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Abstract 

Von Willebrand factor (VWF) is a multimeric haemostatic protein comprised of a series of 

repeat domains. It is responsible for platelet adhesion to the site of vessel injury, binding to 

collagen exposed by injury and to platelets by glycoprotein Ibα (GPIbα). It also acts as a carrier 

for coagulation Factor VIII (FVIII), increasing its half-life in circulation and localising activated 

FVIII to the site of injury. Synthesised primarily in the endothelial cells, VWF multimers are 

either released constitutively into the bloodstream or ultra-large multimers are stored in the 

endothelial cell cytoplasm in cylindrical storage granules, Weibel-Palade bodies. The 

importance of VWF function on maintaining normal haemostasis is demonstrated by the 

quantitative and qualitative defects exhibited by von Willebrand disease (VWD), the most 

common inherited bleeding disorder in the world. Type 1 VWD is most common, caused by 

specific mutations throughout the multimeric protein and characterised by reduced levels of 

circulating VWF. Of the 6 C-terminal C domains of VWF, C3 contains the most VWD 

Type 1-causing mutations. Whilst the molecular structures of other domains which comprise 

the collagen, GpIbα and FVIII binding sites are well characterised, the C domain structures 

remain largely unsolved. This thesis presents the structure of the VWF C3 domain solved using 

nuclear magnetic resonance spectroscopy and the effect of specific disulphide bond mutations 

on the domain structure. The C3 domain is comprised of two distinct subdomains – SD1 and 

SD2. SD1 is dominated by two β-sheet structures whilst SD2 comprises a single β-sheet 

structure. Domain stability is maintained by five disulphide bonds, two in each subdomain and 

the inter-subdomain relationship preserved by a single disulphide bond connecting the two. 

Mutations of each individual disulphide bond resulted in incomplete folding of the domain, 

highlighting their importance in maintaining the structural integrity of the C3 domain. 
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Impact Statement 

The findings of this thesis can provide the basis to develop a much clearer picture of the role of 

the C domains in von Willebrand factor (VWF) synthesis, storage and functionality. The 

C3 domain structure presented in this case refers to the structure found in multimeric VWF in 

circulation. This does not account, however, for the interaction of C3 with its neighbouring 

domains in circulation or under shear stress and the results of this thesis would allow the 

progression onto such investigations. Whilst the role of the C domains in the VWF bouquet 

structure during the storage of VWF multimers is well established, the underlying dimeric 

molecular structure between alike domains remains poorly understood. Through solving the 

structure of the C3 domain when in circulation and by inducing the onset of C3 dimers using 

Weibel-Palade body conditions, an understanding can develop of the structural changes that 

occur between VWF storage and secretion into the bloodstream. Furthermore, with the 

developing significance of VWF free thiols and the fact that the majority of free thiol sites are 

located in the C3 domain, this work provides the basis to understanding the effect and 

subsequent importance of free thiols on VWF functionality. The VWF C4 domain has been 

solved, however, due to its significant differences to the VWF Type C (VWFC) domain family, it 

is classed as a VWFC-like domain. With the C3 domain being the first VWFC domain structure 

within VWF to be solved, this provides the basis to solve the structures of alike domains. 

A number of mutations in the C3 domain have also been shown to cause Type 1 VWD, 

characterised by reduced levels of circulating VWF. With each of these mutations being either 

of cysteine residues or of alternative residues to a cysteine, this likely causes domain 

misfolding, leading to issues with intracellular transport and retention within the cell. The work 

in this thesis highlights the extensive impact of removing a single disulphide bond on domain 

folding, something which has never been shown on a molecular level. It can form the basis to 

understand the subsequent issues with intracellular transport and storage of VWF multimers. 

Overall, the work presented in this thesis can progress onto a greater understanding of domain 

misfolding and, latterly, pave the way for new interventions and therapies for the treatment of 

Type 1 VWD. 
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1. Introduction 

Present day knowledge of blood and the cardiovascular system is extensive and improving year 

on year, however, ancient people knew nothing of the biology we know nowadays. Blood was 

only visible when weeping from a wound or during childbirth, becoming a symbol of life and 

death. This explains why blood became so heavily prominent in many religious traditions. The 

circulation of blood was first discovered in 1628 by English physician William Harvey. Along 

with disproving the theory that the body consumed blood, rather pumping 245 kg around the 

body per day, Harvey also showed that blood flows in two distinct loops, the pulmonary and 

systemic circulations1. In the years that followed, the first blood transfusions were attempted, 

the first successful transfusion being by Richard Lower in 1666 who performed the procedure 

on a dog2. It was not until the 19th century, however, that key components of blood 

coagulation, including platelets and tissue factor (TF), were discovered with the first 

description of coagulation presented by Paul Morawitz in 19053. 

1.1. Haemostasis and the Coagulation Cascade 

Haemostasis is defined by maintenance of blood fluidity throughout the vascular system by the 

cessation of blood loss, carefully designed to maintain laminar blood flow, prevent fatal 

haemorrhage and minimise the vascular system’s exposure to foreign bodies. The term derives 

from Ancient Greek, “heme” meaning blood and “stasis” meaning halting. It is a vitally 

important physiological mechanism comprised of a series of intricately designed processes 

primarily involving the endothelium, platelets and coagulation cascade4. Haemostasis can be 

divided into primary, the formation of a clot by platelets acting as the first line of defence, and 

secondary, the repair of the vessel wall through the coagulation cascade. The coagulation 

cascade involves a series of enzymes which activate the proteins in the next step of the 

cascade, finally resulting in the polymerisation of fibrin and activation of platelets, leading to a 

blood clot5 (Figure 1.1). It was first described using the Cascade model, presented in 1964, 

using a simple waterfall sequence to describe the basic mechanism of blood’s ability to clot via 

a cascade of enzymatic activity6, 7. The Cascade model described the phosphatidylserine-

containing cell surfaces as somewhere on which the procoagulant complexes were formed 

with coagulation factors being the primary controlling factor for haemostasis, however, the 

cell-based model, an updated theory presented in 2003, suggested otherwise. It proposed that 

these cell surfaces play a principal role in controlling haemostasis with the interaction of 
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clotting factors with specific cell surfaces occurring in three overlapping steps: initiation, 

amplification and propagation8. 

 
Figure 1.1: Overview of the coagulation cascade A summary of the coagulation cascade leading to the 
formation of a stable blood clot. Abbreviations used are: F – Factor, Ca2+ - calcium, TF – tissue factor, PL 
– phospholipid, VWF – von Willebrand factor. Symbols used indicate: * - Tenase Complex, † - 
Prothrombinase Complex. Solid arrows indicate a proteolytic conversion with dotted arrows indicating a 
reaction cofactor. Other cofactors in a reaction are shown in blue. The initiation of the cascade by the 
extrinsic and intrinsic pathways are indicated. The extrinsic, more dominant pathway is initiated as TF 
binds and activates FVII and subsequently acts as a cofactor in the activation of FX. The intrinsic pathway 
begins with the activation of FXII, increased by a positive feedback loop with kallikrein, and results in the 
activation of FXI, FIX and the formation of the Tenase Complex. The two pathways meet to activate FX, 
the start of the common pathway. FXa and FVa form the Prothrombinase Complex which converts 
prothrombin to thrombin. Subsequent activation of FXIII, platelet activation and formation of fibrin 
leads to a stable blood clot. 

Initiation occurs via the extrinsic pathway on the TF-bearing cell, named such as under normal 

circumstances this resides outside of the vascular system. Upon contact with blood via injury 

or inflammation, the cells expose TF which subsequently binds and activates coagulation 

Factor VII (FVII), the beginning of the amplification step. The product, TF-activated FVII (FVIIa), 

cleaves FIX to FIXa and FX to FXa, the start of the common pathway where the two initiation 

pathways meet8. Whilst the extrinsic pathway is far more significant, the blood clotting 

cascade can also be triggered by the intrinsic pathway. Following a lesion, blood comes into 
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contact with an activation surface, known as the contact phase9. This causes the activation of 

FXII (to FXIIa), with subsequent activation of prekallikrein to kallikrein and further activation of 

FXII in a positive feedback loop10. This positive feedback loop is ~30x more efficient at 

activating FXII than autoactivation11. Activated FXII activates FXI which subsequently activates 

FIX, with FIXa forming a Tenase Complex with FVIIIa. This, along with TF-FVIIa, acts as a 

cofactor in the activation of FX12. Whilst in vitro experiments show the intrinsic pathway as 

being significant, humans lacking FXII do not experience excessive bleeding13. This may suggest 

that the contact pathway is more important for its production of the inflammatory bradykinin, 

produced by the cleavage of high molecular weight kininogen and an important vasodilator5. 

The common pathway begins when FX is activated. FXa binds to FVa, activated from FV by low 

levels of thrombin produced on the surface of TF-bearing cells, forming the FXa-FVa 

Prothrombinase Complex which converts prothrombin to thrombin. The increasing levels of 

thrombin propagates throughout the coagulation cascade, further activating FV, converting 

FVIII to FVIIIa and FXI to FXIa which acts as a cofactor in the activation of FIX. In parallel with 

this, the increased thrombin levels on TF-bearing cells further activates platelets, which have 

been concentrated on the site of injury via the action of von Willebrand factor (VWF). The 

intrinsic pathway controls the final step of the cell-based model which allows thrombin 

generation on the cell surface of activated platelets to propagate. Activated FVIIIa and FIXa 

form a tenase complex, which activates FX and forms the subsequent prothrombinase complex 

with FVa. Provided a significant increase in thrombin generation occurs through this complex, 

it results in the formation of a fibrin clot8. 

Through a number of coagulation inhibitors, a delicate balance is maintained between the pro-

thrombotic pathway and the unaffected areas of the vascular system beyond the site of injury 

in order to prevent unnecessary clot propagation14. There are a number of natural inhibitors of 

clotting factors including antithrombin III which inhibits coagulation by neutralising the 

enzymatic activity of thrombin15, 16. Another inhibitor is the endogenous tissue factor pathway 

inhibitor (TFPI) which is primarily expressed in endothelial cells. This targets the initiation 

phase of coagulation, inactivating the majority of FXa bound to TF-FVIIa14. 

 

 



19 
 
 

1.2. Von Willebrand Factor 

VWF is a large multimeric glycoprotein found predominantly in plasma. Erik von Willebrand 

first recorded a hereditary bleeding disorder in 1924 whereby four sisters, three of whom had 

died, all presented a severe bleeding phenotype from birth. It was discovered in the mid-1950s 

that ‘human plasma fraction 1-0’ could correct deficiency of FVIII and prolonged bleeding time. 

Not until 1971 was the factor responsible identified and named VWF17. Since von Willebrand 

disease (VWD) was shown to be due to a lack of an essential blood clotting factor, VWF, the 

protein and disease have been extensively studied and our understanding has improved 

immeasurably18. VWF is responsible for platelet adhesion to the site of vessel injury under high 

shear conditions in primary haemostasis, the first line of defence against haemorrhage. Once 

bound to exposed collagen at a vessel lesion, circulating globular VWF unfolds and elongates 

into its long-chain conformation, becoming highly reactive19. This allows it to recruit platelets 

and mediate their adhesive interactions, forming a thrombus over said lesion before a 

coagulation cascade-mediated fibrin mesh forms18, 20. The second essential role of VWF is to 

act as a carrier for blood coagulation FVIII which, as seen previously, is essential in the 

formation of the Tenase Complex. Otherwise rapidly broken down when circulating freely, 

FVIII is released from VWF by thrombin activation at the site of injury, localising FVIIIa to 

where secondary haemostasis is required21. 

Synthesis of VWF occurs primarily in the endothelium22, with this being the main source of 

plasma VWF23. Endothelial-derived VWF is either released constitutively into the plasma or 

stored in cytoplasmic storage vesicles, known as Weibel-Palade bodies (WPBs)24. 

Megakaryocytes, platelet precursors produced in the bone marrow, also produce VWF, with it 

being stored in α-granules of the subsequent platelets25, 26. Evidence suggests that endothelial 

cell-derived VWF is sufficient to support normal haemostasis, however, platelet-derived VWF 

also contributes to controlling bleeding27. Production of VWF is not consistent throughout the 

body, with VWF mRNA between 5 and 50 times more concentrated in the lung and brain than 

in the kidney or liver. Generally, VWF mRNA is more prominent in larger vessels versus 

microvessels and in venous endothelial cells versus arterial28. Exceptions to this include the 

pulmonary vein, where it was found to be absent, and the aorta and pulmonary artery, both of 

which showed high levels of stored VWF29. Distribution within the aorta appeared to be 

concentrated at a group of cells that were orientated along the longitudinal axis of the aorta, 

which may suggest that this distribution is an effect of laminar flow30. The reasons for the 
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variation of VWF distribution remain unclear, however, it may be due to a number of 

contributing factors such as flow forces, blood pressure and blood oxygenation29. 

1.3. VWF Genetics and translation product 

The human VWF gene is located on the short arm on chromosome 12 at locus 12p13.3131. It 

spans 178 kb over 52 exons, the largest of which is the 1.4 kb exon 28 which encodes both the 

A1 and A2 domains32. Chromosome 22 also contains a VWF pseudogene, an imperfect copy of 

the functional gene33 which contains a number of nonsense and missense mutations that 

prevent the expression of a functional protein. It spans 21 to 29 kb in length, corresponding to 

exons 22 to 34 of the VWF gene which encode the A1, A2 and A3 domains34. VWF repeat 

domains are dispersed throughout the human genome by duplication and exon shuffling with 

46 A domains dispersed throughout 22 different human genes and A domains subsequently 

found in leukocyte adhesion receptors, collagen receptors and nonfibrillar collagens34-36. 

 
Figure 1.2: Monomeric VWF domain assignment Displayed is the original domain assignment, above, 
and the current assignment after analysis of sequence relationships, below37. In dark grey are the signal 
peptide (SP) at the N-terminus and cystine knot (CK) at the C-terminus. The D1-D2 propeptide is shown 
in light grey and the mature monomer coloured in red (D domains), blue (A domains), green (C domains) 
and dark grey (CK domain). The subdomains that make up each D domain are also indicated. 

The complete VWF amino acid sequence was first published in 1986 and its repeating domain 

structure became instantly apparent38. Encoded by the 9 kb VWF mRNA, the expressed 2813 

amino acid prepropolypeptide has a mass of ~350 kDa39 (Figure 1.2) and is produced in the 

endothelial cells or megakaryocytes. The most abundant amino acid in VWF is cysteine, making 

up 8.3% of the protein, compared to just the 2.3% average in human proteins40. This highlights 

the importance of disulphide bonds in forming a stable VWF structure. The ProVWF domains 

were initially classed with between two and five repeats of four homologous domain types (A, 
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B, C and D), with a 741-residue propeptide, D1-D2, all preceded by a 22-residue signal peptide 

(SP)41. The three A domains are known to have a globular structure with a hydrophobic core, 

with the remaining domains appearing smaller and lacking a hydrophobic core, accounting for 

their richness in disulphide bonds37. At the C terminus is a cystine knot (CK) domain, 

homologous to the CK family of proteins which are often found forming disulphide bonds 

between monomers in dimerisation42. The VWF CK domain is a 90-residue domain which 

comprises 11 cysteines, particularly similar to those found in epithelial mucins and Norrie 

disease proteins which form C-terminal oligomers43. 

The domain reassignment of the VWF D domains was carried out with the principles that 

disulphide bonds in extracellular proteins are primarily intra-domain and that inter-domain 

sequences do not contain unexplained cysteines. Each D domain is subdivided into repeating 

VWF Type D (VWFD), C8, TIL and E modules, with the E module initially being touted as a 

domain type, however, it was soon classified as the C-terminal repeat within the D domain 

structure. Each of D1, D2 and D3 contain all four module types (D1 comprised of VWFD1, C8-1, 

TIL1 and E1 modules etc), whereas D’ solely contains a TIL’ and E’ module and D4, whilst 

lacking an E segment, also contains a unique D4N segment at its N terminus. Each VWFD 

subdomain contains an even number of disulphide bonds except VWFD4 with its one odd 

cysteine bound to that in D4N37. The C8 domain, also found in crossveinless-2 (CV2) and 

mucins among others44, 45, contains ten cysteines, with C8-3 and C8-4 containing an eleventh 

cysteine, forming an inter-dimer disulphide bond and inter-subdomain disulphide bond with 

TIL4, respectively37. VWFD, C8 and TIL domains show similarities to many domains found 

beyond VWF, with the structure of TIL domains well characterised prior to the annotation of 

VWF in this manner46. Each TIL module is followed by an E module which shows similarity to 

the first subdomain found in VWF Type C (VWFC) domains. The exception to this, however, is 

TIL4 with D4 lacking an E module though may be explained with TIL4 immediately proceeded 

by the C1 domain. The E repeats contain either four or six cysteine residues forming inter-

subdomain disulphide bonds, as is seen in the first subdomain of VWFC domains37. 

Whilst initial domain assignment classed the C terminal region with a B1-B2-B3-C1-C2 

arrangement, advancements in structural and bioinformatical analysis saw a reclassification of 

this region with 6 repeating C domains (C1-C6)41. Three domains in the C-terminal region were 

identified as VWFC domains, a protein domain found in various plasma proteins consisting of 

two tandem subdomains of 75-100 residues and 10 conserved cysteine residues47. This domain 

type is one of the most common to be found in extracellular proteins, accounting for 201 

domains in 70 human proteins48. VWFC domains also contain specific cysteine motifs, CXXCXC 
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laying in the middle and CCXXC laying towards the C-terminal region47. The three VWFC 

domains identified in the C-terminal region of VWF, now annotated as C1, C3 and C5, were 

separated by three intervening regions, the middle of which contained the RGD motif, the 

binding site for αIIbβ3. These regions were similar to the VWFC domains in both length and 

sequence, and were therefore annotated at C2, C4 and C6. Outside of these domains, an 

intervening 26 residue region is also present between C2 and C3, rich in serine and threonine 

and containing 4 self-associated cysteine residues. The C domains, each of which contain 

between 8 and 13 cysteines, rely heavily upon disulphide bonds for their secondary structure 

rather than adopting a globular form as seen in the A domains. The majority are predicted to 

be intra-domain disulphide bonds, however, with an uneven number of cysteines in C1 and C2, 

a disulphide bond is predicted across the junction between the domains. Interactions at the 

C3-C4 and C5-C6 junctions are also likely, with the last 9 residues of C3 and C5 being identical, 

and the first 3 residues of C4 and C6 being almost identical37. With the high flexibility seen in 

VWFC domain structures, such as in collagen IIA (Col2A) determined using nuclear magnetic 

resonance (NMR) spectroscopy, the VWF C domains likely have a rope-like character, being 

highly flexible both within the domain and between the junctions49. 

1.4. Primary VWF functions and binding sites 

A vast number of proteins are comprised of many tandem domain repeats, related units that 

have developed through evolution. These repeats have certain properties that characterise 

them but can vary in sequence and structure with certain sequences critical to their 

functionality50. The repeating domains often play a vital role in functionality, as is the case with 

VWF with multiple repeating domains, and subdomains in the case of the D domains, each of 

which contain their own unique binding sites (Figure 1.3). These binding sites allow VWF to 

carry out its primary functions as a bridging molecule between collagen and platelets in 

haemostasis51 and acting as a carrier for blood clotting FVIII52. Alternative binding sites also 

allow the cleavage of VWF multimers by ADAMTS13 (a disintegrin and metalloproteinase with 

a thrombospondin type 1 motif, member 13)53, the co-residence of P-selectin in WPBs and 

α-granules with its binding to VWF54, 55 and the inhibition of VWF by heparin binding56. 
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Figure 1.3: Binding sites of the mature VWF monomer Displayed are the binding sites found in different 
domains of the VWF monomer. The multimerisation site is found in the D’D3 region, along with the 
heparin, P-selectin and FVIII binding sites. A heparin binding site is also found in the A1 domain, 
alongside a GpIbα binding site for platelet binding and a collagen (VI) binding site. The cleavage site for 
ADAMTS13, the VWF cleavage enzyme, is found in the A2 domain with a collagen (I and III) binding site 
in the A3 domain. The αIIbβ3 binding site, responsible for platelet aggregation, is found in the C4 domain 
and the dimerisation site in the C-terminal CK domain. 

1.4.1. D domains 

With one of the main two functions of VWF being a carrier for coagulation FVIII, locating and 

understanding the binding site is of paramount importance. FVIII is comprised of a 

heterodimer in circulation consisting of a heavy chain (A1-a1-A2-a2-B) and a light chain (a3-A3-

C1-C2)57, non-covalently associated via the A1-A3 domains in a metal-ion dependent manner58. 

Activated FVIII forms one half of the Tenase Complex in the coagulation cascade, as shown in 

Figure 1.1, which in turn activates FX59. VWF performs a protective role when non-covalently 

bound to FVIII in circulation with genetic variants of VWF which impact FVIII binding leading to 

reduced levels of FVIII in circulation. This is classified as Type 2N VWD60. Prior to the discovery 

of VWF, reduced levels of circulating FVIII classified the patient as having haemophilia A, 

however, it was soon discovered that this was due to insufficient binding of FVIII to VWF and 

led to a rapid FVIII breakdown61. The D’ domain has been shown to bind and stabilise FVIII and 

its NMR structure confirmed its splitting into two distinct subdomains, the trypsin-inhibitor-

like’ (TIL’) and E’ domains. TIL’ is comprised of two short antiparallel β-sheets, β1:β2 and 

β3:β4, which form a scaffold for the long β1-to-β2 loop. The E’ domain adds to this scaffold 

structure for the long β1-to-β2 loop, containing two antiparallel β-sheets, one double stranded 

and one triple-stranded. Both subdomains are heavily disulphide bonded with TIL’ containing 

five intra-subdomain disulphide bonds and E’ containing three. Despite the lack of disulphide 

bonding between the subdomains, the TIL’ and E’ domains tumble with limited inter-domain 

motion with a high degree of flexibility only seen in the TIL’ β1-to-β2 loop62. 
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Figure 1.4: Structure of D’D3 region The structure of the D’D3 region is displayed, with the TIL’ 
subdomain in blue, the E’ subdomain in red and the D3 domain in green. Highlighted in a darker shade is 
the FVIII binding region, comprised of the β1-to-β2 loop of TIL’ (dark blue) and C8-3 subdomain of D3 
(dark green)62, 63. 

A crystal structure of the D’D3 domains was also developed, with the D’ domain of the crystal 

structure matching that of the NMR structure62, 63 (Figure 1.4). The D3 domain was shown to 

have its larger VWFD3 module at the centre and the smaller C8-3, TIL3 and E3 modules 

wrapped around it to form a wedge-shaped assembly. The central VWFD3 module is formed 

by 12 β-sheets and one α-helix, leavings strands β1, β2, β3, β9, β10, β11 and β12 forming the 

face for the other modules to wrap around, with β4, β5, β6, β7, β8 and α1 solvent exposed. 

The TIL’ and E’ modules sit end to end at an angle of 60° from the rectangular face of the 

wedge-shaped D3 assembly63. This is consistent with the horn-shaped protrusion from the 

surface of D3 observed in electron microscopy (EM) studies64, 65. Inter-domain and 

inter-subdomain flexibility is limited in the D’D3 assembly, firstly with a Cys-Pro-Cys motif at 

the TIL’-E’ junction, with both cysteine residues separately disulphide bonded. Even less 

flexibility is seen between E’ and VWFD3, the junction stabilised by a disulphide bond and van 

der Waals contact of V862 of E’ with Q989 and F999 of VWFD3. This is also seen in the 

interactions of VWFD3 with the other D3 modules, particularly the strongly hydrophobic 

interaction of VWFD3 with C8-3 and TIL3, supporting the hypothesis that D assemblies are 

created by the highly specific associations between modules63. 
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Binding of VWF to FVIII has been shown to occur in the TIL’ module of the D’ domain, 

specifically to the flexible β1-to-β2 loop region of the domain and supported by the β-sheets of 

the TIL’ and E’ subdomains62, 66. It was suggested that this positively charged dynamic region 

binds to the negatively charged FVIII a3 domain62 with a ~8x greater binding affinity to VWF 

than the FVIII C2 domain67. The major FVIII binding region of VWF being the flexible region of 

TIL’ was supported by EM studies, however, determined that the role of the acidic a3 domain 

in binding affinity needed further investigation64. Genetic variants leading to Type 2N VWD are 

not limited to the TIL’ FVIII binding region itself as the variants identified span across a 

486 amino acid region. Although, deletion of the E3 subdomain does not appear to have an 

impact on FVIII binding, many mutations across VWFD3 and C8-3 cause a conformational 

change in the D3 domain which correlates with reduced FVIII binding affinity68. Type 2N 

mutations in C8-3 include Q1053H and E1078K which decrease FVIII binding affinity tenfold 

and more than tenfold, respectively69, 70.  

EM studies along with these binding affinity observations suggest that there are two non-

contiguous binding sites between the FVIII C1 domain and VWF64, 65. The crystal structure of 

the D’D3 region further suggested the secondary role of VWF D3 in FVIII binding. Two binding 

sites separated by 5 nm were identified with the FVIII C1 domain interacting with TIL’ and a 

secondary site in C8-3 encompassing much of the face of the helical bundle containing the α1 

and α3 helices. This is consistent with the fact that TIL’ is located closer to C8-3 than any other 

D3 module63. Other mutations that cause VWD Type 2N include D879N in the Ca2+ binding site 

of the D3 domain (along with VWD Type 2A which will be discussed in Chapter 1.7.1), and 

R854Q in the E’ domain71. With TIL’ residing closer to C8-3 than any D3 module, these 

mutations can be explained as altering the TIL’-E’ and E’-VWFD3 orientation and, hence, the 

orientation of the binding sites in TIL’ and C8-363. 

Along with minimising FVIII breakdown in circulation, VWF also plays a role in limiting the 

action of FVIII, preventing binding of FVIII to activated FIX, as inactivated FVIII has a binding 

affinity to VWF 100-fold more than that of FIXa72. Activation of FVIII is understood to be a 

multistep process, where cleavage of FVIII from its VWF binding site occurs in multiple steps73. 

FVIII activation is primarily induced by thrombin74 with FXa also shown to be an efficient 

activator75, though FXa-induced FVIII has been reported as displaying reduced activity 

compared to thrombin-activated FVIII76. This can be explained as FXa-induced activation is 

slowed when FVIII is associated with VWF whilst there is no effect of VWF on the rate of 

thrombin-induced activation77. Both thrombin and FXa cleave in both the light and heavy chain 

of FVIII, with thrombin cleaving at R1689 in the light chain and R372 and R740 in the heavy 
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chain. Cleavage by FXa also occurs at these 3 sites, along with R1721 in the light chain and 

R336 in the heavy chain75. This results in the removal of the B domain and the dissociation of 

FVIIIa from VWF78 in a 1600-fold decrease in FVIII affinity for VWF67. This in turn favours the 

binding of FIXa to FVIIIa and the subsequent formation of the Tenase complex57. Recent 

evidence has also suggested that VWF binding to myosin in the setting of trauma may 

indirectly accelerate thrombin generation by providing a surface for VWF binding and 

facilitating the delivery of FVIII to the site of injury79. 

1.4.2. A domains 

The VWF A domains are more globular than other VWF domains, characterised by far fewer 

disulphide bonds and a hydrophobic core37. They house the binding sites for VWF to carry out 

its second primary function, binding to both collagen and platelets in order to recruit platelets 

to the site of injury, known as primary haemostasis. Collagen binding occurs in both A1 and A3 

domains, however, A3 domain collagen binding to types I and III has been shown to be the 

principal binding site80. The GpIbα platelet binding site is located in the A1 domain, with the 

adhesive properties tightly regulated in order to prevent sporadic binding circulating 

platelets81. The importance of collagen binding was shown when blocking of the VWF-collagen 

interaction resulted in the abolition of platelet thrombus formation82. VWF binding to 

subendothelial collagen, exposed by vascular injury, results in a conformational change which 

exposes the GpIbα binding site for platelet binding to occur81. VWF type A domains are found 

in a vast array of proteins, including αLβ2 and αMβ2, commonly referred to as the I domains in 

those proteins83, 84. The proteins where these I domains are formed are involved in a variety of 

biological functions, including cell-cell interactions and ligand-receptor binding85. These are 

characterised by a central hydrophobic parallel β-sheet, flanked by an amphipathic α-helix on 

either side, known as a dinucleotide binding fold83. At the top of the β-sheet is a metal ion-

dependent adhesion site (MIDAS) motif which engages a glutamate residue of collagen. This 

motif is located in a groove where the I domains carry out their binding function, making it a 

critical feature86, 87. 
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Figure 1.5: Structure of VWF A1 and A3 domains Displayed in blue is the crystal structure of the VWF A1 
domain88 and in red is the A3 domain89. Both are comprised of a central β-sheet region surrounded by 
seven amphipathic α-helices. The number of each β-sheet and α-helix is indicated. 

The crystal structure of the VWF A3 domain (Figure 1.5) shows that whilst organised in a 

similar manner with six-stranded central hydrophobic parallel β-sheet flanked by seven 

α-helices, there are some differences between itself and the I domains. Whilst I domains 

contain a groove at the MIDAS motif, crystal structures of the VWF A3 domain show a smooth 

surface over this region and the rest of the domain89. Despite containing a MIDAS motif, the 

motif in the VWF A3 domain has been shown to be conformationally incompatible for metal 

ion binding and mutations in this region do not reduce collagen binding, meaning collagen 

binding occurs independent of this motif81, 90. The collagen binding site in the VWF A3 domain 

was located at the front, lower face, with the front face comprised of the α2 and α3 helices 

and β3 strand and the bottom face containing several loops and housing both the N and C 

termini. This site is noticeably distant from the binding site in the I domains at the top around 

the MIDAS motif. The H1023A mutation, located in loop α3-β4 at the edge between the front 

and bottom face, completely abolished collagen binding, stressing the importance of this site. 

Other residues also implicated in collagen binding were R963 and R1016, with mutations to 

alanine at these positions resulting in reduced binding91. Further studies of other mutants 

narrowed down the binding region to strand β3 and loop α3-β4, giving a rather hydrophobic 

binding site in contrast to the hydrophilic groove in the I domains and interacting with collagen 

sequences containing both positively charged and hydrophobic residues92. 
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Residues in the lower half of the binding site, D797, S1020 and H1023, were deemed critical 

for collagen binding, whilst those in the top half, I975, T977, V997 and E1001, contributed to 

collagen binding but were deemed non-essential92. NMR studies of the VWF A3 domain 

determined that collagen binds in a transverse manner across the front lower region of the 

domain93. It was considered whether, despite the MIDAS motif not playing an active role in 

collagen binding, F939 located close to this motif could be relevant for the putative interaction 

between the A3 and A1 domains to influence platelet GpIbα binding91. Collagen binding, 

however, did not appear to affect the affinity of the VWF A1 domain to platelet receptor 

GpIbα92. The positively charged residues in the VWF A3 collagen binding region interact with 

negatively charged residues on collagen itself. The lack of a binding groove, as in the I domains, 

prevents a large van der Waals surface interaction between the two surfaces, hence why a 

single domain has such a low affinity for collagen binding and why multimeric VWF is so 

important for a tight association with collagen89, 94. 

Collagen is the most abundant peptide in the human body, comprising approximately one-

third of the total protein95. There have been 28 different types of collagen discovered, 

comprised of at least 46 different polypeptide chains, providing tensile strength to various 

tissues and being involved in cell adhesion, migration and maturation96, 97. It is comprised of 

three peptide α-chains wound around each other in a right-handed triple helix. with collagen 

type I formed by two α1 chains and one α2 chain and collagen type III formed by three α1 

chains97, 98. VWF binds to four types of collagen, VWF A3 domain to types I and III in the tunica 

media and tunica adventitia and VWF A1 domain to type III and VI in the subendothelium99. 

The collagen sequence identified as the major, high-affinity binding site for VWF is 

RGQOGVMGF (O is hydroxyproline), a sequence which occurs in collagen type II, not found in 

the subendothelium, and type III at position 572-580 on the α1 chain. Whilst not found in 

collagen type I, a similar sequence in the α1 chain with a single O to A substitution is found, 

RGQAGVMGF, at position 574-582. Whilst mutation studies found that this sequence did not 

bind to VWF, the α1 chain’s α2 compatriot aligns alongside it, with an O residue in the α2 chain 

being coupled with the single A at position 577 in the α1 chain. This is located in the sequence 

RGEOGNIGF at positions 486-494, suggesting that both collagen types I and III bind VWF in the 

same manner97, 100.  

Whilst the interaction of plasma VWF to subendothelial collagen has been shown to be mainly 

mediated by the A3 domain101, binding to collagen type VI occurs in the A1 domain98. Recent 

evidence also shows that VWF binds to collagen type IV in the A1 domain with an R1399H 

mutation affecting collagen type IV binding and resulting in increased bleeding in a murine 
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model102, 103. This A1 collagen binding is particularly important for patients with VWD 

mutations in the A3 collagen binding region, as it can assume the role of VWF A3 in recruiting 

platelets to the site of injury104. Studies of the isolated VWF A1 domain shows that it also binds 

to collagen types I and III, however, blocking of the A1 domain by an antibody in multimeric 

VWF had no effect on the binding to collagen. This can likely be explained as the cryptic site is 

exposed in an isolated A1 domain, however, in full-length VWF this site is shielded by either 

the A2 or A3 domain, or both. The A1 domain may, therefore, play a role enhancing VWF 

binding to collagen under high levels of shear stress105. The crystal structure of the VWF A1 

domain shows it to be, as expected, similar to the VWF A3 domain and integrin I domain 

(Figure 1.5). It is comprised of a hydrophobic six-stranded parallel β-sheet, flanked on two 

sides by seven amphipathic helices. Similar to VWF A3, it appears to lack the metal ion binding 

capability of the MIDAS motif with the homologous loops not suitable for metal ion 

coordination88. A serine residue in the MIDAS motif is replaced by an arginine, R524, which 

may play a role in stabilising the buried D520, playing a role analogous to the metal ion81. 

Binding of VWF to collagen is the first step in recruiting platelets to the site of injury in primary 

haemostasis, with the second step being its binding to GpIbα on the surface of platelets. VWF 

binding to platelets requires a high shear rate generated by rapidly flowing blood with platelet 

adhesion at lower flow rates occurring by other interactions, such as between collagen and 

GpIa-IIa (integrin α2β1) and between fibrinogen and GpIIb-IIIa (integrin αIIbβ3)106-108. This binding 

can also be induced by mutations causing greater VWF-GpIbα binding affinity (Type 2B VWD), 

desialation (removal of sialic acids – discussed in Chapter 1.5.1) and treatment with antibiotic 

ristocetin or the snake venom protein botrocetin. GpIb-V-IX is a complex on the surface of 

platelets and is comprised of four transmembrane subunits, GpIbα, GpIbβ, GpIX and GpV, with 

the binding site for the VWF A1 domain localised to the 290 N-terminal residues of GpIbα109. 

The structure of GpIbα consists of an N-terminal β-hairpin delimited by a conserved disulphide 

bond between Cys4 and Cys17, eight leucine-rich repeats, a disulphide-bonded loop and an 

anionic C-terminal region110. 

The crystal structure of the VWFA1-GpIbα complex concluded that binding occurs via two sites, 

the most extensive site being at the top of the A1 domain, where helix α3, loop α3-to-β4 and 

strand β4 interact with leucine-rich repeats 5 to 8 and the C-terminal flank of GpIbα111, 112. The 

secondary, smaller interaction occurs at the bottom face of the A1 domain, with loops 

α1-to-β2, β3-α2 and α3-β4 interacting with the N-terminal β-hairpin and first leucine-rich 

repeat111, with both of these occurring by long-range electrostatic interactions. Initial studies 

suggested that GpIbα bound to the VWF A1 domain via the negatively charged binding 
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surfaces of the leucine-rich repeat concave face which forms a flexible loop at residues 

227-241 and the anionic region110, however, later studies showed deletion of the anionic 

region did not affect VWF A1 binding. This flexible loop, also termed a β-switch, forms a 16 

residue β-hairpin from residues 227-242 and forms a continuous β-sheet with VWF A1 by 

aligning with its β3 strand111. Binding of VWF to GpIbα only occurs at a shear rate greater than 

500-800 s-1, with the interaction between the two ligands requiring a sufficiently fast on-rate 

to initiate platelet adhesion99. Once bound to collagen at the vessel wall where shear rates are 

highest, the hydrodynamic forces elongate the VWF multimer. This causes a shear-induced 

conformational change which elongates the VWF multimer and exposes the GpIbα binding site 

in the VWF A1 domain113. The majority of these studies were carried out prior to the VWF 

domain reassignment by Zhou et al37, using truncated forms of the A domains. These forms do 

not include what is, following the domain reassignment, the N-terminal region of VWF A1, 

residues which have since been shown to suppress the VWF A1-GpIbα catch bond, decreasing 

pause times and increasing translocation velocities114. 

1.4.3. C domains 

VWF plays a critical role in not only recruiting platelets to the site of vascular injury, but also in 

the progression of thrombus formation by its interaction with specific platelet surface 

receptors, namely the megakaryocyte and platelet-specific integrin αIIbβ3
115. Integrins are 

heterodimeric glycoprotein complexes consisting of a non-covalently bound α and β subunit, 

comprised of a long N-terminal extracellular ectodomain, a transmembrane spanning helix and 

a short C-terminal cytoplasmic domain116. The GpIIb/IIIa receptor (integrin αIIbβ3) is one of the 

most abundant platelet surface receptors, representing ~15% of total surface platelet proteins, 

around 80,000 surface copies with additional storage pools in platelet α-granules117, 118 (see 

Chapter 1.5.5). In circulation, αIIbβ3 of inactivated platelets remain in a low-affinity binding 

state in a closed conformation119. Once platelets are activated by VWF binding to GpIbα, an 

inside-out signalling mechanism is induced which transmits a signal originating in the cell 

cytoplasm to the external receptor ligand-binding domain118, 120. This is triggered by a number 

of pathways which converge on the activation of the small GTPase and Rap1, and the 

recruitment of proteins talin and kindlin116. These proteins bind to the intracellular C-terminal 

tail of the β3 subunit, promoting domain separation and unfolding of the extracellular 

ectodomain121. This conformational change in the binding receptor allows it to bind to a high-

affinity binding ligand, leading to the formation of a platelet plug122. 

A number of ligands bind αIIbβ3 including fibrinogen, fibrin, fibronectin and VWF, each of which 

contain a common Arg-Gly-Asp (RGD) binding motif123. The one exception is fibrinogen which 
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contains a KQAGDV sequence on the C-terminus of the γ-chain116. The αIIbβ3 signalling 

mechanism is bidirectional, with an outside-in signal pathway being used following ligand 

binding, with activated αIIbβ3 acting as a signal transducer to the cell interior. This mechanism 

couples to a number of intracellular effectors, ultimately leading to platelet spreading, stable 

thrombus formation and clot retraction122. Platelet spreading is characterised by a 

rearrangement of the cortical actin cytoskeleton, cell rounding and attachment to an 

immobilised surface. This outside-in signalling mechanism results in an increased surface area 

and strengthened contact with the surface and neighbouring platelets as they form 

lamellipodia124. 

 
Figure 1.6: Structure of the VWF C4 domain Displayed is the NMR structure of the VWF C4 domain, with 
SD1 highlighted in blue and SD2 highlighted in red. The five disulphide bonds are highlighted in yellow 
with the RGD motif which binds to αIIbβ3 shown in grey125. 

The C domains of VWF provide integral support for platelet capture, heavily contributing to the 

flexibility and length that is vital for the transition between the globular and elongated 

states126. VWF is able to support platelet aggregation by binding to GpIbα to activate platelets 

and αIIbβ3 to initiate platelet aggregation127, 128. Binding to αIIbβ3 occurs at the RGD motif 

located in the C4 domain, the structure of which has been solved by NMR spectroscopy125 

(Figure 1.6). The overall fold of the VWF C4 domain comprises two separate subdomains – SD1 

and SD2. SD1, which houses the αIIbβ3 binding site, is comprised of two antiparallel β-sheets, 

one double-stranded (β1 and β2) and one triple-stranded (β3, β4 and β5). The RGD motif is 

located at residues 2507-2509 at the tip of the 10-residue β1-to-β2 hairpin loop. Relaxation 

data and conformational heterogeneity of the 20 lowest energy structures shows the flexibility 

of the loop region, increasing the likelihood of an αIIbβ3 interaction. Disulphide bonds are an 

important factor in the VWF C4 structure, with one disulphide bond between the two β-sheets 



32 
 
 

in SD1 which is thought to be a fold determinant of the subdomain. Two further fold 

determinants are present within SD2 with a third disulphide bond thought to be unique to 

VWF C4, known as the “C4 bridge”, connecting the two β-sheets of SD2. The final disulphide 

bond connects the two subdomains and is thought to determine the arrangement between 

SD1 and SD2. SD2 was also shown to have higher global mobility than SD1 with a hinge residue 

at position V2547, with flexibility between the two subdomains also highly sensitive to 

temperature125. 

VWFC domains are highly represented in matrix proteins which bind to bone morphogenetic 

proteins (BMPs) and regulate growth factor (GF) responses47. Whilst VWF C4 is termed a 

VWFC-like domain, the structure of a number VWFC domains of other proteins have been 

determined, including VWFC domains of Col2A, Cell Communication Network Factor 3 GF 

(CCN3 GF) and CV245, 47, 49, 129. Despite VWF C4 presenting a high level of similarity to VWFC 

domains there are a number of differences, particularly in the cysteine and disulphide bond 

arrangement. The VWFC domain disulphide bond arrangement can be summarised, labelling 

residues Cys1-Cys10. The disulphide Cys1-Cys4 connects the N-terminal β1 strand to the β4 

strand of the triple-stranded β-sheet. The β4 and β5 strands of the triple-stranded β-sheet are 

connected by Cys3-Cys5, the disulphide not found in VWF C4. The two disulphides in SD2, Cys6-

Cys9 and Cys7-Cys10, connect strand β7 to the long sequence stretch which lacks a secondary 

structure. Finally, the two subdomains are connected by Cys2-Cys8
47. VWFC domains typically 

contain two cysteine motifs, CXXCXC and CCXXC, towards the middle and C-terminal end of the 

domain, respectively. VWF C4 contains the CXXCXC motif at positions 2528-2533, however, is 

missing the middle cysteine at position 2531 due to its lack of a second disulphide bond in 

SD137, 49, 125. Whilst VWF C4 contains a CCXXC motif towards its C-terminus at positions 2570-

2574, the cysteine residue at position 2574 is involved in the unique “C4 bridge” that connects 

the two strands of the β-sheet, with a final cysteine residue at position 2576 involved in a 

similar disulphide bond to that in VWFC domains. In terms of those VWF C4 cysteine residues 

involved in the equivalent disulphide bonds to those in VWFC domains, the motif is actually 

summarised as CCXXXXC, with the X indicating the cysteine involved in the “C4 bridge”125. 

Considering these differences, when analysing the structure of the VWFC domains of VWF, C1, 

C3 and C5, it may be more useful to compare to the VWFC domains of Col2A, CCN3 GF and 

CV2, rather than VWF C4. 
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Figure 1.7: Structures of VWFC domains of Col2A, CCN3 GF and CV2 Displayed are the VWFC domains 
of Col2A (blue), CCN3 GF (red) and CV2 (green). Disulphide bonds are shown with Sγ of cysteine residues 
highlighted in yellow. 

In terms of the structure of VWFC domains, accounting for the differences outlined above, 

they are by and large similar to VWF C4. The VWFC domain of Col2A was the first VWFC 

domain structure to be determined (Figure 1.7). Solved by NMR spectroscopy, it exhibits a 

two-subdomain structure with a β-sheet arrangement similar to that of VWF C4, with two 

intra-subdomain disulphide bonds in each subdomain and an inter-subdomain disulphide bond 

connecting them49. Relaxation data has shown the SD1 structure to be inflexible, largely 

dominated by β-sheets and stabilising disulphide bonds between them. The N-terminal 

β-hairpin structure is stabilised to the remainder of SD1 by a Cys1-Cys4 disulphide and the 

aromatic interaction between Tyr41 and Trp47. Interestingly, SD2 adopts a more irregular 

structure than that of SD1 with relaxation data confirming that SD2 is more flexible47. This is 

also observed in VWF C4, indicating that greater SD2 flexibility versus SD1 is a hallmark of the 

VWFC domains125. The structure of the CCN3 GF VWFC domain is consistent with that of Col2A 

with regards to the β-sheet and disulphide bond arrangement (Figure 1.7). A Cys1-Cys4 

disulphide once again stabilises the N-terminal β-hairpin structure to the remainder of SD1 and 

a similar aromatic interaction between Y111 and F117. The CCN3 GF VWFC domain lacks a 

proline residue prior to Cys2, a residue which is observed in the VWFC domains of Col2A and 

CV2. This causes a shift in position of the Cys2-Cys8 and subsequently Cys6-Cys9 bonds, 

however, this proline residue is only found in 25% of human VWFC domains, suggesting the 

disulphide positioning in CCN3 GF VWFC is likely more common. Clear differences arise 

between VWFC domains when looking at the orientation of SD2. The angles between the two 
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subdomains vary by 50° in the three domains discussed here, explained by the flexibility of the 

linker between the subdomains and the lack of the proline residue in CCN3 GF VWFC causing a 

shift in disulphide arrangement47. 

The root mean square deviation (RMSD) of a protein is used to measure the quality of a bundle 

of structures. That calculated of the CCN3 GF VWFC domain showed that the lowest energy 

structures were extremely similar with an average RMSD of 0.265 Å across the four lowest 

energy structures. In the case of the Col2A VWFC domain, however, incorporation of SD2 

adversely affected the RMSD value. Whilst SD1 displayed a RMSD of between 0.9-1.3 Å for the 

four lowest energy structures, a much poorer alignment was seen when incorporating SD2, 

with an average RMSD of ~3.5 Å. This can be explained with the fact that Col2A VWFC is largely 

devoid of any secondary structure47. 

The VWFC1 domain of CV2 presents clear differences to other VWFC domains (Figure 1.7). 

Whilst not showing the same degree of flexibility between the two subdomains, the VWFC1 

domain of CV2 shows a high degree of flexibility at its N-terminus. The CV2 VWFC1 domain is 

smaller than other VWFC domains being only 66 residues in length, however, it also contains 

an eight-residue N-terminal Clip segment45. This Clip segment comes at the expense of the 

N-terminal β-sheet of SD1 leaving only one triple-stranded antiparallel β-sheet (strands β1, β2 

and β3) in SD1 and Cys1 located on its N-terminal Clip rather than on the first β-sheet strand. 

CV2 VWFC1 also contains a bulged loop between strands β1 and β2 rather than being a regular 

β-sheet with a short hairpin as in the Col2A or CCN3 GF VWFC domains. These unique 

properties have been shown to be essential for its function, with the Clip segment and bulged 

loop found to be the two major BMP-2 binding epitopes, binding in a “paperclip” fashion45, 129. 

Recent evidence concluded that BMP-2 binding can occur in the triple-stranded antiparallel 

β-sheet region of Col2A VWFC1, albeit with far lower affinity than CV2, and not in CCN3 VWFC, 

highlighting the importance of the CV2 Clip segment and bulged loop in BMP-2 binding47. 

The secondary roles of VWF are discussed in Chapter 1.6. 
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1.5. Life Cycle of VWF 

1.5.1. Dimerisation in the endoplasmic reticulum 

The prepro-VWF molecule is translocated to the endoplasmic reticulum (ER) following 

translation, where the SP is cleaved to produce proVWF. Being a heavily disulphide-bonded 

protein130, disulphide bonds within VWF multimers form in the ER, in the presence of thiol 

isomerases such as protein disulphide isomerase (PDI) and ERp57131. The ER exhibits a redox 

potential, suitable for disulphide bond formation, and chaperones which control disulphide 

bond reshuffling, in contrast to the Golgi which lacks known chaperones and is relatively 

acidic132. The ER also contains quality control mechanisms to ensure solely properly folded 

proteins are transported to the Golgi131, 133. During maturation, VWF undergoes N-linked 

glycosylation, the attachment of an oligosaccharide to the amide nitrogen of asparagine and is 

catalysed by the enzyme oligosaccharyltransferase. Twelve consensus sequons N-X-S/T in the 

mature VWF monomer were identified as being glycosylated (N857, N1231, N1515, N1574, 

N2223, N2290, N2357, N2400, N2546, N2585, N2635 and N2790)38 with an additional rare 

sequon, N-X-C (N1147) later being identified as occupying N-glycans134 (Figure 1.10). The fact 

that these glycosylation sites are located within, or around, the VWF functional sites makes it 

unsurprising that these structures are essential for proper synthesis or function of VWF, with 

initial glycosylation being essential for VWF multimerisation135. Glycans expressed at different 

positions within the monomer vary greatly in size, with N1515 and N1574 presenting larger, 

more complicated glycan structures, and N857 and N1147 presenting much smaller structures. 

Through mapping of the VWF N-glycome, ~300 structures have been identified revealing an 

immense variation in these glycan structures134, 136, 137.  

The most common observed glycan structures were monosialylated and disialylated 

biantennary chains, with over 90% of glycan structures capped by sialic acid structures, an 

acidic sugar with a nine-carbon backbone134. Sialic acid residues act to protect from post-

translational VWF glycosylation138. The majority of this N-linked capping is present in an α2-6 

linkage134 (Figure 1.8). Whilst sialic acid capping is accepted to be essential in protecting VWF 

from proteolytic function, the removal of N-terminal sialic acid has also been shown to make 

VWF more resistant to ADAMTS13 cleavage, the metalloproteinase that regulates VWF 

function by breaking down large multimers through cleavage in the A2 domain. Through 

removal of specific linkages (α2-3,6,8,9) individually suggests that the most common linkage, 

α2-6, is the most critical for proteolysis by ADAMTS13139. Site-directed mutagenesis studies 

have identified the N-linked glycans at N1574 as particularly important due to its positioning in 
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the A2 domain close to the cleavage site at Y1605-M1606140, 141. Sialylation has also been 

shown to be critical in modulating VWF clearance, with removal of sialic acid residues 

significantly reducing VWF half-life142. 

 
Figure 1.8: The major N-linked glycan structure of VWF The major N-linked glycan structure is 
comprised of N-acetylglucosamine, mannose, galactose, sialic acid and fucose, the colours of which are 
indicated. 

In contrast to other plasma glycoproteins, N-linked glycans can also carry ABO(H) blood group 

determinants, with these being identified on approximately 15% of N-linked carbohydrates in 

plasma VWF. These determinants were not located to specific N-glycan sites, however, ABO(H) 

determinants were concentrated at the two largest structures, at N1515 and N1574134. The 

antigens of blood groups A, B and O (A, B and H, respectively) consist of complex carbohydrate 

molecules, with the addition of N-acetyl-D-galactosamine or D-galactose to the common 

H-determinant yielding type A or B antigens, respectively138, 143, 144. This carbohydrate addition 

or lack of, in turn, determines blood type O, A, B or AB. Interestingly, there is a strong 

correlation between blood group and plasma VWF levels, with those in blood group O 

displaying the lowest plasma VWF levels and blood group AB displaying the highest levels 

(AB>A>B>O)145. Blood group O display plasma VWF levels 25% lower than in non-O individuals. 

Whilst there is not a confirmed explanation for this correlation, the most likely hypothesis is 

blood type determinants having an influence on VWF clearance146. This would implicate that 

blood type antigens alter susceptibility to ADAMTS13 cleavage, with AB being the least 

susceptible and O being the most147. The fact that blood type determinants are concentrated 

at two asparagine residues within the A2 domain would support the theory of these 

influencing AMATS13 cleavage.  

Following N-glycosylation, monomers undergo C-terminal tail-to-tail dimerisation between 

adjacent CK domains148-150. Crystal structures of the CK domain reveal intra-domain disulphide 

bonds between eight of the eleven cysteines within this domain, leaving three cysteines 

(C2771, C2773, C2811) to dimerise with an adjacent CK domain43. However, rather than 
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disulphide bonds forming between alike residues (C2771-C2771), EM findings suggest an 

antiparallel arrangement between the long axis of the two monomers, meaning C2771 of 

monomer 1 disulphide bonds with C2773 from monomer 2, and vice versa151. Dimerisation is 

initiated by PDI-1, which forms the first two disulphide bonds, with the final C2811-C2811 

bond left to form to most likely protect the first two bonds, rendering dimerisation 

irreversible151, 152. Translocation of VWF from the ER is determined by dimerisation and 

glycosylation153. 

1.5.2. Glycan Modifications in the Golgi network 

Once VWF enters the Golgi it undergoes further modification. The N-linked glycans undergo 

tyrosine sulphation at five sites (N1515, N2223, N2290, N2400 and N2790) which are preceded 

by Pro-XXX-Arg/Lys/His motifs141, 154, 155. Multimers also undergo O-linked glycosylation, the 

attachment of a sugar molecule to the oxygen atom of serine or threonine, followed by other 

carbohydrates such as galactose and sialic acid156. These O-linked glycan structures (Figure 

1.9), along with N-glycans, make up 20% of the final monomeric mass of VWF157. Whilst N-

linked glycans are dispersed throughout the monomer, O-linked glycans are far more clustered 

with eight flanking the A1 domain (T1248, T1255, T1256, S1263, T1468, T1477, S1486, and 

T1487) and the remaining two in the A3 (T1679) and C1 (T2298) domains158. The structure of 

these also varies greatly from N-linked glycans, being characterised by short mucin-type 

carbohydrates. Through mass spectrometry analysis, a disialylated core 1 structure, known as 

the Thomas Friedenreich antigen, was identified as the most common O-linked glycan 

structure, accounting for approximately 70% of O-linked glycans156, 159. 

 
Figure 1.9: O-linked glycan structures Displayed are the O-linked glycan structures attached in the Golgi. 
These are comprised of N-acetylglucosamine, galactose, sialic acid and fucose, the colours of which are 
indicated. 
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Considering the location of eight O-linked glycosylation site surrounding the A1 domain (Figure 

1.10), which houses the platelet GPIbα binding site, glycans at these sites influence platelet 

binding affinity, with mutations at these sites resulting in an increased or decreased binding 

affinity160, 161. Mutations in the hinge-linker region between the D3 and A1 domains show 

increased platelet capture under shear stress, likely due to increased flexibility and accessibility 

to the GPIbα binding site rather than glycans affecting the VWF A1-GPIbα bond162. Similarly to 

N-linked glycans, O-linked carbohydrates carry ABO(H) blood group determinants and also 

influence plasma VWF levels156, 161, 163, however, are dispensable for multimerisation161. 

Therefore, whilst influencing processes such as platelet binding and VWF clearance, O-linked 

glycans are not wholly essential in the biology of VWF which agrees with the fact that no 

mutations resulting in VWD, a genetic disorder caused by missing or defective VWF, have been 

reported. 

 
Figure 1.10: Mapping the N- and O-linked glycans in the VWF monomer Indicated are the N- and O-
linked glycosylation sites in the VWF monomer. N-linked sites are indicated above at asparagine 
residues and O-linked sites are shown below at serine and threonine residues140. 

1.5.3. Multimerisation in the Golgi 

Whilst there appears to be no limit to the size of the protein when transported from the Golgi 

to the cell surface, that is not the case for translocation between the ER and the Golgi with the 

relative cargo vessels having limited capacity. The majority of oligomeric proteins undergo 

polymerisation in the lumen of the ER as it is well suited for disulphide bond formation, being 

at a neutral pH (pH 7.4) and containing suitable chaperones, oxidoreductases and redox 

potential. The Golgi, on the other hand, lacks these and is relatively acidic (pH 6.2), conditions 

which generally prevent disulphide bond formation164. VWF head-to-head multimerisation has 

even been shown to be optimal at a more acidic pH than the Golgi, at pH 5.8, conditions which 

are typically found in WPBs165. However, neutralising the pH in the Golgi by addition of 

ammonium chloride, chloroquine or monensin abolishes multimer assembly135, showing the 

importance of acidity in the specific mechanism that VWF has adopted132. 
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The VWF propeptide is cleaved by furin at Arg-Ser-Lys-Arg at position 760-763, cleaving 

following R763166. This can occur before, during and following multimerisation. Histidine 

residues are regularly employed by proteins as pH sensors and with a pKa of about 6 in the 

chemical environment of the Golgi, histidine is ideal to detect this change in pH167. Furin itself 

uses an autoinhibitory mechanism, as it is only able to cleave other substrates when His69 

detects a change in pH, becoming protonated and causing its own propeptide to dissociate168. 

Within VWF, the D1D2-D’D3 segment was sufficient for pH-dependent multimerisation and 

tubular storage, therefore, the pH-sensing histidine residues must be located within this 

region169. VWF mutations to alanine at positions H395 and H460 in D2 caused a defect at inter-

dimer disulphide bonds, preventing the acquisition of a positive charge as occurs with 

histidine. Replacement of the H460A mutation to other positively charged amino acids 

(arginine or lysine) restored the ability of D’D3 to multimerise, showing the importance of a 

positive charge at this position170. This is consistent with the VWF propeptide forming 

non-covalent homodimers with the D’D3 region, positioning two D’D3 regions in close 

proximity and subsequently facilitating disulphide bond formation171. It is suggested that H395 

regulates dimerisation by its interaction with Y610 which ordinarily form a T-shaped aromatic 

interaction but converts to a stronger π-cation bond upon protonation63. 

The propeptide is employed as a disulphide oxidoreductase and remains non-covalently 

associated with VWF dimers and multimers, promoted by the high Ca2+ concentration and 

acidic pH of 6.2 experienced in the Golgi165. It remains associated in order to catalyse 

multimerisation using its vicinal cysteine CGLC motifs at positions 159-162 (in D1) and 521-524 

(in D2), similar to that employed by disulphide isomerases. These motifs have been shown to 

be essential, with the insertion of glycine residue in the middle of either to form CGGLC 

inhibiting multimerisation172. Interestingly, studies have shown that the propeptide can be 

synthesised in parallel and still catalyse VWF multimerisation148, however, upon deletion of 

either or both domains of the propeptide, solely dimers form173. Cleavage of the propeptide, 

on the other hand, has been shown to be dispensable for multimerisation as an R763G 

phenotype presents normal multimers174, however, this mutation also appears to affect 

proteolytic processing of VWF and consequently FVIII binding175. 

During multimerisation, disulphide bonds form between adjacent D3 domains (Figure 1.11). 

The propeptide forms an intra-chain disulphide-linked intermediate with the D’D3 region in 

the ER, as is consistent with the oxidoreductase model. This intermediate rearranges in the 

Golgi and directly leads to the formation of VWF multimers by inter-dimeric disulphide 

bonds169. Flexibility between D3 subdomains is of particular importance concerning 
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multimerisation. The lack of disulphide bonds across the VWFD-C8 or C8-TIL boundaries allows 

structural rearrangement and exposure of D3 cysteines responsible for multimerisation63. Two 

cysteine residues in D3, C1099 and C1142, were identified as those which participate in 

multimerisation, with a mutation of either to alanine resulting in a loss of multimers176, 177. 

These cysteine residues are buried in hydrophobic pockets yet lie near the solvent accessible 

surface, protecting them from undergoing multimerisation in the ER. In the first helical turn of 

the C8-3 α-helix is C1099, buried by side chains including VWFD3 residues M872 and V919. 

Meanwhile, C1142 is buried by the bulky side chains of TIL3 residues L1135, Y1140 and 

W114463. Unlike dimerisation in the CK domain, adjacent D3 domains lie parallel to each other 

with both inter-subunit disulphide bonds being formed between alike residues, i.e. 

C1099-C1099177. 

 
Figure 1.11: Dimerisation and multimerisation of VWF Displayed is the method of dimerisation of VWF, 
in the ER between CK domains, and multimerisation, in the Golgi between D3 domains. Colours 
corresponding to the different domains are indicated above. Disulphide bonds between monomers are 
indicated with solid black lines. 

1.5.4. Storage and secretion 

VWF produced in the endothelial cells is either stored in WPBs for stimulated release178 or 

released constitutively into the blood plasma and subendothelial matrix27, 179. Constitutive 

secretion is a continuous release of low molecular weight multimers using anterograde carriers 

maintaining a baseline level of VWF in circulation and accounts for around 95% of secreted 

VWF180. When released into the blood plasma, it serves to bridge the gap between platelets 

and the extracellular matrix. VWF released into the subendothelium associates with Type VI 

collagen microfibrils181. 
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The remaining VWF is stored in WPBs which are unique to vascular endothelial cells. They 

were first identified in 1964 by EM as a rod-shaped cytoplasmic component that was found in 

the endothelial cells of various organs182, 183. Whilst their function was initially unknown, they 

were soon shown to contain ultra-large (UL) VWF multimers24, 182 along with a variety of other 

proteins residing throughout their structure, such as P-selectin, tissue plasminogen activator 

(tPA) and osteoprotegerin184-187. They have a diameter of 0.1-0.3 µm and a length of 1-5 µm, 

consisting of electron dense tubules with the propeptide, stored in a 1:1 ratio, and D’D3 

domains forming the tubule and all domains C-terminal to D3 forming the surrounding 

matrix27, 179, 188. The wall has an outside diameter of ~25 nm and an inside diameter of ~12 nm, 

with tubules surrounded by a less dense matrix with parallel bundles, all housed in a lipid 

bilayer171, 188. 

1.5.4.1.  VWF Storage in WPBs 

As multimers enter the trans-Golgi, each dimer rearranges into a “dimeric bouquet” structure, 

triggered by a drop in pH from pH 7.4 (found in the ER) to 6.2 and an increased Ca2+ 

concentration. The C-terminal ~1350 residues of each subunit zip up with the CK to A2 domains 

acting as the “stalk” and the CK domains linked at one end at an angle of approximately 

130° 37, and the amino-terminal D’D3-A1 forming the “flower”189-191 (Figure 1.13). Both EM 

(Figure 1.12) and negative staining studies have displayed this structure in vitro191. This allows 

the presentation of an adjacent multimer and results in efficient multimerisation. As this 

process continues, forming UL multimers, and due to the luminal conditions of the trans-Golgi 

network, these bouquet structures arrange into a right-handed helical structure, with the 

“flower” D1D2-D’D3 region forming the core of the tubule192, 193. The large size of the D1, D2 

and D3 assemblies, each around 380 residues, provides a framework for the formation of 

these helical tubules63. This method also allows for the long strings of covalently linked VWF to 

form without entanglement and allows for rapid unfurling when secreted, exposing multimers 

to a neutral pH193. 
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Figure 1.12: EM studies of VWF A3-CK bouquet structure Displayed in images A and B are the bouquet 
structures of a truncated form of VWF (A3-CK) in EM studies. In image A, arrows mark the CK domains 
which bind in dimerisation, with arrowheads indicating globular head domains which have separated191. 

 
Figure 1.13: VWF bouquet structure and multimerisation Displayed above is the “dimeric bouquet” 
formed by VWF caused by the luminal milieu of the trans-Golgi. The A2 to CK domains form the “stalk” 
and the D’D3 region forms the “flower”. Multimers arrange into a right-handed helical structure in the 
trans-Golgi with 4.2 units (dimers) per turn with the D’D3 region and D1D2 propeptide lining the lumen 
of the helix. 

Storage of VWF multimers in WPBs represents an interesting phenomenon, with both 

requiring the presence of the other to be produced, as VWF-deficient animals do not contain 
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WPBs148. Multimers formed in the Golgi arrange into tubules and are incorporated into vesicles 

by a clathrin/AP-1 coat, which protrude from the trans-Golgi network and act to mediate 

transport between subcellular compartments by forming small vesicular carriers188, 194. Where 

coat function is experimentally prevented, WPBs cannot form, leading to small VWF-containing 

puncta being observed and regulated secretion being significantly depleted. Two AP-1 

effectors, aftiphilin and γ-synergin, have also been shown to be required for the regulated 

secretory phenotype, as knockdown of these two proteins leads to VWF being released in an 

unregulated manner, resulting in a 3.4-fold increase in active VWF multimers in circulation. 

With VWF maturation occurring within WPBs, this may lead to insufficient time for UL 

multimers to be formed and a plasma VWF pattern dominated by low molecular weight 

multimers194. 

Once immature WPBs bud off from the trans-Golgi network, they undergo a maturation 

process whereby they form their typical cylindrical shape195. This cylindrical shape relies upon 

the formation of multimers as mutations that affect VWF multimerisation, such as Y87S in the 

D1 domain, result in the formation of spherical storage granules193. As WPBs disperse 

throughout the cytoplasm, the clathrin/AP-1 coat, aftiphilin and γ-synergin are shed194, 196 and 

multimers undergo further multimerisation to become UL, reaching up to 20,000 kDa190. 

Maturation also leads to a further drop in pH to around pH 5.4197, causing multimers to be 

tightly packed into their helical structure27, 179, with the D’D3 domains and propeptide forming 

the core of the tubule and the remainder of each monomer protruding outwards, with each 

dimer spanning ~120 nm in length when extended198. Maturation coincides with the acquisition 

of a number of membrane proteins, including Slp4-a, MyRIP and several small GTPases, 

including Rab27A, Ra3B and Rab3D, all of which have been shown to have an essential role in 

the formation of WPBs and controlled VWF secretion188, 199, 200. Rab27A and Rab3B have been 

shown to be involved in the recruitment of the Rab27A effector Slp4-a201. MyRIP and Slp4-a 

appear to have opposing effects on WPB exocytosis with Slp4-a acting as a positive regulator 

while MyRIP acts as a negative regulator202. They both bind to Rab27A, however, Slp4-a has a 

competitive advantage over MyRIP as Slp4-a can bind to both the GTP and GDP bound form of 

Rab27A, whereas MyRIP can only bind to GTP-Rab27A203, 204. This gives the probability of 

release favouring exocytosis201. The organisation of VWF tubules changes between immature 

and mature WPBs, with tubules being curved and disorganised with large separation in the 

former, but regularly arranged, running longitudinally and far more electron dense in the 

latter188, 195, 196, 205. Interestingly, whilst multimerisation is essential for normal VWF function, it 

is not required for the formation of tubules or WPBs171, 193. 
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UL multimers can be tightly packed much more efficiently when in helices with a ~45-fold 

compaction of VWF compared to its globular form, as it circulates in plasma198. Helices consist 

of 4.2 repeating units per 11 nm turn (one dimer per repeating unit), suggesting that every 

1 µm of tubule length corresponds to ~780 VWF subunits, a mass of ~195 million Daltons and, 

with each monomer being ~60 nm in length, an extended length of ~47 µm171. However, as 

multimer gel analysis has shown that a VWF multimer consists of up to 50 dimers equating to a 

130 nm tubule and WPBs can be up to 5 µm in length, they must house multiple tubules 

packed in a paracrystalline order by a pH-sensitive mechanism132, 189, 195. Electron 

cryotomography has shown that these tubules are flexible, bending at the end of the granules 

to accommodate the membrane curvature195. The tips of tubules regularly touch the 

membrane of the WPB, however, tubules appear to remain a constant length away from the 

side membrane along the entire length188, 196. 

The WPB contents are primarily involved in haemostasis and inflammation, responding its 

complex surrounding environment. Some WPB co-residents directly interact with VWF which 

likely means they are trafficked into the storage vesicles. FVIII, the clotting factor which 

circulates bound to VWF in circulation, is also stored alongside VWF in WPBs206. It is produced 

in endothelial cells alongside VWF and resides in the lumen of the helical tubules, bound to its 

site in the D’ domain62. The trafficking of FVIII from the Golgi to WPBs has been shown to be 

VWF-dependent. The multiple co-residents indicate the extensive role that WPBs play in not 

only haemostasis, but also inflammation, haemodynamics and angiogenesis, allowing the 

endothelium to an array of changes in its microenvironment187. P-selectin is a cell surface 

glycoprotein which regulates inflammation acting as a cell adhesion molecule on the surface of 

endothelial cells or platelets and interacts with the D’D3 domains of VWF, residing in the 

lumen of the UL VWF helical multimer207, 208. A number of inflammatory regulating co-residents 

are stored in WPBs including osteoprotegerin, interleukin-8, angiopoietin-2 (Ang-2), CD63, 

α1,3-fucosyltransferase VI and eotaxin-3209-217. Other co-residents induce a variety of 

responses, such as vasoconstriction by endothelin-1 and endothelin-converting enzyme218, 

direct fibrinolysis by tPA219 and apoptosis by galectins-1 and -3185. Some of these interact 

directly with VWF, such as osteoprotegerin with the A1 domain and galectins-1 and -3 with 

N-linked glycans220, meaning they are likely trafficked into WPBs185, 210. These proteins are 

incorporated by different mechanisms and at different stages of WPB development, for 

example, P-selectin is recruited to forming WPB in the trans-Golgi whereas CD63 is recruited to 

already budded WPBs in the post-Golgi by an AP-3-dependent route215. Other proteins, such as 

interleukin-8 and tPA, are incorporated as a result of a random inclusion process meaning all 
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WPBs are different and unique154, 212, 221. Whilst multiple studies have shown the wide-ranging 

contents of various WPB co-residents, some studies have shown that this is by mechanisms 

more than a random inclusion process but by dynamic regulation of WPB contents. Studies 

have shown that, while interleukin-8 is included by a random inclusion process, its synthesis is 

in response to inflammatory mediators such as interleukin-1β212 and eotaxin-3 is only 

produced following endothelial cell stimulation by interleukin-4217. 

1.5.4.2. VWF Secretion 

As mentioned previously, the majority of VWF is released as low molecular weight multimers 

through constitutive secretion without stimulation27, 179, 180. Although the greater proportion of 

circulating VWF is released by constitutive secretion, secretion from WPBs is more significant 

in terms of haemostasis, with regulated secretion releasing more haemostatically-active, high 

molecular weight multimers. UL VWF multimers are released from WPBs by regulated 

secretion (Figure 1.14). Regulated secretion occurs either by injury222 or stimulation by 

secretagogues, leading to a rise of cytosolic Ca2+ or cAMP223. Secretagogues include thrombin, 

histamine (both Ca2+-raising), adrenaline, serotonin and vasopressin (cAMP-raising)224. A rise in 

cytosolic Ca2+ tends to be by agonists that are mediators of inflammation or thrombosis in a 

local manner and involves both peripheral and central granules225-227. These Ca2+-raising agents 

are most likely mediated by calmodulin, with thrombin and histamine particularly resulting in 

the activation of the small GTPase RhoA228-230. This causes stress fibre formation and cell 

retraction, resulting in exposure of the subendothelium by disassembly of tight and adherens 

junctions which limit paracellular permeability and mechanically couple neighbouring cells, 

respectively227, 231. The organisation and dynamics of the actin cytoskeleton is effectively 

modulated by RhoA and these disruptions leads to severe subcutaneous and whole-body 

cavity oedema formation227, 230, 232. Other Ca2+-raising secretagogues include peptido-

leukotrienes, superoxide anion, VEGF and ceramide, with purine nucleotides causing an influx 

of both Ca2+ and cAMP187. 

Secretagogues which induce cAMP influx, however, solely involve peripheral granules and are 

more likely to be responsible for regulating plasma VWF levels225-227. They cause disruption of 

stress fibres, strengthening of the cortical actin rim and tightening of cell-cell contacts227. 

Cytosolic cAMP activates Rap1 which induces multiple signalling cascades, most notably 

inhibition of RhoA which decreases radial stress fibres and activates Cdc42 to increase 

junctional actin41. Rap1 activation also controls vascular endothelium (VE)-cadherin-mediated 

cell junction formation and induces reorganisation of the actin cytoskeleton233. Vasopressin 

analog desmopressin (DDAVP) is used in the treatment of patients with VWD and 
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Haemophilia A, increasing plasma levels of VWF, FVIII and tPA. It binds to the vasopressin V2 

receptor on endothelial cells, leading to the activation of trimeric G-protein and adenylyl 

cyclase, causing production of cAMP, the activation of protein kinase A and exocytosis of the 

WPB225. Both methods of initiation lead to fusion of the WPB wall to the endothelial cell 

membrane and the formation of a secretory pore234. The WPB begins to partially hydrate and 

become more alkaline, causing the core to swell due to a loss of alignment in the bouquet 

structure154, 195, 197. The tubular nature of VWF storage in WPBs enables rapid unfurling of UL 

multimers upon secretion, with this occurring within 15s following stimulation in mice193, 235. 

 
Figure 1.14: WPB formation and VWF secretion pathways WPBs are formed by VWF multimers budding 
off following processing in the Golgi apparatus (1). Multimers can be released by constitutive secretion 
into both the blood vessel lumen and subendothelium (2), as occurs for ~95% of circulating VWF 
multimers. Alternatively, WPBs undergo maturation with multimers joining together to form UL 
multimers (3). Stimulated release of UL multimers occurs when secretagogues cause a rise in cytosolic 
Ca2+ or cAMP (4), stimulating the fusion of WPBs with the cell membrane. This causes release of the 
WPB contents into the vessel lumen (5). The final method of VWF release is basal secretion (6) where 
WPBs spontaneously fuse with the endothelium236. 

UL VWF multimers released by WPBs rarely circulate in the blood as they are rapidly cleaved 

by the disintegrin and metalloproteinase ADAMTS13. When UL multimers are released, they 

bind to the exterior membrane of endothelial cells via P-selectin in the D’D3 region which in 

turn binds to the surface of the endothelial cell207. As these multimers are exposed to shear 

stress from rapid blood flow they elongate, some being several millimetres long, exposing the 

ADAMTS13 cleavage site (Y1605-M1606) in the A2 domain and causing cleavage into smaller 

multimers182, 237. The cleaved multimers, however, are still UL in size though UL multimers are 
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rarely found in circulation, suggesting they undergo rapid ADAMTS13-mediated proteolysis in 

circulation238. P-selectin, meanwhile, will remain on the surface of the activated endothelial 

cell, acting as a cell adhesion molecule in inflammation239. UL multimers are only seen 

transiently in plasma VWF, following treatment with DDAVP or in diseases such as 

thrombocytopenic purpura20, 182, 240. Once released into the neutral pH 7.4 of the blood vessel 

or subendothelium, VWF circulates in its disorganised globular form as a “folded spring”, 

allowing it to be highly dynamic when required for haemostasis241-243. In around 25% of 

instances, the sudden exposure of the WPB contents to an alkaline pH of the blood by the 

insertion of a fusion pore about 12 nm in diameter can cause the collapse of the helical VWF 

structure. It is then retained in the cell alongside its propeptide and P-selectin, while smaller 

molecules such as interleukin-8 and CD63 are released. This is known as a “lingering kiss” and 

demonstrates that WPB exocytosis is not inextricably associated with VWF release and can be 

selective244. Upon secretion and exposure to a neutral pH, the unbound cysteines at either end 

of the concatemer, C1099 and C1142 which are otherwise involved in multimerisation, 

become buried within the structure as occurs in the ER in order to prevent spontaneous 

multimerisation63. There is also evidence of a third secretory method, a combination of both 

constitutive and regulated secretion with proteins targeted to storage granules but released 

without provocation, known as basal secretion236. WPBs can move freely about the cytoplasm 

with some inevitably situated at the cell periphery, allowing fusion of the WPB with the cell 

wall and release of its contents into either the lumen or the subendothelium154, 236, 245, 246. 

1.5.5. Platelet-derived VWF 

Platelet-derived VWF, produced in megakaryocytes and transported into platelets, comprises 

20% of plasma VWF and is rich in high molecular weight multimers247. Platelet-derived VWF, in 

contrast to endothelial-derived, is solely stored in α-granules and not secreted 

constitutively248. Whilst endothelial-derived VWF is the dominant form of plasma VWF as it 

binds more efficiently to platelet GPIbα27, 179, 249, that secreted from platelet α-granules has 

been shown to have a role in haemostasis, partially correcting the abnormalities in pigs 

severely lacking endothelial-derived VWF23. In contrast to WPBs where VWF is the primary 

storage molecule, α-granules house an array of other components such as fibrinogen and 

coagulation factors V, XI and XIII248. VWF is stored in a peripheral electron-lucent zone250 

alongside co-inhabitants also found in WPBs, such as P-selectin248, 251. The contents of α-

granules in mature platelets varies greatly with some staining for a lack of fibrinogen and 

others for a lack of VWF, showing that packaging of granules is not a regular process and all 

granules are unique252. These α-granules also differ in shape to WPBs being more spherical, 
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however, VWF multimers are organised into clusters of tubules, similar to that found in 

WPBs171. 

The synthesis, storage and secretion of platelet-derived VWF is largely similar to that of 

endothelial cells, from dimerisation in the ER, multimerisation in the Golgi and translocation 

into storage vesicles. Coat proteins (clathrin), adaptor proteins (AP-1, AP-2 and AP-3) and 

soluble GTPases are all essential for the trafficking and maturation of α-granules248. Upon 

megakaryopoiesis, α-granules are distributed to platelets with organelles delivered to 

proplatelets along microtubule bundles253. Platelet activation occurs following an endothelial 

lesion, where platelets come into contact with exposed collagen and VWF. This causes 

exocytosis of platelet storage granules, releasing their contents, importantly, concentrated to 

the site of vessel lesion254. Endothelial-derived VWF, however, has been shown to be the 

dominant form of VWF in primary haemostasis. Although a lack of platelet α-granules in 

congenital gray platelet syndrome has been shown to lead to a mild-to-moderate bleeding 

disorder, this is due to more than an absence of platelet-derived VWF. Other factors include a 

lack of pro-adhesive proteins which are ordinarily stored in α-granules255. 

1.5.6. Multimer distribution and VWF self-association 

Circulating VWF exists in a variety of molecular weight forms, high, intermediate and low 

molecular weight multimers. These groups are separated by high molecular weight multimers 

between 5500 and 10,000 kDa, intermediate 3000-5000 kDa and low 500-2500 kDa, with 

UL multimers stored in WPBs over 10,000 kDa. In terms of primary haemostasis, high 

molecular weight multimers are the most effective with their abundance of collagen, GPIbα 

and platelet aggregation-inducing binding sites149, 256. The size of circulating VWF multimers are 

regulated by both ADAMTS13 cleavage and trimeric glycoprotein thrombospondin-1 (TSP-1) 

which acts as a disulphide bond reductase/isomerase and the cleavage. TSP-1 is stored in a 

number of cell types including endothelial cells and smooth muscle cells257, 258, however, is 

stored in abundance alongside VWF in platelet α-granules and is released upon platelet 

activation with its presence in circulating plasma at very low concentrations259. 

The active site for reductase/isomerase activity on TSP-1 has been shown to be a CGXC motif 

with these cysteines alternating between free thiols and disulphide bonded when coordinated 

with a protein substrate260. This cycle causes the formation, reduction or rearrangement of 

disulphide bonds in that protein substrate. In this case, VWF is that protein substrate with 

disulphide bond reduction, formation and rearrangement occurring in circulation. The 

interaction between VWF and TSP-1 begins between the TSP-1 type I domain and the VWF A3 
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domain which subsequently allows the interaction of the TSP-1 C-terminus with VWF 

disulphide bonds. This reduction of disulphide bonds has been shown to favour high molecular 

weight multimers, likely due to their higher avidity compared to small multimers261. This 

reduction and rearrangement of disulphide bonds explains the presence of free thiols in 

plasma VWF with their physiological significance becoming ever more apparent. 

TSP-1 appears to influence plasma and platelet-derived VWF in different ways having been 

shown to compete for binding with ADAMTS13 in the VWF A2 domain of platelet-derived 

VWF262. This is significant when considering UL multimers released in response to platelet 

activation, however, as endothelial-derived VWF is sufficient to maintain normal haemostasis, 

TSP-1-deficient mice do not exhibit a haemostatic disorder263. Whilst it was also suggested that 

TSP-1 can mediate platelet binding in the absence of VWF, research has shown this not to be 

the case although TSP-1 does require VWF to modulate the rate of thrombus growth in injured 

arterioles264. The interaction of TSP-1 with the CD36 receptor on the surface of endothelial 

cells provides a feed-forward loop that enforces the interaction of platelets in a thrombus 

formation265. This is demonstrated by TSP-1 knockout mice exhibiting an impairment in 

thrombus formation264. 

1.5.6.1. VWF self-association 

VWF self-association is a phenomenon which has emerged over the last 20 years, first reported 

where thrombus formation was promoted when wild-type (WT) VWF perfused over 

immobilised VWF lacking the functional GpIbα binding site, resulting in VWF aggregation266. 

The importance of free thiols has been demonstrated where blockade of free thiol groups 

significantly reduced VWF-mediated platelet recruitment under physiological flow 

conditions267, 268. This process has been shown to occur under fluid shear stress where VWF 

undergoes a conformational change from a loosely coiled ball to an elongated structure269. 

Multimers form into a flexible clump when perfused over a collagen surface, forming a 

network of interconnected fibres270. Self-association promotes binding of several VWF 

multimers onto a single platelet GpIbα receptor, triggering mechanotransduction and platelet 

activation271. UL VWF multimers undergo self-association with each other upon stimulated 

release, stretching millimetres into the bloodstream whilst also recruiting circulating globular 

VWF182. Two mechanisms of VWF self-association have been proposed, by reversible ionic 

interactions and stable, covalent interactions266, 269. Those by covalent interactions occurred 

between circulating multimers and secreted UL multimers. Unlike circulating VWF multimers, 

free thiols found in UL multimers are “buried” but are exposed when secreted and stretched 

by fluid shear stress272. 
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Studies have implicated a number of mechanisms that impact and regulate the role of VWF 

self-association. At least part of self-association has been shown to not rely upon disulphide 

bridging269, however, the role of unpaired cysteines has been heavily implicated. Formation of 

VWF strings is inhibited by thiol alkylation, highlighting the utilisation of thiol/disulphide 

exchange268. Formation of disulphide bonds is functionally critical in binding to coagulation 

FVIII, GpIbα and folding of the VWF A2 domain273, however, recent research has shown that 

not all cysteines are involved in disulphide bonds with both recombinant and plasma VWF 

containing free thiols274. Those cysteines found as free thiols, however, more often than not 

exist in their disulphide-bonded state267. This shows that the formation of free thiols is a 

dynamic process following the reduction of certain disulphide bonds by oxidoreductases, in 

particular TSP-1275. Proteolytic enzyme ADAMTS13 has also been shown to possess reducing 

capacity close to its proteolytic active site276. 

 
Figure 1.15: Mapping of the VWF free thiols Indicated are the locations of cysteine residues that have 
been identified as existing as free thiols in plasma VWF267. 

Free thiols are primarily localised to the D3 domain and C-terminal C domains. They are 

distributed amongst multimer sizes, however, larger multimers generally exhibit fewer free 

thiols. This can likely be explained by the reliance of low molecular weight multimers on 

aggregation to efficiently participate in platelet recruitment. Studies have shown a number of 

cysteines are found as free thiols in circulation (Figure 1.15). A particular cysteine-rich 

sequence, CGRC, found in both the C3 and C4 domains, contained one cysteine in a reduced 

state, suggesting isomerase activity at this sequence267. Cysteines thought to be of particular 

importance in promoting lateral self-association are C2451 and C2453 in the C3 domain. The 

C2431-C2453 disulphide is the most common disulphide bond to be reduced with C2453 the 

most common free thiol found in ~75% of cases, further implying that reduction of disulphide 

bonds occurs during secretion or circulation. Both C2431 and C2451 residues have been shown 

to form inter-chain disulphide bonds, forming trimers and higher order oligomers, with the 

reduction of these disulphides being the rate-limiting step274. Other cysteines found as free 

thiols are C889 and C898 in the D3 domain, C2448, C2490 and C2491 in the C3 domain and 
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C2528 and C2533 in the C4 domain268. In terms of the overall importance of free thiols, 

blockade of free thiols reduced platelet capture in a shear-dependent manner with platelet 

capture significantly reduced at 1500 s-1, shear rates widely found in small arteries277, 278. 

Collagen binding, however, was unaffected upon free thiol blockade, suggesting free thiols 

enhance flexibility of VWF multimers and enable multimers to withstand high shear rates 

following collagen binding277. Whilst individual cysteines that exist as free thiols have been 

identified, the explanation as to why those cysteines in particular are susceptible to disulphide 

reduction and the effect of individual free thiols on the physiological function of VWF remains 

to be determined.  

A major regulator of VWF self-association is the shear-dependent unfolding of the VWF A2 

domain. This has been shown with, firstly, mutations that prevent domain unfolding reducing 

self-association and platelet activation, and secondly, those that destabilise the A2 domain and 

increase unfolding resulting in enhanced self-association. The A2 domain has also been shown 

to interact with the neighbouring A1 domain, regulating its activity. This displays a delicate 

balance within a single domain to regulate circulating VWF multimer size, through 

self-association and ADAMTS13 cleavage279. 

1.5.7. VWF clearance 

Clearance of VWF multimers occurs through cleavage by ADAMTS13 at the Y1605-M1606 in 

the VWF A2 domain, named the scissile bond280. ADAMTS13 is part of the ADAMTS family of 

Zn2+-dependent metalloproteases and is produced in the hepatic stellate cells and vascular 

endothelial cells281, 282. This protease is essential for modulating VWF activity with ADAMTS13 

deficiency being one of the main dispositions in a patient developing thrombotic 

thrombocytopenic purpura, a condition where blood clots form in the small vessels of the 

vascular system283. Reduced levels of ADAMTS13 has also been correlated with increased risk 

of coronary heart disease and ischemic stroke284, 285. 

In circulation whilst in its globular form, VWF remains resistant to proteolysis until it elongates 

and exposes the scissile bond. This limiting factor is the primary mechanism in regulating 

ADAMTS13 activity with blocking of ADAMTS13 or proteolysis by serine proteases only 

observed in pathophysiological conditions286, 287. Control of ADAMTS13 function is also limited 

by the N-linked glycan modification at N1574 with a lack of a glycan structure at this residue 

increasing VWF A2 domain unfolding and susceptibility to cleavage141. A conformational 

change in VWF multimers occurs when exposed to mechanical shear stress in the vascular flow 

and/or upon binding of multimers to subendothelial collagen. This increased tensile force to 
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which UL multimers are more susceptible288 exposes the ADAMTS13 cleavage site and results 

in multimer cleavage281. The half-life of VWF in circulation has been shown to vary between 9 

and 15 hours289. Proteolysis by ADAMTS13 has been shown to be both Zn2+- and Ca2+-

dependent, with Ca2+ providing structural integrity to an essential protease loop region290. 

Whilst proteolysis of VWF multimers only occurs when multimers are elongated, a proportion 

of ADAMTS13 (~3%) circulates in complex with globular VWF, most likely high molecular weight 

multimers291. Whilst still allowing a thrombus to form, this complex likely mediates the 

progression of thrombus formation as mice exhibiting a truncated form of ADAMTS13 

continue to display normal multimer patterns, however, are more thrombogenic under shear 

conditions292.  

 
Figure 1.16: Structure of the VWF A2 domain Displayed is the structure of the VWF A2 domain with a 
central β-sheet region surrounded by six amphipathic α-helices. Each β-sheet and α-helix number is 
indicated. Highlighted in red is the A2 domain exosite (E1660-R1668) where ADAMTS13 binds and in 
yellow is the C1669-C1670 disulphide bond which prevents spontaneous domain unfolding293. 

The VWF A2 domain, where ADAMTS13 cleavage occurs, adopts a similar structure to the A1 

and A3 domains with a central β-sheet surrounded by amphipathic α-helices (Figure 1.16). It 

differs, however, to its neighbouring domains as it does not possess an N-to-C termini 

disulphide bond or one of the α-helices, replaced by a less-ordered loop293. This allows the 

domain to be more susceptible to unfolding281. Unfolding occurs when shear forces are 

sufficient to cause water molecules to disturb the hydrophobic core leading to the loss of its 

tertiary structure. A unique C1669-C1670 disulphide bond has, however, been shown to be 
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vital in preventing spontaneous domain unfolding294. The ADAMTS13 spacer domain has been 

shown to bind to a key region in the VWF A2 domain, E1660-R1668, known as the VWF A2 

domain exosite295. Whilst not exposed in the folded structure, the extraction of the molecular 

plug formed by the C1669-C1670 disulphide and the C-terminal α-helix exposes this site and 

allows ADAMTS13 binding281. Removal of the A2 domain exosite results in a dramatic 20-fold 

reduction in VWF cleavage296. A number of cysteine mutations have also resulted in increased 

VWF clearance in vivo, including mutations of C1130 and C1149 in the D3 domain and C2671 in 

the C6 domain. Whilst these mutations likely affect the structural integrity of VWF multimers, 

the significance of these cysteine residues in particular remains unclear273. 

Positioning of an A2 domain within a VWF multimer also affects its likelihood of undergoing 

cleavage. Tensile forces experienced within the multimer vary depending upon its distance 

from either end of the multimer288. Therefore, A2 domains in the centre of a multimer are on 

average more susceptible to cleavage than those towards the N- or C-terminus. Furthermore, 

an A2 domain in the centre of a high molecular weight multimer will be more susceptible to 

that in a low molecular weight multimer. This ensures that cleavage by ADAMTS13 favours 

high molecular weight multimers and, in the case of newly secreted VWF, UL multimers281. 

Higher shear rates lead to increased cleavage by ADAMTS13, as would be expected with a 

greater number of exposed A2 domain scissile bonds. Platelet-bound and secreted UL VWF, 

displaying a high shear rate due to their anchoring to subendothelial collagen and endothelial 

cells, respectively, have been shown to be particularly susceptible to ADAMTS13 cleavage182, 

297. Reports have also suggested that CD36, the endothelial cell surface receptor that binds to 

TSP-1, is also able to bind to the ADAMTS13 TSP-1 repeat and localise ADAMTS13 to regulate 

cleavage of secreted UL VWF298. Whilst high shear rates result in A2 domain unfolding, a drop 

in shear rate has been shown to result in domain refolding, an important feature to prevent 

excessive cleavage281, 288. 
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1.6. Secondary functions of VWF 

Whilst VWF efficiently carries out its primary functions of anchoring platelets to the 

subendothelium and binding to FVIII in circulation, its influences in vascular biology are not 

limited to this. This includes roles in inflammation, angiogenesis and tumour metastasis with 

research increasingly showing VWF playing a vital role in these processes239, 299, 300. 

1.6.1. Inflammation 

The role of VWF in inflammation was initially considered to be as an acute inflammatory 

biomarker. Being positioned at the interface between blood flow and tissues, endothelial cells 

play a key role in recruitment of leukocytes to areas of inflammation by altering their 

phenotype in response to inflammatory stimuli301, 302. This change results in the release of its 

WPB contents, the main storage molecule being VWF, allowing VWF to be used as an 

inflammatory marker239, 302. This method of diagnosis, however, has presented inconsistencies 

with elevated VWF levels not necessarily specific for an inflammatory response. With both 

mature VWF and VWF propeptide being secreted in equal molar concentrations but both 

displaying different half-lives, by analysing the ratio of mature VWF to the propeptide may 

allow differentiation between chronic and acute stimulation. Propeptide levels are only 

marginally increased by chronic stimulation whereas in response to an acute inflammatory 

response both mature VWF and the propeptide display similar increases239, 303-305. 

Understanding began to develop of an indirect impact of VWF on inflammation via P-selectin 

and other WPB co-residents (Figure 1.17). P-selectin is a cell adhesion molecule which recruits 

leukocytes to activated endothelium during inflammation, the first step in the cell adhesion 

cascade306, 307. The primary ligand that P-selectin binds to is P-selectin glycoprotein ligand 1 

(PSGL-1), shown to be expressed on the surface of almost all leukocytes308. This allows 

chemokines located on the endothelial cell surface, such as monocyte chemoattractant 

protein-1 (MCP-1), to activate monocytes which in turn bind to other molecules involved in the 

cell adhesion cascade, such as intracellular adhesion molecule 1 (ICAM-1) or vascular cell 

adhesion molecule 1 (VCAM-1). Leukocytes thereby transmigrate into the arterial intima309. 

Whilst involved in inflammation, this mechanism also implicates P-selectin into atherosclerotic 

development. The binding site for P-selectin is in the D’D3 domain of VWF, being stored in 

WPBs and α-granules alongside VWF207. Upon activation of endothelial cells or platelets, 

secretion of VWF from WPBs along with its co-inhabitants leaves P-selectin bound to the cell 

surface. Soluble P-selectin is also found circulating in plasma and it has been shown that this is 

synthesised employing special mRNA which lacks the encoding sequence for the 
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transmembrane domain, rather than from shedding of membrane bound P-selectin310. Whilst 

the majority of circulating VWF is endothelial-derived (~80%), the majority of P-selectin is 

platelet-derived311, 312. 

 
Figure 1.17: The role of VWF in inflammation An inflammatory stimulus on an endothelial cell (1) 
causes, amongst other effects, the secretion of WPB contents (2). This includes both VWF, a number of 
pro- and anti-inflammatory mediators and P-selectin, which remains on the endothelial surface (3). P-
selectin recruits leukocytes to the active endothelium (4) and leads to leukocyte rolling (5). Endothelial 
junctions become weakened, leading to leukocytes and VWF migrating (6) and concentrating in the 
subendothelium (7). 

The mechanism of co-inhabitation means VWF production has an indirect impact on 

inflammation, with it being shown that VWF-deficient mice present reduced leukocyte rolling 

as occurs in P-selectin deficient mice313. It was concluded that lack of WPBs due to the absence 

of VWF reduced expression of P-selectin on the endothelial surface, particularly in response to 

acute inflammatory stimuli. This was not the case, however, during sustained inflammation 

such as atherosclerosis, where P-selectin was potentially expressed on the endothelial surface 

from an adapted direct mechanism314. Any changes in inflammation may also be affected by 

altered expression of other inflammatory stimuli which are stored in WPBs such as 

interleukin-8, eotaxin-3 and Ang-2212, 213, 217, and anti-inflammatory stimuli, such as 

osteoprotegerin which has been shown to block the RANKL/RANK pre-inflammatory 

mechanism in rheumatoid arthritis patients209. However, despite WPBs being heavily reliant on 

VWF production, their remarkable plasticity means they are not solely VWF-dependent, with 

selective cargo secretion being shown, suggesting these organelles have multiple roles244. This 

displays the essential role that WPBs play through their cargo and exocytosis in the 

development and progression of vascular disease.  

Recent studies suggest that not only does VWF have an indirect impact on inflammation but 

also a direct impact on leukocyte transmigration into the peritoneum by weakening 

endothelial junctions239, 315. The mechanism by which VWF modulates permeability remains to 

be determined, whether by regulating the expression of the endothelial tight-junction protein 

claudin-5, or interaction with specific receptors such a αvβ3 or LRP1316, 317. Antibody-mediated 
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blocking of VWF resulted in a 50% reduction of leukocyte recruitment, similar to that observed 

in VWF-deficient mice318, 319, with similar effects of VWF seen when injecting autologous blood 

provoked an inflammatory response320. This has been confirmed by the vast majority of animal 

models316, 319, 320. Also reported in animal models and vascular disease patients is an 

accumulation of extravascular VWF though whether this is plasma VWF or that released 

directly from endothelial cells on the basal subendothelial matrix remains unclear318, 320, 321. The 

fact that VWF is able to directly interact with β2-integrins expressed on blood-borne 

leukocytes suggests that VWF could play a chemo-attractant role322, 323. Further studies 

suggested that β2-integrins bind to two fragments in the D’D3 and the A domain region. 

PSGL-1, a second leukocyte receptor, was identified as binding to the A1 domain alongside the 

GpIbα binding site323 (explained by the structural similarities between GpIbα and PSGL-1324). 

Binding of VWF to PSGL-1 occurs when VWF is in its active conformation, as occurs with GpIbα, 

increasing its inflammatory activity and confirmed by an increased presence of haemoglobin in 

VWD Type 2B mice (overactive GpIbα binding)325. Direct binding between newly released VWF 

and GpIbα has also been shown to induce increased leukocyte rolling, however, it is unclear if 

this is by a secondary mechanism whereby this interaction induces the release of other 

inflammatory stimuli from endothelial cells or by activation of platelets themselves326, 327. 

1.6.2. Angiogenesis 

Recent research has emerged showing the distinct overlap of haemostasis, the cessation of 

blood loss, and angiogenesis, the formation of new blood vessels, with a number of 

haemostatic proteins implicated in the process of angiogenesis328-330. VWF has been shown to 

be a factor in angiogenesis regulation as VWF-deficient mice and human umbilical vein 

endothelial cells with inhibited VWF expression display increased levels of angiogenesis299. 

Increased angiogenesis is associated with a number of pathologies including tumours, diabetes 

and arteriosclerosis331. The regulation of angiogenesis by VWF has been suggested to occur by 

both extracellular and intracellular pathways, implicating endothelial cell surface integrin αvβ3 

and the vascular GF Ang-2, respectively332, 333. 

The integrin αvβ3 has increased expression in proliferating vascular endothelial cells. This 

surface integrin has been shown to have both pro- and anti-angiogenic depending on a variety 

of receptors and ligands332, 334. VWF binds to αvβ3 on the endothelial cell surface which controls 

the expression of αvβ3 expression and prevents its internalisation. This binding occurs under 

fluid shear stress by the RGD motif found in the VWF C4 domain which binds specifically to the 

integrin β3 region237, 335. The binding of VWF to integrin αvβ3 has an indirect impact on 

downstream signalling caused by the binding of αvβ3 to vascular endothelial GF receptor-2 
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(VEGFR2)336. In normal circumstances, this interaction is essential for the formation of new 

endothelial cells and angiogenesis in tumours and tissue regeneration332, 337. A lack of 

endothelial β3 has been shown to result in increased sensitivity of VEGFR-2 signalling and the 

formation of immature, fragile blood vessels. Whilst VWF has been correlated with decreasing 

VEGFR-2 sensitivity, it is unclear whether this is by a direct mechanism or, more likely, an 

indirect mechanism where binding to αvβ3 prevents internalisation of the integrin and 

maintains sufficient levels of endothelial β3
299, 332. The fact that patients deficient in high 

molecular weight VWF multimers display vascular malformations suggests that these are 

critical for regulation of angiogenesis, whether by recruiting platelets as angiogenesis 

regulators or interacting with particular circulating ligands that enhances the affinity for their 

receptor332. The impact of VWF deficiency has been reported in a multitude of studies with 

angiogenesis and vascular density increased in VWF-deficient mice, both in general299 and in 

the brain in response to hypoxia338. Furthermore, disruption of αvβ3 or VWF expression 

resulted in vascular smooth muscle cell expression, a marker of vascular maturation339. The 

attempts at targeting VWF, αvβ3 and VEGFR-2 signalling to combat tumour progression 

highlight the complexity and delicate balance of the pathway. 

The intracellular pathway involves the Angiopoietins/Tie-2 pathway through the interaction of 

VWF with Ang-2. VWF is stored alongside a number of co-residents in WPBs, including Ang-2 

which is a ligand of the receptor tyrosine kinase Tie-2340. Binding of released Ang-2 leads to 

activation of the Angiopoietins/Tie-2 pathway which regulates vascular haemostasis and 

angiogenesis332. With the formation of WPBs and Ang-2 storage relying upon the expression of 

VWF, a lack of WPB formation due to VWF-deficiency increases angipoietin-2 secretion, 

possibly leading to increased activation of this pathway and subsequent angiogenesis299. The 

fact that VWF has been shown to remain bound to Ang-2 following secretion at the VWF A1 

domain raises a possibility that VWF localises Ang-2 to the Tie-2 receptor or Ang-2 modulates 

the role of VWF in angiogenesis340. 

1.6.3. Tumour metastasis 

Endothelial cells lie at an essential interface in the case of cancer progression through 

metastasis, the spread of cancer cells to a secondary site. Separating the vasculature from the 

surrounding tissues, tumour cells understandably target endothelial cells in this process. 

Whilst a connection between coagulation and cancer has been known for more than 150 years 

with venous thromboembolism being a significant complication in cancer patients, research 

has recently indicated that cancer progression can be affected by coagulation pathways. This 

extends to cancer cells interacting with platelets and coagulation factors, leading to tumour 
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growth, angiogenesis and metastasis341, 342. Platelets have been shown to both protect 

circulating tumour cells from the body’s defence mechanism and facilitate adhesion to and 

across the endothelium343. With VWF being heavily involved in platelet adhesion, it likely plays 

a role in mediating these effects. Tumour cells have also been shown to express pseudo-GpIbα 

receptors on their surface, binding to VWF directly344. The fact that platelet deficiency and 

anti-VWF treatment have both been shown to reduce tumour metastasis, their importance in 

metastasis is clearly evident345, 346. 

Elevated VWF levels have been reported in patients with a variety of tumour types, both 

haematological and solid tumours, with high levels of plasma VWF correlating with poorer 

survival347, 348. Tumour cells activate endothelial cells through a variety of agonists including 

cytokines and matrix metalloproteinases, releasing the WPB contents into circulation and 

resulting in elevated plasma VWF levels341. This mechanism was shown to be prolific in 

aggressive tumours with some inducing endothelial cell activation to the same degree as 

histamine, one of the most potent activators349. Along with elevated release of UL VWF, 

studies have shown that melanoma cells downregulate ADAMTS13 activity, increasing the 

half-life of the secreted UL VWF multimers346. 

Accumulation of VWF has also been shown in the tumour stroma and microenvironment, 

though its mechanism remains poorly understood. Some studies suggest that tumour cells 

induce increased VWF expression through binding to the VWF promoter region350, whilst 

others implicate the VWF A3 domain in binding to exposed collagen associated with solid 

tumours351. This accumulation may influence immune cell recruitment and inflammation341. 

Some cancer cells also acquire the ability to express VWF352, 353 and store multimers in 

pseudo-WPBs341. The ability of tumour cells to express VWF has been shown to improve cell 

adhesion to endothelial cells and extravasation across the endothelial barrier354. Consistent 

with this observation, inhibition of tumour-derived VWF expression has been shown to reduce 

tumour migration352. The structural difference between endothelial- and tumour-derived VWF, 

if any, has yet to be determined341. 

As discussed previously, VWF has a significant impact on inflammation and angiogenesis, two 

processes critically important in tumour metastasis. With VWF acting as an adhesive receptor 

on activated endothelial cells to recruit leukocytes, tumour cells adopt similar pathways which 

can in turn contribute to tumour metastasis by extravasation across the endothelium. 

Similarly, increased intra-luminal VWF has been shown to have a pro-angiogenic effect, causing 

increased tumour vessel density341. 



59 
 
 

1.7. Von Willebrand Disease 

When circulating levels of VWF are lower than normal or there is a defect in the protein, the 

resulting pathology is known as VWD. This is the most common inherited bleeding disorder in 

the world and is divided into Types 1-3, with Type 2 subdivided into four subtypes (Table 1.1). 

Types 1 and 3 are quantitative defects whereas Type 2 is a qualitative defect. In contrast to 

haemophilia, another clotting disorder that affects clotting factors in the coagulation cascade, 

VWD is more widespread and generally less severe355. Diagnosis of VWD is performed by a 

multitude of methods including GpIbα-, platelet- and FVIII-binding assays, along with a 

discussion regarding family bleeding history356. A common treatment for VWD is the use of 

DDAVP, a secretagogue that stimulates the secretion of VWF from storage granules. This 

treatment has varying levels of success depending on the VWD type of a patient357. Patients 

not suitable for DDAVP treatment may instead be suitable for VWF replacement therapy356. 

VWD-causing mutations are reported in the international database at the University of 

Sheffield358 (http://vwf.group.shef.ac.uk/). 

Type Description 

1 Partial quantitative defect 
2 Qualitative defect 
   2A Lacking high molecular weight multimers causing impaired primary haemostasis 
   2B Gain-of-function in binding to platelet GpIbα, causes spontaneous platelet 

binding and increased breakdown by ADAMTS13 
   2M Loss-of-function in binding to platelet GpIbα causing impaired primary 

haemostasis 
   2N Impaired binding to coagulation FVIII causing it to be rapidly broken down 
3 Almost complete VWF deficiency 

Table 1.1: Classification of the VWD types and subtypes 

1.7.1. Type 2 VWD 

This is a qualitative defect which is divided into four subtypes, 2A, 2B, 2M and 2N. Whilst 

displaying normal plasma VWF levels, patients exhibiting Type 2 VWD exhibit structural and 

functional defects in VWF355. Although DDAVP would not be expected to provide a haemostatic 

benefit to Type 2 VWD patients due to the qualitative defects of the stored protein, some 

subtypes display a clinical response. 

Type 2A VWD is characterised by an abnormal multimer pattern where patients lack high 

molecular weight multimers359. This causes reduced levels of platelet binding due to the fact 
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that these multimers are the most efficient in primary haemostasis. After Type 1, Type 2A 

VWD is the second most common type, accounting for 10-15% of VWD cases360. It is caused by 

mutations in a range of domains including the D2, D3, A1, A2 and CK domains. Of the 149 

reported mutations in the VWF mutation database, approximately 90% of those are missense 

mutations with those in D2 being recessive mutations and those in the other four domains 

being dominant361, 362. Mutations in the D2, D3 and CK domain, known as Group I mutations, 

inhibit dimerisation and multimerisation which, therefore, prevents high molecular weight 

multimers being synthesised363-366. These mutations result in intracellular retention and loss of 

regulated storage367. Those mutations in the A1 and A2 domains, Group II mutations, increase 

the susceptibility to cleavage by ADAMTS13368. Therefore, whilst they produce UL VWF 

multimers, these are rapidly cleaved upon secretion into the vasculature369. Group I mutations 

which prevent multimer formation exhibit a more severe bleeding phenotype though also 

respond better to treatment with DDAVP362. Whilst some variants fit clearly into Groups I or II, 

others display and overlap of defective intracellular and extracellular processing367. 

Whilst Type 2A exhibits reduced platelet binding, Type 2B VWD is characterised by increased 

VWF binding to platelets. This is due to a dominant gain-of-function mutation in the VWF A1 

domain that causes increased binding to platelet GpIbα362. This also results in reduced levels of 

high molecular weight VWF multimers in plasma due to proteolysis by ADAMTS13 following 

spontaneous platelet binding359, 370, 371. Patients can also exhibit further complications such as 

thrombocytopenia and platelet agglutination362. There have been 74 recorded mutations in the 

VWF mutation database causing Type 2B VWD with these only detected in the region of exon 

28 encoding for the VWF A1 domain. Over 95% of the recorded mutations are missense 

mutations. Whilst all mutations cause overactive binding to GpIbα, further complications vary 

depending upon the specific mutation372, 373. 

Conversely to Type 2B, as defect in platelet binding is classified as Type 2M VWD. This is a 

dominant loss-of-function mutations typically found the platelet GpIbα binding region. Some 

mutations are also reported in the VWF A3 domain which affect collagen binding, however, 

these patients respond better to treatment with DDAVP than those with mutations in the 

GpIbα binding site362. There have been 53 reported mutations causing Type 2M VWD in the 

VWF mutation database with 94% of those being missense mutations and the remainder being 

deletions. Whilst relatively low numbers have been reported, a study found that Type 2M VWD 

is misidentified in around 70% of cases374. Unlike other forms of Type 2 VWD, Type 2M patients 

do not display a loss of high molecular weight VWF multimers375.  
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The final subtype of Type 2 VWD is Type 2N, characterised by impaired FVIII binding in 

circulation. This results in rapid breakdown of FVIII in circulation and reduced levels, however, 

in contrast to Haemophilia A, is not caused by impaired FVIII synthesis362, 376. A total of 92 

recessive mutations have been reported across the D’ and D3 domains, altering FVIII binding 

affinity. Of those reported, 95% are missense mutations with the remainder caused by 

deletions. The severity of the phenotype of dependent upon the mutation and their effect on 

the FVIII binding affinity, with the most severe mutations (E787K, T791M and R816W) being 

found in the primary FVIII binding site in the D’ domain357, 377. 

1.7.2. Type 3 VWD 

A total absence or very low levels of circulating VWF is known as Type 3 VWD and accounts for 

1% of VWD cases. This is caused by a wide range of mutations throughout the whole protein 

with missense, nonsense, insertion and deletion mutations all leading to Type 3 VWD. The 

most common Type 3 VWD-causing mutation is a nonsense mutation, the most common of 

which is R1659X occurring in the VWF A2 domain362. A nonsense mutation would cause endless 

issues in preventing dimerisation and multimerisation, storage in WPBs and leading to 

retention within the endothelial cell. The second most common mutation type leading to 

Type 3 VWD is a missense mutation, some of which are of cysteine residues which may cause 

issues with protein folding and multimerisation378. All 316 mutations leading to Type 3 VWD 

are recessive with a patient being homozygous or heterozygous with one null allele. As would 

be expected with Type 3 VWD patients with their issues in storing VWF multimers, treatment 

with DDAVP is not suitable though can be treated with VWF replacement therapy356. 

1.7.3. Type 1 VWD 

A slight quantitative deficiency of circulating VWF, usually in the range of 20-40%, is classed as 

Type 1 VWD379. This type, where patients display normal multimer patterns, is the most 

common type of VWD accounting for 60-70% of cases and is typically the least severe380. In 

more severe cases of VWD, genetic mutations are the dominant causation, however, Type 1 

VWD-causing mutations have been shown to not be limited to the VWF gene. This has been 

shown with mutations in a number of clearance receptors associated with Type 1 VWD381. 

Mutations of the VWF gene that do arise from Type 1 VWD largely cause issues regarding 

intracellular transport and lead to intracellular retention355. Sequence variations in the VWF 

gene of Type 1 VWD patients has been shown to be relatively widespread, with a higher 

number of genetic variation shown in patients with a more severe phenotype. Whilst these 

mutations are well defined, the molecular mechanisms by which they affect the overall 
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structure are as yet poorly understood. This is the case with the mutation that has been 

suggested as the most common VWD Type 1 mutation, Y1584C in the VWF A2 domain. The 

exact mechanism mediated by this change is still debated382. 

Around 80% of Type 1 VWD-causing mutations arise from missense mutations with the 

remaining 20% made up of promoter, splice site and nonsense mutations, along with 

insertions and deletions362. Studies have indicated that these mutations cause Type 1 VWD in 

one of two ways. Firstly, it can lead to an increased rate of VWF clearance from circulation. 

Patients that display this increased level of clearance are placed in a distinct category, Type 1C. 

Typical of increased VWF clearance, patients display an increased VWF propeptide/plasma 

VWF antigen ratio383, 384. Increased clearance reduces the effectiveness of DDAVP treatment 

with normal VWF levels lasting less than 4 hours362. Mutations that increased VWF clearance 

include that of R1205 with mutations at this site shown to have enhanced binding to THP-1 

macrophages, increasing macrophage-induced VWF clearance385. Genetic mutations 

throughout the VWF gene have been associated with increased VWF clearance, however, the 

mechanism by which this arises needs further investigation381. 

The second method that causes Type 1 VWD is intracellular retention of the mutant VWF 

protein. These mutations lead to misfolding and loss of multimeric structure and are often 

caused by a loss or gain of cysteine residues362. Amongst the C domains of VWF, on which this 

project focuses, the C3 domain displays the most VWD Type 1-causing mutations. A total of 

nine mutations have been reported, 5 of which are caused by a gain or loss of cysteine 

residues, leading to misfolding and increased levels of intracellular retention382, 386. Other than 

those caused by a loss or gain of cysteine, one is a serine to proline mutation, however, this is 

in combination with a nonsense mutation earlier in the VWF genetic sequence386. A nonsense 

mutation in C3 was also reported as causing Type 1 VWD, surprisingly considering the 

subsequent lack of a C-terminus and dimerisation ability387. Other mutations occur by 

insertions of a single nucleotide. Interestingly, all patients which display a loss or gain of 

cysteine residues display an abnormal multimer pattern though a definitive reason for this 

remains undetermined382, 386. This is unlikely due to increased VWF clearance susceptibility 

with the C domain region seemingly not having an influence in this regard. It may simply be 

due to misfolding and a higher rate of intracellular retention of UL and high molecular weight 

multimers. Another explanation may be impaired UL VWF multimer formation and storage 

with the gain or loss of cysteines affecting the “stalk” of the bouquet structure in 

multimerisation, in turn reducing high molecular weight multimers in circulation. Whilst the 

“stalk” structure has been observed by microscopy190, a structure on the molecular level has 
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yet to be determined. Further studies may provide an insight into how the gain or loss of 

cysteines in this case may affect its arrangement and, subsequently, storage of UL VWF 

multimers. 

1.8. Structure determination using NMR spectroscopy 

The discovery of NMR dates back to Isidor Isaac Rabi in 1944, with Felix Boch and Edward Mills 

Purcell first demonstrating NMR in condensed matter in 1945. The field of NMR has developed 

incomprehensibly since then, now used to investigate the structure of organic molecules, 

molecular dynamics (MD) and in advanced medical imaging techniques (magnetic resonance 

imaging). Its use in structural biology is highly popular due to its accuracy, particularly in small, 

flexible proteins. Other methods of structural determination include X-ray crystallography and 

cryogenic EM (cryo-EM). Both methods have their advantages, with X-ray crystallography 

being a relatively cheap and simple method which can yield structures with high atomic 

resolution. It does not, however, provide any insight into protein dynamics in solution as is the 

case with NMR. Furthermore, X-ray crystallography requires the protein to be crystallised, 

something which has not been possible in other VWF domains. Cryo-EM, meanwhile, is 

particularly useful as it requires a small amount of sample and the rapid freeze treatment of 

the sample maintains its closer-to-native state compared to X-ray crystallography. It does, 

however, have relatively low resolution and also lacks the capability to provide insight into 

protein dynamics. Whilst NMR requires high sample purity which presents challenges in 

sample preparation, its high resolution and capacity to investigate protein dynamics make it 

the most suitable method to determine the structure of the VWF C3 domain. 

NMR requires the use of certain isotopes, in this project 1H, 13C and 15N, each of which have a 

spin-½ nucleus due to their odd number of nucleons. This results in each nucleus exhibiting 

two energy states which, once exposed to an external magnetic field, split into a low and high 

energy level, α and β, respectively. 

1.8.1. Chemical shift 

With nuclei remaining in their energy state at equilibrium and oscillation between the two 

being rare, application of a radio-frequency energy equal to the difference between the two 

energy states will result in the oscillation between the two states, known as the Larmor 

frequency. This is followed by relaxation to their ground state, known as free induction decay. 

This measurement, acquired in the time domain, can be transformed into the frequency 

domain, a process known as Fourier transform (Figure 1.18). The chemical shift is defined by 
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the frequency of a resonance with reference to a standard compound, usually sodium 

trimethylsilylpropanesulfonate (DSS). The chemical shift, δ, in parts per million (ppm) of a 

resonance in a sample is calculated by the following equation: 

𝛿௦௔௠௣௟௘ = ቆ
𝜈௦௔௠௣௟௘ − 𝜈௥௘௙௘௥௘௡௖௘

𝜈௥௘௙௘௥௘௡௖௘
ቇ 𝑥 10଺ 

where ν is the absolute frequency of the sample resonance or reference compound. Chemical 

shift is dependent upon the type of nucleus, such as a 1H, 13C or 15N and the surrounding 

chemical environment. Whilst the Larmor frequency is proportional to the external magnetic 

field, the chemical shift is normalised using the equation detailed above. Chemical shifts, 

therefore, can provide an insight into an amino acid’s structural profile whether it is involved 

in secondary structure, resides in a hydrophobic core or is freely exposed. 

 
Figure 1.18: Energy levels, free induction decay and Fourier transform Displayed above is the energy 
level splitting of a spin ½ nucleus upon the application of a magnetic field. Denoted next to each energy 
level is its magnetic quantum number, m. Below is a free induction decay which shows the NMR signal 
generated by applying a magnetic pulse. This signal in the time domain is transformed into the 
frequency domain by a Fourier transformation. 

The effect of the surrounding chemical environment is what makes the measurement of 

chemical shift particularly useful in determining protein structures with peaks well dispersed 

and distinguishable from each other in folded proteins. This allows chemical shift data to be 

used to predict regions of secondary structure, along with tertiary structure when used in 
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combination with a number of parameters, such as inter-proton distances (NOEs). A distinct 

advantage of using chemical shifts is that they are readily and accurately measurable.  

1.8.2. J-Couplings 

An essential element to a number of NMR experiments is the concept of J-couplings, otherwise 

known as spin-spin or scalar coupling. These are through-bond couplings which arise when a 

spin of one nucleus polarises the spins of the surrounding electrons. These polarised electrons 

will, in turn, polarise neighbouring nuclei. A J-coupling will occur between two spins which are 

chemically bound and only a few bonds apart. It is field-independent, although, due to 

J-couplings being a through-bond interaction, their magnitude rapidly decreases as the 

number of intervening bonds increase. This phenomenon has become essential in determining 

protein structures, regularly used in NMR experiments that allow for a sequential protein 

assignment. 

1.8.3. NMR experiments and chemical shift assignment 

There are various NMR experiment types used in the chemical shift assignment of a protein. 

One of the simplest NMR experiments is the 15N-HSQC (Heteronuclear Single Quantum 

Coherence), often referred to as the protein ‘fingerprint’, which plots the chemical shift of the 

amide nitrogen against that of the attached proton and presents a single peak for each amino 

acid. This is true for all except proline, which does not contain an amide proton when in 

sequence, whilst cross-peaks are also displayed for the side chain asparagine (1Hδ-15Nδ), 

glutamine (1Hε-15Nε) and tryptophan (1Hε-15Nε). These are, however, easily distinguishable from 

the backbone amide cross-peaks, with the 15NH2 groups of asparagine and glutamine visible in 

the 1H dimension of 6.5-8 ppm and around 95 ppm in the 15N dimension. These peaks can be 

removed using a decoupled 15N-HSQC, however, this would not be necessary due to them 

being easily distinguishable from the backbone amide groups. The tryptophan side chain 
1Hε-15Nε group is often well separated from the backbone amide cross-peaks with the average 

chemical shift of the 1Hε1 of tryptophan being 10.09 ppm. Cross-peaks from certain arginine 

side chain nuclei (1Hε-15Nε) only tend to be observable at an acidic pH, below 6-7, whilst other 

arginine side chain nuclei (1Hη-15Nη), along with histidine (1Hδ1-15Nδ1, 1Hε2-15Nε2) and lysine 

(1Hζ-15Nζ) side chain nuclei are only visible when in the protein core, involved in hydrogen 

bonds or form salt bridges. 

With each peak in a 15N-HSQC corresponding to a single amide group, assignment of the 

chemical shift of each backbone amide group is the essential first step to a full chemical shift 

assignment and subsequent structure calculation. This requires a series of triple resonance 



66 
 
 

experiments which allow a sequential backbone amide assignment to be performed. The four 

triple resonance experiments primarily used were the HNCO, HN(CA)CO, HNCACB and 

HN(CO)CACB. The names of each experiment refer to the chemical shift of which nuclei they 

display whereas those nuclei in brackets are involved in magnetisation transfer but not 

chemical shift evolution. For example, the HNCO correlates the backbone amide 1H against the 

amide 15N of residue i in two of the three dimensions. The third dimension correlates with the 
13CO chemical shift of the preceding residue, i-1. The HN(CA)CO, however, due to the 

magnetisation transfer at 13Cα, displays peaks correlating to the 13CO chemical shift of both 

residues i and i-1. Similarly, the HNCACB correlates the chemical shift of the backbone amide 
1H and 15N of residue i in two of the three dimensions against the 13Cα and 13Cβ chemical shifts 

of both residues i and i-1 in the third dimension. The HN(CO)CACB, due to the magnetisation 

transfer through 13CO, solely displays peaks for the 13Cα and 13Cβ chemical shift residue i-1 in the 

third dimension. Analysis of these experiments allows not only an assignment of the backbone 

amide group but also the 13CO, 13Cα and 13Cβ chemical shifts. 

A further experiment used in the backbone amide assignment is the CC(CO)NH-TOCSY (TOtal 

Correlation SpectroscopY) which correlates the backbone amide 1H and 15N chemical shifts of 

residue i with the side chain 13C nuclei of residue i-1. This is particularly useful for determining 

the residue type for amino acids which display unique side chain 13C chemical shift patterns 

such as arginine or isoleucine. Once the backbone amide assignment is completed, the 

chemical shift of the side chain nuclei must be determined. This assignment requires the 

HCC(CO)NH-TOCSY and HCCH-TOCSY experiments, along with the CC(CO)NH-TOCSY, to plot the 

chemical shift of the side chain 1H and 13C nuclei on a 2D 13C-HSQC. Similarly to the 15N-HSQC, a 
13C-HSQC plots the chemical shifts of a 1H and 13C group which exhibit a one-bond coupling. 

The HCC(CO)NH-TOCSY is of a similar format to the CC(CO)NH-TOCSY, however, rather than 

plotting the chemical shift of the side chain 13C nuclei of residue i-1, it plots the chemical shift 

of the side chain 1H nuclei of residue i-1. The HCCH-TOCSY plots the chemical shift of an 

aliphatic 1H nucleus with a cross-peak to all 1H nuclei in the aliphatic side chain, provided both 
1H nuclei are bound to a 13C nucleus. Each of these experiments for the side chain assignment 

were performed as a TOCSY rather than a COSY (COrrelation SpectroscopY). This is a benefit in, 

for example, the HCCH-TOCSY where at position 1Hα
13Cα a TOCSY will theoretically present a 

cross-peak for each 1H in the side chain (1Hβ, 1Hγ, 1Hδ etc). A COSY, on the other hand, will only 

present a cross-peak for the neighbouring nuclei (i.e. position 1Hα
13Cα only presents a cross-

peak for 1Hα and 1Hβ). A further experiment used is the DOSY (Diffusion Ordered SpectroscopY) 
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which separates NMR signals according to their diffusion coefficient. Such an experiment 

differentiates peaks which originate from either the same or different populations. 

The aliphatic chemical shift data contributes to an accurate structure calculation, however, this 

accuracy can be improved by the stereospecific assignment of prochiral groups of protons. This 

assignment allows more detailed analysis of side chain interactions which may otherwise not 

be possible388. This can be achieved by expressing a protein sample using 10% 13C6-D-glucose 

and 90% 12C6-1H12-glucose, known as fractional labelling389. Discounting the natural 
13C abundance of 12C6-1H12-glucose, there is a 10% chance of any given carbon nucleus being 
13C-labelled, therefore, there is a 1% chance of two neighbouring carbon nuclei being 
13C-labelled. This is true unless these originate from the same carbon source, in which case if 

one is 13C-labelled then the other will also be. 

The principal of using a 10% 13C-labelling method for a stereospecific assignment relies upon 

the stereospecific biosynthesis of valine and leucine. Our understanding of the stereochemistry 

of substrates and reaction pathways allows non-random labelling patterns to be exploited to 

yield a stereospecific NMR assignment. In the case of the Pro-R methyl group (13Cγ1 in valine 

and 13Cδ1 in leucine), the neighbouring carbon nucleus (13Cβ in valine and 13Cγ in leucine) 

originates from the same carbon source, however, that of the Pro-S methyl group (13Cγ2 in 

valine and 13Cδ2 in leucine) originates from a different carbon source. Therefore, if the Pro-R 

methyl group is 13C-labelled, as it will be in 10% of cases, there is a 100% chance the 

neighbouring carbon is also 13C-labelled, however, if the Pro-S methyl group is 13C-labelled, 

there is a 10% chance that the neighbouring carbon nucleus is also 13C-labelled (Figure 1.19). 
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Figure 1.19: Biosynthesis of valine and leucine residues using fractional 13C-labelling Displayed is the 
biosynthesis sequence of valine and leucine residues using a mix of 10% 13C6-D-glucose and 90% 
12C6-1H12-glucose, whereas the migration of methyl groups is stereoselective. Carbon nuclei highlighted 
in blue indicate a 13C-labelled nucleus while those unhighlighted indicate a natural abundance 13C 
nucleus390. 

Peaks corresponding to Pro-R and Pro-S 13C nuclei reside in opposing phases, positive and 

negative, with which being which depending on the phasing of the peaks during processing of 

the spectrum. Pro-R methyl groups reside in one phase due to an even number of bound 13C 

nuclei (13Cγ1-13Cβ in valine and 13Cδ1-13Cγ in leucine), conversely, Pro-S methyl groups will be in 

the opposite phase with an odd number of 13C nuclei directly bound (13Cγ2 in valine and 13Cδ2 in 

leucine). This arises from the 13C-13C coupling between the 13C-labelled Pro-R methyl carbon 

with the 13C-labelled connected carbon nucleus. This coupling is lacking in the case of the 
13C-labelled Pro-S methyl carbon nucleus with its adjoining carbon being 13C-labelled in only 

10% of cases. 
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1.8.4. Nuclear Overhauser effect 

In contrast to J-couplings which are through-bond interactions, the interaction of nuclear spins 

by through-space magnetic interactions is known as the nuclear Overhauser effect (NOE). It 

works on the premise that each nuclear spin generates its own magnetic field when exposed 

to an external magnetic field. Each nuclear spin does not relax independent of its neighbouring 

spins, rather the magnetic field of a neighbouring dipole, spin S, will alter the spin population 

of its neighbour, spin I, provided the two are in close proximity (< 5 Å). This interaction occurs 

between bonded nuclei and those close in space, with the dipole-dipole coupling resulting in a 

NOE391. 

A NOE arises when a transfer of magnetisation occurs between two protons, I and S, through 

dipolar mechanisms. NOEs between two 1H nuclei can be observed as cross-peaks in a series of 

spectra known as NOESY (Nuclear Overhauser Effect SpectroscopY) spectra. A NOESY spectrum 

exhibits two 1H dimensions along with either 13C or 15N in the third dimension in the case of a 
13C- or 15N-edited NOESY, respectively. In the case of the 13C-edited NOESY, a diagonal peak 

displays the chemical shift of a 13C-bound 1H nucleus with an identical chemical shift in both 

the direct and indirect 1H dimensions. In the 13C dimension is the chemical shift of its bound 13C 

nucleus. A series of cross-peaks are observed in line with this diagonal peak with different 

chemical shifts in the indirect 1H dimensions. The chemical shift of each of these cross-peaks in 

the indirect 1H dimension corresponds to the chemical shift of a neighbouring 1H nucleus. 

These nuclei are close in space and, therefore, provide insight into a protein’s secondary and 

tertiary structure. Not only can NOESY spectra allow the assignment of two nuclei that are 

close in space, they can also be used to assign the chemical shifts of aromatic nuclei. The 

qualities of NOESY spectra and the information the fact that they indicate nuclei which are 

close in space but not necessarily bound have made them an essential tool in a structure 

calculation. 
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1.9. Project aim 

The sole C domain of VWF to have its structure solved is the C4 domain, containing the 

functional αIIbβ3 binding site, however, as the C4 domain is termed a VWFC-like domain, the 

structure of a VWFC domain of VWF itself remains to be characterised. Whilst the C3 domain 

does not contain any functional binding sites, it is classed as a VWFC domain and its 

importance in the expression and secretion of a full-length VWF multimer has been shown 

where a VWF deletion variant lacking the C3 domain failed to be secreted392. Though multiple 

mutations in the C3 domain that lead to Type 1 VWD have been identified, it is impossible to 

understand their impact on a structural level without having a starting point, in this case, the 

structure of the WT C3 domain. It is unlikely that these mutations have a significant effect on 

the primary functionality of VWF, recruitment of platelets to a site of vessel injury. Certain 

cysteine mutations may affect lateral self-association, however, studies have yet to show that 

the loss of a single cysteine can significantly affect VWF functionality. With multiple cysteines 

involved in this process, the workload of self-association can likely be managed by alternative 

cysteines. The most plausible explanation for cysteine-related mutations causing Type 1 VWD 

is misfolding, leading to intracellular retention due to a highly significant structural impact. It 

would be interesting to determine which disulphide bonds are particularly essential in the 

folding of the WT C3 domain and whether those mutated in the cases of Type 1 VWD appear 

to severely affect domain folding. In this project, we will determine the structure of the VWF 

C3 domain, providing a starting point to progress onto the structural effects of these 

mutations. 

This work can provide a basis to understand other emerging areas of significance, such as free 

thiols. The impact of these structural changes in circulation can be determined and how they 

affect domain and multimer flexibility, aiding VWF functionality. Of particular significance are 

the C2431-C2453 and C2451-C2468 disulphide bonds with their importance in lateral self-

association having been demonstrated274. Interactions between the C domains can also be 

investigated and how they impact the function of VWF multimers under conditions of shear 

stress. Our understanding of the bouquet “stalk” structure can be improved, identifying the 

structural differences and rearrangement between a C3 domain stored in a WPB and in 

circulation, gaining an insight into structural rearrangement upon VWF secretion. All these 

areas require a starting point, the structure of the WT C3 domain, in order to gain a 

comprehensive understanding. We used NMR spectroscopy to determine the structure of the 

VWF C3 domain. 
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2. Results: Expression, purification and NMR backbone 
assignment of VWF C3 

Identification of the domain boundaries of the VWF C3 domain and the selection of an 

appropriate template plasmid was vitally important to synthesise a pure and properly folded 

C3 sample to be used for NMR spectroscopy. The C3 domain was identified as a VWFC domain 

by sequence homology where the C domain region was found to contain three VWFC domains, 

C1, C3 and C5, separated by three intervening regions with VWFC-like properties in length and 

sequence, C2, C4 and C637. Separating the VWF C3 domain from the C2 domain is a 26 residue 

serine and threonine-rich linker along with four internally disulphide-bonded cysteines130. The 

C3 domain is flanked at its C-terminus by the C4 domain, in the absence of a linker. The C3 

domain spans 68 residues from position 2429 to 2496 of full length WT VWF. 

 
Figure 2.1: VWF C3 sequence and predicted disulphide bonds The VWF C3 sequence is shown with the 
ten conserved cysteine residues highlighted in blue. Disulphide bonds predicted by sequence analysis 
and comparison to solved VWFC domain structures37, 47 are shown with the connecting black lines. 

The VWF C3 domain contains ten cysteine residues (15% of residues), all of which are expected 

to be involved in disulphide bonds (Figure 2.1), therefore, using a template plasmid and 

maintaining oxidising conditions throughout the expression and purification would be vitally 

important. Whilst expressing recombinant protein using Escherichia coli (E. coli) is beneficial to 

producing large quantities of protein with its unparalleled fast growth kinetics using a rich, 

complex media from inexpensive and readily available compounds, WT E. coli has extensive 

redox pathways that prevent disulphide bond formation393. The redox pathway in E. coli first 

began to emerge in 1993 with multiple subsequent studies providing a clear picture of this 

pathway394-396. Whilst WT E. coli was shown to contain a disulphide bond isomerase C (DsbC), 

the numerous thiol reductases in the thioredoxin B (TrxB) and glutaredoxin/glutathione (gor) 

pathways meant that cysteines were maintained in their reduced state397. This led to the 

mutation of these two reductive pathways in the cytoplasm of E. coli, however, this meant 

certain essential proteins could not be reduced into their active state398. An E. coli strain, sold 

as Origami by Novagen, was developed where Grx1, a thiol reductase, gained its reducing 

capability and allowed essential proteins to be activated396. Whilst successful in oxidising 

protein substrates399, in a number of instances proteins were mis-folded due to inaccurate 
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oxidation. This finally resulted in the development of SHuffle E. coli cells, designed to improve 

consistency in producing correctly oxidised and folded proteins. Based on a TrxB gor strain, 

SMG96, it acts by over-expressing DsbC and results in efficient cytoplasmic expression and 

folding of disulphide-bonded proteins400. Due to the heavily disulphide-bonded nature of VWF 

C3, SHuffle E. coli cells were chosen as the most appropriate E. coli strain for C3 protein 

expression. 

Thioredoxins are a group of small redox proteins which can catalyse disulphide bond 

formation, whilst simultaneously reducing non-native disulphide bonds in cytoplasmic 

proteins395, 401. A pET-32b(+) vector was used as a template as it contains an N-terminal 

11.8 kDa TrxA tag which mimics the VWF prodomains. These contain thioredoxin-like 

sequences and it has been shown that vicinal cysteines aid disulphide bond formation. TrxA 

also aids the correct formation of disulphide bonds. Unfolded proteins are translocated to the 

periplasm of E. coli following synthesis with the cytoplasm not permissive for protein folding. 

Using a series of Dsb proteins, the E. coli cell is able to form disulphide bonds and verify their 

arrangement. A disulphide-bonded complex is formed between DsbA and its substrate, 

resulting in a reduction in DsbA’s active site cysteines and a disulphide bond forming within 

the substrate protein. Whilst the DsbA active site cysteines are reoxidised by DsbB, the 

substrate disulphide bond is checked by DsbC. If the protein is deemed to be misfolded, the 

disulphide bond will either be reduced by DsbC, giving DsbA a second chance to correctly 

oxidise the cysteines, or isomerised back to their correct oxidised state by DsbC. DsbC, which is 

reduced when active, is maintained in its active state by DsbD, which importantly receives its 

electrons from TrxA402. 

Co-expression of TrxA as an oxidative catalyst has been shown to improve the efficiency of 

disulphide bond formation. Whilst disulphide bonding continues to occur in the absence of an 

N-linked TrxA tag, due to the high chance of protein misfolding in a protein with ten cysteine 

residues, the presence of TrxA is essential for the policing of misfolded protein399. TrxA has 

been shown to be far more efficient than DsbA in promoting folding as it occurs more slowly, 

allowing intramolecular isomerisation and, therefore, favouring the formation of the correct 

disulphide bonds399, 403. The importance of DsbC in yielding correctly folded proteins has been 

shown particularly in proteins that require non-consecutive disulphide bond formation, as the 

C3 domain was expected to be. The reductive capabilities of DsbC is hypothesised to be due to 

its hydrophobic cleft discriminating against interacting with a correctly folded protein whose 

hydrophobic residues are sheltered within its core, rather reducing the disulphide bonds of 

proteins whose hydrophobic residues are exposed due to mis-oxidation402. Although some 
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proteins have been expressed in their reduced form and re-folded in an oxidising buffer125, 

when such a method was attempted using the C3 domain, the HSQC spectrum indicated a lack 

of secondary structure with peaks highly concentrated in the centre of the spectrum. Co-

expression of unbound TrxA, however, was not performed and may in hindsight be a possible 

expression strategy. 

Connecting the TrxA tag and VWF C3 protein was a 53 amino acid linker which also comprised 

a 6 x Histidine (His6) tag, used for purification with nickel-nitrotriacetic acid (Ni-NTA) affinity 

chromatography. In order for a pure, properly folded sample of VWF C3 to be obtained for 

NMR spectroscopy, the TrxA tag and linker would need to be removed. Therefore, a FXa 

cleavage site (Ile-Glu-Gly-Arg↓) was used at the C-terminus of the linker. Selection of a suitable 

cleavage protein was important, as due to the number of disulphide bonds in VWF C3, the 

folded protein must remain in oxidising conditions. This would create issues for certain 

proteases, for example Tobacco etch virus (TEV) protease which requires 1 mM dithiothreitol 

(DTT) or 0.5 mM tris (2-carboxyethyl) phosphine (TCEP) as a reducing agent, or a redox pair 

(3 mM reduced glutathione [GSH]/ 0.3 mM oxidised glutathione [GSSG]) for disulphide-bonded 

proteins. However, the low redox potential of -260 mV would risk disulphide bond 

rearrangement and a misfolded structure for the expressed protein404, therefore, alternative 

cleavage peptides were considered. The FXa cleavage site was placed at the N-terminus of the 

VWF C3 sequence, without a linker between. 

2.1.  VWF C3 (FXa) construct form, expression and purification 

Uncleaved TrxA-His6-VWFC3 would be purified by Ni-NTA affinity chromatography with the 

His6 tag binding to the column and separating the uncleaved protein from other expressed 

proteins. The TrxA-His6 tag would be cleaved with FXa and separated from VWF C3 by loading 

the sample onto a Ni-NTA column and the TrxA-His6 tag binding and C3 VWF collected in the 

flow through. Subsequent cleavage, reverse Ni-NTA chromatography and size exclusion 

chromatography would be used to obtain a pure VWF C3 sample (Figure 2.2). 
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Figure 2.2: VWF C3 purification plan The displayed purification plan is preceded by a Ni-NTA affinity 
chromatography step (Step 1), which would purify uncleaved TrxA-His6-VWFC3 from expressed proteins 
in the E. coli cell cytoplasm which lack the His6 tag. VWF C3 would be cleaved by FXa in optimal 
conditions which would be determined (Step 2). The TrxA-His6 tag would be separated from VWF C3 by 
Ni-NTA affinity chromatography (Step 3), with VWF C3 lacking a His6 tag and being collected in the flow-
through. A pure sample of VWF C3 would then be purified from remaining impurities by size exclusion 
chromatography (Step 4). 

A plasmid obtained from Dr Tom McKinnon encoding the VWF C3 domain was expressed, 

however once sequenced, it was discovered that following the C3 sequence, there was a 26 

amino acid linker followed by a second His6 tag preceding the termination codon. This gave an 

expressed protein sequence of TrxA-His6-VWFC3-His6 which would provide difficulties during 

purification. Following FXa cleavage, a reverse Ni-NTA would likely not separate the cleaved 

TrxA-His6 fragment from the VWFC3-His6 protein. Furthermore, the extra 32 amino acids 

comprising the C-terminal linker and His6 tag would likely result in issues regarding the NMR 

assignment with overlapped peaks, the potential for mis-assignment and possible interaction 

with the C3 domain. A nonsense mutation, therefore, was carried out using polymerase chain 

reaction (PCR) site-directed mutagenesis to insert a termination codon immediately following 

the C3 sequence (TGC to TGA) in order to remove the C-terminal linker and His6 tag from the 

expressed protein (Figure 2.3). 



75 
 
 

 
Figure 2.3: Post-nonsense mutation construct sequence Displayed is the DNA sequence and translation 
product following the nonsense mutation. The product takes the same form, with a 109 amino acid TrxA 
tag (blue) preceding a His6 tag (red), separated by a 7 amino acid linker. This is followed by a 36 amino 
acid linker to a FXa cleavage site (purple) which immediately precedes the 68 amino acid VWF C3 
protein (green). This is followed by a termination codon at the C-terminus. 

The protein was expressed in M9 minimal media using unlabelled 14NH4Cl and 12C6-1H12-

glucose. Uncleaved TrxA-His6-VWFC3 was purified over a Ni-NTA column, eluting in a single 

peak by approximately 180 mM Imidazole. Due to the low concentration of expressed protein 

and lack of isotopic labelling, this sample was ideal for optimising cleavage conditions, with a 

time course of 48 hours adopted. Cleavage was carried out using 1 µL FXa/20 µg protein, as 

suggested by the manufacturer New England BioLabs (NEB), and at 4°C to minimise protein 

degradation, however, analysis by reducing SDS-PAGE (sodium dodecyl sulphate-

polyacrylamide gel electrophoresis) results showed that protein degradation may occur rapidly 

(Figure 2.4, Panel B). This may, however, have been a one-off case and once optimal cleavage 

conditions had been identified, the uncleaved sample would be cleaved immediately following 

purification. Protein stability would be extensively tested further down the line once cleavage 

and purification had been optimised, testing optimal buffer conditions, pH and temperature to 

balance protein stability and efficiency in carrying out a series of NMR experiments. 
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Figure 2.4: Ni-NTA purification of the unlabelled TrxA-His6-VWFC3 and cleavage optimisation Panel A 
shows the analysis of eluted Ni-NTA fractions in reducing SDS-PAGE, with Lane 1 and 2 showing the 
unbound material that flowed through and were washed off the column, respectively. Lanes 3-8 display 
the eluted fractions, with the 25 kDa band in Lanes 4-8 corresponding to the TrxA-His6-VWFC3 protein. 
Panel B shows the small-scale cleavage of TrxA-His6-VWFC3, with Lane 1 showing the uncleaved protein 
(UC) and Lanes 2-7 showing cleavage from between 4 hours and 48 hours. The most efficient cleavage 
was 40 and 48 hours, with these displaying the faintest band at 27 kDa and strongest band at 13 kDa. 

Purification of the 24.8 kDa uncleaved TrxA-His6-VWFC3 gave a pure sample with minimal 

impurities as shown using SDS-PAGE (Figure 2.4, Panel A) with the only potential impurity seen 

at around 75 kDa, though this may be a TrxA-His6-VWFC3 trimer that had been incompletely 

reduced. The cleavage over the time course (Figure 2.4, Panel B) suggested that a cleavage 

time of 40 hours is sufficient, with the band showing the uncleaved sample becoming weakest 

after 40-48 hours alongside a band becoming noticeably stronger at around 13 kDa. This was 

deemed too large for the 7.5 kDa VWF C3 fragment but too small for the 17.3 kDa TrxA-His6 

fragment, however, the reason for this discrepancy in size became clear later (see 

Chapter 2.5). In order to minimise the cleavage time to avoid unnecessary protein degradation 

which may occur during cleavage, 40 hours was deemed sufficient. Whilst a cleavage and 

purification were attempted with this sample, the low concentration meant that very low UV 

signal was observed, peaks were relatively indistinguishable and protein concentrations were 

too low for bands to be observed using SDS-PAGE. Also, due to unlabelled 14NH4Cl and 
12C6-1H12-glucose being used in the expression, analysing the protein by NMR using only 
15N natural abundance (0.36%) would be nigh on impossible with such a low protein 

concentration. This expression did, however, provide a useful insight into efficient cleavage 

timings which would be used going forward.  
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2.2. VWF C3 purification and NMR analysis 

A 15N-labelled expression was performed in M9 minimal media enriched with 15NH4Cl and 

unlabelled 12C6-1H12-glucose. The C3 protein was cleaved and purified, as was the cleaved TrxA-

His6 tag for further analysis. 

 
Figure 2.5: 15N-labelled VWF C3 and TrxA-His6 purification Panel A shows the analysis of fractions in the 
size exclusion chromatogram (Panel C). Lane 1 shows the uncleaved TrxA-His6-VWFC3, Lane 2 the 
cleaved protein before Ni-NTA affinity chromatography, Lane 3 the unbound material which flowed 
through the Ni-NTA column and where VWF C3 would be present and Lane 4 the elution of the Ni-NTA 
where TrxA-His6 would be present. Lanes 5-12 are the gel filtration fractions, with Lane 6 from the 
centre of Peak A and Lane 10 the centre of Peak B (Panel C). Bands a, b and c indicate bands that were 
analysed by mass spectrometry. Panel B analyses the size exclusion chromatography fractions from the 
purification of the elution fraction (Panel A, Lane 4). This was done to obtain a pure sample of TrxA-His6. 
Lane 1 is the fraction loaded onto the gel filtration column with Lanes 2-14 the eluted gel filtration 
fractions. The 13 kDa band in Lanes 10-14 corresponds to TrxA-His6. 

The size exclusion chromatogram, following two-step Ni-NTA affinity chromatography and 

cleavage, presented two significant peaks, with Peak A eluting at approximately 72.5 mL and 

Peak B at 81.5 mL (Figure 2.5, Panel C). Peak A corresponded to a single band at 13 kDa (Figure 

2.5, Panel A, Lanes 5-6), with Peak B presenting two bands at 15 kDa and 10 kDa (Lanes 10-12). 

Bands a (Figure 2.5, Panel A, Lane 6) (13 kDa), b and c (Lane 10) (15 and 10 kDa, respectively) 

were excised from the gel and sent to the St Andrews Mass Spectrometry Facility to be 

analysed by mass spectrometry. Each band was digested with trypsin and the tryptic peptides 
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of each gel band extracted. The digested peptides were analysed by liquid chromatography-

mass spectrometry, an analytical technique which combines purification by liquid 

chromatography with analysis by mass spectrometry. This technique allowed the peptide 

sequences to be searched against a series of database protein sequences along with the 68-

residue VWF C3 sequence. As expected, each band matched against both trypsin, used to 

digest the gel, and keratin, originating from skin, hair or dust particles which would have sat on 

the surface of the gel band, with high confidence. Two peptides purified from Band a 

(sequences VAQCSQKPCEDSCR and ETAAAKFER) and two peptides of Band b (sequences 

VAQCSQKPCEDSCR and SGFTYVLHEGECCGR) matched sequences found in the VWF C3 

sequence. Each of these matches presented a high confidence score of 52 and 61 for the 

Band a sequences and 58 and 55 for the two Band b sequences. Only peptides matching the 

trypsin sequence displayed a higher confidence score with 69 and 81 in Band a, and 65, 74 and 

76 in Band b. Peptides purified from Band c, however, did not match with any database 

peptide sequences or the VWF C3 sequence, only with the trypsin and once again with a high 

confidence score of between 52 and 61. 

With both Bands a and b containing peptides which matched with the C3 sequence, a 

confident conclusion could be drawn that both gel bands contained the VWF C3 protein. It 

remained unclear why both bands were presenting a size far greater than 7.5 kDa. There is a 

possibility that the theoretical pI of the C3 domain being relatively acidic at 4.89 affects the 

electrophoretic mobility, with acidic proteins often displaying a greater observed size than its 

theoretical counterpart405-407. Another possibility is that a peptide impurity remains bound, 

likely covalently due to inaccurate cleavage considering the size observed is in reducing 

conditions. If inaccurate cleavage results in a small unstructured section of protein, the protein 

may appear larger when analysed by SDS-PAGE. Where this cleavage may take place remained 

unclear at this stage with no sites identified in the TrxA tag or linker connecting that to VWF C3 

which are similar to the Ile-Glu-Gly-Arg FXa cleavage site. The 10 kDa impurity, Band c, bound 

to VWF C3 of Band b in solution could present further difficulty to the reliability of the 

structural assignment by altering the structure through its interactions and resulting in an 

inaccurate final VWF C3 structure. Whilst not ideal, if the protein size of Band a had resulted 

from inaccurate cleavage leaving extra amino acids in an unfolded ‘tail’ structure, this is less 

likely to interact with VWF C3 and alter its structure. These unstructured amino acids may, 

however, cause an issue with the protein assignment by overlapping with VWF C3 peaks, 

though this would not become clear until a later date. Furthermore, the protein concentration 

in that of Peak B may be sufficient for a 15N-HSQC, though would be insufficient for the triple 
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resonance experiments needed for a structural assignment, with these pulse sequences far 

less sensitive than a 15N-HSQC. Therefore, a 15N-HSQC was carried out on the protein eluted in 

Peak A and this sample will henceforth be referred to as C3-15N. 

In order to confirm the cleavage from TrxA-His6 was as expected, the elution fraction (Figure 

2.5, Panel A, Lane 4) was separated using size exclusion chromatography. The SDS-PAGE of the 

eluted fractions presented a strong band at 13 kDa for TrxA-His6 (Figure 2.5, Panel B, 

Lanes 11-14), smaller than the expected 17.3 kDa but consistent with the hypothesis that 

inaccurate cleavage by FXa had taken place. A 15N-HSQC was carried out on this TrxA-His6 

sample, hereby referred to as TrxA-15N. Alongside this, a 15N-labelled sample of 

TrxA-His6-VWFC3 was expressed, left uncleaved and a 15N-HSQC performed. An individual peak 

in each 15N-HSQC corresponds to an amide group, whether originating from the protein 

backbone or amino acid side chains. Initial observations that the peaks of each spectrum are 

well dispersed indicates that the protein is folded. Although it is unclear at this stage as to 

which peak corresponds to which amide group, such data is not required at this stage. Analysis 

of the spectra regarding overlap of peaks determines whether both C3-15N and TrxA-15N are 

the two cleaved fragments from the TrxA-His6-VWFC3 protein. 

 
Figure 2.6: 15N-HSQC overlay of VWF C3, TrxA-His6 and the uncleaved TrxA-His6-VWFC3 Panel A shows 
the 15N-HSQC of both C3-15N (blue) and TrxA-15N (red). Overlaid with both spectra in Panel B is a 
15N-HSQC of uncleaved TrxA-His6-VWFC3 (green). The uncleaved sample overlays well with both spectra 
with solely minor differences. 

The overlay of the C3-15N and TrxA-15N with the uncleaved TrxA-His6-VWFC3 15N-HSQC (Figure 

2.6) confirmed that VWF C3 was present in the C3-15N sample, with over 90% of well dispersed 

TrxA-15N and C3-15N peaks overlaying with that of the uncleaved TrxA-His6-VWFC3. Those 

which failed to overlay likely stem from protein degradation, as seen around the 1H chemical 
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shift of 8 ppm and 15N chemical shift of 125 ppm. This is the region of the 15N-HSQC where 

peaks from degraded protein tend to be observed. A second reason would be the new 

C-terminus of TrxA-15N and N-terminus of C3-15N following cleavage, which would cause peaks 

to shift due to their change in interactions with neighbouring residues. Whilst the question 

remained as to why the protein had a size of 13 kDa in reducing SDS-PAGE, the NMR results 

suggested that the purified protein was that of VWF C3. 

To determine the optimal buffer conditions, the pH of the C3-15N sample was changed from pH 

7.4 to 6.9 and 6.4 and a 15N-HSQC carried out in each condition. A buffer of 20 mM sodium 

phosphate, 100 mM NaCl, pH 7.4 was determined as the optimal conditions for protein 

assignment, with experiments carried out at 298 K. With triple resonance experiments used for 

a structural assignment often taking multiple days, especially considering the low 

concentration of purified VWF C3 (150-300 µM) compared to an ideal protein concentration 

for NMR assignment experiments (~1 mM), it was essential for the sample to remain stable 

with minimal degradation throughout these experiments. Any degradation is presented as 

small, sharp peaks in the 7.5-8 ppm/124-128 ppm (1H/15N) region. This is the region where 

C-terminal residues are observed, however, this would not be the case for VWF C3 as a proline 

residue is positioned at the C-terminus. The sample stability was tested with a 15N-HSQC 

carried out every three days over a two-week period, with the sample at room temperature 

throughout the time course. Minimising degradation was an important facet throughout the 

expression process as the assignment experiments would be performed at room temperature. 

Any severe degradation would lead to a loss of signal and potential overlapping of peaks in the 

triple resonance experiments, however, the VWF C3 sample remained relatively stable with 

minimal degradation (Figure 2.7). 
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Figure 2.7: Stability of VWF C3 over a 2-week time course An overlay of the 15N-HSQC spectra of C3-15N 
on Day 0 (blue) and Day 14 (red). Minor degradation after 14 days can be observed by the small sharp 
red peaks in region A, however, minimal peak shift is observed throughout the spectrum, showing good 
protein stability. 
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2.3. Isotopically-labelled VWF C3 expression and purification 

By confirming the presence of VWF C3 by mass spectrometry and 15N-HSQC, a uniformly 

isotopically-labelled VWF C3 sample was expressed in M9 minimal media enriched with both 
15NH4Cl and 13C6-D-glucose. The sample was once again purified in a two-step Ni-NTA affinity 

chromatography protocol and subsequently applied to a size exclusion chromatography 

column (Figure 2.8). 

 
Figure 2.8: Isotopically-labelled VWF C3 purification Analysis of the uncleaved TrxA-His6-VWFC3 Ni-NTA 
purification is shown in Panel A. Lane 1 shows the protein extracted from the E. coli cell cytoplasm with 
Lane 2 showing the unbound protein that flowed through the column. Lanes 3-14 present the eluted 
fractions with the strong band at 27 kDa in Lanes 5-14 corresponding to TrxA-His6-VWFC3. Panel B 
shows the analysis of protein fractions eluted in the size exclusion chromatogram, following cleavage 
and a reverse Ni-NTA affinity column. Lane 1 shows the cleaved sample that was loaded onto the Ni-NTA 
column, Lane 2 displays the protein that bound to the column and was subsequently eluted, and Lane 3 
shows the protein that flowed through the column and was loaded onto the size exclusion column. 
Lanes 4-14 analyse the eluted fractions under reducing SDS-PAGE, with each lane corresponding to the 
number indicated on the size exclusion chromatogram (Panel C). 
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The trace observed on the size exclusion chromatogram appeared to be reproducible with 

VWF C3 being eluted in one primary peak centred at 72.5 mL, corresponding to a single band 

of 13 kDa when analysed by SDS-PAGE. Alongside this, a second peak is again observed 

centred at 81.5 mL and migrates as two bands of 15 kDa and 10 kDa under reducing SDS-PAGE. 

Despite FXa cleavage once again not occurring in the intended position, the cleavage and 

purification traces did appear to be consistent and reproducible.  

 
Figure 2.9: 15N-HSQC of the isotopically-labelled VWF C3 A 15N-HSQC of 15N/13C-labelled VWF C3. 
Indicated are peaks corresponding to the 15NH2 side chain of asparagine (1Hδ-15Nδ) and glutamine 
(1Hε-15Nε). The spectrum was recorded on the 700 MHz spectrometer at 298 K in 20 mM sodium 
phosphate, 100 mM NaCl, pH 7.4. 

The 15N-HSQC spectrum presented 76 cross-peaks (Figure 2.9), when discounting those peaks 

corresponding to the asparagine and glutamine side chains. Furthermore, there would 

potentially be further peaks which are overlapped, particularly in the central region around the 
1H chemical shift of 8.5 ppm, or peaks which are missing due flexibility within the domain, 

leading to a high intrinsic rate of 1HN exchange. With three proline residues in VWF C3, this 

would equate to 65 cross-peaks, therefore, far more peaks were present than would be 

expected of a pure VWF C3 protein. This was, however, expected with the purified protein 
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presenting a size of 13 kDa in reducing SDS-PAGE, and inaccurate cleavage the most likely 

reason. 

Correct formation of the five disulphide bonds in VWF C3 was also essential for accurate 

folding of the domain. An Ellman’s Assay was able to confirm that all cysteines were involved 

in disulphide bonds with a free thiol concentration of -1.1 µM (Table 2.1) in the VWF C3 

sample, indicating that no free thiols were present in the purified protein. 

Standard Free thiol concentration (mM) OD412 
A 1.5 1.898 
B 1.25 1.591 
C 1 1.279 
D 0.75 0.957 
E 0.5 0.644 
G 0.25 0.318 
F 0 0 

VWF C3 -0.0011 0.003 
Table 2.1: Ellman's Assay for the free thiol concentration of the expressed protein Displayed is the 
Ellman’s Assay result, showing the free thiol concentration and OD412 values of each standard (A-F). 
Displayed in bold is the free thiol concentration of the expressed C3 protein, calculated using the 
trendline equation of the standards, y = 1.2679x + 0.0044, which had an R2 value of 0.9999. 

A folded protein could be confidently assumed by the 15N-HSQC, with peaks in the 1H 

dimension well dispersed throughout the spectrum. Unfolded and unstructured proteins 

display poorly dispersed peaks with the 1HN chemical shift concentrated in the 7.5-8.5 ppm 

range, due to their lack of interaction with neighbouring residues and all residing in a similar 

chemical environment. The importance of disulphide bond formation in forming folded VWF 

C3 was displayed by the significant change in the 15N-HSQC upon reduction of the domain by 

DTT (Figure 2.10), causing peaks to be concentrated in the 7.5-8.5 ppm range versus the 

6.5-9.5 ppm range in folded VWF C3. 
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Figure 2.10: 15N-HSQC of reduced VWF C3 A 15N-HSQC of reduced VWF C3 (red) compared to that of 
non-reduced VWF C3 (blue). Both experiments were performed on a 700 MHz spectrometer in 20 mM 
sodium phosphate, 100 mM NaCl, pH 7.4, with the reduced sample also containing 10 mM DTT. 

With conditions optimised and an isotopically-labelled C3 sample expressed, triple resonance 

experiments were carried out to assign the VWF C3 amide backbone. 
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2.4. NMR triple resonance experiments and backbone amide assignment 

Experiment Magnetisation transfer Correlation 
15N-HSQC 

(2D) 

 

1HN
i-15NH

i 

HNCO 
(3D) 

 

1HN
i-15NH

i-13CO
i-1 

HN(CA)CO 
(3D) 

 

1HN
i-15NH

i-13CO
i-1 

1HN
i-15NH

i-13CO
i 

HNCACB 
(3D) 

 

1HN
i-15NH

i-13Cα
i-1 

1HN
i-15NH

i-13Cβ
i-1 

1HN
i-15NH

i-13Cα
i 

1HN
i-15NH

i-13Cβ
i 

HN(CO)CACB 
(3D) 

 

1HN
i-15NH

i-13Cα
i-1 

1HN
i-15NH

i-13Cβ
i-1 

CC(CO)NH-TOCSY 
(3D) 

 

1HN
i-15NH

i-13Cα
i-1 

1HN
i-15NH

i-13Cβ
i-1 

1HN
i-15NH

i-13Cy
i-1 

1HN
i-15NH

i-13Cδ
i-1 

Correlation shown for all 
13CH groups in the side chain 

Table 2.2: Experiments used for the backbone 1HN
15NH assignment The experiments used in the 

assignment of the backbone amide group, their magnetisation transfer and the resulting correlations 
observed. Letters in the experiment names correspond to the nuclei whose chemical shift is correlated, 
with those in brackets involved in the coherence transfer pathway. Nuclei highlighted in blue indicate 
where magnetisation is excited/transferred and green where the chemical shift is evolved. An individual 
residue is denoted by i with its preceding residue labelled i-1. 

The experiments outlined (Table 2.2) were used for the backbone 1HN
15NH assignment, with the 

HNCACB and HN(CO)CACB being the spectra used primarily. Whilst not essential for an 

assignment at this stage, the CC(CO)NH-TOCSY experiment was a useful addition to these, 
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displaying cross-peaks for each aliphatic 13CH, 13CH2 and 13CH3 group in the side chain which 

can provide information on the preceding residue type. This can be particularly useful for 

residues with a unique side chain 13C chemical shift pattern such as arginine or isoleucine, 

though a cross-peak is not necessarily displayed for every aliphatic 13C due to weaker signal 

further along the side chain. The HNCO and HN(CA)CO experiments were used when the signal 

was particularly low in the other triple resonance experiments, with the HNCO being the most 

sensitive of all bar the 15N-HSQC.  

Each peak in the 15N-HSQC was assigned a number known as a spin system, with each spin 

system corresponding to one amino acid. The spin system of each peak was also assigned to 

the cross-peaks in the corresponding 1HN
15NH strip of each triple resonance experiment, 

designating both 13CO
i, 13CO

i-1, 13Cα
i, 13Cα

i-1, 13Cβ
i and 13Cβ

i-1 (Figure 2.11). This was straightforward 

for those peaks that were well dispersed, however, more challenging for those heavily 

overlapped peaks in the central region of the 15N-HSQC. 

 
Figure 2.11: Spin system strips in the backbone assignment spectra A comparison of the correlated 
strips observed in five NMR spectra for the assigned L2495 residue (residue i). The peak observed in the 
15N-HSQC is correlated to that in the HNCO (blue) and HN(CA)CO (red) spectra in both the 1H 
(9.419 ppm) and 15N (128.08 ppm) dimensions, which subsequently provide the 13CO chemical shift of 
L2495 (i) and C2494 (i-1). These also correlate to the 1H and 15N dimensions of the HNCACB and 
HN(CO)CACB to display the 13Cα (blue) and 13Cβ (red) chemical shifts of L2495 and C2494. 
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With both HNCACB and HN(CO)CACB providing information on 13Cα
i, 13Cα

i-1, 13Cβ
i and 13Cβ

i-1, a 

sequential assignment was possible primarily with these spectra (Figure 2.12). For each 1HN
i 

strip in the HNCACB spectrum, 4 peaks are observed with 13Cα peaks positive and 13Cβ peaks 

negative, or vice versa depending on the phasing. The exception to this is when glycine is 

either residue i or i-1 as it only contains a single 13Cα peak. Overlaying with the HN(CO)CACB 

spectrum discloses which 13Cα and 13Cβ pair are from i and i-1, with the 13Cα
i and 13Cβ

i only 

observed in the HNCACB. It is usually the case that the 13Cα
i and 13Cβ

i peaks show a stronger 

signal though this is not always the case. There may also be a possibility that the chemical 

shifts of 13Cα
i and 13Cα

i-1, or 13Cβ
i and 13Cβ

i-1 are very similar, leaving them overlapped and only 

one peak observed. This is particularly likely where identical residues are seen in sequence, 

such as C2490 and C2491 in VWF C3. 

 
Figure 2.12: Sequential assignment using the HNCACB and HN(CO)CACB spectra The assignment of the 
13Cα and 13Cβ chemical shifts of T2482 to G2488, and subsequently the backbone amide chemical shifts, 
using the HNCACB (13Cα – dark blue, 13Cβ – dark red) and HN(CO)CACB (13Cα – light blue, 13Cβ – light red) 
experiments. Connections between the 13Cα

i-1/13Cβ
i-1 to the 13Cα/13Cβ of the preceding residue’s strip are 

indicated. 
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The assignment by this method provided a number of sequential assignments of spin systems 

and led to the assignment of a small number of individual residues, such as alanine which has a 

uniquely low 13Cβ chemical shift with an average of 18.96 ppm, or serine and threonine which 

have a larger 13Cβ chemical shift than 13Cα. However, few assignments of individual residues 

were possible due to the difficulty in differentiating between residues using only 13Cα and 13Cβ 

chemical shifts. This is where the CC(CO)NH-TOCSY spectrum proved particularly useful, with 

certain residues displaying unique 13C side chain chemical shift patterns, such as isoleucine 

whose 13Cγ1, 13Cγ2 and 13Cδ1 all display a chemical shift on average between 28 and 13 ppm. It 

also differentiated between serine and threonine residues which display a similar 13Cα and 13Cβ 

chemical shift pattern but threonine displays a 13Cγ2 cross-peak at approximately 21 ppm. This, 

however, required the signal to be strong enough for these cross-peaks to be observed as the 

CC(CO)NH spectrum is less sensitive than the HNCACB experiment. 

In cases where the HNCACB/HN(CO)CACB signal was too weak for a sequential assignment 

between i and i-1, the HN(CA)CO/HNCO spectra were used to determine the 1HN and 15NH 

chemical shift (Figure 2.13). In each 1HN
i strip, the 13CO

i and 13CO
i-1 cross-peaks are observed in 

the HN(CA)CO experiment, with the 13CO
i generally the stronger of the two, and only the 13CO

i-1 

cross-peak observed in the HNCO. All backbone 13CO cross-peaks were present in the range of 

171-178.5 ppm. 
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Figure 2.13: Sequential assignment using the HNCO/HNCACO experiments The assignment of the 13CO 
chemical shift of D2458 to R2464 using the HNCO (blue) and HN(CA)CO (red) experiments. Connections 
between 13CO

i-1 peaks to the CO of the preceding residue’s strip is indicated. 
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2.5. Partial backbone assignment and linker impurity 

Though a backbone 1HN
15NH assignment was completed for 47 of 68 residues, issues arose 

throughout the process with a lack of signal in the triple resonance spectra in certain regions 

of the protein. An assignment was completed for the residues indicated in Figure 2.14. 

 

KVCVHRSTIYPVGQFWEEGCDVCTCTDMEDAVMGLRVAQCSQKPCEDSCRSGFTYVLHEGECCGRCLP 

Figure 2.14: Partial backbone amide assignment of the VWF C3 domain The VWF C3 assignment of the 
15N-HSQC, with 47 of 68 amide residues assigned. Indicated below the spectrum in blue are those 
residues whose the backbone amide chemical shift was assigned. 

Discounting three proline residues, 18 residues remained unassigned. Particularly worrying 

was the lack of assignment possible using the HN(CA)CO/HNCO spectra as these are the most 

sensitive triple resonance experiments. Lack of backbone 1HN
15NH assignment would likely 

indicate further issues in the case of a side chain assignment using less sensitive experiments. 

Considering five disulphide bonds in VWF C3, it is unlikely that the lack of signal in these 

regions is due to them being highly flexible, particularly as a number of these regions are 
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centred around cysteine residues (C2431, C2448, C2453, C2473, C2490). This is more likely due 

to microsecond to millisecond dynamics which causes line broadening in cysteine residues408. 

A further issue that arose, whilst hypothesised in the purification of VWF C3, was the presence 

of a protein impurity originating from the linker connecting the His6 tag to VWF C3, with 

assigned residues (red) indicated below. 

SSGLVPRGSGMKETAAAKFERQHMDSPDLGTGGGSGIEGR 

The presence of this impurity became apparent by the assignment of a glycine residue 

preceded by a threonine and a threonine preceded by a glycine. Both display unique and 

distinguishable 13C chemical shift patterns with the 13Cβ chemical shift of threonine more 

positive than 13Cα and a cross-peak at approximately 21 ppm corresponding to the side chain 
13Cγ2. Combining this with a glycine presenting a single 13Cα cross-peak at 45 ppm, the identity 

of these residues was unmistakeable. Also apparent was the number of glycine residues in 

consecutive sequence in the 15N region of 110 ppm, as is only found in the linker region. 

Though likely due to the single 13 kDa band in reducing SDS-PAGE (Figure 2.8, Panel B, Lane 9), 

it was not possible to confirm that the linker was bound due to incomplete FXa cleavage. If the 

hypothesis was correct, a sequential assignment would be possible from K2429 to the arginine 

residue at the C-terminus of the cleavage site, or vice versa, however this was not possible as 

an assignment of neither of these had been confirmed. In order to determine whether the 

linker impurity remain bound to VWF C3, a diffusion experiment was carried out in which a 

diffusion coefficient of each of the assigned peaks in the 15N-HSQC was calculated (Figure 

2.15).  

 
Figure 2.15: Diffusion coefficients of VWF C3 and the linker impurity A comparison between the 
diffusion coefficients of the 47 assigned VWF C3 residues (blue) and 10 assigned residues of the assigned 
peaks from the linker impurity (red). The similarity between diffusion coefficients of the VWF C3 
residues and linker impurity, with all values in the 1.27 to 1.53 range, the two are likely bound in 
solution. 
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The diffusion experiment was performed using the DOSY experiment409. If the linker impurity 

was bound to VWF C3, all assigned peaks would display a similar diffusion coefficient, 

however, if both were unbound and diffusing independently, their diffusion coefficients would 

differ. A two-tailed t-test was used to compare the diffusion coefficients of the peaks from 

VWF C3 and the linker impurity. This ascertained whether the means of the two groups were 

statistically similar enough to be from the same population. The t-test indicated a probability 

of 0.832 that the two sets of data originated from the same population. This allowed a 

confident assumption that the two were covalently bound and further hypothesising that 

inaccurate cleavage had occurred. Why or where this inaccurate cleavage had occurred 

remained unclear though the explanation became clear at a later date (see Chapter 3.9). 

2.6. VWF C3 (EK) plasmid design and expression 

Due to the issue of the linker impurity and the low purified VWF C3 protein concentration, a 

new plasmid was designed for expression of the VWF C3 domain. 

 
Figure 2.16: TrxA-His6-VWFC3 (EK) construct sequence The nucleotide sequence and subsequent 
translation product of the newly designed plasmid, featuring an EK cleavage site. The 109 amino acid 
TrxA tag (blue) is once again separated by a His6 tag (red) by 7 residues, with the His6 tag followed by a 
31 amino acid linker to an EK cleavage site (purple). The cleavage site is immediately followed by the 
VWF C3 protein sequence (green) which is subsequently followed by a termination codon. 

 



94 
 
 

An enterokinase (EK) cleavage site (Asp-Asp-Asp-Asp-Lys↓) was deemed most suitable instead 

of FXa. It was hypothesised that FXa was too non-specific to cleave in the correct position and 

as TEV was not suitable due to its reduced efficiency in oxidising conditions, EK was chosen as 

the protease. A pET-32b(+) plasmid was once again used as a template, with a 31-residue 

linker between the His6 tag and the EK cleavage site, the same linker as the previous plasmid, 

however, minus the Gly-Gly-Gly-Ser-Gly at its C-terminus. The VWF C3 sequence was placed 

immediately following the EK cleavage site and followed at its C-terminus by a stop codon 

(Figure 2.16). 

The protein was expressed and purified in the same manner as previously, expressed in M9 

minimal media enriched with 15NH4Cl and unlabelled 12C6-1H12-glucose and the uncleaved 

TrxA-His6-VWFC3 purified using Ni-NTA affinity chromatography. One factor that became 

immediately apparent upon purification of the uncleaved protein was the vastly superior 

protein concentration, as when expressed in two litres of M9 minimal media, the UV trace 

peaked at 4500 mAU eluting over a 50 mL volume. This was compared to a peak of 

approximately 1000 mAU in the previous plasmid eluting over a similar volume, expressed in 

four litres of M9 minimal media (Figure 2.17, Panel A). Whilst this reading of 4500 mAU may be 

due to an anomaly caused by air trapped in the AKTA system, when analysed by reducing 

SDS-PAGE, it was clear that the newly designed plasmid expressed far superior protein 

concentration. The reason for this remains unclear, with the only difference between the two 

plasmids being the removal of five residues in the His6-EK site linker and the change in the 

cleavage site itself. This may also be caused by a difference elsewhere in the plasmid which 

allows E. coli to express the protein more efficiently. 

 
Figure 2.17: Purification of the uncleaved TrxA-His6-VWFC3 (EK) Panel A shows the purification of the 
TrxA-His6-VWFC3 (EK) by Ni-NTA (red) in comparison to that of TrxA-His6-VWFC3 (FXa) (blue). Analysis of 
the TrxA-His6-VWFC3 (EK) elution fractions in reducing SDS-PAGE is shown in Panel B. All lanes, 1-11, are 
fractions eluted through the Ni-NTA affinity chromatography column, with the large band at 27 kDa 
corresponding to TrxA-His6-VWFC3. 
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2.7. Cleavage optimisation, purification and NMR analysis 

A test was once again carried out on the optimal cleavage time, with cleavage undertaken at 

18°C rather than 4°C. This was decided as EK cleaves more efficiently at room temperature, 

therefore, whilst minor protein degradation may have occurred, a more efficient cleavage 

would result in increased VWF C3 protein concentration. Buffer conditions were also changed, 

with the cleavage and purification carried out in 20 mM Tris, 50 mM NaCl, pH 7.4 as EK cleaves 

poorly in sodium phosphate buffer.  

 
Figure 2.18: Small-scale cleavage and purification of VWF C3 A small-scale cleavage of 15N-labelled 
TrxA-His6-VWFC3 is displayed in Panel A, with Lanes 2-5 analysing cleavage from 24 to 64 hours at 0.7 µL 
EK/mg protein. Lanes 7-10 analyse cleavage with 0.35 µL EK/mg protein over the same time points. With 
40 hours at 0.7 µL EK/mg protein chosen as most efficient, Panel B and C show purification of cleaved 
VWF C3 by size exclusion chromatography following a reverse Ni-NTA. The uncleaved TrxA-His6-VWFC3 
sample is shown in Lane 1 (Panel B), the cleaved sample that was loaded onto the Ni-NTA column in 
Lane 2 and the bound protein that was subsequently eluted by 500 mM Imidazole shown in Lane 3. The 
unbound protein that flowed through the column in displayed in Lane 4, with Lanes 5-14 corresponding 
to the fractions eluted in the size exclusion chromatogram (Panel C) and Lanes 7, 10 and 12 from the 
positions indicated. 

 



96 
 
 

Cleavage of TrxA-His6-VWFC3 was determined as most efficient at 40 hours at a concentration 

of 0.7 µL EK/mg protein, all carried out shaking at 40 rpm at 18°C. Once cleaved, the protein 

was purified as before with a Ni-NTA affinity and size exclusion chromatography (Figure 2.18). 

When comparing between protein expressed from the previous plasmid and the new plasmid, 

that expressed from the previous plasmid will henceforth be referred to as VWF C3 (FXa), that 

expressed from the new plasmid will be VWF C3 (EK). 

Whilst the eluted VWF C3 (EK) appeared to be in significantly higher concentrations and 

relatively pure, the same issue seemingly occurred as with VWF C3 (FXa), with the VWF C3 (EK) 

protein shown as a single band of 13 kDa in reducing SDS-PAGE. This again suggests that 

cleavage did not occur at the intended site, however, would not become clear until the 

completion of the backbone amide assignment. The purified VWF C3 (EK) protein 

concentration was far superior, with the UV absorbance peaking at 4500 mAU, compared to 

230 mAU for the 15N-labelled protein of VWF C3 (FXa). Despite cleavage likely not occurring at 

the intended site, the improved protein concentration would likely make a full backbone 

assignment possible, with the only potential issue being overlap of peaks from the His6-VWFC3 

linker if, as suspected, cleavage had occurred somewhere within the linker. The pure sample 

from Peak A was collected, analysed by a 15N-HSQC and compared to the 15N-HSQC of VWF C3 

(FXa) (Figure 2.19). 
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Figure 2.19: Comparison of VWF C3 (EK) 15N-HSQC to VWF C3 (FXa) A comparison of the VWF C3 15N-
HSQC spectrum purified by the original (blue) and new (green) plasmid. Both spectra were recorded in 
20 mM sodium phosphate, 100 mM NaCl, pH 7.4 at 298 K, however, VWF C3 (EK) was recorded on the 
600 MHz spectrometer and VWF C3 (FXa) was recorded on the 700 MHz spectrometer. VWF C3 (EK) 
(green) overlays well with the VWF C3 (FXa) (blue) spectrum, with some peak shift as would be expected 
with a new plasmid and different spectrometer. 

The peaks of VWF C3 (EK) matched well to the assigned peaks of VWF C3 (FXa) with some 

minor peak shift but as would be expected in a new sample. There were 82 peaks displayed for 

the VWF C3 (EK) protein, once again far more than what would be expected for a pure VWF C3 

sample, increasing the likelihood that inaccurate cleavage had occurred. There appeared to be 

fewer peaks presented in the 8.5 ppm (1H)/110 ppm (15N) region, likely due to the loss of the 

Gly-Gly-Gly-Ser-Gly residues that were present in the linker of the VWF C3 (FXa) plasmid. The 
15N-HSQC of the VWF C3 (EK) sample was in the same sodium phosphate buffer as VWF C3 

(FXa), however, was recorded on the 600 MHz spectrometer, rather than the 700 MHz which 

VWF C3 (FXa) was recorded which would also contribute to the minor shifting of peaks. 

Optimal buffer conditions were tested, with 15N-HSQC carried out on a range of conditions 

including 20 mM Tris vs 20 mM sodium phosphate buffer, 50 mM vs 100 mM NaCl, pH 7.4 vs 

6.4. It was decided that the optimal conditions were 20 mM sodium phosphate, 50 mM NaCl, 

pH 6.4, with the sample showing good stability at room temperature with minimal peak shift 
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over a two-week time course (Figure 2.20). All assignment experiments henceforth were 

carried out in these buffer conditions at 298 K. 

 
Figure 2.20: VWF C3 14-day stability test A comparison of a 15N-HSQC of VWF C3 in 20 mM sodium 
phosphate, 50 mM NaCl, pH 7.4 performed on Day 0 and Day 14 at 298 K. The sample was left at room 
temperature for the intervening days to test its stability, with triple resonance experiments performed 
over multiple days. A peak shift was observed at peak 8.2 ppm (1H)/116.7 ppm (15N), however, minimal 
degradation was observed with a single sharp peak emerging at 7.9 ppm (1H)/125.3 ppm (15N). 
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2.8. Isotopically-labelled expression and NMR assignment completion 

With purification, cleavage and buffer conditions optimised, a uniformly isotopically-labelled 

VWF C3 sample was expressed in two litres of M9 minimal media containing 15NH4Cl and 
13C6-D-glucose. This was once again purified by two-step Ni-NTA affinity and size exclusion 

chromatography (Figure 2.21). The expressed protein gave a final yield of 7 mg C3 protein / 

litre of culture, providing four samples at 900 µM for NMR analysis. 

 
Figure 2.21: Purification of isotopically-labelled VWF C3 The Ni-NTA affinity chromatography 
purification of the uncleaved TrxA-His6-VWFC3 is shown in Panel A, analysing the elution fractions in 
reducing SDS-PAGE. Lane 1 shows the contents extracted from the cell cytoplasm, with Lane 2 showing 
the unbound protein that flowed through the column. Fractions eluted from the column are shown in 
Lanes 3-14. Panel B analyses the elution fractions from the size exclusion chromatography (Panel C), 
following a reverse Ni-NTA. Lane 1 shows the bound protein that was subsequently eluted from the 
column, with the unbound protein in the flow-through was separated by size exclusion chromatography. 
Lanes 2-12 correspond to the numbers seen on the chromatogram in Panel C, with the large band at 13 
kDa corresponding to cleaved VWF C3. 

The equivalent triple resonance experiments were carried out as in Table 2.2 in order to check 

and complete the backbone amide assignment of VWF C3 (Figure 2.22). All assignments from 

VWF C3 (FXa) were transferred and checked, with the only assignment deemed incorrect being 

that of S2435, the peak of which was subsequently assigned to S2479. 
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Figure 2.22: Backbone amide assignment of VWF C3 A full assignment of the backbone 1HN

15NH of the 
VWF C3 domain. Unassigned peaks correspond to the linker impurity, present due to inaccurate 
cleavage. 

The assignment also showed that inaccurate cleavage had once again occurred, with an 

assignment carried out from K2429 through the cleavage site (Asp-Asp-Asp-Asp-Lys) (Figure 

2.23). Where this cleavage took place in the linker and why accurate cleavage did not occur 

remained unclear at the time (reason explained in Chapter 3.9). The only similar region where 

cleavage may have occurred is the Ala-Ala-Ala-Lys sequence, located 19 residues before K2429, 

however, due to the lack of apparent structure in the linker impurity causing the majority of 

peaks to be concentrated in the 8-8.5 ppm (1H) range, these peaks are heavily overlapped, 

making an assignment of the N-terminal region extremely challenging. Whilst challenging, it 

appeared that the lack of structure in the linker impurity meant it was not incorporated and, 

therefore, interfering in the VWF C3 structure, likely not causing a problem in the structural 

assignment going forward. This would become clear during the assignment of the NOESY 

spectra (see Chapter 3.3), where NOEs are assigned to determine residues which are in close 

proximity and, hence, determine the secondary and tertiary folding of the structure. If the 

linker impurity presents NOEs to the VWF C3 domain, it may be incorporated into the structure 

and affecting the final calculations. 
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Figure 2.23: The assignment from K2429 to the EK cleavage site Shown is an assignment using both 
HNCACB/HN(CO)CACB and HNCO/HNC(CA)CO from V2430 to the aspartic acid of the EK cleavage site 
(D [EK site]). In the upper panel, 13Cα and 13Cβ peaks from the HNCACB experiment are shown in a darker 
shade of blue and red, respectively. The lighter shade of blue and red represent the 13Cα

i-1 and 13Cβ
i-1, 

respectively, from the HN(CO)CACB experiment. In the bottom panel, blue peaks denote the 13CO
i-1 from 

the HNCO experiment, with the red indicating the 13CO
i and 13CO

i-1 from the HN(CA)CO. Sequential 
assignments between planes are indicated with dotted lines and assigned 13Cα, 13Cβ and 13CO of each 
residue is labelled. 
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3. Results: Three-dimensional structure of the VWF C3 domain 

Whilst the assignment of the backbone 1H-15N nuclei, the “protein fingerprint”, is the first key 

step on the path to determining a structure, assignment of the side chain nuclei chemical 

shifts, secondary structure and nuclei that are close in space, NOEs, is what provides 

information on the protein’s tertiary structure. This assignment requires the use of triple 

resonance experiments, such as those seen in the backbone assignment, HNCACB and 

HN(CO)CACB. To identify neighbouring amino acid residues, triple resonance experiments rely 

upon spin-spin J-couplings to form a correlation between nuclei in residues i and i-1. Of 

particular importance are the one-bond coupling between 13CO
i-1 and 15NH

i of ~15 Hz and the 

two-bond coupling of 4-9 Hz between 13Cα
i-1 and 15NH

i. The four-bond 1Hα
i-1 and 1HN

i coupling, 

on the other hand, is far too small for such a correlation410.  

The chemical shift of a nucleus depends on the local magnetic field and, therefore, provides 

information on the surrounding chemical environment. This means a chemical shift profile can 

independently provide an insight into protein folding and predictions can be made on regions 

of secondary structure411, 412. Predictions, however, are used as a guide and by determining 

chemical shifts of aliphatic and aromatic side chains, we can ascertain the protein’s secondary 

and tertiary structure. Assigning these chemical shifts and determining the protein structure is 

a starting point for progressing onto understanding a protein’s dynamics and its function. This 

chapter presents the progression from the backbone amide assignment of VWF C3 to the final 

structural determination. 

3.1. Assignment of the aliphatic 1H and 13C side chain chemical shifts 

In order to conduct a complete structure calculation and determine the secondary and tertiary 

structure of a protein, assignment of the 13C side chain chemical shifts is essential. These nuclei 

can be very important further down the line in the assignment of the NOESY spectra 

mentioned previously to determine the tertiary structure, with the side chains often forming 

hydrophobic/hydrophilic interactions, hydrogen and ionic bonds. Extensive coverage of the 

protein’s chemical shift data is also vitally important to ensure accuracy of the structure 

calculations performed at a later date. The assignment of the 13Cα and 13Cβ chemical shifts from 

the backbone assignment using the HNCACB and HN(CO)CACB experiments was transferred to 

begin the side chain assignment. Using this data with a number of other experiments (Table 

3.1) allowed the identification of the side chain 13C and 1H chemical shifts. These assignments 
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were annotated on a 13C-HSQC spectrum, a 2D spectrum providing a peak for each 1H-13C 

coupling. 

Experiment Magnetisation transfer Correlation 
13C-HSQC-TOCSY 

(2D) 

 

1Hα
i-13Cα

i 

1Hβ
i-13Cβ

i 

1Hγ
i-13Cγ

i 

1Hδ
i-13Cδ

i 

Correlation shown for all 
13CH groups in the side chain 

HCC(CO)NH-TOCSY 
(3D) 

 

1HN
i-15NH

i-1Hα
i-1 

1HN
i-15NH

i-1Hβ
i-1 

1HN
i-15NH

i-1Hy
i-1 

1HN
i-15NH

i-1Hδ
i-1 

Correlation shown for all 
13CH groups in the side chain 

CC(CO)NH-TOCSY 
(3D) 

 

1HN
i-15NH

i-13Cα
i-1 

1HN
i-15NH

i-13Cβ
i-1 

1HN
i-15NH

i-13Cy
i-1 

1HN
i-15NH

i-13Cδ
i-1 

Correlation shown for all 
13CH groups in the side chain 

HCCH-TOCSY 

 

1Hα
i-13Cα

i -1Hα
i/1Hβ

i/1Hγ
i/1Hδ

i 

1Hβ
i-13Cβ

i -1Hα
i/1Hβ

i/1Hγ
i/1Hδ

i 

1Hγ
i-13Cγ

i -1Hα
i/1Hβ

i/1Hγ
i/1Hδ

i 

1Hδ
i-13Cδ

i -1Hα
i/1Hβ

i/1Hγ
i/1Hδ

i 

Correlation shown for all 
13CH groups in the side chain 

Table 3.1: Experiments used in the side chain 1H13C chemical shift assignment The experiments used in 
the assignment of the backbone amide group, their magnetisation transfer and the resulting 
correlations observed. Letters in the experiment names correspond to the nuclei whose chemical shift is 
correlated, with those in brackets involved in the coherence transfer pathway. Nuclei highlighted in blue 
indicate where magnetisation is excited/transferred and green where the chemical shift is evolved. Note 
the CC(CO)NH-TOCSY experiment was used previously for the backbone 1HN

15NH assignment. 

The 13C-HSQC experiment was performed as a constant-time HSQC which avoids the issue of 

peak splitting due to 13C-13C coupling and hence improves peak resolution. This experiment 

was performed with a reduced spectral width of 38 ppm, with the 13Cα region residing in the 

upper left quadrant. This method was also chosen to improve resolution, with a 38 ppm 

spectral width required in this case, rather than 60 ppm if it were to cover from the 13Cδ of 

I2437 (13 ppm) to the 13Cβ nuclei of threonine residues (up to 72 ppm). This amounts to a ~40% 

improvement in peak resolution in the 13C dimension with the same number of indirect points 

acquired. 
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Figure 3.1: Transition from a backbone 1HN

15NH assignment to a 1Hα
13Cα assignment An example of the 

transition from the assignment of a backbone amide chemical shift to the 1Hα
13Cα chemical shift using 

triple resonance experiments. Panel A shows the 1HN
15NH assignment of S2435 on the 15N-HSQC. The 1H 

and 15N chemical shifts shows the corresponding strips in the HCC(CO)NH and CC(CO)NH spectra, shown 
in Panel B. The 13C chemical shift at the top of each strip corresponds to the chemical shift in the 
z-dimension. Each peak in the HCC(CO)NH strip corresponds to a 1H chemical shift of a side chain 1H 
nucleus in the preceding residue, R2434. The 13C chemical shift at the top of each strip corresponds to 
the chemical shift in the z-dimension. Likewise, the strip in the CC(CO)NH spectrum gives the chemical 
shift of the 13C side chain nuclei of R2434. Marked (* and †) are the 1Hα and 13Cα chemical shifts, 
respectively, of R2434 which correspond to the peak shown in the 13C-HSQC (Panel C). 

From a backbone amide assignment, the HCC(CO)NH and CC(CO)NH experiments displayed the 

chemical shifts of a residues aliphatic side chain 1H and 13C nuclei, respectively. Although 13Cα 

and 13Cβ chemical shifts were already known from the backbone amide assignment using the 

HNCACB experiment, this method provided their corresponding 1Hα and 1Hβ chemical shift. 

Figure 3.1 outlines the transition from a backbone amide assignment to the 1Hα
13Cα assignment 

with the remaining side chain nuclei observed in each strip (Panel B). In certain amino acids 

where each side chain nucleus has a significantly different chemical shift to its neighbours, 

such as alanine, tyrosine and arginine the side chain chemical shifts can be confidently 

assigned on the 13C-HSQC. In the HCC(CO)NH strip shown in Figure 3.1 (Panel B), there are four 

peaks observed in the line of ~8.607 ppm, other than that already assigned to the 1Hα nucleus. 

The peak at ~3.1 ppm is that of the 1Hδ, with the chemical shift of this nucleus typically isolated 

in this region. Closer inspection of the peak at ~1.8 ppm shows that this is two overlapped 

peaks, corresponding to the two 1Hβ nuclei. The remaining peaks at ~0.85 and ~1.3 ppm will, 

therefore, correspond to the two 1Hγ nuclei. Likewise, in the CC(CO)NH strip, the peak at 
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~44 ppm is also a typical isolated peak of the 13Cδ nucleus. Closer inspection of the peak at 

~27.5 ppm reveals two overlapped peaks, corresponding to the 13Cβ and 13Cγ nuclei. Using the 

chemical shifts of their corresponding 1H nuclei, we can determine the exact chemical shift of 

these nuclei by identifying cross-peaks observed in the 13C-HSQC. The difference in peak 

strength of different nuclei also makes them easily distinguishable. For example, the 1Hα peak 

is noticeably stronger than 1Hδ due to the magnetisation transfer to 1HN occurring in four steps, 

rather than seven. With signal typically being lost at each transfer step, signal is better 

maintained in the case of 1Hα and results in a stronger peak. The same theory applies for the 

difference in signal strength between 13Cα and 13Cδ in the CC(CO)NH spectrum.  

However, the majority of residues contain side chain nuclei with similar chemical shifts and 

less dispersion between peaks, meaning an assignment using these spectra and reference 

chemical shifts is less reliable. Furthermore, the HCC(CO)NH and CC(CO)NH often fail to detect 

nuclei further along the side chain from the 1HN nucleus due to the number of magnetisation 

transfer steps. This is particularly true for the 1Hδ/13Cδ nuclei and beyond. In these cases, an 

HCCH-TOCSY experiment was used in conjunction with the HCC(CO)NH and CC(CO)NH 

experiments. This was generally considered a more reliable side chain assignment method with 

detection occurring on each aliphatic 1H nucleus, removing the possibility of loss of signal due 

to multiple magnetisation transfer steps as occurs in the HCC(CO)NH and CC(CO)NH. The 

HCCH-TOCSY plots the chemical shift of an aliphatic 1H nucleus with a cross-peak to all 1H 

nuclei in the aliphatic side chain, provided both 1H nuclei are bound to a 13C nucleus. The 

information provided by the HCC(CO)NH and CC(CO)NH is also insufficient for certain residues 

when used independently. In the case of valine, they do not provide information of which 1Hγ 

chemical shift is correlated to which Cγ chemical shift, nor does it distinguish between nuclei 

with very similar chemical shifts in leucine (1Hβ/1Hγ), proline (1Hβ/1Hγ), arginine (1Hβ/1Hγ) and 

lysine (13Cβ/13Cγ) As previously mentioned, the benefit of using a TOCSY rather than COSY 

experiment is that cross-peaks are displayed for all side chain nuclei. This is an advantage with 

being able to identify similarities in peak patterns between different regions of the spectrum 

and helps to confirm peaks that originate from the same side chain as each other. Figure 3.2 is 

an example of the assignment of the 1H and 13C aliphatic side chain chemical shifts of I2437 

using the HCCH-TOCSY. 
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Figure 3.2: Assignment of the aliphatic 1H and 13C nuclei of I2437 using the HCCH-TOCSY experiment 
Panel A shows the assignment of the side chain nuclei of I2437 using the HCCH-TOCSY whilst Panel B 
displays the assigned peaks of I2437 in the 13C-HSQC. Each strip in Panel A corresponds to a 13C nucleus 
showing the cross-peaks for all neighbouring nuclei. The lower strip of Panel A, at the 13Cα chemical shift 
of 60.4 ppm, presents a peak at ~4.5 ppm corresponding to the 1Hα nucleus. This data corresponds to the 
1Hα

13Cα peak in the 13C-HSQC, upper left peak in Panel B. The same concept applies to the other six 
assigned peaks. Blue peaks correspond to a positive peak and red corresponds to a negative peak. The 
1Hγ1

13Cγ1 peaks are negative as 13Cγ1 has an odd number of directly bound 13C atoms. The 13C chemical 
shift at the left of each strip corresponds to the chemical shift in the z-dimension. 
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Using 13Cα and 13Cβ chemical shifts determined from the backbone assignment can be a starting 

point in the aliphatic side chain assignment, including proline residues. By identifying strips of 

identical peak arrangement at the two 13C chemical shifts, 1H chemical shifts of other aliphatic 

nuclei can be identified. For example, in the 1Hα and 1Hβ strips of I2437 (Figure 3.2, Panel A), 

the similarities in the peak positions in the direct 1H dimension is immediately noticeable, with 

both presenting six peaks at identical 1H chemical shifts. This provides the 1H chemical shifts of 

the remainder of the side chain nuclei and by scanning through the spectrum along the 
13C dimension with the CC(CO)NH spectrum as a guide, we can identify the same pattern of 
1H peaks at a 13C chemical shift of 27.9 ppm, 17.9 ppm and 13 ppm. The reference chemical 

shifts of the isoleucine 13C nuclei can determine which strip corresponds to which 13C nucleus, 

with these mentioned corresponding to 13Cγ1, 13Cγ2 and 13Cδ respectively. In each strip, the 

diagonal peak with identical 1H chemical shift in both the direct and indirect 1H dimensions 

corresponds to the chemical shift of the respective attached 1H nucleus. The assignment by the 

HCCH-TOCSY method can be used conjunction with that observed in the HCC(CO)NH and 

CC(CO)NH by means of confirmation. 

For the stereospecific assignment of the methyl groups of valine (1Hγ
13Cγ) and leucine (1Hδ

13Cδ) 

residues, a VWF C3 sample was expressed in SHuffle E. coli cells400 in M9 minimal media as in 

Chapter 2.7, though using 10% 13C6-D-glucose and 90% 12C6-1H12-glucose, known as fractional 

labelling (Figure 1.19)389. A constant-time 13C-HSQC was performed on this 10% 13C-labelled C3 

sample with peaks corresponding to Pro-R and Pro-S 13C nuclei residing in opposite phases. 

Processing of the spectrum meant that Pro-R methyl groups were negative with an even 

number of bound 13C nuclei (13Cγ1-13Cβ in valine and 13Cδ1-13Cγ in leucine), conversely, Pro-S 

methyl groups were positive with an odd number of 13C nuclei directly bound (13Cγ2 in valine 

and 13Cδ2 in leucine) (Figure 3.3). This difference in phasing due to the 13C-13C coupling between 

two 13C-labelled nuclei is the same concept as that displayed in the HCCH-TOCSY of I2437 

(Figure 3.2, Panel B) where the peaks from the 13Cγ1 nucleus are in a negative phase due to an 

odd number of directly bound 13C nuclei. 



108 
 
 

 
Figure 3.3: Stereospecific assignment of the V2430 and L2485 side chain nuclei using fractional 
labelling An assignment of the γ1 and γ2 methyl groups of V2430 and δ1 and δ2 methyl groups of 
L2485. Peaks in dark blue and red correspond to the positive and negative peaks, respectively, from the 
constant time 13C-HSQC of the 100% 13C-labelled C3 sample. Peaks in light blue and red correspond to 
the positive and negative peaks, respectively, from the constant time 13C-HSQC of the 10% 13C-labelled 
C3 sample. The far-left window (MetHεCε) shows the peaks corresponding to the methyl group of 
MetHεCε, the assignment of which was carried out at a later date. Other windows indicate the 
stereospecific assignment of the methyl groups of V2430 (above) and L2485 (below). 

The positive/negative phasing was determined by the distinct peaks of MetHεCε. These peaks 

are well separated in the 13C-HSQC spectrum from peaks of any other side chain nuclei, with 

these being the sole peaks greater than 2 ppm in the 1H dimension at a 13C chemical shift of 

~17 ppm. With MetHεCε separated from the remainder of the side chain by a sulphur atom, this 

atom when enriched by 13C it is guaranteed to not be bound to a second 13C atom. Therefore, 

this peak will display the same sign as that of the 1Hγ2
13Cγ2 of valine or 1Hδ2

13Cδ2 of leucine with 

these being bound to a 12C atom in 90% of cases. The 1Hγ1
13Cγ1 of valine or 1Hδ1

13Cδ1 of leucine, 

however, will display the opposite sign, with it being bound to a 13C-labelled atom in each case 

of itself being enriched with 13C (Figure 3.3). 

This completed a 98% assignment of the backbone 1HN,15NH and 13CO nuclei and 1H and 13C 

nuclei of the backbone (1Hα
13Cα) (Figure 3.4) and aliphatic side chains (662 of 675 nuclei), with 

those left unassigned detailed in Table 3.2. Note at this stage, this assignment excludes the 

aromatic side chain assignments of phenylalanine, histidine, tryptophan and tyrosine, the side 

chain amide groups of glutamine and the 1Hε
13Cε of methionine residues. These were assigned 

at a later date using NOESY spectra. 
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Figure 3.4: 13C-HSQC assignment of the VWF C3 13Cα region A constant time 13C-HSQC region showing 
the assignment of the 1Hα

13Cα chemical shifts of VWF C3 with positive (blue) and negative (red) peaks. 
Positive peaks arise from an even number of directly bound 13C atoms while an odd number of directly 
bound 13C atoms results in a negative peak. Labels correspond to the 1Hα

13Cα assignment unless 
otherwise stated. A zoom of the central region is presented in the bottom panel and 1Hαa

13Cα of G2492, 
beyond the limits of the displayed spectrum, is shown in the top left of the upper panel. 
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Residue Unassigned nuclei 
K2429 1Hεb 
R2434 1Hδb 
E2446 1Hγb 
K2471 1Hδb  1Hεb 
R2478 1Hγb  1Hδb 
E2487 1Hγb 
E2489 1Hγb 

Table 3.2: Unassigned 1H nuclei of VWF C3 This excludes aromatic side chains, side chain amide groups 
and 1Hε of methionine residues which were assigned using NOESY spectra. 

3.2. Secondary structure assignment 

A TALOS+ program was used for a number of predictions including backbone rigidity, phi and 

psi backbone torsion angles and secondary structure (Figure 3.5). It uses the chemical shift 

data from the 1HN, 1Hα, 13Cα, 13Cβ, 13CO and 15NH nuclei and makes predictions using a neural 

network classification scheme and a database of 200 proteins. The TALOS+ approach involves 

searching a high resolution database for the ten best matches to the chemical shift of a given 

residue in the protein of interest. If there is a consensus of phi and psi angles, this forms a 

prediction for the backbone angles of that residue. It also analyses the chemical shift and 

sequence to predict whether a given residue being is in a sheet, helix or loop conformation 

with a prediction accuracy of approximately 89%. In order to determine secondary structure, 

and subsequently tertiary structure, three NOESY experiments were carried out (Table 3.3), 

providing NOEs which display nuclei which are close in space but not necessarily chemically 

bound. NOESY spectra only display NOEs for protons which are no more than 6 Å apart. 

Experiment Magnetisation transfer Correlation 
15N-edited NOESY 

(3D) 

 

1HN-15NH-x 
where x is any neighbouring 

1H nucleus 
(Occurs for any backbone or 

side chain NH group) 

13C-edited NOESY 
(3D) 

(Carried out on the 
aliphatic and 

aromatic 13C regions) 

 

1Hα-13Cα-x 
1Hβ-13Cβ-x 
1Hγ-13Cγ-x 

where x is any neighbouring 
1H nucleus 

(Occurs for any aliphatic or 
aromatic 13CH group) 

Table 3.3: 3D NOESY experiments for the secondary and tertiary structural assignment The two types 
of NOESY experiments performed for the structural assignment. Two types of 13C-edited NOESY 
experiments were carried out, one with a 13C offset in the aliphatic region and one in the aromatic 
region. Each diagonal peak displays cross-peaks to neighbouring 1H nuclei. 
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Figure 3.5: TALOS+ secondary structure prediction and NOE assignment Displayed in Panels A, B and C 
is the TALOS+ prediction of regions of β-sheet, loop and α-helix, respectively. Panels D and E display a 
NOE assignment between two strands of β-sheet. Panel D uses a 15N-edited NOESY experiment, with the 
left panel showing a diagonal peak corresponding to V24501HN and a cross-peak to S24691HN. The right 
panel shows a diagonal peak corresponding to S24691HN and a cross-peak in reverse to V24501HN. 
Panel E uses a 13C-edited NOESY to display a NOE between D24491Hα and Q24701Hα. Both of these NOE 
assignments are between the same two β-sheet strands. The 15N/13C chemical shift at the top of each 
strip corresponds to the chemical shift in the z-dimension. 

The TALOS+ prediction suggests that the VWF C3 structure is dominated by β-sheet and loop 

regions (Figure 3.5, Panels A and B). Using the chemical shift data, it predicted seven strands of 

β-sheet, as expected from other VWFC domain structures. All intervening regions between 

β-sheet strands has a high degree of probability of loop structures, with the α-helix probability 

across the whole protein being extremely low. The highest probability for α-helix was at 

residues 31, 32 and 33 (A2459, V2460 and M2461) which had a probability of 0.18, 0.393 and 

0.343, respectively, however, the probability of a loop at these three residues was far higher at 

0.751, 0.507 and 0.615, respectively. The probability of α-helix in the remaining residues was 

no higher than 0.1. Whilst not a precise determination of secondary structure, particularly 

their N- and C-terminal boundaries, the prediction gave guidance as to the likely location of 

β-sheet strands and the regions to focus on for the β-sheet assignment in the NOESY spectra. 
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NOESY spectra are characterised by a series of diagonal peaks corresponding to a nucleus with 

a series of cross-peaks, or NOEs, in the direct 1H dimension, aligning at the 1H chemical shift of 

that nucleus in the indirect dimension. At the 15N chemical shift of that proton’s attached 15N 

nucleus, a diagonal peak presents a cross-peak in reverse. For example, the 15N-edited NOESY 

at a 1H chemical shift of 8.99 ppm and a 15N chemical shift of 118.71 ppm presents a diagonal 

peak corresponding to V24501HN (Figure 3.5, Panel D). This presents a cross-peak to S24691HN 

at 8.81 ppm. At the 15NH chemical shift of S2469, 116.62 ppm, a diagonal peak corresponding 

to the S24691HN nucleus is observed at 8.81 ppm. This presents a cross-peak in reverse to 

V24501HN (Figure 3.5), allowing a NOE assignment between these two nuclei. The 13C-edited 

NOESY assignment works in the same manner, with peaks correlated with their attached 
13C nucleus rather than 15N. Two β-sheet strands organise in an ordered manner with NOEs 

seen between backbone amide groups (Figure 3.5, Panel D) and between 1Hα nuclei (Panel E). 

Displayed in Figure 3.6 are the NOE assignments for the three assigned β-sheets. 

 
Figure 3.6: Assignment of β-sheet NOEs Displayed is the assignment of the three VWF C3 antiparallel 
β-sheets. A red dotted line indicates a NOE assignment while blue numbers indicate residue number. 
Panel A shows a β-sheet between strands of K2429 to H2433 and T2436 to V2440. Panel B shows a triple 
stranded β-sheet between strands of residues Q2442 to E2446, C2448 to T2452 and Q2467 to K2471. 
Panel C shows the final β-sheet between strands of T2482 to H2486 and C2491 to L2495. 

The NOE assignment (Figure 3.6) displays the organised manner which β-sheets organised into. 

Not only are inter-strand NOEs observed but also intra-strand NOEs between adjacent 1HN and 
1Hα nuclei. The result of this secondary structure assignment is, once again, as expected with 

two double-stranded antiparallel β-sheets and one triple-stranded antiparallel β-sheet, similar 
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to what is observed in other VWFC domains. This also provides an insight into one disulphide 

bond in VWF C3, with C2451 and C2468 in close proximity in the triple-stranded β-sheet, 

suggesting that the interaction of these two β-sheet strands is strengthened by the presence 

of a disulphide bond. 

3.3. Disulphide bonds and tertiary structure assignment 

The assignment of the VWF C3 disulphide bonds is essential to accurately determining its 

tertiary structure. In order to determine whether the disulphide bonds had formed, an 

Ellman’s assay was carried out which determines the concentration of free thiols in a protein 

sample. By using a series of standards which had a free thiol concentration ranging from 0 mM 

to 1.5 mM in a series of 0.25 mM intervals and observing their absorption at 412 nm, a 

standard curve was produced. The absorbance of a VWF C3 sample at 412 nm, meanwhile, was 

recorded as 0.002. With the equation determined from the cysteine standards indicating a free 

thiol concentration in the C3 sample of -2.1 µM (Table 3.4), it suggested that all disulphide 

bonds had formed. 

Standard Free thiol concentration (mM) OD412 
A 1.5 1.901 
B 1.25 1.598 
C 1 1.268 
D 0.75 0.949 
E 0.5 0.630 
G 0.25 0.312 
F 0 0 

VWF C3 -0.0021 0.003 
Table 3.4: Ellman's Assay for the free thiol concentration of the C3 protein Displayed is the Ellman’s 
Assay result, showing the free thiol concentration and OD412 values of each standard (A-F). Displayed in 
bold is the free thiol concentration of the expressed C3 protein, calculated using the trendline equation 
of the standards, y = 1.2733x + 0.0038, which had an R2 value of 0.9999. 
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The 13Cβ chemical shift of cysteine residues can also predict whether those cysteines are 

disulphide bonded. These chemical shift values were determined during the backbone amide 

assignment using the HNCACB experiment. 

 
Figure 3.7: Chemical shift variations of cystine 13Cβ nuclei and VWF C3 backbone rigidity Panel A 
displays the distribution plot of cysteine 13Cβ chemical shifts when the cysteines are reduced, grey bars, 
and oxidised, blue bars. Reduced cysteines have a 13Cβ chemical shift between 24 and 33 ppm, whilst 
oxidised cysteines have a 13Cβ chemical shift between 33 ppm and 51 ppm. This was derived by Sharma 
et al413. Marked by the arrows above are the 13Cβ chemical shifts of the VWF C3 cysteine residues. All 
reside in the region which suggests they are disulphide bonded. A prediction of backbone rigidity from 
TALOS+ is shown in Panel B in the form of order parameter S2, with 0 denoting isotropic motion and 1 
indicating complete rigidity. Marked in red are the VWF C3 cysteine residues. 

Both the Ellman’s assay data and the 13Cβ chemical shifts of cysteine residues (Figure 3.7, 

Panel A) suggest that all ten cysteines are disulphide bonded. The TALOS+ prediction of 

backbone rigidity (Figure 3.7, Panel B) by order parameter S2 uses chemical shift data to display 

fluctuations of a backbone N-H bond vector due to its internal motion414. Noticeably, the most 

rigid regions are centred around the disulphide bonds except for the region centred around 

L2485, though residues T2482 to H2486 form one strand of a β-sheet, adding to its rigidity. All 

predicted loop regions (Figure 3.5, Panel B) tend to correspond to the most flexible regions 

except for the region from P2472 to C2477. Despite being a loop region, it is stabilised by two 

disulphide-bonded cysteines (C2473 and C2477) flanking this region. This would suggest that 

these cysteines are not bonded to each other as such a bond would not add flexibility to this 

loop region. These results highlight the importance of the VWF C3 disulphide bonds in forming 

a stable tertiary structure with a high degree of flexibility in the intervening regions between 

disulphide bonds. 

Once disulphide bond formation was confirmed, determining which cysteines these formed 

between was essential. This was performed using the NOESY spectra. Whilst a NOE between 

two sulphur atoms is not possible, a NOE assignment ideally between two 1Hβ cysteine nuclei 
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indicates a NOE between those residues. A clear assignment between these nuclei, however, 

may not always be possible with these having very similar 1H chemical shifts to each other, 

causing overlap of diagonal and cross-peaks. A NOE assignment can be performed between 

two other nuclei in those residues, the 13Cα nuclei for example, or between one cysteine and 

the neighbouring residue of its reciprocating cysteine. Whilst these give an initial idea of the 

disulphide bond arrangement, these can be confirmed during the tertiary structure assignment 

with NOEs providing a clearer picture of the domain’s overall folding. 

 
Figure 3.8: NOE assignment between the 1Hα-1Hβ nuclei of C2451 and C2468 The disulphide bond 
assignment between C2451 and C2468, with a NOE assignment between the C24511Hα and C24681Hβ 
nuclei. Blue peaks are positive peaks whilst red peaks are negative. The nuclei labelled above each strip 
corresponds to the diagonal peak in that strip. Each diagonal peak is labelled with a circled number and 
each cross-peak labelled with a number corresponding to the diagonal peak it forms a NOE with. Note a 
cross-peak from C24681Hβb nucleus can be observed when zoomed into the baseline noise. The 13C 
chemical shift at the top of each strip corresponds to the chemical shift in the z-dimension. 
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Figure 3.9: NOE assignment between 1Hβ nuclei of C2448 and C2490 This uses the 13C-edited NOESY to 
assign the NOE between the two 1Hβ nuclei of C2448 and C2490, indicating that these two residues are 
disulphide bonded. The left panel, at the 13Cβ chemical shift of C2448, shows a diagonal peak for each of 
the two 1Hβ nuclei and cross-peaks to the two 1Hβ nuclei of C2490. The right-hand panel, at the 13Cβ 
chemical shift of C2490, shows this NOE in reverse with a cross-peak to the two 1Hβ nuclei of C2448. The 
13C chemical shift at the top of each strip corresponds to the chemical shift in the z-dimension. 

 
Figure 3.10: NOE assignment indicating a C2477-C2494 disulphide bond This displays a NOE between 
the 1Hβ nuclei of C2477 and the 1HN nucleus of L2495, the neighbouring residue to C2494. The left panel 
shows a 15N-edited NOESY and the right-hand panel a 13C-edited NOESY. Blue peaks are positive whilst 
red peaks are negative. Each diagonal peak is labelled with a circled number and each cross-peak 
labelled with a number corresponding to the diagonal peak it forms a NOE with. The 15N/13C chemical 
shift at the top of each strip corresponds to the chemical shift in the z-dimension. 
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Figure 3.11: NOE assignment between the 1Hβ nuclei of C2473 and C2491 This NOE assignment 
indicates a disulphide bond between C2473 and C2491. The left panel shows, at the 13Cβ chemical shift 
of C2473, two diagonal peaks corresponding to the two 1Hβ nuclei of C2473. This panel also displays two 
cross-peaks to the 1Hβ nuclei of C2491. The right-hand panel shows this NOE assignment in reverse with 
a cross-peak to the C24731Hβ nuclei observed at the 13Cβ chemical shift of C2491. The 13C chemical shift 
at the top of each strip corresponds to the chemical shift in the z-dimension. 

 
Figure 3.12: A NOE assignment indicating a C2431-C2453 disulphide bond A NOE assignment between 
V2430 and C2453 suggests a disulphide bond between C2453 and the neighbouring residue to V2430, 
C2431. The blue peaks are positive peaks and the red peaks are negative. Each diagonal peak is labelled 
with a circled number and each cross-peak labelled with the number of the diagonal peak it forms a NOE 
with. The 13C chemical shift at the top of each strip corresponds to the chemical shift in the z-dimension. 



118 
 
 

The NOE assignments (Figure 3.8 to 3.12) indicate a full disulphide bond assignment, shown 

below. This arrangement matches that predicted by sequence analysis of the VWF C domain 

region37. 

 

 

Figure 3.13: Arrangement of the VWF C3 disulphide bonds Indicated above is the disulphide bond 
arrangement in relation to the full VWF C3 sequence. Below are the five disulphide bonds formed in the 
final structure calculation. Dotted lines indicate inter-cysteine NOEs between 1Hα and 1Hβ nuclei. The 
two disulphide bonds between C2431-C2453 and C2477-C2494 do not contain any inter-cysteine NOEs, 
however, display NOEs to neighbouring residues. 

Whilst a NOE assignment between two 1Hβ nuclei is ideal to determine a disulphide bond, as 

was seen between C2448-C2490 (Figure 3.9), overlapped peaks often make such a method 

impossible. When assigning a NOE between two alike nuclei, such as the 1Hβ of cysteine, they 

will inevitably have similar chemical shifts. For example, the chemical shifts of the 1Hβ nuclei of 

C2477 are 2.613 and 3.158 ppm, whilst the chemical shifts of the 1Hβ nuclei of C2494 are 2.752 

and 2.925 ppm. With the signal from the diagonal peak inevitably being far stronger, as the 
1Hβ nucleus corresponding to the cross-peak is separated by two sulphur atoms, the ability to 

distinguish between these peaks is extremely challenging. Overlap of the diagonal and cross-

peaks becomes a more prominent issue when needing to focus on cross-peaks with a low 

intensity signal when zooming into the baseline noise. This difference in signal intensity 

between the diagonal and cross-peak can be clearly observed in Figure 3.9, where the signal 

for the C24901Hβb cross-peak is far weaker, however, in this case is well separated, allowing a 

reliable NOE assignment between these nuclei. 

Even though a NOE between the 1Hβ and 1Hα nuclei of two disulphide-bonded cysteines would 

tend to display even weaker cross-peaks than between 1Hβ nuclei, these cross-peaks are less 

likely to be overlapped. This was the case regarding a NOE between C24511Hα and C24681Hβ 

(Figure 3.8). These residues were expected to be disulphide bonded from the β-sheet 
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assignment, where they are embedded in the three-stranded β-sheet. This disulphide bond 

likely acts in stabilising this β-sheet structure. In a case where NOEs between cysteines are not 

possible, a NOE assignment between one cysteine and the nuclei of the neighbouring residue 

of its disulphide-bonded cysteine can provide an insight into a disulphide bond arrangement. 

This was observed between C24771Hβa/b and L24951HN (Figure 3.10) and C24531Hα and 

V24301Hγ1/2 (Figure 3.12). This proved particularly useful in the case of C2453 which displays 

extremely low peak intensity levels. This was observed throughout all NMR spectra, from the 
15N-HSQC to triple resonance experiments where NOEs from the 1Hβ nuclei were unobservable 

in the 13C-edited NOESY spectrum, rendering NOE assignment between 1Hβ nuclei impossible. 

The fact that NOEs assigned by the method of using neighbouring residues are from two 

disulphides that would seemingly be located at opposite ends of the domain increases the 

confidence of these assignments. However, as is the case with each of these disulphide bond 

assignments, these were checked as the tertiary structural assignment progressed that they 

agreed with the results of other NOE assignments. 

 
Figure 3.14: Assignment of the side chain amide groups of glutamine, tryptophan and arginine The 
VWF C3 15N-HSQC including the assignment of side chain 1H-15N groups with black labels showing the 
assignment of the aromatic 1Hε

15Nε of W2444 and aliphatic 1Hε
15Nε of arginine and glutamine residues. 

Side chain 1H15N groups of tryptophan and glutamine were assigned by a combination of the 13C- and 
15N-edited NOESY, identifying intra-residue NOEs to determine the assignment. Labelled in grey are the 
backbone amide groups previously assigned. Labelled are the folded peaks corresponding to the 1Hε

15Nε 
peaks of arginine residues and lower right is the assignment of these arginine nuclei. Assignment of the 
arginine 1Hε

15Nε was performed by a side chain TOCSY in 20 mM Tris-HCl, 50 mM NaCl, pH 6.0. 
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Intra-residue NOE assignments were used to determine the 1Hε
15Nε chemical shifts of 

glutamine and tryptophan (Figure 3.14). These contain NOEs to the aliphatic side chain nuclei 

of their respective residues and, in the case of W2444, to its neighbouring 1H-13C aromatic 

nuclei which were subsequently assigned. A second conformation of the aromatic 1Hε
15Nε of 

W2444 was also assigned at a 1H chemical shift of ~10.1 ppm. This chemical shift indicates an 

exposed tryptophan residue whereas the peak at ~9.1 ppm shows the residue in a buried 

conformation415. Comparing the intensity of the two peaks suggests that while W2444 exists in 

two conformations, its dominant conformation is buried, likely forming 

hydrophobic/hydrophilic interactions. The chemical shifts of the 1Hε
15Nε nuclei of the four 

arginine residues were also assigned by a colleague, Diana Catana. Due to the spectral width of 

the 15N-HSQC, these peaks are folded from a 15N chemical shift of ~85 ppm. In order to assign 

these, two types of TOCSY experiments were performed, backbone and side chain, and by 

aligning the two spectra and the previously assigned peaks of the 13Cα to 13Cδ nuclei, each 
1Hε

15Nε peak was assigned. 

Assignment of the aromatic side chain 13CH and 13CH2 groups of histidine, phenylalanine, 

tryptophan and tyrosine, aromatic amide group of tryptophan and side chain amide group of 

glutamine (no asparagine residues in VWF C3) were required for an accurate structure 

calculation. The aromatic side chain assignment is particularly important as these often 

provide stabilising interactions and, therefore, present strong NOEs to neighbouring residues, 

essential when determining the protein’s tertiary structure. These were assigned using the 
13C-edited NOESY spectrum for the 13CH and 13CH2 groups (assignment of aromatic nuclei of 

Y2483 shown in Figure 3.15) and 15N-edited NOESY for the amide groups. A second 13C-edited 

NOESY experiment was carried out (indicated in Table 3.3) which focused on the 13C chemical 

shift of the aromatic 13C nuclei, in this case from 111.8 to 144.0 ppm rather than 9.3 to 

87.0 ppm for the aliphatic nuclei. 



121 
 
 

 
Figure 3.15: Assignment of the Y2483 aromatic nuclei Displayed is an example of the assignment of 
aromatic nuclei using the 15N-edited (left strip) and 13C-edited (other four strips) NOESY spectra. 
Throughout the spectra, blue corresponds to positive peaks and red to negative peaks. The diagonal 
peak in each strip corresponds to the nuclei labelled above its respective strip. The 15N/13C chemical shift 
at the top of each strip corresponds to the chemical shift in the z-dimension. Each diagonal peak is 
labelled with a circled number with the number to the right of each cross-peak corresponding to the 
diagonal peak it forms a NOE with. The two right-hand panels show the assignment of the 1Hδ

13Cδ and 
1Hε

13Cε using the alignment of their cross-peaks with other intra-residue nuclei. 

All aromatic 13CH and 13CH2 groups were determined using the NOESY spectra, including the 

aromatic 1Hδ
13Cδ and 1Hε

13Cε nuclei of Y2483 (Figure 3.15). The Y2483 aromatic assignment also 

shows the difference in signal strength when two nuclei are further apart. The 1HN nucleus 

cross-peaks (8.85 ppm) become noticeably weaker from the 1Hα
13Cα strip to the 1Hε

13Cε strip. 

This helps to distinguish between the 1Hδ and 1Hε nuclei, with the 1Hδ expected to show a 

stronger cross-peak to 1HN than 1Hε. This assignment method was supplemented with two 

two-dimensional 1H-13C spectra, the HbCbCgCdHd and HbCbCgCdCeHe. These plot the 

chemical shift of 13Cβ, a previously assigned chemical shift, against that of the intra-residue 1Hδ 

and 1Hε, respectively. This was used to confirm the assignment and confidently distinguish 

between the 1Hδ
13Cδ and 1Hε

13Cε. In the case of tyrosine, distinguishing between 13Cδ and 13Cε is 

relatively straightforward with the reference chemical shift of 13Cδ being ~133 ppm and that of 
13Cε being ~118 ppm. However, those of phenylalanine are far more similar with 13Cδ having a 
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reference chemical shift of ~131.5 ppm and 13Cε being ~131 ppm. Correlating the 13Cβ nucleus 

with the 1Hδ and 1Hε proves particularly useful in cases such as phenylalanine. Furthermore, in 

the case of two aromatic residues being in close proximity, assignment using NOESY spectra 

would prove challenging, with difficulty arising when distinguishing between intra- and inter-

residue NOEs. The HbCbCgCdHd and HbCbCgCdCeHe spectra prevent a mis-assignment in this 

case with these only providing intra-residue correlations. The assignment of the 1Hε
13Cε nuclei 

of M2456 and M2461 was also assigned using the 13C-edited NOESY spectrum, identifying 

intra-residue NOEs. 

This resulted in a final assignment of 97.4% (710 of 729 nuclei). This high percentage 

contributes to an accurate structural determination. This data does not include those 13C nuclei 

that are not 1H-bound, such as the 13Cγ nucleus of the aromatic residues, likewise 1H nuclei that 

are not 13C- or 15N-bound, such as 1Hη of tyrosine or 1Hγ1 of threonine (O-bound) nor histidine 

or lysine side chain 1H15N groups. These would all require further experiments to determine 

their chemical shifts and an accurate structure calculation can be performed with the chemical 

shift data obtained thus far. Whilst the disulphide bonds provide an initial insight into the 

tertiary structure, inter-residue NOEs were an essential element to finalise the overall domain 

folding. 

NOEs between H2433, Y2438 and W2444 (Figure 3.16) indicate an interaction between the 

first two β-sheet structures. Both H2433 and Y2438 reside in the first β-sheet (Figure 3.6, 

Panel A) with W2444 situated in the first strand of the second β-sheet structure (Figure 3.6, 

Panel B). This suggests a possible stabilising interaction between these two β-sheets, however, 

this will become clearer when assessing the calculated structure. These interactions are 

between aromatic nuclei, highlighting the importance of assigning these nuclei for an accurate 

structure calculation. The minor, exposed conformation of W2444 where 15Nε has a chemical 

shift of ~10.1 ppm does not display any NOEs to neighbouring residues, further indicating a lack 

of stabilising interactions by W2444 in this conformation. 
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Figure 3.16: Tertiary structure NOE assignment between residues H2433, Y2438 and W2444 A NOE 
assignment determining the tertiary structure between residues of the first (H2433 and Y2438) and 
second (W2444) β-sheet structures. The first five strips are using the 13C-edited NOESY and the last from 
the 15N-edited NOESY. Labelled nuclei above each peak corresponds to the diagonal peak in that strip, 
with the 13C chemical shift above each strip corresponding to the 13C chemical shift in the z-dimension. 
Diagonal peaks are labelled with circled numbers and each cross-peak labelled with the number of the 
diagonal peak that it corresponds to. 

Tertiary structure NOE assignments can also be used to justify the disulphide bond 

assignments made previously, particularly for those where NOEs between two cysteine 

residues was not possible. The NOEs assigned in Figure 3.17 reinforce the assignment of 

C2431-C2453 with R2464 and A2466 in close proximity to C2453. This is known through the 

β-sheet assignment in Figure 3.6 (Panel B) where C2453 immediately proceeds the second 

strand of the β-sheet and R2464 and A2466 immediately precede the third strand of the 

β-sheet. 

Likewise in Figure 3.18, a NOE between R2478 and F2481 justifies the disulphide bond 

assignment between C2477 and C2494 which was previously assigned by a NOE between 

C2477 and L2495. Immediately preceding the first strand of the β-sheet in Figure 3.6 (Panel C) 

is F2481 and in close proximity to C2494. With F2481 forming a NOE with the neighbouring 

residue to C2477 (R2478), it further suggests that these two residues are disulphide bonded. 
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Figure 3.17: Tertiary structure NOE assignment A NOE assignment between C2431 and R2464, Panel A, 
and H2433 and A2466, Panel B. The second strip in Panel A displays a 15N-edited NOESY whilst the other 
three strips are the 13C-edited NOESY. Nuclei labelled above correspond to the diagonal peak in its 
corresponding strip. The 13C chemical shift labelled above each strip is the chemical shift in the z-
dimension. Cross-peaks in each strip form a NOE with its aligned diagonal peak. 

 

 

 

 

Figure 3.18: NOE assignment between R2478 
and F2481 The assignment of a NOE between 
the 1Hβ nuclei of R2478 and the 1Hδ and 1Hε 
nuclei of F2481 using the 13C-edited NOESY. 
Blue peaks are positive whilst red peaks are 
negative. Diagonal peaks correspond to the 
nuclei labelled above each strip with cross-
peaks correlating with the diagonal peaks they 
form a NOE with. 
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The NOEs described in this chapter provide sufficient information, along with the chemical 

shift data, for an accurate structure calculation. A total of 2642 NOE restraints were assigned, 

1224 of which were inter-residue NOEs. It was ensured that any inter-residue NOEs, 

particularly long-distance, were supported with neighbouring NOEs, preventing an incorrect 

fold from the structure calculation. Removal of any NOEs was reviewed throughout the 

structure calculation process to optimise the dataset. The inter-residue NOEs include 723 

sequential NOEs, 89 short-range (two to three residue separation), 69 medium-range (four to 

five residue separation) and 343 long-range (more than five residue separation) (Figure 3.19). 

The NOE assignment is dominated by sequential assignments with long, medium and short-

range NOEs concentrated in the β-sheet regions. Outside of these secondary structure regions, 

NOEs are prevalent around the disulphide bonds, however, longer-range NOEs are limited. This 

would suggest, as expected, that the C3 domain is not a globular structure with a hydrophobic 

core as in the A domains as a core would present a far greater number of long-range NOEs 

within that structure. A definitive conclusion, however, would only be possible following the 

structural calculation. Also notable in the NOE assignment was a lack of NOEs between the 

linker impurity mentioned in Chapter 2.8 to the C3 structure. This further indicates that the 

linker impurity is not incorporated into the VWF C3 structure, rather residing as an 

unstructured tail. 

 
Figure 3.19: Assigned NOEs for VWF C3 residues Long (more than five residue separation), medium 
(three or four residue separation), short-range (two or three residue separation) and sequential 
(neighbouring residues) NOEs assigned for each VWF C3 residue. Sequential NOEs are shown in blue 
with short, medium and long-range NOEs in green, grey and red, respectively. 
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3.4. Residual Dipolar Couplings 

Whilst an accurate structural assignment can be completed using the information obtained 

thus far, refining the orientations of bond vectors within an overall molecular frame increases 

the precision and accuracy of a protein structure. This is particularly significant in the case of 

asymmetric structures and multidomain proteins which are dominated by α-helices or 

β-sheets, as has been learnt is the case in VWF C3416. This refinement includes the 

measurement of residual dipolar couplings (RDCs), with an RDC between two nuclei reporting 

on the internuclei vector orientations. In this case we looked at the coupling between the 1H 

and 15N nuclei of the backbone amide group in order to improve our structure. When a protein 

in solution is exposed to a magnetic field, the protein weakly aligns relative to that field. This 

results in a dipole-dipole interaction which yields a measurable dipolar coupling (Figure 3.20). 

The magnitude of the coupling depends on the angle between the internuclei vector and the 

magnetic field. The coupling is also affected by the distance between the nuclei, however, in 

this case where the 1H-15N nuclei are covalently bound, this distance is fixed417. The alignment 

in this case, however, is minute unless an alignment media is added. 

 
Figure 3.20: Residual dipolar coupling measurements using an in-phase/anti-phase (IPAP) experiment 
The left panel shows the processing of the IPAP 15N-HSQC experiment in order to measure the 1HN

i-15NH
i 

couplings (J) (bottom right). This experiment produces doublets in the 15N dimension, splitting a 
15N-HSQC peak both up and downshift as the 1H-15N coupling is allowed to evolve in the 15N chemical 
shift evolution period. When the splitting is in-phase (IP) it results in two positive peaks whilst the anti-
phase (AP) splits into a positive and negative peak. By adding the two spectra, the positive and negative 
upshift peaks cancel each other out, only displaying the downshift Anti-TROSY peak (1). By subtracting 
the two spectra, only the upshift TROSY peak is observed (2) and the splitting between the two 
measured by overlaying these resulting spectra. This method prevents crowding of a spectrum due to 
the resulting doublets. Shown in the two NMR spectrum strips are the 1H-15N splitting of A2459 with the 
left strip being isotropic and the right strip anisotropic. The coupling (J) is indicated as the measurement 
between the two peaks, with an RDC measured by the difference between the isotropic and anisotropic 
coupling. 
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The addition of an alignment media creates an anisotropic matrix. The interaction between the 

protein and the media can produce weak alignment of the protein417 and the alignment media 

used in this case was bacteriophage Pf1. This bacteriophage consists of a circular genome 

within an α-helical coat protein structure. The repeating network of carbonyl groups in the 

coat protein causes the bacteriophage to have a large anisotropic magnetic susceptibility with 

a solution of these particles imparting alignment of the protein to which the bacteriophage Pf1 

is added to418. Whilst in isotropic conditions dipolar couplings average to zero with each 

possible orientation having an equal probability, upon addition of an alignment media and 

subsequent anisotropic conditions, a preference of a certain orientation will be observed. In 

the case of the isotropic coupling, this remains relatively consistent across all amide groups, 

varying in VWF C3 between 91 Hz and 96 Hz with the average coupling being 93.6 Hz. In 

anisotropic conditions, however, this coupling varies between 78 Hz and 103 Hz. The 

anisotropic coupling was measured in triplicate and the mean taken for each amide group. By 

measuring the difference between the coupling of an amide group in isotropic and anisotropic 

conditions, an RDC can be measured for each backbone amide group. Measurement of RDCs 

was not possible for proline residues due to their lack of an amide 1H nucleus, F2443 and 

T2454 due to peak overlap and C2453 due to a lack of signal. 

3.5. High Resolution Structure of VWF C3 

A structure of VWF C3 was determined using CYANA 3.0419 (combined assignment and 

dynamics algorithm for NMR applications) and the NMR restraints calculated thus far. These 

include the assignment of 2642 intra- and inter-residue NOEs, 114 phi and psi torsion angle 

restraints predicted from TALOS+, five disulphide bonds, 62 1H-15N RDCs and 64 13Cα-13Cβ RDCs. 

Phi and psi torsion angles refer to the backbone dihedral angles with phi corresponding to the 

angle formed between the backbone CO-NH-Cα-CO nuclei and psi between the backbone 

NH-Cα-CO-NH nuclei. These phi and psi torsion angle restraints were discounted for residues at 

hairpin loop regions. A CYANA structure calculation includes the calculation of the distance 

between nuclei for each observable NOE. This calculation also delivers a number of distance 

and backbone dihedral angle violations. In order to optimise the calculation, the distance 

restraints for each NOE were eased by adding the initial distance restraint to the maximum 

violation distance. The easing of these violations has been shown to be imperative as a small 

number of incorrect restraints can lead to a completely misfolded protein420. Following 

subsequent structure calculations, this process was repeated until distance violations were 

eliminated. To rectify backbone torsion angle violations, the calculated structure was analysed 
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using the Protein Structure Validation Software (PSVS) suite421. This provided a Ramachandran 

plot for each residue and where violations occurred, elucidating the extent of the violation and 

the change in angle restraint required. The process calculates 100 potential structures from 

the restraints provided, finally presenting the twenty lowest energy structures. In these 

results, we present these twenty lowest energy structures with the lowest energy structure 

presented in Figure 3.21. 

 
Figure 3.21: High resolution structure of the VWF C3 domain Displayed above is a ribbon diagram of 
the isolated VWF C3 domain, showing two individual subdomains, SD1 and SD2. Indicated are the seven 
β-sheet strands, β1-5 in SD1 and β6 and β7 in SD2. Also shown are the five disulphide bonds (A-E) with 
the Sγ nuclei of cysteine residues shown in yellow. Disulphide bonds are between C2431-C2453 (A), 
C2451-C2468 (B), C2448-C2490 (C), C2473-C2491 (D) and C2477-C2494 (E). Shown below is SD2 when 
rotated by 90°, providing a clear picture of its β-sheet (β6 and β7) and disulphide bond arrangement (D 
and E). The lowest energy structure is presented here. 

The solution structure of the VWF C3 domain is presented in Figure 3.21. The domain is 

comprised of two subdomains, SD1 and SD2, with seven β-sheet strands, β1-β7. The first 

double-stranded (β1 and β2) and the triple-stranded β-sheet (β3-β5) are in SD1 with the 

second double stranded β-sheet (β6 and β7) in SD2. The angle between the N-terminal β-sheet 
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and remainder of SD1 is maintained by a π-stacking interaction between the aromatic side 

chains of Y2438 and W2444. This is also stabilised by the first of two disulphide bonds found in 

each SD1 with the C2431-C2453 (A) bond stabilising the interaction between the two β-sheets 

in SD1. The second disulphide bond in SD1, C2451-C2468 (B), strengthens the secondary 

structure interaction between strands β4 and β5. The two disulphide bonds in SD2 (D and E) 

connect the unstructured lower strand in SD2 to the β7 strand. VWF C3 also contains an 

inter-subdomain disulphide bond (C) connecting the β3-to-β4 loop to the β6-to-β7 loop. This 

arrangement indicates that the two subdomains are independently folded with a hinge residue 

at K2471 and a disulphide bond between C2448 and C2490 stabilising their orientation with 

respect to each other. With the lack of NOEs between the subdomains it appears that K2471 

and the C2448-C2490 disulphide bond maintain the orientation of the two subdomains.  

As was expected following analysis of similar VWFC domains and assignment of the NOESY 

spectra, VWF C3 lacks any hydrophobic core structure with all residues solvent exposed. Its 

stable structure, on the other hand, is dominated by its regions of secondary structure (47% of 

residues) and intervening loop regions. These loop regions vary from short hairpin loops 

connecting β-sheet strands, as in the β1-to-β2 loop, to long, protruding loops, such as that 

between strands β4 and β5. Although lacking any α-helix regions, TALOS+ predicted a small 

strand centred around V2460 (Figure 3.5, Panel C), immediately preceding strand β5. Although 

not recognised as an α-helix, this region does display a turn akin to α-helical properties. As is 

the case with a number of other VWF domains due to their high percentage of cysteine 

residues, the disulphide bonds are the primary stabilising force in the VWF C3 structure, as was 

predicted by TALOS+ where the most rigid regions of the domain are centred around the 

cysteine residues (Figure 3.7). 
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Figure 3.22: Accessibility of VWF C3 residues The displayed graphic the accessibility of the individual 
residues of VWF C3 based on the twenty lowest energy structures generated by Procheck-NMR. 
Indicated by yellow arrows are regions of β-sheet strands, marked β1-β7, and loop regions indicated by 
yellow lines. Blue and closed red circles signify buried residues whereas accessible residues are shown in 
white and black star segments. The Ooi number, the number of Cα atoms within a 14 Å radius of each 
amino acid, is used to determine their accessibility. 

Despite lacking a hydrophobic core, Figure 3.22 indicates that VWF C3 contains a number of 

buried residues, particularly within the regions of secondary structure in SD1. Whilst SD2 

contains buried regions around residues F2481-H2486 and S2490-P2496 which house strands 

β6 and β7, respectively, the remainder of the subdomain is far more accessible than that of 

SD1. Particular accessible regions seen throughout the domain are exposed loop regions, with 

the long β4-to-β5 loop, the loop preceding strand β6 and the loop connecting strand β6 to 

C2490 which forms an intersubdomain disulphide bond. Cysteine residues tend to appear as 

buried residues, highlighting their role in forming core stabilising disulphide bonds. 

The RMSD was measured of the twenty lowest energy structures of VWF C3 to indicate how 

well the individual structures of the ensemble agree with each other. In order to improve the 

precision of the bundle, the RMSD was minimised, indicating minimal variation between the 

individual structures and increasing the reliability of the calculated structure422. The mean 

backbone RMSD of the VWF C3 protein is 0.525 Å, with a range of 0.257 to 0.784 Å over the 

twenty lowest energy structures. However, when analysing the separate subdomains, SD1 has 

an average RMSD of 0.170 Å whilst SD2 has an average RMSD of 0.400 Å. This suggests that 

SD2 is more dynamic than SD1, as can be seen when observing the twenty lowest energy 

structures and the greater variation in SD2 conformation than SD1 (Figure 3.23). 
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Figure 3.23: Twenty lowest energy structures of VWF C3 Displayed is a ribbon diagram of the twenty 
lowest energy structures of VWF C3, with the lower panel showing the structure rotated through 90° 
showing SD2. Both structures are in the same orientation as that in Figure 3.21. Disulphide bonds are 
displayed with the Cα, Cβ and Sγ nuclei of cysteine residues shown as sticks with Sγ marked in yellow. The 
higher degree of variation in SD2 conformation than SD1 indicates greater flexibility in SD2, in 
agreement with the RMSD values of the two subdomains. Also displayed is the R2 relaxation data across 
the C3 domain derived from 15N relaxation data along with experimental R2/R1 values. 

Conclusions drawn from RMSD values were supplemented with 15N relaxation data to confirm 

regions of rigid and flexible structures. Similar to that found in C4 relaxation data125, the 

β1-to-β2 loop around H2433 exhibits fast dynamics in the nanosecond to picosecond time 

scale, shown by a decreasing R2/R1 value. A significantly higher R2/R1 value is observed for 

E2474, indicating a flexible hinge residue with E2474 undergoing slow conformational 

exchange in the microsecond to millisecond time scale. This residue, E2474, also contributes to 

the perpendicular orientation of SD2 in relation to SD1, with its acidic side chain forming a salt 

bridge with the basic side chain of R2478 (Figure 3.24). Finally, the consistently lower R2/R1 

values in SD2 in comparison to SD1 indicate higher global mobility in SD2, in agreement with 

RMSD data, exhibiting a greater number of orientations. 



132 
 
 

 
Figure 3.24: Salt bridge between E2474 and R2478 The interaction between E2474 and R2478 in SD2 is 
displayed with a salt bridge forming between the COδ of E2474 and the NHη of R2478. This interaction 
contributes to the change in orientation of SD2 with respect to SD1, causing a 90° turn in SD2. Dotted 
lines indicate the interaction between the COδ nuclei of E2474 and NHε and NHη which are 5.0 Å and 
3.8 Å apart, respectively. To ensure an accurate representation of these distance measurements, they 
were calculated as an average across the twenty lowest energy structures. 

Assessing the twenty protein structures using a Ramachandran plot determines the quality of 

the calculated structures by checking its geometry and stereochemistry. A Ramachandran plot 

of a protein’s phi-psi torsion angles indicates the percentage of residues in the most favoured, 

allowed and disallowed regions423. The Ramachandran plot of the calculated VWF C3 structure 

presents 68.5% in most favoured regions, 30.7% in additionally allowed regions and 0.8% in 

generously allowed regions, with no residues in the disallowed regions (Appendix 7.2). With 

VWF C3 being a small disulphide-rich protein lacking a hydrophobic core and having a less 

regular secondary structure, the proportion of residues in the most favoured regions is lower 

than would be seen in larger proteins with a prominent secondary structure424. 

3.6. Structural comparison to VWFC domains 

Analysis of the sequence relationships between VWF C3 and other VWFC domains indicates 

that the VWFC domain of CCN3 GF is that with most similarity to the VWF C3 domain. The 

NMR structures of the two domains show similarly low RMSD values, with C3 exhibiting an 

average RMSD of 0.525 Å and 0.265 Å in the CCN3 GF VWFC domain. Whilst an overlay of the 

two full-length domains does not show the two structures matching well, this is due to 

differences in the SD2 orientation of the two domains. Overlay of solely the SD1 domains, 

however, shows strong structural similarities (Figure 3.25). Both contain two β-sheet regions, 

one double-stranded and one triple-stranded with almost identical β-sheet lengths and loop 
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regions from strand β1 to β4. The orientation of the N-terminal β-sheet to the remainder of 

SD1 is also identical with both domains containing a β1 to β4 disulphide bond (Figure 3.26) and 

a π-stacking interaction between the aromatic side chains of a tyrosine and tryptophan 

residue. The β4-to-β5 loop is where the domains’ SD1 differ, with VWF C3 containing a far 

longer loop than the CCN3 GF VWFC domain. The functional significance of the long β4-to-β5 

loop in the VWF C3 domain as yet remains unclear, however, with the 26 residue C2 to C3 

domain linker, there is a possibility the longer β4-to-β5 loop in C3 stabilises the interaction 

with the VWF C2 domain. 

 
Figure 3.25: Overlay of the SD1 of VWF C3 and the VWFC domain of CCN3 GF Displayed is SD1 of the 
VWF C3 domain (blue), overlaid with the CCN3 GF VWFC domain (red). Both contain five β-sheet strands 
with similar secondary structure arrangements, the one significant difference between the two being 
the long β4-to-β5 loop. 

With the CCN3 GF VWFC domain also being a small, disulphide-rich domain lacking a 

hydrophobic core, the arrangement of its five disulphide bonds is similarly vital to forming a 

stable tertiary structure. As can be seen in Figure 3.26, both VWF C3 and the CCN3 GF VWFC 

domain have similar disulphide bond arrangements. Both have two disulphides in SD1, with 

one connecting the two β-sheets between strands β1 and β4 and one stabilising the triple-

stranded β-sheet between strands β4 and β5. In both cases, the two subdomains are 

connected by a hinge residue and a disulphide between the β3-to-β4 loop and the β6-to-β7 

loop, stabilising the association of the two subdomains. Variation, however, occurs in SD2, 

firstly in the disulphide bond arrangement. Whilst one disulphide bond of SD2 is identical in 

both domains (Figure 3.26, Bond D), the final disulphide bond (Bond E) varies between the 

two. In the C3 domain, this bond is between strand β7 and the unstructured lower strand, 

similar to Bond D, however, in the CCN3 GF VWFC domain this bond connects strand β7 to the 

loop immediately preceding strand β6. The lack of a disulphide bond between the two β-sheet 
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strands in SD2 of the VWF C3 domain may affect the stability of this secondary structure. 

Whilst this bond in the CCN3 GF VWFC domain is not directly between strands β6 and β7, its 

position may still play a role in stabilising the SD2 secondary structure. 

 
Figure 3.26: Structural comparison between the full-length VWF C3 domain and CCN3 GF VWFC 
domain Displayed in the above panel in blue is the full-length VWF C3 domain with an end-on view of 
SD2 shown in the upper right segment. Below is the VWFC domain of CCN3 GF, shown in red. In both 
cases, sticks are shown for the Cα, Cβ and Sγ of cysteine residues, with the Sγ marked in yellow. 
Disulphide bonds are labelled A to E, with the labels between the two proteins matching with their 
equivalent disulphide bonds in the other protein. 

The final two noticeable differences between the two domains are also presented in SD2. 

Firstly, the size of SD2 is noticeably larger in the VWFC domain of CCN3 GF. The VWF C3 

domain SD2 (P2472 to P2496) is 25 residues in length whilst the VWFC domain of CCN3 GF is 

31 residues in length, allowing the CCN3 GF VWFC domain to be more elongated than that of 

VWF C3. The final significant difference between the two domains is the orientation of SD2 in 

relation to SD1. As shown in Figure 3.24, SD2 of C3 lies perpendicular SD1 rather than 

longitudinal caused by the interaction of the acidic and basic amino acid side chains of E2474 

and R2478, respectively, leading to a salt bridge425. A turn in the protein chain is the result of 

this interaction, causing this perpendicular orientation. Whilst the CCN3 GF VWFC domain 

contains a similar acidic residue, D141, in an equivalent position to E2474 in VWF C3, it does 

not contain a basic residue to form this salt bridge interaction and rotate SD2. 
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3.7. Structural comparison to the VWF C4 domain 

Whilst the VWF C4 domain contains fewer sequence similarities to the VWF C3 domain than 

the VWFC domain of CCN3 GF, it is insightful to compare the structures of the two 

neighbouring domains. The C4 domain displays a similar secondary and tertiary structure 

arrangement to C3 (Figure 3.27). Whilst its disulphide bond arrangement is comparably similar 

to C3, it only contains one disulphide bond in SD1, between strands β1 and β4, lacking the 

second disulphide bond between strands β4 and β5. It does, however, contain a third 

disulphide bond in SD2 with its unique C4 bridge between strands β6 and β7, similar to the 

final disulphide bond of the CCN3 GF VWFC domain (Figure 3.26, Bond E). 

 
Figure 3.27: Structural comparison between the full-length VWF C3 domain and VWF C4 domain 
Displayed in the above panel in blue is the full-length VWF C3 domain with an end-on view of SD2 
shown in the upper right segment. Below is the VWF C4 domain125, shown in green. In both cases, sticks 
are shown for the Cα, Cβ and Sγ of cysteine residues, with the Sγ marked in yellow. Matching disulphide 
bonds between the two domains are labelled A, C, D and E, with C4 lacking disulphide bond B which is 
shown in C3. The C4 domain also contains a third disulphide bond in SD2 marked with a *. 

The orientation of SD2 in the VWF C4 domain is akin to that in the CCN3 GF VWFC domain, 

residing longitudinally in relation to SD1. Similar to the VWFC domain of CCN3 GF, VWF C4 
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contains an acidic residue, E2553, in the equivalent position to E2474 in VWF C3, however, 

lacks the basic arginine residue that is found in VWF C3. The lack of a salt bridge in this position 

prevents the turning of the domain and the change in orientation seen in VWF C3.  

When comparing the structure of SD1 of VWF C3 and C4, it is immediately apparent why VWF 

C4 is termed a VWFC-like domain. Whilst it contains a number of structural hallmarks that 

strongly associates it with the VWFC domain family, particularly its secondary structure 

arrangement, an overlay of SD1 of VWF C3 and C4 presents some clear differences (Figure 

3.28). In general, the size of the β-sheets are far larger, with strands β1, β2, β4 and β5 all 

stretching to approximately double the length of those in VWF C3. It also contains a much 

larger β1-to-β2 loop which contains an RGD motif that binds to platelet αIIbβ3. 

 
Figure 3.28: Overlay of the SD1 of the VWF C3 and C4 domains Displayed is a structural comparison of 
the first subdomain of the VWF C3 and C4 domains. VWF C3 is shown in blue whilst the C4 domain is 
shown in green. 

The C4 β1-to-β2 loop is both longer than the hairpin loop seen in C3 (Figure 3.28) as well as far 

more flexible, taking on a wider range of conformations in the twenty lowest energy structures 

of C4 (Figure 3.29). On the other hand, this loop in VWF C3 takes a much more consistent 

conformation throughout its twenty lowest energy structures. This difference is 

understandable with the flexibility in C4 surrounding the RGD motif likely being essential for 

efficient binding to αIIbβ3. This is also seen in 15N relaxation data where, although H2433 of the 

C3 domain shows fast dynamics, it is not to the same extent as that seen in the much larger 

β1-to-β2 loop of the C4 domain. The comparison of the twenty lowest energy structures also 

displays the difference in SD2 flexibility in VWF C3 and C4. This is apparent with the much 
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wider variety of conformations seen in SD2 of the C4 domain. Whilst SD2 of the C3 domain 

appears to be less flexible than that of C4, it does not display the same conformation 

consistency as seen in SD1. This is also seen in the C4 domain where, although the β1-to-β2 

loop is highly flexible, the β3-β4-β5 secondary structure has a highly consistent conformation 

between the twenty lowest energy structures. The experimental 15N relaxation data of both C3 

and C4 also suggests greater flexibility in SD2 than SD1, with SD2 consistently showing lower 

R2/R1 values indicating higher global mobility. This feature is a hallmark of the VWFC domains, 

consisting of a uniformly stable SD1 and SD2 displaying greater flexibility. Such a feature may 

contribute to the intra-domain flexibility and, subsequently, multimer flexibility under shear 

stress. 

 

Figure 3.29: Comparison of the twenty lowest energy structures of VWF C3 and C4 Displayed above is a 
comparison of the VWF C3 and C4 structures, displaying their differences in flexibility throughout the 
domains. Indicated are those regions with differing flexibility, with the β1-to-β2 loop and SD2. VWF C3 is 
shown in blue and VWF C4 in green. The upper right section shows SD2 of the C3 domain rotated 
through 90°. 

3.8. Interaction between the VWF C3 and C4 domains 

Whilst the two neighbouring domains display similar structural arrangements, the interactions 

between these two domains remains to be determined. Their interaction, or lack of, would 

have a profound effect on, firstly, inter-domain flexibility and, secondly, flexibility of the VWF 
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multimer as a whole. A key role of the C domains is to add flexibility to the VWF multimer with 

the remainder of the protein being either highly disulphide bonded (D domains) or globular 

with a hydrophobic core (A domains). The inter-domain junctions and intra-domain flexibility is 

what provides flexibility to the VWF multimer in order for it to effectively carry out primary 

haemostasis. 

In order to investigate the interactions between the two domains, the ideal method of 

expressing the two domains in complex was not possible. A plasmid, of the same form of the 

VWF C3 plasmid, was expressed with a TrxA tag, a His6 tag for NiNTA purification, an EK 

cleavage site, immediately followed by the VWF C3-C4 sequence. Due to the fact that the 

C3-C4 complex contains ten disulphide bonds, five in each domain, the expression was 

extremely inefficient. Multiple attempts were carried out and a minimal concentration of 

uncleaved TrxA-His6-VWFC4 was expressed. As was feared, the number of disulphide bonds 

was too high for such an expression strategy. Instead, the C3 and C4 domains were expressed 

separately. 

A plasmid (Figure 3.30) encoding for the VWF C4 domain was designed and expressed. 

 
Figure 3.30: TrxA-His6-VWFC4 construct sequence The nucleotide sequence and subsequent translation 
product to express the VWF C4 domain. The 109 amino acid TrxA tag (blue) is separated from a His6 tag 
(red) by 7 residues, with the His6 tag followed by a 31 residue linker to an EK cleavage site (purple). The 
cleavage site is immediately followed by the VWF C4 protein sequence (green) which is subsequently 
followed by a termination codon. 

The protein was expressed and purified in the same manner as with the C3 plasmid, expressed 

in M9 minimal media with 15NH4Cl and 12C6-1H12-glucose and the uncleaved TrxA-His6-VWFC4 
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purified using Ni-NTA affinity chromatography. Whilst the uncleaved did not express 

concentrations as high as that from the TrxA-His6-VWFC3 plasmid, it was far superior to that 

expressed in the C3-C4 domain complex. The purified protein was cleaved by EK and purified, 

firstly using Ni-NTA affinity chromatography to separate the cleaved C4 protein from the 

TrxA-His6 tag and any uncleaved protein, and secondly using size exclusion chromatography to 

obtain a pure sample of VWF C4. The SDS-PAGE analysis of the purification and the size 

exclusion chromatogram are shown in Figure 3.31. 

 
Figure 3.31: Purification of 15N-labelled VWF C4 The Ni-NTA affinity chromatography purification of the 
uncleaved TrxA-His6-VWFC4 is shown in Panel A, analysing the elution fractions in reducing SDS-PAGE. 
Lane 1 shows the contents extracted from the cell cytoplasm, with Lane 2 showing the unbound protein 
that flowed through the column. Fractions eluted from the column are shown in Lanes 3-14. Panel B 
analyses the elution fractions from the size exclusion chromatography (Panel C), following a reverse 
Ni-NTA. Lane 1 shows the cleaved protein that was loaded onto the column, with the bound protein that 
was subsequently eluted from the column shown in Lane 2. The unbound protein in the flow-through 
was separated by size exclusion chromatography. Lanes 3-7 correspond to the numbers seen on the 
chromatogram in Panel C, with the large band at 13 kDa corresponding to cleaved VWF C4. 

Whilst the size of the protein eluted appeared too large for the 8.8 kDa C4 domain, it was likely 

that the same issue regarding cleavage had occurred as with the VWF C3 domain. The eluted 
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protein, however, was analysed by a 15N-HSQC and compared to the VWF C4 domain published 

by Xu et al125. The peak assignment was successfully transferred onto the C4 domain presented 

here, increasing confidence that a folded structure of VWF C4 had been expressed. As the aim 

of this was to identify any obvious interaction between VWF C3 and C4, a protein with the 

addition of a N-terminal unstructured chain was not deemed an issue. 

To identify any obvious interactions, a 15N-labelled sample of VWF C3 and C4 were added 

together at equal concentrations and a 15N-HSQC performed. The spectrum was compared to 

the respective C3 and C4 15N-HSQC spectra (Figure 3.32), with any peak shift providing an 

insight into interactions between the two domains. 

 
Figure 3.32: 15N-HSQC overlap of the VWF C3 and C4 domains Displayed in the left-hand window are 
the 15N-HSQC spectra of VWF C3 (blue) and C4 (red). In the right-hand window is an overlay when the C3 
and C4 samples were added together (green). 

There was no obvious peak shift from the 15N-HSQC of the C3 and C4 domains when the two 

samples were added together. Minor peak shift was observed in the lower left quadrant of the 

spectrum corresponding to the backbone H24331HN
15NH and the W24441Hε

15Nε. The 

significance of this is unclear, particularly how these two residues are in close contact between 

sheets β1 and β3. However, the fact that the pH of the two samples (pH 6.4) is so close to the 

pKa of histidine (~6.0), the likelihood of a peak shift from H2433 is very high. This data provides 

an initial understanding of the lack of interaction of these two domains and whether there is 

any obvious stabilising interactions between the two domains. It is not, however, conclusive in 

determining their interaction with this requiring further investigation. It must also be 

considered the differences in interaction between these domains, and others, when VWF is in 

circulation in its globular form versus under shear stress and elongated. Whilst in the 

elongated form, any stabilising interactions would not be expected due to the importance of 

inter-domain flexibility, however, stabilising ionic interactions and salt bridges may occur in the 
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globular form of VWF. There is seemingly a lack of literature specifically regarding the 

interactions of the C domains whether in circulation or under shear stress, therefore, the 

perturbation of one domain on the other, or lack thereof, would require further investigation. 

Evidence does, however, highlight the importance of the C domains in contributing to the 

great length and flexibility of VWF multimers with the C domains exhibiting a rope-like 

character37, 191. Any strong inter-domain interactions would adversely affect such flexibility 

which is essential in the physiological function of VWF. 

In order for a reliable conclusion to be drawn, the domains would firstly need to be expressed 

in complex. If expressing the two domains in complex is too troublesome due to the high 

number of disulphide bonds, this may require expressing the two proteins in parallel and 

performing a ligation reaction to join the two domains. Such a method, however, would not be 

possible with the purified protein containing a large unstructured “tail” at its N-terminus. 

3.9. Expression of the C3L plasmid 

Due to the inaccurate cleavage observed when expressing the VWF C3 domain and the 

unstructured “tail” sequence that remained at the N-terminus of the C3 domain, a new 

plasmid was designed which contains a four amino acid (GSMA) linker between the EK 

cleavage site and the C3 protein sequence. The remainder of the plasmid was identical to that 

shown in Figure 2.16. These residues were chosen due to their use when solving the NMR 

structure of the VWF C4 domain125. This would provide greater accessibility for EK to access 

the cleavage site, resulting in an accurate cleavage and a far smaller N-terminal “tail” 

structure. The protein was expressed and purified using the same method as previously (Figure 

3.33). 
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Figure 3.33: Purification of the C3L protein Shown in Panel A is the Ni-NTA affinity chromatography 
purification of the uncleaved TrxA-His6-VWFC3 (C3L plasmid), analysing the elution fractions in reducing 
SDS-PAGE. Lane 1 shows the contents extracted from the cell cytoplasm, with Lane 2 showing the 
unbound protein that flowed through the column. Fractions eluted from the column are shown in Lanes 
3-14. Panel B analyses the elution fractions from size exclusion chromatography (Panel C), following a 
reverse Ni-NTA. Lane 1 shows the cleaved protein that was loaded onto the Ni-NTA column, with the 
bound protein that was subsequently eluted from the column shown in Lane 2. The unbound protein in 
the flow-through, shown in Lane 3, was separated by size exclusion chromatography. Lanes 4-11 
correspond to the numbers seen on the chromatogram in Panel C. 

The purification results immediately suggested that EK cleavage had occurred at the intended 

site, firstly with the C3 protein peak centred at an elution volume of 80.5 mL compared with 

74.5 mL when inaccurate cleavage had occurred, and secondly with the eluted protein 

displaying a size lower than 10 kDa. The expected size of the cleaved protein is ~8 kDa. Though 

difficult to determine its exact size by the SDS-PAGE analysis partly due to the high 

concentration of protein and spread of the band, the size is clearly less than 10 kDa. 

Furthermore, the high concentration of purified protein was encouraging for further studies 

such as a ligation with neighbouring VWF C domains in order to investigate their interaction. 
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In order to compare the folding of the C3 protein expressed from the C3L plasmid to the C3 

structure calculated earlier, a 15N-HSQC was performed (Figure 3.34) and backbone chemical 

shift changes were quantified. This would also provide an insight into whether the 

unstructured “tail” from the previous plasmid had had an effect on the calculated C3 structure. 

To differentiate between the expressed protein of the two plasmids, the C3 protein used for 

the original structure calculation will hereby be referred to as C3NL (indicating “No Linker” 

between the cleavage site and C3 protein) and that expressed from the new C3L plasmid will 

be referred to as C3L (denoting the “Linker” following the cleavage site). The chemical shift 

changes between C3NL and C3L (Δδ) were determined by the equation in Figure 3.35. 

 
Figure 3.34: Overlay of the C3NL and C3L 15N-HSQCs Displayed above is an overlay of the 15N-HSQC 
spectra of the C3NL protein (blue), used for the structure in Figure 3.21, and C3L protein (red), 
expressed in Figure 3.33. 
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∆𝛿 = √[(∆𝛿ଵୌ)ଶ + (0.15∆𝛿ଵହ୒)ଶ] 

 
Figure 3.35: Backbone chemical shift changes between the C3NL and C3L proteins The structure below 
indicates the backbone 1HN

15NH chemical shift changes (Δδ) throughout the protein, calculated by the 
equation displayed above66. Regions highlighted in blue indicate the greatest change in chemical shift 
while grey indicates no change in chemical shift. 

The changes in chemical shift between the C3NL and C3L proteins (Figure 3.35) is centred 

around the N-terminal β-sheet and the long β4-to-β5 loop region, suggesting the N-terminal 

“tail” in the C3NL protein weakly interacts with this loop region. This indicates a potential 

change in conformation of this loop region in the WT C3 domain, however, the impact of 

appears to be minimal. The β4-to-β5 loop does not exhibit any obvious functional or structural 

properties relied upon by the domain as a whole, such as disulphide bonds, and the change in 

the N-terminal chain does not appear to affect the overall secondary and tertiary structure of 

the domain. Whilst future investigations would be useful to determine the precise orientation 

of the β4-to-β5 loop, this result does not affect the reliability of the structure presented in 

Figure 3.21 and the structural comparisons made to other VWFC domains. 
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4. Results: The effect of cysteine mutations on the structure of 
VWF C3 

Although one of the least abundant amino acids in proteins making up only around 2.3% of 

amino acids in humans, cysteine is frequently observed in functionally important binding sites. 

Its presence in VWF is far higher than in human proteins on average, making up 8.3% of the 

protein40. It has unique properties, being able to react with another cysteine to form a 

disulphide bond whilst also being found as both hydrophobic and hydrophilic426. The 

importance of disulphide bonds in VWF is clear, allowing dimerisation and multimerisation to 

occur with the biological function of VWF relying on high molecular weight multimers176. 

Disulphide bonds are also relied upon in the functional binding sites of VWF, with vicinal 

disulphide bonds shown to be essential in the binding to platelet GpIbα and cleavage by 

ADAMTS13294, 427. The D and C domains are also rich in disulphide bonds, aiding stability with 

both domain types lacking a hydrophobic core37. The importance of free thiols on the 

physiological function of VWF is an emerging area of significance, with studies showing that 

blocking of free thiols impairs platelet recruitment under shear stress267, 268, 277. 

Although VWF free thiols, particularly in the C3 domain, appear to play a major role in lateral 

self-association having been found as free thiols in plasma-derived VWF268, 274, the effect of 

these free thiols on the structure of the domain remains unclear. Therefore, we investigated 

the effects of mutating the two disulphide-bonded cysteines in each of the five C3 disulphide 

bonds to mimic disulphide bond reduction and used NMR to gain an initial insight into their 

effect on the C3 structure. Though mutations of two cysteines does not account for 

rearrangement of disulphide bonds by oxidoreductases in circulation, this begins to describe 

the effect on domain flexibility and maintenance of secondary and tertiary structure when 

disulphide bonds are reduced. Not only can this show the effects on the structural properties 

of the C3 domain, these mutations can display the importance of disulphides in forming a 

stable secondary and tertiary structure and indicate which disulphides in particular are heavily 

relied upon for the formation of the two individual subdomains. 
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Figure 4.1: Locations of the VWD-causing substitution mutations in the C3 domain Displayed is the C3 
domain sequence with those residues highlighted in blue being found in substitution mutations. For 
each residue where a mutation has been identified, the DNA mutation is displayed first, followed by the 
amino acid substitution. The type of mutation is displayed next, whether silent, missense or nonsense, 
and finally the VWD pathological result, whether Type 1, Type 3 or VWD is not seen. 

Furthermore, mutations of the disulphide bonds can begin to explain the effect of VWD 

Type 1-causing mutations. There have been twelve substitution mutations in the C3 domain 

identified in patients (Figure 4.1), three of which, however, are silent mutations which as 

expected, do not result in VWD. Of those remaining, three are nonsense mutations which 

result in Type 3 VWD, importantly not expressing the crucial CK domain meaning that VWF fails 

to form dimers. There is also one mutation, C2491R, which interestingly results in Type 3 VWD. 

This may suggest a crucial role of C2491 in the proper folding of the C3 domain. The remaining 

five mutations each result in Type 1 VWD, four of which are caused by either a gain or loss of a 

cysteine residue. This suggests a crucial role of cysteines and disulphide bond formation in 

expressing properly folding VWF multimers. Whilst specific VWD Type 1-causing mutations 

were not expressed in this case, mutations of individual disulphide bonds can provide an 

insight into the impact of losing a disulphide bond on C3 domain folding. Expression of 

proteins with an odd number of cysteines may not be feasible in SHuffle E. coli cells400 due to a 

high chance of protein misfolding in this case. Investigation of specific VWD Type 1-causing C3 

mutations may, however, be performed in future studies, each of which are as a result of an 

odd number of C3 cysteines. 
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4.1. Mutations of the disulphide bonds of SD1 

Double point mutations were performed on the C2431-C2453 and C2451-C2468 disulphide 

bonds. Note that these mutations were carried out on the same plasmid in which C3 was 

expressed for the structure calculation, not using the C3L plasmid. A substitution to either 

alanine or serine was considered, however, alanine was chosen due to its similar hydrophobic 

properties to cysteine. Mutations were carried out by PCR site-directed mutagenesis with 

primers designed to have minimal nucleotide changes. Primers were designed to be between 

25 and 45 nucleotides in length in order for the primer to have sufficient binding affinity to the 

template plasmid. The Tm of the plasmid was to account for efficient annealing to the template 

plasmid, with the secondary structure Tm < 42°C to ensure the secondary structure of the 

primer did not affect its annealing. For a full description of the PCR method, primers and 

thermocycling conditions, see Chapter 6.6. The PCR products were digested with Dpn1 and 

transformed into DH5α competent cells, ideal for high-efficiency cloning of PCR products. 

Once each mutation was confirmed as successful, each of the C3 C2431A/C2453A and 

C2451A/C2468A mutants were expressed in M9 minimal media with 15NH4Cl and 
12C6-1H12-glucose, providing uniformly 15N-labelled proteins to carry out NMR experiments on 

each mutant. The samples were purified in the same manner as in Chapter 2.7, using a Ni-NTA 

column to obtain a pure uncleaved sample and cleavage, reverse Ni-NTA and gel filtration 

performed as previously. 
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Figure 4.2: Purification of the VWF C3 C2431A/C2453A mutant The Ni-NTA affinity chromatography 
purification of the uncleaved TrxA-His6-VWFC3(C2431A/C2453A) is shown in Panel A, analysing the 
elution fractions in reducing SDS-PAGE. Lane 1 shows the contents extracted from the cell cytoplasm, 
with Lane 2 showing the unbound protein that flowed through the column. Fractions eluted from the 
column are shown in Lanes 3-14. Panel B analyses the elution fractions from the size exclusion 
chromatography (Panel C), following a reverse Ni-NTA. Lane 1 shows the cleaved protein that was 
loaded onto the column, with the bound protein that was subsequently eluted from the column shown 
in Lane 3. The unbound protein in the flow-through (Lane 2) was separated by size exclusion 
chromatography. Lanes 4-10 correspond to the numbers seen on the chromatogram in Panel C, with the 
large band at ~8 kDa corresponding to cleaved VWF C3 (C2431A/C2453A). 

The gel filtration profile and reducing SDS-PAGE results (Figure 4.2) show that the mutant 

protein was well expressed in M9 minimal media. Noticeably from both the SDS-PAGE of the 

gel filtration fractions and the elution profile is the difference in the apparent size of the 

C2431A/C2453A mutant compared to the WT C3 protein. The WT C3 protein presented at 

~13 kDa in reducing SDS-PAGE and the elution peak centred at approximately 72.5 mL due to 

inaccurate cleavage. In the case of the C2431A/C2453A mutant, this displayed a size of ~8 kDa 

in reducing SDS-PAGE and the elution peak centred at 82.9 mL. This is similar to the protein 

expressed from the C3L plasmid which had accurate cleavage at the elution peak centred at 



149 
 
 

82.5 mL. The reason at this stage remained unclear as to why accurate cleavage appeared to 

occur in the case of the C2431A/C2453A mutant. The purification of the mutant C3 

C2451A/C2468A protein is not displayed, however, displayed a similar purification result to 

that of the C2431A/C2453A mutant with the eluted gel filtration peak centred at 83 mL and 

the protein band presenting at ~8 kDa in reducing SDS-PAGE. The C2451A/C2468A mutant, 

however, did not express as efficiently as the C2431A/C2453A mutant. This is seen by a peak 

A280 reading of 640 mAU in the size exclusion chromatogram of the cleaved C2431A/C2453A 

mutant, compared to just 99 mAU in the case of C2451A/C2468A. 

In order to determine any obvious effects of removing a disulphide bond on the structure of 

the VWF C3 domain, a 15N-HSQC was carried out on each of the mutants. 

 
Figure 4.3: 15N-HSQC of the C3 C2431A/C2453A mutant Displayed is an overlay of the 15N-HSQC of the 
WT VWF C3 domain (blue) and overlaid is the 15N-HSQC of the C3 C2431A/C2453A mutant (red). The 
mutated disulphide bond is circled in the structure shown in the upper left region of the spectrum. 
Circled in green are the peaks corresponding to SD2 of the WT C3 domain. 

It is immediately apparent when observing the 15N-HSQC of the C2431A/C2453A mutant 

(Figure 4.3) that the structure of the C3 domain is heavily compromised upon the removal of 

this disulphide bond. Peaks are concentrated in the 1H 8-8.5 ppm range which indicates an 

unfolded protein but also rather broad, indicating that the protein is not completely 

disordered. This confirms a reliance by the C3 domain on disulphide bonds for a stable 
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structure, as was predicted from sequence analysis and the order parameter S2 prediction by 

Talos+ (Figure 3.7). Particularly affected is the structure of SD1, with little to no overlap 

between peaks of WT C3 and the C2431A/C2453A mutant. The WT C3 peaks of SD2 do, 

however, overlay with peaks from the C2431A/C2453A mutant showing that SD2 still forms 

despite the removal of this disulphide bond. Although it is difficult to differentiate the SD2 

peaks concentrated in the centre of the spectrum, the clear overlap of the well dispersed 

peaks allows this conclusion to be confidently drawn. This suggests that the two disulphide 

bonds in SD2, C2473-C2491 and C2477-C2494, are still able to form. Also noticeable is the 

increased number of peaks in the mutant spectrum, particularly in the upper portion 

corresponding to glycine residues. This suggests glycine residues, presumably from the 

unfolded SD1, reside in a range of conformations. The unfolding of SD1 also coincides with 

W2444 residing in its exposed conformation with the 1Hε
15Nε peak of W2444 having a 

1H chemical shift of approximately 10.1 ppm. WT C3, on the other hand, favoured the closed 

conformation in around 90% of cases, as shown in Figure 3.14. 

 
Figure 4.4: 15N-HSQC of the C3 C2451A/C2468A mutant Displayed is an overlay of the 15N-HSQC of the 
WT VWF C3 domain (blue) and overlaid is the 15N-HSQC of the C3 C2451A/C2468A mutant (red). The 
mutated disulphide bond is circled in the structure shown in the upper left region of the spectrum. 
Circled in green are the peaks corresponding to SD2 of the WT C3 domain. 
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In the case of the C2451A/C2468A mutant (Figure 4.4), once again the secondary and tertiary 

structure of the domain appears to be lost with peaks concentrated in the 8-8.5 ppm range. 

There is little to no overlay with the peaks of SD1, indicating that its secondary and tertiary 

structure fails to form upon the removal of the C2451-C2468 disulphide bond. The overlay of 

the mutant 15N-HSQC with WT C3 shows that SD2 does not fully form, however, certain 

residues do overlay potentially caused by partial folding of the subdomain. Whether partial 

folding is caused by the two disulphide bonds in SD2 continuing to form when the 

C2451A/C2468A mutant is introduced remains unclear. Compared to the C2431A/C2453A 

mutation, the introduction of the C2451A/C2468A mutation does not result in as high a 

number of glycine conformations despite its apparent SD1 unfolding, however, W2444 once 

again solely exists in its open conformation. Whilst it is difficult to analyse peak shift in the 

central region of the spectrum, it is clear that the mutation causes significant peak shift in 12 

of the 19 well-dispersed SD2 peaks, showing that the subdomain does not form as in WT C3 

(Figure 4.5). This highlights the impact of certain disulphide bonds even on neighbouring 

subdomains with SD2 evidently relying upon the C2451-C2468 disulphide for its proper folding 

and supports the idea of domain folding occurring in a cascade. 

 
Figure 4.5: SD2 peak overlay in the SD1 disulphide bond mutants Each SD2 structure displayed 
indicates residues whose backbone amide 15N-HSQC peak overlays with its corresponding peak in the 
WT C3 spectrum upon the introduction of a disulphide bond mutant (C2431A/C2453A or 
C2451A/C2468A). Regions highlighted in blue indicate peak overlay with minor peak shift whilst regions 
in white show a significant peak shift and lack of overlay. In both mutants, significant peak shift is 
observed throughout SD1. 

Whilst analysis by a 15N-HSQC does not provide a detailed description of how the structure 

changes or whether the other disulphide bonds continue to form despite the removal of their 

neighbouring disulphide, it does provide an insight into how the domain is affected by the 

reduction of a disulphide bond. The flexibility of the domain will be significantly affected by the 

reduction of either of the disulphides in SD1 having appeared to lose both secondary and 

tertiary structure. Relating these results to the effect of disulphide reduction on the C3 domain 
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in circulation, it will significantly increase flexibility of the domain and, hence, the VWF 

multimer. As discussed previously, a key role of the C domains is to add flexibility to VWF 

multimers due to domains being either heavily disulphide bonded, in the case of the D 

domains, or globular, the A domains. Therefore, adding flexibility will only aid the primary 

haemostatic function of VWF. Furthermore, greater flexibility will increase the likelihood of 

lateral self-association occurring under shear stress conditions, with a flexible domain allowing 

exposure of its free thiol. 

4.2. Mutations of the disulphide bonds of SD2 

Of the four cysteines that form the two intra-subdomain disulphide bonds of SD2, C2491 is the 

sole residue that is found as a free thiol in circulation. In order to determine the effect of 

reducing the C2473-C2491 disulphide bond on the structure of the C3 domain both C2491 and 

its disulphide-bonded cysteine, C2473, were mutated to alanine. The mutation to alanine was 

once again deemed most suitable to replace the cysteine residues due to their similar 

hydrophobicity. Although C2473 has not been identified as a free thiol in circulation, it was 

also deemed necessary to mutate this residue due to the likelihood of misfolding if the domain 

was expressed with an odd number of cysteines. This was seen previously where introduction 

of individual cysteine point mutations in C3 resulted in intracellular retention when expressed 

in full-length VWF392. 

Although neither cysteine in the second intra-subdomain disulphide bond in SD2, 

C2477-C2494, is found as a free thiol in circulation, a double point mutation of these cysteines 

to alanine would display any difference in unfolding between the reduction of C2473-C2491 

and C2477-C2494. This may suggest a reason as to why C2491 is found as a free thiol, whereas, 

neither C2477 nor C2494 are. Primers for each of these mutations were designed using the 

same parameters as previously, with expression and purification of the mutated C3 protein 

being performed as was carried out for the WT C3 domain. 
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Figure 4.6: Purification of the C2477A/C2494A C3 mutant Panel A shows the Ni-NTA affinity 
chromatography purification of the uncleaved TrxA-His6-VWFC3 (C2477A/C2494A), analysing the elution 
fractions in reducing SDS-PAGE. Lane 1 shows the contents extracted from the cell cytoplasm, with Lane 
2 showing the unbound protein that flowed through the column. Fractions eluted from the column are 
shown in Lanes 3-9. Panel B analyses the elution fractions from size exclusion chromatography (Panel C), 
following a reverse Ni-NTA. Lane 1 shows the cleaved protein that was loaded onto the Ni-NTA column, 
with the bound protein that was subsequently eluted from the column shown in Lane 2. The unbound 
protein in the flow-through was separated by size exclusion chromatography and Lanes 3-9 correspond 
to the numbers seen on the chromatogram in Panel C. Also indicated on the chromatogram are the two 
distinct peaks, A and B. 

The gel filtration trace of the cleaved C2477A/C2494A C3 mutant (Figure 4.6) displays two 

distinct peaks in the region where the C3 domain would be expected to elute. One peak was 

centred at approximately 72 mL and the second at 78 mL. Whilst not shown, the gel filtration 

trace of the C2473A/C2491A mutant also showed two peaks in identical positions. Similar to 

the purification of cleaved WT C3, the eluant at 72 mL suggests that cleavage had failed to 

occur at the intended site, however, the peak at 78 mL indicates some protein cleaving at the 

intended site. This is also shown in reducing SDS-PAGE with two distinct bands observed at 

~13 kDa corresponding to the peak at 72 mL and ~9 kDa corresponding to the peak at 78 mL. 

Protein eluted in each peak was separately pooled, a 15N-HSQC performed on both and the 

spectra compared (Figure 4.7). 
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Figure 4.7: 15N-HSQC of the C3 C2473A/C2491A and C2477A/C2494A mutants Displayed are the 15N-
HSQC overlays of the C2473A/C2491A mutant, panels A and B, and the C2477A/C2494A, panels C and D. 
Displayed in Panel A is the overlay of the protein eluted in Peaks A and B, denoted in Figure 4.6, with 
Peak A in red and Peak B in cyan. Panel B shows the overlay of the C3 C2473A/C2491A mutant protein, 
eluted in Peak A, with the WT C3 domain, shown in blue. Panels C and D show the equivalent spectra for 
the C2477A/C2494A mutant. The mutated disulphide bond in each case is highlighted in the displayed 
SD2 structure. 

Comparison of the individual elution peaks, A and B, was performed to determine the 

similarity between the proteins eluted in each peak. It appears most likely that the two peaks 

occurs due to cleavage occurring in two separate positions, however, confirming the reason for 

this is not essential. In the case of the C2473A/C2491A C3 mutant, the comparison of the 
15N-HSQCs of the two eluted proteins shows similar spectra with peaks overlaying well and 

both spectra indicating poorly folded proteins. The same is true for the C2477A/C2494A C3 
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mutant with the proteins eluted in both peaks A and B displaying similar spectra and a lack of 

folding. When comparing to the WT C3 15N-HSQC, the protein eluted in peak A at 72 mL was 

used as a comparison due to the WT C3 protein also eluting at 72 mL, therefore, likely cleavage 

had occurred in identical places in both. 

The overlay of the mutant C2473A/C2491A 15N-HSQC with that of the WT (Figure 4.7, Panel B) 

shows a distinct lack of folding in the mutant C3 structure. Closer analysis indicates that there 

is no consistent overlay of peaks of either C3 subdomain. This is also observed in the 15N-HSQC 

of the C2477A/C2494A mutant where the protein is unfolded and neither SD1 nor SD2 appear 

to have formed. The only obvious peak overlay is that of the side chain HεNε of glutamine 

residues and HεNε of W2444 which, in the mutant C3 proteins, is in the open conformation 

with a 1Hε chemical shift of ~10.1 ppm. This was also seen in the C2431A/C2453A and 

C2451A/C2468A mutants and further indicates a lack of folded structure in SD1. Interestingly, 

despite both mutants in this case being localised to SD2, SD1 fails to be folded. This suggests a 

reliance of SD1 on a properly folded SD2 structure to be able to form with an absence of 

factors within its own subdomain which would explain a lack of folding. Despite the lack of 

folding in SD1, it is unclear why cleavage did not solely occur at the intended EK cleavage site, 

as was the case with the mutants of SD1 disulphides when SD1 was unfolded. The results in 

this case, however, do not explain the reason as to why C2491 is found as a free thiol in 

circulation whereas the C2477-C2494 disulphide bond is not found reduced. Rather than this 

being due to a difference in the effect of reducing each disulphide bond, it may be explained 

by the C2473-C2491 disulphide having an increased susceptibility to reduction in circulation. 

4.3. Mutation of the SD1-SD2 interconnecting disulphide bond 

Both cysteines of the single inter-subdomain disulphide bond in VWF C3, C2448-C2490, are 

found as free thiols when in circulation268. The effect of reducing this disulphide is as yet 

unclear, however, with a lack of disulphide reduction within either subdomain, there is a 

greater probability that both subdomains remain folded as in the WT with increased flexibility 

between the two subdomains due to a lack of anchoring by the inter-subdomain disulphide 

bond. Whilst not confirmed whether both cysteines are found as free thiols simultaneously or 

if disulphide rearrangement occurs in some cases, in this case both cysteines were mutated to 

alanine and the effect on the C3 structure analysed. 
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Figure 4.8: Purification of the C2448A/C2490A mutant The Ni-NTA affinity chromatography purification 
of the uncleaved TrxA-His6-VWFC3 (C2448A/C2490A) is shown in Panel A, analysing the elution fractions 
in reducing SDS-PAGE. Lane 1 shows the contents extracted from the cell cytoplasm, with Lane 2 
showing the unbound protein that flowed through the column. Fractions eluted from the column are 
shown in Lanes 3-9. Panel B analyses the elution fractions from size exclusion chromatography (Panel C), 
following a reverse Ni-NTA. Lane 1 shows the cleaved protein that was loaded onto the Ni-NTA column, 
with the bound protein that was subsequently eluted from the column shown in Lane 3. The unbound 
protein in the flow-through, shown in Lane 2, was separated by size exclusion chromatography and 
Lanes 4-9 correspond to the numbers seen on the chromatogram in Panel C. Also indicated on the 
chromatogram are the two distinct peaks, A and B. 

As was seen in the purification of both the C2473A/C2491A and C2477A/C2494A mutants, the 

size exclusion chromatogram of the C2448A/C2490A mutant (Figure 4.8) presented two 

distinct peaks centred at approximately 72 mL and 78 mL, peaks A and B, respectively. These 

corresponded to protein bands in reducing SDS-PAGE of ~13 kDa and ~9 kDa, respectively. 

Similarly to the mutants of the SD2 disulphides, each peak was pooled separately, a 15N-HSQC 

performed and the spectra compared (Figure 4.9). This would identify any difference in peak 

position between the two proteins or whether protein folding was identical between the two 

and the two peaks resulted from cleavage occurring at two individual sites. 
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Figure 4.9: 15N-HSQC of the C3 C2448A/C2490A mutant Displayed are the 15N-HSQC overlays of the 
C2448A/C2490A mutant in panels A and B. Circled in the structure above is the mutated C2448-C2490 
disulphide bond. Displayed in Panel A is the overlay of the protein eluted in Peaks A and B, denoted in 
Figure 4.8, with Peak A in red and Peak B in cyan. Panel B shows the overlay of the C3 C2448A/C2490A 
mutant protein, eluted in Peak A, with the WT C3 domain, shown in blue. Circled in green are the peaks 
corresponding to SD2 residues. 

The overlay of the two distinct peaks, A and B, of the size exclusion chromatogram indicates 

that there is little difference in the spectra of peak A and B and, once again, cleavage had likely 

occurred at two separate sites. This includes the well dispersed peaks, however, the NMR 

signal of the protein from peak B was weaker. Therefore, when comparing the C2448A/C2490A 

mutant to WT C3, the protein eluted at 72 mL in peak A was used, also corresponding to the 

equivalent elution volume that was found in the purification of WT C3. 

Comparison of the mutant C2448A/C2490A to WT C3 shows that peaks are concentrated in the 

central 1H 8-8.5 ppm range, indicating a lack of folded structure. Peaks do, however, overlap 

well with the peaks of SD2 with minimal peak shift observed (summarised in Figure 4.10). This, 

once again, shows the reliance of SD1 folding on not just intra-subdomain interactions but also 

inter-subdomain interaction. The C2448A/C2490A mutant does not disturb any intra-

subdomain interactions, however, there is an obvious reliance of SD1 on SD2 to either form or 

maintain a stable secondary or tertiary structure. 
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Figure 4.10: SD2 peak overlay in the SD1-SD2 disulphide bond mutant The WT SD2 structure displayed 
indicates residues whose backbone amide 15N-HSQC peak overlays with its corresponding peak in the 
WT C3 spectrum upon the introduction of a disulphide bond mutant (C2448A/C2490A). Regions 
highlighted in blue indicate peak overlay with minor peak shift whilst regions in white show a significant 
peak shift and lack of overlay. Significant peak shift is observed throughout SD1. 

In each of these mutants, how the subdomains unfold, whether the remaining disulphides 

form and whether certain parts of each subdomain continue to form remain uncertain, 

however, MD simulations may begin to provide an insight into the mechanism of unfolding. 

Initial MD simulations show that once the domain is formed and a disulphide bond is forcibly 

reduced, the structure of the C3 domain remains intact rather than the subdomains losing 

their secondary and tertiary structure, as is shown in the NMR spectra. Therefore, rather than 

the mutation of each disulphide bond rendering the tertiary structure of the C3 domain as 

wholly unstable, the domain is unable to fold initially as in the WT. Removal of one disulphide 

bond may cause a malformation of the remaining disulphide bonds, resulting in an unstable 

structure and presenting an NMR spectrum displaying an unfolded structure. Alternatively, 

removal of certain disulphide bonds may prevent the remaining disulphides from forming 

altogether. Additional MD simulations may provide further explanation for these results. The 

MD results indicate that reduction of certain disulphide bonds in circulation does not result in 

the total unfolding of the subdomains, rather an increase in flexibility at the localised region of 

the reduced disulphide bond. The mutations and NMR analysis performed, however, highlight 

the degree of protein misfolding as may occur in VWD Type 1-causing mutations. The sole 

mutations of a C3 cysteine that cause Type 1 VWD are C2477Y and C2477S, leaving a free 

C2494 residue. With the mutation of C2477A/C2494A resulting in a lack of folding across both 

subdomains, the chance of significant misfolding in the C2477Y and C2477S mutations is highly 

likely. Expression and NMR analysis of the C2477Y and C2477S mutants will provide further 

insight into their effects. 
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5. Concluding remarks 

Since Dr Erik von Willebrand first identified a hereditary bleeding disorder in a series of 

consanguineous families in the Åland Islands in 1924, our understanding of VWF and its 

associated disorder has advanced immeasurably. The protein itself was first identified in 

197117 and through laboratory studies and clinical observation, its unique characteristics have 

become clear. This extends to its multimeric synthesis, the multimeric structure itself and its 

haemostatic function. 

The functional importance of VWF has become well characterised, acting as the first line of 

defence in the cessation of blood loss. It has a unique property of circulating freely in plasma in 

its globular form with its primary binding sites buried. Upon binding to exposed subendothelial 

collagen due to a vessel lesion and experiencing the local shear forces of laminar blood flow, 

the globular protein elongates, exposing its platelet binding sites19. Furthermore, the discovery 

of VWF’s protective role of coagulation FVIII in circulation allowed the differentiation between 

haemophilia A and VWD Type 2N where inefficient VWF-FVIII binding causes reduced 

circulating levels of FVIII21. This is in contrast to haemophilia A where inefficient levels of 

circulating FVIII is due to compromised FVIII synthesis428. The array of VWF formations, 

whether stored in helical tubules, circulating as a globular protein or elongated in platelet 

capture, highlight versatile conformations of the multimeric protein. The dynamic nature of 

VWF function highlights the importance of domain structure and flexibility. 

The understanding of VWF domain structure has improved drastically over recent years. This 

includes characterisation of the disulphide-bonded D domains, housing the major FVIII binding 

region of VWF, by NMR spectroscopy62, 63 and the globular A domains by X-ray 

crystallography88, 89, 293. Although the structure of the C4 domain has been solved125, 

investigation into the structure of the remaining VWF C domains has been largely unexplored 

and there is little knowledge regarding the structure of these domains. The structural 

significance of the C domains on multimeric VWF functionality is the flexibility within the 

domains and between the junctions, as is seen in other VWFC domains49. As a high resolution 

structure is limited to the C4 domain, subtle variations between the domains which aid 

multimeric flexibility remains unknown. These nuances between VWFC domains have been 

observed in other solved VWFC domain structures, such as a variation in the SD1-SD2 angle 

and the unique Clip segment in the VWFC domain of CV2. Whilst VWFC domains contain a 

number of common characteristics in disulphide bond arrangement and secondary structure, 
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they each display their own unique properties. In the case of the VWF C domains, it is essential 

to determine these variations and how they affect VWF functionality in health and disease. 

The C3 structure calculated in this project shows significant similarities to the previously solved 

VWFC domain structures with two subdomains, seven strands of β-sheet and a disulphide 

bond arrangement identical to that which was predicted37. The C3 domain also exhibits its own 

unique properties with a long β4-to-β5 loop, something that is not seen in either the VWF C4 

domain or the VWFC domain of CCN3 GF. The purpose of this unique β4-to-β5 loop as yet 

remains unclear, although with the 26-residue linker separating the C2 and C3 domains, it is 

possible that said loop interacts with the neighbouring C2 domain or rather occupies the space 

that results from the 26-residue separation between the two domains. The C3 domain also 

exhibits a unique orientation of SD2 with respect to SD1, being perpendicular due to the 

hydrogen bond between E2474 and R2478, rather than longitudinal as is observed in other 

VWFC domains with both the VWFC domain of CCN3 GF and C4 lacking the equivalent arginine 

residue. In terms of verifying the calculated C3 domain structure against the domain in WT full-

length VWF, C3 does not contain a functional binding site. This means that a solid-phase 

binding assay to a known ligand, as was used in the C4 domain by binding to αIIbβ3
125, is not 

possible. The similarities, on the other hand, of the C3 domain to the VWFC domains and the 

C4 domain indicate the domain structure can be relied upon to represent that in WT VWF. 

Immediate plans, however, will be to update the calculated C3 structure using the protein 

expressed from the C3L plasmid, ensuring the conformation of the β1-β2 sheet and β4-to-β5 

loop region are accurately described and not distorted by the linker impurity described in 

Chapter 2.8. 

Questions may remain regarding the reliability of the C3 domain exhibiting the same folding as 

in WT VWF and whether the C3 domain folding occurs independently of the 2813 amino acid 

monomer. This method of protein expression, however, has been shown to be reliable in a 

number of other domain structures, including those of the VWF D’, D3 and C4 domains62, 63, 125. 

When each of these domains were expressed individually, each resulted in efficient binding of 

ligands to their functional binding sites, suggesting that domain folding had occurred as in WT 

VWF. The fact that C3 was expressed in a similar manner and exhibited a similar folding 

pattern to C4 and other VWFC domains suggests that the method of protein expression can be 

relied upon. A comparison to other VWFC domains show similarities with regards to protein 

structure, particularly with regards to SD1 of the VWFC domains of both CCN3 GF and Col2A. 

Both of these domains interact with certain extracellular matrix proteins including BMP-2 and 

that of CCN3 GF interacts with transforming growth factor-β. No such interactions have yet 
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been identified in the VWF C domains, however, one common factor amongst all VWFC 

domains is significant flexibility in the linker that separates the two subdomains47. With each of 

these proteins displaying similar multimeric arrangements as that seen in VWF, their flexibility 

is likely essential to maintaining multimeric flexibility and physiological function. 

Within VWF multimers, the C domains play a vital role in flexibility between monomers by 

their intra- and inter-domain flexibility. They significantly contribute to the flexibility and 

length that is vital for the transition between the globular and elongated states. The lack of 

such flexibility would affect the platelet binding capability of VWF under shear stress126. In 

terms of where the knowledge of the C3 domain structure can lead to, it acts as a starting 

point to understand a number of other aspects of the C domain physiology. The behaviour of 

the C3 domain under shear stress conditions can be investigated using laser tweezers429, 

applying force to a single domain to test the flexibility between the two subdomains. Such a 

method has been used to investigate the unfolding and folding of the VWF A2 domain288 and 

can provide the bridge from the NMR structure of the C3 domain to understanding its 

physiological significance in aiding multimeric flexibility. Whilst VWFC domain structures have 

been solved in CCN3 GF and Col2A47, 49, the C3 domain is the first VWFC domain of VWF to 

have its structure presented with the C4 domain classed a VWFC-like domain37. This provides 

the basis to investigate the structures of the remaining VWF C domains. At this stage, it is 

unclear why the VWF C domains have diverged with only two high-resolution structures having 

been solved. One particular divergence between C3 and C4, however, is the β1-to-β2 loop 

which allows αIIbβ3 to efficiently bind to VWF. Once individual C domain structures are solved 

and the physiological significance of their characteristics are better understood, it may become 

clearer as to why divergence has occurred between these alike domains. The resolution of the 

individual C domains can also allow a progression onto the interactions of neighbouring 

domains in monomeric VWF. This would improve the understanding of how the C domains 

interact in circulating, globular VWF. 

We undertook preliminary investigations into whether the C3 and C4 domain show any strong 

interaction, however, no obvious interaction was observed. In order to investigate this further, 

we would require a C3C4 construct and the interaction investigated by NMR. Expression of a 

C3C4 construct was performed, however, the issue of the construct comprising ten disulphide 

bonds meant that the concentration of the expressed protein was insufficient for analysis by 

NMR. The possibility that the expressed protein was retained in inclusion bodies, however, 

was not investigated. In the case that purification of protein retained within inclusion bodies 

also does not provide a sufficient protein concentration, a ligation of the two proteins may be 
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possible. Inaccurate cleavage on the C4 plasmid, however, may prove an issue in the case of 

ligating the two proteins. Even with a small linker as used in the C3L plasmid to improve 

cleavage specificity and accuracy, this would result in a short linker between the two domains 

whereas in WT VWF, C4 immediately follows C3 in the absence of a linker. More accurate 

cleavage may be overcome with the use of an alternative cleavage enzyme with TEV likely the 

most suitable candidate. The ligation of two neighbouring domains may be a useful technique, 

however, when investigating the interaction of the C2 and C3 domain, taking advantage of the 

26 residue linker between C2 and C3. The design of a new C3 construct with said 26 residue 

linker separating the cleavage site and the C3 sequence would allow ligation to result in the 

identical sequence to that found in WT VWF. 

The structure of the C3 domain can also provide the basis for understanding a number of other 

facets. Whilst this thesis displays the structure of the C3 domain in solution, additional 

microscopy studies can investigate the behaviour of the domain under shear stress conditions. 

Furthermore, the C3 domain structure can also lead to a greater understanding of the stem 

structure of the VWF dimeric bouquet when stored in WPBs. The C-terminal domains are 

closely associated in the stem of the VWF bouquet structure found in WPBs which may, in 

turn, interdigitate between adjacent VWF tubules, maintaining the spacing between tubules195. 

This structure has been visualised by negative stain EM191, however, the underlying structural 

biology is as yet poorly understood. It is known that alike domains line up adjacent to each 

other in the stem structure in response to the pH drop from 7.4 to 6.2 between the ER and the 

Golgi and the increase in intracellular Ca2+ concentration191. It has also been shown that 

histidines in the D4 domain, the domain with the highest histidine density in the D4-CK region, 

promote strong intermonomer interactions below the critical pH of 6.8, leading to the closely 

associated dimers in the stem structure430. A detailed description, however, of the inter-

domain stabilising forces between adjacent domains and the effect the WPB conditions have 

on the individual domain structures remains unexplained. With the C3 structure having been 

solved and the Golgi and WPB conditions well described, it may be possible to induce a C3-C3 

dimeric structure as observed in the stem structure of the dimeric bouquet. This would allow 

the inter-domain stabilising forces to be characterised, identifying any changes in domain 

structure, whether disulphide bonds or tertiary stabilising interactions, and provide an insight 

into multimer rearrangement upon VWF secretion. 

Whilst VWF disulphide bonds have been shown to be essential to its multimeric structure, free 

thiols in circulating VWF were also shown to be required for its full function under 

physiological flow conditions267, 268, 277. Evidence suggests a significant contribution of free thiol 
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groups to mediation of platelet adhesion under shear stress267. This has been shown through 

blockade of free thiols resulting in a virtual abolishment of platelet capture at shear rates 

above 5000 s-1. This is likely explained by free thiol blocking reducing the flexibility of VWF 

multimers and its subsequent inability to withstand the high shear forces following collagen 

binding277. Although the effects of free thiol blocking have been well characterised, the 

underlying structural effects of disulphide bond reduction remain unexplored. This applies in 

particular to the C3 domain where five of the nine free thiol sites in VWF are found. With 

regards to investigating the structural effects of individual free thiols, it is not possible in an 

experimental sense to reduce and reoxidise individual disulphide bonds following protein 

synthesis, as occurs physiologically in circulation by TSP-1261, 264. This project, however, 

investigated the structural effect of reducing individual disulphide bonds, providing an insight 

into changes in domain structure and flexibility. 

The effect of mutating each disulphide bond on the VWF tertiary structure is immediately 

apparent to see with each resulting in the loss of SD1 tertiary structure and only two of the five 

mutants (C2431A/C2453A and C2448A/C2490A) seemingly forming SD2 as in WT VWF. Whilst 

this clearly shows the increased flexibility of the domain and, in turn, VWF multimers upon the 

reduction of these disulphide bonds, this does not directly mimic the sequence of events that 

occurs in VWF synthesis and the reduction and rearrangement of disulphide bonds in 

circulation. Firstly, WT VWF is synthesised with each disulphide bond forming, however, the 

mutation of individual disulphide bond affects domain folding during protein synthesis. This 

difference is observed with the preliminary data obtained from MD simulations which showed 

the reduction of either disulphide bond in SD1 from the WT C3 domain did not result in the 

complete tertiary structure breakdown of SD1. The intricate process of protein synthesis and 

domain folding may be affected due to certain disulphide bonds relying on the formation of 

others to form. The mutation of individual disulphide bonds may affect the chain of disulphide 

bond formation. Furthermore, studies suggest not only reduction of disulphide bonds to form 

free thiols but also rearrangement of disulphide bonds274. Whilst this principle is not accounted 

for in the case of mutating individual disulphide bonds and protein synthesis may be affected, 

it does display the significant impact on domain structure and subsequent flexibility, 

particularly under shear stress. The use of MD simulations, however, will likely prove essential 

in investigating these structural effects, being able to reduce individual disulphide bonds 

following initial domain folding and subsequently induce rearrangement of certain disulphide 

bonds. 
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The C3 domain contains more VWD Type 1-causing mutations than any other C domain with 

each of these mutations either being of a cysteine or another residue to a cysteine358. 

Mutations causing Type 1 VWD largely cause issues regarding intracellular transport and lead 

to intracellular retention355. Whilst the disulphide bond mutations reported in this thesis do 

not directly correspond to VWD Type 1-causing mutations, they do highlight the extensive 

impact of removing a disulphide bond on domain folding. This would likely create issues in 

protein transport and storage, affecting the formation of the bouquet structure in which UL 

VWF multimers are stored and leading to intracellular retention of multimers. Whilst the MD 

simulations are a useful technique for investigating free thiol formation, they are less insightful 

in the case of VWD-causing mutations with the method focussing on a properly folded domain 

and the effect of reducing a single disulphide bond. 

In summary, the NMR structure of the VWF C3 domain presented in this thesis is in agreement 

with the VWFC domains of other proteins in both its subdomain architecture and arrangement 

of its disulphide bonds. Important differences, however, between the C3 domain and other 

VWFC domains remain, such as the long β4-to-β5 loop and SD2 orientation, highlighting the 

importance of characterising the C3 domain structure. This provides an opportunity to gain a 

greater understanding of VWF storage and investigate the structural changes that occur 

between the pH-dependent stem structure and the circulating globular structure. With regards 

to the structural effects of VWF free thiols, this thesis indicates the extensive structural effects 

of reducing individual disulphide bonds and it provides a starting point in investigating this 

emerging and key facet of VWF physiology.  
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6. Materials and Methods 

The C3 domain sequence was determined during the re-annotation of VWF where modules of 

VWF were assigned and related to the structure using EM37. A glycerol stock of a DNA plasmid 

in BL21 cells encoding for the VWF C3 domain was provided by Dr Thomas AJ Mckinnon 

(Imperial College London). The template plasmid was pET-32b(+) and, as discussed in Chapter 

2.1, contained a TrxA tag, aiding the formation of the 5 disulphide bonds in C3, a His6 tag, FXa 

cleavage site (Ile-Glu-Gly-Arg↓), the 68 residue C3 sequence and a second His6 tag (TrxA-His6-

VWFC3-His6). The expressed protein sequence is shown below. 

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYG
IRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHMHHHHHHSSGLVPRGSGMKETAAAKFER
QHMDSPDLGTGGGSGIEGRKVCVHRSTIYPVGQFWEEGCDVCTCTDMEDAVMGLRVAQCSQKPCEDSC
RSGFTYVLHEGECCGRCLPGSNSPLAMAISDPNSSSVDKLAAALEHHHHHH 

                   TrxA tag               His6 tag               FXa cleavage site               C3 protein 

A Luria-Bertani (LB) Agar plate was made by dissolving 15g of Agar in LB Broth (25g LB powder, 

1L water, autoclaved) and autoclaving. Into a petri dish was placed 20 mL of LB Agar (+100 

µg/mL ampicillin) and left to set for 10 minutes. The TrxA-His6-VWFC3-His6 glycerol stock was 

streaked onto a LB Agar plate and incubated overnight at 37°C. A single colony was inoculated 

into 5 mL LB Broth and incubated at 37°C overnight. A subsequent mini prep was carried out to 

obtain a pure DNA sample which was sequenced by Source Bioscience and stored at -20°C. 

6.1. LB expression and purification of TrxA-His6-VWFC3-His6 

Expression in LB media was used to check the TrxA-His6-VWFC3-His6 protein could be 

successfully expressed, cleaved and purified before carrying out an expression using 
13C/15N-labelled isotopes. The TrxA-His6-VWFC3-His6 DNA vector was transformed into 50 µL 

NEB SHuffle® T7 competent E. coli cells400. A transformation was carried out by adding 2 µL 

DNA plasmid to 50 µL SHuffle E. coli cells and incubated on ice for 30 minutes. Cells were heat 

shocked at 42°C for 40 seconds and incubated on ice once again for 15 minutes. Added to the 

cells was 950 µL LB Broth and incubated at 37°C shaking for one hour. A LB Agar plate 

(+100 µg/mL ampicillin) was prepared and 50 µL transformed cells streaked onto the plate. 

Cells were incubated at 37°C overnight. A single colony was inoculated into 100 mL LB media 

(25 g LB powder/litre) and incubated at 37°C overnight in an orbital shaker (200 rpm) at 37°C. 

The following morning, a 2L LB Broth culture (+100 µg/mL ampicillin) was inoculated with the 
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overnight 100 mL culture. Throughout the project it was ensured that large cultures were 

inoculated with no more than 50 mL / litre culture as this would ensure that cells have 

sufficiently transitioned from the stationary phase reached overnight into the log phase. This 

ensures optimal cell growth and protein expression upon induction with IPTG. The 2L LB 

culture was grown at 37°C on an orbital shaker (200 rpm) to an OD600 of 0.65 with protein 

expression induced by adding 1 mM IPTG and incubating at 20°C for 18-20 hours. The cells 

were harvested by centrifugation at 4000 x g for 20 minutes at 4°C. 

6.1.1. Protein Purification 
 

 

 

 

 

 

Table 6.1: Buffers used in the Ni-NTA and gel filtration purification 

After buffers were prepared (Table 6.1), the cell pellet was resuspended in 30 mL of lysis buffer 

(30 mL wash buffer plus 3 mM MgCl2, two tablets of Complete protease inhibitor cocktail 

(Roche), 10 µg/mL DNase, 10 µg/mL lysozyme) and lysed by high-speed vortex for two minutes 

and sonication (6x[30 seconds sonication, 30 seconds on ice]) until a smooth lysate had 

formed. The lysate was centrifuged at 39,000 x g for 60 minutes to remove the cellular debris 

and nuclei. The cleared cytoplasm was filtered through a 0.22 µm syringe filter. The protein 

was loaded onto a 5 mL His6-Trap Ni-NTA column at 1 mL/min which had been pre-equilibrated 

with wash buffer. The column was washed with 5 column volumes of wash buffer and the 

column flow-through collected at each stage. The bound TrxA-His6-VWFC3-His6 protein was 

eluted using an AKTA fast protein liquid chromatography (FPLC) system (GE Healthcare) by a 

linear gradient of 40-400 mM Imidazole over 20 column volumes. 

Eluted fractions were analysed in reducing conditions by SDS-PAGE alongside samples of the 

cleared cytoplasm that was loaded onto the column, the flow-through during the cytoplasm 

loading and flow-through at the wash step. Samples were set up using 15 µL protein sample 

(fractions with a high protein concentration were diluted 1 in 3 in wash buffer) + 5 µL loading 

Buffer Chemical/preparation 
Wash buffer 20 mM NaH2PO4 / Na2HPO4 
 500 mM NaCl 
 40 mM Imidazole 
 pH 7.4, 0.22 µm filter sterilised, de-gassed 
Elution buffer Wash buffer + 500 mM Imidazole 
 pH 7.4, 0.22 µm filter sterilised, de-gassed 
Dialysis/gel filtration buffer 20 mM NaH2PO4 / Na2HPO4 
 100 mM NaCl 
 pH 7.4 
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dye (4x) (200 mM Tris-HCl, 400 mM DTT, 8% SDS, 0.4% bromophenol blue, 40% glycerol). 

Samples were denatured at 95°C for 4 minutes and loaded onto a NuPage 4-12% Bis-Tris Gel 

alongside 10 µL Precision Plus Protein standard (all SDS-PAGE gels described will be performed 

using this method, unless stated). Electrophoresis was performed for 45 minutes at 200 V. Gels 

were stained using InstantBlue™ Coomassie Protein Stain. Fractions containing the 

TrxA-His6-VWFC3-His6 protein were pooled and dialysed at 4°C overnight using a 10 kDa 

molecular weight cut off (MWCO) dialysis membrane against dialysis buffer. 

6.1.2. FXa cleavage and purification 

A small scale FXa cleavage of differing time points was set up (60 µL sample,2.5 µL FXa, 17.5 µL 

gel filtration buffer) at 4°C and 15 µL was taken at 2 hours, 4 hours, 6 hours, 18 hours and 

24 hours and kept at -20°C. These samples were analysed using SDS-PAGE. 

The remaining sample was cleaved (900 µL sample, 150 µL FXa, 1 mL gel filtration buffer) at 

4°C for 24 hours. The cleaved sample was purified over a 1 mL Ni-NTA column pre-equilibrated 

with wash buffer and bound proteins eluted using elution buffer over a gradient of 40-500 mM 

imidazole. Eluted fractions were analysed by reducing SDS-PAGE with the result showing that 

the two fragments were unsuccessfully separated. Purification of the eluted flow-through was 

attempted over a gel filtration column (Superdex 75) pre-equilibrated with gel filtration buffer. 

6.2. TrxA-His6-VWFC3 (FXa) construct 

6.2.1. Nonsense mutation of the TrxA-His6-VWFC3-His6 construct 

As the VWFC3-His6 cleaved protein was unsuccessfully separated from the TrxA-His6 with 

either method, a PCR site-directed mutagenesis was performed to insert a termination codon 

before the second His6 tag. This was carried out on the TrxA-His6-VWFC3-His6 plasmid, 

converting the glycine residue to a stop codon (GGC to TGA) immediately after the C3 

sequence. The complementary mutagenesis oligonucleotides are displayed below with the 

mutation site in bold: 

Forward: 5’       GGA AGG TGC CTG CCA TGA TCT AAC TCT CCT CTG G 3’    Tm: 65.6°C 

Reverse: 5’       CCA GAG GAG AGT TAG ATC ATG GCA GGC ACC TTC C 3’    Tm: 63.6°C 

The mutagenesis primer was designed to have a Tm below 68°C, the temperature of the 

annealing step. It was also ensured that the secondary structure of the primer had a Tm below 

42°C, with any loop secondary structures within the primer affecting binding to the template 
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plasmid. Primers were synthesised by Sigma-Aldrich and delivered dried. Resuspension of 

primers was performed with Milli-Q® H2O to be stored at a concentration of 100 µM. 

The PCR was carried out using the Novagen KOD Xtreme™ Hot Start DNA Polymerase and the 

mutagenesis primers shown above. Primers were diluted 1 in 10 before addition to the PCR 

reaction, giving a stock concentration of 10 µM. The PCR reactions and thermocycling 

conditions were set up as Table 6.2 and Table 6.3, respectively. 

 Stock Volume Final concentration 
Xtreme Buffer 2x 25 µL 1x 

dNTPs 2 mM 10 µL 0.4 mM 

Forward primer 10 µM 2 µL 0.4 µM 

Reverse primer 10 µM 2 µL 0.4 µM 

DNA plasmid 238 ng/µL 1 µL 238 ng 

Milli-Q® H2O  9 µL  

DNA polymerase 1 U/µL 1 µL 1 U 

Total volume  50 µL  
Table 6.2: PCR site-directed mutagenesis reaction setup 

The thermocycling conditions were set up as below using a Bio-Rad T100™ Thermal Cycler. The 

extension step was calculated at 1 minute plus 1 minute per kb (DNA plasmid is 5.9 kb). 

Step Temperature (°C) Time (mins) Cycles 

Polymerase activation 92 1:00 1 

Denaturation 95 0:30  

Annealing 68 0:30 20 

Extension 72 6:59  

Final extension 72 10:00 1 

 4 ∞  

Table 6.3: PCR site-directed mutagenesis thermocycling conditions 

The PCR product was analysed using agarose gel electrophoresis against the template TrxA-

His6-VWFC3-His6 DNA plasmid. Samples were set up with 5 µL DNA (PCR product/template 

plasmid) added to 1 µL of 6x Novagen DNA loading buffer. A 500 mL stock of 50x tris-acetate-

EDTA (TAE) buffer was prepared using 121 g Tris Base, 28.5 mL glacial acetic acid, 100 mL 

250 mM EDTA, pH 8.0. The agarose gel was prepared by adding 0.5 g agarose to 50 mL of 

1x TAE buffer and heating. Once cooled, 3 µL of 10 mg/ml ethidium bromide was added, the 
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solution mixed and poured into a frame with a comb for well formation and allowed to cool at 

room temperature until set. Once set, the comb was removed and the agarose gel placed into 

a gel tank with 600 mL 1x TAE buffer added in order to cover the agarose gel with buffer. The 

template plasmid and PCR product were added to their individual wells and the gel run at 

120 V for 30 minutes. A DNA ladder was not used as a comparison as the template plasmid was 

used to confirm a successful PCR reaction. Bands were visualised using ethidium bromide 

fluorescence under ultraviolet light. 

Once the PCR reaction was confirmed successful, a DpnI digestion was carried out to digest the 

template plasmid (Table 6.4). Prokaryotes methylate their DNA at particular sequences to 

prevent them from being degraded by intracellular restriction enzymes. This is used as a 

defence mechanism against foreign DNA. Conversely, enzymes such as DpnI require DNA to be 

methylated at its restriction sites for it to be cleaved. In the case of a PCR reaction, the 

mutated plasmid produced in a PCR remains unmethylated due to the lack of 

methyltransferases as would be found in prokaryotes. This allows for the unmutated template 

plasmid, methylated from its production in E. coli, to be digested by DpnI, leaving solely the 

mutated PCR product431. 

 Volume (µL) 
PCR product 20 

Bovine serum albumin 0.5 

NEB Buffer 4 2.5 

DpnI 1 

Milli-Q® H2O 1 

Total volume 25 

Table 6.4: DpnI digest reaction setup 

The 25 µL DpnI digest reaction was incubated for 2 hours at 37°C, following which the sample 

was incubated at 60°C for 30 minutes to deactivate the DpnI endonuclease and subsequently 

placed on ice. The DpnI reaction was transformed into Novagen NovaBlue™ cells, adding 8 µL 

of the DpnI reaction to 50 µL of cells. The cell transformation was performed using the same 

method as the TrxA-His6-VWFC3-His6 plasmid in Chapter 6.1. The only difference was following 

the addition of 950 µL LB Broth and incubation at 37°C, the 1 mL of transformed cells + LB 

Broth was centrifuged at 13,000 rpm for 5 minutes to pellet the cells. The supernatant was 

removed and cells resuspended in 200 µL of LB Broth. The 200 µL of resuspended cells were 

spread onto an agar plate (+ 100 µg/mL ampicillin) and incubated at 37°C for 16 hours until 
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colonies had formed. The transformation of a PCR product differs to that of an unmodified 

DNA plasmid due to the far lower concentration of a PCR product. By adding 8 µL of PCR 

product to the cells and streaking all cells onto the agar plate, this maximises the opportunity 

for successful colonies to form. 

Into 5 mL of LB Broth cultures, four individual colonies were inoculated and grown in an orbital 

shaker at 37°C for 12-18 hours. The DNA of each culture was purified using a QIAgen Spin 

Miniprep kit and each purified DNA plasmid sequenced with a T7 forward and T7 reverse 

primer by Source Bioscience. This verified a successful mutation and a lack of PCR-mediated 

errors. This plasmid will be referred to as the C3 (FXa) plasmid. A successful mutant was 

transformed into SHuffle E. coli cells400 and a 2L LB expression, purification and dialysis of the 

uncleaved TrxA-His6-VWFC3 was carried out as in Chapter 6.1. This provided a purified protein 

in the form as below. 

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYG
IRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHMHHHHHHSSGLVPRGSGMKETAAAKFER
QHMDSPDLGTGGGSGIEGRKVCVHRSTIYPVGQFWEEGCDVCTCTDMEDAVMGLRVAQCSQKPCEDSC
RSGFTYVLHEGECCGRCLP 

        TrxA tag               His6 tag               FXa cleavage site               C3 protein 

6.2.2. Expression of TrxA-His6-VWFC3 in SHuffle E. Coli cells 

The TrxA-His6-VWFC3 plasmid was transformed into SHuffle® E. coli cells400 by the same 

method as that of the TrxA-His6-VWFC3-His6 plasmid (Chapter 6.1). The protein expression was 

also carried out by the same method as the of TrxA-His6-VWFC3-His6, however, using M9 

minimal media instead of LB Broth (Table 6.5). The use of labelled ammonium chloride 

(15NH4Cl) and glucose (13C6-D-glucose) was dependent upon the experiments that were to be 

undertaken with the expressed protein sample. The added NH4Cl and glucose was the sole 

source of nitrogen and carbon, respectively. 
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Buffer/Media Chemical/preparation 
M9 Base 53 mM Na2HPO4.2H2O 
 22 mM KH2PO4 
 8.6 mM NaCl 
 pH 7.4 
Micronutrient Solution 1 (MNS1) 14 g/L CaCl2.2H2O 
 30 g/L Na2EDTA 
 25 g/L FeCl3 
Micronutrient Solution 2 (MNS2) 24 g/L CuSO4.H2O 
 18 g/L MnSO4.H2O 
 25 g/L CoCl2 
M9 Media M9 Base 
 0.1% MNS1 
 0.01% MNS2 
 1 mM MgSO4 
 0.1 mM CaCl2 
 0.01 g/L thiamine 
 0.01 g/L biotin 
 *3 g/L glucose 
 1 g/L NH4Cl 

Table 6.5: M9 minimal media for expression of isotopically-labelled proteins *Glucose added at 10 g/L 
when using unlabelled 12C6-1H12-glucose. 

6.2.3. Purification of the VWF C3 protein 

The cell pellet was harvested in the same method as that of TrxA-His6-VWFC3-His6, as was 

purification of the uncleaved protein using Ni-NTA affinity chromatography (Chapter 6.1). A 

36-hour cleavage on a tube roller at 4°C was performed (2 ml sample, 1 mL gel filtration buffer, 

300 µL FXa) and a reverse Ni-NTA pre-equilibrated with wash buffer to separate the cleaved C3 

protein from any uncleaved protein and the TrxA-His6 fragment. The column flow-through was 

purified by size-exclusion chromatography and the fractions analysed by SDS-PAGE. The 

TrxA-His6 protein, separated from VWF C3 during the reverse Ni-NTA, was eluted off the 

Ni-NTA column with 100% elution buffer. The elution fraction was separated by size-exclusion 

chromatography to obtain a pure sample of TrxA-His6. 

The gel filtration peak centred at 72.5 mL of the C3 protein purification, expected to be the C3 

protein, was pooled and concentrated in a 3 kDa MWCO to approximately 0.5 mL. Mass 

spectrometry analysis of the gel band believed to be VWF C3 was carried out by the BSRC Mass 

Spectrometry Facility at University of St Andrews. To the suspected C3 sample (in gel filtration 

buffer), pure TrxA-His6 and an uncleaved TrxA-His6-VWFC3 protein sample (both also 

concentrated to ~500 µL), 5% D2O was added and a 15N-HSQC performed on each. The spectra 
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were overlaid to establish whether the sample obtained was the VWF C3 domain. Once this 

was confirmed by overlap of the 15N-HSQC experiments and the mass spectrometry data, the 

VWF C3 sample was stored at room temperature for two weeks and a 15N-HSQC carried out 

every three days to determine the stability of the protein at room temperature. 

6.2.4. Ellman’s assay 

To establish free thiol concentration and whether all five C3 disulphide bonds had formed, an 

Ellman’s assay was performed (Table 6.6). Ellman’s reagent (DTNB) reacts with a free thiol 

group to produce a mixed disulphide bond and TNB, which can be detected 

spectrophotometrically at 412 nm. 

Reaction buffer: 0.1 M sodium phosphate, pH 8.0, 1 mM EDTA 

Ellman’s reagent solution: Dissolved 4 mg Ellman’s reagent in 1 mL of reaction buffer 

Standard Reaction buffer (mL) Cysteine (MW = 175.6) Final concentration (mM) 
A 100 26.34 mg 1.5 
B 5 25 mL of Standard A 1.25 
C 10 20 mL of Standard A 1 
D 15 15 mL of Standard A 0.75 
E 20 10 mL of Standard A 0.5 
G 25 5 mL of Standard A 0.25 
F 30 0 mL 0 

Table 6.6: Buffers and cysteine standards for an Ellman’s assay preparation 

A set of 8 tubes were prepared, one for each standard (A-F) and one for the C3 sample, each 

containing 50 µL Ellman’s reagent solution and 2.5 mL reaction buffer. Added to each tube was 

250 µL of the corresponding standard/unknown and were incubated at room temperature for 

15 minutes. The absorbance was measured at 412 nm, a standard curve plotted, and the free 

thiol concentration of the unknown determined. 
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6.2.5. NMR experimental setup 

NMR experiments were carried out with the help of Prof D. Flemming Hansen and Dr Angelo 

Figueiredo. Experiments were performed at 298 K on Bruker Avance III 700 MHz and 800 MHz 

spectrometers at the UCL NMR facility. Experiments were set up using parameters in Table 6.7. 

Experiment Spectrometer 
(MHz) 

Number of points 
(indirect dimension) 

Spectral 
width (ppm) 

Experiment 
time 
(hr:min:sec) 

15N-HSQC  700 128 (15N) 31.99 (15N) 0:39:17 
HNCO  700 42 (15N) 

162 (13C) 
35.00 (15N) 
14.00 (13C) 

37:04:57 

HN(CA)CO 700 64 (15N) 
144 (13C) 

31.99 (15N) 
14.00 (13C) 

64:55:08 

HNCACB  700 44 (15N) 
144 (13C) 

31.99 (15N) 
64.97 (13C) 

104:28:38 

HN(CO)CACB  700 44 (15N) 
132 (13C) 

31.99 (15N) 
64.97 (13C) 

64:40:31 

HNCA  700 44 (15N) 
132 (13C) 

31.99 (15N) 
30.01 (13C) 

63:07:54 

HN(CO)CA  700 42 (15N) 
132 (13C) 

31.99 (15N) 
25.19 (13C) 

45:56:28 

HCCH-TOCSY 800 132 (1H) 
6 (13C) 

5.87 (1H) 
69.99 (13C) 

66:37:51 

CC(CO)NH-TOCSY 800 42 (15N) 
144 (13C) 

31.99 (15N) 
70.59 (13C) 

67:22:21 

Table 6.7: NMR experiments for the backbone and side chain chemical shift assignment Displayed are 
the experiment details for each NMR experiment used for the backbone and side chain assignment. 
Details include the Bruker Avance III spectrometer that was used for each experiment, the number of 
points and spectral width in the indirect dimension and the total experiment time. 

Spectra were processed in NMRPipe432 and peak picking and further analysis performed using 

CCPN (Collaborative Computer Project for NMR) software433. A backbone amide assignment 

was carried out determining the chemical shift of the backbone 1HN
15NH on the 15N-HSQC (one 

peak per amino acid, except for Proline due to a lack of a 1HN). The triple resonance 

experiments – HNCO, HN(CA)CO, HNCACB, HN(CO)CACB, HNCA, HN(CO)CA434, 435 – were used 

to assign the 15N-HSQC peaks, supplemented with the CC(CO)NH-TOCSY experiment436. 

Backbone 1HN
15NH chemical shifts were determined for 69% of residues due to a lack of signal 

which didn’t allow for a completed sequential assignment. This resulted in a side chain 

chemical shift or NOE assignment not being performed. A linker impurity was also identified, 

originating from the linker between the FXa cleavage site and His6 tag causing peak overlap in 

the triple resonance spectra. 
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6.2.6. Diffusion experiment 

In order to determine whether the linker impurity was bound to the VWF C3 protein, a DOSY 

experiment was performed409. It was performed at 298 K on Bruker Avance III 800 MHz 

spectrometer with 14 points with a gradient strength of between 5% and 95% and the signal 

decay analysed using FuDA (Function and Data Analysis). The diffusion coefficient of each 

assigned C3 and impurity peak calculated using the Stejskal-Tanner equation437, 438 (Figure 6.1). 
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I = Measured intensity 

I0 = Initial intensity 

γH = Gyromagnetic ratio of hydrogen 

δ = Duration of the pulse field 

G = Gradient strength 

σ = Structure factor 

Δ = Time between the start of the two pulse field gradients 

D = Diffusion coefficient 

Figure 6.1: Stejskal-Tanner equation to determine the diffusion coefficient of a selected peak437, 438 

After picking the peaks and calculating the diffusion coefficient, we determined that the C3 

protein and impurity were bound to each other since they had the same diffusion coefficient. 

6.3. TrxA-His6-VWFC3 (EK) construct 

6.3.1. New Plasmid design, protein expression and purification 

Due to the difficulty in completing the NMR backbone assignment, a new plasmid was 

designed and provided by GenScript using the pET32b(+) vector as before. The redesigned 

plasmid, however, contained an EK cleavage site (Asp-Asp-Asp-Asp-Lys↓). This plasmid will be 

referred to as the C3 (EK) plasmid. The uncleaved protein sequence was as follows: 

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYG
IRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHMHHHHHHSSGLVPRGSGMKETAAAKFER
QHMDSPDLGTDDDDKKVCVHRSTIYPVGQFWEEGCDVCTCTDMEDAVMGLRVAQCSQKPCEDSCRSGF
TYVLHEGECCGRCLP 

         TrxA tag               His6 tag               EK cleavage site               C3 protein 
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The transformation of the plasmid, protein expression in SHuffle E. coli cells400 using M9 

minimal media and uncleaved TrxA-His6-VWFC3 purification carried out as with the C3 (FXa) 

plasmid (Chapter 6.2). After an initial 15N-labelled protein expression to optimise cleavage 

conditions and verify the C3 protein using a 15N-HSQC, isotopically-labelled VWF C3 was 

expressed in M9 minimal media and purified using the buffers described (Table 6.8). 

Buffer Chemical/preparation 
Wash buffer 20 mM NaH2PO4 / Na2HPO4 
 500 mM NaCl 
 40 mM Imidazole 
 pH 7.4, 0.22 µm filter sterilised, de-gassed 
Elution buffer Base buffer + 500 mM Imidazole 
 pH 7.4, 0.22 µm filter sterilised, de-gassed 
Dialysis buffer 20 mM Tris-HCl 
 100 mM NaCl 
 pH 7.4 
Wash buffer (post-cleavage) 20 mM Tris-HCl 
 100 mM NaCl 
 40 mM Imidazole 
 pH 7.4, 0.22 µm filter sterilised 
Elution buffer (post-cleavage) 20 mM Tris-HCl 
 100 mM NaCl 
 500 mM Imidazole 
 pH 7.4, 0.22 µm filter sterilised 
Gel filtration buffer 20 mM NaH2PO4 / Na2HPO4 
 50 mM NaCl 
 pH 6.4, 0.22 µm filter sterilised, de-gassed 

Table 6.8: Buffers used in the purification of the C3 protein 

As opposed to the C3 purification (FXa plasmid), the dialysis buffer was Tris-based rather than 

phosphate due to inefficient cleavage of EK in phosphate buffer. Furthermore, the cleavage 

was carried out at 18°C in an orbital shaker (60 rpm) for 40 hours to optimise EK cleavage 

efficiency. The fact that the cleavage was performed in Tris buffer meant that the buffers used 

in the reverse Ni-NTA to purify the cleaved C3 protein were also Tris-based. Purification of the 

reverse Ni-NTA flow-through was also carried out as previously, over a gel filtration column 

(Superdex 75) pre-equilibrated with gel filtration buffer. Purified samples of VWF C3 were 

concentrated in a 3 kDa MWCO and NMR experiments performed with 5% D2O, 2 mM NaN3 

and 2 mM EDTA. 
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6.3.2. NMR experiments and chemical shift assignment 

NMR experiments were performed at 298 K on 600 MHz and 800 MHz spectrometers at the 

UCL NMR facility. Experiments were set up using the parameters described (Table 6.9). 
13C/15N-labelled C3 samples were at concentrations of 900 µM. A 700 µM fractionally-labelled 

C3 sample, using 10% 13C6-1H12-D-glucose and 90% 12C6-1H12-glucose, was also expressed for the 

stereospecific assignment of the methyl groups of valine and leucine. 

Experiment Spectrometer 
(MHz) 

Number of points 
(indirect dimensions) 

Spectral 
width (ppm) 

Experiment 
time 
(hr:min:sec) 

15N-HSQC  600 256 (15N) 32.03 (15N) 1:20:16 
HNCO  600 42 (15N) 

162 (13C) 
32.03 (15N) 
14.00 (13C) 

53:05:17 

HN(CA)CO 600 42 (15N) 
162 (13C) 

32.03 (15N) 
14.00 (13C) 

53:29:40 

HNCACB  600 44 (15N) 
144 (13C) 

32.03 (15N) 
64.99 (13C) 

70:40:09 

HN(CO)CACB  600 44 (15N) 
132 (13C) 

32.03 (15N) 
64.99 (13C) 

65:36:49 

CC(CO)NH-TOCSY 600 42 (15N) 
144 (13C) 

32.03 (15N) 
70.67 (13C) 

48:04:03 

H(CC)(CO)NH-
TOCSY 

800 96 (15N) 
128 (1H) 

32.03 (15N) 
7.44 (1H) 

34:14:40 

13C-HSQC  800 256 (13C) 37.99 (13C) 0:36:45 
HCCH-TOCSY 800 96 (1H) 

128 (13C) 
6.01 (1H) 
70.99 (13C) 

32:17:48 

Table 6.9: NMR experiments for the backbone and side chain chemical shift assignment Displayed are 
the experiment details for each NMR experiment used for the backbone and side chain assignment. 
Details include the Bruker Avance III spectrometer that was used for each experiment, the number of 
points and spectral width in the indirect dimension and the total experiment time. 

Spectra were processed in NMRPipe432 with peak picking and the assignment carried out using 

CCPN software433. The backbone amide chemical shift assignment was annotated on the 
15N-HSQC, determined using the HNCO, HN(CA)CO, HNCACB and HN(CO)CACB, supplemented 

with the CC(CO)NH-TOCSY experiment434-436 with a mixing time of 12 ms. The method of 

backbone amide assignment is described in detail in Chapter 2.5. The side chain chemical shift 

assignment, annotated on the 13C-HSQC, was determined using the CC(CO)NH-TOCSY, 

H(CC)(CO)NH-TOCSY and HCCH-TOCSY experiments439, 440. The side chain chemical shift 

assignment method is described in Chapter 3.1. The assignment of prochiral methyl groups of 
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valine and leucine were also annotated on the 13C-HSQC. A full list of the assigned C3 chemical 

shift is shown in Appendix 7.1. 

6.3.3. Talos+ prediction of backbone dihedral angles and order parameter S2 

Backbone chemical shifts were input into Talos+441, a protein backbone dihedral angle 

prediction program, to determine backbone torsion angles, φ and ψ. Dihedral angle 

predictions from loop regions of the C3 protein were excluded from the final structure 

calculation with constraints in loop regions reducing the reliability of the structure. The 

random coil index (RCI)-derived order parameter S2 was also calculated by Talos+, providing 

information on backbone flexibility and, hence, the α-helix or β-sheet locations442. This 

prediction was used as a guide for the secondary structure assignment using NOESY spectra. 

6.3.4. NOE assignment 

In order to determine the secondary and tertiary structures, 3D NOESY experiments were 

carried out to identify neighbouring 1H nuclei443. The parameters of the three NOESY 

experiments performed are displayed in Table 6.10. 

Experiment Spectrometer 
(MHz) 

Number of points 
(indirect dimension) 

Spectral 
width (ppm) 

Experiment 
time 
(hr:min:sec) 

15N-NOESY-HSQC 600 96 (15N) 
256 (1H) 

24.87 (15N) 
11.20 (1H) 

71:48:49 

13C-NOESY-HSQC 
(aliphatic) 

600 82 (13C) 
256 (1H) 

38.01 (13C) 
11.34 (1H) 

82:10:55 

13C-NOESY-HSQC 
(aromatic) 

600 64 (13C) 
163 (1H) 

31.87 (13C) 
10.48 (1H) 

41:00:56 

Table 6.10: NMR experiments for the NOE assignment Displayed are the experiment details for each 
NMR experiment used for the NOE assignment. Details include the Bruker Avance III spectrometer that 
was used for each experiment, the number of points and spectral width in the indirect dimension and 
the total experiment time. 

Through-space interactions between neighbouring 1H nuclei were identified using the three 

NOESY spectra, in turn determining the secondary and tertiary structure of the C3 domain. The 

NOE assignment provided a range of short, medium and long-range NOEs. Each 1H-15N 

spin-pair presented a diagonal peak in its corresponding strip of the 15N-NOESY-HSQC with a 

series of NOEs in the form of cross-peaks. Each cross-peak corresponds to a neighbouring 
1H nucleus. Likewise, each strip in the 13C-NOESY-HSQC displays a 1H-13C diagonal peak, with 

cross-peaks to neighbouring 1H nuclei. A detailed description of the NOE assignment is shown 

in Chapters 3.2 and 3.3. Two separate 13C-NOESY-HSQC spectra were performed, one each for 
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aliphatic and aromatic nuclei, due to the vastly different chemical shifts of aromatic and 

aliphatic 13C nuclei. For example, aliphatic 13C nuclei exhibited a chemical shift between 10 and 

75 ppm, whilst aromatic 13C nuclei were between 115 and 145 ppm. All NOEs were manually 

assigned, initially focussing on secondary structure NOEs, followed by longer range tertiary 

structure NOEs. 

6.3.5. Residual dipolar couplings and relaxation experiments 

Measurement of residual dipolar couplings were performed in the presence of a 

bacteriophage Pf1. This produces an anisotropic matrix which produces weak alignment of the 

protein in a certain orientation417. Conversely, in isotropic conditions in the absence of 

alignment media, each possible orientation has an equal probability. The measurement of 

RDCs was performed on an 800 MHz spectrometer with vector orientations calculated from 

the experimental residual dipolar couplings. A 2D in-phase/anti-phase (IPAP) 15N-HSQC 

experiment was used to measure the 1HN
i-15NH

i RDCs. The 13Cα
i-13Cβ

i RDCs were measured with 

a pair of 13C-HSQC experiments where the 13Cα-13Cβ coupling was allowed to evolve or 

refocussed. Other RDC measurements were excluded from the final calculation due to 

unreliability in the final measurements. Backbone RDCs for C3 loop regions were also excluded 

from the final calculation because these do not appropriately report on the structure. 

Flexibility of the C3 domain was assessed by 15N relaxation experiments, measuring the 

longitudinal relaxation rate, R1, and the relaxation rate in the rotating frame, R1ρ. These 

experiments were recorded at 298 K on an 800 MHz spectrometer with peak intensities 

determined using FuDA444. Both R1 and R1ρ were used to calculate the transverse relaxation 

rate, R2, using the method outlined by Trott et al445. 

6.3.6. CYANA 3.0 structure calculation 

A number of lists were included in the CYANA 3.0 structure calculation419, exported from CCPN 

and Talos+. Chemical shift data and NOEs from the 13C-NOESY (both aliphatic and aromatic) 

and 15N-NOESY experiments were exported in a Sparky format. A number of commands were 

included in the calculation file to implement disulphide bond restraints, backbone dihedral 

angles, distance restraints between nuclei and RDC measurements (Figure 6.2). The five C3 

disulphide bonds (C2431-C2453, C2448-C2490, C2451-C2468, C2473-C2491, C2477-C2494) 

were implemented using the ssbond command. The read aco command accounted for the aco 

file which included the backbone dihedral angles predicted by Talos+. The 1HN
i-15NH

i and 
13Cα

i-13Cβ
i RDCs were included in a separate rdc file with a read rdc command in the calculation 

file. The stereospecific methyl group assignment of the ten leucine and valine (V2430, V2432, 
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V2440, V2450, V2460, L2463, V2465, V2484, L2485 and L2495) residues were included with 

the atom stereo command in the initialisation file. 

# Structure calculation with RDC data 
 
weight_rdc   = 0.02               # weight for RDC restraints 
cut_rdc      = 0.2                # cutoff for RDC violation output 
seed         = 274705             # random number generator seed 
 
read upl c3.upl 
ssbond  3-25 
ssbond 20-62 
ssbond 23-40 
ssbond 45-63 
ssbond 49-66 
read aco c3.aco 
read rdc c3.rdc 
 
calc_all structures=100 steps=10000 
overview c3.ovw structures=20 pdb 

Figure 6.2: Calculation file for the CYANA structure calculation The calculation file displayed 
incorporates the upl file, detailing distance restraints between nuclei, the aco file, indicating backbone 
dihedral angles and the rdc file, with 1HN

i-15NH
i and 13Cα

i-13Cβ
i RDCs. Also included is the ssbond 

command, implementing the five disulphide bonds. 

Using a write upl command in the initial CYANA calculation, a upl file was created detailing 

distance restraints between nuclei, both inter- and intra-residue. These were calculated from 

the input files. Each structure calculation created an overview ovw file, presenting a series of 

distance and torsion angle violations. Distance restraints that were violated were first 

confirmed and checked in the NOESY spectra and thereafter eased in the upl file. The 

calculated pdb file was input into the PSVS suite421 to analyse torsion angle violations and 

restraints in the aco file were modified accordingly. Calculations and restraint modifications 

were repeated until minimal violations remained. 

6.4. VWF C4 domain expression, purification and NMR analysis 

A plasmid encoding for the VWF C4 domain was supplied by GenScript in the same form as 

that of the C3 domain. Displayed below is the sequence of the expressed protein. 

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYG
IRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHMHHHHHHSSGLVPRGSGMKETAAAKFER
QHMDSPDLGTDDDDKSACEVVTGSPRGDSQSSWKSVGSQWASPENPCLINECVRVKEEVFIQQRNVSCP
QLEVPVCPSGFQLSCKTSACCPSCRCE 

                    TrxA tag               His6 tag               EK cleavage site               C4 protein 
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The plasmid was transformed and expressed in the same method of that of the C3 domain 

(Chapter 6.3.1). That is, transformed into SHuffle E. coli cells400, expressed in 2L of M9 minimal 

media, however, with unlabelled 12C6-1H12-glucose. Purification and cleavage of the C4 domain 

were also identical to the C3 domain purification. The 15N-HSQC experiment was performed on 

a 600 MHz spectrometer at 298 K in the same buffer as the C3 domain. The 15N-labelled C3 and 

C4 domain were combined at equal concentrations and incubated at room temperature for 

30 minutes prior to NMR analysis. The 15N-HSQC to investigate the interaction of the C3 and C4 

domain was also performed on a 600 MHz spectrometer. Both 15N-HSQC experiments were 

performed with identical parameters to the 15N-HSQC in the VWF C3 domain assignment 

(Table 6.9). 

6.5. Expression, purification and NMR analysis of the C3L protein 

The C3L plasmid was also supplied by GenScript, identical to the C3 (EK) plasmid, however, 

containing a four amino acid linker between the cleavage site and C3 protein sequence. The 

full sequence of the TrxA-His6-VWFC3 protein is displayed below. 

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYG
IRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHMHHHHHHSSGLVPRGSGMKETAAAKFER
QHMDSPDLGTDDDDKGSMAKVCVHRSTIYPVGQFWEEGCDVCTCTDMEDAVMGLRVAQCSQKPCEDS
CRSGFTYVLHEGECCGRCLP 

                    TrxA tag               His6 tag               EK cleavage site               C3 protein 

A 15N-labelled C3 sample was expressed from the C3L plasmid using 15NH4Cl and unlabelled 
12C6-1H12-glucose. Expression in M9 minimal media and purification of the uncleaved protein 

were carried out in the same manner as that from the C3 (EK) plasmid. Cleavage was once 

again performed at 18°C in an orbital shaker (60 rpm), however, the cleavage time was only 

18 hours due to the increased cleavage efficiency in this case. Purification of the cleaved 

protein was carried out as previously. A 15N-HSQC was performed at 298 K on an 800 MHz 

spectrometer. 

6.6. Disulphide bond mutations of the VWF C3 domain 

Mutations of individual disulphide bonds of the C3 domain were performed on the C3 (EK) 

plasmid. Each disulphide bond (C2431-C2453, C2448-C2490, C2451-C2468, C2473-C2491 and 

C2477-C2494) was individually mutated to a pair of alanine residues, chosen due to its similar 

hydrophobic properties to cysteine. Mutations were performed on one cysteine which 
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comprises a disulphide bond and, once a successful mutation was confirmed through 

sequencing of the plasmid, its respective cysteine residue was mutated (i.e. C2431A mutation 

performed and confirmed, followed by the C2453A mutation). These mutations were 

performed by PCR site-directed mutagenesis with the Novagen KOD Xtreme™ Hot Start DNA 

Polymerase. Displayed below are the complementary mutagenesis oligonucleotides used for 

the cysteine to alanine mutations, with the mutation site highlighted in bold. The Tm for each 

primer is also displayed with primers designed to have a Tm below 68°C and a secondary 

structure Tm below 42°C. 

C2431A 

Forward: GAC GAC GAC AAG AAA GTT GCC GTT CAT CGT AGC  Tm: 64.8°C 

Reverse: ATA GAT GGT GCT ACG ATG AAC GGC AAC TTT CTT GTC  Tm: 63.7°C 

C2448A 

Forward: CTG GGA GGA AGG CGC CGA CGT TTG CAC  Tm: 66.9°C 

Reverse: AGG TGC AAA CGT CGG CGC CTT CCT CCC  Tm: 67.3°C 

C2451A 

Forward: GCT GCG ACG TTG CCA CCT GCA CCG AC   Tm: 66.3°C 

Reverse: TCC ATG TCG GTG CAG GTG GCA ACG TCG  Tm: 66.3°C 

C2453A 

Forward: GAC GTT TGC ACC GCC ACC GAC ATG GAA  Tm: 65.4°C 

Reverse: CGT CTT CCA TGT CGG TGG CGG TGC AAA C  Tm: 65.9°C 

C2468A 

Forward: CTC CGT GTT GCG CAG GCC AGC CAA AAG  Tm: 66.2°C 

Reverse: GCT TTT GGC TGG CCT GCG CAA CAC GG  Tm: 66.9°C 

C2473A 

Forward: CAG TCA AAA GCC GGC CGA GGA TAG CTG C  Tm: 64.1°C 

Reverse: GCA GCT ATC CTC GGC CGG CTT TTG ACT  Tm: 62.2°C 
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C2477A 

Forward: CCG TGC GAG GAT AGT GCC CGT AGC GGT TTT AC Tm: 67.1°C 

Reverse: TAA AAC CGC TAC GGG CAC TAT CCT CGC ACG G  Tm: 66.7°C 

C2490A 

Forward: CAT GAG GGC GAG GCC TGC GGT CGT TG  Tm: 67.0°C 

Reverse: GCA ACG ACC GCA GGC CTC GCC CTC AT   Tm: 67.5°C 

C2491A 

Forward: AGG GCG AGT GCG CTG GTC GTT GCC TG  Tm: 66.8°C 

Reverse: AGG CAA CGA CCA GCG CAC TCG CCC TC  Tm: 66.1°C 

C2494A 

Forward: GTG CTG TGG TCG TGC CCT GCC GTA AGC TG  Tm: 66.9°C 

Reverse: AGC TTA CGG CAG GGC ACG ACC ACA GCA CTC  Tm: 66.7°C 

The reaction was set up as indicated (Table 6.11) with primers diluted 1 in 10, providing a stock 

concentration of 10 µM. The thermocycling conditions, carried out in a Bio-Rad T100™ Thermal 

Cycler, are displayed below. Compared to the mutagenesis in Chapter 6.2.1, the extension time 

was increased to 10 minutes to ensure full extension had taken place. 

Step Temperature (°C) Time (mins) Cycles 

Polymerase activation 95 10:00 1 

Denaturation 95 0:30  

Annealing 63 0:30 20 

Extension 72 10:00  

Final extension 72 10:00 1 

 4 ∞  

Table 6.11: Thermocycling conditions of the PCR site-directed mutagenesis of C3 cysteine residues 

A DpnI digest of the PCR reaction was performed to remove the template plasmid from the 

synthesised PCR product. The product was transformed into NEB DH5α high efficiency 

competent E. coli cells, with 8 µL of DpnI-digested product transformed into 50 µL cells. 
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Transformed cells were grown overnight on a LB Agar plate (+100 µg/ml ampicillin). Once 

colonies were grown, plasmid was mini-prepped and mutations were confirmed as successful, 

the mutated plasmid was transformed into SHuffle E. coli cells400. A 1L culture of each mutated 

protein was expressed in M9 minimal media (Table 6.5) with 15NH4Cl and unlabelled 
12C6-1H12-glucose to produce a 15N-labelled sample. The protein, was cleaved and purified in 

the same manner as that described in Chapter 6.3.1. Gel filtration fractions were analysed in 

reducing SDS-PAGE and in the case where two peaks were observed in the trace, each peak 

was separately pooled and a 15N-HSQC performed on both. The NMR experiments were 

performed on a Bruker Avance III 500 MHz spectrometer at 298 K. Each experiment was 

carried out with 512 points recorded in the indirect dimension and a spectral width of 35 ppm, 

giving an overall experiment time of 1hr 24 min 8 sec. 
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7. Appendix 

7.1. VWF C3 chemical shift assignment 

Displayed is the chemical shift data for the C3 domain in ppm. Blank spaces indicate the chemical shift was either not seen or left unassigned. 

Residue  1HN 1Hα 1Hβ 1Hγ 1Hδ 1Hε 1Hζ 13CO 13Cα 13Cβ 13Cγ 13Cδ 13Cε 13Cζ 15NH 15Nε 
K2429 8.211 4.357 1.712 

1.864 
1.312 
1.489 

1.674 
1.650 

2.975  175.781 55.989 31.852 25.119 29.374 42.271  122.582  

V2430 7.886 5.133 2.106 0.649 
0.689 

   174.518 59.042 36.381 17.495 
21.408 

   113.654  

C2431 9.457 5.129 2.922 
3.021 

    172.962 56.577 42.165     116.776  

V2432 8.781 4.854 1.889 0.840 
0.761 

   175.695 61.113 33.141 21.420 
20.757 

   121.006  

H2433 9.129 4.866 2.747 
3.086 

 7.365 6.061  174.079 56.221 33.272  119.390 144.743  127.238  

R2434 9.283 3.712 1.803 
1.833 

0.855 
1.280 

3.098   176.460 57.793 27.238 27.370 43.533   127.238  

S2435 8.609 3.882 3.999 
4.047 

    172.805 59.869 62.434     109.594  

T2436 7.863 4.273 3.935 0.578    171.195 61.898 70.388 20.380    119.326  
I2437 7.951 4.515 1.524 0.710 

0.974 
1.440 

0.739   175.242 60.408 38.465 17.858 
27.934 

13.013   125.003  

Y2438 8.927 4.736 2.450 
2.120 

 6.233 6.131  172.706 55.144 42.122  132.362 116.476  126.331  
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Residue  1HN 1Hα 1Hβ 1Hγ 1Hδ 1Hε 1Hζ 13CO 13Cα 13Cβ 13Cγ 13Cδ 13Cε 13Cζ 15NH 15Nε 
P2439  4.793 2.370 

1.958 
2.014 
2.069 

3.696 
3.743 

  176.704 62.029 32.547 27.457 50.625     

V2440 7.725 3.480 1.842 0.885 
0.853 

   177.131 64.533 32.127 22.422 
20.798 

   119.370  

G2441 8.893 3.655 
4.399 

     174.025 44.788      115.108  

Q2442 7.696 4.568 2.285 
2.255 

2.585 
2.635 

 6.975 
7.723 

 175.108 55.840 30.395 34.481 179.491   119.326 112.168 

F2443 8.597 5.560 2.876 
2.936 

 7.125 7.261  175.409 56.486 42.168  132.314 131.842  122.408  

W2444 8.723 4.978 3.223 
3.203 

 6.663 9.141 
6.450 

8.140 
6.112 

172.571 57.015 31.474  126.143 122.088 138.533 
121.919 

121.483 128.066 

E2445 8.595 4.982 2.087 
1.954 

2.197 
2.341 

   176.274 55.031 32.497 37.071    118.644  

E2446 8.304 4.643 1.952 
2.146 

2.362    175.793 55.146 31.873 36.124    122.478  

G2447 9.136 3.738 
4.024 

     175.603 47.460      116.698  

C2448 9.228 4.959 2.787 
3.663 

    173.728 53.492 36.771     126.021  

D2449 8.504 5.254 2.251 
2.840 

    176.041 53.940 43.399     120.697  

V2450 8.996 4.480  0.878 
0.848 

   175.288 60.971 33.706 20.978 
21.075 

   118.720  

C2451 8.855 5.125 0.195 
1.104 

    171.206 54.468 48.415     126.159  

T2452 7.918 4.514 3.369 0.789    172.328 59.508 70.896 18.503    111.941  
C2453 8.155 4.501 2.625 

2.713 
    174.723 54.712 40.741     123.562  

T2454 8.501 4.607 4.364 1.205    171.697 61.586 71.046 21.790    121.272  
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Residue  1HN 1Hα 1Hβ 1Hγ 1Hδ 1Hε 1Hζ 13CO 13Cα 13Cβ 13Cγ 13Cδ 13Cε 13Cζ 15NH 15Nε 
D2455 8.321 4.674 2.575 

2.690 
    176.722 53.712 41.303     116.500  

M2456 8.062 4.400 1.983 
1.993 

2.495 
2.573 

   175.332 55.556 33.516 32.100    120.630  

E2457 8.594 4.281 1.877 
1.915 

2.135 
2.180 

   176.214 56.604 31.026 36.409    122.565  

D2458 8.566 4.555 2.529 
2.701 

    176.245 53.893 42.273     123.487  

A2459 8.533 4.191 1.433     178.312 53.919 19.153     125.905  
V2460 8.140 3.948 2.149 0.976 

0.932 
   177.058 64.078 32.444 21.523 

21.165 
   118.191  

M2461 8.515 4.432 2.549 
2.676 

2.050 
2.104 

   177.212 55.934 32.397 32.969    119.254  

G2462 8.371 3.861 
4.065 

     173.720 45.990      108.906  

L2463 7.389 4.814 1.687 
1.850 

0.920 0.910   176.350 54.068 44.193 25.448 23.709   119.132  

R2464 8.453 4.914 2.256 
1.777 

1.613 
1.624 

3.006 
3.122 

7.374  175.978 55.116 31.107 28.387 43.301   121.344 85.243 

V2465 8.036 4.458 1.984 0.904 
0.955 

   176.080 61.546 34.535 20.944 
21.381 

   119.035  

A2466 8.956 5.120 1.305     176.299 51.295 20.439     129.639  
Q2467 8.740 4.601 1.784 

1.902 
2.239 
2.164 

 7.341 
6.806 

 174.861 54.739 31.512 33.761 180.662   111.918 111.784 

C2468 8.781 5.391 2.917 
2.589 

    173.389 55.326 48.342     123.831  

S2469 8.803 4.598 3.692 
3.778 

    172.418 57.079 65.627     116.641  

Q2470 8.475 4.603 1.889 
2.017 

2.462 
2.374 

 6.800 
7.752 

 177.134 56.867 29.195 33.953    123.470 112.480 
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Residue  1HN 1Hα 1Hβ 1Hγ 1Hδ 1Hε 1Hζ 13CO 13Cα 13Cβ 13Cγ 13Cδ 13Cε 13Cζ 15NH 15Nε 
K2471 9.019 4.289 1.791 

1.656 
1.479 
1.345 

1.573 2.868  174.525 55.475 32.552 25.238 29.898 41.944  129.022  

P2472  4.377 1.841 
2.247 

1.957 
2.030 

3.593 
3.869 

  176.244 63.107 32.237 27.453 50.859     

C2473 8.524 4.952 3.044 
2.777 

    174.570 52.950 38.478     120.296  

E2474 8.798 4.380 1.932 
2.068 

2.219 
2.237 

   175.017 56.011 28.835 36.282    126.159  

D2475 7.828 3.985 1.780 
2.005 

    174.971 52.841 39.879     123.597  

S2476 7.621 4.445 3.742 
3.760 

    174.198 56.925 63.556     113.881  

C2477 8.452 4.914 3.158 
2.614 

    175.164 52.443 40.094     121.014  

R2478 8.636 4.287 1.845 
1.622 

1.556 3.007   175.561 55.823 30.980 27.075 43.394   122.327  

S2479 8.373 4.228 3.860 
3.844 

    175.637 60.211 62.937     114.288  

G2480 8.841 3.576 
4.232 

     173.937 44.987      113.534  

F2481 8.201 4.901 3.286 
2.624 

7.313 6.875   174.881 56.502 41.221  131.237 131.215  120.152  

T2482 9.348 4.508 3.942 1.167    172.815 61.799 71.477 21.326    117.099  
Y2483 8.847 4.689 2.904 

3.038 
 6.915 6.656  174.659 58.557 38.485  133.047 118.355  128.258  

V2484 8.751 3.974 1.766 0.882 
0.595 

   173.993 61.886 34.151 21.054 
20.679 

   130.676  

L2485 8.400 4.292 1.610 
1.066 

1.331 0.863 
0.784 

  175.602 53.994 44.636 27.054 24.338 
25.347 

  130.724  
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Residue 1HN 1Hα 1Hβ 1Hγ 1Hδ 1Hε 1Hζ 13CO 13Cα 13Cβ 13Cγ 13Cδ 13Cε 13Cζ 15NH 15Nε 
H2486 9.026 4.777 2.824 

3.197 
 7.155 8.084  174.234 54.294 30.601  120.178 136.399  125.072  

E2487 8.694 4.050 1.947 
1.986 

2.271    177.441 58.288 29.433 36.011    123.168  

G2488 8.879 3.673 
4.234 

     174.212 45.329      113.522  

E2489 7.666 4.563 2.185 
2.044 

2.222    176.820 55.271 31.004 36.803    118.869  

C2490 8.811 4.560 3.237 
2.864 

    175.147 56.525 37.835     118.774  

C2491 7.963 4.985 2.833 
3.225 

    173.946 52.536 40.179     115.972  

G2492 8.357 2.960 
4.376 

     172.304 45.225      111.013  

R2493 7.982 4.764 1.605 
1.792 

1.607 
1.603 

3.179 
3.123 

  174.536 54.309 33.718 26.849 43.303   117.725  

C2494 8.786 5.253 2.751 
2.927 

    174.365 55.020 41.098     120.623  

L2495 9.394 5.070 1.700 
1.679 

1.580 0.948 
0.921 

  173.839 52.151 43.883 26.833 23.201 
25.115 

  128.098  

P2496  4.746 2.074 
2.310 

1.799 
1.939 

3.597 
3.490 

   62.950 34.412 24.704 50.134     
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7.2. Ramachandran plot of twenty lowest energy structures of VWF C3 
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