cell 179. 

However, S. pneumoniae is an invasive pathogen that can gain entry into cells without 

killing them 180. Indeed, extensive tissue infiltration in the early stages of invasive 

infection seems to occur via 'transcellular migration', without causing cell death, rather 

than by a route that follows the extracellular spaces 180. This suggests that the bacterium 

does not rely on cell death and consequent lysis to access glycogen in lung tissue. Our 

proposed model is that the bacterium first penetrates alveolar cells through the 

recognition of specific extracellular glycans or other non–carbohydrate-based ligands. 

Once inside, the bacterium is able to target and adhere to intracellular glycogen stores via 

the pullulanase-associated CBM41 modules, then degrade this polysaccharide. 

The primary reason for attacking host glycogen, which is concentrated in a number of 

cell types throughout the body where it is needed as an easily mobilized energy source, 
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would be to liberate the energy from this carbohydrate. However, there is a plausible 

secondary purpose of targeting this polysaccharide in the lungs, and that is to undermine 

the initial defenses of the immune system. As mentioned, glycogen is abundant in 

alveolar type II cells, which are responsible for surfactant production in the lung 181. This 

process can involve the recycling of existing surfactant or synthesis of new surfactant 

molecules for which glycogen is a precursor. In neonates, glycogen stores in alveolar 

type II cells are particularly abundant, as surfactant synthesis is especially vigorous 

owing to its importance in the establishment of normal lung function after birth 182. In 

addition to its role in maintaining proper surface tension in the airways, surfactant is part 

of the innate immune system, as it creates a physiochemical barrier that contains a 

number of proteins involved in host defense, such as surfactant proteins A to D 183. 

Indeed, surfactant protein D has been shown to have a role in the clearance of S. 

pneumoniae at the early stages of infection 184. By targeting alveolar type II cells and 

depleting their glycogen stores, pathogens such as S. pneumoniae, and possibly S. 

pyogenes, may also negatively influence the synthesis of surfactant, thus compromising 

this first-line host defense mechanism and promoting fulminant infection. 

In conclusion, the pullulanase-like surface proteins SpuA and PulA, from S. pneumoniae 

and S. pyogenes, respectively, harbor glycogen-binding modules with a unique fused 

architecture near their N termini. These modules may perform the classic function of 

CBMs, which is to hold the enzyme in proximity to the preferred substrate. As SpuA and 

PulA are surface attached, this function probably adheres entire cells to glycogen 

granules, thus promoting the efficient breakdown of glycogen. We made the crucial and 

novel observation that these modules adhere tightly and specifically to glycogen in the 
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context of type II alveolar cells in the lung. Such a function is quite unlike any described 

previously for a CBM and, perhaps more importantly, strongly suggests that this 

intracellular polysaccharide is a target of streptococci during invasive lung infections. 

This provides, for the first time, plausible rationales for the existence of complete -

glucan–metabolizing machineries in streptococci and the observation that many of these 

proteins are indeed virulence factors. Ultimately, our results suggest the potential for new 

therapeutic strategies that target the disruption of glycogen adherence, breakdown or both 

as a means of treating streptococcal lung infections. 
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3.5 Discussion on Family 41 CBMs 

3.5.1 Comparison of family 41 CBMs 

The objective was to determine how the family 41 CBMs would be able to accommodate 

an -1,6-linked glucose found in pullulan. TmCBM41 is able to achieve this with an 

additional loop region containing a serine residue. The serine side chain provides an 

additional binding subsite which can either interact with an -1,4-linked glucose or an -

1,6-linked glucose (Figure 42A). This loop is absent in the SpnDX and SpyDX modules, 

however, this region is solvent exposed and in theory would allow for an -1,6-linked 

glucose to be positioned at this location without making any additional contacts with the 

protein. Therefore it appears as though only TmCBM41 has evolved an additional subsite 

for interacting directly with an -1,6-linked glucose. CBM41 from K. pneumoniae PulA 

also has a loop region similar to the loop region in TmCBM41 but has a structurally 

aligned asparagine residue instead of a serine (Figure 42B); however, it remains unknown 

whether this asparagine may interact with an -1,6-linked glucose. The direct interaction 

of TmCBM41 with an -1,6-linked glucose can be rationalized because the T. maritima 

pullulanase only has one CBM41 module and perhaps in order to increase its enzymatic 

efficiency has evolved a third subsite to directly interact with -1,6-linked glucose, thus 

increasing the likelihood it will bind to any location in starch and pullulan. KpCBM41 

interaction with -1,6-linked glucose remains unknown; however, because this enzyme 

has only on CBM41 it may also have an additional subsite for interacting with -1,6-

linkages. The streptococcal pullulanases contain two tandem CBM41s for the high 

affinity interaction with chains of glycogen. Because both modules cooperatively bind -
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glucans, perhaps the modules do not require the additional binding subsite for their 

interaction with -1,6-linked glucans.  

Another rationale is that when we look at the origin of CBM41 modules, which 

are only appended to pullulanases, they are mainly found in pathogenic bacteria that 

would be unlikely to encounter pullulan as a substrate. The more likely target is glycogen 

which we have shown interacts with SpyDX and SpnDX modules from streptococcal 

pullulanases. Because the frequency of -1,6-linkages is much less in glycogen than 

pullulan,  it is likely unnecessary for these modules to require an additional subsite for 

interacting with an -1,6-linkage. Additionally, the bivalent architecture of the double 

CBM41 modules in SpyDX and SpnDX specifically targets -1,4-linked glucan chains 

within starch and glycogen granules, which decreases the probability that they would 

interact with -1,6-branches. This feature also provides specificity for intact substrate 

rather than products formed from the debranching activity of the enzyme.  

  Perhaps only TmCBM41 would require the additional subsite provided by S35 for 

interacting with pullulan, or, since T. maritima lives at temperatures around 80oC in deep 

sea vents, it has evolved this additional subsite for a more stabile interaction with starch 

at high temperatures.  



 

 

191 
 

Figure 42: (A) Structural overlap of SpnDX modules (SpnDX-1 green, SpnDX-2 blue 
PDB code 2J44) and TmCBM41 (orange PDB code 2J72) in complex with maltotetraose. 
Loop region in TmCBM41 with serine indicated with arrow. (B) Overlap of TmCBM41 
(orange) and KpCBM41 (gray PDB code 2FHF). 
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3.5.2 Comparison of CBM41s with Starch-binding modules from different CBM 
families 

There are 9 families of alpha-glucan-binding CBMs with structures representing 7 

families (20, 21 (NMR only), 25, 26, 34, 41, and 48) . Structures of CBM in complex 

with -1,4-linked glucose ligands are known for families 20, 25, 26, 34 and 41. A 

structural alignment with these CBMs in complex with malto-oligosaccharides shows 

extremely similar overall three-dimensional structures and location for ligand interaction 

(Figure 43). All have two regions, region a and b (Figure 44A) with tryptophan residues 

providing two binding subsites that serve as platforms for interacting with the A-faces of 

two -1,4-linked glucose molecules (Figure 44A). They are positioned such that they 

form a concave binding groove to accommodate the convex three-dimensional shape of 

-1,4-linked glucose. Region c contains a planar hydrophobic amino acid side chain (Try 

or Tyr), or a histidine as is the case for BhCBM25 that hydrogen bonds with the glucose 

positioned in region b (Figure 44B). BcCBM20 is an exception as it has a threonine in 

this region but the side chain hydrogen bonds with glucose in the same manner. 

When we look at the affinities of these CBMs for maltooligosaccharides for 

which there is data, the affinities all fall in the 10-4 M-1 range except for TmCBM41 (10-6 

M-1), however the data was taken at 25 deg C. At 80 oC, the temperature in which T. 

maritima lives, the affinity would likely be similar. Thus, we can say that the forces 

driving starch-protein interaction (stacking interactions, van der waals, hydrogen bond) 

are all very similar. All of these CBMs bind starch/maltooligosaccharides in a nearly 

identical manner and have similar three dimensional structures with slight variability 

apparent in the loop regions between -strands. However CBMs outside a given CBM 
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family have very different amino acid sequences, sometimes having less than 5% amino 

acid sequence identity. We can attribute this to the common three-dimensional structure 

of the -1,4-linked glucose ligand shared by all of these CBM families. Even though the 

amino acid sequences vary outside CBM families, all have evolved a binding site best 

suited to interacting with maltooligosaccharides. 
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Figure 43: (A) Structural Overlap of all ligand-bound starch-binding CBMs showing the 
face where the binding sites are located. SpnDX-1 (green) and SpnDX-2 (blue)  (PDB 
code 2J44), TmCBM41 (orange, PDB code 2J72), KpCBM41 (grey, PDB code 1FHF), 
BhCBM25 (cyan, PDB code 2C3X), BhCBM26 (magenta, PDB code 2C3H) and 
BcCBM20 (red, PDB code 1VEO). (B) Overlap of binding site residues. TmCBM41 
backbone shown for reference. 
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Figure 44: (A) Representative structures families of starch-binding CBMs bound to 
maltooligosaccharides: SpnDX-1 (green PDB code 2J44), BhCBM25 (cyan PDB code 
2C3X), BhCBM26 (magenta PDB code 2C3H) and BcCBM20 (red PDB code 1VEO).(B) 
Hydrogen bonding schemes from various starch-binding CBMs to show the conserved 
mode of -glucan binding. 
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4.1 Abstract 
SpuA is a cell surface-associated enzyme produced by Streptococcus pneumoniae and a 

known virulence factor essential for full virulence of the organism. In our studies with the 

N-terminal CBM41 modules SpnDX, we have identified a potential target of SpuA as 

glycogen granules within type II alveolar cells in lung tissue (See Section 3.4). In this 

study we demonstrate activity of SpuA on glycogen and show that it forms maltooligo-

saccharide products of varying lengths.  The structure of SpuA in complex with 

maltotetraose was solved by X-ray crystallography and the structures of native SpuA and 

SpuA with maltotetraose in solution were solved using small angle X-ray scattering 

(SAXS) experiments. These structures reveal a flexible linker region which facilitates the 

positioning of the catalytic module at an -1,6-branch point mediated by SpnDX 

interaction with opposing glycogen chains.  Inhibition studies show that common 

glucanase inhibitors are ineffective against SpuA, likely due to SpuA’s unique active site 

which accommodates branched glucans. Since SpuA is a target for developing 

therapeutic compounds that would impede the progression of S. pneumoniae infection, 

these studies may aid in designing selective inhibitors against SpuA without affecting 

human -glucosidases. 
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4.2 Introduction 
Streptococcus pneumoniae is a gram positive pathogenic bacterium that kills more 

people in the US each year than all other vaccine preventable disease combined. 

Approximately 20% of the population harbors S. pneumoniae in their normal flora but 

when an individual is immuno-compromised, the bacterium can cause serious infections 

due to its opportunistic nature. It mainly affects individuals such as the elderly and 

children. According to the World Health Organization S. pneumoniae kills approximately 

one million children under the age of five worldwide annually. Virtually every child in 

developed countries becomes a carrier of the bacteria leading most commonly to otitis 

media (ear infection) but often to more serious and sometimes deadly infections such as 

septicaemia, pneumonia and bacterial meningitis 165. It is an invasive intracellular 

pathogen that infects patients through the nasopharynx and bronchio-epithelial cells of 

the lower respiratory system 180. Attachment and internalization is mediated by capsular 

polysaccharide at mucosal surfaces 4 and bacteria slowly infiltrate through epithelial cell 

layers until they reach the bloodstream where they can then spread rapidly throughout the 

body 180. 

The primary virulence factor of S. pneumoniae is capsular polysaccharide (CPS) 

which forms a sugar envelope around the bacterium for protection from the immune 

system and to facilitate cellular attachment 185. There are over 90 different serotypes 

which are based on different CPS compositions; however, the 11 most common serotypes 

account for >75% of infections. Prevnar ® (Wyeth) is a 7 conjugate vaccine containing 

the capsular polysaccharide from the 7 most common disease causing serotypes of S. 

pneumoniae 186. The vaccine is given to children starting at 2 months of age and greatly 
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reduces the rate of pneumococcal infection; however, immunity is short-lived and 

requires many boosters to extend protection. Due to protection from these 7 common 

serotypes, a phenomenon called serotype replacement is occurring, which has allowed 

other serotypes to enter the population as major disease causing strains against which 

individuals have no immunity 187. Current vaccines offer little or no protection against 

these replacement serotypes 188.  

The discovery of antibiotic resistant strains of S. pneumoniae has also made this 

bacterium a threat to the population 189; 190.  Emerging strains have been found to be 

resistant to all penicillins, cephalosporins and macrolides. Recently children have been 

infected with S. pneumoniae resistant to all known FDA approved antibiotics for children 

191. The imminent threat of emerging serotypes and new antibiotic-resistant strains of S. 

pneumoniae has initiated further research into finding new targets to stop the spread of 

infection as well as the development of extended conjugate vaccines and new vaccine 

candidates to prevent S. pneumoniae infection. 

A large scale analysis was completed on S. pneumoniae serotype 4 that used 

signature-tagged mutagenesis (STM) to identify ~230 genes that are essential for lung 

infection 53. Approximately 19 of these genes encode for glycoside hydrolases. Based on 

cell localization predictions, eight of these are anchored to the bacterial surface, 10 are 

considered cytoplasmic, and one, a putative endo--galactosidase active on blood group 

antigens, is fully secreted. One of these surface-associated enzymes is an enzyme from 

GH family 13 called SpuA that has been functionally characterized as a pullulanase 170. 

Pullulanases are enzymes that hydrolyze the -1,6-linkages in pullulan and are 

sometimes referred to as starch-debranching enzymes. SpuA has previously been shown 
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to be active on pullulan and starch but reported to be inactive on glycogen 170. When we 

look further into the STM studies we find that there are other enzymes involved in -

glucan metabolism that are essential for S. pneumoniae virulence 53 (see Figure 4.1.1). S. 

pneumoniae is a human pathogen with no known environmental niche so the question 

asked is why is SpuA essential for S. pneumoniae virulence and furthermore, why is -

glucan metabolism necessary for S. pneumoniae infection in lung tissue? 

Recently the N-terminal CBM41 modules from SpuA were shown to interact with 

-1,4-glucans in starch and glycogen and with glycogen granules in type II alveolar cells 

within mouse lung tissue 192. Our hypothesis is that the target substrate for SpuA is 

glycogen where it cleaves the -1,6-linkages, releasing -1,4-glucan products. The 

products of glycogen metabolism would then be used by the bacteria as a nutritional 

source via the -glucan metabolism pathway contributing to the overall pathogenesis of 

the organism. To test this hypothesis, we carried out several biochemical analyses of 

SpuA to show activity of SpuA on glycogen and determine the products of glycogen 

degradation.  We solved the structure of SpuA in complex with maltotetraose and 

identified the potential catalytic residues by site-directed mutagenesis to elucidate the 

mechanism of glycogen hydrolysis. We also show using SAXS that the region separating 

the catalytic module from the CBMs acts as a flexible linker which facilitates positioning 

of the catalytic module to the branch points in glycogen for effective hydrolysis of the -

1,6-linkages. X-Ray crystallography data shows that the first CBM41 module makes up a 

portion of the active site, demonstrating a novel function for CBMs. This is the first study 

revealing how glycogen degradation might contribute to pathogenesis of Streptococcus 

pneumoniae in lung tissue.  
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4.3 Materials and Methods 
Carbohydrates and Polysaccharides – Type IV bovine liver glycogen, maltooligo-

saccharides, pullulan and amylopectin (starch) were from Sigma (St. Louis, MO). Red-

pullulan and Red-starch were from Megazyme (Bray, C. Wicklow, Ireland). 

 

Cloning, Expression, and Purification of full length SpuA and catalytic module . DNA 

fragments encoding full length SpuA without the N-terminal signal peptide and C-

LPXTG motif and the catalytic GH13 module (SpuACBM) without the C-terminal 

LPXTG motif were amplified from S. pneumoniae genomic DNA (TIGR strain BAA-

334D). SpuA 5’ oligonucleotide primer was 5’-

CACCCATATGGCTAGCGATAACTACTTCCGTATC-3’. SpuACBM 5’ 

oligonucleotide primer was 5’-

CATATGGCTAGCACTGTTAGCTACAATTCCGACCAATTC-3’ with NheI restriction 

sites italicized. The 3’oligonucleotide primer for both SpuA and SpuACBM was 5’-

GGATCCCTCGAGTTATTCAGCTTGTTTATCTGGGGTTGC-3’ with stop codon in 

bold and XhoI restriction site italicized. Amplified DNA yielded products of 3350 bp for 

SpuA and 2500 bp for SpuACBM, which were subsequently cloned into pET28a 

plasmid vector with NheI and XhoI restriction sites giving pET28SpuA and pET28 

SpuACBM. Alanine mutants of SpuA were generated by site-directed mutagenesis 

using a modified PCR primer method 172 using the mutagenic primer 

5’GGCTTCCGTTTCGCTATGATGGGCGACCATGACGCCGCT3’ to generate SpuA 

D323A (mutation from D to A in bold, silent site removing a BsaI restriction site in 
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italics and underlined) and the mutagenic primer 

5’CTCATCATGCTTGGTGCCGGCTGGAGAACCTATGCC3’ 

 to generate SpuA E352A (mutation from E to A in bold, silence site adding an NaeI 

restriction site in italics and underlined). The fidelity of the cloned inserts was determined 

by DNA sequencing.  

Protein Production and Purification. Vectors containing insert were transformed into 

Escherichia coli BL21(STAR) DE3 cells (Novagen) for polypeptide production. All 

polypeptides contained an N-terminal 6-His tag fused to the protein of interest by a 

thrombin-cleavage site. Three litres of LB medium supplemented with 50 g/L 

kanamycin were inoculated with E. coli BL21(STAR)DE3 cells harbouring each plasmid 

and incubated with shaking at 37oC until an optical density at 600 nm of 0.8-1.0 was 

reached at which point the media was supplemented with 1.0 mM IPTG to induce protein 

production. Further growth continued for ~4 hours at which point the cells were 

harvested and cell pellets were frozen overnight at -20oC. Cells were then thawed and 

resuspended in 100 ml of 20 mM Tris-HCl pH8.0, 0.5 M NaCl supplemented with 

Protease Inhibitor Cocktail (Roche) and lysed by French press. After centrifugation at 

15000 rpm for 45 min, the supernatant was collected, and the polypeptides were purified 

by immobilized metal affinity chromatography (IMAC) with Ni-Sepharose resin (GE 

Healthcare) according to manufacturer's protocols. Purified polypeptides were 

concentrated in a stirred ultrafiltration unit on a 10K molecular weight cutoff filter and 

dialyzed against 20 mM Tris-HCl, pH 8.0, using regenerated cellulose dialysis tubing 

with a 3K MWCO. Purity was greater than 95%, as assessed by SDS-PAGE. Yields were 

typically 20-50 mg/L of culture.  
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Determination of Protein Concentration. The concentration of purified SpuA and 

SpuACBM were determined by UV absorbance at 280 nm using the calculated 

extinction coefficients 172930 M-1 cm-1 for SpuA and 106120 M-1 cm-1 for SpuACBM 

109. 

Zymograms. Native polyacrylamide gels containing 0.1% SDS were polymerized with 

0.5% type IV bovine liver glycogen, red-pullulan or red-starch. 20 g of SpuACBM or 

SpuA were loaded into individual lanes and electrophoresed at 150V for 80 minutes in a 

XCell SureLock Mini-Cell system (Invitrogen). Gels were then incubated in 50 mM Tris-

HCl pH 7.4 at 37oC for 1 hour changing the buffer every 20 minutes. Activity on red-

starch and red-pullulan was observed by a clearing in the gel. Activity on glycogen was 

observed by a clearing in the gel after staining the gel with iodine solution (Sigma). 

Thin Layer Chromatography. 30 g of SpuACBM was added to 1 ml solutions of 1% 

amylopectin, amylose, pullulan, glycogen and dextran in 20 mM Tris-HCl, pH 7.4, and 

incubated for 2 hours at 37oC. 3 l of each reaction and 1 l of maltooligosaccharide 

standards were spotted onto a silica gel-coated plate and allowed to dry completely at 

room temperature. The plate was placed in a sealed glass container preequilibrated for 30 

minutes with 100 ml of a solution containing 7/2/1 ratio of n-propanol/ deionized water/ 

ethanol. The plate remained in solution until the solvent front was ¾ of the way up the 

plate (approximately 4 hours). Samples were visualized by dipping the plate in a solution 

of 95% ethanol/5% H2SO4 and baked at 110oC for 20 minutes. 

Fluorophore-Assisted Carbohydrate Electrophoresis. The procedure for FACE was 

adapted from Jackson et. al. 193. Enzyme reactions were carried out as per TLC reactions 
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(above) for both SpuACBM and SpuA with glycogen and pullulan. Immediately 

following the reactions, 10 l (100 g) of polysaccharide was removed from each tube 

and dried in a Speedvac for 45 minutes at 50oC. Labeling of the sugar products was 

carried out by adding 5l of a solution of 0.15% ANTS in 15% acetic acid and 5l of 1 

M NaCNBH3 in DMSO to the dried samples. The reaction was incubated overnight in the 

dark at 37oC. The ANTS-labeled products were then resuspended in 50 l deionized 

water plus 50 l of 0.01% Thorin I loading dye (Sigma) in 20% glycerol. Approximately 

1-3 g of ANTS-labeled product were loaded onto a 28% polyacrylamide (19:1) gel with 

a 10% stacking gel and electrophoresed at a constant 15 mA for 105 minutes at 4oC in 

native running buffer (25 mM Tris-HCl, 0.2M glycine) in a XCell SureLock Mini-Cell 

system (Invitrogen). Gels were immediately visualized under UV light.  

Crystallization of SpuACBM and SpuA. 10 mg of SpuA and SpuACBM were further 

purified by size exclusion chromatography using a Sephacryl S-200 column (GE 

Healthcare) and separated in a buffer containing 20 mM Tris-HCl pH 8.0. Fractions were 

assessed by SDS-PAGE and those showing a single band were pooled and concentrated 

for crystallization using the vapour diffusion hanging drop method with drops containing 

a ratio of 1:1 protein:mother liquor. Crystals of SpuACBM grew after 1 month at 5 

mg/ml in 17.5% PEG 3350, 0.2 M MgCl2, 0.1 M Na Acetate pH 5.5 and 3% glycerol. 

Crystals of SpuA in complex with maltotetraose grew overnight at 15 mg/ml in 2 M 

(NH4)2SO4, 0.2 M Na/K Tartrate, 0.1 M tri-Na citrate pH 5.6 supplemented with 5% 

MPD or 3% Glycerol. Crystals were flash frozen in liquid nitrogen using a cryoprotectant 
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comprising mother liquor supplemented with 20% glycerol for SpuACBM and 15% 

glycerol for SpuA. 

Data Collection, structure determination and refinement. Diffraction data for both 

SpuACBM and SpuA were collected with a Rigaku R-AXIS 4++ area detector coupled 

to a MM-002 X-ray generator with Osmic 'blue' optics and an Oxford Cryostream 700. 

All data were processed using Crystal Clear/d*trek 129. Data collection and processing 

statistics are given in Table 14. The structure of SpuACBM was solved by molecular 

replacement using MOLREP 113 with the Klebsiella pneumoniae pullulanase catalytic 

module coordinates as a search model (PDB code 2FHF). The initial model was corrected 

and completed manually by successive rounds of building using COOT 160 and 

refinement with REFMAC 115. SpuA was solved by molecular replacement with 

MOLREP 113 using the coordinates of SpuACBM and SpnDX (PDB code 2J44) as 

search models. The initial model of SpuA was manually corrected and refined as above. 

Water molecules were added using the REFMAC implementation of ARP/wARP and 

inspected visually. In both data sets, 5% of the observations were flagged as 'free' 112 and 

used to monitor refinement procedures. All final model statistics are given in Table 14. 

 

Isothermal Titration Calorimetry. Isothermal titration calorimetry (ITC) was carried out 

as described previously 68 with a VP-ITC (MicroCal). Protein was buffer exchanged into 

20 mM Tris-HCl pH 8.0 extensively by dialysis and the final buffer was saved for 

resuspending the inhibitors for the ITC experiments. ~1 mM inhibitor was titrated into  
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Table 14: Data Collection and structure statistics for SpuA 
 GH13 SpuA with maltotetraose 
Data collection   
Space group P21 P212121 
Cell dimensions   
    a, b, c (Å) 57.57   75.20   87.04 80.14   86.43   193.22 
 ()  90.00   97.31   90.00 90.00, 90.00, 90.00 
Resolution (Å) 19.85 - 1.85    (1.92 - 1.85)* 19.93 - 2.25    (2.33 - 2.25) 
Rmerge 0.057           (0.403) 0.086           (0.396) 
I / I 10.2            (2.3) 9.4             (2.8) 
Completeness (%) 96.7            (94.1) 92.6            (94.8) 
Redundancy 3.73            (3.64) 4.25            (4.18) 
   
Refinement   
No. reflections 226617  

(60816 unique) 
253465  
(59606 unique) 

Rwork / Rfree 0.176/0.234 0.206/0.274 
No. atoms   
    Protein 5712 7561/140 (linker region) 
    Ligand/ion n/a 124 (GLC)/4 (Na) 
    Water 940 806 
B-factors   
    Protein 26.533 33.229/ 67.594 (linker region) 
    Ligand/ion n/a 36.493 (GLC)/ 40.849 (Na) 
    Water 39.216 38.175 
R.m.s deviations   
    Bond lengths (Å) 0.018 0.017 
    Bond angles () 1.603 1.999 
   
*Highest resolution shell is shown in parenthesis.  
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~100 M SpuACBM or SpuA to sub-saturation levels due to the low affinity of protein 

for the inhibitors. Inhibitor concentrations were calculated such that they were in 5 times 

molar excess of the theoretical dissociation constants. All data generated are from single 

titrations.   

Small Angle X-Ray Scattering Experiments - Synchrotron X-ray scattering data from 

solutions of native SpuA and SpuA with maltotetraose were collected at the X33 

beamline of the EMBL (DESY, Hamburg) 194 using a MAR345 image plate detector by 

Dr. Mirijam Czjzek. Dr. Czjzek performed all of the data analysis for these experiments 

and provided the description for this Materials and Methods section. A 4.2 mg/ml 

solution of BSA was measured as a reference and for calibration. The scattering patterns 

were measured with an exposure time of 2 min at 288 K. The wavelength was 1.5Å. The 

sample-to-detector distance was set at 2.4m, leading to scattering vectors q ranging from 

0.06Å-1 to 0.5Å-1. The scattering vector is defined as q=4/ sin, where 2 is the 

scattering angle. The concentration ranged from 11.4 mg/ml to 1.44 mg/ml for SpuA and 

from 11.11 mg/ml to 1.39 mg/ml for SpuA-maltotetraose. Background scattering was 

measured after each protein sample using the buffer solution and then subtracted from the 

protein scattering patterns after proper normalisation and correction from detector 

response.    

Scattering Data Analysis. The values of radii of gyration (Rg) were derived from the 

Guinier approximation 195: I(q) = I(0) exp(-q2Rg
2/3), where I(q) is the scattered intensity 

and I(0) is the forward scattered intensity. The radius of gyration and I(0) are inferred 

respectively from the slope and the intercept of the linear fit of Ln[I(q)] vs q2 in the q-
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range q.Rg<1.12. The distance distribution function P(r) was calculated on the merged 

curve by the Fourier inversion of the scattering intensity I(q) using GNOM 196 and GIFT 

197.  

Overall shape of SpuA and SpuA-M4 and compared to the crystal structure: The low-

resolution shape of SpuA fullength as well as its substrate complex SpuA-M4 were 

determined ab initio from the scattering curve using the program GASBOR 198. This 

program restores low-resolution shapes of proteins and calculates a volume filled with 

densely packed spheres (dummy residues of 3.8Å diameter) fitting the experimental 

scattering curve by a simulated annealing minimisation procedure with a nearest-

neighbour distribution constraint. Several independent fits were run with no symmetry 

restriction and the stability of the solution was checked. The atomic crystallographic 

structures of the individual modules were then positioned in the envelope using TURBO-

FRODO 199 and PyMOL. The P(r) function and the Rg values taking into account the 

whole scattering curve were calculated using GNOM 196. For each structural model 

obtained the theoretical SAXS profile, the RG and the corresponding fit to the 

experimental data were calculated using the program CRYSOL 200 (Appendix A). 

4.4 Results and Discussion: 

SpuA and S. pneumoniae 

SpuA belongs to glycoside hydrolase family 13, the largest sequence-based glycoside 

hydrolase family with over 2500 entries from archea, bacteria and eukaryotes. It is known 

as the -amylase family but it also includes other -glucan metabolizing enzymes such 

as isoamylases, pullulanases, -glucosidases, sucrases, and cyclomaltodextrinases. Due 
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to the large number of members of GH13, subfamilies have been proposed within the 

family to better distinguish members based on sequences and enzymatic properties 201. 

SpuA is classified within subfamily 12 which includes pullulanases from firmicutes 

(bacteria with Gram positive cell wall structure). 

SpuA (SP0268) is one of five -glucan metabolizing proteins known to be 

essential for the full virulence of S. pneumoniae. Others include a second pullulanase 

(SP1118), a predicted -amylase (SP1382), a predicted glucanotransferase (SP1121) and 

a protein involved in maltose transport (MalX). These proteins are part of a S. 

pneumoniae -glucan metabolism pathway (Figure 45). The genes for maltose transport 

(malXCD) are found on the maltodextrin uptake locus which is induced by the presence 

of maltose 202 and regulated by the repressor MalR 203. MalX mediates the transport of 

maltose; the equivalent in Group A Streptococcus, MalE, was shown to be necessary for 

bacterial colonization of the oropharynx 169. The MalCD maltose transporter is a member 

of the ATP binding cassette superfamily similar to that found in E. coli 204. The transport 

of glucose and maltooligosaccharides by Streptococcal species is requires for growth of 

the organisms in human hosts 169; 205. 

  SpuA is a known surface associated enzyme as it contains an N-terminal signal 

peptide and a C-terminal LPXTG motif, a motif which is implicated in sortase-mediated 

attachment of proteins to the peptidoglycan layer 206. It also has been identified as an 

immunogenic surface protein in a genomic expression library probed with human 

convalescent-phase serum and surface localization has been confirmed by 

immunofluorescence with anti-SpuA 170. Previous studies of the N-terminal CBM41  
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Figure 45: -glucan metabolizing pathway harbored by S. pneumoniae. Bioinformatics 
was used to determine cellular localization of each protein. STM studies showed that 
enzymes in red are essential for virulence in a mouse lung model 53. 
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modules from SpuA demonstrated that they effectively bind to chains of glycogen with 

high affinity (Ka 2 x106 M-1) in a bivalent interaction with two opposing binding sites 

(see Section 3.3 and 192). The target cells were shown to be type II alveolar cells in mouse 

lung tissue that harbor glycogen granules for the production of lung surfactant. Our 

hypothesis is that SpuA breaks down glycogen in these cells by hydrolyzing the -1,6-

linkages where products are then transported into the cell for use as a nutritional 

source by the bacteria. Since SpuA is essential for virulence, the nutrients provided by 

glycogen must be essential for viability of the organism. 

Glycogen Hydrolysis by SpuA 

Full length SpuA and the catalytic module, SpuACBM, were cloned and produced as 

recombinant proteins in E. coli and the purified protein products were used to identify 

activity on glycogen. Zymograms were initially employed to observe whether SpuA and 

SpuACBM demonstrated catalytic activity on -glucans (Figure 46). The clearing 

observed in the gels containing polysaccharide substrate indicated that both SpuA and 

SpuACBM are active on the -glucans starch, pullulan and glycogen. Subsequent 

experiments were then performed to assess the products of -glucan hydrolysis by SpuA. 

Separation of -glucan products after a one hour incubation with SpuA by thin layer 

chromatography (TLC) show that glycogen hydrolysis resulted in a smearing when 

compared to the no enzyme control (Figure 47A lane 11 and 12), suggesting the 

formation of multiple products that cannot be resolved using this method.  SpuA activity 

on the control -glucan, pullulan, resulted in the formation of maltotriose (Glc--1,4-  



 

 

212 
Figure 46: Zymograms of SpuA and SpuACBM. (A) red-pullulan and (B) Glycogen. 
Lane 1: SpuACBM, Lane 2: SpuA 
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Figure 47: (A) Thin Layer chromatography of SpuA products of -glucan hydrolysis. 
1:glucose; 2: G2; 3: G3; 4: panose; 5: isoG3; 6: G4; 7: G5; 8: G6; 9: G7; 10: SpuA + 
pullulan; 11 & 12: SpuA + glycogen; 13: SpuA + dextran; 14-17: same as 10-13 without 
enzyme. (B) TLC of SpuA on maltooligosaccharides: 1:Glucose, 2:G2, 3:G3, 4:isoG3, 
5:G4, 6:G5, 7:G6, 8:G7,  9: Pullulan + SpuA, 10: amylose + SpuA, 11: isoG2, 12:G4 + 
SpuA, 13: G5 + SpuA, 14: G6 + SpuA, 15: G7 + SpuA. 
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Glc--1,4-Glc) (Figure 47A). This result indicates the likelihood that SpuA is 

hydrolyzing -1,6-linkages in pullulan, a linear polymer of -1,6-linked maltotriose, 

since we do not see any products that co-migrate with -1,6-containing gluco-

oligosaccharides such as isomaltose (Glc--1,6-Glc) and panose (Glc--1,4-Glc-1,6-

Glc). SpuA is not active on amylose (pure -1,4-linked glucose) or dextran (pure -1,6-

glucose) but had some activity on -1,4-linked glucooligosaccharides (Figure 47B).  

 Fluorophore-assisted carbohydrate electrophoresis (FACE) is a high resolution 

polyacrylamide electrophoresis method which is able to separate oligosaccharides based 

on size. We were able to resolve the products of glycogen hydrolysis by SpuA and 

SpuACBM using FACE as a ladder of -1,4-linked glucans increasing in length by one 

glucose unit (Figure 48). Comparing the results of TLC and FACE, we believe that SpuA 

is hydrolyzing the -1,6-branches in glycogen, producing -1,4-gluco-oligosaccharides 

of varying length.  

Structural basis of Glycogen Degradation by SpuA 

The structure of the catalytic module, SpuACBM, was solved to 1.85 Å by molecular 

replacement using a truncated form of the catalytic module from Klebsiella pneumoniae 

PulA (PDB code 2FHF) as the search model. The structure of SpuACBM and SpnDX 

(PDB code 2J44) was then used to solve the structure of full length SpuA in complex 

with maltotetraose to 2.25 Å. SpuA is a large enzyme (140 KDa) with overall dimensions 

of 108 Å x 90 Å x 54 Å. It has 6 domains comprised of two N-terminal CBM41s 

(SpnDX-1 and SpnDX-2), a linker region, and the catalytic module (Cat) with flanking N  
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Figure 48: Products of glycogen breakdown by SpuA resolved by FACE. Lanes 1 & 8: 
Glucose standards; lane 2: Glycogen untreated; lane 3: glycogen treated with SpuA; lane 
4: glycogen treated with SpuACBM; lane 5: pullulan untreated; lane 6: pullulan treated 
with SpuA; lane 7: pullulan treated with SpuACBM. 
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Figure 49: (A) Secondary structure representation of SpuA. N-terminal CBM41s 
(SpnDX-1, red, and SpnDX-2, orange), linker (L, yellow), N-terminal GH13 -sandwich 
domain (N, magenta), catalytic domain (Cat, green) and C-terminal -sandwich domain 
(C, deep blue). Maltotetraose in active site and maltotriose in SpnDX-2 shown as sticks 
(blue) 
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and C-terminal -sandwich domains (Figure 49). The catalytic module has an ()8 

barrel fold common to family 13 GHs, and the N and C domains are 4 -strands 

overlapping 4 -strands and 4 -strands overlapping 3 -strands respectively with an Ig-

like topology. The C-terminal domain is common to other enzymes within family 13 

GHs, however, the N-terminal GH13 domain appears to be unique to pullulanases and 

their functions are unknown. SpnDX-1 and SpnDX-2 are family 41 CBMs and have 

previously been shown to interact with -1,4-linked glucans and together form a rigid 

structure optimal for binding chains of glycogen 192. Family 41 CBMs are uniquely 

associated with pullulanases within the family 13 GHs.  

Within the active site of SpuA are two maltotetraose sugars where notably the 

first two glucose residues of maltotetraose 1 (M1) is bound by SpnDX1 and the catalytic 

module (Figure 50A); hydrophobic stacking interactions occur between GLC1 and 

SpnDX-1 W30 and GLC2 and SpnDX-1 W40, while O2 and O3 of GLC1 hydrogen bond 

with SpnDX-1 D86 (Figure 50B). In the active site of the catalytic module GLC3 is 

sandwiched between F599 and Y847 and forms various direct and indirect hydrogen 

bonds while GLC4 interacts with the side chain of Y523. Maltotetraose 2 (M2) interacts 

solely with the catalytic module and forms stacking interactions and direct hydrogen 

bonds with the first 3 glucose sugars (GLC5, GLC6 and GLC7) and only a water 

mediated hydrogen bond with O3 of GLC8 (Figure 50C). K825 is the only side chain that 

interacts with both M1 and M2, forming direct hydrogen bonds with GLC2 O2 and 

GLC5 O3 hydroxyl groups. When we compare the native GH13 module with SpuA in 

complex with maltotetraose, we see a shift in loops where F599 moves ~3 Å and Y708 

moves ~3 Å to accommodate the sugar residues (Figure 50D). Both maltotetraose units 
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lie parallel to each other such that O1 of the reducing sugar GLC4 would form an -1,6-

linkage with O6 of GLC6 as would be found in glycogen (Figure 50E) such that the 

SpuA active site is designed to accommodate the branched sugar residues. If we compare 

the structure of SpuA GH13 with human pancreatic -amylase (HPA) in complex with 

acarbose, we see that HPA has an extended loop comprised of amino acids 303-310 

which occupy the space of M2 in SpuA (Figure 50F). This differentiates SpuA from other 

family 13 -glucan degrading enzymes such as amylases and isoamylases. 

The linker region joining the SpnDX modules and the catalytic GH13 module was 

difficult to model due to flexibility within this region as indicated by high B-factors. In 

the crystal structure of the pullulanase from K. pneumoniae in complex with 

maltotetraose, the linker region also had high B-factors and the CBM41 module was 

actually bound to maltotetraose occupying site 1 of the adjacent symmetry-related 

molecule 161. It is likely this flexibility that interfered with our inability to crystallize 

native SpuA. It is therefore possible that the native SpuA enzyme may take on a different 

conformation than SpuA in complex with maltotetraose. In order to look at the overall 

shape of native SpuA, small angle X-Ray scattering (SAXS) experiments in the absence 

and presence of maltotetraose were performed in collaboration with Dr. Mirjam Czjzek 

from Station biologique de Roscoff. SAXS is a medium resolution technique that 

generates an envelope corresponding to the overall shape of a protein at ~15-20Å. The 

benefit of SAXS is that it uses protein in solution and does not require protein crystals.  
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Figure 50: (next page) (A) Space filling model of maltotetraose in the active site bound 
by SpnDX-1 (blue) and catalytic site of GH13 (Cat, gray) with M4 in magenta. (B and C) 
Graphical representation of two maltotetraose units in the active site, K825 shared by 
both units. (B) M1, where red dashed line shows the contribution of SpnDX-1(left) and 
GH13 (right), (C) M2. (D) Native (gray) versus complexed (green) GH13 active site 
showing shift in loops upon substrate binding. (E) Potential -1,6-linkage shown by a 
dashed line in active site of GH13 (F) Close-up of HPA and SpuA active sites. SpuA 
cyan with G4 in magenta, HPA in orange with acarbose in green. Extended loop region in 
HPA indicate with arrow indicating the loop region in HPA that occupies the site of M2 
in SpuA. 
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Once the overall shape of the protein is known, we can then fit the known crystal 

structure of SpuA into the envelope (Figure 51) and observe if there are any changes in 

overall shape of the protein in the absence of substrate.  The SAXS results show that the 

overall surface structure of the native SpuA had a slightly altered shape when compared 

to SpuA in complex with maltotetraose (Figure 51 and see Appendix A). There appears 

to be a shift in the linker region towards the active site (Figure 51 c and f) suggesting that 

the linker may be involved in substrate binding. Because the active site must 

accommodate glucan chains of varying length found in glycogen granules, it is possible 

that the slight flexibility of the linker region may assist SpuA in this process for efficient 

hydrolysis the -1,6-branches within glycogen.  

According to GH nomenclature, M1 occupies subsites -4 to -1 and GLC6, 7 and 8 

of M2 occupies subsites +1 to +3, where cleavage of the -1,6-linkage would occur 

between -1 and +1 (GLC4 and GLC6). A notable feature is that the -4 and -3 subsites are 

provided by SpnDX-1. At the cleavage site, the residues D634 and E663 are present 

which are the conserved catalytic residues in all other GH13 family members (Figure 52) 

207 161. D634, the catalytic nucleophile, forms direct hydrogen bonds with O1 and O2 of 

GLC4 in the -1 subsite and E663, the catalytic acid/base, forms a water mediated 

hydrogen bond with GLC4 O2 and GLC6 cyclic oxygen in the +1 subsite. SpuA likely 

cleaves the -1,6-linkage via a retaining mechanism. To study the importance of D634 

and E663 in glycogen hydrolysis we generated alanine substitution mutants in full length 

SpuA to generate SpuAD634A and SpuAE663A. Both residues D634 and E663 were 

shown to be essential for glycogen breakdown using FACE analysis for full length SpuA 

(Figure 53). 
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Figure 51: Averaged surfaces obtained by different GASBOR runs for SpuA (a,b,c) and 
SpuA-M4 (d,e,f).  
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Figure 52: Amino acid sequence alignments of the SpuA catalytic module with other 
family 13 GHs whose structures are known and catalytic residues have been identified. 
Catalytic residues are indicated with a blue arrow. 

 



 

 

224 
Figure 53: FACE of SpuA catalytic mutants D634A (catalytic nucleophile) and E663A 
(catalytic Acid/Base) on glycogen. Lane 1: glucose Standards, lane 2: no enzyme control, 
lane 3: wildtype SpuA, lane 4: SpuA D634A, lane 5: SpuA E663A. 
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 Comparison with other pullulanase structures 

SpuA is very similar to the pullulanase PulA from Klebsiella pneumoniae, 

KpPulA, whose structure was recently solved 161. The GH13 modules share 29.9% 

sequence identity and have an RMSD of 1.89 Å over 593 matched C atoms (Figure 52 

and Figure 54). KpPulA only has one N-terminal CBM41 which shares 16% and 17.5% 

sequence identities and RMSDs of 1.97 Å and 2.11 Å with SpnDX-1 and SpnDX-2, 

respectively. A novel feature of this enzyme is SpnDX-1 faces the active site of the 

adjoining catalytic module, participating in positioning the substrate in the active site 

(Figure 51A). This is the first example of a CBM that participates in binding substrate 

within the active site. The CBM41 from KpPulA faces the active site of the catalytic 

module in a symmetry related molecule within the crystal structure, however it appears to 

be an artifact of crystal packing.  Interestingly, KpPulA utilizes one N-terminal CBM41 

while SpuA has evolved the use of a second CBM41 which together have formed a rigid 

entity with opposing binding sites. This second CBM41 in SpuA is likely an evolutionary 

advantage towards binding glycogen branches over linear -glucans. Also, because of its 

bivalent architecture, the tandem CBM41 modules have a much higher affinity for 

glycogen chains over the -1,4-glucan products that would be formed by the debranching 

activity of the SpuA enzyme. 

Inhibition studies of SpuA 

Preliminary inhibition studies on SpuACBM were performed with known -

amylase/glucosidase inhibitors including acarbose, miglitol, voglibose and 

glucopyranosyl-moranoline (GPM) (Fig 55). Acarbose, miglitol and voglibose are used in  
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Figure 54: (A) SpuA (GH13 in yellow and G4 in magenta) and KpPulA (GH13 in light 
blue, G4 in orange).(B) CBM41 overlap. KpCBM41 (light blue,G2 in orange), SpnDX-
1(yellow, G2 in magenta) and SpnDX-2 (green, G3 in green). 
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the treatment of type II diabetes and work by competitively inhibiting -glucosidases and 

-amylases in the GI tract to prevent the breakdown of sugars and slow the appearance of 

glucose in the bloodstream 208. GPM is similar to the glucosidase inhibitor 

deoxynojirimycin with an additional non-reducing -1,4-linked glucose. Table 15 shows 

the results of these inhibitors on SpuACBM where miglitol and voglibose showed no 

specificity for SpuACBM while acarbose and GPM had KD‘s in the mM range (10-4 M). 

This demonstrates that inhibitors consisting of at least a disaccharide are required to 

interact with the active site of the catalytic module. However because of the low affinity 

interaction between SpuACBM and either GPM or acarbose, none of these inhibitors 

are considered effective. The reason these are not effective inhibitors can be explained by 

looking at the active sites of SpuA and human pancreatic -amylase (HPA) in complex 

with acarbose (Figure 50F). Structural overlap of SpuA and HPA shows that a loop 

region in HPA creates a linear-shaped active site for -1,4-glucans. This loop is absent in 

SpuA where instead a second site is occupied by M2, creating an active site that is able to 

accommodate branched substrates.  This region is what differentiates amylases from 

pullulanases and explains why alternative branched inhibitors may be more suitable for 

inhibiting the activity of SpuA. 

Because SpuA presents a substrate binding surface for branched glucans, we then 

tried a branched hemithiomaltodextrin inhibitor (HTMD, Figure 55), a potential inhibitor 

for starch-debranching enzymes 209. The interaction of HTMD with GH13 has a 100-fold 

increase in KD for SpuACBM (10 -6 M). Therefore it appears that we are able to more 

effectively inhibit SpuA with branched inhibitors such as HTMD. Because inhibitors like 
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acarbose are very effective at inhibiting -glucosidases, such as human pancreatic -

amylase, but not SpuA, this could serve as a basis for designing more effective branched 

inhibitors to selectively target SpuA without targeting other classes of GH13-containing 

enzymes.  

All of the inhibitors discussed are sugar analogs that mimic the shape and charge of the 

transition state and act as competitive inhibitors such that it blocks the active site, 

preventing the enzyme from interacting with its intended substrate. Another possible 

method is to use peptide-based competitive inhibitors as a means of blocking enzyme 

activity. An interesting feature of the SpuACBM native crystal structure was that crystal 

packing was facilitated by the C-terminal tail which interacts with the active site of the 

adjacent molecule. Closer inspection of the structure shows that the peptide 

VSENGTSHESTA interacts with the same amino acid side chains as the maltotetraose 

sugars (see Figure 50 and Figure 56A). Notably, the catalytic residues D634 and E663 

hydrogen bond with the imidazole ring of H8 and R698 hydrogen bonds with E9. Both 

H8 and E9 fit nicely into the pockets of the binding site formed by F599 and Y705 

normally occupied by both maltotetraose sugars, as seen in a model showing solvent-

accessible surface area (Figure 56B). This phenomenon in SpuACBM may assist in the 

development of potential polypeptide-based inhibitors which, to our knowledge, has yet 

to be explored as a method of inhibition in glycoside hydrolases. Peptide-based 

carbohydrate mimicry has been successful in inhibiting the T-cell proliferative activity of 

the lectin ConA 210, thus the potential for GH peptide-carbohydrate mimicry is feasible.  
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Figure 55: Structure of the transition state -glucosidase inhibitors acarbose, miglitol, 
voglibose, GPM and the branched inhibitor HTMD.  
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Table 15: ITC results of inhibitors on SpuA GH13 

 n KD  
(M) 

H 
(cal/mol) 

S 

miglitol nd*    
voglibose nd    
acarbose 1** 2.87 x 10-4 -8674 -12.9 
glucopyranosyl-
moranoline (GPM) 

1** 2.50 x 10-4 -5361 -1.50 

hemithiomalto-
dextrin (HTMD) 

1.31  
(+/- 0.13) 

7.58 x 10-6 -11290 -14.4 

* nd no interaction detected 

** n value was set as 1 in data analysis
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Figure 56: Prospect of peptide-based inhibitors based on structure of native SpuACBM. 
(A) C-terminal tail of SpuACBM makes same contacts with amino acid side chains as 
maltotetraose (See figure 51A) (B) Solvent accessible surface area representation of 
GH13 with G4 in SpuA complexed structure (pink) overlapped with peptide from GH13 
native structure (blue). Surface representation of active site in gray with residues shown 
in green. 
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Conclusion: 

Previous studies demonstrated that the homologous enzyme PulA from S. pyogenes was 

inactive on glycogen 152.  Our results show that SpuA is active on glycogen in addition to 

pullulan. Because of the similarity between the two enzymes (73% sequence similarity, 

57% sequence identity) one would expect that PulA would also be active on glycogen 

suggesting its lack of activity on glycogen may be due to the detection method used by 

Hytonen et. al. Due to the host environment in which SpuA is located, it is likely that its 

target substrate is glycogen and not pullulan  Thus SpuA and other related pullulanases 

such as S. pyogenes PulA and those from other pathogenic bacteria, should be known as 

glycogenases. Like pullulases, glycogenases are active on -1,6-branches; however, 

unlike pullanases, glycogenases mainly target branches in glycogen granules. 

Interestingly, these pullulanases from pathogenic bacteria cluster into the same subfamily 

in a phylogenetic tree analysis, suggesting a similar activity for these enzymes 201 

SpuA is a potential target for inhibition as an alternative to antibiotic treatment in S. 

pneumoniae infections because it is a virulence factor that is known to be essential for 

viability of the bacteria in its host 53.  It is also continuously present during all growth 

phases of S. pneumoniae and is identifiable in 41 strains of 17 distinct serotypes making 

SpuA serologically highly conserved 170. This study on the structure and activity of SpuA 

provides valuable information in identifying its role in pneumococcal pathogenesis. We 

previously identified glycogen granules within type II alveolar cells as a target for the N-

terminal CBM41 modules (SpnDX) from SpuA. SpuA then breaks down glycogen in to 

smaller maltooligosaccharide fragments by hydrolyzing the -1,6-branch points and also 
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has residual activity on -1,4-glucans. The smaller maltooligosaccharides then likely 

interact with the extracellular MalX for transport into the cell via the ATP-dependent 

MalC/MalD transporter 169; 205. Within the bacterial cell it is further broken down into 

glucose to be used as a nutritional source by the bacteria which is essential for growth of 

the organism 205. The lung is a main point of entry for S. pneumoniae and the nutrition 

provided by glycogen within lung tissue must be essential for cell viability as indicated 

by the importance of SpuA and other -glucan metabolizing enzymes in bacterial 

virulence. Furthermore, by targeting glycogen in the lung, SpuA would inhibit the 

process of lung surfactant production. Lung surfactant is composed mainly of 

phosphatydilcholine which is synthesized from stores of glycogen granules housed in 

type II alveolar cells. Surfactant serves as a protective coating on the surface of lung 

epithelium to prevent collapse of the alveoli during respiration. It also houses many of the 

protective cells involved in the innate immune response, such as neutrophils and 

macrophages, since the respiratory tract is a main point of entry for many pathogenic 

bacteria, viruses and other foreign objects. By preventing lung surfactant synthesis, S. 

pneumoniae would promote its evasion of this first line of defense, allowing the organism 

to infect lung tissue. Inhibiting SpuA activity may be useful as a means of treatment to 

stop or slow the progression of infection. Because of its unique catalytic site architecture, 

we may be able to design inhibitors that selectively inhibit SpuA activity without 

compromising human -glucosidases. The ability to combat such infections by 

alternative therapies, such as targeting SpuA, is increasingly critical with the rise in 

antibiotic resistant strains. 
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Chapter 5: Global Conclusions 

The overall goal set out in this thesis was to advance our understanding of the 

molecular determinants of carbohydrate recognition by carbohydrate-binding modules 

that belong to the same amino acid sequence based family. By studying multiple 

members within a CBM family we have been able closely examine the forces that drive 

carbohydrate recognition. In general, carbohydrates have a predetermined three-

dimensional shape based on the configuration of the sugar and the type of glycosidic 

linkage joining the sugar molecules. CBMs have evolved binding sites that are 

complementary to the three-dimensional shape of the interacting sugar. Most importantly, 

these binding sites are preformed, that is, they do not undergo any conformational 

changes upon ligand binding. This preformed binding site is critical for all known 

protein-carbohydrate interactions, including those involving antibodies and lectins (211; 

212), and is what allows for high affinity interactions with specific carbohydrate ligands. 

The preformed binding pocket also allows for localization of the protein at specific 

regions within carbohydrates. Looking closer into the preformed binding pocket, the 

main driving force for CBM-carbohydrate recogntion is through aromatic amino acids 

within the binding pocket. They are important for forming hydrophobic stacking 

interactions with sugar monomers Almost all protein-carbohydrate interactions involve at 

least one aromatic amino acid side chain, which demonstrates the importance of these 

residues to protein-carbohydrate recognition. Other key interactions include direct and 

water-mediated hydrogen bonding between amino acids in the binding site and sugar 

hydroxyl groups and/or the free electron pairs of the cyclic oxygen. 
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Specific research on polysaccharide recognition by family 6 CBMs showed us 

that members utilize amino acid side chains in order to alter the topology of the binding 

site, thus allowing for the recognition of a diverse range of plant polysaccharides. The 

dominant driving forces were hydrophobic stacking interactions between the primary 

sugar and aromatic amino acid side chains. Further molecular determinants were based 

on the length of the interacting sugar and whether binding occurrs at terminal sugars or 

within a polysaccharide chain which were facilitated by amino acid “hotspots” within the 

binding site. The research on family 6 CBMs may be useful in predicting the interaction 

of an unknown CBM6s with its potential ligand based on its amino acid sequence. It also 

has potential applications in industry for designing CBMs with enhanced binding 

affinities for plant biomass. This may be important as the need for alternative fuel sources 

increases. Currently work is being done to synthesize “cellulosic ethanol”, fuel from plant 

material waste, such as corn stalks, wheat straw and forest trimmings 213 which contains a 

diverse amalgam of cellulose, hemicellulose and lignin which need to be efficiently 

hydrolyzed. By enhancing degradative enzymes with CBMs, we may create more 

efficient processing of cellulosic material for ethanol production.  

-Glucan recognition by family 41 CBMs are driven by a preformed concave 

binding surface composed of aromatic amino acid residues to accommodate the helical 

convex structure of -1,4-linked glucose. TmCBM41 has an additional binding subsite 

for interacting with -1,6-linked glucose found within pullulan. This separated it from 

other starch binding CBM families which do not interact with -1,6-linkages. 

Furthermore, SpnDX and SpyDX tandem CBM41 modules adopt a bivalent scaffold 

mediated by a hydrophobic interface to specifically interact with opposing -glucan 
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chains in glycogen. This novel feature serves as an advantage towards binding intact 

substrate over the products formed by the glycogen debranching activity of the enzyme. 

Research on CBM41s may be potentially beneficial in the pharmaceutical industry. 

Because CBM41 modules are only found in pathogenic bacteria, these modules may 

serve as potential vaccine candidates in preventing many harmful bacterial infections, 

including those caused by Streptococcal, Klebsiella and Streptomyces species. 

Another goal of this thesis was to observe branched -glucan binding by a 

bacterial pullulanase. Similar to the preformed binding sites provided by CBMs, SpuA 

has a preformed active site specific for a branched -glucan substrates with two concave 

subsites that allow for interaction with two -1,4-linked glucan chains. Subsite 1 interacts 

with the non-reducing end of the glucan chain, blocked by an aspartic acid residue, which 

is O6-linked to the -glucan chain in subsite 2. Again, we see that aromatic amino acid 

side chains are important for interacting with -glucans. Although the active site is 

preformed to interact with branched substrates, we saw that slight conformational 

changes occur in aromatic amino acids involved in interacting with the concave face of 

the -1,4-linked-glucans. A unique feature revealed in the structure of SpuA was the 

direct participation of SpnDX-1 in binding substrate within subsite 1 of the active site. 

This feature has never before been identified in CBMs and possibly allows for this class 

of enzyme to efficiently stabilize the branched substrate within the active site. Studies on 

SpuA identifies a potential target to combat antibiotic resistance in Streptococcus 

pneumoniae and possibly other pathogens that also harbor a surface associated 

pullulanase. By inhibiting the activity of SpuA, we may impede the progression of 
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infection of antibiotic resistant strains and providing time to treat the infection by other 

means. 
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Appendix A 
SpuA structure determination by SAXS 

 

(Provided by Dr. Mirjam Czjzek, from the Station biologique de Roscoff) 

At low scattering angles, the scattering of the samples with highest concentrations (i.e. 11 

and 7 mg/ml) displayed an increase of intensity due to attractive inter-particle 

interactions. In order to exclude the influence of these interactions from shape 

calculations, a high and a low concentration measurement were merged both for SpuA 

and SpuA-M4 in such a manner that high q-values (0.5-4.0 Å) are taken from the curve at 

7.74 and 5.56 mg/ml concentration for SpuA and SpuA-M4, respectively (good statistics 

of the high resolution data), while the low q-range corresponds to the 2.95 and 1.39 

mg/ml measurements (no attractive inter-particle interaction).  

The average size of the different constructs is estimated by the measure of their 

respective radius of gyration at 288 K. At low angles, the scattered intensities are very 

well approximated by the Guinier law 195, and reveal some attractive interparticle 

interactions at high concentrations. All scattering curves were indicative of monomeric 

states of the molecules in solution. The experimental scattering curves are shown in 

Figure A1. The radii of gyration extrapolated at zero concentration are reported in Table 

A1. The theoretically calculated RG value, corresponding to the SpuA fullength crystal 

structure is 33.04 Å. The distance distribution functions of SpuA compared to SpuA-M4 

are illustrated in Figure A2, and clearly deviate from those typical for globular proteins, 

leading to Dmax values reported in Table A1. The RG and Dmax values for SpuA and 

SpuA-M4 are similar and indicative of rather compact molecules, (which is in agreement 
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with the crystal structure of SpuA fullength), however the overall shape and P(r) 

distribution are indicative of structural rearrangements. 

 d (GASB) and (Model): discrepancies between the experimental SAXS profile and respectively the fits for the 

overall shapes-models calculated by program GASBOR and the average discrepancy of the best atomic 

models estimated with the program CRYSOL. Discrepancy was defined according to Konarev et al. 214. 
 
For each construct, several ab initio GASBOR calculations were performed, and 

subsequently compared with the program DAMAVER 215 that computes the normalized 

spatial discrepancy (NSD) value for the various obtained shapes 216. In all cases, the 

various calculations led to highly similar forms with NSD values are of roughly 1.2 for 

SpuA, and ranging from 1.2 to 1.5 for SpuA-M4, which is indicative of rather restricted 

conformational variability of the different modules in solution. The superimposition of 

different shapes obtained for SpuA and SpuA-M4 are illustrated in Figure 51a, b. The 

superimposition of the “best” overall ab initio shapes onto the adequately positioned 

crystal structure of SpuA fullength are illustrated in Figure 51e, f. 

Table A1.  Structural parameters of SpuA and SpuA-M4 obtained by SAXS 

Sample 
Conc. 

[mg/ml] 
RG (Å) 

Guinier approx. 

RG (Å) 
whole 

curve(GNOM) 

Dmax (Å) 
ab initio modeling 
d(GASB)           (Model) 

SpuA -1 11.4 35.52 35.6 1107 3.38 8.11 

SpuA - 2 7.74 33.84 35.1 1055 3.52 5.89 

SpuA  - 3 2.95 38.84 36.7 1055 1.73 3.50 

SpuA  (merged) 38.84 36.5 1033 2.45 5.57 

SpuA - M4 -1 11.11 37.7 36.1 1077 nd 8.71 

SpuA - M4 - 2 5.56 38.4 36.1 1025 3.68 6.92 

SpuA - M4 - 3 2.78 40.3 37.6 1105 2.07 3.68 

SpuA – M4 (merged) 38.4 35.8 1103 2.18 3.95 

BSA 4.5 30.71 30.2 902 nd nd 
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Figure A1. Experimental scattering curve at two different concentrations of SpuA (green 

curves) and SpuA-M4 (blue and purple curves). 
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Figure A2. P(r) distance distribution of SpuA (purple stars) and SpuA-M4 (red circles) 
and the reference measurement of BSA (yellow squares), as derived from the 
experimental scattering in solution. 
 


