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ABSTRACT

VVon Willebrand factor (VWEF) is a large glycoprotein that plays an important role
in primary hemostasis by forming a bridge between subendothelial matrix and platelets.
The most striking feature of VWEF is its ability to dramatically shift from a non-adhesive
plasma soluble protein to a multi-functional adhesive protein, as an activated surface,
attractive to the flowing platelets. The segmental structure of VWF forms the basis of its
multifunctional properties. Binding sites that are independent of multimer assembly but
important for the hemostatic function are located in the A1A2A3 domains of VWF. VWF
A1A2A3 domain contains six cysteine residues in three disulfides, one being a vicinal
disulfide. Established view is that disulfide bonds are inert motifs, stabilizing the protein
structure. However vicinal disulfides in proteins are reported to function as redox
activated conformational switches. In order to understand the redox dependent disulfide
bonding of VWF A1A2A3 domain, we conducted experiments in reduced and oxidized
glutathione environment. Disulfide mapping was performed by digesting A1A2A3
domain using GIluC and analyzing it by using matrix assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF-MS). It was evident from the MALDI-
MS data that the changes occur in disulfide bonding pattern in the glutathione
environment. The regulation of VWEF structure and function is important in the context of
cardiovascular diseases since they are associated with elevated VWF activity.
Improvement of our understanding over the structure, function and conformation of VWF
could possibly make this protein a drug target, advancements in this area is an interest to

the pharmaceutical industry.
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CHAPTER 1
OVERVIEW OF VON WILLEBRAND FACTOR
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ABSTRACT

Haemostasis is a delicately balanced process to prevent blood loss during vascular
injury. Haemostasis involves a complex network of plasma proteins and coagulation
factors. A key player in haemostasis is von Willebrand factor (VWF). VWF is a
multimeric, glycoprotein functions as a bridge between subendothelial structures at sites
of vascular injury and blood platelets, apart from this role it also stabilize and protect
coagulation factor VI1I. My Ph.D. dissertation examines the redox dependent disulfide
bonding of von Willebrand factor. During the course of our research efforts, we
performed many of the experiments with a protein isolated from the human blood; we
have developed a novel method to map the disulfide bonds in proteins using mass
spectrometry. We examined disulfide bonding pattern of hemostaticaly functional
A1A2A3 domains in both reduced and oxidized glutathione environments. We observed
novel disulfide bond rearrangements between the Al and A2 domain. The regulation of
VWE structure and function is important in the context of cardiovascular diseases since
they are associated with elevated VWF activity. Improvement of our understanding over
the structure, function and conformation of VWF could possibly make this protein a drug

target, advancements in this area is an interest to the pharmaceutical industry.
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INTRODUCTION

von Willebrand factor (VWE) is a large glycoprotein that plays an important role
in primary hemostasis by forming a bridge between subendothelial matrix and platelets
(1) . VWF has two major hemostatic functions, mediating the adhesion of platelets to
subendothelium at sites of vascular injury and stabilization and transport of coagulation
factor VIII (2). The most striking feature of VWEF is its ability to dramatically shift from a
non-adhesive plasma soluble protein to a multi-functional adhesive protein, making an
activated surface, attractive to the flowing platelets. VWF does not spontaneously bind to
platelets in the absence of vascular injury however, injury to the endothelial layer lead to
the exposure of subendothelial connective tissue and initiates the events of VWF
mediated thrombogenesis. Initially, VWF binds to the components of subendothelium
which results in a conformation change that enable the interaction of VWF with GPIb-
IX-V complex, thereby the initiation of platelet adhesion (3). Under high shear stress
conditions of blood flow VWEF is essential for normal platelet adhesion and thrombus
formation but mediation of platelet adhesion is not exclusive to VWF. Depending on the
local hemodynamic conditions other adhesive proteins such as fibrinogen can assume
these functions, however shear stress induced conformational changes of VWF may be
critical for the regulation of thrombogenesis (4).

The second major hemostatic function of VWEF is to transport coagulation factor
V11l and localize it to the vessel wall upon vascular injury. VWF has been reported to
prevent degradation and premature inactivation of factor V111 by the activated protein C
(5) . Once secreted into plasma, factor VIII binds to VWF. Upon initiation of coagulation

thrombin activates factor V11l and VWF binding site get disrupted then factor Vi1
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participates in coagulation cascade where it serves as the cofactor for factor 1Xa in the
activation of factor X. Genetic deficiency of factor V111 is the cause of hemophilia A. The
factor V111 binding site on VWF has been identified between residues 764-1035 of
mature VWF in the D’D3 domains. Mutations that disrupt this binding site result in
decreased binding capacity for factor VIII and cause autosomal recessive form of von
Willebrand disease that resembles mild form of hemophilia (6),(7),(8). It has been
reported that under shear conditions Factor V111 binding

accelerate proteolytic cleavage of VWF by ADAMTS-13 (9).

The plasma concentration of VWF is 10pg/ml, 4-20 ug/ml is considered the
normal range (10). Elevated plasma VWF levels are reported in atherosclerosis, cancer,
diabetes, liver disease and renal failure. One of the major causes of morbidity in
developed countries is arterialthrombosis caused by rupture of an atherosclerotic plaque
which causes excessive platelet
adhesion and thrombus formation resulting in diseases such as myocardial infarction and
stroke. The plasma concentration of VWF is an established predictor of cardiovascular
disease (11) . Elevated levels and abnormal processing of VWEF are associated with
isochemic heart disease, thrombocytopenic purpurea, arterial thrombosis (12, 13),
peripheral-pulmonary vascular disease, cerebrovascular disease (13).

VVon Willebrand disease (VWD) is the most common bleeding disorder in humans
. Affected individuals reflect platelet dysfunction, excessive bleeding and hematomas
symptoms associated with defective factor VIII or platelet binding functions of VWF.
VWD is characterized by qualitative; type one and type three and quantitative; type two

abnormalities of VWEF. The prevalence of type one is estimated about 1% of the general
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population, accounting for more than 70% of VWD. The inheritance is autosomal
dominant . Type two represents 10-15% of VWD cases and causes moderate to mild
bleeding. Increase in proteolytic fragments corresponding to 176kDa and 140kDa is
common in type 2 patients due to their increased susceptibility to ADAMTS-13 cleavage.
Type three VWD is characterized by severe bleeding less than 10% factor VII1 activity
and severely decreased VWF levels (14) .

The gene for VWEF is on chromosome 12, over 178 kilobases contains 52 exons
(15) . The mRNA transcript is translated to produce a 2813 amino acid pre-pro-protein in
the endoplasmic reticulum of endothelial cells. The cDNA of translation product has
approximately 360 kDa molecular weight. The pre-proprotein contains a 22 residue
signal peptide, a propetide with 95 kDa and a mature subunit with 260 kDa molecular
weight. The 22 amino acid signal peptide directs VWF protein to the endoplasmic
reticulum, 741 amino acid propeptide is required for multimerization and for targeting
VWEF to storage granules. Propeptide cleavage occurs in the Golgi organelle by the furin
enzyme, recognizes basic Lysine-Arginine peptide bond located at 762-763 position (16).
The mature protein is 2050 amino acids and contains all the functional domains. VWF
undergoes dimerization in the endoplasmic reticulum through disulfide bond formation
between cysteine residues located between the carboxyl terminus of the mature subunit .
The endoplasmic reticulum provides optimum conditions for the spontaneous oxidation
of sulfydryl groups and for the formation of disulfide bonds, then VWF dimers are
transported to the Golgi organelle, where the acidic environment in is more conducive for

the multimer formation. Multimerization of VWF involves the formation of interchain
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disulfide bonds between cysteine residues in the D3 domains of two VWF dimers (17),
(18), (19), (20).

Disulfide bonds of VWF been identified after partial proteolysis by direct
observation of phenylthiohydantoin of cystines during the Edman degradation of isolated
peptides. Fifty-two half cystine residues have been paired in this experiment (Note:
amino acids are numbered starting from the initial methionine residue in the pre-pro
VWEF and single amino acid coding is used in accordance with the most recent ISTH

VWEF SSC nomenclature guidelines; www.vwf.group.shef.ac.uk/index.html ) (Table 1.1).

Additional clusters of disulfide bonds were reported to be evident. Intersubunit disulfide
bonds reported to be localized in an interior region (A domain) and a carboxyl-terminal
region (CK). Disulfide bonds appeared to established local (within the same domain)
with less than 170 residues rather than more distant parts of the same polypeptide chain

(19).
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Table 1.1 Described disulfide bonds of VWF.

Disulfide Bond Distance Domain
Cys767 ¢<>Cys 808 42 D2
Cys776 €<>Cys804 29 D2
Cys810 ¢<>Cys821 12 D2
Cys867 ¢€<>Cys 996 130 D3
Cys889 ¢<>Cys1031 143 D3
Cys898 ¢«<>Cys 993 96 D3
Cys914 <>Cys 921 8 D3
Cys1060 <>Cys 1084 25 D3
Cys1071 ¢<>Cys 1111 41 D3
Cys1089 <>Cys 1091 3 D3
Cys1126 <>Cys 1130 5 D3
Cys1149 <>Cys 1169 21 D3
Cys1153 ¢<>Cys 1165 13 D3
Cys1196 <>Cys 1199 4 D3
Cys1234 <>Cys 1237 4 D3
Cys1272 <>Cys 1458 187 Al
Cys1669 ¢<>Cys1670 2 A2
Cys1686 <>Cys 1872 187 A3
Cys1879 ¢<>Cys1904 26 D4
Cys1899 <>Cys 1940 42 D4
Cys1927 <>Cys 2088 162 D4
Cys1950 <>Cys 2085 136 D4
Cys1972 <>Cys 2123 152 D4
Cys1993 <>Cys 2001 9 D4
Cys2724 <>Cys 2774 51 CK
Cys2739 <>Cys 2788 50 CK
Cys2750 <->Cys 2804 55 CK
Cys2754 <>Cys 2806 53 CK

In the endothelial cells, the majority of newly synthesized VWF multimers is
secreted constitutively, whereas the remaining, approximately 5% is stored inside the
Weibel-Palade bodies, that are rod-shaped organelles specific to the endothelial cells.
Endothelial VWF is secreted both to the lumen and the extracellular subendothelial VWF

is released from the platelet a granules after stimulation. Megakaryocytes also synthesize
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VWF and store it in a-granules, variety of secretagogues such as thrombin, histamine,
fibrin, ephineprine and forskolin enable the release of VWF from storage granules (21).
Once secreted into the plasma, circulating VWF has a half-life of 8 to 12 hours. VWF
circulates in plasma as a series of variable size multimers, ranging between 500 to
200,000 kDa. Regulation of multimer size is crucial for hemostasis. In the absence of
high molecular weight multimers functional activity of VWEF is decreased in contrary
arterial thrombosis may occur in the presence of ultra large VWF multimers (22).

The size of circulating VWF multimers are regulated by plasma protease
ADAMTS-13, is a member of ADAMTS family ( a-disintegrin and metalloprotease with
thrombospondin-1 repeats). Following cleavge VWF multimers acquire a globular shape
preventing further proteolysis. ADAMTSL13 proteolysis produces fragments in 140kDa
and 176kDa size (23) . Beside the established role of ADAMTS-13 in the regulation of
VWE size, number of studies have proposed that the effective size of VWF may be
regulated by the self-association of the protein (24), (25) . Ulrichts, Vanhoorelbeke et al.
(26) suggests that multiple domains in VWF may participate in the self-association
process , according to Choi, Aboulfatova et al.(27) , this process may be accompanied by
novel disulphide bond formation in the protein, that shear stress between 2000-5000/s
changed the protein conformation and allowed residues in the D3 and C domains of VWF
(Cys889, Cys 898, Cys2448, Cys2451, Cys 2490, Cys2491, Cys2453, Cys2528, and
Cys2533) to undergo shear induced disulfide bond formation. It has been demonstrated
that thrombospondin-1 (TSP-1) also directly controls VWF multimer size by reducing the
disulfide bonds. This property has been attributed to the C-terminal calcium binding

moiety within the TSP-1 molecule and requires a free thiol at position 974.(28) .
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Bonnefoy et al. (29) recently described that TSP-1 rather protects subendothelium-bound
VWEF from degradation by the ADAMTS13. Proteases such as calpains, cathepsin G and
elastases can also reduce the size of VWF with nonspecific cleavages (30).

VVWE is highly glycosylated, 18.7 % its molecular weight is attributed to
carbohydrates . In the endoplasmic reticulum early processing of carbohydrate chains
occurs and twelve N- linked carbohydrates are added to the protein. Then VWF dimers
are transported to the Golgi where ten O-linked carbohydrates are added. The
carbohydrate structures of VWF has function in multimer formation, binding to collagen ,
protection against proteolysis and binding to platelet GPIb (31) .

VWEF has four distinct homology domains (A-D). VWEF contains binding sites for
its ligands within a repeated multi-domain structure; D1-D2-D’-D3-A1-A2-A3-D4-B1-
B2-B3-C1-C2-CK (Figure 1.1) . The segmental structure of VWF forms the basis of its
multifunctional properties. The separate domains within the VWF subunit exhibit specific

interactions with other molecules.
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Figure 1.1 Domain structure of VWF.
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In the Al and A3 domains of VWF, collagen binding sites have been identified.
VWEF lacking the A1l domain is demonstrated to bind collagen type 111 and in invitro
binding assays deletion of A3 domain prevented VWF binding to collagen. The results of
this study showed that the A3 domain of VWF contains the primary binding site for
collagen. Al domain of multimeric VWF bind to platelet glycoprotein GPIb. The binding
of VWEF to sulfated glycolipids involves residues 1332 to 1347 and 1391 and 1409 of the
Al domain. GPIb binding to VWF Aldomain, has shown to be induced by interaction
with ristocetin and botrocetin. Indeed, the unchallenged VWF cannot bind to GPIb
receptor hence in vitro static studies always require non-physiologic modulators, which
can induce conformational changes comparable to those in vivo. Ristocetin is an
antibiotic, its interaction induce a conformational change of the A1 domain which allows
the interaction with GPIb by charge neutralization. Botrocetin , a snake venom protein ,
binds to positively charged residues in the VWF Al domain, thereby inducing GPIb
interaction. Although these interactions do not reflect biological functions, ristocetin
and botrocetin binding found to be mimicking the shear-induced VWF binding to GPIb
(32).

Al domain has binding affinity for platelets Gplb-1X-V complex, binds to

subendothelial VWF with the N-terminal portion of the GPIb. The Gplb-1X-V is a large
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receptor complex of the leucine-rich repeat family (LRR). The binding site for this
interaction in VWEF is not functional under static conditions but active under elevated
shear stress (33) . The binding site for sulfatides were reported to be located within
residues 1275-1436 in the Al domain loop . The Major heparin binding site on VWF
resides in A1 domain between residues 1328 and 1341 (34) .The A2 domain does not
have a known adhesive function, and deletion of this domain from VWF does not
significantly affect either collagen or GPIb binding . However, A2 contains a proteolytic
cleavage site for the plasma protease ADAMTS13 (35) . The size of VWEF is regulated
by the plasma protease ADAMTS13 that recognizes the peptide bond Y1605-M1606 in
the A2 domain of VWF. The ultra large VWF multimers are released from the
endothelial cells attaches to the cell surface via P-selectin and the shear force of the
flowing blood helps expose the ADAMTS binding sites in the A1 and A3 domains and
cleavage site in the A2 domain (36) . Mutations localized in the A2 domain of the VWF
facilitate two distinct pathogenic mechanisms; mutations that are characterized by
impaired intracellular transport secretion and storage of high molecular weight multimers
or mutations that are characterized by increased susceptibility of the VWF protein to
proteolysis by the ADAMTS13 metalloproteinase. A number of mutations have been
identified located near this site, such as L1503Q, which lead to enhanced proteolysis of
the VWF protein. Based on a molecular dynamics simulation on a homology model of
the A2 domain it has been shown that so-called group | mutations cause significant
deviations of the wild type structure in multiple regions of the VWF protein, whereas
group Il mutations cause single loop displacements near the proteolysis site which may

affect interactions between ADAMTS13 and VWF. Oxidized and unoxidized VWF
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peptides were incubated with recombinant ADAMTS13, substrate cleaved the oxidized
VWEF peptide much more slowly than unoxidized peptide (37) . A different study
demonstrated that peroxynitrite-treated VWF multimers are more resistant to proteolysis
by ADAMTS-13 and inhibitory effect of this substance increases with oxidant
concentrations (38). The common finding of both studies is that oxidation of the VWF
substrate causes a significant decrease in the ADAMTS-13 catalytic specificity. These
effects in vivo may lead to a qualitative and quantitative alteration of circulating VWF.
According to proposed mechanism stretching force of multimeric VWF needs to exceed
390pN for holding platelets at shear stress of 20dyne/cm2 this is likely to cause
conformational changes which can expose VWF A2 domain (39). Physiological fluid
shear up to 2000/s for 12s in a capillary tube has been shown to augment VWF A2-
domain proteolysis by ADAMTS-13 (40) in the same extent with the presence of 1.5M
GdHCI, has also shown to increase the ADAMTS-13 proteolysis of VWF (41). Activity
of ADAMTS13 is difficult to assess in vitro without partial denaturation of the substrate.
It appears obvious that extreme conditions are necessary to allow for VWF cleavage in
vitro. Furlan et al. (35) used 1.0 M of urea, Ba2+ ions and a low ionic strength buffer,
Tsai et al (40) denatured the substrate using guanidine hydrochloride, with no further
addition of non-physiologic salts. These data demonstrated that VWF needs to be
conformationally challenged to expose its A2 domain in order to let the ADAMTS13
attack over Tyrosinel605-Methionel606 bond. The assays used before 2005 were all
employed denaturing conditions developed by Tsai et al. and Furlan et al., In 2005,
Kokame et al. (42), presented a FRET study that does not require denaturation, a more

physiologic approach. The recombinant VWF peptide was covering the residues D1596-
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R1668, however this assay is unlikely fully simulate the in vivo situation due to the
truncated nature of the substrate.

The C-terminal end of protein VWF contains B and C domains. VWF contains a
RDG sequence in its C1 domain between 2507-2510 residues. The RGD sequence in
VWE is the only known binding site for platelet integrin GP IIb/Illa. Integrin Gplibllla
binds several ligands other than VWF due to its binding affinity for the RGD sequence
which includes fibronectin, thrombospondin and vitronectin. (43) . The C1 and C2
domains have structural homology with collagen and thrombospondin. The C1 and C2
domains contain a binding site for fibrin . VWF forms disulfide linked dimers in
endoplasmic reticulum in a tail to tail orientation between adjacent cysteine knot domains
(CK) of monomers. VWEF contains a 94 amino acid long cysteine knot domain, at its C-
terminal and it is structurally homologous to the CK domains of norrin proteins.
Interchain disulfide bonds in the CK domain has determined after cyanogen bromide
digestion, using partial reduction and alkylation followed by reverse phase HPLC and
mass spectrometry analysis. When cyanogen bromide cleaved peptides were analyzed
C2771, C2773 and C2811 residues were identified as the residues involved in interchain
disulfide bonds. The importance of CK domain for VWF dimerization confirmed in a
study where the expression of recombinant, CK domains with C2771A, C2773A AND
2881A mutations resulted in defective dimerization and secretion of monomers instead
of dimers (20).

The D domain contain 52 cystein residues and have homology with the D

domains of murine proteins . The binding site for factor VIII lies in the D domain

between the residues 763-1035. The D1 and D2 domains comprise the VWF propeptide
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and a portion of the N-terminal of the mature protein. D1 and D2 domains are required
for multimerization, Detailed analysis of the secondary structure of VWF revealed that
inter-molecular disulfide bonds are localized in an amino-terminal region in D1D2
domains and carboxy-terminal region , beyond the domain C2 (44) . Each D1 and D2
domains contain one CXXC motifs which is the signature of the active site of disulfide
isomerase enzymes. When the vicinal cysteine residues were distrupted by the insertion
of a glycine residue by changing the sequence to CXGXC, VWF multimerization was
inhibited. Many of the cysteine residues in the D3 domain have been shown to involve in
intrachain disulfide bonds that are important for the structural integrity of the protein .
Two heparin binding sites between the residues 1212-1491 and 764-1035 are located in
the D’ and D3 domain. When amino acids C1272, V1314, R1315 and R1374 mutated
decreased heparing binding observed . Removal of D’D3 domain resulted in increased
clearance of plasma VWF whereas removal of D4 domain resulted in decreased plasma
clearance (45).

Studies using electron microscopy, shown VWF to be a flexible, elongated
molecule with small nodules at irregular intervals, with a width of 2.5 nm and a
maximum extended length of 120nm. Studies using quasi electric light scattering have
shown that the predominant structure is a loosely coiled “ball of yarn” with a diameter
100-300nm, and proved the patch like globular appearance of secreted VWF associated
with the surface of platelets (46). When atomic force microscopy used to image VWF in
physiological buffer solution absorbed on hydrophobic monolayer molecule, VWF
observed as globular, major axis diameter was 106-149 nm and minor axis diameter was

77-81nm, it appeared to be composed of overlapping globular domains, similar to the
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“ball of yarn” described in electron microscopy studies. Globular domains were classified
as large (L: 66nm major axis diameter) or small (S: 38nm major axis diameter) and were
shown to align as L-S-L-L-S-L (18). Due to the colossal size of the molecule, X-ray
crystallography studies have been conducted only on isolated recombinant A1,A2 A3
domains and have allowed structural characterization of individual protein domains
either alone (47) or when in complex with antibodies (48) , botrocetin (49) or Gplb
receptor (50) . The characterization of the crystal structure has described the Al domain
with an overall cuboidal shape, which is characterized by 5 parallel  strands and 1
antiparallel B strand which are centrally located, and flanked on either side by 3a helices.
There are 6 flat faces, including a mostly basic and a mostly acidic one. A salt bridge
network runs around the Al domain. Molecular homology modeling studies of the Al
domain suggested that the a crevice formed close to the side at which B strands wind in
opposite directions represents an active site for ristocetin binding. Celikel et al., using X-
ray crystallography reported the pairing of A1 domain residues close to the
crystallographic 2-fold axis of symmetry, with salt bridges occurring between pairs of

molecules.
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Figure 1.2. VWF A1 domain. From PDB file 1M10 (50).
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Figure 1.3. VWF A3 domain. From PDB file 1ATZ (51) .
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According to the ribbon structure of the VWF Al (Figure 1.2) and the VWF
A3(Figure 1. 3) domain , The structural similarity of two domains can be appreciated as
both Al and A3 exist of six central beta sheets, surrounded by seven alpha helices. Both
Al and A3 contain a disulfide bond creating a loop, which is not the case in domain the

A2 domain. (Figure 1.4).
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Figure 1.4. VWF A2 domain. From PDB file 3GXB (52) .

Crystallographic studies revealed that both Al and A3, adopt a typical o/p fold
consisting of a central hydrophobic B-sheet neighbored on each side by amphipathic a-
helices. This fold has also been deteceted in the homologous integrin | domains , in
contrast with the I domains, metal ion dependent adhesion site motif is absent in the
structures of Al and A3 domain.

1.9-A crystal structure of the A2 domain has been recently solved (52) . Crystal
structure revealed a proof of evolutionary adaptations to the shear sensor function of A2
domain. VWF A2 contains a loop surrounded by 4 a helix, and a cis-proline. The central
B strands are loosely packed The ADAMTS-13 cleavage site is buried in the central
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hydrophobic core. Two vicinal Cys1669-Cys1670 residues, that are linked by a vicinal
disulfide bond are shown to be buried in a hydrophobic pocket.

The x-ray crystal structure of A1 domain (PDB 1M10) covers 208 residues and
defines the sequence from residue 1268 to 1476. The x-ray crystal structure of A2
domain (PDB 3GXB) covers 184 residues and defines the sequence from residue 1495 to
1673. The x-ray crystal structure of A3 domain (PDB 1ATZ) covers 189 residues and
defines the sequence from residue 1688 to 1877. Between the Al and A2 domains 19
residues are not covered in the crystal structures and between the A2 and A3 domains 15
residues are not covered in the crystal structures.

In a recent study VWF A2 domain with AACys1669Cys1670 and VWF A2
domain with vicinal Cys1669Cys1670 were compared in ADAMTS13 proteolysis and
circular dichorsim experiments. The results of experiments demonstrated A2 domain with
native vicinal cysteins was resistant to proteolysis and thermal unfolding, mutagenesis of
Cys1669 Cys1670 enhanced unfolding and increased susceptibility to ADAMTS13
proteolysis (53).

Hematological consequences of the conformational transitions at the domain level
remains to be unknown. The disulfide loop between the residues Cys1272-Cys1458 in Al
domain appears to manage the conformational transitions that affect the affinity of VWF
for GP1b whereas the disulfide loop between the residues Cys1686 to Cys1872 in A3
domain likely plays a role in collagen binding. The binding of VWEF to platelet receptor
Gplb results in intermolecular bonds with high tensile strength (22), (24), (54). This
molecular interaction allows platelet capture at sites of vascular injury under high fluid

shear conditions. The binding of plasma VWEF to platelet receptor Gplb leads to platelet
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activation (33). Based on molecular dynamics simulation models of Yago et al. (55) at
lower forces, the salt bridge between D1269 and R1306/R1450 stabilizes the VWF
Aldomain orientation at 75° to horizontal, at intermediate forces salt bridge between
D1269 and R1306/R1450 is ruptured. This rupture of salt bridge extends the A1 N-
terminal sequence which results in a torque to rotate the Al to 64° to horizontal. This
rotation helps B finger to slide over the top surface of A1, during which GPIb E14 forms
a salt bridge with A1 R1334 (55).

In the absence of shear stress, atomic force microscopy resolution of the VWF
molecule shows a globular condensed three dimensional structure. Exposure of VWF to
a shear stress induces a conformational transformation from a globular state to an
extended chain conformation with the exposure of intramolecular domains (56) .
According to several studies VWF undergoes structural alterations under fluid shear. It
has been shown that physiological fluid shear up to 2000/s for 12s in a capillary tube
augment VWF A2domain proteolysis by ADAMTS13 (40) . In a different study shear
rates in range of 2000-5000/s cause novel disulphide bond formation in the protein (27),
Shankaran, Alexandridis et al. in 2003 demonstrated the self-association of VWF at
shear rates of 2300-6000/s (25). It has been proposed that VWF undergoes
conformational changes in order to expose the hidden GPIba binding site for effective
binding to platelets. When the disulfide bond of the A1 domain was reduced, and
intermediate structures was observed via circular dichroism and fluorescence at low shear
stress enhanced binding to platelets was observed, at higher shear binding capacity to
platelets was significantly diminished whereas the disulfide intact A1 domain firmly

adhered to platelets most effectively at high shear (56). These results imply that the wild
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type Al domain unfolds to an intermediate at high shear and bind to platelets as a result
of this conformational transition. Recently Auton et. al., (57) have demonstrated that the
Al domain transition from native to reduced state increases the binding affinity for
GPIbo.

Recent studies demonstrated specific interactions within the A domain. In this
regard, Martin et al. showed that the VWF A2 domain interacts with the A1 domain, and
this interaction may block VWF-Gplba interactions in the native protein. Nishio et al.
(23) suggested that the A1 domain hinders the action of the metalloprotease ADAMTS-
13 on the VWF A2-domain. Binding interactions via the A1 domain enhance the rate of
proteolysis mediated by ADAMTS-13. According to these studies changes at the domain-

level may have important functional consequences.
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CHAPTER 2
EXPRESSION AND PURIFICATION OF RECOMBINANT VON WILLEBRAND
FACTOR A1A2A3 DOMAINS
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ABSTRACT

In order to initiate the formation of a platelet plug VWF must be assembled into
large multimers. VWF undergoes post translational modifications by dimerizing through
multiple intermolecular disulfide bonds between carboxyl terminal ends of the protein
and once in Golgi by forming interdimer disulfide bonds. The resulting multimers range
in size between 500 to 20000 kDa. The protein dimerizes and the dimers then form a
variety of disulfide crosslinked multimers with as many as 80 monomeric units, weighing
more than 20 million Daltons. Studying such an enormous molecule poses special
challenges. The separate domains within the VWF subunit exhibit specific properties,
involving interactions with other molecules. Binding sites that are independent of
multimer assembly but important for the hemostatic function are located in the A1A2A3
domains of VWF. We expressed the A1, A2, and A3 domains of von Willebrand factor in
a single polypeptide using Pichia Pastoris expression system. Proteins with disulfide
bonds, requiring post translational modifications and glycosylation can be produced in
their correctly native folded states with full function from Pichia pastoris. We purified
the A1A2A3 domain using ethanol, ammonium sulfate precipitation and ion exchange
chromatography. Our efforts in solubilizing the purified protein were unsuccessful more

likely due to the unusual adhesive nature of the ALA2A3 domain of the VWF.
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INTRODUCTION

VVon Willebrand factor (VWEF) is a large glycoprotein, found in plasma and
platelets and synthesized by megakaryocytes and endothelial cells. The pre-pro-protein is
2813 amino acids and the mature monomer is 2050 amino acids. VWF monomer
contains multiple copies of four types of domains called A, B, C and D-type domains.
Binding sites that are independent of multimer assembly but important for the hemostatic
function are located in the A1A2A3 domains of VWF.

Expression of the Al, A2, and A3 domains individually in E. coli has been
successful, but attempts to express all three in a single polypeptide in E. coli have failed.
We attempted to express, purify, and characterize the Al, A2, and A3 domains of von
Willebrand factor in a single polypeptide in order to study a model more realistic than a
simple peptide. The lack of domains responsible for the multimer formation would make
it more practical to study and less complex than multimers ranging in size from 2-20
million Daltons. Proteins with post translational modifications with disulfide bonds and
requiring glycosylation are very difficult to obtain using E. coli expression, Pichia
pastoris has been used successfully to produce a number of difficult to express proteins
in large amounts (1). Formerly in our lab the portion of the human gene expressing the
Al, A2, and A3 domains was subcloned into an E. coli vector and homologously
recombined into a site in Pichia pastoris. Unfortunately, this failed to express, then a

synthetic gene was optimized in codon usage and homologously recombined into Pichia.
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Figure 2.1. Amino acid sequence of VWF A1A2A3 used in Pichia pastoris expression
studies.

Translate from the Codon Optimized Synthetic Gene

EFDISEPPLHDFYCSRLLDLVEFLLDGSSRLSEAEFEVLEAFVVDMMERLRISQKWVRVAV
WVEYHDGSHAYIGLKDRKEPSELRRIASQVEYAGSOVASTSEVLEYTLFQIFSKIDRPEAS
RIALLLMASQEPQRMSENEVRYVOGLKEKKVIVIPVGIGPHANLEQIRLIEKQRPENKAF
VLSSVDELEQORDEIVSY LCDLAPEAFPPTLPPHMAQVTVGPGLLGVSTLGPKRNSMVLD
VAFVLEGSDKIGEADFRRSEEFMEEVIQRMOVGODS THVTVLOY SYMVTVEYPFSERAQSK
GDILORVEEIRYQGEYRTNTGLALRY LS DHSFLVSQGDREQAPNLVEMVTGNPASDEIKR
LPGDIQVVPIGVGEPNANVOELERIGWPNAFILIQDFETLPREAPDLVLORCCSGEGLQIP
TLSPAPDCSOPLDVILLLDGSSSFPASYFDEMESFAKAFISKANIGPRLTOQVSVLOYGS I
TTIDVPWNVVPEKAHLLSLVDVMOREGGPSQIGDALGFAVRY LT SEMHGARPGASKAVV I
LVTDVSVDSVDARADRARSNRVTIVFPIGIGDRYDARQLRILAGPAGDSNVVELQRIEDLE
TMVTL-A8AVD

EF at N-terminus is due to restriction site/signal peptide.
The third amino acid, D, is residue 1261 i pre-pro-von Willebrand factor.
The L just before the stop codon 1s residue 1863.
Estimated pl =5.29 atpH 7.0

indicates N-glycosylation site. ¥M 1s ADAMTS-13 cleavage site
[sotopically Averaged Molecular Weight = 66755.3359

We initially focused on the expression and the purification of the recombinant
A1A2A3 domain of von Willebrand factor . Our plan was to characterize the redox
dependence of the disulfide bonds in the ALA2A3 domain of von Willebrand factor

under oxidized and reduced glutathione buffer systems.
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MATERIALS AND METHODS

Growth and maintenance of P. pastoris strains

The codon optimized (Figure 2.1. ) A1A2A3 domain of VWF was expressed in
the Pichia pastoris expression system. The protease A, carboxypeptidase Y and protease
Bl deficient SMD1168 strain of P. pastoris was used for the production of the
recombinant protein. The use of protease-deficient strains such as SMD1168 has been
found to improve both yield and quality of the recombinant protein. The SMD1168
strain of Pichia pastoris is defective in the histidine dehydrogenase gene (his4), which
allowed the selection of transformants based of their ability to grow on histidine-
deficient medium. P. pastoris strains were typically grown on YPD-agar plates (1%
(w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) dextrose and 2% (w/v) agar) or YPD
medium (1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) dextrose). One liter
solution of YPD media was prepared by dissolving all the ingredients in 900ml of reverse
osmosis water and sterilizing by autoclave process, the dextrose was dissolved in 100ml
of reverse osmosis water and autoclaved separately. After cooling the YPD solution to 55
°C, 100 ml dextrose solution ascetically transferred and the medium plated in sterile Petri
plates. To prepare cells for long term storage, a single colony selected from YPD-agar
plates was used to inoculate a 10 ml solution of YPD in a sterile baffled flask. The
culture allowed to shake (250 rpm) at 30 °C for 24h. The cells were collected by
centrifugation (Sorvall, GS-3 rotor) for 10 min at 3000 rpm and resuspended in a 1ml
solution of YPD containing 15% glycerol. The cultures were then flash-frozen in liquid
nitrogen and stored at -80 °C. These ‘frozen stocks’ were used to inoculate fresh

cultures(2).
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Protein Production

Cultures of Pichia pastoris were grown in BMGY, composed of 3.4g/L yeast
nitrogen base without amino acids and ammonium sulfate, 1% (w/v) ammonium sulfate,
1% (w/v) casamino acids, 2ml/L biotin solution, 2% (v/v) 1M potassium phosphate
buffer (pH 6.0, adjusted with potassium hydroxide) and 1% (v/v) glycerol. The prepared
BMGY solution sterilized by filtration through a 0.22um PES filter (Corning
Incorporated). The biotin solution was prepared by dissolving 0.2g/L of biotin in 0.02M
potassium hydroxide solution, then sterilized by filtration through a 0.22um PES filter
(Corning Incorporated) and stored in aliquots at -20 °C. Prior to inoculation, 2L culture
flasks covered with four layers of cheese cloth and two layers of aluminum foil then
sterilized by autoclaving at 121 °C for 20 min. The sterile BMGY solution was
transferred aseptically into the 2L culture flasks. The amount of media in the flasks was
usually 1/5" of the flask volume, 4L of BMGY was equally distributed into 12 sterile 2L
culture flasks. A starter culture of P. pastoris was prepared by inoculating 10ml of
BMGY in a sterile baffled flask with the frozen stock culture and allowed to incubate at
30 °C with shaking (250 rpm) for 12h. The media in the 2L culture flasks was inoculated
with the 10 ml starter culture. After 24h of growth, the aluminum foil on the 2L culture
flasks was removed. After this point forward, the flasks were covered with only cheese
cloth. This allows better aeration and contamination is not a concern in actively growing
yeast cultures. After 48h of total growth in the 2L culture flasks, the cells were harvested
by centrifugation at 3000 rpm for 10 minutes. The supernatant was discarded and the
cells were resuspended in BMMY. Since mut® phenotype of Pichia was utilized, the

volume of BMMY used was half the volume of BMGY utilized during the growth phase.
33i



BMMY has the same composition as BMGY except 2% methanol was used as a
replacement for 1% glycerol. The cells resuspended in BMMY were returned to the 2L
culture flasks and covered with cheese cloth and incubated with shaking (250 rpm) at 30
°C. Induction periods was 36h. Cells were harvested by centrifugation at 3000 rpm for
60 min. The cells were discarded and 5mM disodium EDTA to final concentration was
added to the supernatant. The supernatant containing the secreted protein may be frozen
at — 20 °C for several weeks before purification.
Protein Purification

The proteins are least soluble when at their isoelectric point thus the pH of
supernatant adjusted to 5.2 using concentrated glacial acetic acid. The pl of A1A2A3
domains of VWF was calculated to be 5.4. Solid ammonium sulfate was added to
supernatant to a final molar concentration of 2.5M, initially. The supernatant was
centrifuged (Sorvall, GS-3 rotor) at 5000 rpm for 10 min. Pellets corresponding to 2.5M
ammonium sulfate precipitation was discarded then solid ammonium sulfate is added to
supernatant to a final molar concentration 5M. The solution was allowed to equilibrate
for 1h at 4 °C. The supernatant was centrifuged (Sorvall, GS-3 rotor) at 5000 rpm for 10
min, pellet resuspended in 50mM MES, 1mM EDTA at pH 6.5. Then the final volume of
cold ethanol adjusted to 80% and incubated at -20 °C for 1 hour, then centrifuged
(Sorvall, GS-3 rotor) at 5000 rpm for 10 min. The supernatant was discarded. The pellet
resuspended in 50mM MES, 1mM EDTA at pH 6.5. Approximately 2.0 ml of the 80%
ethanol precipitation pellet was dialyzed overnight at 4 °C against 1L. 25mM MES,
1mM EDTA at pH 6.5, dialysis buffer was changed twice. Two milliliters of Sepharose

fastflow Q (GE Healthcare) was poured into a 12 ml Bio-Rad disposable column. The
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column was equilibriated with 10ml of 25mM MES, 1mM EDTA at pH 6.5. Dialyzed 2
ml sample then passed over the bed followed by washing with an additional 2ml 25mM
MES, 1mM EDTA at pH 6.5. To elute the protein the column was washed with 4ml of
1M NaCl, 25mM MES, 1mM EDTA at pH 6.5. The elution product was concentrated
down to 1-2 ml volume using Amicon Ultra—15, regenerated cellulose (30000 kDa
molecular weight cutoff) from Millipore corporation The sample was stored at -20 °C or
immediately subject to HPLC. The concentrated sample then injected into a Waters
HPLC system for reverse phase chromatography containing a Atlantis dC18, Spum
particle, 300 A° 4.6x250mm column held at 58°C. Upon injection a gradient is run at a
flow rate 1 ml/min from 10 to 90% acetonitrile, 01% trifluroacetic acid over 37 minutes.
Western Blot Analysis

Protein samples were resolved by 12.5% SDS—PAGE under reducing conditions
using duplicate gels. One gel was Coomassie Blue stained, the other was used for
electrophoretic transfer (Trans-Blot SD Semi-Dry Cell apparatus, Bio-Rad) of the eluted
and or fractionated proteins onto PVDF membranes. The membranes were incubated for
one hour at room temperature in 3% blocking reagent to prevent non- specific binding.
Then membrane was incubated overnight at 4 °C with 1:1000 dilution of primary
antibody (Rabbit polyclonal to von Willebrand Factor), then 1:2000 dilution of HRP
conjugated secondary antibody (Donkey polyclonal to Rabbit IgG) . Membranes were
washed in PBST for one hour at room temperature and signals developed following the
(Bio-Rad) chemiluminescent kit protocol.

Deglycosylation
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For mass spectrometry analysis, the protein was treated with Deglycosylation
Enzyme Mix ( Endo-a-N-Acetylgalactosaminidase, PNGase F,Neuraminidase, (1-4
Galactosidase, B-N-Acetylglucosaminidase) (New England Biolabs, Ipswich,MA).
Protein deglycosylation enzyme mix was supplied in 50 mM NaCl and 20 mM Tris-HC |
at pH 7.5. Protein deglycosylated by the addition of 10 Units of enzyme mix followed by
incubation at 37°C for four hours.

Mass Spectrometry Analysis

The identity of the protein was confirmed using MALDI-TOF. Samples were
analyzed at the Statewide Mass Spectrometry Laboratory located at the University of
Arkansas. Two microliter of deglycosylated protein sample was mixed with an equal
volume of 1M 2, 5-dihydroxybenzoic acid (DHB) in 90% methanol containing 0.1%
formic acid and spotted onto a Bruker MTP 384 stainless steel MALDI target. MALDI-
TOF analysis was performed using a Bruker Reflex 11l MALDI-TOF mass spectrometer
(Bruker Daltonik GMBH, Bremen, Germany). Mass spectrometer operated in positive
ion reflectron mode.

Digestion of Recombinant VWF A1A2A3

Protein samples were deglycosylated using Deglycosylation Enzyme Mix (New
England Biolabs) as described previously. Sequencing grade Trypsin or Pepsin (Promega,
WI) prepared according to manufacturer’s instructions.  Protein was taken into the
buffers listed in the second column of Table 2.1. Buffer exchange was performed
according to the manufacturer’s instructions using Amicon Ultra-15, regenerated
cellulose (10000 kDa molecular weight cutoff) centrifugal filters. Reduction and

Alkylation carried as part of our efforts to digest the protein. Protein sample in 25 mM
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ammonium bicarbonate subjected to reduction and alkylation prior to digestion with
recombinant trypsin. Sample reduced for 1 hr with 10 mM 1,4- dithiothreitol (DTT)
followed by alkylation with 20 mM 2-iodoacetamide in dark for 20 min at 37°C. Excess
iodoacetamide was quenched by an addition of DTT.

Reduced and alkylated peptides were then digested with trypsin for 24 h at 37°C,
desalted, and concentrated using C18 ZipTips (Millipore) as recommended by

manufacturer’s protocol and spotted on to the MALDI target plate for analysis.
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Table 2.1. Digestion Conditions

Sample Buffer Reduction/Alkylation  Denaturant/Surfactant Enzyme

10pl.(0.9mg/ml) PBS TCEP - Trypsin

HPLC fraction 25mM - - Trypsin
NH4HCO3

HPLC fraction 25mM 10 mM DTT, 20 mM - Trypsin
NH4HCO3 lodoacetamide

In-Gel Digestion 2>™M 10 mM DTT, 20 mM - Trypsin
NH4HCO; lodoacetamide

10pl.(0.9mg/ml) 25mMMESIM - Trypsin
Nacl

10}.1'(09mg/m|) 25mM 10 mM DTT, 20 mM - Trypsin
NH4HCO; lodoacetamide

10pl.(0.9mg/ml) 25mM 10 mMDTT, 20 mM 6M Urea Trypsin
NH4HCO3 lodoacetamide

10pl.(0.9mg/ml) 60% Acetonitrile Trypsin

10ul.(0.9mg/ml) PBS - 0.1%Tween 20 Trypsin

10ul.(0.9mg/ml) Sodium - - Pepsin
Acetate

10pl.(0.9mg/ml) Sodium 10 mM DTT, 20 mM - Pepsin
Acetate
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RESULTS AND DISCUSSION

The goal of this study was to purify 5-10 mg of recombinant VWF A1A2A3
domain using Pichia pastoris expression system. Expression of recombinant ALA2A3 in

Pichia was determined using Western Blot assays (Figure 2.2)

Figure 2.2 Western Blot from the crude supernatant.

Following chromatogram (Figure 2.3) was obtained when the ammonium sulfate and
ethanol precipitation product was eluted using 1M NaCl 50 mM MES 10mM EDTA, pH

6.5, 100ul was injected in a 10 to 90 % acetonitrile gradient.

Figure 2.3 The eluent was injected in a gradient of 10 to 90 % acetonitrile.
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Iml/min fractions were collected flash-frozen in liquid nitrogen and lyophilized using
SpeedVac, reconstituted with 50 ul with deonized water and sonicated. Fractions
corresponding to 15 to 21 minutes were submitted for mass spectrometry analysis.

The following mass spectrum (Figure 2.4) was obtained from the HPLC fraction
corresponding to 19" minute by MALDI TOF. This protein has a molecular weight near
the outer limit of the capability of this particular instrument. There is also a possibility
that the measured molecular weight is higher because of tight binding metallic cations.
With these caveats, Dr. Lay estimates the molecular weight to be 66.1 0.3 kDa. The

predicted molecular weight for the expected polypeptide is 66,701.
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When we examined 35ul of the sample on a SDS gel a single band corresponding

to approximately 65kDa was observed. (Figure 2.5).
40i



Figure 2.5 12.5% SDS gel for the final purification of recombinant VWF A1A2A3 domains

Same sample developed a positive signal on Western blot at approximately at 65

kDa position (Figure 2.6 ).

“a
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Figure 2.6. Western Blot for the final purification of recombinant VWF A1A2A3 domains

Desalting of protein in 1M NaCl , 25mM MES, 1mM EDTA solution was
necessary to conduct the experiment protocols for the characterization of the disulfide
bonding pattern of the purified recombinant protein. When we buffer exchanged the
sample into 25mM MES, 1mM EDTA with PBS following chromatogram was obtained

(Figure 2.7).
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2007 Figure 2.7 Desalted sample was injected in a gradient of 10 to 90 % acetonitrile.
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When we buffer exchanged back to 1M NaCl , 25mM MES, 1mM EDTA we obtained

the following chromatogram (Figure 2.8).

Figure 2.8. Sample buffer exchanged back to 1M NaCl , 25mM MES, 1mM
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N-terminal sequencing attempts to determine the N-terminal sequence of the
protein with Edman degradation have failed. We were unable to digest the protein despite
of all efforts summarized in Table.2.1. The ALA2A3 domain of VWEF is adhesive in

nature, contains binding sites for platelets, heparin and collagen. In our experiments we
42i



successfully expressed and purified the recombinant protein but we were unable to
solubilize the protein, in the absence of at least 1M NaCl, in standard buffer solutions
such as phosphate buffered saline (PBS; 1.46 mM KH2P04, 9.9 mM Na2HP04, 2.68 mM
KCI, 137 mM NacCl, pH 7.4). Protein purifications performed using described protocol, in
various fermentation batches typically yielded 0.3 to 0.9 mg of recombinant VWF, when
we determined the protein concentration by absorbance at 280 nm. We were unable to
solubilize the recombinant protein in conditions that allow for subsequent studies.
Solubility became our challenge more likely due to the lack of the domains that
contributes to the solubility of the VWF under physiological conditions. In order to
overcome this challenge we tried to solubilize the protein in an acidic environment below
the pl of the ALA2A3 domain, using Sodium acetate buffer at pH 4. We were unable to
digest the protein under these conditions as well both using Trypsin and Pepsin enzymes.
We also tried to denature the protein prior to digestion using urea, tween 20 and
acetonitrile we were unable digest the protein under these conditions probably due to the
interfering effect of the denaturants with the enzymes. In the future efforts residues that
could enhance solubility could be included to the synthetic gene of the recombinant

protein.
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CHAPTER 3
REDOX DEPENDENT DISULFIDE BOND FORMATION IN VON
WILLEBRAND FACTOR A1A2A3 DOMAINS
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ABSTRACT

Von Willebrand factor (VWF) is a large glycoprotein that plays an important role
in primary hemostasis by forming a bridge between subendothelial matrix and platelets.
The most striking feature of VWEF is its ability to dramatically shift from a non-adhesive
plasma soluble protein to a multi-functional adhesive protein, making an activated
surface, attractive to the flowing platelets. The segmental structure of VWF forms the
basis of its multifunctional properties. Binding sites that are independent of multimer
assembly but important for the hemostatic function are located in the ALA2A3 domains
of VWF. VWF’s A1A2A3 domains contain six cysteine residues in three disulfides, one
being a vicinal disulfide. The established view is that disulfide bonds are inert motifs,
stabilizing the protein structure. However vicinal disulfides in other proteins have been
reported to function as redox activated conformational switches. In order to explore the
possibility of redox dependent disulfide bonding of the VWF A1A2A3 domains, we re-
examined disulfide bonding in both reduced and oxidized glutathione environments.
Disulfide mapping was performed by digesting the A1A2A3 domain using endoprotease
GIluC and analyzing the digestion products by using matrix assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF-MS). The best interpretation
of the MALDI-MS data is that disulfide bonds different from those previously reported in
the literature are present in VWF. In particular a disulfide bond can be formed between

the Al and the A2 domains.

46i



INTRODUCTION

Disulfide bond formation is a reversible reaction in which the thiol groups of two

cysteine residues are oxidized to form a covalently linked disulfide.

R-Cys-SH + R'-Cys-SH 5 R-Cys-S-S-Cys-R'+2 e + 2 H'
This linkage can be constructed by thiol-disulfide exchange in which a disulfide bond,
present in an electron acceptor, is reduced (1) . The formation of a disulfide bond can
enhance stability and facilitate protein folding. Disulfide bonds stabilize protein folding
via several mechanisms. They firmly hold two or more distal portions together and
contribute to the stabilization of folded topology. Disulfide bonds link two or more
regions of the protein chains, and thus increase the effective local concentration of
protein residues and lower the local concentration of water molecules. Disulfide bonds
also can serve as the center of hydrophaobic cores of the folded proteins. Disulfide bonds
stabilize alpha helical and beta structures by preventing access of water to attack the
hydrogen bonds of residues (1, 2).

Disulfides can affect protein folding in another way. The Anfisen experiment
proved that the three-dimensional structure and the function of a protein are determined
by its amino acid sequence (3). The native structure in general represents the lowest free
energy state of a polypeptide chain. However, oxidative refolding of reduced protein in
vitro is observed to be slow and error prone, resulting in formation of incorrect disulfide
bonds which are slow to convert to other forms. In order to prevent this low molecular

weight thiols such as glutathione can be added in both their reduced and oxidized form as
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“redox shuffling” reagents. “Redox-shuffling” reagents enable thiol-disulfide exchange
reactions in both directions, thus reshuffling improper disulfide bonds and increasing the

yield of proteins with the correct disulfide bonds(4, 5).

The established view has been that disulfide bonds are inert motifs which once
formed would not be altered easily, but this opinion is changing rapidly(6, 7). It has been
found that in some proteins thiols and disulfide bonds can undergo redox state changes
under physiological conditions (6, 8) that are important to their function. For example, it
has been proposed that chemical reactions involving Cys186 and Cys209 in the
extracellular domain of tissue factor are the key events regulating TF procoagulation
function. When the side chains of cysteines are reduced TF is inactive. When the
sulfhydryls are oxidized the resulting disulfide bond formation induces a conformational
change that converts TF to a procoagulant state (9-12). In another study Stathakis et al.
(13) showed that the disulfide bond Cys 461-Cys540 in the kringle V domain of
plasminogen is reduced during the process of angiostatin production. According to the
authors, thrombus formation is likely redox regulated and involves disulfide bond
reduction. In several systems, disulfide bonds between vicinal cysteines have been
reported to cycle between reduced and oxidized states (14). The crystal structure of
VWF A2 domain revealed the presence of two vicinal Cys1669-Cys1670 residues that
are linked by a disulfide bond. The peptide backbone of Cys1669-Cys1670 and the
vicinal disulfide forms an eight-membered ring (15). It has been proposed that this ring
motif in vicinal disulfide bonds contributes to a possible conformational switch function,

controlling active and inactive states of the protein (16). A regulatory role for this motif
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has been reported for enzymes such as methanol dehydrogenase, mercuric ion reductase

and transglutaminase (17-19).

It has been recently reported that disulfide interchanges also occur in VWF (20).
According to Choi et al. (21) shear rates in range of 2000-5000/s causes novel disulphide
bond formation in VWF and shear-induced thiol-disulfide exchange increases VWF
binding to platelets. The thiol disulfide exchange specifically involves the cysteine
residues in the D3 and C domains as determined by mass spectrometry of the tryptic
VWEF peptides. ADAMTS-13 has reported to have a disulfide bond reducing activity that
regulates the shear-induced thiol-disulfide exchange and the disulfide-bond-reducing
activity of ADAMTS-13 may prevent platelet adherence of VWF multimers induced by
high fluid shear stress by targeting the Cysteine thiols that are in the VWF C-domain
(22). The research conducted on ADAMTS-13 knock-out mice and patients with near
complete absence of ADAMTS-13 activity revealed that ultra large VWF does not build
up to levels necessary to trigger disease, and other regulators of VWF multimer size may
be involved. Xie et al. (23) reported that thiol-disulfide exchange could be relevant for
the main control of VWF multimer size, while ADAMTS-13 cleavage may be more
functional under pathogenic conditions for endothelial/ platelet activation. According to
Xie et al. (24), VWF multimer size is under redox regulation. Reduction in VWF
multimer size is known to be associated with formation of thiol-dependent complexes of
thrombospondin. These observations associated thrombospondin-1 with a disulfide bond
reductase- isomerase activity. Reductase-isomerase active sites are characterized by a

motif of cysteine residues in the consensus sequence; CGXC. The cysteine thiols cycle
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between the reduced and oxidized disulfide bond in coordination with a dithiol or
disulfide of a protein substrate which can result in formation of disulfide bonds in the
protein substrate (25).

The plasma redox potential may change in response to several pathological
conditions any consequent changes in VWF would have the potential to alter the
hemostatic balance. It remains to be resolved whether redox regulation of VWF in plasma
can occur. Other than proteins such as disulfide isomerases, small redox molecules such

as GSH-GSSG might also be involved in controlling VWF multimer size (7).

Redox control of protein structure and function.

Thermodynamic stability of disulfide bonds can be measured in terms of their
redox potential, their potential for receiving electrons. A lower redox potential
corresponds to more stable disulfide bonds. The redox potential, Ey, is a quantitative
expression of the electromotive force (reducing force) of a reductant-oxidant pair
expressed relative to a standard hydrogen electrode, providing information about the
thiol/disulfide interactions within the environment they create. The redox potential
involves the concentrations of the thiols and disulfides and their ability to donate and
accept electrons, and the pH of the environment. The Nernst equation is the quantitative

expression of the redox potential.

E. —F 1 RT ) electron acceptor
RTTYT F n electron donor
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In this equation R is the gas constant, T is the temperature, F is Faraday constant,
Eo is the standard potential relative to a standard hydrogen electrode. The logarithmic
term expresses the dependence of the redox potential on concentrations of the oxidized

and reduced forms.

Two systems maintain the cellular redox homeostasis are the thioredoxin system
and the glutaredoxin system. Both systems use NADPH as the primary hydride donor.
The components of the glutaredoxin system are glutaredoxin, glutathione, NADPH, and
glutathione reductase. In the glutaredoxin system electrons are transferred from NADPH,
through glutathione reductase, which reduces its substrate oxidized GSSG to two
molecules of glutathione GSH. The thioredoxin system is also responsible for
maintaining the reduced cellular environment. This system is composed of thioredoxin
and thioredoxin reductase. Oxidized thioredoxin is reduced to its thiol form by

thioredoxin reductase and NADPH (26).

Glutathione is a tripetide composed of glutamate, glycine and cysteine. The
nucleophilic, and reductant capabilities of GSH are conferred by its sulfhydryl group.
Glutathione is the most abundant non-protein thiol found in cells. After donating an
electron from its thiol group, GSH itself becomes reactive and readily forms a disulfide

bond with another GSH molecule to form GSSG, or oxidized glutathione (27).

The GSH-GSSG redox couple is important in regulating cellular proteins through
reversible disulfide bond formation. The formation of inter- and intramolecular
disulfides between protein SH-groups and GSH is called protein glutathiolation (28).

Maintaining a normal GSH homeostasis is important for critical cell functions,
51i



imbalances in cellular GSH levels are observed in cancer, neurodegenerative diseases,

AIDS, aging autism and autoimmune diseases (29, 30).

The major difference between the intracellular and extracellular environments in
terms of their relative redox states is that the majority of the low molecular weight
thiol/disulfide pairs in cells are GSH/GSSG whereas the majority low molecular weight
system in the extracellular environment is Cys/CysSSCys. Although under normal
conditions cysteine/cystine concentrations are higher than GSH concentrations in plasma,
cysteine is toxic to cell at high concentrations. GSH, serving as a cysteine source, can be
degraded to release cysteine when needed. In human blood the majority of glutathione is
found inside the erythrocytes. In the erythrocytes, glutathione is the main redox buffer,
responsible of the maintenance of iron in its reduced form, a prerequisite for

hemoglobin’s function (31-33).

Glutathione is still found extracellularly and, for example, is present in plasma,
the lumen of small intestine, alveolar lining fluid, seminal fluid, and cerebrospinal fluid
(34). One of the functions of glutathione is the maintenance of extracellular thiol
disulfide balance to keep receptors, enzymes, transporters in their functional state.
Extracellular GSH is the storage form of cysteine and serves as a source of cysteine (35).
In the plasma of humans, GSH concentration is in the range of 2-4uM with a redox value
of 137+ 9 mV (36-38). Plasma GSH/GSSG hoemostasis is determined by hepatic output
and peripheral uptake. The main source of plasma GSH is hepatic GSH, exported across
the hepatic sinusoidal membrane (35, 36). Hepatic GSH synthesis is under hormonal

control and the availability of methionine and cysteine is also a limiting factor for GSH
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synthesis. Insulin and glucagon hormones stimulate the GSH efflux. GSH uptake through

intestine also contributes to the plasma GSH pool (39).

Control of plasma GSH status is a function of GSH involvement in redox
reactions as well as peripheral tissue uptake. GSH functions in plasma to maintain
plasma proteins in their functional form. It has been shown that blood clotting is sensitive
to the glutathione redox couple in vitro. When clotting assays were established under
various redox conditions, it has been shown that GSH-GSSG interchange shown to
function in the integration and control of the coagulation cascade (40). Plasma
glutathione plays a role to eliminate plasma lipid peroxidases, to supply GSH to cells for
GSH dependent detoxification, to reduce oxidants, to maintain plasma antioxidant
molecules a-tocophenol and ascorbate in their reduced form (41). Changes in the plasma
GSH-GSSG pool have been shown to be associated with oxidative disturbance in specific
organs or the whole body, advanced aging, chronic hypoxia, cardiovascular disease,

diabetes, cirrhosis, and HIV infection (29, 30, 42, 43).

Disulfides in von Willebrand factor.

A VWF monomer consists of twelve domains; D1, D2, D', D3, Al, A2, A3, D4,
B, C1, C2, and CK. The only domain, independent of multimer assembly in VWF is the
A domain, which is the focus of this study. Two VWF monomers form a dimer through
disulfide bonds between two CK domains. Then dimers are polymerized into high
molecular weight multimers, by disulfide bonds connecting their D'D3 domains. Twenty-
eight disulfide bonds of VWF have been reported in the literature (Figure 3.1). Inter-

subunit disulfide bonds have been reported to be localized in the A and CK domains.
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Binding sites that are important for the hemostatic function are located in the A1A2A3
domains of VWF. VWF A1A2A3 domain contains six cysteine residues in three
disulfides, one being a vicinal disulfide. Both the A1 and A3 domains form a large loop
that is fortified at the base by an intra-chain disulfide bond between cysteines, as shown

in Figure 3.2 and Figure 3.3.
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Figure 3.1. Disulfide bonds of VWF ( Generated with Bruker Daltonics Sequence Editor

3.1)
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EGCHA HCPPG KILDE LLOTC VDPED CPUCE UAGRR FASGK KUTLN FPSDPE HCQIC HCDUU NLTCE RCQEP GGLUU PFIDA FUSPT TLYVE
1278 1288 1298 1308 1318 1328 1338 1348 1358
DISEP PLHDF YCSRL LDIUF LLDGS SRLSE AEFEV LKAFU UDMME RLRIS QKWR UVAUUE YHDGE HAYIG LKDRK RPSEL RRIAS QUEYA
1368 1378 1380 1398 1408 1418 1428 1438 1448
GSQUA STSEV LKYTL| FQIFS KIDRP EASRI ALLLM ASQEP QRMSR NFURY UQGLK KKKUI VUIPUG IGPHA NLKQI RLIEK GAPEN KAFUL
1458 1468 1478 1488 1498 1568 1518 1528 1538
SSUDE LEQQR DEIVUS| YLCDL APEAP PPTLP PDMAG UTUGP GLLGY STLGP KRNSM ULDUA FULEG SDKIG EADFN RSKEF MEEUI QRMDU
1548 1558 1568 1578 1538 1598 1668 1618 1628
GQDSI HUTUL QYSYM UTUEY PFSEA QSKGD ILQRU REIRY QGGNR TNTGL ALRYL SDHSF LUSQG DREQA PNLUY MUTGN PASDE IKRLP
1638 1648 1658 1668 1678 1688 1698 1708 1718
GDIQU UPIGU GPNAN UQELE RIGWF NAPIL 1QDFE TLPRE APDLU LOQRCC SGEGL QIPTL SPAPD CSQPL DUILL LDGES SFPAS YFDEM
1728 1738 1748 1758 1768 1778 1798 1868
KSFAK AFISK AMNIGP RLIQU SULQY GSITT IDUPW NUUPE KAHLL SIUDV MQREG GPSQI GDALG FAURY LTSEM HGARP GASKA UNILV
1818 1828 1838 1848 1858 1868 187 1888 1898
TDUSU DSUDA AADAA RSNRU TUFPI GIGDR YDAAQ LRILA GPAGD SMUUK LQRIE DLPTM UTLGN SFLHE LCSGF URI(IIH DEDGN  EKRPG
1708 1918 1928 1938 1948 1958 1768 1978 1288
DUNTL PDQ(I!H TUTCQ FDGQT LLKSH RUNCD RGLRF B8CPNS QSPUK MEETC GCRWT CPCUC TGSST RHIVI FDGON FHKLIG SCSYU LFONK
1998 2008 2p18 020 2038 20848 258 28608 2078
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Figure 3.2 VWF A1 domain. From PDB file 1M10 (44).
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Figure 3.3 VWF A3 domain. From PDB file 1ATZ (45).

As seen in the crystal structures, each of the VWF A domains has a Rossmann
fold with a central B-sheet flanked by a-helices. The A1 domain contains six a-helices;
al, a3, 04, a5, 06, a7 and lacks the a2 helix. Similarly, the A3 domain does not have the
a2 helix but has an a8 helix right after the a7 helix. (45) The x-ray crystal structure of Al
domain (PDB 1M10) covers 208 residues and defines the sequence from residue 1268 to
1476. The x-ray crystal structure of A2 domain (PDB 3GXB) covers 184 residues and
defines the sequence from residue 1495 to 1673. The x-ray crystal structure of A3
domain (PDB 1ATZ) covers 189 residues and defines the sequence from residue 1688 to

1877. Between the Al and A2 domains 19 residues are not covered in the crystal
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structures and between the A2 and A3 domains 15 residues are not covered in the crystal
structures.

The Al and A3 domains contain disulfide bonds linking their N- and C-terminal.
The A2 domain contains two vicinal residues (Cys1669-Cys1670), that are buried inside
a hydrophobic pocket (46). The peptide backbone of Cys1669—Cys1670 and the vicinal
disulfide forms an eight-membered ring as shown below in Figure 3.4.

Figure 3.4 VWF A2 domain. From PDB file 3GXB (15).

The vital importance of these two cysteines to the function of von Willebrand
factor was recently demonstrated. The VWF A2 domain with mutated Cys1669 and
Cys1670 and VWF A2 domain with intact vicinal Cys1669Cys1670 were compared in
ADAMTS13 proteolysis and circular dichorsim experiments. In this study recombinant
A2 domain, covering the residue 1473-1668 fragment without the vicinal disulfides and

the residue 1473-1670 fragment with the vicinal disulfides was expressed in
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HEK293EBNA cells. According to Luken et. al (15, 46) the vicinal disulfide bond
mainly influences the initial coupling of the a6 helix and primarily regulates the exposure
of the ADAMTS-13 binding site. Consequently a second unfolding step is required for
the separation of the B5 and 04 loops, since the cleavage site lies in the 4 strand. The
results of experiments demonstrated that the A2 domain with native vicinal cysteines was
resistant to proteolysis and thermal unfolding. Mutagenesis of Cys1669 and Cys1670
enhanced unfolding and increased susceptibility to ADAMTS13 proteolysis confirming

the important role of the vicinal cysteine residues in VWF A2 domain stabilization (46).

59i



MATERIALS AND METHODS

Human VWF was purchased from Haematologic Technologies. Glutathione,
both reduced (GSH) and oxidized (GSSG), were purchased from Sigma Aldrich and were
freshly prepared at a concentration of 10 mM in phosphate buffered saline (PBS; 1.46
mM KH,POg4, 9.9 mM Na;HPQO,, 2.68 mM KCI, 137 mM NaCl, pH 7.4) . The
experiments were conducted in the absence of any form of glutathione and in two
different reducing environments, a ratio of reduced (GSH) to oxidized glutathione
(GSSG) of 1/1 and of 1/1000. For the 1/1 GSH/GSSG ratio, 10 pg deglycosylated
protein was incubated with 3.3ul from each of 10mM GSH and GSSG for 2h at 37°C.
For the GSH/GSSG 1/1000 ratio, GSH was held constant while GSSH concentration
reduced by a factor of a thousand. After incubation, samples were flash frozen using
liquid nitrogen and immediately stored at -80°C. In order to minimize the possibility of
disulfide scrambling the digestion was conducted under acidic conditions (47) in
ammonium acetate buffer, pH 3.5. The protein was digested according to manufacturer’s
instructions (Roche Applied Science, GmbH), using 5 pg sequencing grade
endoproteinase GluC in 50mM ammonium acetate buffer at pH 3.5 at room temperature

for 24h.

Horse myoglobin protein was purchased from Sigma-Aldrich. Ten micrograms of
protein was digested for 24h using 5 pg of sequencing grade endoproteinase GluC in
50mM ammonium acetate buffer (pH 3.5) at room temperature according to

manufacturer’s instructions.
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The GluC digests were then desalted and concentrated using Ziptip C18 pipette
tips (Millipore, Bedford, MA) according to the manufacturer’s suggested procedure. Two
ul of each sample was mixed with an equal volume of 1 M 2,5-dihydroxybenzoic acid
(DHB) in 90% methanol containing 0.1% formic acid and spotted onto a Bruker MTP
384 stainless steel MALDI target. The masses of the peptides resulting from GluC
digestion were analyzed using MALDI-TOF-MS. Analysis was performed in the mass
range of 1-20 kDa using a Bruker Ultraflex Il MALDI-TOF/TOF mass spectrometer
(Bruker Daltonik GMBH, Bremen, Germany) in its positive ion mode. MS/MS

measurements were performed using its LIFT-TOF/TOF mode.

DATA ANALYSIS

In silico GluC digest fragment ions were generated using Bruker Daltonics
sequence editor and exported to the Bruker BioTools 3.1 software to search for the
predicted m/z ions in the GluC MALDI-TOF-MS finger print. All the expected ions were
searched automatically assuming no more than one Da mass error and no more than two

missed cleavages.

RESULTS AND DISSCUSION

In this study, evidence for disulfide rearrangements within the ALA2A3 domains
differing from those found in the crystal structures was sought under three different
reducing conditions. There are a variety of methods that have been used to determine
disulfide bonding patterns in proteins (48), however few of them are aimed at discovering
and identifying unusual or rare disulfide bonds in a background of more commonly
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occurring disulfides. One method based on HPLC separation of these rare
conformational isomers has been used, (49) but such a technique will not work with the

heterogeneous intermolecularly crosslinked von Willebrand factor.

Accordingly, we decided to develop a method wherein von Willebrand factor or
any other protein of interest would be cleaved in a specific fashion and the assortment of
resulting peptides examined for fragments that correspond in mass to those expected from
various peptide disulfide pairs. An important issue is the minimization of possible
disulfide scrambling during the cleavage and mass spectrometry measurements. If
disulfide scrambling occurs then apparently novel disulfides bonds may very well have
no physiological relevance. An interesting solution to this problem was implemented by
Moulaei et al. (50) who used the protease papain under acidic conditions to prevent
scrambling when mapping the disulfide topology of scytovirin. Scytovirin is only 95
amino acids long, so the relatively low selectivity of papain was not a major issue. Von
Willebrand factor, at over 2000 amino acids long, promised to be far more challenging in

finding and correctly identifying peptide pairs made among the 169 cysteines.

We therefore chose to use the endoprotease GluC which, as the name suggests,
primarily cleaves on the C-terminal side of glutamate residues. It functions very well at
low pH, conditions where disulfide scrambling is minimal. While cleavage at glutamic
acid residues is strongly favored by GIuC in all buffer conditions, there is the
complicating factor that GluC cleaves at aspartic acid residues at a rate 300 times slower
than the glutamic acid residues (51). The specificity of GIuC is also dependent on the

structure around the potential cleavage site, for example no cleavage will occur next to a
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proline residue. The apparent specificity for glutamate was observed in our experiments
in missed cleaved sites at aspartic acid residues. Missed cleavages are the allowed
number of targeted amino acids sites per peptide that were not cut, in other words missed
cleavage is an error allowance for enzyme inefficiency. A complete digest has zero
missed cleavages, means that all sites were cleaved as theoretically expected. In a
predicted digest with two missed cleavage all combinations are computed for zero, one,

or two uncleaved sites.

Myoglobin was used to establish the efficiency of the GluC digestion at pH ~ 3.5
under identical conditions used for the VWF digestion. This would also enable us to
determine how to best treat cleavage at aspartate versus glutamate. Theoretical GluC
fragments generated from the myoglobin amino acid sequence were searched for in the
MALDI-TOF MS data. MALDI-TOF-MS (Figure 3.5) had about 50% sequence
coverage (Fig 3.6). Fragments with two missed cleavages at either an aspartate or a
glutamate were observed (Table 3.1). Based on this data we set the maximum missed
cleavage threshold as two, and the maximum mass error as 0.4 Da for the data analysis of

the VWF experiments.
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Figure 3.5: MALDI-TOF-MS finger print obtained from the test GluC digestion of the

bovine myoglobin.

.
x10 12815

0.5

Intens. [a.u.]

0.8

0.4
1396.6

0.2]
858 47513

' 1627.7
11393 ? joseg 22899 799 26140

1500 2000 2500 3000 3500

0.0
miz

Figure 3.6 : The observed sequence coverage for myoglobin after the GluC digestion at
pH 3.5. Peptides identified in the MS data are highlighted in red.

GLSDGEWQLVLNAWGKVEADVAGHGQEVLIRLFTGHPETLEKFDKFKHLKTEAEMKASE
DLKKHGNTVLTALGGILKKKGHHEAEVKHLAESHANKHKIPVKYLEFISDAIIHVLHAKHPSD
FGADAQAAMSKALELFRNDMAAQYKVLGFHG
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Table 3.1 :

The GluC digest sequences with masses corresponding to the observed

fragments in the MALDI-TOF-MS data shown in Fig 3.5.

m/z m/z Error  Missed

Theory  Exp. ppm cleavage numberofD Sequence

1442.78 144265 91.49 0 0 WQLVLNAWGKVE

1420.80 1420.67 85.87 1 1 KFDKFHLKTE

1664.87 1664.84 14.42 1 0 AQAAMSKALELFRND

1281.73 1281.58 121.71 0 0 VLIRLFTGHPE

2290.16 2290.00 72.48 2 2 FISDAIIHVLHAKHPSDFGAD

1409.67 1409.65 18.44 2 0 FGAGAQAAMSKALEAQAAMSKALELFRND

Turning our attention to VWF, based on the expected and observed mass list of

the GluC enzymatic fragments listed in Table 3.2, 59% sequence coverage for the entire

VVWE protein was found when 0.4 Da error and two missed cleavages were considered.

The sequence coverage for the ALA2A3 domain was 70%. Sequence coverage of VWF

was comparable with myoglobin. Very few peaks were observed in common between the

VWEF GIuC digest fingerprint and GluC blank control, which contained everything except

the VWF protein under identical experimental conditions. Fig 3.9 indicates that the

majority of the peaks in the VWF GIuC fingerprint are due to VWF.
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Figure 3.7. MALDI-TOF-MS finger prints of VWF GIuC digests under three different

reducing conditions.
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Table 3.2. Representative observed mass list of von Willebrand factor fragments
matching predicted fragments within 0.4 Da. This example is the mass list resulting
from 1:1 oxidized:reduced glutathione GluC digest. A) Masses corresponding to fully
reduced peptides. B) Masses corresponding to two peptides linked by a disulfide.

A)
M/z Calc. MH+ Error Dev.(ppm) Range Sequence

976.40 976.44 0.04 40.2 2673-2680 THFCKVNE
1014.36 1014.32 0.04 37.85 2450-2458 VCTCTDMED
1030.35 1030.32 0.03 29.91 1093-1102 SIGDCACFCD
1036.57 1037.5 0.09 60.85 677-685  EECNEACLE
1073.37 1073.4 0.03 27.06 788 - 796 CTKTCQNYD
1118.60 1118.55 0.05 50.55 2688-2697 KRVTGCPPFD
1132.54 1132.55 0.01 8.55 2040-2049 VNVYGAIMHE
1248.65 1248.61 0.08 61.99 328-339  GCSCPEGQLLDE
1260.67 1260.55 0.12 93.37 1185-1195 ELLQTCVDPED
1281.67 1281.38 0.36 247.58 1295-1305 VLKAFVVDMME
1282.62 1282.70 0.09 66.02 468-479  GQDVQLPLLKGD
1282.62 1282.68 0.06 46.39 2342 -2353 RGLQPTLTNPGE
1289.66 1289.62 0.04 31.4 1523-1533 EVIQRMDVGQD
1319.65 1319.61 0.04 30.38 2241-2252 KVMLEGSCVPEE
1374.72 1374.57 0.15 111.53 854-864 RKWNCTDHVCD
1386.77 1386.54 0.23 165.81 701-712 CVPKAQCPCYYD
1396.74 1396.63 0.11 78.18 713-724 GEIFQPEDIFSD
1397.74 1397.64 0.10 96.86 2476-2487 SCRSGFTYVLHE
1435.69 1435.78 0.09 65.25 1278-1290 LVFLLDGSSRLSE
1450.68 1450.74 0.06 42.68 1435-1447 NKAFVLSSVDELE
1510.76 1510.65 0.12 77.55 1132-1143 ERNLRENGYECE
1551.74 1551.44 0.29 187.87 1088-1102 TCSCESIGDCACFCD
1583.96 1583.70 0.02 154.83 2476-2489 SCRSGFTYVLHEGE
1647.85 1647.85 0.00 2.26  936-949  LFDGEVNVKRPMKD
1660.73 1660.68 0.05 29.22 1186-1200 LLQTCVDPEDCPVCE
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M/z Calc. MH+ Error Dev.([ppm) Range Sequence

976.40 976.44 0.04 40.2 2673-2680 THFCKVNE
1714.81 171498 0.17 96.31 1360-1373 VLKYTLFQIFSKID
1714.81 1714.69 0.12 71.84 698-712 RGDCVPKAQCPCYYD
1730.00 1729.83 0.17 85.75 941 -954 VNVKRPMKDETHFE
1761.93 1761.9 0.03 14.51 1430-1445 KQAPENKAFVLSSVDE
1768.90 1768.94 0.04 20.4 1641-1655 RIGWPNAPILIQDFE
1804.84 1804.84 0.00 0.11 1599-1615 QAPNLVYMVTGNPASDE
1891.21 1890.97 0.23 122.85 2022-2039 VTVNGRLVSVPYVGGNME
1906.11 1905.90 0.21 111.05 2150-2166 CHKVLAPATFYAICQQD
1908.00 1907.79 0.21 111.03 2234-2251 GCFCPPDKVMLEGSCVPE
1961.98 1961.94 0.04 19.8 1597-1614 REQAPNLVYMVTGNPASD
1972.91 1972.89 0.00 0.14 107-123 QRVSMPYASKGLYLETE
1978.97 1977.99 0.98 494.86 1435-1451 NKAFVLSSVDELEQQRD
1979.85 1979.79 0.24 79.91 124 - 141 AGYYKLSGEAYGFVARID
1985.96 1984.19 0.23 114.57 1656-1673 TLPREAPDLVLQRCCSGE
2012.01 2012.07 0.04 18.39 1639-1655 LERIGWPNAPILIQDFE
2023.00 2022.83 0.17 83.79 198-216  QWCERASPPSSSCNISSGE
2040.51 2040.69 0.82 400.97 1083-1096 VCIYDTCSCESIGD
2049.51 2049.17 0.37 279.5 480 - 497 LRIQHTVTASVRLSYGED
2056.98 2057.05 0.07 32.43 941-957  VNVKRPMKDETHFEVVE
2081.14 2081.79 0.64 309.5 320-338 MCQERCVDGCSCPEGQLLD
2086.32 2085.97 0.35 166.74 2681-2697 RGEYFWEKRVTGCPPFD
2118.06 211793 0.13 59.56 178 - 197 GTLTSDPYDFANSWALSSGE
2118.23 2117.93 0.30 140.41 178-197  GTLTSDPYDFANSWALSSGE
2140.79 2140.07 0.72 336.34 2096-2113 FMLRDGTVTTDWKTLVQE
2151.24 2151.06 0.19 86.4 2020-2039 MEVTVNGRLVSVPYVGGNME
2169.32 2169.04 0.28 129.05 1986-2006 VILHNGACSPGARQGCMKSIE
2179.10 2180.08 0.98 449.45 1250-1269 APVSPTTLYVEDISEPPLHD
2268.18 2268.18 0.00 0.55 1568 -1587 IRYQGGNRTNTGLALRYLSD
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M/z Calc. MH+ Error Dev.([ppm) Range Sequence

976.40 976.44 0.04 40.2 2673-2680 THFCKVNE
2268.18 2268.12 0.06 27.1 1530-1549 VGQDSIHVTVLQYSYMVTVE
2268.18 2267.96 0.23 100.53  257-278  CAGGLECACPALLEYARTCAQE
2268.36 2267.96 0.31 248.65 257 -278 CAGGLECACPALLEYARTCAQE
2295.12 2295.15 0.03 12.44 1664 -1685 LVLQRCCSGEGLQIPTLSPAPD
2332.25 2333.02 0.78 332.88 2699-2720 HKCLAEGGKIMKIPGTCCDTCE
2354.13 2354.01 0.12 49.48 2619-2639 CRKTTCNPCPLGYKEENNTGE
2413.49 241336 0.13 54.87 1616-1638 IKRLPGDIQVVPIGVGPNANVQE
2479.21 2479.15 0.05 11.44 25-47 GTRGRSSTARCSLFGSDFVNTFD
2505.27 2505.01 0.27 105.68 2222-2245 GNVSSCGDHPSEGCFCPPDKVMLE
2534.25 253441 0.16 61.77 1833-1856 AAQLRILAGPAGDSNVVKLQRIED
2587.20 2587.15 0.05 20.17 1172-1195 GCHAHCPPGKILDELLQTCVDPED
2640.49 2640.42 0.07 23.56 1473-1498 MAQVTVGPGLLGVSTLGPKRNSMVLD
2675.37 2675.48 0.12 43.79 1616-1640 IKRLPGDIQVVPIGVGPNANVQELE
2685.29 2685.30 0.02 6.65 1034-1057 TRKVPLDSSPATCHNNIMKQTMVD
2753.32 2754.19 0.87 315.07 173 -197 FMTQEGTLTSDPYDFANSWALSSGE
2807.38 2808.00 0.62 220.61 2214-2240 HGCPRHCDGNVSSCGDHPSEGCFCPPD
3008.53 3008.65 0.12 40.74 471 - 497 VQLPLLKGDLRIQHTVTASVRLSYGED
3061.39 3061.43 0.10 312.3 1588-1615 HSFLVSQGDREQAPNLVYMVTGNPASDE
3078.40 3078.48 0.07 23.87 1534-1560 SIHVTVLQYSYMVTVEYPFSEAQSKGD
3194.71 3193.73 0.97 305.1 468 - 496 GQDVQLPLLKGDLRIQHTVTASVRLSYGE
3212.58 3212.49 0.08 2533  142-170  GSGNFQVLLSDRYFNKTCGLCGNFNIFAE
3377.36 3377.56 0.21 60.63 2635-2665 NNTGECCGRCLPTACTIQLRGGQIMTLKRDE
3496.86 3495.30 0.05 41 471-501 VQLPLLKGDLRIQHTVTASVRLSYGEDLOMD
3522.78 3523.78 0.20 283.69 1568-1598 IRYQGGNRTNTGLALRYLSDHSFLVSQGDRE
3524.18 3523.78 0.40 112.48 1568-1598 IRYQGGNRTNTGLALRYLSDHSFLVSQGDRE
3572.72 3572.51 0.20 56.25 650 - 681 LNCPKGQVYLQCGTPCNLTCRSLSYPDEECNE
3860.22 3860.79 0.57 146.83 2599 -2633 VCTTCRCMVQVGVISGFKLECRKTTCNPCPLGYKE
3860.22 3859.75 0.47 121.75 388 -420 CLVTGQSHFKSFDNRYFTFSGICQYLLARDCQD
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M/z Calc. MH+ Error Dev.([ppm) Range Sequence
976.40 976.44 0.04 40.2 2673-2680 THFCKVNE

3861.05 3860.79 0.26 67.11 2599-2633 VCTTCRCMVQVGVISGFKLECRKTTCNPCPLGYKE

3923.19 3923.68 039 12539 2488 - 2535 GECCGRCLPSACEVVTGSPRGDSQSSWKSVGSQ
WASPE

3943.28 3942.79 0.40 125.5 548 - 581 DFGNAWKLHGDCQDLQKQHSDPCALNPRMTRFSE

4184.21 4184.57 0.36 158.69 583 -620 ACAVLTSPTFEACHRAVSPLPYLRNCRYDVCSCSDGRE

4184.25 418421 0,04 9.45 1464 - 1504 APPPTLPPDMAQVTVGPGLLGVSTLGPKRNSMVLDV
AFVLE

4424.58 4424.84 0.26 58.47 2767 -2803 VQDQCSCCSPTRTEPMQVALHCTNGSVVYHEVLNAME

4595.57 459591 0.34 73.05 819-840 CMSMGCVSGCLCPPGMVRHENRCVALERCPCFHQGKE
AWVPDHQPCQICTCLSGRKVNCTTQPCPTAKAPTCGLCE

5176.22 5176.38 0.16 30.54 2270-2317 VARLRQNAD

6008.25 6007.21 0.02 399 1377 - 1429 ASRIALLLMASQEPQRMSRNFVRYVQGLKKKKVIVIPVGIGP

HANLKQIRLIE
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B)
M/z Calc. MH+ Error Dev.(ppm) 1st Range Sequence

3007.44  3007.41 0.02 8.97 1857-1881  LPTMVTLGNSFLHKLCSGFVRICMDE / CSQPLD
3202.62  3202.53 0.09 27.19 1021-1040  FGNSWKVSSQCADTRKVPLD / CQYVLVQD
324262 324261 0.01 3.57 1270-1290  FYCSRLLDLVFLLDGSSRLSE / IVSYLCD
3250.54  3250.57 0.03 9.41 1452-1472  EIVSYLCDLAPEAPPPTLPPD / FYCSRLLD
3250.54  3250.55 0.01 2.7 1270-1277  EIVSYLCDLAPEAPPPTLPPD / FYCSRLLD
3265.57  3265.46 0.10 31.02 2745-2763  VDIHYCQGKCASKAMYSID / CKCSPRKCSK
326557 3265.46 0.10 31.02 2745-2763  VDIHYCQGKCASKAMYSID / CKCSPRKCSK
3496.71  3499.59 0.28 21.62 1071-1092  CNKLVDPEPYLDVCIYDTCSCE / SSCRILTSD
3607.94  3607.62 0.33 90.42 2745-2766  VDIHYCQGKCASKAMYSIDIND / CKCSPRKCSK
3682.96  3682.77 0.19 50.27 2721-2726  EPECND/ QCSCCSPTRTEPMQVALHCTNGSVVYHE
373591 373568 0.24 63.66 2747-2769  IHYCQGKCASKAMYSIDINDVQD / CKCSPRKCSK
373591 373568 0.24 63.66 2747-2769  IHYCQGKCASKAMYSIDINDVQD / CKCSPRKCSK
ITARLQYVKVGSCKSE
4856.38  4856.17 0.04 23.85 2727 -2742 QCSC(CIISPTRTEPMQV,QLH CTNGSVVYHE
5137.23  5137.39 0.16 30.71 1071-1087  CNKLVDPEPYLDVCIYD/

TIAAYAHVCAQHGKVVTWRTATLCPQSCE
CMSMGCVSGCLCPPGMVRHENRCVALE /

6008.92  6008.83 0.12 398 799-825 AVLSSPLSHRSKRSLSCRPPMVKLVCPAD
VVESGRYIILLLGKALSVVWDRHLSISVVLKQTYQE
6775.68 6775.47 0.29 95.88 955 -1000 KVCGLCGNFD / ATCSTIGMAHYLTFD
SGRYIILLLGKALSVVWDRHLSISVVLKQTYQEKV
7089.48  7089.57 0.08 11.69 958 - 1006 CGLCGNFDGIQNND / ATCSTIGMAHYLTFD
2714.39 2714.28 0.11 39.58 1262-1277 ISEPPLHDFYCSRLLD / IVSYLCD
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Figure 3.8. The sequence coverage of the enzymatic peptide mass fingerprint of VWF.
The sequence coverage in the A1A2A3 domain is italicized and colored in blue. The
sequence coverage falling outside of the A1A2A3 domain colored in red.
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Figure 3.9: MALDI-TOF-MS for control “blank” which contains everything but VWF under
identical conditions.
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In order to further confirm and verify their identity to the VWF sequence, two
high intensity peaks at m/z 1374 and 1117 in the GluC peptide mass fingerprint were
analyzed further by using MALDI LIFT-TOF/TOF (MS/MS). Typical fragment ions
expected in LIFT-TOF/TOF measurements are “b” and “a” series ions (N-terminus
fragments) and “y” series ions (C-terminus fragments). According to the VWF sequence,
fragment peaks at 1374 and 1117 in the MALDI-TOF-MS finger print in Figure 3.10 and

Figure 3.11 correspond to the predicted peptides (Table 3.2) RKWNCTDHVCD and
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KRVTGCPPFD. Figure 3.10 shows how well the observed fragment ions match with the

expected “a”, “b” and “y” ions from the assigned sequences.

Figure 3.10: MALDI LIFT-TOF/TOF spectra obtained for the peak m/z 1374 in the VWF
GluC finger print in figure x. Theoretical and observed masses of “a”, “b” and “y” ions
with respect to assigned sequence RKWNCTDHVCD in Table 3.2 are shown below.
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128,989 284817 471.890
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3 \‘ bé
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o] T [Lﬂl[' o " b
20 400 800 a0 1000 1200 1400 1600 miz
R|k|w|n|c|T|o[n|v|c|p] ag | s | T | Asn | o | w | asp | Hs | va | o | aAsp |
lon (1 23456789 101101 2 3 4 5 6 7 8 9 10 11
a RIKW NICTDHYCD 129113 257208 443288 557.33 £59.332 760.380 875407 1012486 1111534 1213535 1328562
h RIKIW N|CITDHVYCD 157.108 285.203 471.263 585.326 667.327 768375 9034020 1040460 1139529 1241530  1356.557
|a-17 RIKIW N|CTDHVYCD 112,087 240182 426.261 540.304 642,305 743353 855.380 995433 1094507 1196509 1311.536
bAT|RIKW NICTDHYCD 140062 268177 454 256 568.299 670.300 771.348 886375 1023434 1122502 1224504 1339531
y RIKW NCTDHVY CD 134045 236046 335115 472173 587200 688248 790249 904292 1090.372| 1218467 1374568
i RIKIW N|C/TDHVCD 129113 101107 159.091 87.055 7503 74059 85.039 110.0M 721080 75013 88.039
1110|918 |7 (6|5(4 (3|21 Asp Cys Val His Asp Thr Cys Asn Trp Lys Arg

The data confirms that the identity of VWF. The correspondence between the
expected and observed data also suggests that the disulfide rearrangements of the
A1A2A3 domain could likewise be probed based on the same sort of experimental data.

(Dr. Jack Lay personal communication).
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Figure 3.11: MALDI LIFT-TOF/TOF spectra obtained for the peak m/z 1118 in the VWF
GluC finger print in Figure 3.7 Theoretical and observed masses of “a”, “b” and “y” ions
with respect to assigned sequence KRVTGCPPFD in Table 3.2 are shown below.
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kK|r|v[T|c[c|p|p[F[o] s | ag | wva | me | ey | cs | Po | Po | Phe | asp
lon |12 3456 7 89 101 2 3 4 5 6 7 8 9 10
a KIRIV|T/G C/P|P|F|ID 101.107 257.208 356.277 457.325 514,346 617.355 714,408 §11.461 958,529 1073.556
b KIRIV|T/IG C/P|P|F|ID 129102 285203 384272 485319 542341 645.350 742403 539 456 986,524 1101551
a17|K|R'V TG C P PFD 34.081 240182 339.250 440.298 497.319 600.329 697331 794.434 941503 1056.530
b-17|KIR Y TG CPPFD 112076 268177 367.245 468.293 525.314 628.324 725376 822429 969497 1084.524
y KIR'V|T|G C P PIFD 134.045 281113 378.166 475219 578.228 635.249 736.297 §35.365 991467 1119562
i KIRIV|T/G C/P|P|F|ID 101107 129113 72.080 74.059 30033 76.021 70,065 70,065 120,080 85,039
10/9 8/7/6/5/4 321 Asp Phe Pro Pro Cys Gly Thr Val Arg Lys

One hundred and two possible GluC digest fragments (and their expected m/z
values) corresponding to possible disulfide arrangements entirely within the ALA2A3
domain were generated with Bruker Daltonics Sequence Editor 3.1 software and are
shown in Table 3.3. The MALDI mass spectral data was then searched for the 102
possible ions using the Bruker Daltonics software with the minimum mass error it allows,
one Dalton, and assuming no more than two missed cleavages. Some of these are less

likely than others as they assume missed cleavages at glutamate.
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Table 3.3. Predicted GluC enzymatic fragments constructed from possible disulfide
arrangements in A1A2A3 domain. Entries that are italicized contain one or more missed
cleavages at a glutamate. Crosslinked peptides 1-27 are those that are predicted on the
basis of previously assigned disulfide bonding partners. Crosslinked peptide 28-102 are
those that would not be expected if only the literature arrangement were present.

Disulfide Bond Mass Sequence
1 Cys1272-Cys1458 1825.9 FYCSRLLD/IVSYLCD
2 Cys1272-Cys1458 1954.9  FYCSRLLD/EIVSYLCD
3 Cys1272-Cys1458 2236.1 FYCSRLLD/IVSYLCDLAPE
4 Cys1272-Cys1458  2365.1 FYCSRLLD/EIVSYLCDLAPE
5 Cys1272-Cys1458  2482.1 FYCSRLLD/QQRDEIVSYLCD
6 Cys1272-Cys1458  2655.3 FYCSRLLDLVFLLD/EIVSYLCD
7 Cys1272-Cys1458  2714.3 ISEPPLHDFYCSRLLD/IVSYLCD
8 Cys1272-Cys1458  2829.3 DISEPPLHD/FYCSRLLDEIVSYLCD
9 Cys1272-Cys1458  2843.3 ISEPPLHDFYCSRLLD/EIVSYLCD
10 Cys1272-Cys1458 2936.5 FYCSRLLDLVFLLD/IVSYLCDLAPE
11 Cys1272-Cys1458 3124.5 ISEPPLHDFYCSRLLD/IVSYLCDLAPE
12 Cys1272-Cys1458 3242.6  FYCSRLLDLVFLLDGSSRLSE/IVSYLCD
13 Cys1272-Cys1458  3250.6 EIVSYLCDLAPEAPPPTLPPD/FYCSRLLD
14 Cys1686-Cys1872 3007.4 CSQPLD/LPTMVTLGNSFLHKLCSFGVRICMD§
15 Cys1686-Cys1872 4105.1 GLQIPTLSPAPDCSQPLD/LPTMVTLGNSFLHKLCSFGVRICMD
16 Cys1686-Cys1872 3489.8 CSQPLDVILLLD/DLPTMVTLGNSFLHKLCSFGVRICMD
17 Cys1686-Cys1872 3604.9 CSQPLDVILLLD/LPTMVTLGNSFLHKLCSFGVRICMD
18 Cys1686-Cys1872 4013.0 GLQIPTLSPAPDCSQPLD/DLPTMVTLGNSFLHKLCSFGVRICMD
19 Cys1686-Cys1872 4128.1 GLQIPTLSPAPDCSQPLD/LPTMVTLGNSFLHKLCSFGVRICMD
20 Cys1686-Cys1872 4635.3  CSQPLDVILLLDGSSSFPASYFD/DLPTMVTLGNSFLHKLCSFGVRICMD
21 Cys1686-Cys1872 4679.5 GLQIPTLSPAPDCSQPLDVILLLD/DLPTMVTLGNSFLHKLCSFGVRICMD
22 Cys1 669—Cy51670qt 5100.5 LVLQRCCSGEGLQIPTLSPAPDCSQPLD/LPTMVTLGNSFLHKLCSGFV
23 Cy51669-Cy51670+ 1388.6 APDLVLQRCCSGE
24 Cys1 669—Cy51670f 2578.2 APDLVLQRCCSGEGLQIPTLSPAPD
25 Cy51669-Cy51670+ 1105.5 LVLQRCCSGE
26 Cys1669-Cys1670° 2295.1 LVLQRCCSGEGLQIPTLSPAPD
27 Cysi 669-Cy51670f 1985.9 TLPREAPDLVLQRCCSGE
28 Cys1458-VC* 1915.9 QQRDEIVSYLCD/LVLQRCCSGEGLQIPTLSPAPD
29 Cys1458-VC* 2044.9 EIVSYLCD/LVLQRCCSGE
30 Cys1458-VC* 2199.0 QQRDEIVSYLCD/APDLVLQRCCSGE
31 Cys1458-VC* 2326.1 IVSYLCDLAPE/LVLQRCCSGE
32 Cys1458-VC* 2328.1 EIVSYLCD/APDLVLQRCCSGE
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33
34
35
36
37
38
39
40
41

42
43
44
45
46
47
48
49
50
51
52
53
54

55
56
57
58
59
60
61
62

63
64
65
66
67
68
69
70

Cys1458-VC*
Cys1458-VC*
Cys1458-VC*
Cys1458-VC*
Cys1458-VC*
Cys1458-VC*
Cys1458-VC*
Cys1458-VC*
Cys1458-VC*

Cys1272-VC*
Cys1272-VC*
Cys1272-VC*
Cys1272-VC*
Cys1272-VC*
Cys1272 -VC*
Cys1272-VC*
Cys1272-VC*
Cys1272-VC*
Cys1272-VC*
Cys1272-VC*
Cys1272-VC*
Cys1272-VC*

Cys1686-VC*
Cys1686-VC*
Cys1686-VC*
Cys1686-VC*
Cys1686-VC*
Cys1686-VC*
Cys1686-VC*
Cys1686-VC*

VC-Cys1872*
VC-Cys1872*
VC-Cys1872*
VC-Cys1872*
VC-Cys1872*
VC-Cys1872*
VC-Cys1872*
VC-Cys1872*

2455.2
2571.2
2609.2
2795.3
3105.5
3234.6
3387.6
3515.7
3746.8

2120.0
2403.1
2820.4
2999.4
3008.4
3103.5
3123.5
3291.5
3536.8
3592.7
3708.8
3951.9
4198.1

2048.9
2432.2
2645.2
2715.3
2955.4
3238.5
3577.7
3621.9

3267.6
3382.7
3550.8
3665.8
4147.1
4457.3
4572.3
4740.4

EIVSYLCDLAPE/LVLQRCCSGE
QQRDEIVSYLCD/LVLQRCCSGE
IVSYLCDLAPE/APDLVLQRCCSGE
QQRDEIVSYLCD/TLPREAPDLVLQRCCSGE
QQRDEIVSYLCD/LVLQRCCSGEGLQIPTLSPAPD
EIVSYLCD/LVLQRCCSGEGLQIPTLSPAPD
IVSYLCD/APDLVLQRCCSGEGLQIPTLSPAPD
IVSYLCDLAPE/APDLVLQRCCSGEGLQIPTLSPAPD
QQRDEIVSYLCD/LVLQRCCSGEGLQIPTLSPAPDCSQPLD

FYCSRLLD/LVLQRCCSGE
FYCSRLLD/APDLVLQRCCSGE
FYCSRLLDLVFLLD/LVLQRCCSGE
FYCSRLLD/TLPREAPDLVLQRCCSGE
ISEPPLHDFYCSRLLD/LVLQRCCSGE
FYCSRLLDLVFLLD/APDLVLQRCCSGE
DISEPPLHDFYCSRLLD/LVLQRCCSGE
ISEPPLHDFYCSRLLD/APDLVLQRCCSGE
FYCSRLLDLVFLLDGSSRLSE/LVLQRCCSGE
FYCSRLLD/APDLVLQRCCSGEGLQIPTLSPAPD
ISEPPLHDFYCSRLLDLVFLLD/LVLQRCCSGE
FYCSRLLD/LVLQRCCSGEGLQIPTLSPAPDCSQPLD
ISEPPLHDFYCSRLLD/LVLQRCCSGEGLQIPTLSPAPD

CSQPLD/APDLVLQRCCSGE
CSQPLDVILLLD/LVLQRCCSGE
CSQPLD/TLPREAPDLVLQRCCSGE
CSQPLDVILLLD/APDLVLQRCCSGE
GLQIPTLSPAPDCSQPLD/LVLQRCCSGE
GLQIPTLSPAPDCSQPLD/APDLVLQRCCSGE
CSQPLDVILLLDGSSSFPASYFD/LVLQRCCSGE
GLQIPTLSPAPDCSQPLDVILLLD/LVLQRCCSGE

LVLQRCCSGE/DLPTMVTLGNSFLHKLCSFGVRICMD
LVLQRCCSGE/LPTMVTLGNSFLHKLCSFGVRICMD
APDLVLQRCCSGE/DLPTMVTLGNSFLHKLCSFGVRICMD
APDLVLQRCCSGE/LPTMVTLGNSFLHKLCSFGVRICMD
TLPREAPDLVLQRCCSGE/DLPTMVTLGNSFLHKLCSFGVRICMD
DLPTMVTLGNSFLHKLCSFGVRICMD/ LVLQRCCSGEGLQIPTLSPAPD
LVLQRCCSGEGLQIPTLSPAPD/LPTMVTLGNSFLHKLCSFGVRICMD
APDLVLQRCCSGEGLQIPTLSPAPD/DLPTMVTLGNSFLHKLCSFGVRICMD
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71

72
73
74
75
76
77
78
79
80
81
82
83
84

85
86
87
88
89
90
91
92
93

94
95
96
97
98
99
100
101
102

VC-Cys1872*

Cys1458-Cys1686
Cys1458-Cys1686
Cys1458-Cys1686
Cys1458-Cys1686
Cys1458-Cys1686
Cys1458-Cys1686
Cys1458-Cys1686
Cys1458-Cys1686
Cys1458-Cys1686
Cys1458-Cys1686
Cys1458-Cys1686
Cys1458-Cys1686
Cys1458-Cys1686

Cys1272-Cys1872
Cys1272-Cys1872
Cys1272-Cys1872
Cys1272-Cys1872
Cys1272-Cys1872
Cys1272-Cys1872
Cys1272-Cys1872
Cys1272-Cys1872
Cys1272-Cys1872

Cys1458-Cys1872
Cys1458-Cys1872
Cys1458-Cys1872
Cys1458-Cys1872
Cys1458-Cys1872
Cys1458-Cys1872
Cys1458-Cys1872
Cys1458-Cys1872
Cys1458-Cys1872

5099.5

1471.7
1600.7
2010.9
2127.9
2138.1
2267.1
2548.3
2661.3
2790.3
3071.5
3327.7
3747.8
1881.8

3177.6
3292.6
3878.0
3993.0
4066.0
4181.1
4459.3
4594.4
4766.5

2973.5
3088.5
3102.5
3217.6
3383.7
3498.7
3512.8
3629.8
4255.2

LVLQRCCSGEGLQIPTLSPAPDCSQPLD/DLPTMVTLGNSFLHKLCSFGVRICMD

IVSYLCD/CSQPLD

EIVSYLCD/CSQPLD
EIVSYLCDLAPE/CSQPLD
QQRDEIVSYLCD/CSQPLD
IVSYLCD/CSQPLDVILLLD
EIVSYLCD/CSQPLDVILLLD
IVSYLCDLAPE/CSQPLDVILLLD
IVSYLCD/GLQIPTLSPAPDCSQPLD
EIVSYLCD/CSQPLD
IVSYLCDLAPE/GLQIPTLSPAPDCSQPLD
IVSYLCD/GLQIPTLSPAPDCSQPLDVILLLD
IVSYLCD/LVLQRCCSGEGLQIPTLSPAPDCSQPLD
IVSYLCDLAPE/CSQPLD

FYCSRLLD/LPTMVTLGNSFLHKLCSFGVRICMD
FYCSRLLD/LPTMVTLGNSFLHKLCSFGVRICMD
FYCSRLLDLVFLLD/DLPTMVTLGNSFLHKLCSFGVRICMD
FYCSRLLDLVFLLD/LPTMVTLGNSFLHKLCSFGVRICMD
ISEPPLHDFYCSRLLD/DLPTMVTLGNSFLHKLCSFGVRICMD
ISEPPLHDFYCSRLLD/LPTMVTLGNSFLHKLCSFGVRICMD
FYCSRLLD/LPTMVTLGNSFLHKLCSFGVRICMD
FYCSRLLDLVFLLDGSSRLSE/DLPTMVTLGNSFLHKLCSFGVRICMD
ISEPPLHDFYCSRLLDLVFLLD/DLPTMVTLGNSFLHKLCSFGVRICMD

IVSYLCD/DLPTMVTLGNSFLHKLCSFGVRICMD
IVSYLCD/DLPTMVTLGNSFLHKLCSFGVRICMD
EIVSYLCD/DLPTMVTLGNSFLHKLCSFGVRICMD
EIVSYLCD/LPTMVTLGNSFLHKLCSFGVRICMD
IVSYLCDLAPE/DLPTMVTLGNSFLHKLCSFGVRICMD
IVSYLCDLAPE/LPTMVTLGNSFLHKLCSFGVRICMD
EIVSYLCDLAPE/DLPTMVTLGNSFLHKLCSFGVRICMD
QQRDEIVSYLCD/DLPTMVTLGNSFLHKLCSFGVRICMD
IVSYLCD/LPTMVTLGNSFLHKLCSFGVRICMD

’A peak of mass 3007.3 is also observed in the blank mass spectra.

*putative peptide homodimer formed by intermolecular disulfide bond of one of the two
cysteines in this peptide.

T . . .. .
Intramolecular disulfide bond between vicinal cysteines.
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*VC; vicinal cysteines Cys1669 or Cys1670. Disulfide can be formed to either Cys1669 or
Cys1670 in the peptide, but the two possible products, while chemically distinct, are identical in
mass.

A major concern was whether any non-literature disulfide pairs arose from
internal rearrangements within a given A1A2A3 of a particular molecule before digestion
or if they are the artifactual result of intermolecular crosslinking or intramolecular
disulfide scrambling during the digestion and mass spectral assay. We generated a
theoretical list of disulfide dimers, where the disulfide linkage is between two cysteines
that are in the same peptide. Such an arrangement could only arise from an
intermolecular crosslink, presumably a disulfide scrambling event during the procedure.
In addition, this allows us to assess to some degree the odds of matching a predicted peak
to the experimental data merely by chance. Accordingly, the predicted fragment ions
listed in Table 3.4 were searched for in the MALDI mass spectral data using the Bruker
software. As before, the predicted list was generated assuming that two missed cleavages
were possible. Seventy calculated peptide pairs were used to screen an experimental list
of 300 masses with a one Da error threshold. The detailed experimental mass list and the
predicted cysteine peptide dimer list is given in the appendix 1. Three matches from the
seventy calculated cysteine peptide pairs to the experimental mass list were detected in
this particular experiment. In other experiments, an additional two matches were found.
Note that there are multiple ways to generate a given disulfide dimer from peptides with
various degrees of incomplete digestion, yet in each case we only observe a match for a
particular arrangement. For example, there is an experimental mass within the error limit
matching the calculated mass of 3133.46 for the disulfide linked mixed ‘dimer’ pair of

CSQPLD / CSQPLDVILLLDGSSSFPASYFD. But there is no sign of either true dimer

79i



CSQPLD / CSQPLD or of dimer CSQPLDVILLLDGSSSFPASYFD /
CSQPLDVILLLDGSSSFPASYFD. This low number of matches between the
calculated peptide mass list and the experimental mass list and the lack of families of
dimers being found indicates that, if it is occurring at all, disulfide scrambling is very

rare.
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Table 3.4 Possible ‘dimers’ of GluC fragments which might be generated by disulfide scrambling of the A1A2A3 domains, assuming

no more than two missed cleavages. Pairs with a match in the experimental data have their masses in bold.

Residue No. Mass Sequence Residue No. Mass Sequence Mass*
1270-1277 1016.49 FYCSRLLD 1270-1283 1716.90 FYCSRLLDLVFLLD 2770.39
1270-1277 1016.49 FYCSRLLD 1270-1277 1016.49 FYCSRLLD 2029.97
1270-1277 1016.49 FYCSRLLD 1260-1277 2296.06 EFDISEPPLHDFYCSRLLD 3309.55
1270-1277 1016.49 FYCSRLLD 1270-1290 2433.25 FYCSRLLDLVFLLDGSSRLSE 3446.74
1270-1277 1016.49 FYCSRLLD 1260-1277 2296.06 EFDISEPPLHDFYCSRLLD 3309.55

1664-1673  1107.53 LVLQRCCSGE 1661-1673 1390.65 APDLVLQRCCSGE 2495.17

1664-1673 1107.53 LVLQRCCSGE 1664-1685 2297.16 LVLQRCCSGEGLQIPTLSPAPD 3401.69

1664-1673  1107.53 LVLQRCCSGE 1664-1691 2940.43 LVLQRCCSGEGLQIPTLSPAPDCSQPLD  4044.96

1686-1691 662.28 CSQPLD 1674-1691 1851.92 GLQIPTLSPAPDCSQPLD 2511.20

1664-1673  1107.53 LVLQRCCSGE 1664-1673 1107.53 LVLQRCCSGE 2212.06

1686-1691  662.28 CSQPLD 1664-1691 2940.43 LVLQRCCSGEGLQIPTLSPAPDCSQPLD  3599.71

1686-1691 662.28 CSQPLD 1686-1708 2474.18 CSQPLDVILLLDGSSSFPASYFD 3133.46

1686-1691 662.28 CSQPLD 1674-1691 1851.92 GLQIPTLSPAPDCSQPLD 2511.20

1686-1691 662.28 CSQPLD 1686-1691 662.28  CSQPLD 1321.56

1453-1459 812.39 IVSYLCD 1453-1459 812.39 IVSYLCD 1621.77

1453-1459  812.39  IVSYLCD 1448-1459 1468.67 QQRDEIVSYLCD 2278.06

1453-1459 812.39 IVSYLCD 1452-1463 1351.65 EIVSYLCDLAPE 2161.03

1453-1459  812.39  IVSYLCD 1452-1459 941.43  EIVSYLCD 1750.81

1664-1673  1107.53 LVLQRCCSGE 1664-1685 2297.16 LVLQRCCSGEGLQIPTLSPAPD 3401.69

1452-1459  941.43  EIVSYLCD 1452-1459 941.43  EIVSYLCD 1879.86

1452-1459 941.43 EIVSYLCD 1453-1463 1222.60 IVSYLCDLAPE 2161.03

1452-1459  941.43  EIVSYLCD 1448-1459 1468.67 QQRDEIVSYLCD 2407.10

1452-1459 941.43 EIVSYLCD 1452-1463 1351.65 EIVSYLCDLAPE 2290.07

80i



1452-1459
1453-1463
1453-1463
1453-1463
1661-1673
1674-1691
1453-1463
1664-1685
1664-1685
1674-1691
1674-1691

1270-1283

1270-1283

1270-1283
1664-1691
1664-1691
1664-1691
1664-1691
1664-1691
1664-1691
1664-1691
1664-1691
1686-1708
1686-1708
1686-1708
1686-1708
1686-1708

941.43

1222.60
1222.60
1222.60
1390.65
1851.92
1222.60
2297.16
2297.16
1851.92
1851.92
1716.90
1716.90
1716.90
2940.43
2940.43
2940.43
2940.43
2940.43
2940.43
2940.43
2940.43
2474.18
2474.18
2474.18
2474.18
2474.18

EIVSYLCD

IVSYLCDLAPE

IVSYLCDLAPE

IVSYLCDLAPE

APDLVLQRCCSGE
GLQIPTLSPAPDCSQPLD
IVSYLCDLAPE
LVLOQRCCSGEGLQIPTLSPAPD
LVLQRCCSGEGLQIPTLSPAPD
GLQIPTLSPAPDCSQPLD
GLQIPTLSPAPDCSQPLD
FYCSRLLDLVFLLD

FYCSRLLDLVFLLD

FYCSRLLDLVFLLD
LVLORCCSGEGLQIPTLSPAPDCSQPLD
LVLQRCCSGEGLQIPTLSPAPDCSQPLD
LVLORCCSGEGLQIPTLSPAPDCSQPLD
LVLQRCCSGEGLQIPTLSPAPDCSQPLD
LVLORCCSGEGLQIPTLSPAPDCSQPLD
LVLQRCCSGEGLQIPTLSPAPDCSQPLD
LVLORCCSGEGLQIPTLSPAPDCSQPLD
LVLQRCCSGEGLQIPTLSPAPDCSQPLD
CSQPLDVILLLDGSSSFPASYFD
CSQPLDVILLLDGSSSFPASYFD
CSQPLDVILLLDGSSSFPASYFD
CSQPLDVILLLDGSSSFPASYFD
CSQPLDVILLLDGSSSFPASYFD

1453-1459
1453-1459
1448-1459
1452-1459
1661-1673
1674-1691
1453-1463
1664-1685
1664-1673
1674-1697
1661-1685
1270-1283
1260-1277
1270-1277
1674-1691
1664-1691
1686-1708
1674-1697
1661-1685
1686-1697
1664-1685
1686-1691
1686-1708
1664-1685
1674-1691
1686-1691
1686-1697
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812.39

812.39

1468.67
941.43

1390.65
1851.92
1222.60
2297.16
1107.53
2518.35
2580.28
1716.90
2296.06
1016.49
1851.92
2940.43
2474.18
2518.35
2580.28
1328.71
2297.16
662.28

2474.18
2297.16
1851.92
662.28

1328.71

IVSYLCD

IVSYLCD

QQRDEIVSYLCD

EIVSYLCD

APDLVLQRCCSGE
GLQIPTLSPAPDCSQPLD
IVSYLCDLAPE
LVLQRCCSGEGLQIPTLSPAPD
LVLQRCCSGE
GLQIPTLSPAPDCSQPLDVILLLD
APDLVLQRCCSGEGLQIPTLSPAPD
FYCSRLLDLVFLLD
EFDISEPPLHDFYCSRLLD
FYCSRLLD
GLQIPTLSPAPDCSQPLD
LVLQRCCSGEGLQIPTLSPAPDCSQPLD
CSQPLDVILLLDGSSSFPASYFD
GLQIPTLSPAPDCSQPLDVILLLD
APDLVLQRCCSGEGLQIPTLSPAPD
CSQPLDVILLLD
LVLQRCCSGEGLQIPTLSPAPD
CSQPLD
CSQPLDVILLLDGSSSFPASYFD
LVLQRCCSGEGLQIPTLSPAPD
GLQIPTLSPAPDCSQPLD

CSQPLD

CSQPLDVILLLD

1750.81
2030.99
2688.28
2161.03
2778.13
3700.83
2442.20
4591.33
3401.69
4367.26
4429.20
3430.81
4009.96
2730.39
4789.34
5877.85
5411.61
5484.77
5517.71
5234.59
5234.59
3599.71
4891.36
4768.37
4323.10
3133.46
3799.89



1674-1697
1674-1697
1674-1697
1674-1697
1674-1697
1661-1685
1661-1685
1661-1685
1661-1685
1656-1673
1656-1673
1656-1673
1656-1673
1656-1673
1656-1673
1857-1881
1857-1881
1857-1881
1857-1881
1857-1882
1857-1882
1857-1882
1856-1881
1856-1881
1856-1881
1855-1881
1855-1881

2518.35
2518.35
2518.35
2518.35
2518.35
2580.28
2580.28
2580.28
2580.28
1986.97
1986.97
1986.97
1986.97
1986.97
1986.97
2783.37
2783.37
2783.37
2783.37
2912.49
2912.49
2912.49
2898.46
2898.46
2898.46
3027.57
3027.57

GLQIPTLSPAPDCSQPLDVILLLD
GLQIPTLSPAPDCSQPLDVILLLD
GLQIPTLSPAPDCSQPLDVILLLD
GLQIPTLSPAPDCSQPLDVILLLD
GLQIPTLSPAPDCSQPLDVILLLD
APDLVLQRCCSGEGLQIPTLSPAPD
APDLVLQRCCSGEGLQIPTLSPAPD
APDLVLQRCCSGEGLQIPTLSPAPD
APDLVLQRCCSGEGLQIPTLSPAPD
TLPREAPDLVLQRCCSGE
TLPREAPDLVLQRCCSGE
TLPREAPDLVLQRCCSGE
TLPREAPDLVLQRCCSGE
TLPREAPDLVLQRCCSGE
TLPREAPDLVLQRCCSGE
LPTMVTLGNSFLHKLCSGFVRICMD
LPTMVTLGNSFLHKLCSGFVRICMD
LPTMVTLGNSFLHKLCSGFVRICMD
LPTMVTLGNSFLHKLCSGFVRICMD
LPTMVTLGNSFLHKLCSGFVRICMDE
LPTMVTLGNSFLHKLCSGFVRICMDE
LPTMVTLGNSFLHKLCSGFVRICMDE
DLPTMVTLGNSFLHKLCSGFVRICD
DLPTMVTLGNSFLHKLCSGFVRICD
DLPTMVTLGNSFLHKLCSGFVRICD
EDLPTMVTLGNSFLHKLCSGFVRICMD
EDLPTMVTLGNSFLHKLCSGFVRICMD

1674-1697
1661-1685
1686-1697
1664-1685
1686-1691
1661-1685
1664-1685
1674-1697
1674-1691
1656-1673
1664-1691
1661-1685
1664-1685
1661-1673
1664-1673
1857-1881
1857-1882
1856-1881
1855-1881
1857-1882
1855-1882
1856-1881
1856-1881
1855-1881
1855-1882
1855-1881
1855-1882
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2518.35
2580.28
1328.71
2297.16
662.28

2580.28
2297.16
2518.35
1851.92
1986.97
2940.43
2580.28
2297.16
1390.65
1107.53
2783.37
2912.49
2898.46
3027.57
2912.49
3156.67
2898.46
2898.46
3027.57
3156.67
3027.57
3156.67

GLQIPTLSPAPDCSQPLDVILLLD
APDLVLQRCCSGEGLQIPTLSPAPD
CSQPLDVILLLD
LVLQRCCSGEGLQIPTLSPAPD
CSQPLD
APDLVLQRCCSGEGLQIPTLSPAPD
LVLQRCCSGEGLQIPTLSPAPD
GLQIPTLSPAPDCSQPLDVILLLD
GLQIPTLSPAPDCSQPLD
TLPREAPDLVLQRCCSGE
LVLQRCCSGEGLQIPTLSPAPDCSQPLD
APDLVLQRCCSGEGLQIPTLSPAPD
LVLQRCCSGEGLQIPTLSPAPD
APDLVLQRCCSGE

LVLQRCCSGE
LPTMVTLGNSFLHKLCSGFVRICMD
LPTMVTLGNSFLHKLCSGFVRICMDE
DLPTMVTLGNSFLHKLCSGFVRICD
EDLPTMVTLGNSFLHKLCSGFVRICMD
LPTMVTLGNSFLHKLCSGFVRICMDE
EDLPTMVTLGNSFLHKLCSGFVRICMDE
DLPTMVTLGNSFLHKLCSGFVRICD
DLPTMVTLGNSFLHKLCSGFVRICD
EDLPTMVTLGNSFLHKLCSGFVRICMD
EDLPTMVTLGNSFLHKLCSGFVRICMDE
EDLPTMVTLGNSFLHKLCSGFVRICMD
EDLPTMVTLGNSFLHKLCSGFVRICMD

5033.69
5095.63
3844.71
4812.51
3177.63
5157.56
4874.44
5095.63
4429.20
3970.95
4924.40
4564.25
4281.14
3376.62
3091.50
5563.74
5692.86
5681.83
5807.94
5821.97
6066.16
5807.94
5793.92
5923.03
6052.13
6051.14
6181.24



1855-1882  3156.67 EDLPTMVTLGNSFLHKLCSGFVRICMDE 1855-1882 3156.67 EDLPTMVTLGNSFLHKLCSGFVRICMDE 6310.37

1448-1459  1468.67 QQRDEIVSYLCD 1448-1459 1468.67 QQRDEIVSYLCD 2934.35
1448-1459  1468.67 QQRDEIVSYLCD 1452-1463 1351.65 EIVSYLCDLAPE 2817.32
1448-1459  1468.67 QQRDEIVSYLCD 1453-1463 1222.60 [IVSYLCDLAPE 2688.28
1448-1459  1468.67 QQRDEIVSYLCD 1452-1459 941.43  EIVSYLCD 2407.10
1452-1463  1351.65 EIVSYLCDLAPE 1452-1463 1351.65 EIVSYLCDLAPE 2700.29
1452-1463  1351.65 EIVSYLCDLAPE 1448-1459 1468.67 QQRDEIVSYLCD 2161.03
1452-1463  1351.65 EIVSYLCDLAPE 1453-1463 1222.60 [IVSYLCDLAPE 2571.25
1270- 1290 2433.25 FYCSRLLDLVFLLDGSSRLSE 1270-1290  2433.25 FYCSRLLDLVFLLDGSSRLSE 4863.50
1270- 1290 2433.25 FYCSRLLDLVFLLDGSSRLSE 1260-1277 2296.06 EFDISEPPLHDFYCSRLLD 4726.31
1270-1290 2433.25 FYCSRLLDLVFLLDGSSRLSE 1270- 1283 1716.90 FYCSRLLDLVFLLD 4147.15
1270- 1290 2433.25 FYCSRLLDLVFLLDGSSRLSE 1270- 1277 1016.49 FYCSRLLD 3446.74
1260-1277 2296.06 EFDISEPPLHDFYCSRLLD 1260-1277 2296.06 EFDISEPPLHDFYCSRLLD 4589.12
1260-1277 2296.06 EFDISEPPLHDFYCSRLLD 1270-1290  2433.25 FYCSRLLDLVFLLDGSSRLSE 4726.31
1260-1277 2296.06 EFDISEPPLHDFYCSRLLD 1270- 1277 1016.49 FYCSRLLD 3309.55
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This data also allows us to establish the odds that other matches are false
positives. If we assume that all of these were false hits (no scrambling) this would also
suggest that, to a first approximation, we have a “random” hit rate of about 4-6% when
searching hypothesis driven mass lists against our experimental data. With 75 candidate

non-literature disulfide pairs listed in Table 3.3, we might expect 3-4 false positives.

According to the literature, Cys1272-Cys1458, Cys1686-1872, and Cys1669-
Cys1670 are linked and would generate possible GluC fragments 1-13, 14-21, and 22-27
respectively in the Table 3.3. We wished to test the hypothesis that VWF could have
alternative disulfide rearrangements, listed as entries 28-102 in the Table 3.3. We
conducted experiments with reduced/oxidized glutathione ratios below and above the
levels found in plasma and also under fully oxidized conditions without any glutathione
in any form present. Partially oxidized conditions were examined using a
reduced/oxidized glutathione ratio of 1/1000. Reduced conditions were represented using

reduced/oxidized glutathione of ratio 1/1.

All the masses which were observed that correspond to a theoretical disulfide are
summarized in Table 3.5 for the digest in the absence of glutathione, in Table 3.6 for
GSH/GSSG 1/1, and Table 3.7 for GSH/GSSG 1/1000. The MALDI-TOF-MS, Figure
3.7, of the VWF GluC digested in the absence of either oxidized or reduced glutathione
was found to contain fragments with masses the same as those predicted for two disulfide
linked peptides containing Cys1272-Cys1458. The fact that two versions of this disulfide
linkage are found differing by a missed cleavage at an aspartate raises confidence that

this is a real signal.

84i



However no fragments with a mass appropriate for a disulfide linked peptide
containing Cys1686-Cys1872 or Cys1669-Cys1670 were observed. This is not evidence
that these fragments are missing because the disulfides are completely absent. There are
many peptides which ionize poorly enough that they are not found in the MS data. On
the other hand, it is interesting to note that in some of the digests a fragment with a mass
of approximately 1986 Da was found. This corresponds to the mass expected of the
predicted peptide 1656-1673, TLPREAPDLVLQRCCSGE, which contains Cys1669 and
Cys1670. But at this mass the two cysteines are in reduced form. Similarly, in some of
the digests there are fragments with masses which correspond to those expected for

predicted peptides contain each of these cysteines in reduced form.

As seen in Table 3.6, in the presence of 1/1 GSH/GSSG there are also two masses
which correspond to those predicted for a 1272-1458 disulfide. One of these is the same
as in Table 3.5 and one is different. Interestingly, there is a single peak which
corresponds to a peptide with 1669-1670 in the oxidized form and a single peak that has a
mass for a peptide pair corresponding to the third literature disulfide between 1686 and
1872. However, as summarized in Table 3.7, in the presence of glutathione in an reduced
to oxidized ratio of 1/1000, we failed to detect any of the disulfide containing peptides

predicted in the literature.

More interestingly, there is clear evidence for previously unreported disulfides in
the data. Under all three conditions we find one or more fragments with masses that are
consistent with peptides linked by a disulfide between cysteine 1458 and one of the

vicinal cysteines at 1669 or 1670. Obviously the mass is identical regardless of whether
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1669 or 1670 makes the bond. In the presence of 1/1 GSH/GSSG or in the absence of
any oxidized or reduced glutathione, we see masses that are consistent with the presence
of peptides linked between 1272 and either 1669 or 1670. It is noteworthy that these
linkages seemed to be confirmed by multiple digest products, increasing confidence that

they are true hits and not false positives.

86i



Table 3.5. The observed fragments corresponding to different disulfide connectivity in A1A2A3 domain after GluC digestion in the
absence of glutathione. Disulfides that are not found in the literature are in bold.

No Glutathione

Intensity m/z+ m/z ppm Missed Domain
Disulfide Position Error cleavage Sequence
Cys1272-Cys1458 0.88 3242.62 3242.61 3.70 2 Al FYCSRLLDLVFLLDGSSPLSE / VSYLCD

0.63 3250.57 3250.54 9.23 2 Al FYCSRLLD / EIVSYLCDLAPEAPPPTLPPD
Cys1272-VC 0.53 3008.53 3008.42 37.23 1 Al1A2 ISEPPLHDFYCSRLLD / LVLQRCCSGE

0.33 3536.78 3536.75 8.48 2 AlA2 FYCSRLLDLVFLLDGSSRLSE / LVLQRCCSGE
Cys1458-VC 12.74 2571.22 2571.17 19.06 2 AlA2 LVLQRCCSGE / QQRDEIVSYLCD

0.93 204493 204451 20539 1 Al1A2 LVLQRCCSGE / EIVSYLCD

0.56 3387.86 3388.64 -228.46 2 Al1A2 APDLVLQRCCSGEGLQIPTLSPAPD / VSYLCD

027 3746.77 3746.77 2.14 2 ALA2 LVLQRCCSGEGLQIPTLSPAPDCSQPLDVILLLD /

VSYLCD
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Table 3.6. The observed fragments corresponding to different disulfide connectivity in A1A2A3 domain after GluC digestion in the
presence of glutathione in a reduced/oxidized ratio of 1/1. Disulfides that are not found in the literature are in bold.

Glutathione Reduced/Oxidized 1/1

Missed

Disulfide Position Intensity m/z+ m/z ppm Error Cleavage Domain Sequence
Cys1272-Cys1458 0.13 3241.60 3241.13 146.53 2 Al FYCSRLLDLVFLLDGSSRLSE/ VSYLCD

0.23 271439 2714.28 42.74 1 Al ISEPPLHDFYCSRLL / VSYLCD
Cys1669-Cys1670 0.56 1985.96 1985.19  389.23 2 A2 TLPREAPDVLVLQRCCSGE
Cys1686-Cys1872 0.18 3007.44 3007.40 8.97 0 A3 CSQPLD/LPTMVTLGNSFLHKLCSFGVRICMD
Cys1272-VC 0.18 3008.44 3008.41 6.64 1 A1A2 ISEPPLHDFYCSRLL / VLQRCCSGE
Cys1458-VC 3.68 2571.33 2571.16 63.39 2 Al1A2 LVLQRCCSGE / QQRDEIVSYLCD

0.17 2044.93 2044.77 78.24 1 Al1A2 LVLQRCCSGE / EIVSYLCD
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Table 3.7. The observed fragments corresponding to different disulfide connectivity in A1A2A3 domain after GluC digestion in the
presence of glutathione in a reduced/oxidized ratio of 1/1000. Disulfides that are not found in the literature are in bold.

Glutathione Reduced/Oxidized 1/1000

ppm  Missed
Disulfide Position Intensity m/z+ m/z error Cleavage Domain Sequence
Cys1458-VC 5.07 2571.39 2571.17 86.33 2 Al1A2 QQRDEIVSYLD / LVLQRCCSGE
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The consistent observation of the breaking of the vicinal disulfide bond in A2
domain between positions 1669-1670 and the formation of a new disulfide bond with one
of the two cysteine residues of A1 domain. The cysteine residue in the 1458 position of
Al domain is more proximal to the vicinal cysteine residues in 1669-1670 positions, at
least in primary structure, than the cysteine residue in the position 1272 of the Al
domain. The quaternary structure of these domains is not clear. In our experiments we
observed higher intensities of the cysteine residue 1458 than the more distal cysteine
residue located in the 1272 position, but the MS intensities are influenced by many

factors and cannot be relied on for actual amounts of the two species that are present.

There is no clear evidence that the redox potential makes these alternative
arrangements more or less likely. There was significant variations in what we found, but
no real trend linked to glutathione levels. Rather, the results seem more dependent on the
quality of the particular experiment conducted. Nevertheless, our results are consistent
with a redox switch in 1669-1670 position which is possibly triggered by shear stress or

by fluctuations of the plasma thiol /disulfide pools.

CONCLUSIONS

Over the past few years researchers have just begun to understand the redox
dependent regulation of the disulfide bonds in protein activity. The regulation of VWF
structure and function is important in the context of cardiovascular diseases since they are
associated with elevated VWF activity. Improvement of our understanding of the
structure, function and conformation of VWF could possibly make VWF a drug target,

so advancement in this area of an interest to the pharmaceutical industry. In conclusion

90



the disulfide bond structure of proteins and the redox dependence of the disulfide
sturucture can be mapped using the method described in this study. Our results indicated
the presence of disulfide arrangements within the ALA2A3 domains of VWF differing
from those found in the crystal structures. The consistent observation of the breaking of
the vicinal disulfide bond in A2 domain between positions 1669-1670 and the formation
of a new disulfide bond with one of the two cysteine residues of A1 domain suggests a
redox switch in the 1669-1670 position. The results presented here demonstrate the need
for further research into redox activated switches in plasma proteins. In this study we
used VWEF isolated from the human blood. In the future experiments VWF isolated from
other species might be used and compared with the experimental findings of this study.
Experiments carried under shear stress using a broader GSH/GSSG concentrations need
to be considered. Redox dependence of the disulfide bonding pattern of VWF could be
tested using another plasma thiol/disulfide couple, for example cysteine/cysteine in future

experiments.
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APPENDIX

Supplemental Table 1. Experimental mass list for Glu C digest (1:1 GSH:GSSG).
Highlighted peaks are those which match a predicted mass in Table 3.4.

m/z Intensity Relative Intensity Calculated Peptide Masses
976.40 6579.00 0.01 1321.56
1014.36 40933.00 0.07 1621.77
1030.35 16077.19 0.03 1750.81
1036.36 7348.50 0.01 1750.81
1052.37 15127.89 0.02 1879.86
1069.42 85970.79 0.14 2029.97
1073.37 2332.81 0.00 2030.99
1076.50 3366.15 0.01 2161.03
1081.65 2762.29 0.00 2161.03
1091.43 20769.56 0.03 2161.03
1107.41 7135.91 0.01 2212.06
1117.60 7444511 0.12 2290.07
1123.78 1068.08 0.00 2407.10
1134.53 4584.70 0.01 2407.10
1139.59 29707.10 0.05 2442.20
1147.57 3145.45 0.01 2495.17
1155.56 8709.34 0.01 2511.20
1161.60 11283.61 0.02 2571.25
1177.56 3301.29 0.01 2688.28
1205.61 4125.85 0.01 2700.29
1207.49 2959.76 0.00 2730.39
1223.68 30452.64 0.05 2770.39
1226.44 1944.82 0.00 2778.13
1230.56 11885.04 0.02 2817.32
1234.56 1744.65 0.00 2984.35
1235.59 2386.76 0.00 3091.50
1244.68 3582.24 0.01 3133.46
1245.65 10469.04 0.02 3177.63
1248.56 1540.70 0.00 3309.55
1260.67 38274.06 0.06 3309.55
1264.09 3171.25 0.01 3309.55
1281.73 17778.00 0.03 3401.69
1282.62 13089.00 0.02 3401.69
1289.66 5522.96 0.01 3430.81
1298.61 4978.01 0.01 3446.74
1313.64 7844.00 0.01 3446.74
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1319.65
1321.55
1328.72
1343.57
1356.72
1358.87
1359.78
1374.72
1376.74
1377.78
1386.77
1396.74
1402.75
1412.71
1417.75
1435.69
1450.68
1466.68
1488.70
1504.66
1510.76
1518.82
1529.76
1534.79
1538.79
1551.74
1566.75
1583.30
1594.82
1597.69
1627.78
1646.76
1660.73
1665.71
1675.77
1692.82
1714.81
1730.04
1736.82
1745.84
1762.86
1768.90
1775.85
1792.84

10565.82
12903.55
9835.00
4368.88
31494.42
7612.73
47987.79
619404.12
104342.12
21400.02
130317.95
61350.17
8845.46
20372.84
17778.00
6940.29
46463.62
134615.76
38294.02
11073.56
34036.87
110082.13
5693.19
41450.00
70456.58
4551.63
8546.40
2333.64
7858.22
27425.33
3120.39
8441.88
10009.23
15753.39
7879.37
163269.28
26994.54
10273.04
2813.98
30603.59
9880.00
4863.69
10739.00
6308.45

0.02
0.02
0.02
0.01
0.05
0.01
0.08
1.00
0.17
0.03
0.21
0.10
0.01
0.03
0.03
0.01
0.08
0.22
0.06
0.02
0.05
0.18
0.01
0.07
0.11
0.01
0.01
0.00
0.01
0.04
0.01
0.01
0.02
0.03
0.01
0.26
0.04
0.02
0.00
0.05
0.02
0.01
0.02
0.01
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3599.71
3700.83
3799.89
3844.71
3970.95
4009.96
4147.15
4281.14
4323.10
4367.26
4429.20
4564.25
4589.12
4591.33
4726.31
4726.31
4768.37
4789.34
4812.51
4863.50
4874.44
4891.36
4924.40
5033.69
5095.63
5095.63
5157.56
5234.59
5234.59
5411.61
5484.77
5517.71
5877.85



1804.87
1810.89
1827.28
1837.89
1848.96
1859.88
1864.92
1884.56
1908.00
1924.03
1946.02
1961.98
1972.91
1978.97
1990.00
1999.99
2012.01
2023.00
2044.51
2056.98
2078.03
2081.14
2086.32
2096.09
2118.06
2134.03
2140.79
2179.10
2197.10
2234.12
2250.10
2253.15
2268.18
2272.19
2282.16
2285.17
2290.14
2295.12
2300.17
2306.11
2312.12
2314.16
2320.14
2322.12

7722.83
1628.17
4661.92
62294.74
10499.00
11977.00
16571.89
2165.04
16771.00
241242.18
26325.78
6915.44
9992.11
16755.34
146487.19
15255.00
26519.00
19681.00
5771.25
4082.77
2600.41
4421.00
3015.78
197143.92
15606.32
5033.03
5693.38
16817.00
12063.00
2926.96
91004.84
92029.42
586200.16
127853.33
33936.50
26757.86
194800.10
9070.99
66366.28
87697.06
30167.27
8736.82
4138.82
15656.00

0.01
0.00
0.01
0.10
0.02
0.02
0.03
0.00
0.03
0.39
0.04
0.01
0.02
0.03
0.24
0.02
0.04
0.03
0.01
0.01
0.00
0.01
0.00
0.32
0.03
0.01
0.01
0.03
0.02
0.00
0.15
0.15
0.95
0.21
0.05
0.04
0.31
0.01
0.11
0.14
0.05
0.01
0.01
0.03
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2328.09
2332.25
2345.09
2354.13
2376.19
2404.15
2422.15
2426.18
2429.25
2443.20
2446.20
2465.13
2479.20
2505.27
2509.37
2516.36
2531.24
2534.25
2549.29
2554.28
2561.21
2565.26
2571.22
2575.19
2581.27
2587.20
2593.23
2597.25
2604.28
2629.29
2639.49
2655.37
2673.33
2685.29
2701.31
2702.31
2727.42
2734.37
2738.32
2753.32
2796.46
2807.38
2821.41
2838.39

12549.57
6948.43
17603.00
4253.72
10236.00
10128.82
11588.24
21289.20
4538.47
135767.60
38194.28
2326.86
2451.49
4400.28
7638.94
2682.93
30814.83
27650.76
421126.78
29298.86
5219.44
170473.60
78890.59
13249.66
9223.94
41033.42
6963.07
12876.55
9760.94
8827.00
23727.13
8734.00
8989.00
6964.80
7797.00
8949.00
7097.00
2395.28
6430.68
1714.70
1770.92
4594.00
548.09
995.32

0.02
0.01
0.03
0.01
0.02
0.02
0.02
0.03
0.01
0.22
0.06
0.00
0.00
0.01
0.01
0.00
0.05
0.04
0.68
0.05
0.01
0.28
0.13
0.02
0.01
0.07
0.01
0.02
0.02
0.01
0.04
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.00
0.00
0.01
0.00
0.00
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2842.49
2850.42
2866.31
2900.36
2919.49
2980.53
2996.48
3002.58
3008.53
3023.47
3040.46
3062.39
3078.40
3094.52
3110.65
3152.63
3176.56
3191.65
3194.71
3202.62
3208.66
3212.57
3226.32
3232.57
3242.62
3250.54
3265.56
3344.75
3360.72
3377.31
3387.86
3404.67
3416.74
3426.72
3457.78
3473.82
3496.71
3508.73
3522.78
3536.78
3551.62
3552.67
3572.71
3582.89

2057.03
3696.00
595.62
805.09
1661.18
2107.56
1356.24
1299.29
3311.30
10154.01
124890.61
5188.84
1977.70
1040.30
3451.28
4700.00
1706.77
10092.68
2623.96
8355.00
94636.81
7683.62
1414.54
932.68
5450.00
3883.00
3443.00
3056.00
2765.00
2120.74
3439.00
2668.00
2273.00
4294.00
2103.00
2363.65
2015.00
1769.00
1857.00
2033.00
1688.00
1737.00
1735.00
1494.00

0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.20
0.01
0.00
0.00
0.01
0.01
0.00
0.02
0.00
0.01
0.15
0.01
0.00
0.00
0.01
0.01
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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3600.80
3607.94
3623.97
3634.95
3642.13
3652.85
3666.96
3680.96
3698.92
3715.98
3735.91
3746.81
3755.03
3780.56
3791.02
3796.04
3822.96
3845.00
3860.22
3877.77
3923.19
3943.28
3966.14
3968.17
3979.13
3994.30
4021.26
4043.20
4056.18
4111.22
4126.32
4144.16
4162.27
4184.21
4206.03
4273.34
4289.56
4297.44
4313.37
4340.54
4350.45
4365.62
4408.46
4414.49

1628.00
1948.00
550.01
1798.00
531.77
1826.00
1801.00
1678.00
2264.99
2052.00
2064.00
1694.00
1630.00
2112.00
1520.97
571.81
533.16
1739.00
553.22
1928.64
482.56
758.71
794.63
3009.88
994.25
1948.00
2322.00
2100.00
2068.00
776.02
563.45
478.41
29110.00
2644.00
2580.00
1310.00
1108.00
1405.00
1397.00
1614.00
1107.00
1364.00
1648.00
2017.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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4424.58
4449.48
4465.51
4493.53
4535.72
4595.57
4610.81
4627.66
4644.37
4692.81
4708.88
4790.97
4817.00
4833.75
4847.95
4856.38
4873.77
4887.94
4901.18
4918.35
4931.83
4971.23
4992.94
5029.92
5033.34
5065.05
5098.32
5113.53
5137.23
5151.23
5176.26
5231.16
5282.30
5291.59
5309.09
5361.43
5377.91
5443.11
5477.38
5507.06
5590.52
5647.61
5661.93
5759.33

633.38
1081.00
1279.00

965.00

553.55
1794.00

776.26
1131.00
1091.00

541.36
5853.44
1727.00

635.74
1486.00
1393.00

377.93
1161.00
1358.00

866.00
1043.00
1024.00

969.00

964.00

909.00
1540.00
1229.00

168.19

999.00
1292.00
1274.00
1388.00
1030.00
1001.00

820.00

161.76

815.00

941.00

598.00

851.00

891.00

990.00
2365.00
1907.72

969.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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5791.66
5798.52
5813.75
5830.14
5892.03
5966.57
6008.12
6007.01
6158.56
6688.05
6698.72
6775.68
6778.28
6951.44
7089.48
7136.19
7151.38
7339.90
7342.40
7544.56
7559.28
7659.44
7804.92
7809.19
8091.21
8094.03

832.00
797.00
939.00
699.11
969.00
688.00
806.00
685.00
604.00
563.00
578.00
551.00
522.00
537.00
541.00
561.00
816.00
561.00
632.00
660.00
94.45
564.00
733.00
962.00
576.00
614.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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m/z Intensity Relative Intensity Calculated Peptide Masses
976.40 6579.00 0.01 1321.56
1014.36 40933.00 0.07 1621.77
1030.35 16077.19 0.03 1750.81
1036.36 7348.50 0.01 1750.81
1052.37 15127.89 0.02 1879.86
1069.42 85970.79 0.14 2029.97
1073.37 2332.81 0.00 2030.99
1076.50 3366.15 0.01 2161.03
1081.65 2762.29 0.00 2161.03
1091.43 20769.56 0.03 2161.03
1107.41 7135.91 0.01 2212.06
1117.60 74445.11 0.12 2290.07
1123.78 1068.08 0.00 2407.10
1134.53 4584.70 0.01 2407.10
1139.59 29707.10 0.05 2442.20
1147.57 3145.45 0.01 2495.17
1155.56 8709.34 0.01 2511.20
1161.60 11283.61 0.02 2571.25
1177.56 3301.29 0.01 2688.28
1205.61 4125.85 0.01 2700.29
1207.49 2959.76 0.00 2730.39
1223.68 30452.64 0.05 2770.39
1226.44 1944.82 0.00 2778.13
1230.56 11885.04 0.02 2817.32
1234.56 1744.65 0.00 2984.35
1235.59 2386.76 0.00 3091.50
1244.68 3582.24 0.01 3133.46
1245.65 10469.04 0.02 3177.63
1248.56 1540.70 0.00 3309.55
1260.67 38274.06 0.06 3309.55
1264.09 3171.25 0.01 3309.55
1281.73 17778.00 0.03 3401.69
1282.62 13089.00 0.02 3401.69
1289.66 5522.96 0.01 3430.81
1298.61 4978.01 0.01 3446.74
1313.64 7844.00 0.01 3446.74
1319.65 10565.82 0.02 3599.71
1321.55 12903.55 0.02 3700.83
1328.72 9835.00 0.02 3799.89
1343.57 4368.88 0.01 3844.71
1356.72 31494.42 0.05 3970.95
1358.87 7612.73 0.01 4009.96
1359.78 47987.79 0.08 4147.15



1374.72
1376.74
1377.78
1386.77
1396.74
1402.75
1412.71
1417.75
1435.69
1450.68
1466.68
1488.70
1504.66
1510.76
1518.82
1529.76
1534.79
1538.79
1551.74
1566.75
1583.30
1594.82
1597.69
1627.78
1646.76
1660.73
1665.71
1675.77
1692.82
1714.81
1730.04
1736.82
1745.84
1762.86
1768.90
1775.85
1792.84
1804.87
1810.89
1827.28
1837.89
1848.96
1859.88
1864.92
1884.56
1908.00
1924.03
1946.02
1961.98
1972.91

619404.12
104342.12
21400.02
130317.95
61350.17
8845.46
20372.84
17778.00
6940.29
46463.62
134615.76
38294.02
11073.56
34036.87
110082.13
5693.19
41450.00
70456.58
4551.63
8546.40
2333.64
7858.22
27425.33
3120.39
8441.88
10009.23
15753.39
7879.37
163269.28
26994.54
10273.04
2813.98
30603.59
9880.00
4863.69
10739.00
6308.45
7722.83
1628.17
4661.92
62294.74
10499.00
11977.00
16571.89
2165.04
16771.00
241242.18
26325.78
6915.44
9992.11

1.00
0.17
0.03
0.21
0.10
0.01
0.03
0.03
0.01
0.08
0.22
0.06
0.02
0.05
0.18
0.01
0.07
0.11
0.01
0.01
0.00
0.01
0.04
0.01
0.01
0.02
0.03
0.01
0.26
0.04
0.02
0.00
0.05
0.02
0.01
0.02
0.01
0.01
0.00
0.01
0.10
0.02
0.02
0.03
0.00
0.03
0.39
0.04
0.01
0.02

4281.14
4323.10
4367.26
4429.20
4564.25
4589.12
4591.33
4726.31
4726.31
4768.37
4789.34
4812.51
4863.50
4874.44
4891.36
4924.40
5033.69
5095.63
5095.63
5157.56
5234.59
5234.59
5411.61
5484.77
5517.71
5877.85



1978.97
1990.00
1999.99
2012.01
2023.00
2044.51
2056.98
2078.03
2081.14
2086.32
2096.09
2118.06
2134.03
2140.79
2179.10
2197.10
2234.12
2250.10
2253.15
2268.18
2272.19
2282.16
2285.17
2290.14
2295.12
2300.17
2306.11
2312.12
2314.16
2320.14
2322.12
2328.09
2332.25
2345.09
2354.13
2376.19
2404.15
2422.15
2426.18
2429.25
2443.20
2446.20
2465.13
2479.20
2505.27
2509.37
2516.36
2531.24
2534.25
2549.29

16755.34
146487.19
15255.00
26519.00
19681.00
5771.25
4082.77
2600.41
4421.00
3015.78
197143.92
15606.32
5033.03
5693.38
16817.00
12063.00
2926.96
91004.84
92029.42
586200.16
127853.33
33936.50
26757.86
194800.10
9070.99
66366.28
87697.06
30167.27
8736.82
4138.82
15656.00
12549.57
6948.43
17603.00
4253.72
10236.00
10128.82
11588.24
21289.20
4538.47
135767.60
38194.28
2326.86
2451.49
4400.28
7638.94
2682.93
30814.83
27650.76
421126.78

0.03
0.24
0.02
0.04
0.03
0.01
0.01
0.00
0.01
0.00
0.32
0.03
0.01
0.01
0.03
0.02
0.00
0.15
0.15
0.95
0.21
0.05
0.04
0.31
0.01
0.11
0.14
0.05
0.01
0.01
0.03
0.02
0.01
0.03
0.01
0.02
0.02
0.02
0.03
0.01
0.22
0.06
0.00
0.00
0.01
0.01
0.00
0.05
0.04
0.68



2554.28
2561.21
2565.26
2571.22
2575.19
2581.27
2587.20
2593.23
2597.25
2604.28
2629.29
2639.49
2655.37
2673.33
2685.29
2701.31
2702.31
2727.42
2734.37
2738.32
2753.32
2796.46
2807.38
2821.41
2838.39
2842.49
2850.42
2866.31
2900.36
2919.49
2980.53
2996.48
3002.58
3008.53
3023.47
3040.46
3062.39
3078.40
3094.52
3110.65
3152.63
3176.56
3191.65
3194.71
3202.62
3208.66
3212.57
3226.32
3232.57
3242.62

29298.86
5219.44
170473.60
78890.59
13249.66
9223.94
41033.42
6963.07
12876.55
9760.94
8827.00
23727.13
8734.00
8989.00
6964.80
7797.00
8949.00
7097.00
2395.28
6430.68
1714.70
1770.92
4594.00
548.09
995.32
2057.03
3696.00
595.62
805.09
1661.18
2107.56
1356.24
1299.29
3311.30
10154.01
124890.61
5188.84
1977.70
1040.30
3451.28
4700.00
1706.77
10092.68
2623.96
8355.00
94636.81
7683.62
1414.54
932.68
5450.00

0.05
0.01
0.28
0.13
0.02
0.01
0.07
0.01
0.02
0.02
0.01
0.04
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.20
0.01
0.00
0.00
0.01
0.01
0.00
0.02
0.00
0.01
0.15
0.01
0.00
0.00
0.01



3250.54
3265.56
3344.75
3360.72
3377.31
3387.86
3404.67
3416.74
3426.72
3457.78
3473.82
3496.71
3508.73
3522.78
3536.78
3551.62
3552.67
3572.71
3582.89
3600.80
3607.94
3623.97
3634.95
3642.13
3652.85
3666.96
3680.96
3698.92
3715.98
3735.91
3746.81
3755.03
3780.56
3791.02
3796.04
3822.96
3845.00
3860.22
3877.77
3923.19
3943.28
3966.14
3968.17
3979.13
3994.30
4021.26
4043.20
4056.18
4111.22
4126.32

3883.00
3443.00
3056.00
2765.00
2120.74
3439.00
2668.00
2273.00
4294.00
2103.00
2363.65
2015.00
1769.00
1857.00
2033.00
1688.00
1737.00
1735.00
1494.00
1628.00
1948.00
550.01
1798.00
531.77
1826.00
1801.00
1678.00
2264.99
2052.00
2064.00
1694.00
1630.00
2112.00
1520.97
571.81
533.16
1739.00
553.22
1928.64
482.56
758.71
794.63
3009.88
994.25
1948.00
2322.00
2100.00
2068.00
776.02
563.45

0.01
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00



4144.16
4162.27
4184.21
4206.03
4273.34
4289.56
4297.44
4313.37
4340.54
4350.45
4365.62
4408.46
4414.49
4424.58
4449.48
4465.51
4493.53
4535.72
4595.57
4610.81
4627.66
4644.37
4692.81
4708.88
4790.97
4817.00
4833.75
4847.95
4856.38
4873.77
4887.94
4901.18
4918.35
4931.83
4971.23
4992.94
5029.92
5033.34
5065.05
5098.32
5113.53
5137.23
5151.23
5176.26
5231.16
5282.30
5291.59
5309.09
5361.43
5377.91

478.41
29110.00
2644.00
2580.00
1310.00
1108.00
1405.00
1397.00
1614.00
1107.00
1364.00
1648.00
2017.00
633.38
1081.00
1279.00
965.00
553.55
1794.00
776.26
1131.00
1091.00
541.36
5853.44
1727.00
635.74
1486.00
1393.00
377.93
1161.00
1358.00
866.00
1043.00
1024.00
969.00
964.00
909.00
1540.00
1229.00
168.19
999.00
1292.00
1274.00
1388.00
1030.00
1001.00
820.00
161.76
815.00
941.00

0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00



5443.11
5477.38
5507.06
5590.52
5647.61
5661.93
5759.33
5791.66
5798.52
5813.75
5830.14
5892.03
5966.57
6008.12
6007.01
6158.56
6688.05
6698.72
6775.68
6778.28
6951.44
7089.48
7136.19
7151.38
7339.90
7342.40
7544.56
7559.28
7659.44
7804.92
7809.19
8091.21
8094.03

598.00
851.00
891.00
990.00
2365.00
1907.72
969.00
832.00
797.00
939.00
699.11
969.00
688.00
806.00
685.00
604.00
563.00
578.00
551.00
522.00
537.00
541.00
561.00
816.00
561.00
632.00
660.00
94.45
564.00
733.00
962.00
576.00
614.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00







