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Abstract 

Proteins modularity enhances the multi-functionality and versatility of proteins by 

providing such properties as multiple and various ligand-binding sites, increased ligand 

affinity through the avidity effect, and the juxtaposition of ligand-binding modules near 

catalytic domains. An NMR-based "dissect-and-build" approach to studying modular 

protein structure and function has proven very successful, whereby modules are initially 

characterized individually and then correlated with the overall function of a protein. We 

have used the dissect-and-build approach and NMR to study two modular protein 

systems. 

Chapter 2 details the NMR solution structure of the weak-lysine-binding kringle 

IV type 8 (KIV8) module from the apolipoprotein(a) (apo(a)) component of lipoprotein(a) 

was determined and its ligand-binding properties assessed.  In vitro studies have 

demonstrated the importance of the apo(a) KIV7 and KIV8 modules in mediating specific 

lysine-dependent interactions with the apolipoproteinB-100 (apoB-100) component of 

LDL in the initial non-covalent step of lipoprotein assembly.  Notable differences 

identified in the lysine binding site (LBS) of the KIV8 were deemed responsible for the 

differential modes of apoB-100 recognition by KIV7 and KIV8.  In addition, the KIV8 

structure has brought to light the importance of an RGD sequence at the N-terminus of 

the apo(a) KIV8 module, which may mediate important apo(a)-integrin interactions. 

In Chapters 3-6, structure-function studies of the CpGH84C X82 and the 

CpGH84A dockerin-containing modular pair were conducted to understand how the 

varying modularity unique to the C-terminal regions of the secreted multi-modular family 

84 glycoside hydrolases influences the spreading of Clostridium perfringens. 

Identification of a CpGH84C cohesin module (X82), and the structural characterization 
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of a dockerin-containing modular pair provides the first evidence for multi-enzyme 

complex formation mediated by non-cellulosomal cohesin-dockerin interactions.  The 

formation of large hydrolytic enzyme complexes introduces a novel mechanism by which 

C. perfringens may enhance its role in pathogenesis. 
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Chapter 1 

General Introduction 

1.1. Protein modularity in nature 

Proteins are inextricably linked to the proper functioning of cellular and 

physiological processes.  Many studies have unequivocally shown the importance of 

proteins in a myriad of intracellular processes, such as signalling, and extracellular 

activities that include the interaction of a cell surface receptor with its ligand.  The 

underlying highly specific protein-protein interactions necessary to efficiently 

communicate messages to downstream effectors in response to upstream signals requires 

the use of smaller structural elements of proteins, which are herein referred to as protein 

modules.  A protein module is a subtype of a protein domain that is comprised of a 

contiguous amino acid sequence (1). A property of a protein module is that it is not 

exclusive to one particular system, but is rather a common structural element found in 

other proteins (2).  Protein modules convert a much larger scaffolding protein with 

perhaps limited function, into a more malleable entity through the addition of other 

modules.  These multi-modular proteins are therefore better equipped to perform many 

more functions. 

The feature of a protein module that distinguishes it from a domain is that it is an 

independently folded part of a larger scaffold that mediates specific protein-protein or 

protein-carbohydrate interactions as shown by the Src-homology-2 module (SH2), the 

Src-homology-3 (SH3) module, the kringle module, the epidermal growth factor (EGF) 

module, and the carbohydrate binding module (CBM) (3-6).  These protein modules are 

found in many intracellular signalling proteins such as c-Src, in the case of SH2 and SH3, 
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and in several extracellular modular proteins such as the kringle modules in 

apolipoprotein(a) (apo(a)) and the carbohydrate binding modules found in the multi-

modular secreted glycoside hydrolases (4-6).  Of direct relevance to this thesis is the 

existence of protein modules in apo(a) and in the multi-modular glycoside hydrolases of 

Clostridium perfringens.   

Protein modules also serve an important regulatory role in protein-ligand 

interactions as shown by the avidity effect.  The avidity effect is known to occur for 

protein modules that exhibit weaker affinities for a particular ligand when considered 

individually (7).  The existence of these protein modules as a contiguous stretch of 

tandem repeats in the protein scaffold is cooperative as reflected by a tighter affinity (7).   

The organization of protein modules within a multi-modular system eliminates the 

need to constantly coordinate the shuttling of these individual modules in the cell.  Lastly, 

there may be an entropic benefit to having such large scaffolds since it limits the number 

of water molecules required to solvate the individual structural elements that comprise it.       

1.1.1. Combining structural biology and a “dissect and build” approach to 

understanding multi-modular proteins   

 The “dissect and build” approach to structural biology enables biochemists to 

tackle the problem of understanding the function of a large complex multi-modular 

system by determining the structure-function relationships of its modular components.  

The concept of studying and characterizing these protein modules that make up much 

larger architectures is extremely convenient and reduces its complexity. Two 

complementary structural techniques, X-ray crystallography and nuclear magnetic 

resonance (NMR) spectroscopy, have proven extremely useful for elucidating the three-
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dimensional nature of modular proteins.  NMR spectroscopy, on the other hand, has also 

enabled researchers to analyze the orientation and dynamics of protein modules in the 

context of an entire scaffold.   

In addition to the structural characterization of these multi-modular proteins by 

NMR or X-ray crystallography, it is equally important to engage in preliminary 

biophysical characterization of their interactions with relevant ligands using such 

techniques as circular dichroism (CD) spectroscopy, analytical ultracentrifugation 

(AUC), and differential scanning calorimetry (DSC) as a complement to the structural 

data.  The aim is to incorporate all of the information to improve our collective 

understanding of the entire scaffold, and to ensure that valuable progress continues to fuel 

discoveries with positive impacts on understanding the structure-function relationships of 

biological systems. 

1.2. Introduction to lipoprotein metabolism and implications of elevated 

lipoprotein(a) levels on cardiovascular disease 

1.2.1. Lipoprotein metabolism 

 Exogenous sources of dietary fats are emulsified into micelles through the action 

of bile salts, which are then acted on by intestinal lipases to break down triglycerides into 

free fatty acids for uptake by the intestinal mucosa (8).  These fatty acids are 

subsequently re-esterified into triglycerides and packaged with dietary cholesterol and 

apolipoproteins (apolipoproteinB-48, apolipoprotein-CII (apoC-II), apolipoprotein-CIII 

(apo-CIII)) to form chylomicrons (9).  ApoC-II, in particular, is an important 

apolipoprotein for activating lipoprotein lipase (9).  These apolipoproteins are lipid-

associating proteins that are recognized by specific cell surface receptors such as the low 
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density lipoprotein (LDL) receptor on the surface of hepatocytes, which facilitate the 

uptake of this lipoprotein via receptor-mediated endocytosis (8). 

 Chylomicrons, in turn, are responsible for delivering triglycerides to the adipose 

and muscle tissues, where lipoprotein lipases act upon them to release free fatty acids (8).  

The fatty acids are taken up by these tissues and used as an energy source or stored for 

future use in β-oxidation (10).  The chylomicron remnants, which are laden with 

cholesterol and protein components, return to the liver for subsequent uptake and 

degradation. 

 An excess of fatty acids, due to increased dietary intake which cannot be 

processed into energy, leads to packaging by the liver of triglycerides into very low 

density lipoprotein (VLDL) particles, which also contains cholesterol, cholesteryl esters, 

and other apolipoproteins such as apoC-II, apolipoproteinB-100 (apoB-100), and 

apolipoproteinE (apoE) (9).  The role of VLDL is to transport triglycerides through the 

circulatory system to adipose and muscle tissue where the activity of lipoprotein lipases 

release free fatty acids for uptake by these tissues (9).  Most VLDL remnants return to the 

liver for processing, but they can also form LDL particles (9).  

Since LDL contains cholesterol and apoB-100, an increase in its plasma 

concentration is a risk factor in the development of atherosclerosis, which is an 

inflammatory process that results in hardening of the arteries (11).  Plasma LDL levels 

can be regulated by changes in dietary consumption of cholesterol and lipids or the use of 

statins to lower endogenous levels of cholesterol biosynthesis (12).  However, a LDL-

variant identified by Käre Berg termed lipoprotein(a) (Lp(a)), is resistant to such 
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therapies and has also been shown to possess both proatherogenic and prothrombotic 

properties (13-15).   

1.2.2. Introduction to Lp(a)  

Elevated levels of Lp(a) affect the development and progression of cardiovascular 

disease and has been identified as an “emerging” risk factor in the Adult Treatment Plan 

(ATP) III guidelines (15).  This has been shown by several clinical trials such as the 

Prospective Epidemiological Study of Myocardial Infarction (PRIME) where increased 

levels of this lipoprotein is a predictor of future cardiovascular events (16).  Studies have 

shown that elevated plasma concentrations of Lp(a) greater than 30mg/dL contribute to 

the progression of both atherosclerotic and purely thrombotic diseases (14,17).  

Currently, there are no standard methods to accurately measure Lp(a) levels, which is 

primarily due to the size heterogeneity of this lipoprotein (see below) (14,17,18).  There 

does appear to be a correlation between the size heterogeneity of Lp(a) and its plasma 

levels (19). 

Lp(a) is a composite of LDL-like moiety that is covalently linked through a single 

disulphide bond to a unique glycoprotein termed apolipoprotein(a) (apo(a)) (Figure 1.1) 

(18).  The LDL component comprises lipids, cholesterol and cholesteryl esters, and 

apoB-100 (18).  The apoB-100 component of LDL associates with apo(a), and it is the 

apo(a) portion of Lp(a) that gives rise to the many unique properties of this lipoprotein 

(18).   

1.2.3. Pathogenicity of Lp(a) 

 Currently, no physiological roles have been attributed to Lp(a). However, 

elevated plasma concentrations of Lp(a) has been implicated in the development and 
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progression of atherosclerosis (18).  An early event in the establishment of an 

atherosclerotic lesion is the appearance of fatty streaks within the vessel wall of the artery 

(11).  These fatty streaks arise largely from necrotic debris resulting from the death of 

foam cells, which result from of the uptake of oxidized lipoproteins such as LDL by 

macrophages in the arterial wall (11,20).            

The contribution of Lp(a) to cardiovascular disease is not solely due to the 

proatherogenic properties of LDL that promote the formation of foam cells in the intima, 

but is also due to the ability of the apo(a) component to interact with a variety of 

extracellular matrix (ECM) proteins within atherosclerotic plaques, such as fibronectin, 

laminin, fibrin, and fibulin-5 (21-25).  These interactions promote the selective retention 

of Lp(a) in the intimal region of the vessel wall, thereby providing a rich source of 

cholesterol for subsequent uptake by macrophages (26). 

Lp(a) also increases vascular endothelial cell permeability, which facilitates entry 

of lipoproteins such as LDL and Lp(a) into the intimal region of the vessel wall.  Lp(a) 

stimulates smooth muscle cell (SMC) proliferation and migration, which results in the 

formation of a fibrous plaque encompassing the necrotic core of cholesterol and 

cholesteryl esters (27,28).  The presence of SMCs in the intimal region allow for the 

formation of fibrous atherosclerotic plaques through secretion of the soluble precursor 

tropoelastin (29). 
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Figure 1.1. Lp(a) structure.  The multi-modular glycoprotein, apo(a), is depicted as 

coloured kringle modules with a C-terminal protease domain (depicted P) (30). The 

apo(a) KIV2 tandem repeats are depicted in yellow, KIV7 (bright pink) and KIV8 (light 

purple) are shown interacting with two lysine residues of apoB-100 and the disulfide 

linkage between KIV9 (white) and apoB-100 is also shown.  The LDL component of 

Lp(a) is coated with phospholipids (PL; yellow) and free cholesterol (FC; blue) and 

contains a core of triglycerides (TG; purple) and cholesteryl esters (CE; green) (30). 
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The sequence and structural similarity between the apo(a) component of Lp(a) 

and the serine protease proenzyme plasminogen (Figure 1.2), has led to a proposed 

prothrombotic mechanism involving Lp(a)-dependent inhibition of fibrinolysis (31).  The 

attenuation of fibrinolysis is caused by reduced plasminogen activation to the active form 

plasmin in the presence of Lp(a) (31).  This may contribute to an increased risk of acute 

myocardial infarction through lengthened clot lysis times (18).   

 The apo(a) component of Lp(a) thus contributes to the risk for vascular disease 

that is associated with high levels of Lp(a).  An important goal in cardiovascular research 

is to ultimately generate improved methods to stop the devastating effects of Lp(a) in 

patients with high levels of this lipoprotein.  A comprehensive understanding of apo(a) 

structure and function is thus prudent.   

1.2.4. Modular architecture of apo(a) 

 Apo(a) is a modular protein that contains ten classes of plasminogen kringle IV-

like modules designated KIV1-10, followed by a plasminogen kringle V-like module and 

an inactive protease module (Figure 1.2) (32).  Each apo(a) kringle module exists as a 

unique sequence with the exception of the KIV2 module, which can exist from anywhere 

between 3 to greater than 40 identical copies (18).  The variation in the number of tandem 

repeats gives rise to the size heterogeneity of Lp(a) that is observed in populations, and 

underlies the inverse correlation between Lp(a) levels and the size of apo(a) (19).  
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Figure 1.2. The sequential and structural relationship between A) plasminogen and 

B) apo(a).  The nomenclature of the apo(a) kringle modules is based on the relationship that 

exists between the KIV, KV and protease modules of plasminogen.  The apo(a) KIV2 can 

exist in 3 to greater than 40 copy numbers, the KIV5-KIV8 comprise the lysine-binding sites 

(LBS), the KIV9 contains the free sulphydryl involved in covalent Lp(a) assembly, and the 

KIV10 has been shown to interact with fibrin surfaces owing to its strong LBS. 
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  Kringle modules are common structural motifs found in numerous proteins, 

including those involved in thrombosis (prothrombin) and fibrinolysis (plasminogen, 

tissue-type plasminogen activator, urokinase plasminogen activator) (33).  These modules 

form tri-looped structures comprising a hydrophobic core of tryptophans and tyrosines 

and very little secondary structural elements (Figure 1.3) (4,34-36).  The structure is 

stabilized by three invariant intra-disulphide bonds connected through a C1-C6, C2-C4 

and C3-C5 configuration (4,34-36).  In addition, the presence of basic (arginine, 

histidine) and acidic (glutamate, aspartate) amino acid patches at opposite ends of an 

exposed hydrophobic cleft provide an additional mechanism to stabilize ligands such 

lysine, arginine, and the lysine analogue ε-aminocaproic acid (ε-ACA) through critical 

salt bridge and hydrogen bond interactions (34-36).  Since ε-ACA is structurally different 

than lysine in that it lacks the 
α
NH3 group; it has been used to mimic the behaviour of a 

C-terminal lysine residue in the context of a peptide. 

Despite their high amino acid sequence identity (61%-75%), apo(a) kringle 

modules display different ligand specificities and affinities (32).  These kringle modules 

mediate protein-ligand interactions important for Lp(a) assembly and function.  For 

example, the KIV2 module has been shown to interact with the C-terminal region of the 

ECM protein fibulin-5 (21).  Fibulin-5 is comprised of five calcium (Ca
2+

)-binding 

epidermal growth factor (EGF)-like modules and an uncharacterized C-terminal region 

(3). It has also been shown to interact with other ECM proteins such as tropoelastin, and 

integrins through its Arg-Gly-Asp (RGD) motif (37).   
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Figure 1.3. A representative structure of an isolated kringle module found in apo(a).  

Some of the apo(a) kringle modules, including the X-ray structure of the KIV7 shown 

here, interact with lysine and other lysine analogues such as ε-ACA through basic (Arg
35

, 

Arg
69

), acidic (Asp
54

, Glu
56

) and hydrophobic (Trp
60

, Tyr
62

, Trp
70

) patches of amino acid 

residues (36). 
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The KIV5, KIV6, KIV7 and KIV8 modules each contain a weak lysine binding site 

(LBS), but only the KIV7 and KIV8 mediate non-covalent interactions with apoB-100 that 

occur during the first step of Lp(a) assembly (see below) (38).  The apo(a) KIV9 module 

contains the sole free cysteine residue (C
67

) and makes a disulphide linkage with the C-

terminal cysteine residue (C
4326

) of apoB-100 to form the covalent Lp(a) particle (39,40).  

The high affinity LBS present in KIV10 binds to fibrin and is involved in maintaining the 

closed conformation of apo(a) (31,41).  The ability of apo(a) to occupy binding sites on 

fibrin appears, in part, to attenuate plasminogen activation (31).  The closed conformation 

of apo(a) has been proposed to be a potential regulatory mechanism in controlling the 

extent of covalent Lp(a) formation (41).  Furthermore, the LBS of the kringle modules of 

apo(a) may be responsible for interacting with the I-domain of the β-integrin Mac-1 (42).   

The kringle V plasminogen-like module has recently been shown to have a role in 

angiogenesis (43).  The protease module of apo(a) is catalytically inactive due to the 

presence of an arginine to serine mutation at position 560, which prevents cleavage by 

tissue-type plasminogen activator (tPA) of the Ser
560

-Val
561

 bond (44).  In addition, there 

is a critical eight amino acid residue deletion in this region that contributes to the 

inactivity of the protease module in apo(a) (44).  Recently, a polymorphism in the 

inactive protease region of apo(a) at amino acid position 4399 resulting in an isoleucine 

to methionine substitution has been shown to contribute to severe cardiovascular disease 

(45).  Although there is no described function for this region of apo(a), there is a 

possibility that it may interact with full-length fibronectin and to a recombinantly 

produced tenth fibronectin type III module (FnIII) (46). 
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1.2.5. Lp(a) assembly 

 Lp(a)  formation is a two-step process that involves initial non-covalent apo(a)-

apoB-100 contacts, followed by disulphide bond formation (38).  The initial non-covalent 

interaction has been proposed to align the two cysteine residues, thereby facilitating 

proper disulphide bond formation (39,40).  The lysine-dependency of the non-covalent 

interaction was shown biochemically through the reversible binding of apo(a) to 

fluorescein-labeled LDL, and in the decrease in covalent Lp(a) formation by [
35

S]-

labelled apo(a) and LDL in the presence of the lysine analogue ε-ACA (47,48).   

The definitive role of lysine in the initial non-covalent step in Lp(a) assembly was 

demonstrated by citraconylation of lysine residues in the N-terminal region of apoB-18 

(47).  This lysine modified region displayed a marked decrease in the formation of 

covalent Lp(a) (47).  Further investigation of this region of apoB-100 identified two 

important lysine residues at positions 680 and 690, which were unambiguously shown to 

mediate interactions with the KIV8 and the KIV7 of apo(a), respectively (38).  Intrinsic 

tryptophan fluorescence studies monitoring peptide binding to recombinant apo(a) KIV7 

and KIV8 modules resulted in observed dissociation constants (Kd) of 200nM and 

1200nM for the KIV8-apoB-100 and KIV7-apoB-100 interactions, respectively (38).  

Intriguingly, this specificity exists despite the fact that these two apo(a) kringle modules 

share 84% amino acid sequence identity (32). 

Other studies have suggested that the region spanning amino acids 4372-4392 in 

the C-terminal region of apoB-100, which contains four lysine residues, also interacts 

with apo(a) (49).  In this regard, Cheesman et al. demonstrated that the efficiency of 

Lp(a) formation in transgenic mice was reduced when residues spanning 4279-4536 of 
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human apoB-100 were substituted with the corresponding residues found in the mouse 

apoB-100 sequence (50).  However, these studies have not localized its binding to the 

weak LBS of apo(a) nor have they performed any biophysical measurements to test this 

proposed apo(a)-apoB-100 interaction. 

1.2.6. Structural characterization of the kringle modules of apo(a) 

 Although the kringle modules of apo(a) are quite similar in sequence and 

structure, they exhibit specificities for their biologically relevant ligands.  Molecular 

determinants of their specificities have often been inferred through structural 

determination and assessment of their affinity for ε-ACA.  The KIV6, KIV7, KIV8, and 

KIV10 all bind ε-ACA with strikingly different affinities: KIV6, Kd ~310 µM; KIV7, Kd ~230 

µM; KIV8, Kd ~800 µM; KIV10, Kd ~33 µM (34,38,51).  Differences in the LBS of the KIV7 

and the KIV10 modules with respect to ε-ACA binding were explained through substitution 

from a phenylalanine to a tyrosine at position 62, and an aspartic acid to a glutamic acid at 

position 56 (51).  However, notable similarities in the structural features and sequence 

identity of the weak LBS of apo(a) make it difficult to rationalize a two- to three-fold 

difference in the affinity for ε-ACA reported for the KIV7 and the KIV8  modules (38) 

(Figure 1.4).   
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Figure 1.4. Sequence alignment of the apo(a) KIV7 and KIV8.  The amino acid 

residues comprising the apo(a) KIV7 and KIV8 modules are based on the sequence 

originally reported by McLean, et al (32).  The colours indicate the following percentage 

of conservation: Grey, 100%; magenta, ≥ 75%; teal, ≥ 50%; yellow ≥ 33%.  The LBS 

comprises those amino acid residues marked by red asterisks. 
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1.3. Clostridium perfringens in health and disease 

Clostridium perfringens is a ubiquitous, spore-forming, Gram-positive anaerobic 

bacterium that is present as a constituent member of the intestinal microflora in animals 

and humans, where it reaches densities of 10
9
 cells per gram of intestinal contents (52-

56). It is also a prominent inhabitant of soil and sewage (up to 5 × 10
4
 cells per gram of 

soil) (57). C. perfringens is also an opportunistic pathogen responsible for a variety of 

infectious diseases that afflict humans, including gas gangrene and food poisoning (54).  

Gas gangrene is a particularly major health concern since it can infect a deep surgical 

wound, which is accompanied by considerable growth rates as marked by the production 

of H2, CO2, and N2 gases (55).  If untreated, tissue necrosis ensues at a rate of several 

inches per hour causing death (56,58).  Conventional treatments include a rigorous 

cocktail of prescription antibiotics, but amputation is still the most common procedure to 

eliminate the threat (58). 

There is substantial evidence that associates the secretion of various enzymes and 

toxins by C. perfringens with diseases such as gas gangrene and food poisoning (59).  

The disease states, in both humans and in animals, are contingent on the toxinotype of C. 

perfringens to which there are five (CPA-CPE) (54).  Each of these isolates secretes a 

specific set of toxins that are classified as major or minor; and defined as α, β, ε, and ι, 

and δ, θ, κ, λ, µ, υ,  sialidase, and enterotoxin, respectively (54,59).  The major toxins are 

reviewed here; however, emphasis will be placed on the minor toxins that have hydrolytic 

activity. 
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1.3.1. The major toxins of Clostridium perfringens 

 The four major toxins produced by C. perfringens (α, β, ε, ι) are directly 

responsible for several disease states, including gas gangrene, necrotic enteritis, and 

oedema in liver, kidney and central nervous system by compromising cell membrane 

integrity (54,59,60).   

The α-toxin is primarily expressed in the CPA toxinotype and encodes an enzyme 

that hydrolyzes phosphatidyl choline and has demonstrated sphingomyelinase activity 

(61,62).  Cytolysis is due to the hydrolysis of phosphatidyl choline and sphingomyelin, 

which are abundant components of the cell membrane (61,62).  These products are potent 

secondary messengers that have devastating effects on cellular homeostasis leading to the 

development of gas gangrene (61,62).  The β toxins, β1 and β2, are primarily produced 

by CPB and CPC isolates and are directly responsible for necrotic enteritis of the 

intestinal mucosa (63-65).  The ε-toxin, which is secreted by the CPB and CPC strains, 

has been shown to compromise the strength of the cell membrane and results in oedema 

in various organs such as the liver (66).  The ε-toxin is particularly important in 

veterinary medicine as it results in swollen kidneys (known as pulpy kidney disease or 

overeating disease) in livestock (54).  Finally, the ι-toxin has been shown to possess 

ADP-ribosylating activity that modifies actin in the cytoskeleton, which results in the 

depolymerization of actin filaments and tissue necrosis (67,68).  This toxin is the only 

one of the four major toxins that is internalized through receptor-mediated endocytosis, 

and is only secreted by the CPE isolate (69).   

 

 



 18 

1.3.2. The minor toxins of Clostridium perfringens 

 The minor toxins of C. perfringens are subdivided into two categories: those 

possessing membrane-disrupting properties (enterotoxin, δ, θ) and those that possess 

hydrolytic activity (sialidases, κ, λ, µ) (55).   

 Although the enterotoxin is produced by all toxinotypes of C. perfringens, it is 

directly responsible for the symptoms resulting from food poisoning in humans by CPA 

(70-73).  It is suspected to interact with a protein receptor on the surface of Vero cells and 

on the intestinal cell brush border, which results in the formation of a pore and 

subsequent release of water, ions, amino acids .  Its activity also limits the amount of 

water and electrolytes absorbed by these cells, which is the main cause of diarrhea and 

abdominal cramps (74,75). 

 The mechanism of how the δ-toxin is capable of lysing cells that present 

gangliosides on their cell surface (erythrocytes, monocytes and platelets) remains elusive 

(76-80).  Similarly, the θ-toxin (also referred to as perfringolysin O, θ-hemolysin or thiol-

activated cytolysin), which is activated by cysteine and is inactivated by oxygen, uses 

cholesterol as an anchor to form large pores in erythrocytes causing them to lyse (81).  

The θ-toxin also affects the host immune response and endothelial cell homeostasis (81).  

It has been demonstrated that a cocktail of the α- and θ-toxins work together in the 

spreading of gas gangrene since θ-toxins are also involved in tissue necrosis (55).  

 The remaining hydrolytic toxins act on complex carbohydrates such as the 

sialidase and the neuraminidase (82,83).  It is postulated that the role of these secreted 

hydrolytic toxins is to provide nutrients for the organism to grow and proliferate.  

Moreover, it has been thought that a synergism exists between these enzymes and the 
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major pore-forming toxins when they are acting on their target cell membranes (60).  Of 

particular interest to this thesis is the µ-toxin that is encoded by the nagH gene (84).  The 

µ-toxin is a multi-modular protein that comprises an N-terminal family 84 glycoside 

hydrolase with purported hyaluronidase activity, which is responsible for the breakdown 

of the main component of connective tissue, hyaluronic acid (84).  Sequencing of the C. 

perfringens strain 13 genome, identified four additional multi-modular members of the 

family 84 C. perfringens glycoside hydrolases (CpGH84B-E) based on sequence 

homology to the catalytic domain to the µ-toxin, hereafter referred to as CpGH84A (85).   

1.3.3. The family 84 glycoside hydrolases  

 The CpGH84 family members are all multi-modular proteins, each comprising a 

common N-terminal catalytic module and at least one family 32 carbohydrate-binding 

module (CBM32) (Figure 1.5).  However, the modular architecture of their C-terminal 

regions is much more divergent and remains to be characterized. 

The CpGH84C comprises a family 82 X-module, hereafter termed X82, with 

unknown function, and a C-terminal fibronectin type III-like module (FnIII) which is 

thought to mediate a variety of interaction involving the cell-surface and ECM proteins 

(1).  The FnIII-like module is also found in CpGH84E.  The CpGH84A comprises a 

module of unknown function (UNK), three FIVAR (found in variable regions) modules 

which may bind carbohydrates, and a putative C-terminal dockerin-like Ca
2+

-binding 

module.  The C-terminal regions of the CpGH84B and CpGH84E share a common 

unknown region (UNK) with no corresponding physiological function.  The CpGH84B, 

CpGH84D and CpGH84E also contain a protein X-module of unknown function.  At the  
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Figure 1.5. The modular architectures of the family 84 glycoside hydrolases 

(CpGH84).  They all comprise a conserved N-terminal catalytic module (white) and a 

family 32 carbohydrate module (CBM32; blue).  The modular regions found in the C-

terminal regions are much more varied; CpGH84(A, B, D) all contain unknown modules 

(UNK; pink), CpGH84A comprises a C-terminal Ca
2+

-binding protein termed dockerin 

(purple), CpGH84(B, D, E) all contain a protein X-module (X; green) with unknown 

function. CpGH84B has an additional CBM32 and CpGH84C contains an X82 module of 

unknown function (X82; grey). Both CpGH84C and CpGH84E have a common 

fibronectin type III (FnIII; yellow) module. 

 

 

 

 

 

 

 

 

 



 21 

moment, it is uncertain as to how the diverse modularity exhibited in these C-terminal 

regions impacts the function, and possible synergism with the pore-forming minor toxins, 

of these enzymes in the extracellular milieu, and how they may contribute to the 

pathogenicity of C. perfringens.  

Currently, CpGH84C, the smaller family member, has been the most extensively 

studied (5,86,87).  The catalytic module of the CpGH84C has been delineated and shown 

to possess N-acetyl-β-D-glucosaminidase activity (87).  Moreover, the sole CBM32 from 

CpGH84C has been structurally characterized by Ficko-Blean and Boraston and its 

ligand binding properties assessed with galactose, the disaccharide β-D-galactosyl-1,4-β-

D-N-acetylglucosamine (LacNac), and the type II blood group H-trisaccharide ( -L-

fucosyl-1,2- -D-galactosyl-1,4- -D-N-acetylglucosamine) (88).  In the latter case, the 

interaction with the LacNac core derived from this sugar and the CpGH84C CBM32 

provided insight into how antigens recognize sugars on the surface of erythrocytes (88).   

1.4. Scope of this thesis  

 Modularity affords the ability of a single protein to be multifunctional and thus 

function optimally in its physiological environment. This extends from the ability to 

recognize numerous ligands and enhancement of binding through multiple binding sites 

to optimization of the activity of a catalytic domain through maintaining close proximity 

to substrate. The “dissect and build” approach has been extensively used, in concert with 

structural biology, to gain a more comprehensive understanding of how protein 

modularity contributes to overall function. Two particular areas where this 

complementary approach has proven success is i) in the identification of subtle structural 

differences within a particular protein module family that leads to differences in ligand 
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affinities and specificities, and ii) in the ability to derive functional insights directly from 

the structure of an uncharacterized module. 

 This thesis utilizes a ‘dissect and build’ approach and solution NMR 

spectroscopy, in conjunction with supporting biophysical studies, to decipher the 

underlying molecular determinants of ligand affinity and specificity displayed by the 

kringle modules of apo(a), and to gain functional insights in the various modules found in 

the family 84 glycoside hydrolases of C. perfringens. The solution structure of the apo(a) 

KIV8 module reveals that the 2-3 fold difference affinity for lysine and lysine analogues 

is due to subtle conformational differences, including a decreased size of the lysine-

binding site, when compared to other lysine-binding apo(a) kringle modules. The 

structure of the CpGH84C X82 module, which previously had no known function, 

displayed structural homology to the cohesin modules of the cellulolytic bacteria and had 

a planar region of a size sufficient to accommodate a cellulolytic cohesin ligand, a 

dockerin module. Finally, the solution structure of a C-terminal modular pair fragment of 

CpGH84A reveals that the FIVAR module forms a three-helix bundle that displays a 

possible carbohydrate-binding surface, while the C-terminal module adopts a typical 

dockerin fold comprising to calcium-binding F-hand motifs. These latter two structures 

are the first of non-cellulolytic cohesin and dockerin modules and hint at a hitherto 

unknown aspect of C. perfringens glycoside hydrolase and toxin research: the potential to 

form large, multienzyme complexes held together by X82 (cohesin) – dockerin 

interactions. 
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Chapter 2 

Nuclear magnetic resonance (NMR) solution structure, dynamics and binding 

properties of the kringle IV type 8 module of apolipoprotein(a) 

2.1. Abstract 

The plasma lipoprotein lipoprotein(a) [Lp(a)] comprises a low density lipoprotein 

(LDL)-like
 
particle covalently attached to the glycoprotein apolipoprotein(a)

 
[apo(a)]. 

Apo(a) consists of multiple tandem repeating kringle modules, similar to plasminogen 

kringle IV (designated KIV1-KIV10) followed by modules homologous to the kringle V 

module and protease domain of plasminogen. The apo(a) KIV modules have been 

classified based on their binding affinity for lysine and lysine analogues. The strong 

lysine binding apo(a) KIV10 module mediates lysine-dependent interactions with fibrin 

and cell surface receptors. Weak lysine-binding apo(a) KIV7 and KIV8 modules display a 

2- to 3-fold difference in lysine affinity and play a direct role in the non-covalent step in 

Lp(a) assembly through binding to unique lysine-containing sequences in 

apolipoproteinB-100 (apoB-100).  The present study describes the NMR solution 

structure of apo(a) KIV8, its solution dynamics properties, the first for an apo(a) kringle 

module, and compares the affects of ε-ACA binding on the backbone and side chain 

conformation of KIV7 and KIV8 on a per-residue basis. Apo(a) KIV8 adopts a well-

ordered structure that shares the general tri-loop kringle topology with apo(a) KIV6, KIV7 

and KIV10. Mapping of ε-ACA induced chemical shift changes on KIV7 and KIV8 

indicate that the same residues are affected despite a 2- to 3-fold difference in ε-ACA 

affinity. A unique loop conformation within KIV8, involving hydrophobic interactions 

with Tyr
40

, affects the positioning of Arg
35

 relative to the lysine-binding site (LBS). A 

difference in the orientation of the aromatic side chains comprising the hydrophobic 
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center of the LBS in KIV8 decrease the size of the hydrophobic cleft compared to other 

apo(a) KIV modules. An exposed hydrophobic patch contiguous with the LBS in KIV8 

and not conserved in other weak lysine-binding apo(a) kringle modules may modulate 

specificity for regions within apoB-100. An additional ligand recognition site comprises a 

structured RGD motif at the N-terminus of the KIV8 module, which may mediate 

Lp(a)/apo(a)-integrin interactions.  

2.2. Introduction 

Lipoprotein(a) (Lp(a)) is a plasma lipoprotein comprising a low density 

lipoprotein (LDL)-like
 
moiety that is attached to the glycoprotein apolipoprotein(a)

 

(apo(a)) by a single disulfide bond (40,89). The LDL moiety of
 
Lp(a) is similar to 

plasma-derived LDL both in lipid composition
 
and in the presence of apolipoprotein B-

100 (apoB-100) (90). As
 
such, the apo(a) component likely confers the unique structural

 

and functional properties that have been attributed to Lp(a). Apo(a) contains tandem 

repeats of a sequence that closely resembles
 

plasminogen kringle IV (~75-85% 

similarity), followed by sequences that are highly
 
homologous to the kringle V and 

protease domains of plasminogen (32). Based on amino acid sequence, apo(a) contains 10 

distinct
 
subclasses of plasminogen kringle IV-like domains (KIV1-10) (32). Apo(a) KIV 

types 1 and 3-10 are present as single copies while the kringle
 
IV type 2 domain (KIV2) is 

present in a variable number of identically
 
repeated copies, and is the molecular basis for 

the observed
 
isoform size heterogeneity of Lp(a) (91,92).

  

While a physiological role of Lp(a) has yet to be determined, numerous 

epidemiological studies have identified elevated plasma Lp(a) concentrations
 
as a risk 

factor for the development of atherosclerotic disorders
 
including coronary heart disease 
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(reviewed in Refs. (91) and (30)).
 
The unique structure of Lp(a) has suggested both a 

proatherogenic role, due to its similarity to LDL, and a prothrombotic/antifibrinolytic 

role, based on the resemblance of apo(a) to plasminogen (14,17,93). It is generally 

accepted that the assembly of LDL and apo(a) into the Lp(a) particle is a two-step 

process in which a non-covalent
 

interactions between apo(a) and apoB-100 

(38,47,48,94,95) precedes disulfide bond
 
formation between a free cysteine residue 

(Cys
4507

) within the KIV9 module of apo(a) (40,89) and a cysteine residue of apoB-100, 

the identify of which remains to be definitively identified. Biochemical and biophysical 

studies have implicated Cys
3734

 of apoB-100 in the covalent step (96,97), while more 

recent site-directed mutagenesis suggested that Cys
4326

 in apoB-100 was required for 

Lp(a) formation (39,98). 

In vitro studies have shown that the non-covalent step in Lp(a) assembly can be 

inhibited by the addition of lysine, lysine analogues, arginine, proline and phenylalanine 

(48,99-101), and that the weak lysine-binding sites (LBS) present within KIV5–8 
 
region 

of apo(a) are likely involved in mediating this interaction (95,99,100,102,103). Apo(a) 

KIV6 (48,100,104),  KIV7 (38,48,95,104), and KIV8 (38,48) modules have been 

implicated in the non-covalent step and recombinant constructs of each has been shown 

to display moderate to weak affinities for the lysine analogue ε-ACA (34,38), when 

compared to the high affinity ε-ACA-binding KIV10  module (dissociation constant (Kd) 

= 20 µM) (35,51,102,105,106).  KIV6 and KIV7, whose structures have been previously 

determined (34,36), display similar ε-ACA affinities (Kd ~0.2-0.3 mM) while KIV8 has a 

2- to 3-fold lower affinity (38). Mutagenesis studies ruled out a role for KIV6 in the initial 

non-covalent step, while KIV7 and KIV8 were both required for maximally efficient non-
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covalent and covalent Lp(a) assembly and recognized unique lysine-containing sequences in 

apoB-100 of the LDL-like moiety (38,94). 

A recent role for apo(a) in integrin-mediated cellular functions has also emerged. 

A lysine-dependent interaction between apo(a) and the Mac-1 integrin promoted 

endothelial cell adhesion and migration (42). Lp(a) also decreased platelet aggregation 

though an interaction between the fibrinogen receptor and the sole RGD motif of apo(a), 

which is located at the N-terminus of the KIV8 module (107).  

In this study, we describe the NMR solution structure of  the KIV8 module of 

apo(a), which has a similar overall fold to structures of apo(a) KIV6 (34), KIV7 (36), and 

KIV10 (35,106). Analysis of the dynamics properties of KIV8 is presented, the first for an 

apo(a) kringle module, and using backbone chemical shift mapping, we show that there is 

no significant difference in the residues of KIV7 and KIV8 affected by ε-ACA binding 

despite a 2- to 3-fold difference in binding affinity. Notable differences in KIV8 are 

observed in the side chain orientations of several aromatic residues, both within and 

adjacent to the LBS, and appear to alter the cationic and hydrophobic centers of the LBS. 

These observations provide a structural rationale for the differential modes of apoB-100 

recognition by KIV7 and KIV8. In addition, the structure reveals that the RGD motif 

within KIV8 is structured and indeed accessible for interaction with integrin target 

proteins. 

2.3. Materials and Methods  

2.3.1. Cloning of apo(a) KIV8/pET-16b and KIV7/pET-16b  

The upstream and downstream primers 

GGACTGACATATGGCACAACTGAAAACAGCAC and 
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CCCATATGTTAGACACTCGATTCTGTCACTGGACATCGTGTCAGGTTGC, 

respectively, were used in a PCR amplification with the KIV8/prK5 plasmid
2
 to generate 

a 300 bp fragment encoding apo(a) KIV8 with 5’ and 3’ NdeI restriction sites 

(underlined). The resulting fragment was subcloned and ligated into the EcoRV site of 

BlueScript
®

 (Strategene) using T4 DNA ligase (Invitrogen), and transformed into E.coli 

DH5α.  The ligation mixture was plated on Luria-Bertani (LB)-ampicillin plates 

containing isopropyl β-D-thiogalactopyranoside (IPTG) and X-galactose.  Plasmids were 

extracted from white colonies and digested with NdeI to excise the 300bp fragment.  The 

digested fragment was inserted into the NdeI site of the cloning region of a pET-16b 

expression vector (Stratagene) using T4 DNA ligase (Invitrogen). The directionality and 

sequence of the insert was confirmed by DNA sequencing and the plasmid was 

transformed into the Escherichia coli BL21 (DE3) strain for expression. 

The apo(a) KIV7/pET-16b expression plasmid was constructed in a similar 

manner to the apo(a) KIV8/pET-16b expression plasmid, with the exception that the 

KIV7/prk5 plasmid and the NdeI-containing (underlined) upstream and downstream 

primers GGACTGACATATGGCACCAACGGAGCAAAGCCC and 

GGCATATGTTAGAGAGTTGATTCCATCACTGGAC were used to generate the 

300bp fragment encoding apo(a) KIV7. 

2.3.2. Protein expression and purification  

The expression, refolding and purification of recombinant apo(a) KIV8 and KIV7 

was performed using a modified protocol by Becker et al. (38). Transformed cells were 

grown in LB media supplemented with 100 µg/L ampicillin in a 2.8 L Fernbach flask at 

37°C with shaking to an OD600 of 0.75.  IPTG was added to a final concentration of 1 
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mM and growth was continued for an additional 6 h at 30°C. The cells were harvested by 

centrifugation, resuspended in a volume of buffer A (20 mM Tris-HCl, pH 7.9, 500 mM 

NaCl, 5 mM imidazole) equal to 10 times their packed weight, and disrupted by 

sonication (4 × 30 sec) on ice. Cell debris was removed by centrifugation for 20 minutes 

at 48000g in a Beckman 25.5 rotor. The supernatant solution was discarded, the pellet 

was resuspended in buffer A to 5 times its packed weight, and the sonication and 

centrifugation steps were repeated.  The pellet was resuspended, sonicated (4 × 30 sec) in 

buffer B (20 mM Tris-HCl, pH 7.9, 500 mM NaCl, 5 mM imidazole, 0.5% Triton, 5 mM 

DTT) and left to rock at 4ºC for three days.  The suspension was increased to 5 times its 

original volume in buffer A, the concentrations of oxidized and reduced glutathione were 

added to a final concentration of 1.25 mM, and the sample was agitated overnight at 4ºC.  

The supernatant was applied to a column packed with 2 mL of Ni
2+

-chelating sepharose 

beads (Amersham Pharmacia Biotech) equilibrated with buffer A. The column was 

washed with 10 mL of buffer A containing 60 mM imidazole. Bound protein was eluted 

with buffer A containing 1 M imidazole in 1 mL fractions. Fractions containing protein 

were determined by the Bradford assay and SDS-PAGE, pooled and loaded onto a Hi-

Load 16/60 Superdex 75 size-exclusion column (Amersham Pharmacia Biosciences) 

equilibrated with 20 mM Tris-HCl, pH 7.9, 25 mM NaCl.  Elution fractions (3 mL) were 

collected using the same buffer. Fractions containing protein were pooled and 

concentrated using an Amicon stirred cell (Millipore Corporation) with a 1 kDa 

membrane at 4°C under pressure from nitrogen gas.  The pH of the sample was adjusted 

to 3.5 using trifluoracetic acid, filtered using a 0.45-micron nylon acrodisc filter and 

loaded on a Vydar C18 protein and peptide column attached to a Beckman HPLC.  
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Apo(a) KIV8 and KIV7 eluted in 34% and 30% acetonitrile treated with 0.05% 

trifluoroacetic acid, respectively.  Acetonitrile was removed from the samples using a 

Savant Speed Vac Concentrator and the samples were flash frozen in liquid nitrogen and 

lyophilized. Dried protein was stored at -20°C. 

Uniformly 
15

N- and 
13

C/
15

N-labeled apo(a) KIV8 and KIV7 were expressed, 

refolded and purified in a similar manner to that of the unlabeled protein, with the 

exception that a 5 mL bacterial culture of LB was used to inoculate 50 mL of M9 

minimal media containing 
14

N-NH4Cl and 
12

C-glucose.  At an OD600 of 1.1, 10 mL was 

used to inoculate 1 L of M9 minimal media containing 1 g/L 
15

N-NH4Cl for uniform 
15

N-

labeling, and 2 g/L 
13

C-glucose and 1 g/L 
15

N-NH4Cl for uniform 
13

C/
15

N-labeling 

(Cambridge Isotope Laboratories). At induction, 
15

N-labeled and 
13

C/
15

N-labeled growths 

were supplemented with 10 mL of 
15

N-Bio-Express-1000 media or 10 mL of 
13

C/
15

N-

Bio-Express-1000 media (Cambridge Isotope Laboratories), respectively, and 50 µg/L of 

ampicillin.  Growth was continued for 14 h after IPTG induction at 30°C.  NMR samples 

were prepared in 20 mM Tris-HCl, pH 7.2 in 90% H2O/10% D2O (v/v) to a final protein 

concentration of 1 mM. 

2.3.3. NMR spectroscopy 

All NMR experiments were performed at 25°C on Varian 600 and 800 MHz 

spectrometers equipped with pulse field gradient triple resonance cryoprobes.  Sequential 

backbone and side chain assignments were determined using 
1
H-

15
N HSQC (108), 

HNCACB (109), CBCACONH (110), HNHA (111,112), C(CO)NH-TOCSY and 

HC(CO)NH-TOCSY (113), and HCCH-TOCSY (114) experiments. 
1
H, 

13
C, and 

15
N 

resonance assignments of apo(a) KIV8 have been deposited in the BioMagResBank 
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(accession BMRB-7032). Interproton distances apo(a) KIV8 were measured from three 

dimensional 
15

N-edited NOESY-HSQC (115), 
13

C-edited NOESY-HSQC (116), and 
13

C-

aromatic NOESY (117) datasets with mixing times of 150 ms.  All data was processed 

and analyzed using NMRPipe (118) and NMRView (119), respectively. 

15
N T1, 

15
N T2, and {

1
H}-

15
N NOE values for the apo(a) KIV8 were measured at 

600 MHz using experiments similar to those described by Farrow et al. (120). 

Longitudinal delays of 10, 20, 40, 80, 320, and 640 ms (T1) and CPMG delays of 10, 30, 

50, 70, 90, 110, 150, and 190 ms (T2) were used in the acquisition of the data.  Steady-

state heteronuclear {
1
H}-

15
N NOE data were obtained with and without 3 s of proton 

saturation and a total recycle delay of 7 s. NOE values were extracted as the ratio of peak 

intensities with and without proton saturation for 73 well-resolved resonances.  Rate 

analysis functions in NMRView 5.0.4 were used to analyze the T1 and T2 decay rates, 

which were computed using the 2-parameter model using the program CurveFit (121) for 

70 well-resolved resonances.  The isotropic rotation correlation time (τm) was 

approximated using the ratio of R2/R1 and average R2 and R1 values were computed for 

only well-resolved resonances. 

2.3.4. Structure calculation 

Structures of apo(a) KIV8 were generated using the simulated annealing protocol 

in the program CNS 1.1 with 20000 molecular dynamic steps and 10 cycles of 1000 

minimization steps (122).  Interproton distances were calibrated for all proton pairs using 

maximum and minimum NOE intensities for known distances (dβN, dαN, dNN) in regions 

comprising loop or extended structure. A total of 3044 NOE-derived distance restraints 

were obtained for the structure calculation, including 2098 short-range (intra-residue and 
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sequential), 348 medium-range (1 < |i - j| ≤ 5) and 598 long-range distance restraints (|i - 

j| > 5). Additional restraints were introduced corresponding to the well-conserved kringle 

module disulfide bond pattern (Cys
1
-Cys

78
, Cys

22
-Cys

61
, Cys

50
-Cys

73
). Backbone dihedral 

angle restraints (ψ angle) for six residues, Cys
1
, Tyr

2
, Cys

61
, Trp

70
, Thr

76
, Arg

77
,  located 

in secondary structure elements were obtained from analysis of 
13

C
α
, 

13
C
β
, 

13
C’, 

1
H
α
, and 

15
N chemical shifts using the program TALOS (123). An additional 43 φ angle restraints 

were used from HNHA-derived 
3
JHNα coupling constants (124). The 20 lowest-energy 

structures with no distance violations greater than 0.3 Å and no angle violations greater 

than 5° were accepted into the final ensemble and the quality of the structures was 

evaluated using PROCHECK and MOLMOL (125,126). All figures representing 

structures were generated using MOLMOL (126) or PyMOL (127). 

2.3.5. NMR-based εεεε-ACA titrations 

Titrations of 0.21 mM 
15

N-apo(a) KIV8 or 0.21 mM 
15

N-apo(a) KIV7 with 

incremental additions of ε-ACA were monitored using 2D 
1
H-

15
N HSQC spectra 

recorded at 25°C at 600 MHz. Sequential additions of ε-ACA giving rise to a total 

concentration of 200µM, 800µM, 1.5mM, 3mM, 6mM, 10mM and 20mM were added to 

apo(a) KIV8, and 36µM, 100µM, 180µM, 240µM, 360µM, 540µM, 720µM, 1.5mM, 

2.5mM, 5mM and 10mM to apo(a) KIV7. Sample buffer conditions were 20 mM Tris-

HCl, pH 7.2. The data was processed and analyzed using NMRPipe and NMRView 5.2.2, 

respectively (118,119) and dissociation constant (Kd) values were interpolated from plots 

of the chemical shift change as a function of the ε-ACA concentration. 
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2.3.6. Intrinsic tryptophan fluorescence spectroscopy 

Effects on the intrinsic intrinsic tryptophan fluorescence properties of apo(a) KIV7 

and apo(a) KIV8 by a variety of amino acids were monitored using a Fluorolog-3 

spectrometer (Horiba Jobin-Yvon) .  Incremental additions of glycine, ε-ACA, and the L-

amino acids glutamine, proline, lysine or arginine from 1 M stock solutions were made to 

either 200 nM apo(a) KIV7 or 200 nM  apo(a) KIV8, using excitation and emission 

wavelengths of 280 nm and 340 nm, respectively. The amino acid and protein solution 

contained 20 mM Tris-HCl pH 7.9, 25mM NaCl. The data were plotted and analyzed 

using SigmaPlot to obtain Kd values.  

2.4. Results 

2.4.1. Resonance assignments and solution structure of apo(a) KIV8 

Assignment of backbone and side chain 
1
H, 

15
N, and 

13
C resonances of apo(a) KIV8 were 

completed using standard multi-dimensional heteronuclear NMR techniques. In total, 

94% of the expected backbone (Figure 2.1) and 91% side chain resonances were assigned 

for the 102-residue construct comprising residues 3867-3962 of apo(a) (128) and a N-

terminal deca-histidine tag. Backbone amide proton resonances of two N-terminal 

interkingle residues (Gly
[-15]

, His
[-13]

) and four core residues (Ser
8
, Arg

10
, Arg

35
 and 

Cys
73

) were not observed in the 
1
H-

15
N HSQC spectrum, indicating that these residues 

occupy regions of the protein module that are exposed to the solvent. 

NMR structures were calculated using 3044 NOE-derived distance restraints and 

43 backbone φ and 6 ψ dihedral angle restraints obtained as described in the Methods. 

Using an extended starting model of apo(a) KIV8, 133 structures were accepted from the 

200 total generated structures based on the fact that they had no distance restraint  
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Figure 2.1. 
1
H-

15
N HSQC spectrum of 1 mM uniformly 

13
C/

15
N-labeled apo(a) KIV8 

at pH 7.2 and 25ºC recorded at 600 MHz. Resonances for backbone and side chain 

amide protons that have been assigned are labeled with one-letter code for amino acid 

type, followed by the position in sequence. Labels for side chain resonances indicate the 

side chain amide nitrogen atom in parantheses. Resonances of chemically equivalent side 

chain amides of asparagine and glutamine residues are connected by horizontal lines and 

labeled accordingly.  
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violations greater than 0.3 Å and no dihedral angle restraint (φ and ψ) violations greater 

than 5°.  From these accepted structures, the 20 lowest-energy structures were selected 

for further analysis and a summary of structural statistics is shown in Table 2.1. An 

average structure from this ensemble was calculated and minimized against experimental 

restraints. 
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Table 2.1: Structural statistics for 20 structures 

restraints used in the structure calculation
a

no. of distance restraints

intra-residue 1421

inter-residue sequential (i , i  + 1) 677

inter-residue medium range (1 < |i  - j | < 5) 348

long-range (|i  - j | ≥ 5) 598

total 3044

rms deviations from distance restraints (Å) 0.0081 ± 0.0008

no. torsion angle restraints (φ and ψ) 49

geometric statistics

rms deviations from idealized geometry

bonds (Å) 0.0020 ± 0.00011

angles (deg) 0.348 ± 0.016

improper (deg) 0.186 ± 0.016

coordinate precision

rms deviations from the minimized average structure
b

 (Å)

backbone atoms 0.764 ± 0.07

all heavy atoms 1.31 ± 0.11

Ramachandran analysis

most favoured region (%) 48

additionally allowed region (%) 36

generously allowed region (%) 11.3

disallowed regions (%) 3.5
a

None of these structures exhibited distance violations of > 0.3 Å or dihedral angles 

> 5º. 
b

The coordinate precision is defined as average atomic rms deviations between

the 20 structures and the minimized average structure. The reported values are for

residues Cys
1
-Cys

78
.  
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KIV8 adopts the typical tri-loop kringle fold, comprising two short β-sheets and 

several loops and turns (Figure 2.2). A backbone superposition of the 20 lowest-energy 

NMR structures, shown in Figure 2.2A, indicates that KIV8 is well-defined by the NMR 

data, with the exception of a loop region comprising residues Gly
4
-Gly

11
and the N- and 

C-interkringle regions, defined by Ile
[-17]

-Asp
[-1]

 and Pro
[79]

-Val
[102]

, respectively. The 

lack of medium-range and long-range NOEs associated with these regions suggest that 

they are disordered in solution. The rmsd from the minimized average structure for the 

well-defined core of the ensemble, defined by residues Cys
1 

– Cys
78

, is 0.764 ± 0.07 Å 

for the backbone atoms and 1.31 ± 0.11 Å for all heavy atoms. Ramachandran analysis in 

PROCHECK-NMR (125) indicated that 95% of all residues comprising the core region 

of KIV8 fell within the allowed regions of φ, ψ space. The overall fold of apo(a) KIV8 is 

similar to previously solved apo(a) kringle module structures, including the weak-lysine 

binding KIV6 (34) and KIV7 (36) modules, and the high-affinity lysine-binding apo(a) 

KIV10 module (35). An anti-parallel β-sheet (Trp
60

-Tyr
62

; Trp
70

-Tyr
72

) and a parallel β-

sheet (Cys
1
-Tyr

2
; Thr

76
-Arg

77
) form the secondary structure elements of KIV8, while the 

remainder of the protein module comprises several loops and turns. KIV8 lacks the 310-

helix observed in the apo(a) KIV6 solution structure (34), which also absent in the crystal 

structure of apo(a) KIV7 (36). 
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Figure 2.2. a) KIV8 structure. (A) Stereoview representation of the backbone 

superposition (N, Cα, C’ atoms) of the 20 lowest-energy NMR structures and (B) a 

ribbon diagram of the minimized average structure of the apo(a) KIV8 module (residues 

Cys
1
-Cys

78
). The backbone of the residues found within two short β-sheets are coloured 

green and indicated by arrows in the minimized average structure. The side chains of the 

RGD motif are coloured red and labeled using one-letter code for amino acid type, 

followed by the position in sequence. 
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2.4.2 Solution dynamics of apo(a) KIV8 

To investigate the backbone dynamic properties of KIV8, the steady-state {
1
H}-

15
N NOE, and longitudinal 

15
N T1 and transverse 

15
N T2 relaxation time constants were 

measured (Figure 2.3). Quantification of peak intensities was possible for 73 of 88 total 

H
N
 backbone resonances from the {

1
H}-

15
N NOE dataset and 70 of 88 total H

N
 backbone 

resonances in the 
15

N T1 and 
15

N T2 datasets. Partial overlap or weak signal precluded 

reliable quantification of the remaining H
N
 backbone resonances. The average {

1
H}-

15
N-

NOE value for residues Cys
1
-Cys

78
 inclusive is 0.762, a value similar to that previously 

observed for the kringle 1 (KI) module of human plasminogen in the absence and 

presence of ε-ACA (129), and implies that the core of the apo(a) KIV8 module is well-

ordered. These NOE values are consistent with our experimental 
15

N-T1 and 
15

N-T2 

values, which have averages for the core region of 569 ms and 78.1 ms, respectively. 

Very little deviation from these values is observed within the core region suggesting that 

the relaxation properties of the molecule are governed by the overall diffusion tensor. 

Residues comprising the N-terminal interkringle region (Ile
[-17]

-Asp
[-1]

), Thr
97

, Val
102

 at 

the extreme C-termini, and Gly
11

 within the core region of apo(a) KIV8 display smaller 

than average T1/T2 ratios, indicating increased mobility within these regions (Figures 

2.3B,C). 



 39 

 

Figure 2.3. Relaxation dynamics of the KIV8 module. Plots of (A) NOE, (B) T1, and 

(C) T2 values as a function of residue number for apo(a) KIV8 at 14.1 Telsa. 
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Further, significantly reduced {
1
H}-

15
N-NOE values are observed for these regions (Ile

[-

17]
-Asp

[-1]
,  Gly

11
, and Pro

[79]
-Val

[102]
) indicating they are undergoing motion on the sub-

nanosecond time scale (Figure 2.3A). These observations are consistent with the lack of 

observed medium-range and long-range NOEs within these regions and in the case of 

Gly
11

, backbone amide protons of proximal residues (Ser
8
 and Arg

10
) undergoing 

exchange with solvent. 

An isotropic correlation time (τm) of 7.23 ns was estimated for the core region 

apo(a) KIV8 from 
15

N-T1 and 
15

N-T2 values (130). This value is similar to the estimated 

τm of 7.97 ns for the amino terminal kringle module of urokinase-type plasminogen 

activator (131) and the somewhat larger than those for the plaminogen kringle 1 (apo-

form: 5.91 ns for; ε-ACA-bound form: 5.23 ns) (129) and 2 (AMCHA-bound form: 4.49 

ns) (132). No aggregation was observed during size-exclusion chromatographic analysis 

of the purified apo(a) KIV8 and the 
1
H line widths were not indicative of  higher 

oligomeric species. However, we cannot rule the possibility that a monomer-dimer 

equilibrium exists. Overall, the NMR relaxation results do suggest that the apo(a) KIV8 

construct is stable and ordered, with the exception of the N- and C-terminal interkringle 

regions, and a region comprising Gly
11

; data which is consistent with  the NOE-based 

NMR solution structure of the apo(a) KIV8 module described above. 

2.4.3 ε-ACA and amino acid-binding properties of apo(a) KIV7 and KIV8 

Although both apo(a) KIV7 and KIV8 modules have been identified as weak 

lysine-binding kringle modules (38,48,95), KIV8 displays a 2- to 3-fold lower affinity for 

lysine analogue ε-ACA despite the 84% sequence identity shared by these two modules 
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(38). In an attempt to identify differences in ε-ACA induced conformational changes 

between KIV7 and KIV8, we used 2D heteronuclear NMR-based ε-ACA titration studies. 

Several backbone amide resonances from KIV7 and KIV8 displayed fast exchange 

on the NMR time scale upon titration of with ε-ACA; an observation consistent with the 

previously reported fluorescence-derived dissociation constants (Kd) for the KIV7-ε-ACA 

(217 µM) and KIV8-ε-ACA (800 µM) interactions (Figure 2.4) (38). Quantification of 

these ε-ACA induced backbone H
N
 and 

15
N chemical shift changes afforded the 

identification and comparison of residues whose local environments were affected upon 

binding of ε-ACA.  
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Figure 2.4. Overlay of 2D 
1
H-

15
N HSQC spectra of 

15
N-KIV7 (A) 

15
N-KIV8 (B) and in 

the presence of increasing amounts of ε-ACA. Peaks are identified by single letter code 

and numbered according to their sequence within the module. Arrows indicate direction 

of resonance shifting. Inset depicts the ε-ACA-induced effects on the tryptophan indole 

amide groups. 
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As shown in Figure 2.5, those residues displaying significant (greater than 1 

standard deviation above the average chemical shift change; red bars) and notable 

chemical shift changes (greater than the average chemical shift change, but less than 1 

standard deviation above the average, blue bars) were similar for both the apo(a) KIV7 

and KIV8 modules. When mapped on the backbone of their respective modules, residues 

displaying prominent ε-ACA induced changes include residues of the anionic (KIV7 and 

KIV8: Asp
54

, Glu
56

) and hydrophobic centers (KIV7: Trp
60

, Tyr
62

; KIV8: Tyr
62

) of the 

LBS and those that are adjacent to the LBS of each module (KIV7 and KIV8: His
31

-Gln
34

, 

Asn
42

, Gly
44

-Arg
47

; Cys
50

-Arg
58

, Cys
61

, Glu
71

). In addition, the side chain indole groups 

of Trp
60

 and Trp
70

 in the LBS of both KIV7 and KIV8 display notable chemical shift 

changes upon incremental additions of ε-ACA (Figure 2.4a, b). These observations are 

similar to those previously seen for KIV6 (34) and KIV10 (106). The only notable 

difference between affected residues in KIV7 and KIV8 involves Thr
21

 and Cys
22

 in each 

module. The backbone H
N
 groups of these residues in KIV7 displayed chemical shift 

changes greater than the average chemical shift change while those in KIV8 did not.  In 

both structures, Cys
22

 forms a disulphide bridge with Cys
61

, which borders the LBS, and 

likely results in ε-ACA-induced conformational effects being transmitted through 

covalent linkage. While notable, this difference appears to be subtle since the observed 

chemical shift changes for Thr
21

 and Cys
22

 in KIV7 are slightly greater than the average 

chemical shift change while chemical shift changes for these residues in KIV8 are slightly 

below the average chemical shift change. 
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Figure 2.5. Plot of ε-ACA induced average amide chemical shift changes (∆δ) along 

the sequence and on backbone ribbon diagram of (A) apo(a) KIV7 and (B) apo(a) 

KIV8. The average chemical shift changes were calculated using the formula ∆δ = 

[(0.17 ×××× ∆δN)
2
 + (∆δHN)

2
]
1/2

 (133). Red bars in the histograms and red-coloured regions 

on the backbone ribbon diagrams indicate residues which exhibit chemical shift changes 

exceeding the average chemical shift change by greater than one standard deviation (> 

0.0993 ppm for apo(a) KIV7; > 0.1154 ppm for apo(a) KIV8). Blue bars and blue-

coloured regions identify those residues which undergo chemical shift changes greater 

than the average chemical shift change but less than one standard deviation above the 

average (> 0.0476 ppm for apo(a) KIV7; > 0.0592 ppm for apo(a) KIV8). Black dashed 

lines represent the average chemical shift change. The N- and C-termini are labelled in 

the backbone ribbon diagrams. 
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To assess ligand specificity, intrinsic tryptophan fluorescence was used to monitor 

binding of apo(a) KIV8 to ε-ACA, lysine, arginine, and proline, which are molecules that 

have previously been shown to inhibit non-covalent interactions between a recombinant 

17-kringle form of apo(a) and immobilized LDL (48). Apo(a) KIV8 preferentially binds 

ε-ACA, with a Kd of 655 µM, compared with Kd values of 5.75 mM and 7.30 mM for L-

arginine and L-lysine, respectively (Table 2.2). When compared to a  parallel experiment 

involving apo(a) KIV7, which gave rise to Kd values of 291 µM, 2.55 mM and 2.49 mM 

for ε-ACA, L-arginine and L-lysine, respectively, the affinities determined for apo(a) 

KIV8 were found to be 2- to 3-fold weaker.  These observed Kd values for apo(a) KIV7 

are similar to those previously determined for apo(a) KIV7 (38,51), with the exception of 

the Kd values for arginine and proline. Our value of 2.49 ± 0.4 mM for arginine is 

significantly less the value of 6.7 ± 1.1 mM reported by Rahman et al. and we could not 

detect a fluorescence change upon titration of proline, whereas a Kd value of 4.5 mM for 

proline was previously determined (51). These differences could be attributed to our 

modified purification protocol in which we have included an additional HPLC 

purification step to remove residual ions. 
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Table 2.2: Amino acid binding affinities of apo(a) KIV7 and KIV8
a
 

                                     K d (mM)

ε-ACA L-lysine L-arginine L-proline

KIV7 0.291 2.55 2.49 NC
a

KIV8 0.655 7.55 5.75 NC
a

Apo(a) KIV7 and KIV8 were titrated with the indicated amino acids 

and the protein intrinsic fluorescence was recorded. K d values were

obtained as described in the materials and methods. 
b

No signifcant

 change in fluorescence was observed.  
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2.5. Discussion 

The weak lysine-binding apo(a) kringle modules KIV7 and KIV8 display a 2- to 3-

fold difference in affinity for lysine and lysine analogues, and recently each has been 

shown to regulate the non-covalent step in Lp(a) assembly through recognition of  unique 

lysine-containing sequences within apoB-100 (38). These differences occur despite the 

fact they share 84% sequence identity, including conservation of the cationic center 

(Arg
35

, Arg
69

), anionic center (Asp
54

, Glu
56

), and hydrophobic center (Trp
60

, Tyr
62

, Trp
70

, 

Tyr
72

) of the LBS (32), which was first identified in the plasminogen kringle 4 module 

(134). In the present work, we have determined the solution structure of KIV8, 

characterized its dynamic properties, and used NMR spectroscopy to monitor the residue-

specific affects of ε-ACA binding on KIV7 and KIV8 in an attempt to identify the 

structural basis for the observed differences in ligand affinity and specificity. 

2.5.1 Comparison to existing kringle module structures 

Three-dimensional structures exist for the strong lysine-binding apo(a) KIV10 

module (35,106) and the weak-lysine-binding apo(a) KIV6 (34) and KIV7 (36) modules. 

While the KIV8 structure described here shares a similar overall fold with these structures 

(Figure 2.6), backbone pairwise rmsd values of 2.60 Å, 2.71 Å, and 2.56 Å for KIV8 with 

KIV6, KIV7 and KIV10, respectively, are significantly higher than those previously 

reported for the comparison of the Cα traces of KIV6 with KIV7 (1.64 Å) and KIV10 (1.50 

Å) (34), and KIV7 with KIV10 (0.5 Å) (36). Conspicuous differences between the 

backbone conformations of KIV8 and the other apo(a) kringle modules reside in the N- 

and C-termini and within a loop and turn comprising residues 34-45. The relaxation 

parameters for residues located in the N- and C-termini of the core region of KIV8 and  
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Figure 2.6. Backbone superposition of apo(a) KIV8 (blue) with (A) apo(a) KIV6, (B) 

apo(a) KIV7, and (C) apo(a) KIV10. The backbone traces of the KIV6 (34), KIV7 (36), 

and KIV10 (35) modules are depicted in grey and their C-terminus labeled C’. The C-

terminus of apo(a) KIV8 is labeled C. Alignment included residues Cys
1
-Cys

78
 and was 

performed in MOLMOL (126). 
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the temperature factors for the analogous regions in the KIV7 crystal structure indicated 

that they are well-ordered in both modules, ruling out a dynamics-based rationale for the 

observed structural differences.  

 A hydrogen bonding network involving Arg
35

, Tyr
40 

and Asp
54

 in the KIV7 crystal 

structure was previously suggested to play a role in the reduced lysine binding affinity by 

restricting the adaptability of the cationic and anionic centers of the LBS to accommodate 

the ligand (36). An analogous hydrogen bonding network is not observed in our KIV8 

solution structure. Rather, Tyr
40

 forms extensive hydrophobic contacts with Pro
37

, Ala
43

, 

and Leu
45

 in KIV8 leading to a ~ 180 º difference in orientation of the Tyr
40

 aromatic 

ring, when compared to its position in KIV7 (36). Because this conformational deviation 

restricts Tyr
40

 from participating in such a hydrogen bonding network in KIV8, the 

underlying structural basis for the observed weak lysine affinity must be unique from that 

of KIV7. Interestingly, the weak LBS of KIV6 has similar hydrophobic and anionic center 

conformations to those of KIV7 and displays similar affinities for lysine analogues to 

KIV7, yet is also lacking the analogous hydrogen bonding network (34,36). 

 Arg
35

 is a key residue in the cationic center of the LBS and occupies a central 

position within the LBS of KIV7 due to hydrogen bonding contacts with Tyr
40

 and Tyr
62

 

(36). In contrast, the side chain of Arg
35

 is fully exposed to the solvent and 6.4 Å from 

the aromatic ring of Tyr
62

 in KIV8, a residue previously shown to be important for LDL 

binding by KIV7 (94). The position of Arg
35

 relative to the LBS in KIV8 suggests that a 

backbone conformational change would have to accompany lysine binding for the side 

chain of Arg
35

 to participate at the cationic center. Crystal structures of KIV10 in the apo- 

and ligand bound states indicate that the LBS is preformed and that no significant 
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conformational changes accompany ligand binding (35,106). In the case of KIV6, a lack 

of a detectable backbone H
N
 resonance for Arg

35
 led the authors to suggest that this is a 

region of high flexibility, which could accommodate such a change without distorted 

proximal regions of the module (34). We were also unable to identify the backbone H
N
 

resonance of Arg
35

 for both KIV7 and KIV8. However, our relaxation parameters show 

that the region surrounding Arg
35

 is well-ordered in KIV8, which suggests the lack of an 

identifiable backbone H
N
 resonance is due to this group not participating in a hydrogen 

bond and at the same time being accessible to solvent. The KIV8 structure and relaxation 

parameters suggest that significant change in backbone conformation would have to 

occur in order for Arg
35

 to optimally participate in the LBS. Given that the KIV7 structure 

is similar to the apo- and complexed KIV10 structures (36), and that our chemical shift 

mapping studies of KIV7 and KIV8 indicate that ε-ACA binding induces a similar and 

limited backbone conformational change in both modules, these observations suggest that 

the preformed conformation of the KIV8 LBS is not optimal for ligand binding, thereby 

resulting in lower affinity for lysine compared with KIV7. Note, with the exception of 

Asn, Gln and Trp side chain amide groups, the extent of side chain reorientations within 

the LBS of KIV8 can not be determined from the presented chemical shift mapping data. 

 Inspection of the LBS beyond Arg
35

 revealed a substantial alteration in the 

orientation tryptophan (Trp
60

, Trp
70

) and tyrosine (Tyr
62

, Tyr
72

) residues that comprise 

the hydrophobic center, when compared to KIV6, KIV7, and KIV10 (Figure 2.7). The 

aromatic rings of Tyr
62

 and Tyr
72

 in KIV8 are rotated clockwise 85º and 15º, respectively 

when compared to the analogous residues in KIV7 and looking down on the LBS. The 

indole rings of Trp
60

 and Trp
70

 of KIV8 have moved from a vertical stacking position in  
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Figure 2.7. Side chain orientations of aromatic residues defining the hydrophobic 

center of the lysine-binding site in (A) apo(a) KIV8 and (B) apo(a) KIV7 (36). The 

side chains are depicted in as orange sticks on a grey ribbon backbone diagram. Residues 

are labeled using one-letter code for amino acid type followed by their numerical position  

in sequence of the construct. 
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KIV7, where the plane of the rings align with the two β-strands that form the base of the 

LBS, to an almost horizontal position in which the plane of the rings have been rotated 

almost 90º (Figure 2.7). The positioning of the indole ring of Trp
70

 in KIV8 appears to 

cap the hydrophobic cleft of the LBS; potentially reducing the hydrophobic contacts 

accessible to ε-ACA through steric hindrance, thereby contributing to the 2- to 3-fold 

decrease in ligand affinity we and other have observed for KIV8 (38). 

2.5.2 Additional ligand-binding sites  

The observation that kringle modules having substantial sequence identity (> 

80%) yet display unique ligand affinities and specificities suggests that the binding sites 

encompass molecular determinants beyond the LBS. Analysis of the apo(a) KIV8 

structure reveals an exposed hydrophobic surface formed by residues Met
28

, Thr
29

, Trp
32

, 

Ile
36

, Leu
38

 and Tyr
39

, which sits adjacent the cationic center (Arg
35

, Arg
69

) of the LBS. 

Of the residues listed, Met
28

, Thr
29

, Trp
32

, and Tyr
39

 are conserved among KIV6, KIV7 

and KIV8. The threonine and glutamate residues at positions 36 and 38 of both KIV6 and 

KIV7 are substituted for isoleucine and leucine residues in KIV8. These differences, 

particularly at position 38 where there is a hydrophobic versus charged residue, may 

provide a discrete yet critical mechanism by which KIV7 and KIV8 can discriminate 

between their cognate apoB-100 binding sites through recognition of residues adjacent to 

their respective core lysine residue. 

 KIV8 contains the sole RGD motif within uncomplexed apo(a) and in the Lp(a) 

particle. Recent studies, using an apo(a) RGD epitope, have suggested that this motif is 

responsible for Lp(a)-mediated inhibition of platelet aggregation through binding to the 

IIb subunit of the fibrinogen receptor (107). The RGD motif is located within a solvent 
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exposed loop at the N-terminus of KIV8 (Arg
3
-Gly

4
-Asp

5
) and forms a short β-turn 

containing a hydrogen bond between the backbone carbonyl oxygen of Arg
3
 and the 

backbone amide proton of Asp
5
. The structure is similar to the distorted type II turn 

formed by the RGD motif from the tenth fibronectin type III module of fibronectin (135). 

Future biochemical, biophysical and structural studies of the RGD-mediated interaction 

between KIV8 and the fibrinogen receptor will provide unique insight into additional 

roles for KIV8 in apo(a) function. 
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Chapter 3 

NMR assignment of backbone and side chain resonances for a putative protein-

protein interaction module from a family 84 glycoside hydrolase of Clostridium 

perfringens 

3.1. Abstract 

A family of Clostridium perfringens glycoside hydrolases (CpGH84A-E), with a 

conserved family 84 catalytic module, are thought to target the gastric mucosal layer. 

Chemical shift assignments have been completed for a putative protein-protein 

interaction X82 module from CpGH84C. 

3.2. Biological context 

Clostridium perfringens is a ubiquitous, Gram-positive, spore-forming anaerobic 

bacterium commonly found in the human gut, which is also an opportunistic pathogen 

associated with gas gangrene, necrotic enteritis and food poisoning (54,55). Several 

toxins produced by C. perfringens have been identified, including sialidases, ureases, 

glycoside hydrolases, collagenases, and hyaluronidases. These proteins impart their 

pathogenic properties through the degradation of the mucosal layer and extracellular 

matrix, allowing for the spread of the microbe and the diffusion of toxins throughout the 

infected tissue (60). 

A family of secreted multimodular glycoside hydrolases, termed the family 84 

glycoside hydrolases, has recently been identified based on the presence of a conserved 

N-terminal family 84 catalytic domain and has been termed CpGH84A-E (5). These 

secreted enzymes are thought being involved in the early stages of sugar metabolism and 

may to contribute to the pathogenicity of the organism since they target the gastric 

mucosal layer (5,60). In addition to a common catalytic domain, the modular architecture 
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of each of these family members comprise at least one family 32 carbohydrate-binding 

module (CBM32) and additional modules of unknown function (5). 

CpGH84C is currently the most extensively characterized member of the 

CpGH84 family, with recent crystal structures and ligand binding properties of the 

catalytic domain (87) and the adjacent CBM32 (5,136) indicating that this enzyme 

displays N-acetyl-β-hexosaminidase activity and has a sugar-binding preference for β-D-

galactosyl-1,4-β-D-N-acetylglucosamine. CpGH84C has two additional modules of 

unknown function C-terminal to the CBM32: a module termed X82, which displays no 

sequence homology to known protein modules, and fibronectin type III-like module. 

Towards defining a function of the X82 module in CpGH84C, and by extension a more 

comprehensive understanding of CpGH84C, we have initiated NMR structural studies. 

Here, we report the 
1
H, 

13
C, and 

15
N chemical shifts for the X82 module of CpGH84C. 

3.3. Methods and experiments 

3.3.1. Cloning, expression and purification 

The DNA fragment encoding a putative protein-protein interaction module, 

termed X82, of CpGH84C, was amplified from C. perfringens genomic DNA (strain 

ATCC 13124; purchased from Sigma, St. Louis, MO, USA) by PCR using the forward 

and reverse oligonucleotide primers 5-

CATATGGCTAGCAAGTTAAAAGAAGCTGCTG-3  and 5-

GAATTCGGATCCTTAACTAGTTCCTTCTATTATATTAAC-3, respectively (Qiagen, 

Mississauga, ON, Canada).  The PCR product was obtained using Platimum Pfx 

polymerase (Invitrogen, Carlsbad, CA, USA) with an initial 5-minute 94ºC hot start 

followed by 30 thermal cycles of 94ºC for 45 seconds, 44ºC for 45 seconds, and 68ºC for 
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2 minutes and a final 5 minute extension time at 68ºC. This allowed for amplification of 

nucleotides 2296 to 2730 of the cpgh84C gene which encode amino acids 765 to 910 of 

CpGH84C. The amplified DNA fragment was cloned into pET-28a(+) (Novagen, 

Mississauga, ON, Canada) via the introduced NheI and BamHI restriction endonuclease 

sites to produce pET-X82.  The expression plasmid was subsequently transformed into 

the Escherichia coli strain BL21 (DE3) cells.  The encoded 17.4 kDa polypeptide 

comprises an N-terminal hexa-histidine tag separated from X82 by a thrombin cleavage 

sequence. Uniform-
13

C/
15

N labelling of X82 was performed via bacterial expression and 

Ni
2+

-affinity (Amersham Life Sciences) and size-exclusion (Superdex 75 Amersham Life 

Sciences) chromatography were used to pure the construct to homogeneity.  An NMR 

sample comprising 1 mM 
13

C/
15

N-X82 in 25 mM HEPES pH 7.0, 50 mM NaCl , 5 mM 

CaCl2, 0.5 mM DSS, 90% H2O/10% D2O was used to collect all two- and three-

dimensional experiments. 

3.3.2. NMR spectroscopy 

All NMR spectra were acquired at 25ºC. To obtain sequential backbone and side 

chain resonance assignments for X82 2D 
1
H-

15
N HSQC, 3D HNCACB, 3D 

CBCACONH, 3D HNCO, 3D HC(CO)NH-TOCSY, 3D C(CO)NH-TOCSY and 3D 
15

N-

NOESY HSQC datasets were collected on a Varian INOVA 600 MHz spectrometer 

equipped with a triple resonance cryoprobe while 3D HCCH-TOCSY and  3D 
13

C-

NOESY HSQC datasets were collected on a Varian INOVA 800 MHz spectrometer 

equipped with a triple resonance cryoprobe.  All spectra were processed and analyzed 

using NMRPipe (118) and NMRView (119), respectively.  
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3.4. Assignments and data deposition 

Backbone 
1
H, 

13
C, and 

15
N assignments of the putative protein-protein interaction 

module, X82, from C. perfringens have been completed, as illustrated by the 2D 
1
H-

15
N 

HSQC spectrum in Figure 3.1, where all 144 expected backbone H
N
 correlations were 

identified; two prolines (P
111

 and P
113

) also exist in the protein sequence.  In addition, 9 

pairs of side chain H
N
 resonances corresponding to eight asparagine residues and to a 

single glutamine residue were also observed.  The spectrum is well very resolved with 

only a small number of degenerate resonances corresponding to Leu
14

,
 
Ser

23
, Leu

25
, Val

31
, 

Glu
41

, Asp
56

, Ala
63

,
 
Ala

65
, Ala

92
, Leu

112
,
 
Ala

114
 and Leu

123
.  The 

1
H and 

13
C side chain 

assignments are complete with the exception of: C
γ
 for Leu

49
, C

γ
 and H

γ
 for Leu

58
, C

δ
 for 

Lys
94

, H
γ
 for Leu

107
 and H

γ
 for Leu

112
, which show extensive overlap in both 

1
H and 

13
C 

chemical shifts.  The 
1
H, 

13
C, 

15
N chemical shifts have been deposited in the 

BioMagResBank database (http://www.bmrb.wisc.edu) under BMRB accession number 

7270. 
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Figure 3.1. The 2D 

1
H-

15
N HSQC spectrum of the putative protein-protein 

interaction X82 module from CpGH84C at 600 MHz and 25ºC. The majority of peaks 

are numbered according to position in sequence. Resonances corresponding asparagine 

and glutamine side chain amide protons are connected by horizontal lines. 
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Chapter 4 

Three-dimensional structure of a putative non-cellulosomal cohesin module from a 

Clostridium perfringens family 84 glycoside hydrolase 

4.1. Summary 

The genomes of myonecrotic strains of Clostridium perfringens encode a large 

number of secreted glycoside hydrolases. The activities of these enzymes are consistent 

with degradation of mucosal layer of the human gastrointestinal tract and 

glycosaminoglycans and other cellular glycans found throughout the body, and in many 

cases are thought to aid in the propagation of the major toxins produced by C. 

perfringens.  One such example is the family 84 glycoside hydrolases, containing five 

members (CpGH84A-E), each of which displays a unique modular architecture. The 

smallest and most extensively studied member, CpGH84C, comprises an N-terminal 

catalytic domain with beta-N-acetylglucosaminidase activity, a family 32 carbohydrate-

binding module, a family 82 X-module (X82) of unknown function, and a fibronectin 

type III-like module. Here we present the structure of the X82 module from CpGH84C, 

determined by both NMR spectroscopy and X-ray crystallography. CpGH84C X82 

adopts a jell-roll fold comprising two beta-sheets formed by nine beta-strands. CpGH84C 

X82 displays sequence and structural homology to the cohesin modules of cellulolytic 

anaerobic bacteria, which are responsible for the assembly of numerous hydrolytic 

enzymes in a cellulose-degrading multi-enzyme complex, termed the cellulosome, 

through a high-affinity interaction with the calcium-binding dockerin module. A planar 

surface is located on the on the face of the CpGH84 X82 structure that corresponds to the 

dockerin-binding region of cellulolytic cohesin modules and has the approximate 
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dimensions to accommodate a dockerin module. An additional four X82-containing C. 

perfringens glycoside hydrolases were also identified. The presence of cohesin-like X82 

modules and dockerin-like sequences in glycoside hydrolases of C. perfringens is an 

indication that the formation of novel X82-dockerin mediated multi-enzyme complexes, 

with potential roles in pathogenesis, is possible.  

4.2. Introduction 

Clostridium perfringens is a Gram-positive, spore-forming anaerobic bacterium 

that is commonly found in the soil and the gut of in animals and humans (52,57). It is also 

an opportunistic pathogen associated with gas gangrene, necrotic enteritis and, most 

commonly, food poisoning (54,55,137). In each of these environments C. perfringens 

relies on exogenous carbohydrates as an energy source, so it is not surprising that the 

genomes of the three sequenced stains of C. perfringens, strain 13 (85), ATCC 13124 

(138), and SM101 (138), contain numerous open reading frames encoding putative 

glycoside hydrolases. In particular, the genomes of the myonecrotic strains 13 and ATCC 

13124 contain 54 and 52 glycoside hydrolases, respectively, roughly double the number 

of glycoside hydrolases in the gastroenteritis associated strain SM101 (see 

www.cazy.org/fam/acc_GH.html). The predicted specificities of the majority of the 

enzymes in the myonecrotic strains are inconsistent with the metabolism of dietary 

polysaccharides suggesting their involvement in the degradation other complex glycans. 

Alternative glycan sources for these enzymes are the mucosal layer of the human 

gastrointestinal tract, which comprises a group of highly hydrated glycoproteins, 

glycosaminoglycans found throughout the body and other cellular glycans. Indeed, 

mucosal necrosis and myonecrosis may be attributed, at least in part, to the activity of 
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secreted glycoside hydrolases (139). In turn, breaking down these carbohydrates may aid 

in the dissemination of the bacterium and its major toxins (e.g. cpe and the α-toxin). 

 The myonecrotic strains of C. perfringens, strain 13 and ATCC 13124, contain 

several ORFs encoding family 84 glycoside hydrolases (see 

www.cazy.org/fam/GH84.html). Four of the GH84-encoding ORFs, CpGH84A-D, are 

common to the two strains, while a fifth ORF, encoding CpGH84E, is found only in 

strain 13. One of the common ORFs encodes CpGH84A (or NagH), which is the known 

µ-toxin (84).  Notably, none of these ORFs are found in the gastroenteritis-associated 

strain, SM101, suggesting a connection of the family 84 enzymes with myonecrosis. The 

members of this family all display a modular architecture with a common N-terminal 

catalytic domain and at least one adjacent family 32 carbohydrate-binding module 

(CBM32) (88). The modular composition of the individual members varies beyond the 

first CBM32, and includes additional CBM32 modules (CpGH84A, B D, and E), 

modules of unknown function (CpGH84A, B D, and E), a putative calcium-binding 

dockerin module (CpGH84A), and a fibronectin type III (FnIII)-like module (CpGH84C). 

CpGH84C is currently the most extensively characterized member of the 

CpGH84 family, with recent crystal structures and ligand-binding properties of the 

catalytic domain (87) and the adjacent CBM32 (88) indicating that this enzyme displays 

N-acetyl-β-hexosaminidase activity and has a sugar-binding preference for β-D-

galactosyl-1,4-β-D-N-acetylglucosamine. However, a comprehensive understanding of 

CpGH84C function requires that properties of the remaining modules be characterized. 

Furthermore, because of the repetition of many of these modules throughout the C. 
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perfringens glycoside hydrolases, an understanding of the CpGH84C accessory modules 

may provide insight into the functions of these other enzymes. 

  Here, we describe the three-dimensional structure of the putative protein-protein 

interaction X82 module from CpGH84C determined by solution NMR and X-ray 

crystallographic approaches. The X82 module structure, comprising a nine-stranded β-

sandwich, is structurally similar to the cohesin modules from cellulolytic anaerobic 

bacteria (140-142) yet is found on a distinct branch of the cohesin phylogenetic tree. A 

planar surface on one face of the X82 module, bordered by a unique strand in the 

structure, corresponds to the dockerin-binding region of cellulolytic cohesin modules. 

Indeed, several putative enzyme-encoding ORFs of the C. perfringens genomes include 

distinctive dockerin-like sequences. These observations suggest that CpGH84C has the 

capability to form enzyme complexes with dockerin-containing enzymes from C. 

perfringens.  

4.3. Results and Discussion 

4.3.1. NMR solution structure of the CpGH84C X82 module  

The solution structure of the CpGH84C X82 module was calculated using 2935 

distance-derived restraints and 86 TALOS-derived dihedral restraints (123), as described 

in the Materials and Methods. 143 structures from the 200 total generated structures were 

accepted based on the observation that there were no distance violations greater than 0.3 

Å and no dihedral violations greater than 5°. A summary of the structural statistics, 

corresponding to the 20 lowest energy structures is detailed in Table 4.1.   
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Table 4.1: NMR structure statistics 

Restraints used for structure calculations  

     intra-residue 1084 

     sequential 708 

     medium-range (1< |i - j| < 5) 170 

     long-range (|i - j| > 5) 963 

     dihedral restraints (φ, ψ) 86 

  

Energies (kcal•mol
-1

) 

     Eoverall -160 ± 26.7 

     ENOE 49.98 ± 3.31 

     Ebond 14.60 ± 0.86 

     Eangle 92.31 ± 3.38 

     Eimproper 12.52 ± 1.03 

     Ecdih 1.80 ± 0.39 

  

r.m.s.d. from experimental restraints  

     dihedral angles (°) 0.41 ± 0.04 

     Distances (Å) 0.015 ± 0.005 

  

r.m.s.d. from idealized geometry  

     bond (Å) 0.0024 ± 0.0001 

     angle (°) 0.370 ± 0.007 

 

Ramachandran statistics 

     residues in favorable regions 99.0% 

 

r.m.s.d to mean structure (Å) 

     backbone atoms (Val
775

-Glu
906

) 0.38 ± 0.04 

     heavy atoms (Val
775

-Glu
906

) 0.78 ± 0.05 
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The CpGH84C X82 module adopts an elongated β-sandwich structure comprising 

nine β-strands with overall dimensions of 46 Å × 20.9 Å × 19.4 Å. An ensemble of the 20 

lowest-energy structures, shown in Figure 4.1a, indicates that this protein module is well-

defined by the NMR data, with the exception of the 23-residue fusion tag, which contains 

the hexa-histidine sequence, and the first seven residues of X82 (Lys
768

-Glu
774

), and the 

C-terminal region of the molecule comprising residues Gly
907

-Ser
909

, respectively.  
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Figure 4.1. CpGH84C X82 structure. (a) Stereoview representation of the backbone 

superposition (N, Cα, C’ atoms) of the 20 lowest-energy NMR-derived structures. (b) 

Ribbon diagram of the energy-minimized average NMR solution structure of the 

CpGH84C X82 module with the nine β-strands indicated by arrows and identified in 

sequential order with appropriate numbering. (c) Backbone overlay (N, Cα, C’ atoms) of 

the energy-minimized average NMR solution structure (green) and the X-ray crystal 

structure (orange) of the CpGH84C X82 module. The N- and C-termini are depicted by N 

and C, respectively. 
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A lack of medium and long-range NOEs, and significantly reduced {
1
H}-

15
N 

NOE values (Figure 4.2a) associated with these regions indicate that they are disordered 

in solution and are undergoing motions on subnanosecond time scale. The root-mean-

squared deviation (rmsd) from the minimized average structure for the core of the 

CpGH84C X82 ensemble, defined by Val
775

-Glu
906

, is 0.384 ± 0.036 Å and 0.783 ± 0.050 

Å for the backbone and heavy atoms, respectively (Figure 4.1). 

One face of the β-sandwich comprises β-strands 5 (Val
832

-Glu
840

), 6 (Lys
843

-

Ser
850

), 3 (Phe
808

-Asp
817

), 8 (a:Glu
874

-Thr
881

; b: Ser
883

-Asp
887

), and 9a (Leu
891

-Glu
894

), 

while the opposite face contains strands 9b (Thr
901

-Glu
906

), 1 (a: Val
775

-Ala
783

; b: Glu
786

-

Gln
788

), 2 (Glu
791

-Val
803

), 7 (Val
861

-Ala
869

), and 4 (Phe
821

-Ile
827

) (Figure 4.1b). All of the 

β-strands are in anti-parallel arrangement, with the exception of β-strands 1 and 9b, 

which are in a parallel orientation to one another. The two β-sheets of the CpGH84C X82 

structure, defined as the 9a-8-3-6-5 and 9b-1-2-7-4 faces, form the overall β-sandwich 

fold through an extensive hydrophobic core.  

4.3.2. X-ray crystal structure of the CpGH84C X82 module  

Near the completion of the CpGH84C X82 solution structure, diffraction-quality 

crystals of this module were generated. The crystal structure of CpGH84C X82 was 

determined to 2.5 Å resolution using a molecular replacement strategy involving the 

NMR-derived coordinates of lowest-energy solution structure (Figure 4.1c; see Methods 

and Materials). CpGH84C X82 crystallized with three monomers in the asymmetric unit 

and approximately 57% solvent. Standard restrained refinement of the X82 model yielded 

quite high average B-factors of 48, 55, and 67 for each of the chains A, B, and C,  
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Figure 4.2. Stability of the CpGH84C X82 module. (a) Plot of {
1
H}-

15
N NOE values as 

a function of residue number at 14.1 Telsa. Residue numbering corresponds to the 

number in the full-length CpGH84C construct. The vector-derived N-terminal 23-residue 

histidine tag is defined as [-23] to [-1]. (b) Stick representation of hydrophobic with 

backbone depicted in green and buried hydrophobic residues shown in rose. The N- and 

C-termini are identified by N and C, respectively. (c) Differential scanning calorimetric 

denaturation profile of 171 µM CpGH84C X82. 
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respectively. This indicated a relatively high degree of disorder for each of the molecules 

which resulted in correspondingly high R-factors when using this approach to refinement. 

Incorporating translation-libration-screw (TLS) refinement (143) treating each of the 

monomers as a TLS group yielded lower B-factors and Rwork/Rfree values of 0.23/0.29 

(see Table 4.2 for all refinement statistics). Overlays of the Cα atoms for the individual 

monomers gave rise to pairwise rmsd values ranging from 0.32 to 0.36 Å, which are very 

similar values to that determined for the solution structure ensemble, and 0.45 to 0.49 Å 

for all heavy atoms indicating very little structural heterogeneity in the monomers. 

Indeed, the X-ray structures of the X82 module agree very well with the NMR-derived 

X82 solution structure (Figure 4.1d; backbone rmsd of 1.24 ± 0.01 Å).  

4.3.3. Structural stability of CpGH84C X82 

 Steady-state {
1
H}-

15
N NOE data were obtained for 138 out of 165 expected 

backbone H
N
 resonances and indicate that the CpGH84C X82 module core is well-

ordered and rigid with an average NOE value of 0.920 ± 0.073 (Figure 4.2a). This 

observation is in excellent agreement with the backbone rmsd of the solution structure 

ensemble (Figure 4.1a) and reflects the extensive hydrophobic core of within the modular 

structure (Figure 4.2b). Differential scanning calorimetry (DSC) measurements were also 

used to assess the overall stability of the CpGH84C X82 module and revealed a thermal 

transition temperature (Tm) of 83.3°C using a non two-state model (Figure 4.2c). An 

enthalpy of melting (∆Hm) of 1.21 × 10
5
 kcal/mol and a van’t Hoff heat change (∆Hv) of 

1.21 × 10
5
 kcal/mol were determined and the ∆Hm/∆Hv ratio indicated that there is only 

one structural form of the X82 undergoing this reversible thermal transition (144). 
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Table 4.2:  X-ray data collection and refinement statistics 

Data collection  

Space group H32 

Cell dimensions    

a, b, c (Å) 106.78, 106.78, 

221.31 

    α, β, γ  (°) 90, 90, 120 

Resolution (Å) 20.00-2.50 (2.59-

2.50) 

Rmerge 0.071 (0.422) 

I / σI 13.6 (3.9) 

Completeness (%) 99.8 (99.0) 

Redundancy 6.2 (6.0) 

Refinement  

Resolution (Å) 20.00 – 2.50 

No. reflections 16275 

B-factor model isotropic 

Rwork / Rfree 0.23/0.29 

No. atoms  

Protein 2952 

Water 78 

B-factors  

Protein 34.0 (chain A); 41.6 

(chain B); 52.7 

(chain C) 

Water 59.3 

R.m.s deviations  

Bond lengths (Å) 0.009 

Bond angles (°) 1.302 

Ramachandran plot statistics 

Residues 475 

Most favored (%) 87.1 

Allowed (%) 11.7 

Generously allowed (%) 0.6 

Disallowed (%) 0.6 
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4.3.4. CpGH84C X82 is a putative cohesin  

In an attempt to elucidate a biological function for the CpGH84C X82 module, 

structural homology searches of the Protein Data Bank (PDB) with the CpGH84C X82 

energy-minimized average NMR and X-ray crystal structure coordinates were performed 

using the DALI search engine (145), with each structure giving the same results. Notable 

similarity was observed between the CpGH84C X82 structure and cohesin modules 

associated with cellulose-degrading enzyme complexes, termed the cellulosome, from 

anaerobic bacteria (146-148). These modules are found in the scaffoldin and cell-surface 

subunits of the cellulosome, and mediate the assembly of the various hydrolytic enzymes 

into the complex and its attachment to the cell surface through high-affinity interactions 

with complementary dockerin modules (149-151). Specifically, CpGH84C X82 has a 

similar nine-stranded β-jellyroll topology to that observed in  the type-I (140,142) and 

type-II (152) cohesin modules from Clostridium thermocellum (Figure 4.3; Z-scores and 

backbone rmsd values of 11.8 and 2.44 Å, and 8.8 and 2.74 Å, respectively), and the 

Bacteroides cellulosolvens (153) and Acetivibrio cellulolyticus (154) type-II cohesin 

modules (Z-scores and backbone rmsd values of 9.3 and 2.41 Å, and 9.3 and 2.92 Å, 

respectively).  
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Figure 4.3. CpGH84C X82 module is structurally similar to the cellulolytic cohesin 

modules. (a) Ribbon diagram of the energy-minimized average NMR solution structure 

of the CpGH84C X82 module with the nine β-strands indicated by arrows and identified 

in sequential order with appropriate numbering. (b) Backbone overlay (N, Cα, C’ atoms) 

of ribbon representations of the CpGH84C X82 module energy-minimized average NMR 

solution structure (green) and the X-ray crystal structure of the seventh type-I cohesin 

module from the C. thermocellum cellulosome CipA scaffoldin subunit (142) (yellow; 

PDB accession 1AOH). (c) Backbone overlay (N, Cα, C’ atoms) of ribbon 

representations of the CpGH84C X82 module energy-minimized average NMR solution 

structure (green) and the X-ray crystal structure of the SdbA type-II cohesin module from 

C. thermocellum (152) (blue; PDB accession 2BM3). 
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Whereas the sequence identities between CpGH84C X82 and the various cellulolytic 

cohesin modules is poor (17.1 to 20.8%), a secondary structure-based sequence alignment 

of these modules revealed substantial conservation of residues with similar chemical 

properties at positions throughout the modules (Figure 4.4). This is particularly evident 

for those non-polar residues in each β-strand that contribute to the hydrophobic core and 

for polar residues at the termini of the various strands (Figure 4.2b and 4.4). CpGH84C 

X82 lacks the α-helix and two β-flaps that interrupt strands five and eight in the 

cellulolytic type-II cohesin modules (152-154). These differences result in three 

prominent gaps in the sequence alignment of CpGH84C X82 with the cellulolytic cohesin 

modules (Figure 4.4). The uniqueness of these features to the type-II class of cohesin 

modules also leads to similar gaps in the cellulolytic type-I cohesin sequences (Figure 

4.4).  

Structural features unique to the CpGH84C X82 module, involving β-strand nine, 

are apparent from structural overlays (Figure 4.3) and structure-based sequence 

alignment (Figure 4.4) with the cellulolytic cohesin modules. A β-turn exists at the end of 

strand eight in each of CpGH84C X82 and the cellulolytic cohesin structures, which 

results in a 180° redirection of the respective polypeptide chains. In the cellulolytic 

cohesin modules, this turn is followed by a loop region comprising three to eight residues 

and two short extended regions that combine to form the C-terminal ninth β-strand. In the 

CpGH84C X82 structure, a novel four-residue β-strand (9a: Leu
891

-Glu
894

) is observed 

directly following the β-turn, which extends the 8-3-6-5 face through contacts with β-

strand eight. The oblique orientation of these strands forms a boundary that interrupts the 

planar surface of β-strand three, six and five. 
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Figure 4.4.  Secondary structure-based sequence alignment of CpGH84C X82 

module with the cellulolytic type-I cohesin modules from C. thermocellum (C. th I) 

and C. cellulolyticum (C. ct I) and type-II cohesin modules from C. thermocellum (C. 

th II), Acetivibrio cellulolyticus (A. ct II), and Bacteroides cellulosolvens (B. cs II). 

Conserved polar and/or charged residues are highlighted in yellow, conserved 

hydrophobic residues are highlighted in grey, and positions displaying 100% 

conservation are highlighted in black. Residues found in secondary structure are bolded 

and locations of strands are depicted by black arrows above sequence alignment. Boxed 

residues and the white arrow denote the unique strand 9a in the CpGH84C X82 module.  

Position of interface residues identified in the C. thermocellum type-I (150) and type-II 

(149) complex structures are denoted # and *, respectively. 
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Using the CpGH84C X82 module sequence as a template to probe translated open 

reading frames from the annotated C. perfringens strain 13 genome (85), we identified 

four additional putative cohesin modules, with each having E-values less than one after 

two iterations of PSI-Blast analysis (155,156). These sequences displayed identities with 

the CpGH84C X82 module ranging from 15.7% to 33.8%, as shown in Figure 4.5a, and 

were found in putative hydrolytic enzymes, which include members of the glycoside 

hydrolase families 3 (Cpe0266), 20 (Cpe1364), 31 (Cpe1046), and 33 (Cpe0553). 

Phylogenetic analysis of these sequences with those of previously identified cohesin 

modules revealed that the CpGH84C X82 module and three of the four predicted cohesin 

modules from C. perfringens cluster in their own subtype, which emanates from a distinct 

branch of the tree, approximately equidistant from the branching nodes of the type-II and 

type-III cohesin modules (Figure 4.5b).  The putative Cpe1046 cohesin module is the 

least conserved and occupies a lone branch of the phylogenetic tree closely aligned to the 

type-III cohesin modules.    
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Figure 4.5. Putative C. perfringens cohesin modules. (a) Sequence alignment of 

CpGH84C X82 module with putative cohesin modules sequences from Cpe1364, 

Cpe0553, Cpe0266, and Cpe1046 identified displaying an E-value of less than one after 

two iterations PSI-Blast analysis (155,156). Conserved polar and /or charged residues are 

highlighted in yellow and conserved hydrophobic residues are highlighted in grey. 

Secondary structure found in the CpGH84C X82 module is depicted by black arrows and 

are numbered accordingly. (b). Phylogenetic relationship of C. perfringens cohesins with 

previously characterized type-I, -II and -III cohesins. The cohesins of Cpe0266, Cpe1234 

and Cpe1364, Cpe0553 map on a separate branch of the tree, distinct from the cohesin of 

Cpe1046 that radiates close to the branching point of the type-III cohesins.  Scale bars 

indicate percentage (0.1) of amino acid substitutions. See Materials and Methods for 

sources of sequences used to generate this figure.  
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4.3.5. Putative mode of dockerin recognition by CpGH84C X82  

 The current structural characterization and classification of CpGH84C X82 as a 

putative cohesin module suggest that C. perfringens has the capacity to form cohesin-

mediated protein complexes, in a manner similar to the cellulosome of anaerobic bacteria 

(146-148). The cohesin modules from the cellulosome of C. thermocellum have been 

extensively characterized, particularly in relation to their ligand-binding properties. The 

recent crystal structures of the type-I (150,157) and type-II (149) cohesin modules in 

complex with their respective binding partners, dockerin modules, definitively illustrated 

the modes of interaction for these high-affinity complexes. In each case, the dockerin 

modules associate with the 8-3-6-5 face of their respective cohesin modules. However, 

the orientations of the dockerin modules are noticeably different. The type-I dockerin 

module contacts its cognate cohesin module through the C-terminus of its N-terminus 

helix and the entire length of its C-terminal helix (150,157) while the type-II dockerin 

module is rotated some 20° counter clockwise and interacts with the 8-3-6-5 face of its 

cohesin module across the entire length of each helix (149). These orientational 

differences can be attributed, at least in part, to the surface topology of the cohesin 

module. 

 A surface representation of the CpGH84C X82 module, shown in Figure 4.6a, 

indicates that a planar surface exists in upper right region of the 9a-8-3-6-5 face, which is 

an attractive site for putative dockerin-binding surface. In addition, ridges formed by 

strands 8a and 9a on the left, and Asp
811

, Asn
835

, Arg
845

, Leu
847

, and Ser
884

 at the  
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Figure 4.6. Putative dockerin-binding site on the surface of the CpGH84C X82 

module. (a) Surface representation of the 9a-8-3-6-5 face of the CpGH84C X82 module. 

Location of strand 9a is identified by β9a. Residues forming the lower boundary of the 

planar region are denoted by one-letter code and their corresponding residue number. 

(b,c) Ribbon representation of C. thermocellum (b) type-I  (red) and (c) type-II (blue) 

dockerin module on the surface of the CpGH84C X82 module. Positioning of the 

dockerin modules were determined by overlaying the CpGH84C X82 module with the C. 

thermocellum type-I (150) and type-II cohesin modules (149) in complex with their 

cognate dockerin modules (PDB accession: 1OHZ (type-I) and 2B59 (type-II) and 

removing the cellulolytic cohesin structures. (d) Comparison of the amino acid sequence 

of the C-terminal dockerin module from CpGH84A with selected type-I and type-II 

dockerins. The representative type-I and type-II dockerins shown are derived from the C. 

thermocellum Cel48S cellulase and the CipA scaffoldin, respectively. The degree of 

conservation of each position within the repeated ScaB sequence is indicated as follows: 

vertical lines denote identity; colons indicate conserved residues and dots indicate 

semiconserved residues, as defined by the EBI Server (http://www2.ebi.ac.uk/clustalw/). 

Calcium-coordinating residues are shown highlighted in powder blue, and suspected 

specificity residues are highlighted in yellow. GenBank accession codes for C. 

thermocellum Cel48S and CipA are L06942 and L08665, respectively. 
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base of this area have the potential to act as physical boundaries to a dockerin-binding 

site. To compare the location of this region to the dockerin-binding site on the cellulolytic 

cohesin modules and its potential to physically accommodate a dockerin module, we 

have overlaid the CpGH84C X82 module with the cellulolytic cohesin modules in the 

type-I (150) (Figure 4.6b) and the type-II (149) (Figure 4.6c) complex structures. This 

planar region on the 9a-8-6-5 face of the CpGH84C X82 module corresponds almost 

exactly to the dockerin-binding sites of the C. thermocellum type-I and type-II cohesin 

modules (149,150), with its total area (380 Å
2
) able to accommodate the general size 

(~350 Å
2
) of the cohesin-binding face formed by the two helices of a dockerin module. 

The size complementarity and planarity of this surface would suggest that the mode of 

dockerin binding would be more reminiscent of the C. thermocellum type-II interaction 

(149), where the two helices of the dockerin contact the type-II cohesin across their entire 

lengths. A binding mechanism similar to that involving the cellulolytic type-I dockerin 

would not necessarily require such as extensive planar surface since only the second helix 

contacts the cognate cohesin across its entire length, while the first helix only makes 

contacts through its C-terminal residues.  

 Genes encoding putative dockerin modules have also been identified in the 

genome of C. perfringens (85), including CpGH84A or nagH, whose gene product is the 

purported µ-toxin and also a member of the family 84 glycoside hydrolases (CpGH84A). 

(84,88) Sequence analysis suggests that the C-terminal module of CpGH84A is a 

dockerin module, based similarities to the type-I and type-II dockerin sequences from C. 

thermocellum (Figure 4.6d). Much like the cellulolytic dockerin sequences, a high level 

of sequence identity also exists between the two calcium-binding loops of the CpGH84A 
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dockerin module. However, there is a noticeable lack of sequence identity at positions 10 

and 11 of the calcium-binding loops and positions 5, 6 and 10 of the exiting F-helix in the 

CpGH84A dockerin sequence (Figure 4.6d). Conservation of residues in these positions 

has been implicated in the dual mode of binding by the cellulolytic type-I dockerin 

modules (150,157). Therefore, from the planar surface on the 9a-8-3-6-5 face of the 

CpGH84C cohesin module and the lack of sequence duplication in the CpGH84A 

dockerin module implies that if an interaction were to take place it would appear to do so 

via a single mode similar to the cellulolytic type-II interaction (149). 

4.4. Biological implications 

 Over the past few decades only a relatively small number of carbohydrate-active 

enzymes have been implicated in the virulence of some bacterial pathogens. The recent 

explosion in the number of sequenced genomes combined with the application of large 

scale methods of screening for virulence factors has indicated a far greater importance of 

glycan degradation and metabolism in the virulence of a number of bacterial pathogens 

than was previously appreciated. The clostridia are notorious producers of toxins and it 

appears that a large number of the so-called minor toxins, defined as such by their 

inability to cause lethality when administered to mice, are carbohydrate-active enzymes, 

primarily glycoside hydrolases (59,60,137). The hallmark of these enzymes is their often 

extensive modular architecture. Recent work has implicated the importance of 

carbohydrate-binding modules in these enzymes (88,158). The work presented here hints 

at a hitherto unknown aspect of clostridial toxin research: the potential to form large, 

multienzyme complexes held together by X82 (cohesin) – dockerin interactions. 

Analogous to the formation of cellulosomes by anaerobic bacteria and fungi (146-148), 
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the association of multiple glycoside hydrolases of varying specificities into one complex 

would hold the promise of potentiating the activity of the enzymes on host tissues by 

virtue of the enhanced adherence and the synergistic action of complementary enzyme 

specificities. Particularly in the case of the myonecrotic strains this type of enzyme 

complex may aid the rapid tissue destruction effected by these bacteria.       

4.5. Materials and Methods 

4.5.1. Protein expression and purification 

The DNA fragment encoding the X82 module of CpGH84C (residues 768-909) 

was amplified from C. perfringens genomic DNA (strain ATCC 13124; Sigma), 

subcloned into pET-28a (Novagen), and transformed into Escherichia coli strain 

BL21(DE3).  Uniformly 
15

N/
13

C-labeled CpGH84C X82 was expressed as an N-terminal 

His-tagged fusion protein and purified to homogeneity as previously described (159). 

NMR samples comprised 1 mM CpGH84C X82 dissolved in 25 mM HEPES pH 7.0, 50 

mM NaCl , 5 mM CaCl2, 0.5 mM DSS, and 90% H2O/10% D2O. 

4.5.2. NMR spectroscopy and solution structure calculations 

 All NMR experiments were acquired at 25ºC. Sequential backbone and side 

chain resonance assignments for CpGH84C X82 were completed using a strategy 

previously described (159). Interproton distances were measured from 3D 
15

N-NOESY 

HSQC (115) and 
13

C-NOESY HSQC (160) datasets, which were collected on Varian 

INOVA 600 MHz and 800 MHz spectrometers equipped with triple resonance 

cryoprobes, respectively, using mixing times of 100ms.  All spectra were processed and 

analyzed using NMRPipe (118) and NMRView (119), respectively. 
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 200 structures of CpGH84C X82 were generated using the simulated annealing 

protocol in the program CNS 1.1 with 20000 steps in the first cooling stage, 2000 

cartesian steps in the second cooling stage, and 10 cycles of 1000 minimization steps 

(122).  Interproton distances were calibrated for all proton pairs using maximum and 

minimum NOE intensities for known distances (dβN, dαN, dNN) in regions characterized as 

loop or extended structure. A total of 2928 NOE-derived distance restraints were 

obtained for the structure calculation, including 1795 short-range (intra-residue and 

sequential), 170 medium-range (1 < |i - j| ≤ 5) and 963 long-range distance restraints (|i - 

j| > 5). Backbone dihedral angle restraints for 86 residues were obtained from analysis of 

13
C
α
, 

13
C
β
, 

13
C’, 

1
H
α
, and 

15
N chemical shifts using the program TALOS (123). Twenty 

low-energy structures with no distance violations greater than 0.3 Å and no angle 

violations greater than 5° were accepted into the final ensemble and the quality of the 

structures was evaluated using PROCHECK (125) and MOLMOL (126). All structure 

figures were generated using PyMOL (127). Structural similarity searches were 

performed using the DALI web server (145), and sequences were aligned using ClustalW 

(161). 

 Steady-state {
1
H}-

15
N heteronuclear NOE data was collected on a 600 MHz 

spectrometer with and without a 3 s of proton saturation and with a total recycle delay of 

7 s (162).  NOE values were calculated from the ratio of peak intensities with and without 

proton saturation for 138 well-resolved resonances.  The 
15

N-NOE data was processed 

using NMRPipe (118) and viewed and analyzed using NMRView 5.0.4 (119). 
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4.5.3. Crystallization and data collection 

Purified CpGH84C X82 was exchanged into 20 mM Tris-HCl pH 8.0, and treated 

overnight at room temperature with thrombin to remove the His6-tag. The polypeptide 

was separated from the cleaved His6-tag by size-exclusion chromatography using a 

Sephacryl S200 column (GE Biosciences). Pure fractions were concentrated in a 10 mL 

stirred ultra-filtration device using a 5K MWCO membrane (Millipore). Crystals in the 

spacegroup R32 were obtained using the hanging-drop vapour-diffusion method at 18
o
 C 

with CpGH84C X82 at 20 mg/mL and a precipitating solution of 1.5 M ammonium 

sulfate buffered with 0.1 M sodium cacodylate, pH 6.5. These crystals were cryo-

protected in mother liquor supplemented with 30% glycerol and frozen at 113 K directly 

in the cryo-stream. Diffraction data were collected with a Rigaku R-AXIS IV++ area 

detector coupled to a MM-002 X-ray generator with Osmic “blue” optics and an Oxford 

Cryostream 700 crystal cooler. Data were processed using Crystal Clear/d*trek (163). 

Using PHASER (164) and an NMR model with the backbone converted to 

polyalanines, the position of three X82 molecules were identified in the asymmetric unit.  

Initial phases were generated using phased refinement and density modification with non-

crystallographic symmetry averaging as implemented in NCSref (143). The polyalanine 

models were then replaced with an NMR model containing sidechains using COOT (165) 

and manually altered to fit the electron density. Successive rounds of refinement with 

REFMAC (143) and model building with COOT were required to complete the model. In 

the final round, TLS refinement (143) was used treating the three X82 molecules as 

individual TLS groups. Water molecules were added using the ARP/wARP (166) option 

within REFMAC and inspected visually prior to deposition. In all data sets, five percent 
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of the observations were flagged as “free” (167) and used to monitor refinement 

procedures. All data collection, processing, and final model statistics are given in Table 

2. 

4.5.4. Differential scanning calorimetry  

A sample of 171 µM CpGH84C X82 dissolved in 25 mM HEPES pH 7.0, 50 mM 

NaCl , and 5 mM CaCl2 was filtered and degassed. Heat-capacity measurements were 

performed from 20°C to 110°C at a rate of 45°C per hour using a VP-DSC 

microcalorimeter (MicroCal). Scans were performed with CpGH84C X82 in the sample 

cell and the respective buffer in the reference cell, and a buffer-buffer scan was 

subtracted in each case to correct for instrument baselines. Cooling and reheating scans 

were performed to assess the reversibility of the thermal transitions. The thermodynamic 

parameters of the single folding transition were calculated using a non-two state model in 

Origin 5.0 software (MicroCal). 

4.5.5. Phylogenetic analysis 

 Phylogenetic trees were generated using the ClustalW program (161) 

(http://www.ebi.ac.uk/clustalw/). The radial consensus tree was rendered using TreeView 

1.6.0 (168) resulting in an unrooted tree radiating from a central point.  Sources for the 

following cohesin sequences used in this work were obtained from the UniProt server 

(http://www.ebi.uniprot.org) or via the Carbohydrate-Active Enzymes server 

(http://www.cazy.org) (169,170): Acetivibrio cellulolyticus ScaA and ScaB (Q94PL0 and 

Q7WYN3, respectively); Clostridium cellulolyticum CipC (Q45996); Clostridium 

cellulosolvens CbpA (P38058); Clostridium thermocellum CipA (Q06851), OlpB 
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(Q06852), Orf2p (Q06853), SdbA (P71143); Ruminococcus flavefaciens ScaA 

(Q9AE53) and ScaB (Q9QE52).  

4.5.6. Data Bank accession code 

The NMR resonances assignments for CpGH84C X82 have been deposited in the 

BioMagResBank (accession number 7270). NMR solution structures and structural 

restraints for CpGH84C X82 have been deposited into the Protein Data Bank under 

accession number 2O4E. Coordinates for the CpGH84C X82 crystal structure has the 

entry 2JH2 in the Protein Data Bank. 
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Chapter 5 

 

NMR assignment of backbone and side chain resonances for a dockerin-containing 

C-terminal fragment of the putative µ-toxin from Clostridium perfringens 

5.1. Abstract 

The µ-toxin of Clostridium perfringens, termed CpGH84A, is a modular 

hydrolytic enzyme that contributes to the pathogenicity of this organism. Backbone and 

side chain 
1
H, 

13
C, and 

15
N resonance assignments have been determined for the C-

terminal 15.5 kDa FIVAR-Doc modular pair of CpGH84A. 

5.2. Biological context 

Clostridium perfringens is a Gram-positive, spore-forming anaerobic bacterium 

found in the human gut. It is also an opportunistic pathogen responsible for gas gangrene, 

necrotic enteritis, and food poisoning in humans (55). This organism produces an array of 

exotoxins that contribute to the pathogenicity of the organism (60). Among these toxins is 

the µ-toxin, which has been identified as a glycoside hydrolase with N-acetyl-β-

hexosaminidase activity and termed CpGH84A. It is encoded by the nagH gene and 

thought to contribute to the pathogenesis of C. perfringens through the degradation of 

gastric mucins and connective tissue (5,84) 

CpGH84A is a 182 kDa multi-modular protein, comprising an N-terminal family 

84 glycoside hydrolase catalytic module, four family 32 carbohydrate-binding modules 

(http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html), three putative carbohydrate-binding 

FIVAR modules (Pfam accession number PF07554), and a C-terminal  dockerin module 

(85).  Dockerins are calcium-binding modules, which have only previously been 

identified within cellulosome-degrading enzyme complexes of cellulytic bacteria and 
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yeast, where they mediate the assembly and cell-surface attachment of these complexes 

via high-affinity non-covalent interactions with cohesin modules (146,149,150). At 

present, there is no structural information available for dockerin or FIVAR modules in C. 

perfringens. Here, we report the 
1
H, 

13
C, and 

15
N chemical shifts for the FIVAR-Doc 

modular pair from the C-terminus of CpGH84A, the putative µ-toxin from C. 

perfringens. 

5.3. Methods and experiments 

5.3.1. Cloning, expression and purification 

The DNA fragment encoding the third FIVAR module and the C-terminal 

dockerin module of CpGH84A were cloned from Clostridium perfringens strain 13 

genomic DNA, kindly provided by Dr. Michel R. Popoff, Pasteur Institute,  using 

forward and the reverse primers 5’-

GGGAATTCCATATGGATAAGACAAATTTAGGTGAATTAATA-3’ and 5’-

CCGCTCGAGATTTAGTATTCTATGATTTATAAAACT-3, respectively.  The PCR 

fragment was digested and ligated into the NdeI and XhoI restriction sites of pET-21b 

(Novagen) to produce pET-FIVAR-Doc.  The resulting plasmid was transformed into the 

Escherichia coli strain BL21(DE3) for bacterial expression. The 15.5 kDa 6×His-FIVAR-

Doc fusion protein was uniformly-
13

C/
15

N labelled via bacterial expression and purified 

to homogeneity using Ni
2+

-affinity (Amersham Life Sciences) and size-exclusion 

(Superdex 75, Amersham Life Sciences) chromatography.  NMR samples contained 1.1 

mM 
13

C/
15

N-FIVAR-Doc in 25 mM HEPES pH 7.0, 50 mM NaCl , 5 mM CaCl2, 0.5 mM 

DSS, 90% H2O/10% D2O.   
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5.3.2. NMR spectroscopy 

All NMR spectra were acquired at 25ºC. Complete backbone and side chain 

chemical shift assignments for the FIVAR-Doc modular pair were made using 2D 
1
H-

15
N 

HSQC, 3D HNCACB, 3D CBCACONH, 3D HNCO, 3D HC(CO)NH-TOCSY and 3D 

C(CO)NH-TOCSY datasets collected on a Varian INOVA 600 MHz spectrometer 

equipped with a triple resonance cryoprobe. 3D HCCH-TOCSY, 3D 
15

N-NOESY HSQC 

and 3D 
13

C-NOESY HSQC datasets were collected on the Varian INOVA 800 MHz 

spectrometer equipped with a triple resonance cryoprobe located in the Québec/Eastern 

Canada High Field NMR facility.  All spectra were processed and viewed using 

NMRPipe and NMRView, respectively (118,119). 

5.4. Assignments and data deposition 

Backbone 
1
H, 

13
C, and 

15
N assignments of the CpGH84A FIVAR-Doc modular 

pair have been completed, as illustrated by Figure 5.1, where 125 of the 132 expected 

backbone H
N
 correlations were identified. Backbone H

N
 resonances corresponding to 

Asp
2
, Asn

5
, Leu

17
, His

30
, Lys

31
, Ile

130
 and Leu

131
 were not observed.  In addition, 14 pairs 

of side chain H
N
 resonances, corresponding to thirteen asparagine residues and to a single 

glutamine residue were also observed.  The spectrum is very well resolved with only a 

small number of degenerate resonances corresponding to Ser
15

, Ser
74

, Asn
87

, Leu
95

,
 
Ser

109
 

and Leu
110

.  The 
1
H and 

13
C side chain assignments are complete with the exception of: 

C
γ
 for Leu

9
, C

ε
 for Lys

31
, H

ε
 for Tyr

29
, H

γ
 for Leu

65
 and Leu

75
, H

ε
 for Phe

84
, H

ε
 for Phe

125
, 

H
δ
 for His

128
, and C

γ
 and H

γ
 for Leu

131
 and for Leu

133 
which show extensive overlap in 

both 
1
H and 

13
C chemical shift.  No side chain assignments could be unambiguously 

made for His
30

 and for Ile
130

.   
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Figure 5.1. 2D 

1
H-

15
N HSQC spectrum of uniformly 

13
C/

15
N-labeled FIVAR-Doc 

modular pair from CpGH84A of Clostridium perfringens at 600 MHz and 25ºC. The 

majority of peaks are numbered according to position in sequence. Resonances 

corresponding asparagine and glutamine side chain amide protons are connected by 

horizontal lines. (http://www.bmrb.wisc.edu) under BMRB accession number 7269. 
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Chapter 6 

Evidence for extracellular hydrolytic enzyme complex formation revealed by the 

structure of a dockerin-containing modular pair from a family 84 glycoside 

hydrolase of Clostridium perfringens 

6.1. Summary 

The genome of the opportunistic pathogen Clostridium perfringens encodes a 

large number of secreted glycoside hydrolases. Their predicted activities indicate that 

they are involved in the breakdown of complex carbohydrates and other glycans found in 

the mucosal layer of the human gastrointestinal tract, within the extracellular matrix, and 

on the cell surface.  One such group of these enzymes is the family 84 glycoside 

hydrolases, which contains five members (CpGH84A-E), including the mu-toxin or 

CpGH84A.  The modular architecture of CpGH84A including a N-terminal catalytic 

domain, four family 32 carbohydrate-binding modules, three FIVAR modules of 

unknown function, and a C-terminal putative Ca
2+

-binding dockerin module.  Here, we 

report the solution NMR structure of C-terminal modular pair from CpGH84A, which 

adopts an extended structure that is predominantly alpha-helical.  The three-helix bundle 

FIVAR module displays structural homology to a heparin-binding module within the N-

terminal of the alpha C protein from Group B Streptoccocus.  The C-terminal module has 

a typical dockerin fold comprising two anti-parallel helices forming a planar face with the 

two EF-hand calcium-binding loops at opposite ends of the module, and bioinformatics 

has identified three additional dockerin-like sequences in other C. perfringens glycoside 

hydrolases. The size of the helical face of the dockerin module is approximate equal to 

the planar region recently identified on the surface of a cohesin-like X82 module of 



 93 

CpGH84C. Heteronuclear NMR spectroscopy and size-exclusion studies show these 

modules form a 1:1 high affinity complex in solution, which represents the first 

characterization of a non-cellulolytic dockerin-cohesin-mediated enzyme complex. 

Formation of such complexes may have important implications in the pathogenic 

properties of C. perfringens. 

6.2. Introduction 

Although Clostridium perfringens is similar to other anaerobic bacteria in that 

they are Gram-positive and spore-forming, they are opportunistic pathogens that secrete 

an arsenal of major and minor toxins which target components of the cell membrane such 

as phosphatidyl choline and complex polysaccharides (54,55,171).  The alteration of 

membrane chemistry has a profound effect on downstream processes that are primarily 

responsible for the development of associated illnesses caused by C. perfringens, 

including gas gangrene and food poisoning (60,171).  Many studies have already 

investigated the role of the major toxins, of which there are four (α, β, ε, ι), as direct 

contributors to the pathogenicity of the organism (55).  However, very little information 

exists as to the effects of the pore-forming (enterotoxin, δ, θ)  and glycoside hydrolases 

(sialidases, κ, λ, µ), which constitute the minor toxins released by C. perfringens.   

The sequencing of the genome of C. perfringens revealed the importance of 

glycoside hydrolases as shown by the existence of 54 open reading frames that code for 

such enzymes, which are further subdivided into 24 glycoside hydrolase families (85,88).  

The shear number of glycoside hydrolases may empower the organism to hydrolyze 

sophisticated carbohydrates found in gastric mucins and glycoproteins that may lead to 
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mucosal necrosis, commonly associated with C. perfringens-based enteritis, and may 

further explain its synergistic role with the pore-forming minor toxins (60,88). 

The glycoside hydrolases themselves are multi-modular in design, comprising, in 

addition to their catalytic and carbohydrate binding modules, other distinguishing 

features that give rise to novel functional attributes.  For example, all five members of the 

family 84 glycoside hydrolases (CpGH84A-E) share a common N-terminal region made 

up of a catalytic and variable copy numbers of family 32 carbohydrate binding modules, 

but are divergent with respect to their C-terminal architectures.  In particular, the C-

terminal region of the purported µ-toxin, CpGH84A, includes a module of unknown 

function, three FIVAR modules proposed to have protein or carbohydrate binding 

capabilities and a predicted C-terminal dockerin.  At the moment, it is uncertain as to 

how the varying modularity exhibited by these C-terminal regions impacts the function 

and role of these exotoxins in the extracellular milieu, and how it contributes to the 

possible synergism with the pore-forming minor toxins.   

In an attempt to understand the structure-function relationships of these multi-

modular glycoside hydrolases, the NMR solution structure of a modular pair comprising 

the third FIVAR and its adjacent C-terminal dockerin module from CpGH84A, termed 

FIVAR-Doc, was determined.  The FIVAR is a three-helix bundle, while the dockerin, an 

EF-hand variant, has two anti-parallel helices and two Ca
2+

-binding loops at opposite 

faces of the molecule.  The recent identification and characterization of a cohesin module 

in the CpGH84C glycoside hydrolase raised the possibility that C. perfringens might 

mediate cohesin-dockerin interactions. Size-exclusion chromatography and NMR 

mapping reveal that the FIVAR-Doc and the CpGH84C cohesin indeed form a 1:1 
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complex, which is the first report of a non-cellulolytic bacterium to form large hydrolytic 

complexes that may be responsible for the spread of the pathogen. 

6.3. Results 

6.3.1. Ca
2+

-induced effects on CpGH84A C-terminal conformation and stability  

Circular dichroism (CD) spectroscopy was performed to assess the effects of 

calcium on the structural properties of the CpGH84A C-terminal modular pair.  

Comparison of the far-UV CD spectra of the CpGH84A C-terminal modular pair in the 

absence and presence of calcium revealed a decrease in ellipticity at 208 nm and 222 nm 

and an increase in positive ellipitcity below 200 nm, indicating that calcium increases the 

helical content within this construct from 35 to 40% (Figure 6.1A). This subtle change in 

helical structure indicates that this construct retains significant secondary structure in the 

apo-form and that calcium stabilizes or induces additional structure, causes a 

reorientation of existing helices, or a combination of these changes. With respect to the 

putative dockerin module in this construct, these observations are similar to that observed 

for the CelA type I dockerin module from Clostridium cellulolyticum, which retains 

helical structure in the absence of calcium (172), and are in contrast to that observed for 

the type I and type II dockerin modules from C. thermocellum, which both undergo a 

calcium-induced folding event (173,174).   
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Figure 6.1. Structural stability of the CpGH84A FIVAR-Doc modular pair.  (A) 

Ca
2+

-induced structural changes monitored by far-UV circular dichroism spectroscopy of 

111 µM apo-FIVAR-Doc () and 134 µM Ca
2+

-FIVAR-Doc (---).  (B) Thermal 

denaturation profile of a 198 µM CpGH84A FIVAR-Doc obtained from differential 

scanning calorimetry.  (C) {
1
H}-

15
N NOE values plotted as a function of residue number 

at 14.4 Tesla.  The residue numbering reflects the numbering of the full-length 

CpGH84A construct with the exception of a seven residue histidine affinity tag that 

comprises residues [Leu
1633

] to [His
1638

].  
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Differential scanning calorimetry (DSC) and heteronuclear NMR relaxation 

experiments were performed to assess the thermostability and dynamic properties of the 

C-terminal modular pair of CpGH84A.  In the presence of calcium the thermal transition 

profile for the CpGH84A modular pair showed a single thermal transition at 74.4°C  

(Figure 6.1B). Steady state {
1
H}-

15
N NOE values for FIVAR-Doc were analyzed for 94 

out of 140 expected backbone 
H
N resonances and plotted as a function of residue number 

(Figure 6.1C).  Overall, the protein is well-ordered, based on an average {
1
H}-

15
N NOE 

of 0.78 ± 0.16, with the exception of residues at the extreme N-terminal and C-terminal 

regions, which undergo motion on the nano-second to pico-second timescale.   

6.3.2. Solution structure of CpGH84A C-terminal modular pair 

The solution structure of the C-terminal modular pair of CpGH84A was solved 

using 3077 distance-derived and 83 TALOS-derived dihedral restraints. Sixty-three of the 

200 structures generated were accepted without any NOE violations greater than 0.3 Å 

and without any dihedral violations greater than 5°.  An ensemble of the twenty lowest-

energy structures was selected for further analysis and an average structure from this 

ensemble was calculated and minimized against experimental restraints. A summary of 

structural statistics is shown in Table 6.1.   
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Table 6.1: NMR Structure Statistics for FIVAR-Doc 

Restraints used for structure calculations  

     sequential 1143 

     medium-range (1< |i - j| < 5) 1130 

     long-range (|i - j| > 5) 808 

     dihedral restraints (φ, ψ) 83 

  

Energies (kcal•mol
-1

) 

     Eoverall 205.80 + 28.55 

     ENOE 76.43 + 5.37 

     Ebond 20.67 + 1.20 

     Eangle 92.31 ± 3.38 

     Eimproper 21.00 + 1.27 

     Ecdih 3.83 + 1.01 

  

r.m.s.d. from experimental restraints  

     dihedral angles (°) 0.6014 + 0.0780 

     distances (Å) 0.0182 + 0.0006 

  

r.m.s.d. from idealized geometry  

     bond (Å) 0.0031 + 0.0001 

     angle (°) 0.4682 + 0.0075 

 

Ramachandran statistics 

     residues in favorable regions 99.1% 

 

r.m.s.d to mean structure (Å) 

     backbone atoms (Lys
1499

-Asn
1628

) 0.580 + 0.108 

     heavy atoms (Lys
1499

-Asn
1628

) 0.972 + 0.0945 

  

 



 100 

The CpGH84A C-terminal modular pair solution structure has overall dimensions 

58 Å × 25 Å × 22 Å and comprises two helical modules (Figure 6.2), each of which is 

described in more detail below. The modular pair structure is well-ordered with the 

exception of Asp
1497

 at the N-terminus, which lacks medium and long range NOEs and 

displays a {
1
H}-

15
N NOE value of less than 0.6.  In addition, the N-terminal methionine 

and C-terminal eight residues from the expression plasmid were also disordered. The root 

mean squared deviation (rmsd) values of the ensemble core, defined by residues Lys
1499

-

Asn
1628

, from the energy-minimized average structure for backbone and heavy atoms are 

0.58 ± 0.11 Å and 0.97 ± 0.09 Å, respectively.  When considered independently, the rmsd 

values for backbone and heavy atoms of the FIVAR module (Lys
1499

-Thr
1577

) are 0.40 Å 

and 0.89 Å, respectively, while the rmsd values for backbone and heavy atoms of the 

dockerin module, defined by Gly
1578

-Asn
1628

, are 0.53 Å and 0.97 Å, respectively.   

6.3.3. Description of the CpGH84A dockerin module  

The C-terminal module CpGH84A (Gly
1578

-Asn
1628

) has a typical dockerin fold 

with two loop-helix motifs (α4: Asp
1587

-Ile
1598

; α5: Tyr
1617

-Asn
1628

), termed F-motifs, 

separated by a 17-residue linker region (Gly
1599

-Glu
1616

).  Residues at positions 1 

(Asp
1579

, Asp
1707

), 3 (Asn
1581

, Asn
1709

), 5 (Asn
1583

, Asp
1711

), 7 (Lys
1585

, Ser
1713

), 9 

(Asp
1587

, Asp
1715

) and 12 (Asp
1590

, Glu
1718

) of each of the canonical 12-residue EF-hand 

calcium-binding loops (I: Asp
1579

-Asp
1590

; II: Asp
1707

-Glu
1718

), are situated at opposite 

ends of the module, in an orientation that would coordinate the calcium ion in a 

pentagonal bipyramid configuration. This positioning of the calcium-binding loops is in 
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Figure 6.2.  The CpGH84A FIVAR-Doc solution structure.  (A) Backbone 

superposition (N, Cα, C’) of the twenty lowest-energy FIVAR-Doc structures.  (B) 

Ribbon representation of the energy-minimized average NMR CpGH84A FIVAR-Doc 

solution structure.  The FIVAR module (orange) is a three-helix bundle and the dockerin 

module (blue) consists of two anti-parallel helices with Ca
2+

-binding loops at opposite 

faces of the molecule. 
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contrast with typical eukaryotic EF-hand proteins, such as calmodulin and troponin C, 

where an intimate association exists between the two calcium-binding loops, and is a 

result of the anti-parallel arrangement of the two helices. They are well defined, both 

individually (backbone r.m.s.d values of 0.27 Å and 0.45 Å for α4 and α5, respectively) 

and when fitted as a unit (backbone r.m.s.d value of 0.51 Å).  The dockerin module is 

stabilized by a large number of van der Waals contacts involving residues Phe
1580

, 

Met
1593

, Val
1594

, Ile
1598

, Leu
1606

, Leu
1608

, Ile
1614

, Ile
1622

, and Ile
1626

. The interhelical angle 

between α4 and α5 of 14° with helical axis of α5 directed away from the intervening 

linker region.  

6.3.4. Description of the FIVAR Module  

The FIVAR module within the CpGH84A C-terminal modular pair forms a three-

helix bundle that is stabilized by several hydrophobic contacts made between α1 

(Lys
1499

-Glu
1515

), α2 (Ala
1529

-Phe
1544

) and α3 (Glu
1553

-Leu
1571

).  α1 and α3 are in a 

parallel orientation and are anti-parallel to α2, with α1 lying across α2 and α3 (Figure 

2B).  The extensive hydrophobic core formed the three helices comprises Leu
1502

, 

Leu
1505

, Ile
1506

, Leu
1512

, and Leu
1513

 of α1, Leu
1533

, Ile
1537

, Val
1543

 of α2, and Ile
1554

, 

Leu
1561

, Ile
1565

, and Phe
1568

 of α3.  In addition, the phenol ring of Tyr
1525

 makes favorable 

ring-stacking and van der Wall interactions with Phe
1568 

and Leu
1571

, which contributes to 

the rigidity of this region. 

 FIVAR modules have been generally annotated as putative yet uncharacterized 

sugar-binding modules in variety of pathogenic bacteria (175).  In an attempt to elucidate 

a biological function for the CpGH84A FIVAR module, a structural homology search of 

the Protein Data Bank (PDB) with the CpGH84A FIVAR energy-minimized average 
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NMR structure coordinates was performed using the DALI search engine (146). Notable 

similarity was observed to the three-helix bundle module in the N-terminus of alpha C 

protein (NtACP) from Group B Streptococcus (Figure 6.3A; Z-score of 5.7 and backbone 

rmsd value of 3.8 Å) (175). This module was shown to have the ability to bind to the 

negatively-charged glucosaminoglycan heparin and contains a contiguous patch of basic 

amino acids on one face with a 5-6 Å spacing to accommodate the repeating sulphate 

groups (Figure 6.3B) (175). The analogous face of the FIVAR module does not have a 

similar positively-charged pattern and preliminary dot blot analysis revealed no 

detectable binding to heparin sulphate (J.J. Adams, personal communication). Rotation of 

the FIVAR module by ~180° does reveal three positively-charged patches on the α1-α2 

face (Figure 6.3C). However, their spacing of ~12.5 Å is too large to accommodate the 

repeating sulphate groups on heparin. 
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Figure 6.3.  The CpGH84A FIVAR module is structurally homologous to a heparin 

sulphate binding protein identified in the C-terminus of the N-terminal domain of 

the alpha C protein (NtACP).  (A) Structural overlay of the three-helix bundle from the 

NtACP protein isolated from the Group B Streptococcus opportunistic pathogen (blue; 

PDB accession number 1YWM) with the CpGH84A FIVAR module energy-minimized 

average structure (orange).  (B) The basic patch in the three-helix bundle of NtACP 

comprising amino acid residues Arg
165

, Lys
196

, Arg
172

, Arg
185

, and the side chain amide 

group from Asn
176

, is proposed to stabilize binding to heparin sulphate (175).  (C) The 

corresponding face of the FIVAR module lacks this chemistry. When the molecule is 

rotated by ~180°, three lysine residues (K
3
, K

14
, and K

34
) are unable to stabilize any 

interaction with heparin sulphate. 
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6.3.5. CpGH84A FIVAR-Doc modular interface   

A modular interface is present between the FIVAR and dockerin modules of 

CpGH84A and involves His
1526

, Lys
1527

, and Ile
1573

 of the FIVAR module and Leu
1608

, 

Tyr
1617

, and Phe
1621

 of the dockerin module (Figure 6.4). This is a rigid, well ordered 

interface, as indicated by the approximately average {
1
H}-

15
N NOE values observed for 

residues in the region, and contributes to the overall extended structure of the modular 

pair. An extended modular pair structure of the X-module and type-II dockerin module 

and associated interface, albeit more extensive, from C. thermocellum has also recently 

been observed (173) and suggests that intermodular interfaces involving dockerin 

modules and their adjacent protein modules may be a more general phenomenon than 

previously thought.  
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Figure 6.4. Stability of the CpGH84A FIVAR-Doc interface.  The FIVAR-Doc has a 

well-defined interface that is stabilized by hydrophobic contacts mediated by His
1526

,
 

Lys
1527

, and Ile
1573

 from the FIVAR module (orange) and Leu
1608

, Tyr
1617

, and Phe
1621

 

from the dockerin module (blue). 
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6.4. Discussion 

6.4.1. Comparison of CpGH84A dockerin and the cellulolytic dockerin modules 

Structural overlays of CpGH84A dockerin module with the uncomplexed C. 

thermocellum CelS type-I dockerin module (174) (Figure 6.5A; backbone rmsd of 4.69 

Å) and the C. thermocellum Xyn10B type-I (157) (Figure 6.5B; backbone rmsd of 2.25 

Å) and type-II SdbA dockerin (149) (Figure 6.5C; backbone rmsd of 2.34 Å) modules in 

complex with their respective cohesin modules, indicating that the CpGH84A dockerin 

module adopts a similar overall fold to the cellulolytic dockerin modules. The structural 

differences between the uncomplexed C. thermocellum type-I dockerin module and the 

CpGH84A dockerin module can be attributed to differences in helical orientation, and the 

conformation of the linker region. While in an antiparallel arrangement, the helices of the 

C. thermocellum CelS dockerin module are more displaced from one another than those 

in the CpGH84A dockerin module, in directions both parallel and perpendicular to the 

helical axis, which results in ~8 Å and ~3 Å greater separations, respectively. In addition, 

the CpGH84A dockerin module terminates at the end of α5, similar to the C. 

thermocellum dockerin structures when in complex with their respective cohesin 

modules, while the C. thermocellum CelS dockerin module has a 10-residue unstructured 

region following its last helix. The 20-residue linker region in the C. thermocellum CelS 

dockerin module is in a substantially different conformation than the 16-residue linker 

region of the CpGH84A dockerin module. This is, in part, do to the presence of the 

FIVAR module and the corresponding intermodular interface, which involves residues 

for the CpGH84A dockerin linker region. The subtle differences between the CpGH84A 

dockerin structure and the complexed C. thermocellum type-I dockerin structure arises  
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Figure 6.5. Structural overlays of the dockerin from CpGH84A with cellulolytic 

dockerins from C. thermocellum.  (A) Dockerin from CpGH84A (blue) was aligned 

with the solution structure of a CelS type-I dockerin (yellow; PDB accession 1DAQ), (B) 

the Xyn10B type-I (yellow; PDB accession 2CCL) and (C) the type II from CipA (green; 

PDB accession 2B59) dockerin from the type I and type II complexes, respectively.    
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from the linker region in C. thermocellum type-I dockerin, which comprises a short helix 

that is not present in the CpGH84A dockerin structure. In the case of the C. thermocellum 

type-II dockerin module, small differences exist in the length of the C-terminal helix (10 

residues in C. thermocellum type-II and 12 residues in CpGH84A) and positioning of the 

calcium-binding loops with respect to the exiting helices. 

6.4.2. Identification and phylogenetic analysis of C. perfringens dockerin modules   

The CpGH84A C-terminal dockerin sequence was used as a template to probe the 

translated open reading frames from the annotated C. perfringens strain 13 genome (85). 

Three additional putative dockerin modules, each having E-values less than one after a 

single iteration of PSI-Blast analysis (155,156), were identified. These sequences were 

found in putative glycoside hydrolases, and include members of families 2 (Cpe1266), 31 

(Cpe1046), and 95 (Cpe1875) (Figure 6.6A). Phylogenetic analysis of these sequences 

with those of previously identified cellulolytic dockerin modules revealed that while they 

are evolutionarily related to the dockerin modules from cellulolytic bacteria, the 

CpGH84A dockerin module and the additional three predicted dockerin modules from C. 

perfringens cluster in their own subtype, which emanates from the branch leading to the 

type-II dockerin modules (Figure 6.6B). The structure of the CpGH84A dockerin module 

therefore serves as the representative structure of C. perfringens dockerin modules. 
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Figure 6.6.  The relationship between dockerin sequences in C. perfringens and from 

cellulolytic bacteria.  (A) Sequence alignment of the CpGH84A dockerin module with 

putative dockerin sequences in Cpe1266, Cpe1046, and Cpe1875 with corresponding E-

values of less than one after two iterations using PSI-Blast analysis.  The calcium 

coordinating residues are highlighted in yellow, conserved hydrophobic residues in grey, 

conserved polar/charged in green, and positions displaying 100% conservation are 

white letters highlighted in black. The numerical sign indicates positions involved in 

contacts in the C. thermocellum type I interaction, while the asterisk indicates positions 

involved in contacts in the C. thermocellum type II interaction. (B) Phylogenic analysis 

reveals that dockerins from C. perfringens map to a separate branch of the tree, which 

suggests that they are distinct with respect to the type I, type II and type III dockerins 

from cellulolytic bacteria. 
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6.4.3. Dockerin-cohesin mediates enzyme complexes in C. perfringens  

The data presented in this, in conjunction with the recent structure determination 

of a cohesin-like X82 module in another C. perfringens family 84 glycoside hydrolase, 

CpGH84C, and identification of additional putative cohesin-like sequences in four other 

glycoside hydrolases (176), raised the possibility that, in a manner similar to cellulolytic 

bacteria, C. perfringens has the ability to form extracellular dockerin-cohesin-mediated 

enzyme complexes. Notably the surface area of the helical face of the CpGH84A 

dockerin module, at ~370 Å
2
, matches the size (380 Å

2
) of the planar region on the 9a-8-

3-6-5 face of the cohesin-like CpGH84C X82 module (176). Heteronuclear NMR 

spectroscopy was used to determine whether the CpGH84A FIVAR-dockerin modular 

pair formed a non-covalent complex with the CpGH84C cohesin-like X82 module. An 

overlay of the two-dimensional 
1
H-

15
N HSQC spectra of CpGH84A FIVAR-dockerin in 

the absence and presence of saturating amounts of CpGH84C X82 module revealed 

significant differences in the spectra (Figure 6.7).  
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Figure 6.7. Evidence for complex formation between the CpGH84A FIVAR-Doc and 

the CpGH84C X82 cohesin revealed by two-dimensional heteronuclear NMR.  2D 

1
H-

15
N HSQC spectra were recorded for a 

15
N-labelled CpGH84A FIVAR-Doc in the 

absence (black) and presence of saturating amounts of CpGH84C X82 cohesin (red).  

Overlay of the two spectra reveal significant H
N
 and 

15
N chemical shift differences as 

well as broadening of the correlation peaks, which is indicative of an interaction 

involving the two proteins. 
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Not only do a significant number of resonances shift upon addition of the CpGH84C X82 

module, as would be expected if a complex was indeed formed, but the resonances in the 

CpGH84A FIVAR-dockerin spectrum containing CpGH84C X82 module are noticeably 

broader. The observation is suggestive of change in overall tumbling of the CpGH84A 

FIVAR-dockerin in solution, which could either be due to a change in the oligomeric 

state of the CpGH84A FIVAR-dockerin construct or that a complex with the CpGH84C 

X82 module has formed which would more than double its molecular mass. Significant 

self-association of the FIVAR-dockerin modular pair has not been observed at 

concentrations up to 1.5 mM. We attribute the spectral changes to the formation of a 

FIVAR-dockerin:X82 complex, which confirms results obtained from size-exclusion 

chromatography (Figure 6.8). 
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Figure 6.8. Size-exclusion profile of the CpGH84A FIVAR-Doc:CpGH84C cohesin 

complex in C. perfringens.  Evidence for cohesin-dockerin complex formation is evident 

from size-exclusion chromatography. A 1:1 CpGH84A FIVAR-Doc (blue): CpGH84C 

cohesin (green) complex was resolved from a mixture containing excess CpGH84C 

cohesin in the presence of Ca
2+

. 



 116 

6.5. Biological implications 

 C. perfringens rely on a large number of minor toxins to accentuate the 

pathogenic properties of the major toxins (60). An emerging theme is that many of these 

minor toxins are carbohydrate-active enzymes and are responsible for glycan degradation 

and metabolism in the virulence of C. perfringens. CpGH84A is one such enzyme, which 

has been proposed to enhance the propagation of C. perfringens and its associated major 

toxins through infected tissue by breaking down the extracellular matrix. The work 

presented here points to the formation of glycoside hydrolase (minor toxin) complexes by 

C. perfringens through a dockerin-cohesin mediated mechanism that would allow these 

enzymes to work in concert on host tissues by virtue of the enhanced adherence and the 

synergistic action of complementary enzyme specificities. Indeed, given that four 

identified dockerin-containing and five X82-containing glycoside hydrolases (176) have 

been identified, C. perfringens has the capability to produce glycoside hydrolases that 

would complement one another under pathogenic conditions. 

6.6. Experimental procedures 

6.6.1. Recombinant protein expression and purification 

The cloning, expression, and purification of unlabeled and uniformly 
13

C/
15

N–

labeled CpGH84A FIVAR-Doc modular pair, comprising residues 1498-1628, was 

performed as previously described (177).  Protein samples were buffered exchanged into 

25 mM HEPES pH 7.0, 50 mM NaCl and stored at 4°C. 

6.6.2. Circular dichroism spectroscopy  

Far UV circular dichroism (CD) spectra of 111 µM CpGH84A FIVAR-Doc 

modular pair in 25 mM HEPES, pH 7.5, 50 mM NaCl, 5 mM EDTA and 134 µM 
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CpGH84A FIVAR-Doc modular pair in 25 mM HEPES, pH 7.0, 50 mM NaCl, 5 mM 

CaCl2 were recorded from 260 to 185 nm using an Olis RSM 1000 rapid-scanning 

monochromator fitted with a CD module and a 0.1 mm path length at 20°C.  For each 

sample, ten scans were collected, averaged, and corrected with the spectra obtained from 

the respective buffers under identical conditions. The molar ellipticity [θ] was calculated 

according to the formula [θ] = θ × 100/(nlc), where n is the number of amino acid 

residues in the protein construct, l is the path length in centimeters, and c is the 

millimolar concentration of CpGH84A FIVAR-Doc construct, and was used to create a 

plot  of [θ] as a function of wavelength. Deconvolution of the CD spectra to obtain the 

percentage of secondary structure the CpGH84A FIVAR-Doc modular pair in the 

absence and presence of calcium was performed using CONTINLL. 

6.6.3. Differential scanning calorimetry  

A sample of 198 µM CpGH84A FIVAR-Doc in 25 mM HEPES pH 7.0, 50 mM 

NaCl, and 5mM CaCl2 was degassed and filtered. Heat-capacity measurements were 

performed from 10
°
C to 100

°
C in a Microcal VP-DSC calorimeter (Microcal, 

Northhampton, MA, USA) using a scan rate of 45
°
C/hour.  Scans were performed with 

CpGH84A FIVAR-Doc in the sample cell with the respective buffer in the reference cell, 

and a buffer-buffer scan was subtracted in each case to correct for instrument baselines.  

The thermodynamic parameters of the single folding transition were calculated using a 

non-two state model in Origin 5.0 software (MicroCal). 

6.6.4. NMR spectroscopy and structure calculations  

All multi-dimensional NMR experiments were acquired on a sample of 1.1 mM 

13
C/

15
N-CpGH84A FIVAR-Doc in 25 mM HEPES pH 7.0, 50 mM NaCl, 5 mM CaCl2, 



 118 

0.5 mM DSS, 90% H2O/10% D2O at 25ºC. Sequential backbone and side chain chemical 

shift assignments for CpGH84A FIVAR-Doc were completed as previously described 

(177).  3D 
15

N-NOESY HSQC and 
13

C-NOESY HSQC datasets with mixing times of 

100ms to measure interproton distances were recorded on Varian INOVA 800 MHz 

spectrometer equipped with a triple resonance cryoprobe.  All spectra were processed and 

analyzed using NMRPipe (118) and NMRView (119), respectively. 

A simulated annealing protocol employing 20 000 steps in the first cooling stage, 

2 000 cartesian steps in the second cooling stage, and 10 cycles of 1 000 minimization 

steps was used to generate 200 structures of CpGH84A FIVAR-Doc in CNS 1.1 (122). 

Interproton distances were extrapolated from NOE peak intensities and calibrated for 

known distances in α-helical regions (dα,n+3, dα,n+4) and loop regions (dn,n). A total of 

3069 NOE-derived distance restraints were obtained for structure calculations, including 

1795 sequential, 170 medium-range (1 < |i - j| ≤ 5) and 963 long-range distance restraints 

(|i - j| > 5). Backbone dihedral angle restraints for 83 residues were obtained from the 

analysis of 
13

C
α
, 

13
C
β
, 

13
C’, 

1
H
α
, and 

15
N chemical shifts using the program TALOS 

(118,178). Twenty low-energy structures with no distance violations greater than 0.3 Å 

and no angle violations greater than 5° were accepted into the final ensemble and the 

quality of the structures was evaluated using PROCHECK (125) and MOLMOL (126).  

Steady-state {
1
H}-

15
N heteronuclear NOE data was collected on a 600 MHz 

Varian INOVA spectrometer with and without 3 s of proton saturation and with a total 

recycle delay of 7 s.  {
1
H}-

15
N NOE values were calculated from the ratio of peak 

intensities with and without proton saturation for 94 well-resolved resonances.  The 
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{
1
H}-

15
N NOE was processed using NMRPipe (118) and analyzed using NMRView 

5.0.4 (119). 

6.6.5. Data Bank accession code 

Chemical shift assignments for CpGH84A FIVAR-Doc have been remitted to the 

BioMagResBank (accession number 7269).  NMR restraints and structure coordinates for 

CpGH84A FIVAR-Doc were submitted to the Protein Data bank as accession number 

2JNK. 

 

 

 

 



 120 

Chapter 7  

 

General Discussion 

 

7.1. Foreword 

 

 All of the work completed for this thesis centers on how a “dissect and build” 

approach to structural biology was used to study multi-modular proteins from different 

biological systems.  The “dissect and build” method has contributed to an improved 

understanding of much larger architectures by investigating the structure-function 

relationships of their smaller individual components.  The work contained in this thesis is 

a testament to this approach and highlights studies conducted on protein modules derived 

from the apo(a) component of Lp(a), and from the family 84 glycoside hydrolases 

CpGH84A and CpGH84C of the opportunistic pathogen Clostridium perfringens.  In 

addition, the use of NMR spectroscopy has also been highlighted as a tool to investigate 

the structure, dynamics and ligand-binding properties of these protein modules.  This 

chapter will discuss how the results from these studies contribute to their respective 

biological contexts and new research initiatives that may arise from these studies. 

7.2. General findings reported in this thesis 

 The apo(a) KIV8 structure highlighted a continuing theme in “kringle 

biochemistry”; that subtle changes in their structures, as shown by differences in the 

position of Tyr and Trp side chains in the LBS of the KIV7 and the KIV8, directly 

influences their ligand binding properties for the lysine analogue ε-ACA. It also provides 

a rationale for the observed specificity for lysine-containing apoB-100 sequences.  In 

addition, 
15

N-relaxation data indicated that the LBS of the apo(a) KIV8 module is pre-

formed and does not undergo any large-scale conformational changes in the presence of 
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ε-ACA.  Finally, the structure provided structural insight into the sole RGD sequence 

located at the N-terminal region of the protein, which is thought to mediate interactions 

with the IIb subunit of the fibrinogen receptor (4,179). 

 The structure determination of the CpGH84C X82 module led to its annotation as 

a putative cohesin module.  Analysis of the surface properties of the CpGH84C X82 

module revealed a potential dockerin-binding site that is planar, of a size necessary to 

accommodate a dockerin module, and with physical boundaries formed by, in part, a 

novel four residue strand, β9a.  Putative cohesin-like X82 modules from several other 

glycoside hydrolases have been identified in C. perfringens.   

 The  solution structure of a modular pair comprising a C-terminal dockerin and its 

adjacent FIVAR module (FIVAR-Doc) from CpGH84A, presented in Chapter 6, does 

indeed have a dockerin fold and  is capable of forming a 1:1 non-covalent heterodimeric 

complex with the CpGH84C X82 module.  3D homology searches have also identified 

the FIVAR module as a potential carbohydrate binding protein. The formation of large 

non-cellulosomal glycoside hydrolase complexes is a novel observation, which may serve 

to enhance the dissemination of the bacterium and the activity of the released toxins in 

the infected tissue. 

7.3. Advances in the structural characterization of apo(a) kringle modules 

  Many of the apo(a)/Lp(a) papers that have been published during the last five 

years have focused on creating an apo(a) “interactome”, which includes many 

extracellular proteins found in the arterial wall (21-25,180,181).  However, little work has 

been done on determining the minimal binding region in apo(a) or in these ECM proteins 

to form the basis of any structural investigations. The last major study that investigated 
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the roles of individual kringle modules involved in apo(a) structure and function was by 

Becker et al. in 2004, which served as the basis for my work discussed in chapter 2 (38).   

7.4. Do we have enough information on apo(a) kringle-ligand interactions? 

The apo(a) kringle modules appear to have differing ligand affinities and 

specificities, which in turn have a direct impact on the function and pathogenicity of 

apo(a) and Lp(a).  Based on the significant sequence and structural homology among 

these kringle modules, it is difficult to conceptualize which of these properties is the 

deciding factor that contributes to their particular binding preferences.  This raises an 

interesting question – is it worthwhile determining additional apo(a) kringle module 

structures in the absence of their biological target? 

 Detailed structural information, outlined in Chapter 2, provided a structural 

rationale for the observed specificity displayed by the apo(a) KIV7 and KIV8 modules for 

particular lysine-containing regions in the N-terminal region of apoB-100, namely Lys
690 

and Lys
680

, respectively (38). Subtle yet notable differences in the aromatic core and the 

LBS of these two kringle modules is attributed to the discriminating specificities between 

the apo(a) KIV 7 and KIV8 modules. 

Although there may be few circumstances where such structural characterization 

is required, those labs investigating the structure-function relationships of individual 

apo(a) kringle modules must move in a direction that also considers their interactions 

with their biologically relevant targets.  As the number of identified apo(a)/Lp(a)-

dependent interactions increases, there will be less of a role for NMR or X-ray 

crystallography to structurally characterize individual kringle structures, but rather using 

these techniques to capture the manner kringles recognize specific ligands.  This can be 
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complemented using other biophysical approaches such as isothermal titration 

calorimetry (ITC), intrinsic tryptophan fluorescence and surface plasmon resonance 

(SPR).  These studies will address biologically relevant complex interactions with 

corresponding kringle modules of apo(a), and will serve as a base for specific design of 

novel therapeutic agents aimed at interfering with some of these interactions to eventually 

minimize the cardiovascular risk associated with increased levels of Lp(a).     

 A limitation to such characterizations is whether it is correct to extrapolate the 

behavior of isolated kringle modules to their existence in the context of full-length apo(a) 

in the presence of their targets.  Moreover, it is difficult to assess the impact of the 

conformational status of apo(a) on the structure-function relationships of the individual 

kringle modules (182).  The ability to express and purify large milligram quantities of 

properly folded multi-modular fragments of apo(a) is circumvented by using specific 

expression systems that refold disulphide-bonded proteins (i.e. Rosetta, Origami, Pichia 

Pastoris, Baculovirus).  Common bacterial strains such as BL21(DE3) for protein 

expression are incapable of generating properly folded soluble protein; attempts to purify 

material from inclusion bodies for a tri-modular fragment comprising the apo(a) KIV9-

KIV10-KV have been unsuccessful for obtaining the required material for structural 

studies (183).   

These longer apo(a) constructs will be an attractive target for structural 

determination as well as for biophysical assessment of their interactions with their targets 

to assess the mode of binding of apo(a) kringle modules, which will help to establish a 

correspondence with results obtained from studying individual and multi-modular apo(a) 

kringle structure-function relationships. 
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7.5. Inhibiting the covalent step of Lp(a) assembly: A potential therapeutic target 

An attractive therapeutic target in attenuating Lp(a) levels can be achieved by 

inhibiting the covalent attachment of apo(a) to the apoB-100 component of LDL.  This 

can only occur once this step has been fully characterized. 

What has complicated matters is the controversy concerning which cysteine in 

apoB-100 (i.e. Cys
3734

 or Cys
4326

) covalently attaches to apo(a) (39,96,97).  In order to 

investigate which apoB peptide segment containing either Cys
3734

 or Cys
4326 

is 

responsible for the assembly of this particle, synthetic apoB peptides have been generated 

to assess binding to KIV9.  Preliminary evidence using ITC suggests that the apoB-100 

peptide segment Asp
3728

-Leu
3747

 interacts with KIV9; parallel studies will also need to be 

executed with the apoB-100 peptide comprising Lys
4322

-Glu
4339 

to unequivocally 

determine the binding specificity.  Selective drug design can only then be initiated once 

the determinants for covalent Lp(a) formation are understood.    

7.6. Perspectives on the future of Lp(a) research 

 Currently, there are no drug therapies (such as statins) that can be used to 

specifically reduce Lp(a) plasma levels, which suggests that the only way to tackle 

problems associated with the lipoprotein is to inactivate the apo(a) component to render it 

functionally inert (14).  To this end, therapies must clearly target the “interactome” of 

apo(a) that include components of the arterial wall including ECM proteins known to 

interact with apo(a), including fibronectin, laminin, fibrin, and fibulin-5 (21-25).  

Moreover, there is a need to investigate the interaction between the sole RGD motif 

identified in apo(a) with membrane receptors such as the IIb subunit of the fibrinogen 
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receptor leading to decreased clot formation (179).  Clearly, the continued role of 

structural biology will be of great assistance in this type of approach. 

7.7. Advances in the structural characterization of modular proteins from the 

secreted glycoside hydrolases by C. perfringens? 

 Understanding the nature of the minor toxins, specifically the secreted hydrolytic 

enzymes by C. perfringens, is critical in understanding their role in pathogenesis.  Recent 

work in the literature has largely focused on the substrate and ligand specificites of the 

catalytic modules and CBMs from the CpGH84C and the large sialidase (5,87,184). 

7.8. What do the X82 and FIVAR-Doc structures tell us about the modularity of 

CpGH84A and CpGH84C? 

 One of the goals in this work was to initiate structural and biophysical studies of 

the unique modular regions found in the C-terminal  regions of the family 84 glycoside 

hydrolases.  The work presented in Chapter 4 described the solution and X-ray crystal 

structure of the CpGH84C X82 module and identified it as a putative cohesin module.  

Following the structure determination of the dockerin module in the µ-toxin, CpGH84A 

outlined in Chapter 6, the interaction between the CpGH84C cohesin module and 

CpGH84A dockerin-containing modular pair, FIVAR-Doc has provided the first 

evidence for a cohesin-dockerin mediated hydrolytic enzyme complex by C. perfringens. 

 These findings alter how these secreted hydrolases are perceived to function, in 

that they may work synergistically to degrade complex carbohydrates, such as those 

found in the mucous layer of the human gut, on the surface of eukaryotic cells, and in the 

extracellular matrix, rather than functioning as separate entities in the extracellular 

milieu.  Although these studies have improved some understanding of the architectures of 
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CpGH84A and C, questions still remain regarding the role of the FIVAR modules in 

CpGH84A and the fibronectin type III (FnIII)-like module located at the C-terminus and 

CpGH84C. Based on its structural similarity to a heparin-binding module in the N-

terminal region of the group B streptococcus alpha C protein, the FIVAR modules may 

possess carbohydrate-binding properties. Therefore, carbohydrate screening of the 

FIVAR modules, in isolation and in tandem, and of the FnIII module should be 

performed to assess their ligand-binding specificities.  Further characterization of the N-

terminal catalytic and CBM32 modules of CpGH84A, CpGH84B, and CpGH84D-E are 

required to detail their substrate specificities and will complement the structural and 

carbohydrate-binding and kinetic studies with the corresponding CBM32 and catalytic 

modules studied in CpGH84C.  Examining their preferences for complex carbohydrates 

may explain how the CBM32 and catalytic modules of the family 84 glycoside 

hydrolases work together to assist in the spread and toxicity of Clostridium perfringens. 

7.9. Are cohesin-dockerin interactions common extracellular motifs in anaerobic 

bacteria? 

 Originally, cohesin-dockerin interactions were solely defined and characterized in 

the context of the cellulosome, which is a multi-modular enzymatic complex responsible 

for the degradation of crystalline cellulose into glucose (146).  However, the plethora of 

genomic information generated from a variety of bacterial genome sequencing initiatives 

has revealed that these modules are as prevalent, if not more so, in non-cellulolytic 

bacteria and archea (E.A. Bayer, personal communication).  

The structural determination of a cohesin (Chapter 4) has assisted in the 

identification of five additional cohesins, and four other dockerins have also been 
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identified in other multi-modular glycoside hydrolases, including the large sialidase 

(minor toxin).  ELISA-based methods have been employed to define the “dockerin-

cohesin interactome” in Clostridium perfringens, but the significance of their association 

in vivo is uncertain under normal or pathogenic conditions.  The common occurrence of 

these extracellular complexes may also be explained by their ultra-high affinity displayed 

between the dockerin and cohesin modules (1.6 × 10
-7 

M and 6.9 X 10
-11 

M for the C. 

thermocellum type I and type II interactions, respectively, and 4.9 X 10
-10 

M for the 

CpGH84A dockerin-CpGH84C X82 interaction (149,150,185)).  These modular 

components and their complexes have also shown to be extremely thermostable, inferring 

that the stability of these hydrolytic complexes, even in the context of much larger 

architectures, are not compromised when exposed to non-physiological conditions such 

as pH and temperature. 

7.10. Comparing and contrasting hydrolytic enzyme complex formation in 

Clostridium perfringens to the cellulosome 

 In the context of the cellulosome, cohesin-dockerin interactions are necessary to 

localize hydrolytic enzymes to degrade materials such as cellulose, hemicellulose and 

xylan from plant matter (146).  Similarly, the identification of multiple dockerin and 

cohesin modules in several secreted glycoside hydrolases by Clostridium perfringens also 

raises the possibility of localizing hydrolytic enzymes by forming enzyme pairs, which 

may help in the breakdown of complex carbohydrates found in the mucosal layer.  This 

raises an important question – are there any other similarities and differences between 

hydrolytic complex enzyme formations in C. perfringens versus those in cellulolytic 

bacteria? 
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The cellulosome and the secreted glycoside hydrolases are structurally similar in 

that they are both multi-modular and extracellular entities that are responsible for the 

breakdown of complex carbohydrates, which serve as a fuel source for the microbes.  In 

addition, there is the potential in forming different combinations of enzyme pairs that are 

brought together by way of cohesin-dockerin interactions in Clostridium perfringens.   

Likewise, different glycoside hydrolases, including xylanases and hemicellulases, are 

readily incorporated into the cellulosome by virtue of cohesin-dockerin interactions. 

 Conversely, the cellulosome exhibits greater catalytic activity owing to the 

integration of many more glycoside hydrolases into its scaffoldin (CipA) as opposed to 

Clostridium perfringens which can only form enzyme pairs.  Unlike in the cellulosome, 

cohesin and dockerin interactions in Clostridium perfringens also bring in other protein 

modules such an FnIII-like module that has been shown to mediate a variety of 

interactions with the cell-surface and ECM proteins.  The localization of different 

modular proteins with varying function found in these multi-modular glycoside 

hydrolases containing dockerins and cohesins, may create new networks of protein-

protein interactions that may play a prominent role in the pathogenicity of the organism. 

7.11. The importance of cohesin and dockerin modules in Clostridium perfringens   

Clearly, cohesin-dockerin mediated assemblies are common extracellular motifs 

found in bacteria.  At this time, the important points to consider are: the implications of 

forming such complexes in vivo and what is the role do the accessory modules play in the 

localization of these glycoside hydroases to their targets. 

The formation of dockerin-cohesin interactions is contingent on the expression 

and secretion of specific multi-modular glycoside hydrolases such as the CpGH84A and 
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CpGH84C.  If the secretory patterns of these glycoside hydrolases changes depending on 

substrate availability, there is a distinct possibility that cohesin-dockerin interactions may 

not occur in vivo.  This raises some questions as it pertains to the physiological relevance 

of cohesin-dockerin interactions.  However, given the prevalence of these proteins in 

Clostridium perfringens, there is a distinct possibility that cohesin-dockerin interactions 

may be important in the spreading of the organism.  Knocking-out these genes in 

Clostridium perfringens would be necessary to assess the impact of these interactions on 

its mode of infection. 

7.12. Evaluating the “dissect and build” approach 

Chapters 2-6 demonstrate how complex systems with varied functions can be 

simplified by investigating the structure-function relationships of their individual 

modular components.  Clearly, the “dissect and build” approach towards the study of 

modular proteins in apo(a) and from the secreted family 84 glycoside hydrolases has been 

extremely successful and valuable in assessing protein modularity.  Is this an effective 

template for continuing our studies on these systems? 

The application of the “dissect and build” approach is still amenable in the study 

of these systems with the caveat that it no longer concerns itself with individual protein 

modules.  The strategy needs to redefine itself by considering the structure-function 

relationships of longer constructs that encode for modular pairs or even entire scaffolds 

such as the CpGH84C.  The major limitation in moving into this next stage is in 

generating suitable protein samples for structural analysis by NMR, X-ray 

crystallography, and small angle light scattering. 
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Appendix 1 

Introduction to Protein NMR Spectroscopy 

Many biophysical approaches are available to investigate how proteins behave in 

solution and to characterize their interactions with other macromolecules, including 

circular dichroism spectroscopy, isothermal titration calorimetry, differential scanning 

calorimetry and intrinsic tryptophan fluorescence spectroscopy.  Although the data 

acquired from these techniques are very useful for furthering our understanding of a 

particular system, it is often desirable to obtain a highly resolved three-dimensional 

image of a protein to complement the data obtained from these types of biophysical 

measurements.  X-ray crystallography and NMR spectroscopy have been instrumental in 

this regard as they are the two primary techniques currently available for determining 

protein structures at atomic resolution.  They have improved our collective understanding 

of protein structure, with particular insight into relating structural attributes to 

physiological functions (1-7).   

NMR spectroscopy is a particularly attractive approach to solving protein 

structures because it is most often performed in solution where one can examine the 

impacts of differential pH and temperature effects on tertiary structure (8).  Moreover, 

one can investigate ligand-binding properties of proteins and determine the intrinsic 

flexibility of the polypeptide backbone using this technique (9, 10).  The purpose of this 

appendix is to provide the unfamiliar reader with an overview of NMR spectroscopy as it 

relates to protein structure determination, assessing protein-ligand interactions, and 

characterizing polypeptide backbone flexibility. 

A.1.1. Theory of NMR Spectroscopy 

The nucleus of every atom is comprised of protons and neutrons (e.g. nucleons) 

with the exception of hydrogen, which contains only one proton.  The spin quantum 
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number, I, for each element is determined by the number of unpaired nucleons, which are 

each given an I value of ½ (11).  For example, 
1
H has an I value of ½ since it has only 

one unpaired proton, whereas 
12

C has an I value of 0 since it has equal numbers of 

protons and neutrons.  Elements with I values that are greater than spin ½ (e.g. 
14

N) give 

rise to the quadrupolar effect, which offsets the quality and resolution of the acquired 

NMR spectrum (11).   

Those nuclei having non-zero I values are sensitive to a magnetic field, each 

having a corresponding magnetic moment (µ) with an intrinsic property termed spin 

angular momentum (12).  In the absence of a magnetic field, the energy that is associated 

with direction of the spin angular momentum is degenerate (12).  Conversely, in the 

presence of a magnetic field (B), the spin angular momentum can adopt 2I+1 energy 

levels between +I and –I, where I is the spin quantum number (12).  For example, in the 

case of a proton with spin ½, there are two allowable energy states termed α and β.  The 

separation between these energy levels (∆E) is related to: 

                                                       ∆∆∆∆E = hγB·(2π)
-1                                                                                      

(1) 

where h is Planck’s constant, γ is the gyromagnetic ratio (e.g. sensitivity ratio) of an 

element and B is the magnetic field strength (11, 12).  The Boltzman distribution defines 

the extent to which these energy states are filled and is reflected by the following 

equation:   

                                                 nupper/nlower = e
-∆∆∆∆E/(kT)                                                                            

(2) 

where k is Boltzman’s constant and T is the temperature in Kelvin (12).  Therefore, a 

larger γ and a larger magnetic field strength (B) will increase the separation between the 

α and β energy states. The increased population difference between the two states will 
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contribute to increased sensitivity recorded in the experiment, which means that in a 

NMR experiment, protons are the most sensitive nuclei as a result of their large γ ratio. 

A.1.1.1. One-dimensional NMR Spectroscopy 

A protein sample that is generated for NMR analysis is often subjected to one-

dimensional NMR spectroscopy to obtain preliminary information about its tertiary 

folding properties.  Upon equilibration in the magnetic field, a 90
°
 excitation pulse is 

applied, which results in the bulk magnetization of the sample moving from the Z-axis 

onto the XY plane (preparation phase) (12).  The system, and in particular, each spin  

relaxes back to equilibrium along the Z-axis at its corresponding Larmor frequency 

(detection phase) (Figure A.3.1) (12).  The precession back to equilibrium, termed Free 

Induction Decay (FID), is detected for each proton in the protein using continuous wave 

spectroscopy (12).  The decay curve for each spin is converted to a resonance frequency 

using Fourier Transform (FT) methods (Figure A.1.1) (12).  

A.1.1.2. Chemical Shift  

 Nuclei are surrounded by clouds of electron density that shield the strength of the 

applied magnetic field (B).  This results in the non-homogeneity of the magnetic field 

“felt” by each nucleus, which gives rise to differences in the chemical shift (δδδδ) for each 

element (e.g. 
1
H, 

13
C, 

15
N) (11, 12).   
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Figure A.1.1. Fourier Transform NMR. (A)  A schematic representation of a one-

dimensional NMR experiment illustrates that the FID for a protein sample is collected by 

irradiating the sample with a quantized amount of energy in the form of a 90
°
 pulse.  

Upon termination of the pulse, the nuclear spin relaxes to its equilibrium position.  The 

decay of the signal contains all the pertinent information about a particular nuclear spin. 

(B) Conversion of the raw FID by Fourier Transformation converts the data from the time 

domain to the frequency domain. The frequency data is then normalized to account for 

differences in the magnetic field strength.  The chemical shift is a ratio (δ) that is 

calculated for each nuclear spin in the protein. 

 

 

 

 

90º pulse 
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equilibration acquisition (t) 
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Specifically, δ is defined as: 

δ(ppm) = ω(Signal) – ω(Reference) (3) 

  ω(Reference) 

 

where ω(Signal) is the Larmor frequency of a particular proton in the protein and ω(Reference) 

is the Larmor frequency detected for the protons in a reference compound added to the 

protein solution such as 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) (13).  δ is a 

convenient and robust measure (e.g. a standardized ratio) of a particular proton in the 

protein that is independent of the field strength of the magnet (Figure A.1.2).  

A.1.1.3. Scalar and dipolar coupling  

 Scalar or spin-spin (J) coupling is a phenomenon that is observed for protons that 

are covalently linked together.  The idea is that the spinning of electrons generates local 

magnetic fields, whereupon these fluctuations cause the splitting of 
1
H resonances for 

non-identical protons that are up to three bonds away (14).  This is best illustrated if one 

considers a simple organic molecule such as 1, 1, 2- trichloroethane (Cl2-H-C-C-H2-Cl) 

(14).  In this case, the magnetic field produced by H can split H into three resonances 

commonly referred to as a triplet with a relative intensity of 1:2:1 (14).  Similarly, the 

magnetic field produced by H can split H into two resonances of equal intensity.  The 

chemical shift differences that arise from splitting are due to the additive or subtractive 

nature of the local magnetic field onto the external field (14).  

 Conversely, dipolar-coupling measures the fractional change in the intensity of a 

proton that is in close proximity to a proton that has been irradiated with a quantized 

amount of energy (11).  The intensity is adversely affected by the distance that separates 

the two protons, which falls off with r
-6 

(11). 
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Figure A.1.2. A one-dimensional proton spectrum.  The chemical shift distribution 

shown is indicative of a folded protein as given by the dispersion of the 
1
H resonances.  

Differences in the proton chemical shift reflect unique chemical environments that exist 

in the tertiary structure of a protein. 
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A.1.1.4. Two- and three-dimensional NMR spectroscopy 

 The anatomy of a two-dimensional homonuclear NMR experiment is similar to a 

one-dimensional experiment in that the same pre-equilibration and preparation steps are 

utilized.  As with the one-dimensional experiment, following the 90
°
 pulse, the spins are 

left to precess freely for a time t1. 

The difference in the scheme is that there is an additional “mixing” step that 

involves magnetization transfer (e.g. coupling) either through scalar (through bond) or 

dipolar (through space) coupling between nuclei (Figure A.1.3) (15).  Following this 

sequence, the FID is collected after time t2 and processed in a similar fashion with the 

exception that the 2D spectrum yields information correlating two frequency axes (Figure 

A.3.3) (15).  In the case where the two spins are of the same type (e.g. Ha→Ha), the 

addition of the mixing sequence does not influence any of the chemical shifts that lie 

along the diagonal (e.g. they are not coupled to any other proton).  
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Figure A.1.3. Two Dimensional NMR. (A)  As in the one-dimensional NMR 

experiment, the sample is irradiated with a 90° pulse where each spin is allowed to relax 

for a period of t1.  In contrast, the two-dimensional experiment incorporates a mixing 

pulse sequence to allow transfer of magnetization between nuclei and the decay of the 

signal is detected after t2 which contains all the information correlating the two frequency 

axes.  (B) The mixing sequence in the 2D experiment can allow for the magnetization 

transfer or coupling that is either through bond (COSY/TOCSY) or through space 

(NOESY).  The cross peaks that are observed indicate that H
A
 and H

B
 are connected 

through bond or indicate that they are in close proximity in space.  In lay terms, if H
A 

sees 

H
B
, then H

B
 must see H

A
. 

 

preparation mixing evolution (t1) acquisition (t2) 

90º pulse 
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NMR experiments have also been developed where the transfer of magnetization 

can occur between a 
1
H and a 

15
N or a 

13
C heteronucleus.  Although these elements both 

have a common spin quantum number I of ½, the gyromagnetic ratio for a proton (2.67 X 

10
8 

 (T·s)
-1

) is exceedingly greater than that noted for a 
13

C (6.728 X 10
7
 (T·s)

-1
) or a 

15
N 

nucleus (-2.712 X 10
7
 (T·s)

-1
), which enhances the sensitivity recorded in the experiment 

(12).  For 2D heteronuclear correlation experiments, as in the heteronuclear single 

quantum correlation experiment (HSQC), the transfer of magnetization from, for 

example, a 
15

N to its corresponding H
N
 occurs via the insensitive nuclei enhancement 

polarization transfer (INEPT) mechanism, ensures that the relaxation is detected through 

the most sensitive element (e.g. 
1
H) (Figure A 1.4) (11, 16).   
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Figure A.1.4. Two-dimensional 
1
H-

15
N HSQC experiment.  A theoretical polypeptide 

with four amino acids contains four 
1
H-

15
N bonds.  The excitation with a radiofrequency 

pulse is applied to each amide proton, which is transferred to its corresponding amide 

nitrogen (
15

N) and back to its amide proton for subsequent detection.  Fourier 

transformation (FT) of the raw FIDs allows for visualization of a 2D plot with four 

correlations peaks that correspond to each of the four amino acids in the polypeptide. 
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The framework governing the acquisition of three-dimensional experiments is 

once again similar to what was described for two dimensional homo- and heteronuclear 

NMR.  There are three mixing times (t1, t2, t3) that are incorporated into the pulse 

sequence where detection of the signal takes place after time t3 (15).  Magnetization is 

once again transferred back to the proton through use of the INEPT algorithm in the 

recording of multidimensional NMR experiments (11). 

 A.1.2. Multi-Dimensional NMR Spectroscopy and its Application to Protein 

Structure  

Protein structure determination by NMR-based methods requires the 

unambiguous assignment of all protons in the protein; a challenge that involves the use of 

other 3D scalar-based NMR experiments to determine the chemical shifts of all 

constituent side chain carbons and protons.  Chemical shift overlap of protons pose 

significant limitations to the determination of larger protein structures (i.e. greater than 

14kDa) using strictly two-dimensional homonuclear NMR-based methods (17, 18).  This 

problem was overcome by the development and application of three- and four-

dimensional heteronuclear scalar (through bond) and dipolar coupled (through space) 

experiments to improve the user’s ability to unambiguously assign proton chemical shifts 

and proton-proton interaction networks.  In addition, methods developed to generate 

recombinant levels of perdeuterated and spin-labelled proteins (e.g. 
13

C and 
15

N), which 

are used in concert with multi-dimensional NMR, have contributed to the determination 

of  protein structure on the order of 80 kDa (19).  The following discussion highlights 

several important experiments and methodologies used in the determination of a solution 

structure.  
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A.1.2.1. Sample Preparation and Requirements 

 Recombinant proteins that are targets for structural determination by NMR–based 

methods first have to be tested for expression on minimal media that contains essential 

salts such as sodium phosphate septahydrate (Na2HPO4·7H20), potassium phosphate 

monobasic (KH2PO4), and sodium chloride (NaCl) (20).  The media is further 

supplemented with ammonium chloride (NH4Cl), glucose (C6H12O6), calcium chloride 

(CaCl2), magnesium sulphate (MgSO4), biotin, thiamine, trace metals and antibiotics such 

as ampicillin, kanamycin or tetracycline (20).  For labelled growths, 
15

N and 
13

C isotopes 

are incorporated using 
15

N-labelled NH4Cl and 
13

C-labelled glucose, respectively (20).  

Generally, for multi-dimensional NMR purposes, recombinantly and isotopically labelled 

proteins need to be at a concentration between 0.3 mM to 1mM. 

A.1.2.2. The 2D 
1
H-

15
N HSQC 

The 2D 
1
H-

15
N HSQC experiment is collected on proteins that are uniformly 

labelled with 
15

N or 
13

C/
15

N.  Briefly, it is an experiment that correlates a backbone 

amide nitrogen (
15

N) with its corresponding backbone amide proton (H
N
) (16).  

Therefore, data obtained from this experiment can act as a probe for each amino acid 

residue in the protein, and is a good measure of whether the protein is properly folded.  

The significant dispersion of the 
1
H-

15
N correlation peaks shown in Figure A.1.5 is 

indicative of a folded protein, and the number of peaks counted is approximately equal to 

the number of amino acids in the primary sequence (with the exception of proline 

residues and exchangeable amide protons; R2NH + H2O R2N
-
 + H3O

+
).  Therefore, 

each correlation peak in the two-dimensional spectrum is indicative of an amino acid 

with the exception of side chain amide resonances from asparagine, glutamine and 

tryptophan.  The next challenge is to assign each correlation peak to a specific residue in  
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H  (ppm)
N

1
5
N

 (
p

p
m

)

 
Figure A.1.5. 2D H

N
-
15

N HSQC of uniformly labeled 
15

N-FIVAR-Dockerin modular 

pair collected at 600MHz and at 25ºC.  The dispersion and uniform peak intensities of 

the correlation peaks in the 2D spectrum is indicative of a homogeneous protein sample 

with significant tertiary structure.  
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the primary sequence of the protein; obstacles which are generally overcome by the 

application of three-dimensional NMR spectroscopy. 

A.1.2.3. Three-dimensional HNCACB and CBCA(CO)NH Experiments 

The 3D HNCACB and the 3D CBCA(CO)NH experiments are used to 

unambiguously assign all 
13

C
α 

and 
13

C
β
 chemical shifts for each amino acid residue with a 

correlation peak in the 2D 
1
H-

15
N HSQC (21, 22).  The combined use of these 

experiments allows for sequential backbone assignment of the protein sequence through a 

common 
15

N-
HN

 correlation.   

There are some amino acids that have unique C
α
 and C

β
 chemical shifts and 

provide unique starting points in the sequential backbone resonance assignment process. 

As seen in Table A.1.1, residues such as glycine, serine, threonine, and alanine,  fall into 

this cateory and facilitate the assignment process (13, 23). 
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80 70 60 50 40 30 20 10 (ppm)

Alanine |-----Cα-----|

Cysteine |-----Cα-----| |-----Cβ-----|

Aspartic Acid |-----Cα-----| |-----Cβ-----|

Glutamic Acid |-------Cα|

Phenyalanine |-----Cβ-----|

Glycine |-----Cα-----|

Histidine |-------Cα|

Isoleucine |-----Cα-----|

Lysine |-------Cα|

Leucine |-----Cα-----| |-----Cβ-----|

Methionine |-----Cα-----| |---Cβ-------|

Asparagine |-------Cα|

Proline |-----Cα-----|

Glutamine |-------Cα|

Arginine |-------Cα|

Serine |---Cβ-| |-----Cα|

Threonine |-----Cβ--| |-----Cα---|

Valine |-----Cα-----|

Tyrosine |-----Cβ-----|

Tryptophan |-------Cα|

|---Cβ---|

|-----Cβ---------|

|-------Cα---|

|------Cβ|

|-------Cα---|

|------Cβ|

|------Cβ|

|------Cβ|

|------Cβ|

|------Cβ|

|------Cβ|

|------Cβ|

|------Cβ|

  

Table A.1.1. Chemical shifts for all backbone C
α
, C

β
 elements for each amino acid 

residue in regions of random coil.  This information is used as a guide when analyzing 

the data obtained from the 3D HNCACB and 3D CBCA(CO)NH experiments to confirm 

the identity of specific amino acid residues based on the distribution of their individual 

13
C
α 

and 
13

C
 β

 chemical shifts (13). 
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As shown in figure A.1.6, the 3D HNCACB experiment correlates intraresidue 

H
N
 and 

15
N with their intraresidue C

α
 and C

β
 chemical shifts (Figure A.1.6, Panel A).  

The 3D CBCA(CO)NH experiment is used in tandem, and is strictly an interresidue 

experiment that involves the correlation of the H
N
 and 

15
N chemical shifts of a particular 

amino acid with the C
α
 and C

β
 chemical shifts corresponding the previous amino acid 

(residues i-1) (Figure A.1.6, Panel B).  These carbon chemical shifts are then used to 

probe the 
15

N planes in the 3D HNCACB experiment to identify the corresponding 
15

N 

and H
N
 chemical shifts of  residue (i-1) (Figure A.1.6, Panel C).  This process is 

continued with the intention of identifying H
N
,
 15

N,  C
α
 and C

β
 chemical shifts  for each 

amino acid residue and linking the residues in sequential order. The aim is to have the 

1
H-

15
N correlation peaks in the 2D 

1
H-

15
N HSQC spectrum unambiguously associated 

with a specific amino acid residue in the protein sequence (Figure 1.6, Panel D). 
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Figure A.1.6. Assigning the polypeptide backbone of 
13

C/
15

N labelled protein using 

the 3D HNCACB and CBCA(CO)NH experiments.  (A) The HNCACB intraresidue 

experiment correlates the 
13

C
β 

and 
13

C
α
 chemical shifts of each amino acid to its amide 

proton of residue i.  (B) The CBCA(CO)NH experiment correlates the 
13

C
β 

and 
13

C
α
 

chemical shifts of the previous amino acid (i-1) to the amide group of the next amino acid 

residue (i).  (C) These shifts are then used to search the planes of the HNCACB to 

determine its corresponding H
N
 and 

15
N chemical shifts (i-1). The CBCA(CO)NH will 

once again correlate a different set of 
13

C
β 

and 
13

C
α
 shifts of the amino acid (i-2) to the 

amide group of residue i-1, which are used to search the 
15

N planes of the HNCACB to 

determine its H
N
 and 

15
N chemical shifts. (D) The process is then repeated where the two 

experiments are used interchangeably to assign all of the peaks in the 2D 
1
H-

15
N HSQC 

to corresponding residues in the primary sequence of the protein.   
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A.1.2.4. The 3D HNHA Experiment 

The assignment of H
N
 and 

15
N chemical shifts for all amino acid residues allows 

for their subsequent use additional amide-based 3D scalar coupling experiments to assign 

chemical shifts for additional nuclei in each amino acid residue. The 3D HNHA 

experiment correlates the backbone H
N
 and 

15
N of a particular residue to the H

α
 of the 

same residue (ie. intraresidue correlation), as depicted in Figure A.1.7. (24).  Thus, this 

experiment provides residue-specific H
α
 chemical shift information, which can be used as 

another reference chemical shift to assist in the assignment of side chain chemical shifts 

in experiments such as the HC(CO)NH and the HCCH-TOCSY (25, 26). In addition to 

the H
α
 chemical shift information, this experiment is also used to generate backbone 

dihedral restraints for use in structure calculations and is discussed in more detail below. 

A.1.2.5. C(CO)NH-TOCSY and HC(CO)NH-TOCSY and the 3D HCCH-TOCSY 

Experiments 

Once the backbone sequential assignment and the assignment of corresponding 

H
α
 chemical shifts have been completed, identification of chemical shifts for all side 

chain nuclei is required. A typical first step towards this goal, is the collection and 

combined use of the C(CO)NH and the HC(CO)NH triple resonance experiments, 
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Figure A.1.7. The 3D HNHA Experiment.  The HNHA experiment allows for the 

determination of H
α
 chemical shifts for each residue in the protein sequence.  The H

α
 is 

correlated through the amide proton of each residue, which is resolved in the 
15

N 

dimension. The magnitude of the three-bond scalar coupling, 
3
JHN-Hα, is related to the 

type of secondary structure associated with a particular amino acid and is proportional the 

intensity of the H
α
 cross peak/intensity of the H

N
 diagonal peak ratio (24).  
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which correlate the chemical shifts of the side chain carbon and proton atoms of one 

residue (i-1) to the backbone amide group (
15

N and H
N
) of the following residue (i) 

(Figure A.1.8) (27, 28).  In an hypothetical scenario, five off-diagonal resonances with 

chemical shifts corresponding C
α
, C

β
, C

γ
, C

δ1
, C

δ2
 of the isoleucine side chain would be 

observed on the 
15

N plane and H
N
 chemical shift of the next amino acid residue in the 

protein sequence in the C(CO)NH experiment.  In the HC(CO)NH experiment, the 

chemical shifts of all constituent side chain protons, including H
α
, H

β
, H

γ
, and H

δ
, are 

derived in a similar fashion.   

Although unambiguous chemical shift assignments can be made for some side 

chain carbon and proton atoms, limitations also exist due to overlapping chemical shifts 

of side chain resonances for a number of amino acids, including arginine, lysine, leucine, 

and valine.  In most cases, this can be overcome by in the 3D HCCH-TOCSY 

experiment.  

The HCCH-TOCSY is a scalar coupling-based experiment which similar to the 

C(CO)NH and HC(CO)NH experiments in that it provides the user with information 

pertaining to the chemical shifts for all resolvable carbons and protons (25). 
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Figure A.1.8. The 3D C(CO)NH and the HC(CO)NH experiments allow for 

straightforward determination of side chain carbon and proton chemical shifts.  In 

the C(CO)NH experiment, the carbon atoms of one residue (i-1) are correlated to the 

amide group of the next residue (i).  Similarly, in the HC(CO)NH experiment, protons of 

one residue (i-1) are correlated to the amide proton of the following residue (i).  Chemical 

shift tables are used as a guide to help assign constituent side chain atoms. 
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However, the observed correlations are not detected through the backbone amide groups 

(25).  Rather, scalar coupling-based correlations are observed only between the 
13

C and 

1
H atoms within individual side chains (Figure A.1.9).  For example, an aspartic acid 

residue from the FIVAR-Dockerin modular pair has 
13

C
α
 and 

13
C
β
 chemical shifts of 

53.18 ppm and 46.44 ppm, respectively, based on HNCACB and CBCA(CO)NH data  In 

addition, the H
α
 chemical shift of 5.06 ppm for the residue was identified in the HNHA 

experiment. To complete the side chain resonance assignments, the 
13

C
 

plane 

corresponding to the 
13

C
α
 chemical shift (53.18 ppm) is found in the HCCH-TOCSY 

experiment is found and reveals two resonances with 
1
H chemical shifts of 2.40 ppm and 

2.91 ppm correlate to the diagonal H
α
 peak at 5.06 ppm.  The 

13
C

 
plane corresponding to 

the 
13

C
β
 chemical shift (46.44 ppm) has two resonances, each having a proton chemical 

shift of the aspartic acid H
α
 (5.06 ppm) and the two unique 

1
H
β
 chemical shifts.  This 

strategy is repeated for other amino acids in the protein sequence to complete their 

chemical shift assignment of side chain 
13

C and 
1
H resonances. 

A.1.3. Protein Structure Determination by NMR Spectroscopy 

A.1.3.1. Generating Dihedral Angular Restraints 

 The chemical shifts of all atoms in the protein are influenced by their chemical 

environment.  Owing to this sensitivity, the chemical shifts of hydrogen, nitrogen and 

carbon atoms of certain amino acids can be used to determine in the location and extent 

of secondary structure, such as α-helices and β-strands, within a protein.  The chemical 

shifts of all backbone elements are imported into either the Chemical Shift Index (CSI) or 

TALOS to assist in making this designation (29-31).  This information is compared to 

other chemical shifts previously assigned for other proteins solved by NMR methods to 

highlight regions of secondary structure with corresponding dihedral angular restraints, 

which are then used to refine an ensemble of low-energy NMR structure. 
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Figure A.1.9. The 3D HCCH-TOCSY experiment.  The 
13

C
α 

and 
13

C
β
 chemical shifts 

of an aspartic acid residue are used to probe the 
13

C planes in the HCCH-TOCSY 

experiment.  For example, following assignment of its H
α
 atom, one would go to the 

13
C
α
 

plane for D
91

 and see two cross peaks that correspond to its two H
β
 protons (2.4 ppm and 

2.9 ppm) on its H
α
 strip (5.06 ppm).  Similarly, one sees reciprocal cross peaks on the 

13
C
β
 plane where the two H

β
 protons see back to its corresponding H

α 
at 5.05 ppm. 
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The 3D HNHA experiment, which was previously described as a way to determine the H
α
 

for each amino acid residue is also used to experimentally derive the φ angle for each 

amino acid (with the exception of proline and exchangeable H
N
) using the following 

equation: 

                                          Icross/Idiagonal  = -tan
2
(2ππππ3

JHNHδ2)                                          (4), 

where Icross is the intensity of the crosspeak and Idiagonal  is the intensity of the diagonal 

peak.  This ratio determines the 
3
JHNH constant for each amino acid (24).  This value is 

then used in equation 2, 

            3
JHNH = A cos

2θθθθ +B cosθθθθ + C                    (5), 

to derive the φ angle (θ + 60°), where A, B, and C are 6.4, -1.4 and 1.9, respectively (13).  

The 
3
JHN-Hα  coupling constant is directly proportional to magnitude of the backbone phi 

(φ) angle for a given amino acid residue, such that a 
3
JHN-Hα  coupling constant  of greater 

than 8 Hz is indicative of residues in a β-strand, whereas 
3
JHN-Hα  coupling constant of 

less than 5 Hz are indicative of (φ) angles associated with α-helical structure (13, 32).  To 

be certain that there is consensus between the two methods, the angular information from 

the HNHA experiment is crosschecked with the empirical data generated by CSI or 

TALOS before these restraints are imposed in the refinement of the structure. 

A.1.3.2. The 
15

N- and 
13

C-edited NOESY-HSQC Experiments 

 Chemical shifts are assigned to constituent atoms in the protein using scalar based 

experiments to ensure their accuracy so as to begin the identification of new 
1
H-

1
H 

interaction networks in the dipolar-based NOESY experiments.  Briefly, the 
15

N-edited 

NOESY-HSQC experiment comprises information about protons that are observed within 

5Ǻ (i.e. cross peaks) of an H
N
 that is resolved in the 

15
N dimension (Figure A.1.10).  

Similarly, in the 
13

C-edited NOESY-HSQC experiment, all the protons that are observed  
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Figure A.1.10. A depiction of the 3D 
15

N NOESY-HSQC experiment.  The 2D 
1
H-

15
N 

HSQC correlation spectrum (left) is representative of all amino acid residues in the 

protein where each peak has been assigned to a particular position in the primary 

sequence.  In the 
15

N NOESY-HSQC experiment (right), the plot of 
1
H (y-axis) observed 

within 5 Ǻ as a function of the H
N
 (x-axis) is further resolved in the 

15
N dimension (z-

axis; 104 ppm-132ppm).   

15
N (ppm)

1
H (ppm)

N
H (ppm)

15
N: 104 ppm 

15
N: 132 ppm 
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within 5Ǻ of the protons comprising aliphatic side chain chemical shifts, typically 

observed in the region of -1.5 ppm to 6.0 ppm (e.g. all 
1
H
α
, 

1
H
β
, 

1
H
δ
, 

1
H
γ
, 

1
H

ε
 atoms), are 

resolved in the 
13

C dimension.  

 Before the assignment process of through space 
1
H-

1
H interactions (NOEs), one 

has no idea of the spatial environment of any given amino acid residue in the tertiary fold 

of the protein.  For example, if one considers an alanine residue in the following protein 

sequence, G-A-K-D, the constituent H
N
, H

α
 and H

β
 protons of the alanine residue, known 

as residue i, will be within 5Ǻ of other protons (j) in three-dimensional space.  These 

protons may be from within the alanine residue of from other residues in the protein 

sequence.  Since all the chemical shifts of all constituent N, H and C atoms for the 

individual amino acids residues have been assigned, one can start at the 
15

N plane 

corresponding to the backbone 
15

N chemical shift of the alanine residue to assign all 

protons that are observed within 5Ǻ of the H
N
 of the alanine residue.  Moreover, by going 

the 
13

C plane corresponding the the 
13

C
β
 chemical of the alanine to identify other NOEs 

that may not have otherwise been identified if one were to only use the 
15

N NOESY-

HSQC (Figure A.1.11).  The key to structure determination by NMR spectroscopy is to 

assign as many medium-range (1<i-j<5) and long-range (i-j>5) NOEs as possible to 

improve the quality and convergence of the structures generated. 
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Figure A.1.11. Identification of through space 
1
H-

1
H interactions involving the 

alanine residue in the sample sequence GAKD.  (A) In the 
15

N-edited NOESY-HSQC 

experiment, all protons within 5Ǻ of a corresponding H
N
 are observed which is resolved 

in the 
15

N dimension.  Several 
1
H-H

N
 interactions have been identified as being short-

range, such as intraresidue and sequential (black), medium-range (red), and long-range 

(blue).  (B) Similarly, in the 
13

C-edited NOESY-HSQC all protons within 5Ǻ of a 

particular aliphatic proton are observed which is resolved in the 
13

C dimension.  
1
H-

1
H 

interactions are identified by black, red and blue depending on the NOE type. 
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A.1.3.3. NOE Patterns in Elements of Secondary Structure 

  Although empirically and experimentally derived angular restraints are 

good indicators for delineating regions of secondary structure in proteins, the use of 

dipolar coupling experiments, such as the 3D NOESY-based 
15

N NOESY-HSQC and the 

13
C NOESY-HSQC experiments, provide detailed structural information in those 

corresponding regions (32). Signature 
1
H-

1
H interactions are observed in corresponding 

regions of secondary structure.  For example, in α-helical regions an H
α
 of residue i 

would see the H
N
 of an amino acid i+2 or i+3 away.  In an anti-parallel β-sheet, the H

α 
of 

residue i would see an H
α
 of a residue on the corresponding strand.  Similarly, in a 

parallel β-sheet, an H
N
 would see an H

α
  on the opposite strand (33). 

A.1.3.4. NOEs as Distance Restraints for Structure Calculation  

 Each NOE assignment that is made in the 
13

C-edited and in the 
15

N-edited 

NOESY-HSQC has a corresponding intensity that can be converted to a distance using 

the following algorithm shown by the following relationship: 

                                                            I αααα R
-6

                                                                   (6), 

where I corresponds to the intensity of the NOE and where R is the distance between two 

protons in space (13).  Therefore, the shorter the distances separating two protons give 

rise to greater intensities. 

 These NOE intensities cannot be used directly in the computation of protein 

structures.  Rather, they are categorized into three distance ranges, based on the 

relationship in equation 6 and are calibrated to known 
1
H-

1
H distances in regions of 

random coil, α-helix or β-sheet.  For example, an intensity for a given 
1
H-

1
H of 0.65 that 

is known to be within a distance range of 1.8Ǻ to 3.0Ǻ would be true for all values 

greater than 0.65.  Conversely, a weaker intensity of 0.13 may be within a known 
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distance range of 1.8Ǻ to 6.0Ǻ.  All other intensities that fall in between 0.13 and 0.65 

would therefore correspond to a distance range of 1.8 Ǻ to 5.0 Ǻ.  A general rule of 

thumb is to have ten NOE assignments per residue in the protein of which 50-60% should 

be of the medium to long-range variety.  These NOE-derived distance restraints are then 

inputted into the standard simulation protocol provided by the Crystallography and NMR 

System (CNS) (34). 

A.1.3.5. Protein Determination by NMR is an Iterative Process 

 The bottleneck to structure calculation using NMR-based methods is the 

unambiguous assignment of as many NOEs as possible – specifically those that are of 

medium to long-range.  Structure calculation is user intensive; one has to go through 

many cycles of structure calculation that may involve re-calibrating the intensities and 

adding or taking out distance restraints (Figure A.1.12).  These adjustments are made to 

improve the quality of previously generated structures to arrive at a global fold.  The final 

set of structures are then refined using dihedral angle restraints or from other NMR data  

collected such as residual dipolar couplings or paramagnetic relaxation enhancement 

(PRE) (35, 36).  The final set of structures is then assessed by PROCHECK, an on-line 

program through the PDB databank that assesses the quality of the structures using 

Ramachandran statistics (37).  

A.1.4. NMR-Based Tools to Investigate Protein Function and Dynamics  

 Although both NMR spectroscopy and X-ray crystallography have the ability to 

generate protein structures, experiments unique to NMR spectroscopy include assessing 

protein-ligand interactions through chemical shift perturbation mapping, and 

characterizing the backbone dynamics of proteins using 
15

N relaxation (
15

N-T1, -
15

N 

NOE) (38, 39). 
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Figure A.1.12. Overview of the process of generating protein structures using NMR 

based methods.  The final ensemble of NMR structures is generated using the flow chart 

as a rough guideline.  The first step is to generate sufficient labelled sample for data 

collection, which is followed by manual assignment of all 
1
H, 

13
C and 

15
N nuclei using 

scalar based methods.  NOE assignments using dipolar coupling experiments allow for 

the determination of global folds, which are refined to generate the final ensemble using 

conformation restraints such as dihedral angles.   

 

 

List of chemical 
shifts for all 
nuclei in protein 
(1H, 13C, 15N) 
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A.1.4.1. Chemical Shift Perturbation Mapping  

Each 
1
H-

15
N resonance in the 2D 

1
H-

15
N HSQC spectrum of a protein 

corresponds to specific amino acid residue within a protein and therefore acts as a site-

specific probe. In addition, position of the resonances in the spectrum reflects differences 

in their local chemical environments.  Upon each incremental addition of ligand, one 

collects a 2D 
1
H-

15
N HSQC spectrum to monitor changes in the 

15
N and H

N
 chemical 

shifts for each resonance, which can then be mapped on to the surface of a pre-existing 

protein structure (10).  Therefore, the extent of the change in the chemical shift is 

proportional to the amount of protein-ligand complex formed (40).  The change in the 

chemical shift can be plotted as a function of the ligand concentration, which can be used 

to interpolate the dissociation constant (Kd) for the interaction (10, 40).  This is 

particularly useful for weaker protein-ligand interactions with Kd values in the millimolar  

range.   The pharmaceutical industry makes use of such NMR-based applications to assist 

in the discovery of small inhibitory molecules (41, 42). 

A.1.4.2. 
15

N Relaxation Dynamics 

 Proteins are dynamic macromolecules, which can undergo motion on a variety of 

timescales.  The application of 
15

N-based relaxation experiments can qualitatively and 

quantitatively describe the rigidity or flexibility within a protein, and can describe some 

of the regulatory aspects of how the dynamics of its backbone and side chains, for 

example, change in the presence of its cognate binding partner.  The most common 

backbone experiments such as the -
15

N NOE, the 
15

N-T1 and 
15

N-T2 longitudinal and 

transverse relaxations, respectively are described in detail below. 

To determine the {
1
H}-

15
N NOE two 2D 

1
H-

15
N HSQC experiments are 

collected, one with and without saturating amount of energy.  The ratio of the intensities 

for each peak (Isaturated/Iunsaturated) represent the {
1
H}-

15
N NOE for each amino acid residue 
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in the protein, and those residues with significantly suppressed ratios (less than ~0.6) are 

undergoing motion on the subnanosecond timescale (38). 

 The magnitude of the 
15

N-T1 longitudinal relaxation for each residue in the 2D 

1
H-

15
N HSQC spectrum reflects the mobility of a particular protein region, with a greater 

T1 value with respect to the calculated average for all residues in the protein, is indicative 

of an increased motion on the 10
8
-10

12 
s

-1
 timescale (38, 43).  The same trend is also 

observed in 
15

N-T2 relaxation experiments, where motion is detected on the same 

timescale.  In addition, the 
15

N-T2 experiment can also detect motion on the micro- to 

millisecond ranges (38, 43).  
15

N-T2 measurements are sensitive to the conformational 

status of the protein (e.g. oligomerization or complex formation), which is reflected in 

lower than expected T2 values for all amino acid residues. 

A.1.5. NMR in the 21
st
 Century 

Structural genomic initiatives have heavily relied on the use of high-throughput 

X-ray based methods to generate protein structures (44, 45).  However, as the stock of 

“low-hanging” fruit depletes itself and the job of obtaining diffraction-quality crystals 

becomes increasingly more difficult, NMR will play a more significant role in 

determining protein structures.  More importantly, it will serve to complement these 

studies by characterizing their ligand-binding properties and assessing their solution-

based dynamics using 
15

N relaxation experiments providing further insight into biological 

function. 

Although NMR faces certain challenges, particularly as it pertains to the problems 

associated with the structure determination of proteins and protein complexes greater 

than 25kDa using standard multi-dimensional NMR-based methods, deuteration, 

Transverse Relaxation-Optimized NMR Spectroscopy (TROSY), high-pressure NMR 
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and strong magnetic field strengths are effective measures at overcoming such limitations 

as a result of chemical shift overlap and line broadening of 
1
H resonances (19, 46-50).   
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