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Abstract 

Title of Dissertation: Characterization of the binding and clearance mechanisms of 

coagulation factor VIII by LRP1 

Patricia Young, Doctor of Philosophy 2016 

Dissertation directed by: Dudley Strickland, PhD, Professor, Department of Surgery 

 The LDL receptor-related protein 1 (LRP1) is a member of the LDL receptor 

family and mediates the endocytosis of numerous structurally unrelated ligands. 

Currently, it is not clear how LRP1 recognizes all these ligands, but based on a structure 

of RAP D3 domain with fragments from the LDL receptor, a model has been proposed. 

The major concern with this model is that the RAP/LDLR interaction does not occur 

physiologically and thus the model may not universally apply to other receptor/ligands.  

We hypothesized that this model, in which lysine residues on the ligand dock into acidic 

pockets on the receptor, may serve as a common mechanism for LRP1 ligand binding. 

This hypothesis was investigated in studies examining the binding of the D1D2 domains 

of RAP to LRP1. This work identified a critical role for lysine 60 in D1 and lysine 191 in 

D2 for binding to LRP1 and revealed that D1D2 forms a bivalent complex with LRP1.  

 The binding mechanism between LRP1 and another known ligand, coagulation 

factor VIII (fVIII), is not well understood, as most of the studies have employed 

fragments of fVIII and LRP1. Through the combination of surface plasmon resonance 

and ELISA measurements we confirmed that, similar to D1D2 of RAP, lysine residues on 

fVIII interact with LRP1 through the formation of a bivalent complex. We also 

determined that while fVIII binds to soluble forms of cluster II and IV of LRP1, only 

soluble cluster IV competed with the binding of fVIII to full length LRP1, revealing that 



 

cluster IV represents the major fVIII binding site on LRP1. Through the use of an 

activation-resistant fVIII mutant, we determined that activation by thrombin is not 

required for removal of fVIII from circulation. Combined, these experiments reveal that 

lysine residues accessible in the non-activated form of fVIII interact with the cluster IV 

region of LRP1 to form a high affinity, bivalent complex. Our work may contribute to the 

development of approaches that will extend the half-life of fVIII in circulation, in order 

to make prophylactic treatment easier to maintain for Hemophilia A patients.  
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CHAPTER 1 – INTRODUCTION 

 

1.1 Low-density lipoprotein Receptor-Related Protein 1  (LRP1) 

 

1.1.1 LRP1 structure and expression 

The low-density lipoprotein receptor-related protein 1  (LRP1) is a member of the low-

density lipoprotein (LDL) receptor family. This receptor family includes several 

receptors that are structurally related: LDL receptor, very low-density lipoprotein  

(VLDL) receptor, epithelial glycoprotein 330/megalin (LRP2), apolipoprotein E receptor-

1, and LRP1 (1, 2). All members of the LDL receptor family consist of five common 

structural units (Figure 1.1): cysteine-rich ligand-binding (complement-type) repeats, 

epidermal growth factor  (EGF) type repeats, YWTD repeats that are predicted to fold as 

β-propeller domains, a transmembrane domain, and a cytoplasmic tail containing at least 

one NPxY motif (1–3). The EGF repeats and YWTD repeats are structured such that two 

EGF repeats proceed a YWTD domain that folds as a β-propeller domain, followed by a 

third EGF repeat (4). Through knockout studies in the LDL (5) and VLDL (6) receptors, 

this region has been shown to be critical in releasing ligands in the low pH environment 

of endosomal compartments. The cysteine-rich ligand-binding repeats, as determined by 

X-ray crystallography, are comprised of 40 amino acids each that form two loops lacking 

regular secondary structure held together by disulfide bonds (7, 8). The C-terminus of  
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Figure 1.1. Structure of members of the LDL receptor family, 
including LRP1. All members share five structural units. Ligand binding 
repeats, also referred to as complement type repeats, are responsible for 
binding ligands. EGF and β-propeller domains are critical in releasing 
ligands in endosomes. Transmembrane domains anchor the receptor in the 
cell membrane. NPxY motifs in the cytoplasmic tail serve as docking sites 
and participate in endocytosis and signaling events.   

  

 

Complement-type repeats 

β-propeller domain 

EGF repeat 

NPxY motif 

Dileucine repeat 
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each repeat loop contains a cluster of acidic residues that, in addition to the backbone 

carbonyls, coordinate around a Ca2+ ion via the side residues (7, 8).   

LRP1 is a multifunctional, endocytic receptor originally identified as the hepatic 

receptor responsible for the removal of activated α2-macroglobulin (α2M) (9). It is now 

known that LRP1 binds to over 100 structurally unrelated ligands, including lipoproteins, 

matrix proteins, and growth factors (3, 4), via its extracellular ligand-binding repeats. The 

receptor is processed from its 600 kDa form by furin cleavage in a trans-Golgi 

compartment into an 85 kDa membrane bound intracellular domain and a non-covalently 

bound 515 kDa extracellular domain (10). The intracellular domain contains 2 NPxY 

motifs which can be tyrosine phosphorylated and participate in endocytosis and signaling 

events (3, 11). The 515 kDa extracellular domain is primarily responsible for ligand 

binding due to the complement-type repeats, arranged in four clusters (I-IV) containing 

between two and eleven individual repeats each (3, 12).  

LRP1 is widely expressed in a variety of tissues including liver, placenta, lung and 

brain (13, 14). In addition, LRP1 is expressed in smooth muscle cells, fibroblasts, 

adipocytes, dendritic interstitial cells of the kidney and neurons and astrocytes in the 

central nervous system (13). Macrophages are the only blood cells that express LRP1 (13, 

14). Total knockout of LRP1 is embryonic lethal by day 13.5 post coitum due to 

hemorrhaging caused by failure to recruit vascular smooth muscle cells in the vessels (15, 

16). Because of this, current mouse models of LRP1 knockout involve tissue-specific 

knockouts only. Through knockout studies of LRP1 in vascular smooth muscle cells (17, 

18), hepatocytes (19), and macrophages (20), it has been shown that a function of LRP1 

is to protect the vasculature. Adipocyte LRP1 knockout result in delayed postprandial 
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lipid clearance and lipid-depleted brown adipocytes, which resulted in reduced body 

weight, suggesting LRP1 plays an important role in energy metabolism (21). An 

interesting role for LRP1 was discovered in endothelial cells, where LRP1 is expressed at 

low levels in contrast to its high expression in most cells. Endothelial LRP1 functions at 

the blood-brain barrier to prevent amyloid-β accumulation in the brain (22). Another 

study discovered that LRP1 regulates hypoxia-mediated angiogenesis by regulation of 

endothelial cell cycle progression (22, 23). LRP1 knockout models are discussed in depth 

in section 1.1.4. 

 

1.1.2 Receptor Associated Protein  (RAP) 

 Due to the variety of different ligands that are recognized by LRP1, mechanisms 

exist to prevent premature ligand binding while LRP1 is being processed in the 

endoplasmic reticulum (ER). Aberrant ligand binding in the ER leads to degradation and 

aggregation of LRP1 and the ligands inhibiting LRP1 transport to the cell surface. A 

protein called the Receptor Associated Protein (RAP) serves to bind to LRP1, and other 

LDL receptor family members, while in the ER to aid in successful delivery of LRP1 to 

the plasma membrane. RAP was discovered during the purification of LRP1, as the 

protein remained bound to LRP1 after purification (9, 24). Binding studies showed that 

this protein was not capable of binding LRP1 ligands such as α2M that LRP1 could bind, 

however it co-eluted with LRP1 during the LRP1 purification process (9). Subsequent 

studies revealed that RAP showed high affinity binding for multiple sites on the 515-kDa 

chain of LRP1 and was an antagonist for other ligands (25, 26).  
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 Sequence analysis of RAP determined that the protein contains a signal peptide, 

which precedes the amino terminus of the mature protein and includes a core of 

hydrophobic residues and an initiator methionine residue (24). The mature protein 

contains 323 amino acids and shares a high degree of homology with two rodent proteins: 

a mouse protein termed heparin-binding protein-44  (HBP-44) and a rat protein identified 

as a major pathogenic domain of Heymann nephritis antigen gp 300 (24). Due to the high 

degree of identity between the three proteins, they have been determined to be 

interspecies homologues. The carboxyl terminal sequence of RAP, HENL, leads to 

protein retention in the ER, revealing RAP as a distinct ER-resident protein (24, 27), 

although later studies suggest it can shuttle between the ER and cis-Golgi (28). 

 Although the entire RAP molecule has not been crystallized, the structure of RAP 

has been obtained from solved structures of individual domains. RAP contains three 

domains, domain 1 (29), domain 2 (30) and domain 3 (31), which have all been solved by 

NMR spectroscopy (Figure 1.2). These structures suggest that each domain contains 

three-bundle α-helices connected by flexible loops. In D1, the three helices consist of 

residues 23-35  (α1), 39-65  (α2) and 72-88  (α3). The helices in D2 consist of residues 

117-127  (α4), 132-161  (α5) and 184-210  (α6). In D3, the helices are slightly different in 

that one short helix is followed by two longer helices, consisting of residues 222-230  

(α7), 238-274  (α8) and 281-315  (α9). The flexible loop in D2 is disordered while the 

linkers in D1 and D3 are short and relatively well structured. Comparison of the chemical 

shifts of the backbone of amide groups in the individual domain constructs and those in 

intact RAP confirm that structures of the individual domains are maintained in the intact 

RAP (30). 
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Figure 1.2. Domain structure of Receptor Associated Protein (RAP). 
The ribbon diagram of RAP shows it comprised of three domains, D1 
(red), D2 (blue) and D3 (green). Each domain contains three α-helices 
connected by flexible loops. Structure is derived from NMR spectroscopy 
of the individual domains (30).   
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  The primary function of RAP is to serve as a chaperone protein for LRP1. Studies 

with RAP-deficient mice have shown that expression of LRP1 requires RAP. These 

RAP-deficient mice have ~25% normal LRP1 levels in liver and brain, as detected by 

immunoblot analysis (32, 33), but no deficiencies in LRP1 levels are seen in embryonic 

fibroblasts from these mice (33). Pulse-chase immunoprecipitation and western blotting 

of medium from RAP expressing cells have shown that RAP remains exclusively in the 

cell and is not secreted (24). These experiments also showed that RAP associates with 

LRP1 at an early stage of its synthesis, even before the receptor reaches the cell surface 

(24). Subcellular organelles from RAP-deficient mice contained large amount of 

unprocessed LRP1, while wild-type mice contain little unprocessed LRP1 (33). Evidence 

has shown that RAP promotes the synthesis and intracellular transport of LRP1 and 

prevents premature ligand binding, which would lead to aggregation and degradation of 

LRP1. RAP dissociates from LRP1 in the Golgi where the acidic environment leads to its 

dissociation (33, 34). The tandem D1D2 domains of RAP are important for blocking 

binding of certain ligands and the D3 domain is critical for the chaperone function for 

LRP1 (35). The low pH environment of the Golgi leads to the protonation of the histidine 

residues activating a histidine switch which destabilizes the D3 domain of RAP resulting 

in its dissociation from LRP1 (31).  

 

1.1.3 LRP1 ligands and mode of recognition  

The primary role of LRP1 is the constitutive endocytosis of ligands. Upon 

endocytosis of the ligand, LRP1 dissociates from the ligand in the endosome at pH 5.5 

and recycles back to the cell surface. LRP1 binds over 100 structurally unrelated ligands, 



 8 

some of which are highlighted in Table 1.1, including lipoproteins, proteases, protease 

inhibitor complexes, extracellular matrix proteins, growth factors, and intracellular 

proteins (3, 11, 12, 36). LRP1 can uptake chylomicron and VLDL remnants that have 

been enriched with apolipoprotein E  (apoE) and carry cholesterol esters into lysosomes 

(37, 38). Certain proteases, such as matrix metalloproteinase-9 (39) and collagenase-3 

(40), bind directly to LRP1 while others, such as matrix metalloproteinase-2 (41), only 

bind when associated with another molecule such as thrombospondin 2. LRP1 regulates 

the coagulation cascade by binding to factor VIII (42, 43), antithrombin III-thrombin 

complex (44), factor V (45), tissue factor-factor VIIa complex through tissue factor 

pathway inhibitor (TFPI) (46) to facilitate their intracellular degradation. The 

intracellular domain has been shown to interact with intracellular proteins such as 

Disabled-1 and FE65 (47, 48) through their PTB domains, specifically interacting with 

the NPXY motifs in the LRP1 cytoplasmic tail. Interactions with intracellular proteins 

allow LRP1 to be involved in intracellular signaling in addition to its role in endocytosis. 

In addition, the cytoplasmic tail of LRP1 has been shown to undergo regulated 

intramembrane proteolysis (49) and its intracellular domain (ICD) has been shown to be 

involved in transcriptional modulation (50).  

 Due to the large number of ligands that LRP1 can bind to, emphasis has been 

placed on determining how LRP1 is able to recognize a variety of structurally distinct 

ligands. A clue to how this may occur was discovered when Migliorini et al. (51) 

demonstrated that two lysine residues  (K256 and K270) are critical for the binding of the 

D3 domain of RAP to LRP1, while mutagenesis of other lysine residues reduced but did 

not ablate binding of RAP D3 to LRP1. A three dimensional structure of RAP D3 in 
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Table 1.1 Select LRP1 Ligands of the extracellular domain and their 
function.  

 
Adapted from Herz and Strickland 2001 and Lillis et al. 2008.  
 

Ligand Function 
ApoE 

Lipoprotein Lipase 
Hepatic lipase 

Chylomicron remnants 

Lipoprotein metabolism and 
transport 

tPA Fibrinolysis 
uPA Cell migration, wound healing 

Factor IXa 
Factor VIII 

Factor VIIa/TFPI 
Blood coagulation 

MMP-13 
MMP-9 
MMP-2 

Angiogenesis, metastasis 

Pregnancy Zone Protein 
α-2 macroglobulin (α2M) Pan-proteinase inhibitors, infection 

Complement C3 Infection 
PAI-1 Regulates tPA/uPA activity 

C1 inhibitor Regulates C1r/C1s activity 
Antithrombin III 

TFPI 
Heparin cofactor II 

Regulates blood clotting 

α1-Antitrypsin Regulates neutrophil elastase 
APP Unclear 

Thrombospondin-1 
Thrombospondin-2 

Calreticulin 

TGF-β activation, matrix cell 
interactions 

Lactoferrin Antibacterial 
RAP 

HSP-97 Chaperone 

HIV-Tat protein Transcriptional activation 

Protease nexin-1 Regulates thrombin and uPA 
activity 

Aβ peptide Unclear 
β2 integrins Cell migration 
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Figure 1.3. Model of RAP D3 domain binding to the LDL receptor. 
RAP D3 (blue/green) in complex with complement type repeats 3 and 4 of 
the LDL receptor (yellow/red/orange). Lysine residues in RAP D3 (blue) 
are critical for binding in acidic pockets within the complement type 
repeats (yellow). Structure is derived from X-ray crystallography (Fisher 
et al. 2006).  
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 complex with two complement type repeats 3 and 4 from the LDL receptor was 

subsequently solved by Fisher et al. (52)  (Figure 1.3). This study showed that lysines 256 

and 270 on RAP D3 dock into acidic pockets, consisting of aspartic acid or glutamic acid 

residues, in the complement type repeats on the LDL receptor. Additionally, van der 

Walls interactions from aromatic residues (phenylalanine and tryptophan) located on the 

receptor interact with the lysine side chain. Finally, an additional positively charged 

amino acid on the ligand contributes minimally to the binding. An essential calcium ion 

coordinated by the acidic residues of the complement-type repeats in the receptor 

stabilizes its acidic pocket. Jensen et al. (53) supported this model by determining that the 

lysine side chains in RAP D1 domain serve dual roles to bind to the receptor: to form 

electrostatic interactions with acidic residues and serve as hydrophobic platforms for non-

polar side residues of the receptor. The binding model of basic residues on the ligand 

docking into acidic pockets on LDL receptor family members has been confirmed by 

other ligands including ApoE (54), PAI-1 (55) and uPA/PAI-1 (56).  

 

1.1.4 Biology of LRP1 knockout mice 

 A variety of mouse models have been developed to examine the function of LRP1 

both globally and in specific tissues. A global LRP1 knockout (LRP1-/-) was developed 

by Herz et al. (15) using insertion of the neo gene into the LRP1 allele, resulting in a 

nonfunctional truncated product lacking the transmembrane segment. Heterozygote mice 

appear normal at all stages of development, however no homozygotes with the gene 

insertion survived to birth. Examination of blastocysts at 3.5 days post mating determined 

that LRP1 is not essential for pre-implantation development. Although the initial study 
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concluded that LRP1 is necessary for implantation, this was amended upon determination 

that LRP1-/- embryos survived past implantation but none survived past 13.5 days post 

coitum (16).  

 In order to gather more information as to why global LRP1-/- mice do not survive, 

Nakajima et al. (57) examined the effects of LRP1 knockout in different portions of the 

embryo. Mice with recombined LRP1 (LRP1rec/rec), resulting in global knockout, were 

compared to mice deficient in recombined LRP1 only in the epiblast. The latter mice, 

referred to as MeoxCre+LRP1rec/lox, express LRP1 in extraembryonic tissues but Cre 

expressed by Meox2 promoter ablates LRP1 in the embryo proper. LRP1 expression in 

extraembryonic tissues did not rescue LRP1rec/rec mice, indicating that LRP1 must be 

expressed in the embryo itself for proper development and survival. Further examination 

of the knockout mice determined that LRP1 plays a key role in blood vessel maturation, 

with widespread hemorrhage and circulatory failure in knockout mice. More specifically, 

the aorta of knockout mice is grossly dilated with a disorganized smooth muscle cell 

layer due to the inability to recruit pericytes and vascular smooth muscle cells to 

developing vessels. In vitro studies concluded that LRP1 plays a regulatory role in G1-

dependent sphingosine-1-phosphate signaling in plasma-derived growth factor (PDGF) -

BB induced cell migration.  

 A smooth muscle cell (SMC) specific LRP1 knockout (smLRP1-/-) has been 

produced by crossing sm22Cre transgenic mice with LRP1flox/flox animals. When fed a 

standard chow diet these mice present with medial thickening, defective aortic 

contraction and neointima hyperplasia after endothelial denudation (58). Isolated aortic 

SMCs from these mice display an epithelioid shape and have less abundant and more 
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disrupted α-actin, indicative of a synthetic rather than contractile phenotype seen in wild-

type aortic SMCs. These cells also have a higher rate of proliferation when cultured due 

to the elevated PDGF signaling caused by an absence of LRP1. Studies by Muratoglu et 

al. (17) investigating smLRP1-/- mice reveal that these mice develop aneurysms as they 

age. However, in contrast to the studies of Basford et al. (58), elevated PDGF signaling 

was not observed, suggesting that aneurysm formation results from a different 

mechanism.  

Additional studies investigating the role of SMC-LRP1 generated mice on a 

LDLR deficient background (smLRP1-/-, LDLR-/-). Mice on an LDLR-/- background are 

more susceptible to atherosclerotic lesion development, which can be controlled by high 

cholesterol diets (59). These smLRP1-/-, LDLR-/- mice display dilated aortas and aortic 

wall thickening due to SMC proliferation (18), even on standard rodent chow diet, that 

progresses with age (17). The elastic lamina of smLRP1-/-, LDLR-/- mice is grossly 

disorganized and increased collagen deposition is seen in the media and adventitia of the 

aorta (17, 18). When the mice are fed a “Western diet”, the deletion of LRP1 in SMC 

resulted in the development of accelerated atherosclerosis resulting from increased 

PDGFR-dependent signaling (18).  

 The effect of hepatic LRP1 knockout has been studied using two different models. 

The first is a hepatic knockout of LRP1 through LRP1flox/flox mice crossed with albumin 

promoter driven Cre mice, resulting in a hepatic specific knockout (hLRP1-/-). On a 

standard rodent diet, these mice have decreased plasma cholesterol levels (60, 61), due to 

a decrease in high-density lipoprotein (HDL) production (60), and higher plasma 

triglycerides (61). Decreased HDL production results from decreased cell surface 
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expression of ABCA1 in hepatocytes of hLRP1-/- mice, an important component of 

regulating HDL production. When fed a high fat diet for 16 weeks, hLRP1-/- mice show 

higher body fat content, higher plasma glucose, impaired glucose tolerance and hepatic 

insulin resistance compared to WT mice on a high fat diet (61).  

 A second hepatic LRP1 knockout mouse model is an LRP1 knockout through the 

MX1Cre promoter on an LDLR-/-ApoE-/- background (MX1Cre+LRP1flox/floxLDLR-/-

ApoE-/-) (19). Compared to wild-type mice (LRP1flox/floxLDLR-/-ApoE-/-), knockout mice 

have lower plasma cholesterol and triglyceride levels. Lower plasma cholesterol levels 

are due to a decrease in VLDL and LDL-sized fractions. While no defects in collagen 

content, elastic lamina, SMC proliferation or aneurysm formation exist in these mice, 

they have significantly larger atherosclerotic lesions compared to wild-type mice.  

 Adipocyte LRP1 knockout mice were created by crossing LRP1flox/flox mice with 

adipocyte-specific aP2-Cre (adLRP1-/-). After a bolus fat load, adLRP1-/- mice have 

delayed lipid clearance not due to defective expression of lipoprotein lipase (21). Mice 

have lower body weight due to reduced lipid assimilation by adipocytes, as shown by 

fewer and smaller lipid droplets in white and brown adipocytes. LRP1 has been shown to 

be critical in adipogenesis as siRNA-knockdown of LRP1 in pre-adipocytes results in 

fewer mature adipocytes (62).  

 Macrophage LRP1 knockout mice have been generated by lysosome M Cre mice 

crossed with LRP1flox/flox on LDLR-/-ApoE-/- background (macLRP1-/-). These mice 

display a significant increase in atherosclerotic lesion size and severity (20, 63). 

Investigation of lesions reveals increased collagen deposition (63), breaks in the elastic 

lamina, and a larger macrophage positive area within the lesion in macLRP1-/- mice (20).  
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 In contrast to most LRP1-expressing cell types, LRP1 is expressed at low levels in 

endothelial cells (14).  The levels of LRP1 are regulated by pathological conditions 

including hypoxia and Alzheimer’s disease and are tightly regulated in normal 

physiological conditions. The first role identified for LRP1 in the endothelium was that it 

functions to prevent amyloid-β accumulation in the brain (64). This was confirmed using 

a brain-endothelial specific LRP1 knockout mouse model, which demonstrated the 

critical role of LRP1 in transporting amyloid-β across the blood-brain barrier (65).   

 

1.2 Factor VIII 

 

1.2.1 Coagulation Cascade 

  Upon blood vessel injury, collagen in the subendothelium is exposed, which is 

recognized by von Willebrand Factor (vWF) (66, 67). vWF is a large multimeric 

glycoprotein produced in endothelial cells and megakaryocytes. Following synthesis, 

vWF is stored in granules in megakaryocytes (α-granules) and endothelial cells (Weibel-

Palade bodies). Release from α-granules occurs in response to platelet activation and 

Weibel-Palade bodies release vWF to regulate basal plasma levels (68). In addition to 

vWF adhering to the exposed subendothelium, platelets adhere to each other to form a 

plug at the injury site. When platelets encounter exposed collagen, they become activated 

and anionic phospholipids move from the inner to the outer leaflet of the membrane. This 

movement of phospholipids exposes glycoprotein IIb/IIIa to bind fibrinogen and 

receptors for vWF, to allow for further plug formation (69).  
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  The coagulation cascade is comprised of three pathways, extrinsic, intrinsic and 

common pathways (Figure 1.4). Exposure of the subendothelium also releases tissue 

factor (TF), which normally kept in minimal contact from other procoagulants. 

Simultaneously, factor VII (fVII) is activated and forms a complex with TF (TF/fVIIa) to 

activate factor X (fX). This pathway is known as the extrinsic pathway of coagulation. In 

parallel to the extrinsic pathway is the intrinsic pathway of coagulation, which is initiated 

by the exposure of collagen in the subendothelium leading to exposure and activation of 

factors such as kallikrein and kininogen. These exposed factors activate factor XII and 

bind to collagen at the site of injury. This initiates a protease cascade that leads to the 

activation of factor IX where it will combine with its cofactor, factor VIIIa, to form the 

tenase complex. The tenase complex, when bound to a phospholipid membrane, will 

activate fX. Both the extrinsic and intrinsic pathways converge on the activation of fX, 

which will activate prothrombin to thrombin. Activated thrombin will convert fibrinogen 

to fibrin monomers that will combine to form fibrin polymers and ultimately, the cross-

linked fibrin clot with help from active fXIII. 

  Positive feedback loops exist in the coagulation cascade to ensure rapid clot 

formation. In the extrinsic pathway, more fVIIa is generated by active fX and thrombin. 

Activated fXIIa will activate additional kallikrein and kininogen to initiate the intrinsic 

pathway. The largest source of positive feedback comes from the ability of thrombin to 

activate fVIII and fV. Thrombin activation of fVIII is a critical step as the reaction rate of 

fIXa increases approximately 100,000-fold upon binding to its active cofactor (70). In 

addition, thrombin positively feeds back to activate factor V and factor XI. Factor V 

promotes thrombin production by cleavage of prothrombin. Lastly, thrombin can activate  
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Figure 1.4 Diagram of the coagulation cascade. The coagulation 
cascade is comprised of three pathways. The intrinsic pathway begins with 
activation of kallikrein and kininogen. The extrinsic pathway begins with 
release of tissue factor and activation of fVII. Both pathways converge on 
the common pathway beginning with activation of fX and resulting in 
fibrin clot formation. 
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platelets, the basis of many clotting pathways by providing anionic phospholipids and a 

number of receptors not normally expressed on non-activated platelets (71).   

  Precise control of the coagulation cascade is regulated by the negative feedback 

loops throughout the cascade. As more thrombin is generated, more binds to 

thrombomodulin, a membrane protein found in intact endothelial cells, and inactive 

zymogen protein C will recognize thrombin-thrombomodulin complex. Protein C, a 

serine protease, becomes activated by this complex and will directly serve as an 

anticoagulant by inactivating factor V and factor VIIIa (72). Even without protein C 

cleavage, fVIIIa is very unstable with a half-life of approximately 2 minutes due to the 

dissociation of its A2 subunit (73, 74). The tissue factor pathway inhibitor (TFPI) 

regulates the initial step of the extrinsic pathway by binding fVIIa-TF complex (75).  

 

1.2.2 Structure and Expression of Factor VIII 

 Initial studies to investigate the site of fVIII production implicated the liver as the 

primary site of synthesis and liver transplantation was successfully used as a method to 

treatment hemophiliacs (76). Simultaneous studies reported hepatic endothelial cells as 

the primary cell-type responsible for fVIII production. Everett et al. (77) examined the 

fVIII secretion profile in mice where lectin mannose-binding 1 (Lman1), a cargo receptor 

required for efficient secretion of fVIII from the ER to the Golgi, is knocked out in 

hepatocytes (Lman1flox/floxAlb-Cre+) or endothelial cells (Lman1flox/floxTek-Cre+). 

Examination of fVIII levels in the knockout mice demonstrated that endothelial cells, but 

not hepatocytes, significantly contribute to the pool of fVIII. In addition, Fahs et al. (78) 

employed various tissue specific F8 knockout mice to determine which tissues were 
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responsible for fVIII production and concluded that the endothelial cell knockout most 

significantly decreased fVIII plasma levels. The knowledge that the liver is the body’s 

main fVIII-producing organ combined with a recent publication that determined that 

fVIII is synthesized in human endothelial cells bound to vWF strings (79) led to the 

conclusion that endothelial cells in the liver are the primary source of fVIII.  

 The fVIII gene is comprised of 26 exons, which includes a 19 amino acid signal 

peptide and 2332 amino acid mature protein. The domain structure of the single chain, 

mature fVIII is A1-a1-A2-a2-B-a3-A3-C1-C2, with lowercase a domains indicating short 

spacers containing acidic residues (80). While the A and C domains have approximately 

40% identity to domains in factor V (81), the B domain has no homology to any other 

known proteins. It contains the majority of glycosylation sites and appears to play a role 

in the intracellular processing of fVIII by interacting with chaperone proteins in the ER 

and Golgi. During its intracellular maturation, fVIII is inefficiently transported from the 

endoplasmic reticulum (ER) to the Golgi apparatus due to an ATP-dependent rate 

limiting step (82, 83). During processing, non-disulfide linked high molecular weight 

aggregates of fVIII form within the ER. These aggregates are enhanced by ATP depletion 

and increase in number with increased fVIII expression. The B-domain facilitates the 

interaction with chaperone proteins calnexin and calreticulin to stabilize properly folded 

protein and assist in transport to the Golgi apparatus (84). The B-domain undergoes 

proteolysis and more extensive glycosylation before cleavage at Arg1648 to generate a 

two-chain protein. The fVIII heavy chain consists of two A domains and a variable length 

B domain (A1-a1-A2-a2-B, 85-190 KDa), while the light chain is comprised of one A 

domain and two C domains (a3-A3-C1-C2, 80 KDa)  (Figure 1.5). 
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Figure 1.5. Expression and activation of fVIII. fVIII is secreted from 
hepatic endothelial cells as a two-chained protein, with the heavy chain 
bound by a metal cation to the light chain. von Willebrand Factor binds to 
fVIII to protect from premature activation or degradation. Activation 
occurs by thrombin cleavage at R372, R740 and R1689 and is known as 
fVIIIa. Inactivation occurs when the A2 domain dissociates from the 
heterodimer (A1/A3-C1-C2).  
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Once secreted from hepatic endothelial cells, fVIII circulates as a two-chained 

protein non-covalently linked by a metal cation. The metal ion-linkage, most commonly 

copper, occurs with coordination by residues in the A1 and A3 domains on the heavy and 

light chain, respectively. When fVIII is activated by thrombin or fXa in the coagulation 

cascade, cleavage occurs at three sites: Arg372 at the A1-A2 domain junction, Arg740 at 

the A2-B domain junction and Arg1689 to cleave the N-terminus of the light chain. The 

heterodimeric fVIII, consisting of the A1 domain noncovalently bound to A3-C1-C2 and 

the A2 domain, has a short half-life of 2 minutes due to dissociation of the A2 domain 

(73, 74).  

 

1.2.3 Role of von Willebrand Factor 

  Upon secretion by hepatic endothelial cells, fVIII rapidly (within 2 seconds) (85) 

and tightly (KD = 0.2  nM) (85, 86) binds to vWF and remains bound in circulation. vWF 

circulates in approximately 50-fold molar excess of fVIII, however, in vitro data 

demonstrated a 1:1 stoichiometry between fVIII and vWF (85). Interaction between fVIII 

and vWF occurs via determinants in the acidic a3 N-terminal portion and the C2 domain 

of the light chain of fVIII (87, 88). The fVIII light chain has 10-fold lower affinity to 

vWF than whole fVIII, suggesting that the heavy chain is necessary for proper binding to 

vWF (87). Residues on the N-terminal region of mature vWF are involved in binding to 

fVIII (89). The tight association between fVIII and vWF serves to stabilize fVIII in 

circulation (90) by preventing early association with components of the coagulation 

cascade such as fIXa (91) and the phospholipid membrane involved in the tenase 

complex (92, 93). Activation by thrombin or fXa removes the acidic a3 portion, leading 
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to a conformational change in the C2 domain and dissociation from vWF (87) and 

allowing fVIIIa to associate with the phospholipid membrane and serve as the cofactor 

for fIXa.  

 

1.3 Hemophilia A 

 

1.3.1 Incidence 

  Bleeding disorders result from the loss of a component of the coagulation cascade 

and can either be inherited or acquired. Hemophilia is a class of bleeding disorders that 

arise from an X-linked recessive deficiency of clotting factor VIII or IX and are referred 

to as Hemophilia A and B, respectively. The overall incidence of hemophilia is 1 in 5000 

male births, with hemophilia A occurring four times more often than hemophilia B (94). 

The severity of the disorder is classified based on the plasma procoagulant levels. Normal 

plasma fVIII level is defined as 1 IU/ml and the levels of fVIII can range from 50% to 

150% of normal. Patients with hemophilia A are defined as mild with 5-40% of normal 

levels (0.05-.4 IU/ml), moderate with 1-5% of normal levels (0.01-0.05 IU/ml) or severe 

with <1% of normal levels (<0.01 IU/ml) (95). Patients with mild hemophilia A may go 

undiagnosed depending on the levels of deficiency and stressors or life factors that may 

exist, leading to a variety of reported incidences. Generally, mild hemophilia A 

represents 25% of the cases, moderate represents 15% and severe hemophilia A 

representing 60% of the cases.  
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1.3.2 Treatment 

  Until the early 1960s, no treatments were available for hemophilia A. This 

changed when Pool et al. (96) discovered that purification of fVIII from plasma could be 

enhanced by cryoprecipitation. Cryoprecipitation of fVIII led to the production of 

purified forms of fVIII from plasma, which could be used for at home treatments. 

Primary prophylaxis, scheduled injections of fVIII given to prevent rather than treat 

major bleeds, was introduced during the 1970s. The AIDS epidemic of the 1980s greatly 

impacted the treatment of hemophilia A as patients were receiving plasma-derived fVIII 

that contained the HIV virus. Methods were developed to inactivate the HIV virus and 

other blood-borne pathogens in order to make plasma-derived fVIII safe for patients (97). 

Technology developed in the late 1980s allowed for the production of recombinant fVIII 

(98). Although plasma-derived fVIII is not now a major safety concern, it is used by only 

20-30% of hemophilia A patients (97).  

  The first generation of recombinant fVIII required human albumin for 

stabilization, potentially having the same risks for virus transmission as plasma-derived 

fVIII. Because of this, a second-generation recombinant fVIII was developed with an 

albumin-free formulation (99). Around the same time, it was discovered that a 

recombinant fVIII could be produced with the entire B-domain removed (100). The B-

domain deleted (BDD) fVIII maintained biological activity and structure (101) while 

increasing the yield. Kessler et al. (102) showed that second-generation BDD 

recombinant fVIII had a similar mean plasma half-life to that of plasma-derived fVIII in 

severe hemophilia A patients (15.4 vs 13.7 hr, respectively) and retained similar 
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pharmacokinetic properties. The third generation of recombinant BDD fVIII contains no 

human or animal protein and is ultra highly purified to further diminish concerns about 

potential blood-borne contamination (103).  

  Hemophilia A treatment can be given either prophylactically or on-demand when 

bleeds occur. As recombinant fVIII treatments have progressed, long-term prophylaxis 

has become the standard of care for patients with severe hemophilia A. Early studies of 

prophylaxis regimens demonstrated that starting treatment early and regularly resulted in 

patients with significantly decreased bleeding, joint damage and better quality of life (104, 

105). Prophylaxis is important to prevent bleeds as repeated bleeds can result in cartilage 

and bone damage and eventually arthritis. A 2 year study in Chinese children in a 

prophylactic treatment regimen noted a 83.1% reduction in joint bleeds and a 66.7% 

improvement in diseased joints compared to on-demand treatment (106). Typical primary 

prophylaxis for severe hemophiliacs involves infusions of 25-40 IU/kg fVIII two or three 

times a week (107, 108). The goal of a prophylactic regimen is to maintain trough levels 

of fVIII around 1-2% of normal to minimize bleeding events. Currently, no universal 

prophylactic treatment regimen exists for hemophiliacs, with the treatment decision up to 

the healthcare professional. One study compared a Dutch standard intermediate dose 

treatment to a Swedish high-dose regimen and noted that the higher dose regimen had a 

small but significant increase in all outcomes by age 24 (joint function, HJHS score, 

bleeds and quality of life) (107).  

  The rigorous injection schedule required to maintain prophylaxis leads to a lack of 

adherence by many patients. In the United States, approximately one-third of physicians 

do not prescribe prophylaxis due to adherence concerns (109). Adults are the most likely 
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group to refuse the advice of healthcare professionals while children are best at adherence 

due to parental supervision (108, 110). Overall adherence to prescribed regimen is 

between 80 to 87%, with 62.8% of patients described as being unconsciously non-

adherent (110). One study reported that the absence of or low frequency of symptoms is a 

barrier to successful adherence. However, a good relationship with the health care 

provider, reduced frequency of bleeds, and belief in necessity of treatment motivate 

patients to adhere to the prescribed regimen (109).  

  A major complication with treatment is the development of fVIII-specific IgG 

inhibitors. Overall, inhibitors are detected in 5-7% of hemophilia A patients with 25-30% 

of severe hemophiliacs developing inhibitors (111, 112). Inhibitor development occurs 

most often in children with initial inhibitor detected after 9 to 16 treatment days, 

depending on the study (111, 112). Primarily, inhibitory antibodies are directed again the 

A2, A3 and C2 domains of fVIII and function to sterically hinder fVIII binding to 

epitopes such as fIX, phospholipids and vWF (111). Multiple studies have indicated that 

prophylaxis regimens reduce the incidence of inhibitors compared to on-demand 

treatment (28% vs. 56%, respectively) (112, 113). The biggest risk factors for developing 

fVIII inhibitors are F8 gene mutations, with missense mutations and large deletions 

conferring the highest risk (112). Patients of African or Hispanic heritage have an 

increased risk of inhibitor formation compared to white patients (111, 112). The 

development of inhibitors is a hurdle for health professions treating hemophiliacs and is 

an ongoing problem that warrants further research.  

The future of hemophilia A treatment focuses on extending the half-life of 

recombinant fVIII in order to make a prophylactic regimen easier to maintain. Longer 



 26 

lasting recombinant fVIII could decrease the frequency of injections, high troughs, 

increased use of prophylaxis and a better quality of life. Currently, research is focused on 

polyethylene glycol-fVIII (PEG-fVIII) and the Fc-fVIII as means to extend the half-life 

of fVIII in circulation. The attachment of PEG molecules creates a hydrophobic area 

surrounding the protein to reduce its clearance and remain in circulation longer (94, 108). 

Fusion with an Fc fragment of IgG protects endocytosed fVIII from degradation and 

recycles fVIII into circulation, resulting in an extended half-life (108). While both 

strategies are effective in extending the half-life of fVIII, research into the clearance 

mechanisms of fVIII must continue in order to further develop enhanced treatment 

strategies.  

 

1.3.3 Cost of Hemophilia A 

  Although hemophilia A is a relatively rare disease, its cost to those affected is 

disproportionately high. Direct costs for those with hemophilia A include replacement 

fVIII, cost of healthcare services, hospitalizations, and medical supplies. A 

comprehensive study examining the health care expenditures of Medicaid-covered males 

of all ages determined that the annual expenditure in 2008 averaged $148,215 with a 

median of $49,109 (114). When broken down by age groups, adults have a higher annual 

average cost than children ($194,549 vs $113,867, respectively) with the majority of the 

cost from replacement factor alone, accounting for $106,807. The cost of clotting factor 

consumption ranges from 45% for mild hemophilia A to 83% for severe hemophilia A 

(115). The most prohibitive aspect of prophylactic treatment is the cost of replacement 

fVIII. Constant injections of fVIII requires more clotting factor than on-demand 
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treatment, and lower dose regimens tend to have more success as patients can afford to 

adhere to treatment (108). Indirect costs of hemophilia A result from lost work by 

affected individuals, lost work by family members due to unpaid caregiving and general 

unpaid caregiving. These costs are significantly decreased in patients on prophylactic 

treatment compared to those receiving on demand (115).  

In addition to the high economic cost of hemophilia A, the disease also has a 

significant impact on overall health. Over time, recurrent bleeds result in hemophilic 

arthropathy and permanent joint damage (112), which can be attenuated by adherence to 

prophylaxis treatment (106, 116). Joint disease begins at a young age in hemophiliacs, 

with one study finding chronic, well-established arthropathy by age 6 in 85% of patients 

(106). Further, each time a hemophiliac experiences a bleeding episode, blood pressure 

deviates from normal and many severe hemophiliacs develop hypertension (117, 118) 

and cardiovascular disease (119, 120) later in life.  

 

1.4 fVIII/LRP1 interactions 

 

1.4.1 In Vitro Data 

 The identification of LRP1 as a receptor involved in the removal of fVIII from 

circulation was reported by Lenting et al. (42) and Saenko et al. (43) when they noted 

direct interaction between the two proteins, with an affinity of approximately 60 nM. The 

interaction was sensitive to RAP, indicative of direct and specific binding. Both studies 

showed that LRP1 expressing cells, but not LRP1 deficient cells, could efficiently 
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internalize and degrade fVIII, but differ on the role of vWF in this interaction. While 

Lenting et al. (42) determined that vWF inhibited fVIII uptake in CHO cells, Saenko et al. 

(43) noted that 125I-fVIII/vWF complex is efficiently internalized by MEFs, although 2-

fold less than 125I-fVIII alone. Subsequent studies confirm that vWF directly inhibits 

fVIII interaction with LRP1 while also suggesting that vWF may be able to bind to LRP1 

under shear stress conditions (121, 122). In macrophages that express LRP1, fVIII is 

efficiently internalized and fVIII/LRP1 co-localizes with early endosomal marker EEA1, 

confirming LRP1-dependent endocytosis of fVIII (122).  

 Upon determination that fVIII interacts with LRP1 in a RAP- and vWF-sensitive 

manner, further investigation has been done to determine specific regions involved in 

binding. The heavy chain of fVIII has been shown to displace 125I-fVIII binding to LRP1 

(43) and to weakly associate directly with LRP1 (KD ~450 nM) (123). The weak 

association is explained by the knowledge that thrombin activation of the heavy chain, 

resulting in cleavage between the A1 and A2 domains, greatly increases its affinity for 

LRP1. Specifically, sites on the A2 domain mediate binding of the heavy chain to LRP1 

that are only exposed after thrombin activation (123). Mutagenesis of the A2 domain 

implicated several residues, including K466, R471 and K499, as being critical for binding 

to LRP1 but did not have an impact on the functional activity of fVIII (124, 125).  

 The light chain of fVIII has been strongly implicated in binding to LRP1. The 

isolated light chain can bind to LRP1 with almost equal affinity as the intact fVIII (42, 

126). Hydrogen-deuterium exchange with mass spectrometry examining the binding 

between fVIII and cluster II of LRP1 revealed that the predominant regions involved 

were in the a3, A3, C1 and C2 domains of the light chain (127). Two binding sites to 
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LRP1 are present in the light chain, one high-affinity and another slightly lower affinity 

site. The high-affinity site is present in the A3-C1 region (KD ~20 nM) with a lower 

affinity site within the C2 domain (KD ~3 µM) (126).  

LRP1 binding to ligands occurs via clusters of complement-type repeats on the 

extracellular domain. The light chain (126, 128) and isolated A2 domain (124, 125) have 

been shown to bind to isolated clusters II and IV of LRP1. Further investigation suggests 

that Q1811-K1818 in the A3 domain is an important region in binding to LRP1 cluster II 

(126). Studies employing the A2 domain suggest that complement-type repeats 3-8 in 

cluster II and 23-29 in cluster IV are critical in binding, however it is important to note 

that this was shown for the isolated A2 domain only (125). FVIII can only bind to cluster 

III upon activation by thrombin, specifically to complement-type repeats 14-19 (129).  

It has been suggested that fVIII binding to LRP1 is consistent with the model of 

LDL receptor family members binding to ligands, as described above (see Chapter 1.1.3). 

A recent publication examined the interaction between the fVIII light chain and LRP1 

cluster II determined that specific chemical modification of lysine residues in the fVIII 

light chain ablated the interaction (127). Site-directed mutagenesis of lysine residues 

within the light chain of fVIII, either alone or in groups, suggests lysine 1693/1694, 

1813/1818, 1827, 2065 and 2092 as potential interaction sites to LRP1 (127). Lysine 

residues in the A2 domain have been suggested as interaction sites (124, 125), however, 

further analysis showed that mutation of these residues in intact fVIII had no impact on 

the binding to LRP1 (130). This is likely due to the residues being buried when the other 

domains of fVIII are present and raises the issue of drawing conclusions from studies 

conducted exclusively in isolated domains.  
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1.4.2 In vivo Data  

In addition to in vitro binding data showing interaction between fVIII and LRP1, 

numerous studies have determined an in vivo significance to this interaction. In the initial 

report of fVIII/LRP1 interaction by Saenko et al. (43), the clearance rate of 125I-fVIII in 

complex with vWF was determined in Balb/c mice in the presence or absence of RAP. 

Co-injection of 125I-fVIII/vWF with RAP resulted in a 3.3-fold increase in plasma half-

life. To determine the effect of LRP1 on fVIII clearance without vWF, Schwarz et al. 

(131) used a mouse model for severe von Willebrand Disease completely lacking vWF. 

Administration of RAP in these mice increased fVIII activity levels 2-fold and pre-

injection of RAP before infusion of fVIII resulted in 2-fold higher antigen levels 1 hour 

post injection.  

 Without co-injection of RAP, the bulk of radioactivity from 125I-fVIII was found 

in the liver, implicating hepatic receptors as the main clearance site for fVIII (132). To 

investigate further, studies used an inducible hepatic LRP1 knockout created by 

MX1Cre+ mice crossed with LRP1flox/flox mice. Hepatic knockout mice had an 

approximate 2-fold increase in plasma fVIII levels post-induction that remained elevated 

6 weeks post-induction (133, 134). Injected human fVIII had a 1.6-fold slower clearance 

in LRP1-/- mice compared to control mice (133, 134). RAP-sensitive clearance was 

determined by adenoviral overexpression of RAP in control mice, with a 3.5-fold 

increase in fVIII levels. Interestingly, a 2-fold increase in fVIII levels was seen in LRP1-/- 

mice with RAP overexpression, suggesting additional RAP-sensitive mechanisms of 

clearance (133).  
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1.4.3 Genotypes in humans  

 The connection between plasma fVIII levels in humans and genetic mutations in 

LRP1 is an area that requires further investigation. One study examined the impact of the 

-25C/G polymorphism in the LRP1 promoter in women after a confirmed deep vein 

thrombosis episode of a lower limb (135). It was determined that the presence of the G 

allele (CG or GG), which predicts increased LRP1 expression, results in 15% reduction 

in plasma fVIII activity levels. Three additional polymorphisms in LRP1 have been 

studied: D2080N, A217V and C766T. In patients with confirmed venous 

thromboembolism, no effect on fVIII levels was seen by any of the three mutations (136). 

In contrast, Morange et al. (137) examined the impact of the N allele of D2080N in 100 

healthy nuclear families and concluded that it resulted in decreased fVIII levels compared 

to the D allele (90.4 ± 8.7 vs 102.2 ± 3.5 IU/dl, respectively). Further study must be done 

to determine if LRP1 polymorphisms can predict plasma fVIII levels.  

 

SPECIFIC AIMS 

 

Aim 1. Determine if a common binding mechanism occurs for multiple ligands to 

LRP1 

LRP1 is able to bind to over 100 structurally unrelated ligands through its 

extracellular complement type repeats. Because of this, many studies have investigated a 

mode of binding for ligands to LRP1. A three dimensional structure of the RAP D3 

domain in complex with CR34 of the LDL receptor suggested a model in which lysine 

residues dock into acidic pockets on the receptor (52). A major concern with this model is 
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that the RAP/LDLR interaction does not occur physiologically, as the binding affinity is 

quite low. However, mutation of two critical lysine residues in D3 dramatically reduced 

the affinity of D3 for LRP1, suggesting that this model may be correct.  Little is known 

about how the D1 and D2 domains of RAP interact with LRP1 and parts of this aim will 

investigate the mechanism of binding.  

While it is known that LRP1 binds to fVIII, the molecular details of this 

interaction are poorly understood. It is not known if fVIII interacts with LRP1 via the 

canonical model proposed for other LDL receptor family members. Previous studies have 

sought to determine individual residues involved in binding fVIII to LRP1 but none have 

had definitive success. This is likely due to the exclusive use of fragments of fVIII or 

LRP1 rather than intact proteins, resulting in erroneous conclusions. We propose that by 

combining the use of BDD fVIII, full length LRP1, and LRP1 fragments we can define 

the molecular intricacies involved in the interaction of the two proteins. The objective of 

specific aim 1 is to define the mechanism of binding between D1D2 and fVIII with LRP1 

and determine if a common mode of binding exists for multiple LRP1 ligands. This will 

be accomplished by the following sub-aims:  

 

1.1 Investigate the mechanism of RAP D1D2 binding to LRP1. 

1.2 Investigate lysine residues involved in binding D1D2 to LRP1. 

1.3 Determine the mode of binding between fVIII and LRP1.  

1.4 Define the regions of LRP1 involved in binding to fVIII.  
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Aim 2. Determine if activation of fVIII is required for its clearance 

Bovenschen et al. (123) demonstrated that the purified fVIII heavy chain binds 

poorly to LRP1, and that its binding to LRP1 is dramatically increased upon cleavage 

with thrombin. These results have two implications. First, the data suggest that native 

fVIII interacts with LRP1 via determinants on its light chain, most likely on the A3 or C1 

domains. Second, the results suggest that the affinity of fVIII for LRP1 should be greatly 

increased upon conversion to fVIIIa due to exposure of the heavy chain binding sites, 

most likely on the A2 domain. If so, fVIIIa may represent the form of fVIII that is 

preferentially cleared by LRP1 in vivo. Experiments in this aim will test the hypothesis 

that activation is required for efficient clearance of fVIII by employing an activation-

resistant fVIII mutant in which the thrombin cleavage sites (R372 and R1689) have been 

mutated to alanine. This will be accomplished by the following sub-aims: 

 

2.1 Characterize the impact of activation resistance on the in vitro binding of fVIII 

to LRP1.  

2.2 Determine clearance of activation resistant fVIII in Balb/c mice. 
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CHAPTER 2. MATERIALS AND METHODS 

 

Cell lines, purification columns, proteins, buffers, antibodies 

Baby hamster kidney (BHK) cells transfected with WT HSQ fVIII or with 

R372/1689A HSQ fVIII, described previously (138), were generously provided by Dr. 

Pete Lollar (Emory University, Atlanta). These cells were maintained in DMEM/F12 

(Corning) supplemented with 10% fetal bovine serum (FBS), penicillin/streptomycin and 

100 µg/ml Geneticin. LRP1-deficient Chinese hamster ovary cells (CHO 13-5-1) have 

been described previously (139).  Cells were maintained in DMEM/F12 supplemented 

with 10% FBS and penicillin/streptomycin. WI38 cells, human lung fibroblast cells, were 

obtained from American Type Culture Collection (ATCC). These cells were maintained 

in DMEM (Corning) supplemented with 10% FBS and penicillin/streptomycin. AIMV 

media was purchased from Gibco.  

 SP Sepharose and HiTrap Q columns were purchased from GE Healthcare (71-

7128-00 AG and 17-1153-01, respectively). One stage coagulation assay was performed 

using Diagnostica Stago ST4 Hemostasis Analyzer. Human plasma was purchased from 

Affinity Biologicals and fVIII deficient plasma was purchased from Haematologic 

Technologies Inc. Cephen 2.5 Activated partial thromboplastin time reagent (APTT) was 

purchased from Hyphen-Biomed. 

Recombinant human LRP1 cluster II, III and IV Fc chimera proteins were 

purchased from R&D Systems. Cell lysis buffer, MPER buffer (Thermo Scientific), 

contained 25 mM bicine buffer, pH 7.5 and protease inhibitors (Thermo Scientific).  1x 
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SDS sample buffer contained 50 mM Tris, pH 6.8, 2% SDS, 10% glycerol, 12.5mM 

EDTA, and 0.02% bromophenol blue. Antibodies used in assays are the following: 

 

Antibody Antigen Company 

9E10 c-Myc 

Cell line producing 
monoclonal antibody 

purchased from ATCC 
(ATCC®-CRL-1729™) 

8G1 α-chain of LRP1 Previously described 
(140) 

ESH8 fVIII light chain Previously described 
(141) 

Anti-Mouse IgG Alkaline 
Phosphatase Conjugate Mouse Sigma 

Anti-Human IgG (Fc 
Specific) 

Fc fragment of human 
IgG Sigma 

IRDye 800CW Donkey anti-
Mouse Mouse LI-COR Biosciences 

Strepavidin-Alkaline 
Phosphatase Strepavidin GibcoBRL 

 

LRP1 purification  

LRP1 was purified from human placenta, adapted from previously published 

methods (9). All steps were performed at 4°C, unless otherwise noted. Fresh placenta was 

obtained from the University of Maryland Medical Center and washed with cold TBS (50 

mM Tris, 150 mM NaCl, pH 7.4) and 200 mM sucrose. The placenta was ground and 

stored at -80°C until needed. To begin purification, placenta was thawed and pooled. 

Equal volume wash buffer (TBS pH 7.4 + 1 mM CaCl2 + 1 mM MgCl2 + PPACK + 

PMSF + pepstatin + leupeptin) was added to the placenta and blended. Blended placenta 

was centrifuged at 8000 rpm for 20 min. Supernatant was discarded, the pellet was added 

to a blender with equal volume extract buffer (wash buffer + 50 mM octyl-β-D-

glucopyranoside), and chopped in 6-10 second bursts. Extract was added to a beaker and 
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~300 ml extract buffer was added before stirring for 2 hours at 4°C. The suspension was 

centrifuged for 8000 rpm for 20 minutes and supernatant was kept. Supernatant was 

added to plain Sepharose and rotated for 1 hour.  

Pre-cleared extract was collected by a sintered funnel and α2M-Sepharose was 

added for rotation overnight. Extract containing α2M-Sepharose was added to an empty 

column and flow through was kept. Column was washed with wash buffer (TBS, pH 7.4 

+ 1 mM CaCl2 + 1 mM MgCl2 + 25 mM octyl-β-D-glucopyranoside) until the 

absorbance was close to baseline. LRP1 was eluted in buffer containing TBS + 20 mM 

EDTA + 25 mM octyl-β-D-glucopyranoside and LRP1 containing fractions were 

identified by measuring the absorbance at 280 nm. The stored flow through was added to 

clean α2M-Sepharose for an additional overnight rotation and subsequent steps. 

LRP1 containing fractions were pooled and spun at 10,000 g for 10 minutes to 

remove particulates. A MonoQ column was equilibrated (TBS pH 8.2 + 20 mM octyl-β-

D-glucopyranoside) prior to addition of LRP1 containing fractions. LRP1 was eluted 

using a 1-100% linear gradient to high salt buffer (TBS pH 8.2 + 20 mM octyl-β-D-

glucopyranoside + 2.5 M NaCl), collecting 0.5 ml fractions at 0.5 ml/min over 60 

minutes. LRP1 elutes at approximately 0.55 M NaCl followed by a DNA-containing peak. 

LRP1 containing fractions were run on 4-12% SDS-PAGE gel to validate quality, pooled 

and stored at -20°C until used. 

 

Expression and Purification of RAP and RAP fragments 

RAP D1 (1-99), RAP D2 (100-216) and RAP D1D2 (1-216) were expressed in E. 

coli and purified as described previously (26, 142). Briefly, E. coli culture lysate 
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containing the GST-tagged protein was added to a GSH-Sepharose column equilibrated 

in buffer containing 20 mM HEPES, 0.1 M KCl, 1 mM DTT and 0.5 mM EDTA pH 7.5. 

The flow through was collected and the column washed with equilibration buffer. GST-

protein was eluted with equilibration buffer containing 25 mM GSH. GST-protein 

containing fractions were pooled and dialyzed into TBS.  Sample was cleaved by 

thrombin for 1 hour at room temperature before re-applied to the GSH-column to remove 

GST. Fractions of the flow through containing protein were collected, pooled and 

dialyzed into HBS (20 mM HEPES + 150 mM NaCl) containing 5 mM CaCl2. 

Purification was confirmed by SDS-PAGE.  

 

Circular Dichroism  

Circular dichroism (CD) spectra were recorded on a Jasco-715 spectropolarimeter 

with a Peltier PFD-350S unit for temperature control. Proteins were dialyzed in 10 mM 

phosphate buffer, pH 7.5 for all spectra. Spectra were collected at 20°C and 90°C from 

260-190 nm in a 1 mm cell, with data recorded every 0.1 nm. To measure the effect of 

temperature on protein folding, measurements at 222 nm were recorded from either 5°C 

or 20°C up to 90°C in steps of 0.1°C using a 1-mm path length cell. 

 

Chemical Modification of D1D2 

Chemical modification of RAP D1D2 to block the primary amines in lysine side 

chains was performed using Sulfo-NHS- Acetate (Thermo Fisher Scientific). Sulfo- 

NHS-Acetate was dissolved in H2O to make a 10 mM solution. 1 mg RAP D1D2 was 

incubated with an equal mass amount of the Sulfo-NHS-Acetate in HEPES Buffered 
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Saline for 1 hour at room temperature. The modified RAP D1D2 protein was dialyzed 

into HBS to remove the excess Sulfo-NHS-Acetate. The resulting protein was run on a 4-

12% Bis-Tris gel to confirm protein purity and molecular weight. 

 

Site-Directed Mutagenesis 

Mutagenesis of RAP D1D2 was performed using GENEART Site-Directed 

Mutagenesis System (Invitrogen) according to the manufacturer’s protocol using RAP 

D1D2 pGex2T as a template. Primers were designed to introduce the mutation of interest 

and mutations were confirmed by sequencing both strands using forward and reverse 

sequencing primers of pGex2T vector.  

 

Competition Assay with D1D2 mutants 

 RAP D1D2 was iodinated with iodogen as described previously (26). Microtiter 

wells in 96-well plates were coated with human LRP1 (4 µg/ml in TBS, 100 µl/well) 

overnight at 4°C. Wells were blocked in 300 µl assay buffer (20 mM HEPES, 0.15 M 

NaCl, 2 mM CaCl2, 0.1% Tween 80 and 1% BSA) for one hour at 37°C. Wells were 

washed three times with 300 µl assay buffer before addition of 100 µl of 125I-RAP D1D2 

in the presence or absence of a competitor. Binding occurred overnight at 4°C. Wells 

were washed and radioactivity in each well was counted to determine 125I-RAP D1D2 

bound to LRP1. 
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Lysine Modification of fVIII 

BDD fVIII was coated on 96-well plates at 5 µg/ml in 0.1 M NaHCO3 pH 9.6 and 

left to coat overnight at 4°C. fVIII to be modified was incubated with 10 mM EZ-Link 

Sulfo-NHS-Biotin (Thermo Fisher Scientific) for 2 hours on ice before washed with 

assay buffer (20 mM HEPES, 0.15 M NaCl, 2 mM CaCl2, 0.1% Tween-80 and 1% BSA). 

Successful modification was determined by incubation of BDD fVIII-coated wells with 

Sulfo-NHS-biotin followed by detection with Streptavidin-Alkaline Phosphatase 

antibody diluted 1:2000. Even coating of all wells was determined by incubation of 

coated wells with anti-fVIII specific antibody ESH8. All wells were blocked with assay 

buffer for one hour at 37°C. LRP1 was added to the wells (0.55 – 400 nM, three-fold 

dilution) containing unmodified or modified fVIII and incubated overnight at 4°C. After 

washing, LRP1 bound to fVIII was detected by 8G1, followed by anti-mouse antibody 

conjugated to alkaline phosphatase at 1:3000 dilution. Phosphatase substrate was diluted 

to 2 mg/ml in 0.1 M glycine, 1 mM MgCl2 and 1 mM ZnCl2 pH 10.4. Readings were 

taken at 410 nm, and the readings were normalized by subtracting the reading from wells 

containing 0 nM LRP1. 

 

Surface Plasmon Resonance 

Binding of fVIII to LRP1 or vWF was measured using BIAcore 3000 optical 

biosensor (GE Healthcare Life Sciences). For SPR experiments, LRP1 or vWF was 

amine coupled to the chip to approximately 9000 resonance units and the experiments run 

at a flow rate of 20 µl/min. Prior to injection, ligands were dialyzed into 0.01 M HEPES 

+ 150 mM NaCl + 1 mM Ca2+ + 0.005% Surfactant P and diluted to the desired 
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concentrations in the same buffer. Between sample runs, the chip was regenerated with 

100 mM phosphoric acid to allow for consistent measurements. For ionic strength 

experiments, fVIII was dialyzed into buffer containing 10 mM HEPES + 1 mM CaCl2 + 

0.005% Surfactant P and various concentrations of NaCl (150, 250, 500 and 1000 mM). 

Samples were prepared to desired concentration in the same buffer and surface plasmon 

resonance run as stated above.  

 

Kinetic Analysis of Surface Plasmon Resonance Data 

The data for fVIII to LRP1 were fit to Scheme I using numerical integration algorithms 

available in BIAevaluation software: 

 

Scheme I:  

Where A represents fVIII and B represents LRP1. For numerical integration, the 

following equations were used: 

 

A = Concentration of fVIII 

B= LRP1 coated on the SPR chip 

B[0] = Rmax 

AB[0] = 0 

AB1[0] = 0 

dB/dt = -(ka1*A*B – kd1*AB) 

dAB/dt = (ka1*a*b – kd1*AB) – (ka2*AB – kd2*AB1) 

A + B                  AB                   AB1 
Ka1 

Kd1 

Ka2 

Kd2 
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dAB1/dt = (ka2*AB – kd2*AB1) 

 

Total response: AB + AB1 

 

For RAP D1D2 binding to LRP1, the data were simultaneously fit to Scheme I 

and Scheme II using numerical integration algorithms available in BIAevaluation 

software. 

Scheme I:  

Scheme II:  

Where A represents D1D2, B1, binding site 1 on LRP1, B2, binding site 2 on LRP1, AB1, 

LRP1:D1D2 complex at site 1, AB2, LRP1:D1D2 complex at site 2 and ABx, 

LRP1:D1D2 bivalent complex. 

For numerical integration, the following were used:  

A = Concentration  

B1[0] = RMax1  

B2[0] = RMax2  

AB1[0] = 0  

AB2[0] = 0  

ABx[0] = 0  

 

dB1/dt = - (ka1*A*B1 - kd1*AB1)  

A + B                  AB                   ABx 
Ka1 

Kd1 

Ka2 

Kd2 

A + B2                  AB2  
Ka1 

Kd1 
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dB2/dt = - (ka1*A*B2 - kd1*AB2)  

dAB1/dt = (ka1*A*B1 - kd1*AB1) - (ka2*AB1 - kd2*ABx)  

dAB2/dt = (ka1*A*B2 - kd1*AB2)  

dABx/dt = (ka2*AB1 - kd2*ABx)  

 

Total response: AB1 + AB2 + ABx  

The overall equilibrium binding constant for Scheme I (KA1) is calculated as: 

KA1 = (ka1/kd1)*(1 + (ka2/kd2)  

The equilibrium binding constant for Scheme II (KA2) is calculated as:  

KA2 = Ka1/Kd1 

 

To facilitate the fitting process, initial estimates for kd1 and kd2 were first obtained 

by fitting the dissociation data globally to a two exponential decay model. The values 

obtained from these fits were then used to constrain kd1 and kd2 in the fit of the 

experimental data to Scheme I. During this process, ka1 and ka2 were fit globally while 

Rmax1 and Rmax2 were fit locally. 

For equilibrium binding analysis the association data were fit to a pseudo-first 

order process to determine Req values, which were plotted vs. ligand concentration. The 

KD value was determined by fitting the data to a single class of sites using non-linear 

regression analysis employing GraphPad Prism 6.0 software 
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ELISA 

96-well plates were coated with fVIII at 5 µg/ml in 0.1 M NaHCO3 pH 9.6 and 

left to coat overnight at 4°C. Even coating of wells was detected by ESH8 antibody in 

separate wells (data not shown). Wells were blocked with assay buffer for one hour at 

37°C. LRP1 Cluster II, III or IV diluted in assay buffer was added to the top wells of the 

plate in duplicate, and diluted 1:3 down the plate with no cluster added to the bottom well. 

Samples were incubated overnight at 4°C. After washing, LRP1 cluster bound to fVIII 

was detected by Human Anti-Fc antibody conjugated to alkaline phosphatase at 1:1000 

dilution. Phosphatase substrate was diluted to 2 mg/ml in 0.1 M Glycine, 1 mM MgCl2 

and 1 mM ZnCl2 pH 10.4. Absorbance was measured at 410 nm. Binding to RAP 

controls were used to ensure quality of all LRP1 clusters. Binding of LRP1 clusters to 

BSA only coated wells was also performed to detect background binding. 

 

Competition Assay for fVIII 

Purified LRP1 or LRP1 cluster II/IV were coated between 3-5 µg/ml in TBS on 

96-well plates and left to coat overnight at 4°C. Wells were blocked with assay buffer (20 

mM HEPES, 0.15 M NaCl, 2 mM CaCl2, 0.1% Tween-80 and 1% BSA) for one hour at 

37°C. Wells were washed three times with assay buffer. 20 nM BDD fVIII in assay 

buffer was added to the wells in the absence or presence of competitor at the indicated 

concentrations. Binding of fVIII to LRP1 or LRP1 cluster II/IV was measured by 1:1000 

dilution of a mix of anti-fVIII antibodies C4 and 413, then detected by anti-mouse 

alkaline phosphatase conjugated antibody. Phosphatase substrate was diluted to 2 mg/ml 

in 0.1 M Glycine, 1 mM MgCl2 and 1 mM ZnCl2 pH 10.4 and absorbance readings were 
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taken at 410 nm. The data are represented as percent bound, with 100% determined by 

the amount of BDD fVIII bound in the absence of a competitor.  

 

Cell-mediated Internalization 

BDD fVIII was iodinated with iodogen as described (26). Cellular uptake assays 

were performed essentially as described (143). Briefly, WI38 cells were seeded into 12-

well culture dishes (1 X 105 cells/well) and grown in DMEM medium supplemented with 

10% FBS and 1X penicillin/streptomycin until cells reached approximately 50% 

confluence. Cells were washed with PBS and incubated in serum-free DMEM medium 

containing 1 mM CaCl2, 20 mM HEPES and 1.5% BSA for 1 hour at 37°C before the 

assay. Following washing, 500 µl 125I-BDD fVIII (20 nM) or 125I-tPA/PAI-1 (10 nM) was 

added to each well in the presence or absence of a competitor (Cluster II or Cluster IV, 

500 nM). Following a 4 hour incubation at 37°C, cells were washed with PBS followed 

by 0.1 M Glycine, pH 2.5 for 1 minute. Cells were washed with PBS and detached from 

the plate with trypsin with 50 mM EDTA and 50 µg/ml Proteinase K. Cells were spun 

down at 6,000 rpm for 3 minutes and internalization was defined by radioactivity in the 

cell pellet. The cell numbers were counted in separate wells for normalization. The data 

are represented as percent internalized, with 100% determined by the amount of 125I-

BDD fVIII or 125I-tPA/PAI-1 internalized in the absence of a competitor.  

 

Thrombin activation of fVIII 

 50 µl of 200 nM of purified WT or R372/1689A BDD fVIII were incubated with 

1 µl of 10 µM human α−Thrombin (Enzyme Research Laboratories) for 2 minutes at 
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room temperature. Activation was stopped by 2 µl of 100 µM PPACK (Enzo Life 

Sciences). Samples before and after thrombin activation were separated on 4-20% Tris-

Glycine gel in 4X reduced SDS buffer. Bands were visualized by silver stain (Thermo 

Fisher Scientific).   

 

 

125I-fVIII Clearance in Balb/c mice 

Prior to the experiment, BDD fVIII was labeled with 125I and amount of TCA 

precipitable protein was determined. 125I-labeled fVIII was combined with 3 µg/ml BSA 

(final concentration) in the presence or absence of 10% TCA (final concentration). Upon 

precipitation, samples were spun down at 6000 rpm for 3 minutes and 10 µl of the 

supernatant was counted to determine the percentage of TCA-precipitated protein. 

Samples containing less than 10% TCA precipitable protein were used for experiments. 

Balb/c mice were injected with 200 µl of 20 nM 125I-fVIII via their tail vein. An initial 2-

minute blood draw was taken via facial vein and all other time points (30, 60, 120 and 

300 min) were taken by alternate eye retro orbital bleed. The amount of blood drawn was 

normalized by weight and whole blood was counted for amount of radioactivity present. 

The percent remaining in the circulation was calculated based on setting the amount of 

radioactivity at 2 minutes to 100%. Clearance rates were fit by two-phase exponential 

decay using the GraphPad Prism software with constraints set to YO =100 and plateau = 0. 
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CHAPTER 3. EXPRESSION AND PURIFICATION OF BDD FVIII 

 

WT BDD and R372A/R1689A BDD fVIII were produced from BHK cells 

transfected with the mammalian expression vector ReNeo containing human fVIII cDNA, 

denoted as HSQ fVIII which contains a linker, SFSQNPPVLKRHQR, that connects the 

A2 and A3 domains as described previously (138, 144). Clones having the highest levels 

of fVIII expression were previously selected for further growth and the transfected cells 

were generously provided by the laboratory of Dr. Pete Lollar. BHK cells were grown in 

DMEM/F-12 media containing 10% FBS, penicillin/streptomycin, and 100 µg/ml 

Geneticin. When BHK cells were 65% confluent in Nunc-triple flasks, serum-containing 

media was replaced by serum-free AIMV media. Twenty-four hours later, fVIII 

expression and activity was tested by one-stage coagulation assay (see below) and the 

media collected when fVIII expression was between 1-3 U/ml. The media was replaced 

and the process repeated until the cells sloughed off. The collected conditioned media 

was stored frozen at -35°C until used for purification of fVIII.  

A two-step ion exchange chromatography procedure was used to purify BDD 

fVIII from conditioned media. A diagram of the expression and purification scheme is 

presented in Figure 3.1. The fVIII containing media was loaded onto a 70 ml SP-

Sepharose column equilibrated with 0.18 M NaCl, 20 mM HEPES, 5 mM CaCl2, and 

0.01% Tween-80, pH 7.4. fVIII was eluted with a linear 0.22 – 0.65 M NaCl gradient in 

the same buffer. Fractions containing fVIII, based on coagulation assay, were pooled, 

diluted to 0.18 M NaCl in the same buffer and applied to a HiTrap Q HP column 
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Figure 3.1. Expression and purification scheme of BDD fVIII from 
BHK cells.  
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equilibrated with 0.18 M NaCl in same buffer. fVIII was eluted with a linear 0.25 - 0.95 

M NaCl gradient. A typical elution profile for each column is shown in figure 3.2. 

Fractions were analyzed by one-stage coagulation assay for WT BDD fVIII. For 

R372/1689A BDD fVIII, fractions were analyzed with human specific fVIII ELISA 

(Affinity Biologicals F8C-EIA). Upon final purification, fractions were pooled and run 

on SDS-PAGE 4-20% Tris-Glycine gels followed by silver stain to verify purity of the 

sample (Figure 3.3).  

A one-stage coagulation assay was performed using a Diagnostica Stago ST4 

Hemostasis Analyzer to determine activity of fVIII present in samples. Normal human 

plasma and fVIII-deficient plasma were rapidly thawed in a 37°C water bath and then 

kept on ice until use. CaCl2 and activated partial thromboplastin time (APTT) reagents 

were warmed to 37°C. 50 µl of fVIII-deficient plasma was added to each incubation well 

and allowed to warm to 37°C for 30-45 seconds. 5 µl of diluted fVIII sample was added 

to each well, followed by 50 µl of APTT reagent, allowing 5 seconds between each 

sample. All reagents incubated for 240 seconds at 37°C before 50 µl of 20 mM CaCl2 

was added to initiate clot formation. fVIII present in samples was determined by a 

standard curve of dilutions of normal human plasma (Figure 3.4). Log of the fVIII 

units/ml was plotted against clot time in seconds to determine the slope and y-intercept of 

the standard curve and used to determine the amount of fVIII in samples.  

To determine the quality of the fVIII, the activity of the purified fractions is 

compared before and after thrombin activation. This is performed by a one-stage 

coagulation assay as described above, with the following changes. FVIII-deficient plasma 

was added to each well followed by APTT reagent, allowing 5 seconds between each  
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Figure 3.2. Typical elution profiles from SP Sepharose and HiTrapQ 
column. Fractions from SP Sepharose (A) and HiTrap Q (B) columns 
were analyzed for fVIII activity by one-stage coagulation assay. Units 
fVIII/ml (left axis) are shown in black squares while AQ values (right 
axis) are shown in red circles.  
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Figure 3.3. Purified BDD fVIII. Fractions containing fVIII eluted from 
the HiTrapQ column were pooled and concentrated. After concentration, 
purified BDD fVIII was run on 4-20% Tris-Glycine gel under reducing 
conditions. Protein was visualized by silver stain.  
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sample. Before the 240 second incubation period is over, the fVIII sample is activated by 

thrombin. To the diluted fVIII sample, thrombin is added to 1 U/ml for 40 seconds at 

room temperature. The activated sample is further diluted before adding 5 µl to the fVIII-

deficient plasma containing APTT. The dilution of fVIII is varied by sample based on the 

expected AQ. At the end of the incubation period, CaCl2 was added as above to initiate 

clot formation. The fVIII units/ml is determined for the sample with or without activation 

and from this data a ratio of activated fVIII activity to unactivated fVIII is measured. This 

value is called the activation quotient, or AQ.  The purpose of the AQ assay is to ensure 

that purified fVIII is in the unactivated state. A good AQ is between 30 and 80 and a low 

AQ indicates that the purified fVIII sample is already activated and should not be added 

to the final pool. A typical yield for purification of WT BDD fVIII is shown in table 3.1. 
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Figure 3.4. Standard curve of fVIII units/ml. Normal human plasma 
was used as a standard to create a standard curve for fVIII activity. 
Activity was determined by one-stage coagulation assay.  
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Table 3.1. Summary of a typical BDD fVIII purification.  

 

Purification Step ml U/ml Total Units % Recovery 

AIMV media collected 2200 2.61 5742 100 

SP Sepharose Flow Through 2200 0.05 110 1.9 

SP Sepharose Wash 135 0.11 15.3 0.27 

SP Fractions pooled 75 47.3 3548 62 

HiTrap Q Flow Through 176 0.03 5.28 0.09 

HiTrapQ Wash 18 0.03 0.54 0.01 

HiTrap Q fractions pooled 6.4 179 1140 20 

 

  

  



 54 

CHAPTER 4. HIGH-AFFINITY BINDING OF D1D2 TO LRP1 

INVOLVES BIVALENT COMPLEX FORMATION 

 

Introduction 

 

 LRP1 was originally identified as the hepatic receptor responsible for the removal 

of activated α2-macroglobulin (α2M) (9). It is now known that LRP1 binds to over 100 

structurally unrelated ligands, including lipoproteins, matrix proteins, and growth factors 

(3, 4), via its extracellular complement type repeats. Transport of LRP1 to the cell surface 

requires its association with a 39-kDa protein called the Receptor Associated Protein 

(RAP). RAP was originally identified when it co-purified with LRP1 (9, 24). Subsequent 

studies revealed that RAP binds with high affinity to multiple sites on the extracellular 

domain of LRP1 and antagonizes the binding of other ligands (25, 26). Genetic studies 

with RAP-deficient mice have shown that LRP1 levels in the liver and brain of these 

mice were 25% of normal, confirming a critical role of RAP in LRP1 expression. RAP 

contains three individual domains, D1, D2 and D3, which each contain three α−helices 

connected by flexible linkers and its carboxyl terminal sequence HENL leads to its 

retention in the ER (24, 27) (Figure 1.2).   

 RAP contains two major binding sites for LRP1. The first binding site is located 

within D1D2, a region important for blocking certain ligands from binding to LRP1 and 

the second is within D3 domain, which is critical for the chaperone function of LRP1 (35).  

The extracellular domain of LRP1 is comprised of complement-type repeats (CR), EGF 
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repeats and β-propeller domains. The CR modules are arranged in clusters I-IV and RAP 

has been shown to bind clusters II, III and IV (26, 35). Information regarding specific 

residues in D3 involved in binding to LRP1 was discovered when Migliorini et al (51) 

demonstrated that lysine 256 (K256) and lysine 270 (K270) are critical for the binding of 

the D3 domain of RAP to LRP1. A three dimensional structure of the D3 domain in 

complex with CR34 of the LDL receptor demonstrated that K256 and K270 dock into 

acidic pockets in the CR modules (52). Although the affinity of the D3 domain to LDL 

receptor is low, this model has been supported by other ligands binding to LDL receptor 

family members (53, 54).   

 In contrast to the D3 domain, little is known about the interaction of the D1 or D2 

domains to LRP1. Previous studies have shown weak association of the individual 

domains to fragments of LRP1 and mutagenesis studies found that mutation of K60 

reduced the affinity of D1 to CR56 of LRP1 (53). Using mass-spectrometry approaches, 

Bloem et al (145) confirmed the involvement of K60 and also implicated K191 in D2 as 

an important residue. The objective of the current study was to define the binding 

mechanism of D1D2 to LRP1 and determine if critical lysine residues could be identified 

within each domain that impacted its association with LRP1. The results of this study 

indicate that D1D2 binds to LRP1 via simultaneous interactions in D1 and D2 to LRP1 to 

form a bivalent complex. Additionally, K60 and K191 are identified as the critical 

residues involved in binding to LRP1.  
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Results 

 

Bivalent binding of RAP D1D2 to LRP1 

 Previous studies using an ELISA found that no binding of D1 or D2 to LRP1 

occurred, while in contrast, high affinity binding was seen for D1D2 to LRP1 (142). We 

sought to investigate the binding of these domains to full length LRP1 in order to resolve 

these differences. To begin, we expressed and purified D1, D2, D1D2 or D1D2 mutants. 

Purification involved isolation of GST-tagged protein followed by cleavage of the GST 

tag and purification of the final protein. Each step of the purification was analyzed by 

SDS-PAGE and visualized by Coomassie blue stain. A representative purification is 

shown in figure 4.1 and shows D1D2 present at each step, cleavage of the GST tag and 

final product (lane 5). After purification, we first confirmed the structural integrity of D1, 

D2 and D1D2 by measuring their circular dichroism (CD) spectra and temperature-

induced denaturation to confirm proper folding of the domains. The CD spectra of D1, 

D2 and D1D2 all displayed negative ellipticity at 222 nm, indicative of α-helical 

structure (Figure 4.2, panel A). Next, we used CD measurements at 222 nm to investigate 

the temperature-induced unfolding of D1, D2 and D1D2. These results reveal that all 

domains undergo cooperative transition upon heating, confirming proper folding of each 

domain (Figure 4.2, panel B).  

 We next sought to quantify the binding of D1 and D2 to LRP1. Surface plasmon 

resonance measurements (SPR) reveal both D1 and D2 bind to LRP1 with a rapid 

association and dissociation rates (Figure 4.3). Equilibrium analysis of the data reveals  
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Figure 4.1. Purification steps of D1D2. At each step of the purification 
process, aliquots were taken and visualized by 4-20% Tris-Glycine gel 
followed by coomassie stain. After the initial GSH column, GST-D1D2 
containing fractions were pooled and visualized before (lane 1) and after 
(lane 2) dialysis. The GST tag was removed by thrombin cleavage (lane 3). 
Cleaved D1D2 was run over the GSH column and D1D2 fractions were 
pooled and visualized before (lane 4) and after (lane 5) dialysis. Lane 5 is 
representative of the final purified D1D2. 

  

75 

37 

25 

20 

50 

1 2 3 4 5 

GST-D1D2 

D1D2 
GST 



 58 

 
 
 

 
 

Figure 4.2. Structural analysis of RAP D1, D2 and D1D2 domains. (A) 
Circular dichroism (CD) spectroscopy was used to measure changes in 
molar ellipticity as an indication of helical content in RAP D1D2 (black), 
RAP D1 (blue), and RAP D2 (green). (B) CD spectroscopy was used to 
measure the thermally-induced denaturation of RAP D1D2 (black), RAP 
D1 (blue), and RAP D2 (green) at 222 nm. 
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Figure 4.3. RAP D1 and D2 domains bind weakly to LRP1. Surface 
plasmon resonance measurements of RAP D1 (A) and RAP D2 (B) (each 
at 8, 16, 31, 63, 125, 250, 500, 1000 nM) binding to LRP1. Req values 
were determined by fitting the data to a pseudo-first order process (blue 
lines). Response units at equilibrium were plotted against RAP domain 
concentration (insets) to determine equilibrium binding constants by 
fitting the data to a single class of sites using non-linear regression 
analysis. 
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KD values of 53 ± 5 nM and 238 ± 56 nM for D1 and D2, respectively. These affinities 

are much weaker than that of D1D2 to LRP1 and suggest that the high affinity binding of  

D1D2 to full length LRP1 result from avidity effects from determinants on both D1 and 

D2.  

 To characterize the binding of D1D2 to LRP1, we employed a model for bivalent 

binding in which a determinant located on D1D2 (noted a-b) interacts with a binding site 

on LRP1 (noted A_B) to form complex I (Figure 4.4, panel A). This initial complex 

formation is followed by the association of a second determinant on D1D2 with a second 

site on LRP1 to form the bivalent complex. As we fit SPR data for D1D2 binding to 

LRP1 to this model, we noted that as the concentration of D1D2 increased, the fit to this 

model was reduced. We attributed this to the appearance of a third complex that 

displayed a rapid dissociation rate. This complex forms when D1D2 binds to a distinct 

site on LRP1, which only occurs at high concentrations (Figure 4.4, panel B). When SPR 

measurements of D1D2 binding to LRP1 were fit to a model incorporating both scheme I 

and scheme II, excellent fits were attained (Figure 4.5, panel A). A plot of the residuals 

confirms minimal deviations from the model for D1D2 binding LRP1 (Figure 4.5, panel 

B). Modeling experiments confirmed that the amount of complex III formed increased as 

the concentration of D1D2 was increased (Figure 4.5, panel C). Our results reveal that the 

high affinity binding of D1D2 to LRP1 results from bivalent binding.  

 

Lysine residues are involved in binding D1D2 to LRP1 

 As mentioned previously, a model determined by RAP D3 binding to LDLR 

suggests that lysine residues contribute to the binding of ligands to LDL receptor family  
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Figure 4.4 Bivalent model for the binding of RAP D1D2 to LRP1. (A) 
Schematic diagram of model in which LRP1 contains two binding sites for 
RAP D1D2 with two distinct determinants on D1D2 (left). Scheme 
showing kinetic constants. Binding of D1D2 at site 1 on LRP1 allows for 
bivalent binding in which determinants on both the D1 domain and D2 
domain interact with corresponding regions on LRP1 (Scheme I). (B) In 
the model, LRP1 also contains a second site that can only interact with one 
determinant on D1D2 to form a monovalent complex (Scheme II).  
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Figure 4.5. High affinity interaction of RAP D1D2 to LRP1 occurs via 
bivalent binding to ligand. (A) Surface plasmon resonance 
measurements of RAP D1D2 (1.6, 2.1, 6.3, 12.5, 25 and 50 nM) binding 
to LRP1. The raw data (black lines) were fit (blue lines) using the model 
incorporating Schemes I and II. (B) Residual plot comparing the 
experimental data to the fit data. (C) Using the fit parameters, the percent 
of complex III present at 400s as a function of D1D2 concentration is 
shown. 
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members (52). To determine if lysine residues are involved in binding D1D2 to LRP1 we 

chemically modified lysine residues. Chemical modification was accomplished by 

incubation of D1D2 with Sulfo-NHS-acetate, a reagent that blocks primary amines in 

lysine side chains by forming stable, covalent amide bonds. After modification, we 

confirmed that the structure remained intact by CD measurements (Figure 4.6, panel A). 

Both native and modified D1D2 (cmD1D2) display negative ellipticity at 222 nm at 20°C, 

which is reduced after heating to 90°C. Using CD measurements at 222 nm both proteins 

showed thermally-induced unfolding, revealing equal stability of each protein (Figure 4.6, 

panel B). Structural analysis allowed us to conclude that chemical modification did not 

alter the structural integrity of D1D2.  

 Upon confirming the structure of chemically modified D1D2, we sought to 

measure the impact of lysine modification of D1D2 on its binding to LRP1. Surface 

plasmon measurements with 200 nM D1D2 or cmD1D2 to LRP1 revealed that no 

binding was observed for cmD1D2, indicating that modification of lysine residues ablates 

binding to LRP1 (Figure 4.7, panel A). To confirm these results we investigated the 

ability of D1D2 and cmD1D2 to compete for binding of 125I-D1D2 to LRP1.  These 

studies reveal that in contrast to D1D2, cmD1D2 is unable to compete for binding to 

LRP1 (Figure 4.7, panel B). These studies confirm the importance of lysine residues in 

the interaction between D1D2 and LRP1.  

 

K60 in D1 and K191 in D2 are critical for binding D1D2 to LRP1  

 After confirming that lysine residues play an important role in the interaction 

between D1D2 and LRP1, we wanted to identify specific residues involved in this  
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Figure 4.6. Comparative structural analysis of D1D2 with and without 
chemical modification of lysine residues. (A) CD spectroscopy was used 
to measure the changes in molar ellipticity as an indication of helical 
content in WT RAP D1D2 (black) and chemically modified RAP D1D2 
(blue) at 20°C (solid lines) and 90°C (dashed lines). (B) CD spectroscopy 
measured at 222 nm was used to measure the heat-induced denaturation of 
RAP D1D2 (black) and chemically modified RAP D1D2 (blue). 
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Figure 4.7. Lysine residues are required for the binding to LRP1. (A) 
200 nM of WT RAP D1D2 (blue) or chemically modified RAP D1D2 
(black) were injected on an LRP1-coupled SPR chip and their binding 
measured. (B) LRP1 immobilized in microtiter wells was incubated with 1 
nM 125I-RAP D1D2 in the presence of increasing concentrations of 
unlabeled RAP D1D2 (closed circles) or chemically modified RAP D1D2 
(open squares) and the amount of 125I-RAP D1D2 bound to LRP1 was 
detected. Data are presented as mean ± SD from duplicate wells. 
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interaction. Since previous publications suggested K60 in D1 and K191 in D2 as 

important residues in each domain (53, 145), we prepared several mutants of D1D2 using 

site-directed mutagenesis. Both K60 and K191 were mutated to alanine individually and 

together in D1D2 and the structure of the mutants was examined. CD measurements 

comparing the mutants to WT D1D2 reveal that while K60A D1D2 overlays exactly with 

WT D1D2, mutants containing the K191A mutation had slightly more negative ellipticity 

at 222 nm and 208 nm, suggesting increased helical content (Figure 4.8, panel A). These 

differences are reduced upon heating to 90°C, indicative of the expected loss of α-helical 

structure at high temperature (Figure 4.8, panel B). Additionally, unfolding experiments 

reveal similar profiles for the mutants when compared to WT D1D2 (Figure 4.8, panel C). 

Thus, we conclude that mutagenesis did not markedly alter the structures of D1D2 

mutants.  

 Next, we initiated studies to determine how the mutations affected D1D2 binding 

to LRP1. Binding of WT D1D2 (Figure 4.9, panel A) showed high affinity binding with 

good fit to the bivalent binding model. Compared to WT D1D2, both K60A and K191A 

mutations did not significantly decrease the affinity to LRP1 (Figure 4.9, panel B and C, 

respectively). Kinetic and equilibrium measurements for these data, fit to the bivalent 

binding model, are summarized in table 4.1.  

 Surface plasmon resonance measurements suggest that both K60 and K191 may 

be involved in the interaction between D1D2 and LRP1, and we further investigated this 

possibility by examining how the mutants can compete for 125I-D1D2 binding to LRP1. 

The data reveal that both the K60A and K191A D1D2 mutants inhibit the binding of 125I-

D1D2 to LRP1 with Ki values of 640 nM and 19 nM, respectively (Figure 4.10, panel A).  
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Figure 4.8. The RAP D1D2 K60A, K191A and K60/191A mutations do 
not significantly alter the structure or stability of the molecule. CD 
spectroscopy was used to measure the molar ellipticity as an indicator of 
helical content at 20°C (A) and 90°C (B) for WT RAP D1D2 (black), 
RAP D1D2 K60A (blue), RAP D1D2 K191A (green), and RAP D1D2 
K60/191A (purple). (C) Thermally-induced denaturation of WT RAP 
D1D2 (black), RAP D1D2 K60A (blue), RAP D1D2 K191A (green), and 
RAP D1D2 K60/191A (purple) was measured using CD spectroscopy at 
222 nm.  
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Figure 4.9. Mutation of both K60 and K191 alone do not eliminate 
binding of D1D2 to LRP1. Surface plasmon measurements of WT D1D2 
(A), K60A D1D2 (B), and K191A D1D2 (C) binding to LRP1. The raw 
data (black curves) were fit to the model incorporating Schemes I and II 
and fits are shown in blue.  
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aTable 4.1.  Kinetic and equilibrium constants for the binding of RAP D1D2 and 
mutants to LRP1 
 
Protein ka1 (M-1s-1) kd1 (s-1) ka2 (M-1s-1) kd2 (s-1) bKD1 (M) cKD2 (M) 

WT 1.1 ± 0.1 X 106 0.028±0.002 3.2 ± 1.1 X 105 0.0017 ± 0.0001 1.1 ± 0.1 X 10-16 2.6 ± 0.1 X 10-8 
K60A 2.6 ± 0.4 X 106 0.074±0.013 6.7 ± 3.3 X 105 0.0041 ± 0.0003 4.0 ± 1.5 X 10-16 2.6 ± 0.4 X 10-8 

K191A 4.1 ± 0.9 X 106 0.029±0.005 4.4 ± 2.8 X 105 0.0033 ± 0.0003 2.6 ± 1.6 X 10-16 7.3 ± 0.3 X 10-9 
 

aKinetic constants were obtained by fitting the data to a model containing Scheme I and 
Scheme II (Figure 4.3). These experiments were performed in triplicate and the values 
shown are the average of ± SE. 
bThe equilibrium binding constant KA1 was calculated using the following equation:  
KA1 = (ka1/kd1) * (1 + (ka2/kd2) and KD1 was calculated as KD1 = 1/KA1 
cThe equilibrium binding constant KA2 was calculated using the following equation: KA2 
= Ka1/kd1 and KD2 was calculated as KD2 = 1/KA2 
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However, the K60/191A double mutant was not very effective at inhibiting the binding to 

LRP1 (Figure 4.10, panel B). SPR measurements confirm little binding of K60/191A 

D1D2 to LRP1 (Figure 4.10, panel C), suggesting that both residues must be mutated in 

order to greatly affect D1D2 interaction with LRP1.   

 It was noted that the K60A mutation had a greater impact on D1D2 competition 

than K191A, suggesting that additional lysine residues may be able to substitute 

following the K191A mutation but not K60A. This reveals that K60 is the critical lysine 

residue in D1 involved in the interaction with LRP1. In order to gain insight into any 

additional lysine residues in D2 that may contribute to this interaction, we sequentially 

mutated all lysine residues in the D2 domain and examined their impact on binding. 

Results are summarized in table 4.2 and reveal that K93/94 and K123/125 have the 

largest impact on KD1 when mutated as pairs. This suggests that in the absence of K191, 

these lysine pairs may be able to interact with LRP1, although with weaker affinity than 

K191.  

 

Discussion 

 

 The three-dimensional structure of the RAP D3 domain in complex with CR34 of 

the LDLR provided insight into how LDL receptor family members bind ligands (52). In 

this model, lysine residues in the ligand dock into CR modules on the receptor. A major 

concern with this model is that the RAP/LDLR interaction occurs with low affinity and 

may not occur physiologically. However, since earlier mutational studies revealed that 

lysine residues 256 and 270 are critical for the binding of D3 to LRP1 (51), very likely  
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Figure 4.10. Mutation of both K60 and K191 is necessary to eliminate 
the binding of RAP D1D2 to LRP1. LRP1 was immobilized in microtiter 
wells and incubated with 1 nM 125I-RAP D1D2 (A) or 5 nM 125I-RAP 
D1D2 (B) in the presence of increasing concentrations of unlabeled WT 
RAP D1D2 (closed circles), RAP D1D2 K60A (open triangles, A), RAP 
D1D2 K191A (open diamonds, A) or RAP D1D2 K60/191A (open 
squares, B). Following incubation and washing, the amount of bound 125I-
D1D2 was detected and data are represented as mean ± SD of duplicates. 
(C) 200 nM of WT RAP D1D2 (blue) or RAP D1D2 K60/191A (black) 
were injected on an LRP1-coupled SPR chip and their binding measured. 
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aTable 4.2  KD values for the binding of RAP D1D2 and mutants to LRP1 
 

 
Protein 

KD1 Fold 
change 

KD2 Fold 
change 

RAP D1D2 1.0 1.0 

RAP D1D2 K93A 5.5 0.8 

RAP D1D2 K94A 7.2 0.7 

RAP D1D2 K93-94A 23.6 0.9 

RAP D1D2 K119A 3.5 0.3 

RAP D1D2 K123A 9.4 0.8 

RAP D1D2 K125A 4.5 0.3 

RAP D1D2 K119/123A 1.2 0.4 

RAP D1D2 K123/125A 33.8 0.4 

RAP D1D2 129A 3.3 0.8 

RAP D1D2 137A 2.9 0.4 

RAP D1D2 K146A 4.0 0.8 

RAP D1D2 K148A 2.3 0.5 

RAP D1D2 K146/148A 2.1 0.4 

RAP D1D2 K179A 1.0 0.4 

RAP D1D2 K191A 2.3 0.3 

RAP D1D2 K193A 7.5 0.3 

RAP D1D2 K191/193A 3.8 2.9 

RAP D1D2 K148/193A 1.3 0.7 

RAP D1D2  K119-148A 10.7 0.5 
aExperiments were performed in duplicate 

  



 73 

this model is correct although further studies are necessary to confirm if this is the 

physiological method of interaction. Subsequent work by the Gettins laboratory 

confirmed these observations and also identified additional lysine residues that contribute 

to this interaction (146).   

In comparison to D3, little is known about the interaction between the D1D2 

domains of RAP and LRP1. Our study investigated the mode of interaction between 

D1D2 and LRP1 and concluded that high affinity binding occurs by avidity effects 

involving the interaction of two distinct sites on D1D2 interacting with two sites on LRP1. 

Upon confirmation that lysine residues contribute to binding, we observed that K60 in the 

D1 domain and K191 in the D2 domain are both required for high affinity binding of 

D1D2 to LRP1. Mutation of either K60 or K191 alone to alanine did not completely 

ablate binding, although binding was weaker. Our data suggest that the K60A mutation 

has a stronger impact on binding than K191A. Interestingly, simultaneous mutation of 

both K60 and K191 resulted in a D1D2 molecule with no binding to LRP1. This suggests 

that additional lysine residues, specifically K93/94 or K123/125, may substitute upon 

mutation of these residues and contribute weakly to the interaction. 

In order for residues to substitute properly, they must be spaced correctly. The CR 

modules in LRP1 are located 20-40 Å apart (52, 147) and docking lysine residues must 

also be within this distance to interact properly. For D1D2, the flexible linker between the 

D1 and D2 domains makes it impossible to determine exact distances between residues in 

D1 and D2. However, this is important to keep in mind when investigating lysine 

residues in other LRP1 ligands that do not contain flexible regions.   
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We conclude from our studies, and previous work, that the interaction of D1D2 

and D3 with LRP1 occurs via the canonical model for ligand binding and that the 

interaction results from at least two critical lysine residues docking into acidic pockets 

within the CR modules of LRP1. For both D1D2 and D3, mutation of a single lysine 

residue did not ablate binding (146). Significant affinity reduction occurs only when two 

or more critically spaced lysine residues, providing insight into strategies for lysine 

mutagenesis of other LRP1 ligands. Additional lysine residues, if correctly spaced, may 

be able to substitute when one lysine residue is mutated. However, if both lysine residues 

in the pair are not present the interaction may not occur, or may have significantly weaker 

affinity.  
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CHAPTER 5. EVIDENCE THAT FVIII FORMS A BIVALENT 

COMPLEX WITH LRP1 

 

Introduction 

 

Factor VIII (fVIII) is an essential component of coagulation and its absence leads 

to the coagulation disorder Hemophilia A (141). Hemophilia A is an inherited bleeding 

disorder caused by a deficiency in fVIII that affects 1 in 5,000 males and treated by 

routine injections of fVIII to arrest bleeding episodes. Current prophylactic hemophilia A 

treatments, in which low levels of fVIII are constantly maintained in circulation, are 

highly effective in preventing bleeding episodes. However, the short half-life of fVIII 

(10-14 hours (148)) dictates that the molecule be injected every other day or 3 times a 

week in order to be effective (149). This demanding schedule, in addition to the 

tremendous cost, leads to a lack of adherence to prophylactic treatment. The development 

of a fVIII molecule with a longer circulatory half-life would be of great benefit to 

patients.  

Once secreted from liver endothelial cells (77, 78), fVIII circulates as a two-

chained protein, non-covalently linked by a metal cation. The fVIII heavy chain consists 

of the A1 and A2 domains along with a variable length B domain (85-190 KDa), while 

the light chain is comprised of the A3, C1 and C2 domains (80 KDa). The levels of 

circulating fVIII are regulated not only by its synthesis, but also by its clearance in the 

liver. In vitro binding studies (42, 43, 123–126) and genetic studies (133, 134) reveal that 

the hepatic receptors responsible for fVIII removal are the low-density lipoprotein 
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receptor (LDLR) and low-density lipoprotein receptor-related protein 1 (LRP1). These 

receptors act in concert to clear fVIII from the circulation, with LRP1 being the primary 

receptor for clearance.  Bovenschen et al. (134) showed that while LDLR knockout mice 

had normal fVIII levels, LRP1 knockout mice have 1.6-fold higher plasma fVIII levels. 

Interestingly, LDLR and LRP1 double knockout mice had 4.2-fold increased plasma 

fVIII levels. This demonstrates that LRP1 is the primary receptor for the clearance of 

fVIII, with the LDLR contributing a secondary role.  

Considerable interest exists in manipulating fVIII half-life in the circulation. One 

strategy to achieve this would be to reduce its binding to LRP1, an undertaking that 

would require a thorough understanding of the binding between fVIII and LRP1. 

Although previous studies have investigated the binding between fVIII and LRP1, most 

employed fragments of either fVIII or LRP1 (123–126, 128, 150). Our studies combine 

the use of fragments of fVIII and LRP1 with full, intact proteins to reduce the possibility 

of drawing erroneous conclusions that can occur when exclusively using isolated 

fragments. By understanding how fVIII interacts with LRP1, treatment methods could be 

developed that would improve quality of life for hemophiliacs. Using both in vitro and 

cell-based experiments, we sought to gain a detailed knowledge of fVIII/LRP1 

interaction to allow us to identify potential methods to delay the clearance of fVIII. 
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Results 

 

Removal of the B domain does not alter fVIII binding to LRP1 

While both B-domain deleted (BDD) and full length (FL) fVIII are used 

therapeutically (99, 101, 102), no studies have investigated if the removal of the B 

domain affects how fVIII interacts with clearance receptors such as LRP1. To test how 

BDD and FL fVIII bind to LRP1, we compared the affinity of each to full length LRP1 

using surface plasmon resonance. The dissociation constant (KD) was determined by 

plotting the concentration of fVIII versus the response units at equilibrium, followed by 

non-linear regression analysis employing an equation describing binding to a single class 

of sites. The results (Figure 5.1) confirm high affinity binding of both FL (A) and BDD 

fVIII (B) to LRP1 (KD= 34.7 nM and 24.7 nM, respectively), indicating that the removal 

of the B domain from full length fVIII does not alter its binding to LRP1. Unless 

otherwise noted, BDD fVIII will be employed for further studies, as it is considered 

equivalent to FL fVIII.  

 

Chemical modification of fVIII lysine residues abolishes its binding to LRP1 

 Previous studies employing the light chain of fVIII and LRP1 cluster II 

determined that interaction of these proteins involved lysine residues, as chemical 

modification of lysine residues in fVIII light chain abolished binding to LRP1 cluster II 

(127). To confirm the importance of lysine residues for the entire fVIII molecule binding 

to full length LRP1, we performed a similar experiment where BDD fVIII was 

immobilized on the surface of microtiter wells. Lysine residues in BDD fVIII were 
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Figure 5.1. Full Length and BDD fVIII bind to LRP1 with similar 
affinity. Surface plasmon resonances measurements examined increasing 
concentrations of Full Length (A) or BDD (B) fVIII binding to 
immobilized LRP1. Experimental data was fit and response units at 
equilibrium were plotted against fVIII concentration (insets) to determine 
equilibrium binding constants by fitting data with non-linear regression 
analysis using one-site specific binding.  
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Figure 5.2 Modification of lysine residues on BDD fVIII abolishes its 
binding to LRP1. A) Microtiter wells were coated with BDD fVIII (5 
µg/ml) and then incubated with (modified) or without (unmodified) EZ-
link Sulfo-NHS-Biotin. Following incubation, the wells were incubated 
with Strepavidin-alkaline phosphatase to confirm that BDD fVIII was 
modified. (B) Following modification, wells were incubated with fVIII-
specific antibody ESH8 to confirm even coating. (C) Increasing 
concentrations of purified LRP1 was incubated with microtiter wells 
coated with BDD fVIII (squares) or BDD fVIII modified by sulfo-NHS-
biotin (circles). Following washing, the amount of LRP1 bound was 
measured using anti-LRP1 monoclonal antibody 8G1. The experiments 
were repeated twice and representative experiments are shown.  
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modified by incubation with sulfo-NHS-biotin, a reagent that specifically binds to and 

modifies primary amines. To confirm lysine modification, streptavidin bound to fVIII 

was measured and the results confirmed successful modification of BDD fVIII (Figure 

5.2, panel A). Equal coating of BDD fVIII and modified BDD fVIII to the wells was 

confirmed by detection of the amount of a fVIII-specific antibody, ESH8, to bind to the 

wells (Figure 5.2, panel B). We next sought to measure the impact of lysine modification 

in binding to full length LRP1 by incubating increasing concentrations of LRP1 with 

BDD fVIII or modified BDD fVIII. Following incubation, the amount of LRP1 bound 

was quantified and results reveal that modification of lysine residues in fVIII ablates 

binding with LRP1 (Figure 5.2, panel C). 

 

Ionic strength dependency of the binding of BDD fVIII to LRP1 suggests the 

involvement of two charged residues 

 The contribution of lysine residues to binding fVIII to LRP1 predicts that this 

interaction would be dependent on ionic strength. We determined ionic strength 

dependence of BDD fVIII binding to full length LRP1 by using surface plasmon 

resonance measurements. BDD fVIII was prepared in different ionic strength buffers and 

binding to full length LRP1 was determined. Representative binding results for each ionic 

strength are shown in figure 5.3 and a KD was determined for BDD fVIII binding to full 

length LRP1 at every ionic strength. The analysis of the results is shown in figure 5.4 in 

the form of a Debye-Hückel plot where log10KD is plotted vs. ionic strength. The data 

reveal that binding of BDD fVIII to full length LRP1 is highly dependent on ionic 

strength, with the affinity becoming weaker as ionic strength is increased. Importantly,  
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Figure 5.3. Representative binding experiments of BDD fVIII to LRP1 
at different ionic strengths. Surface plasmon resonance measurements of 
BDD fVIII binding to LRP1 at 150 mM NaCl (A), 250 mM NaCl (B), 500 
mM NaCl (C) and 1000 mM NaCl (D). Each plot is representative of three 
independent binding experiments. 
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Figure 5.4. The binding of BDD fVIII to LRP1 is ionic-strength 
dependent. Debye-Hückel plot of BDD fVIII binding to LRP1. The KD 

value at each ionic strength (150, 250, 500 and 1000 mM NaCl) was 
measured by equilibrium SPR measurements. The values represent an 
average of at least two independent experiments ± SE. A slope of 1.8 ± 0.5 
was determined by linear regression analysis. 
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the slope of the fit of the Debye-Hückel plot reveals the number of ionic interactions 

involved in binding. The data suggest the involvement of 2 charged residues in binding of 

BDD fVIII to full length LRP1 (slope = 1.8 ± 0.5).  

 

fVIII binds to LRP1 via bivalent interactions 

 The data from figure 5.4 reveal the importance of at least two charged residues in 

BDD fVIII involved in the interaction with full length LRP1. A recent publication 

proposed a model for LRP1 ligand binding that involves bivalent complex formation 

(151). In this model, high affinity binding between fVIII and LRP1 results from the 

avidity effects of two distinct regions of fVIII interacting with complementary sites 

located on full length LRP1 to form a bivalent complex (Figure 5.5, panel A). To test this 

model, we performed kinetic analysis of surface plasmon resonance measurements of FL 

and BDD fVIII binding to full length LRP1. The results in figure 5.5, panel B reveal that 

the experimental data are well fit by this model, with fit parameters summarized in Table 

5.1. The data reveal KD values of 31 ± 4 nM and 38 ± 21 nM for FL and BDD fVIII, 

respectively. Additional models were tested to determine the fit to the SPR data, 

including a model in which fVIII binds to a single class of sites on LRP1. However, the 

fit to this model was poor and no additional models fit as well as the bivalent model 

shown in figure 5.5, panel A.   

 

fVIII preferentially binds to cluster IV in full length LRP1 

 LRP1 contains four clusters of CR modules on its extracellular domain that are 

primarily responsible for binding ligands. Prior studies have shown that the fVIII light  
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Figure 5.5. Binding of FL and BDD fVIII to LRP1 fits a bivalent 
binding model. (A) Bivalent binding model for the interaction of two 
distinct regions on fVIII with complementary sites on LRP1. (B,C) 
Increasing concentrations of FL-fVIII (2.5, 7.4, 22.2, 66.6, 200 nM) (B) or 
BBD-fVIII (12.5, 25, 50, 100, 200 nM) (C) were injected over the LRP1 
coupled chip. The experimental data is shown in black, while fits to the 
bivalent binding model are shown in blue. Three independent experiments 
were performed and representative experiments are shown. 

  

A 

B 

0 200 400 600
0

100

200

300

Time (s)

R
U

0 200 400 600
0

200

400

600

800

Time (s)

R
U

C 

ka1 

kd1 

ka2 

kd2 

fVIII 

LRP1 Complex I Complex II 



 85 

Table 5.1 Kinetic and equilibrium constants for the binding of BDD fVIII (A) and 
FL fVIII (B) to LRP1 

 
         A 

 ka1 (M-1s-1) kd1 (s-1) ka2 (M-1s-1) kd2 (s-1) KD (nM) 
Average 5.32E+05 5.24E-02 4.21E-03 1.87E-03 31 

STD 1.73E+05 1.24E-02 1.50E-03 4.59E-04 4 
SE 4.33E+04 3.10E-03 3.76E-04 1.15E-04 1 

 
         B 

 ka1 (M-1s-1) kd1 (s-1) ka2 (M-1s-1) kd2 (s-1) KD (nM) 
Average 2.58E+05 5.18E-02 5.82E-03 1.36E-03 38 

STD 1.07E+05 3.17E-02 1.45E-03 6.58E-04 21 
SE 3.57E+04 1.06E-02 4.84E-04 2.19E-04 7 
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chain can bind to both LRP1 clusters II and IV (128, 150) and that activated fVIII can 

additionally bind to LRP1 cluster III (129). However, an investigation of what regions of 

LRP1 are involved in the interaction with intact fVIII has not been done and we sought to 

identify sites on full length LRP1 to which fVIII binds. Our investigation began by 

examining the binding between BDD fVIII and soluble forms of LRP1 clusters II, III and 

IV, which bind the majority of ligands. BDD fVIII was immobilized on microtiter wells 

and the ability of soluble clusters II, III and IV to bind BDD fVIII was measured. The 

results revealed that LRP1 clusters II and IV bound to BDD fVIII with KD values of 54 ± 

14 and 20 ± 7 nM, respectively (Figure 5.6, panel A). Control experiments confirmed that 

LRP1 clusters do not bind to microtiter wells coated with BSA (Figure 5.6, panel B). 

Additional control experiments examined the ability of the soluble LRP1 clusters II, III 

and IV to bind to RAP and confirmed expected KD values of 1.4 ± 0.2, 0.5 ± 0.1, and 0.8 

± 0.1 nM, respectively (Figure 5.6, panel C). High affinity binding of RAP confirms the 

integrity of the LRP1 clusters.  

 We next sought to determine the ability of soluble LRP1 clusters II, III and IV to 

compete for BDD fVIII binding to full length LRP1. Microtiter wells were coated with 

LRP1 and BDD fVIII with increasing concentrations of soluble clusters II, III or IV was 

incubated. After incubation, the amount of BDD fVIII bound to full length LRP1 was 

quantified. The results revealed that only cluster IV is able to compete for BDD fVIII 

binding to full length LRP1, with a Ki of 27 nM ± 1 nM (Figure 5.7, panel A). 

Interestingly, even though soluble cluster II can bind to BDD fVIII, this molecule was 

unable to effectively compete for binding of BDD fVIII to LRP1. This indicates that 

cluster IV is the major binding site on LRP1. If this is true, combining cluster II with  
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Figure 5.6. BDD fVIII binds to LRP1 clusters II and IV, but not to 
cluster III. Increasing concentrations of clusters II (circles) III (squares) 
and IV (triangles) were incubated with microtiter wells coated with BDD 
fVIII (A), BSA (B) or RAP (C). Following incubation and washing, the 
amount of cluster bound to each well was measured. The experiments 
were performed twice in duplicate and a representative experiment is 
shown in which replicate values are plotted.  
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Figure 5.7. LRP1 cluster IV, but not cluster II, competes for the 
binding of BDD fVIII to LRP1. (A) BDD fVIII was incubated in 
microtiter wells coated with LRP1 in the presence of increasing 
concentrations of LRP1 clusters II (circles), III (squares) and IV 
(triangles). Following incubation, bound BDD fVIII was detected by 
fVIII-specific antibody. A representative experiment is shown with 
replicates plotted. (B) BDD fVIII was incubated in wells coated with 
LRP1 in the presence of LRP1 cluster II (circles), IV (triangles) or cluster 
II and IV combined (diamonds). Following incubation, bound BDD fVIII 
was detected. This experiment was performed in triplicate and the mean 
value ± SE was plotted.  
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cluster IV should have no additional impact on the competition of fVIII to LRP1. To 

determine if this is the case, we incubated BDD fVIII in LRP1 coated wells with either 

cluster II, cluster IV or cluster II and cluster IV and determined the amount of fVIII 

bound to LRP1. The results reveal that the combination of cluster II and IV did not have 

any significant impact on the ability of cluster IV to compete (Figure 5.7, panel B), 

confirming that cluster IV represents that major binding site on LRP1.  

 To resolve these apparent contradictions, we designed experiments to determine if 

cluster IV could compete for BDD fVIII binding to cluster II and if cluster II could 

compete for the binding of BDD fVIII to cluster IV. The results revealed that cluster IV 

is able to effectively compete for the binding of BDD fVIII to cluster II (Figure 5.8, panel 

A). In contrast, cluster II cannot compete for the binding of BDD fVIII to cluster IV 

(Figure 5.8, panel B). These data suggest that while BDD fVIII can bind to cluster II in 

isolation, in the context of full length LRP1 cluster II is unable to bind BDD fVIII.  

 

LRP1 cluster IV, but not II, can inhibit LRP1-mediated cellular uptake of fVIII 

 To confirm binding experiments, we examined the ability of soluble LRP1 cluster 

II and IV to block the LRP1-mediated uptake of 125I-BDD fVIII by WI38 fibroblasts, a 

cell line that expresses large amounts of LRP1. The results revealed that an excess of 

soluble cluster IV inhibits LRP1-mediated uptake of 125I-BDD fVIII while soluble cluster 

II had no significant effect on internalization (Figure 5.9, panel A). To confirm the 

integrity of soluble clusters II and IV, internalization experiments were performed with 

125I-tPA/PAI-I complex, an LRP1 ligand known to bind to both cluster II and IV (128).  
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Figure 5.8. LRP1 cluster IV competes for the binding of BDD fVIII to 
cluster II. (A) 20 nM of BDD fVIII in the presence of increasing 
concentrations of cluster IV was incubated with microtiter wells coated 
with cluster II. Following incubation and washing, the amount of BDD 
fVIII bound to cluster II was quantified. (B) 20 nM of BDD fVIII in the 
presence of increasing concentrations of cluster II was incubated with 
microtiter wells coated with cluster IV. Following incubation and washing, 
the amount of BDD fVIII bound to cluster IV was quantified. The data are 
represented as percent bound, with 100% determined in the absence of 
competitor. Each point represents the average value of duplicates ± SE. 
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Figure 5.9. Effect of clusters II and IV on LRP1-mediated 
internalization of BDD fVIII and tPA/PAI-1 by WI38 fibroblasts. 
WI38 fibroblasts were seeded in 12 well tissue culture dishes and 
incubated with 20 nM 125I-BDD fVIII (A) or 10 nM 125I-tPA/PAI-1 (B) for 
4 h at 37 °C in the presence or absence of LRP1 Cluster II or IV (500 nM). 
Following incubation, the amount of radiolabeled ligand internalized was 
determined and normalized to cell number. The results shown from three 
independent experiments ± SE (*p ≤ 0.002, one way ANOVA with 
Turkey’s multiple comparison post-test). 
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Results reveal that both clusters II and IV can inhibit cellular uptake of 125I-tPA/PAI-I, 

confirming integrity of clusters II and IV (Figure 5.9, panel B).  

 

Discussion 

 
In the current investigation, we conducted studies to characterize the binding of 

fVIII to full length LRP1. By examining the interaction with full length LRP1, we 

confirmed that removal of the B domain does not affect the affinity of the interaction. 

Current recombinant fVIII concentrates exist in both FL and BDD forms. While it is 

established that FL and BDD recombinant fVIII are functionally similar (99, 101) and 

have similar half-lives (102), the interaction with LRP1 for both forms had not been 

previously investigated. Since LRP1 is the primary clearance receptor for fVIII and both 

FL and BDD fVIII have similar affinity for LRP1, it can be concluded that the similar 

half-lives of each are due to each being cleared by the same mechanism. This 

determination allowed us to proceed with studies using only the BDD form of fVIII.  

Ionic strength dependence experiments suggest that the binding between fVIII and 

LRP1 involves a critical role of 2 charges lysine residues within fVIII. Further, kinetic 

data are consistent with a model in which the high affinity interaction between fVIII and 

LRP1 results from avidity effects in which lysine residues located in distinct regions of 

fVIII interact with CR modules in cluster IV of LRP1. These results showed that the 

interaction between fVIII and full length LRP1 is consistent with the canonical model of 

ligand binding in which lysine residues on the ligand dock into acidic pockets within CR 

modules of the receptor. This model was derived from studies investigating RAP D3 
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domain with LRP1 and LDLR and determined that lysine residues K256 and K270 are 

critical in binding (51, 52). An investigation into the D1D2 domains of RAP binding to 

LRP1 revealed that this interaction occurs via a bivalent complex mediated by lysine 

residues in both individual domains (151). Our studies confirm this bivalent complex 

model and the importance of lysine residues for fVIII binding to full length LRP1.  

 Our studies also identified cluster IV as the primary binding site on LRP1 for 

fVIII. Interestingly, while fVIII bound to soluble forms of both clusters II and IV, only 

cluster IV was effective in competing for the binding of fVIII to full length LRP1 and 

preventing the LRP1-mediated internalization of 125I-BDD fVIII. Previous work 

employing the light chain of fVIII showed that both cluster II and IV could compete for 

the binding to LRP1 (126). This contradiction between our data and previous data can be 

explained by the fact that different forms of fVIII were used for the studies. It is likely 

that the light chain of fVIII has binding sites for LRP1 that are buried in BDD fVIII used 

in our studies. This would explain the differences seen in the competition studies.  

 The apparent contradiction between binding studies and competition has been 

previously seen for α2M binding to LRP1 and confirms the importance of combining the 

use of fragments with the use of intact proteins to draw proper conclusions. An initial 

study (128) found that α2M was able to bind to isolated cluster II and IV but not to 

clusters III or I. In contrast, a later study (152) examined the ability of Chinese hamster 

ovary cells expressing various LRP1 constructs to uptake α2M. The results revealed that 

cluster II alone could not internalize α2M, in contrast to previous studies that noted direct 

binding. These two studies show the importance of performing thorough binding studies. 

Examining clusters alone, fragments of a protein, or single binding studies are not enough 
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information to draw proper conclusions. At this time, it is not clear why only cluster IV 

can block the binding and internalization of fVIII, but we conclude that the CR modules 

in cluster II responsible for fVIII binding are not accessible in full length LRP1. This may 

be due to interaction of these repeats with a β-propeller domain in LRP1 which has been 

observed for the LDL receptor at low pH (147), or from the dimerization of multiple 

LRP1 receptors. Our results, in combination with the prior studies involving α2M, 

emphasize the importance of examining the binding using intact proteins and 

complementing studies with cell-based experiments.  

 In summary, our results suggest that it should be possible to reduce the interaction 

between fVIII and LRP1 by mutation of specific lysine residues or with the use of soluble 

fragments of LRP1 cluster IV. Further studies are necessary to determine the feasibility 

of these strategies, but these may serve as methods to extend fVIII half-life in patients to 

produce an improved therapy for hemophilia A patients.   
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CHAPTER 6. IMPACT OF ACTIVATION RESISTANCE ON FVIII 

CLEARANCE 

 

Introduction 

 

Upon secretion from hepatic endothelial cells, fVIII circulates as a two-chained 

protein comprised of a heavy chain (A1-a1-A2-a2-B) and light chain (a3-A3-C1-C2) 

bound to von Willebrand Factor (vWF). fVIII is activated to fVIIIa by thrombin or fXa 

cleavage, resulting in a molecule that can serve as a cofactor for fIXa. Activation occurs 

by cleavage at three distinct sites: R372 at the A1-A2 domain junction, R740 at the A2-B 

domain junction and R1689 at the a3-A3 junction. Cleavage at the a3-A3 junction 

removes the N-terminus of the light chain and leads to dissociation from vWF. The 

heterotrimeric fVIIIa, consisting of the A1 domain noncovalently bound to the light chain 

(A3-C1-C2) and the A2 domain, has a short half-life of 2 minutes due to dissociation of 

the A2 domain (73, 74).  

Both the heavy and light chains of fVIII have been shown to bind to LRP1. The 

heavy chain can associate weakly with LRP1, although the isolated A2 domain can 

tightly bind to LRP1 (123). In contrast, the light chain has been strongly implicated in 

binding as it can bind to LRP1 with similar affinity as intact fVIII (42, 126). Well-

designed studies employing hydrogen-deuterium exchange with mass spectrometry 

examining the binding of fVIII to LRP1 cluster II revealed that the light chain contains 

the predominant regions involved in binding (127).  
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Bovenschen et al. (123) convincingly demonstrated that the purified fVIII heavy 

chain binds poorly to LRP1 and that its binding to LRP1 is dramatically increased upon 

cleavage by thrombin. These results have two implications. First, the data suggest that 

native fVIII interacts with LRP1 via determinants on its light chain. Second, the results 

suggest that the affinity of fVIII for LRP1 should be greatly increased upon conversion to 

fVIIIa due to exposure of the heavy chain binding sites, most likely on the A2 domain. 

These data have led to the suggestion that fVIIIa may represent the form of fVIII that is 

cleared by the hepatic receptors. To test this possibility, we have employed an activation-

resistant fVIII mutant in which the thrombin cleavage sites (R372 and R1689) have been 

mutated to alanine. Our results indicate that activation of fVIII is not required for 

efficient clearance, as activation resistance does not alter its in vivo half-life.  

 

Results 

 

R372/1689A mutations result in activation resistant fVIII 

 Bovenschen et al. (123) demonstrated that the purified fVIII heavy chain binds 

poorly to LRP1 and that its binding to LRP1 is dramatically increased upon cleavage by 

thrombin. This suggests that activation of fVIII is required for high affinity binding to 

LRP1. To test this possibility we employed a BDD fVIII mutant in which two thrombin 

cleavage sites, R372 and R1689, have been mutated to alanine. Although FL fVIII 

contains a third thrombin cleavage site, R740, this site is not mutated in our protein. This 

site is responsible for cleaving the A2-B domain junction, a site not critical in BDD fVIII 
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as there is no B domain to remove upon activation. Activation resistant fVIII will be 

referred to as R372/1689A BDD fVIII throughout this section.  

 To confirm that these mutations resulted in activation resistance, we examined 

purified WT and R372/1689A BDD fVIII before and after thrombin activation (Figure 

6.1). When WT BDD fVIII (Figure 6.1, Panel A) is run on a gel, two prominent bands 

can be seen: bands labeled 1 and 2 are the heavy and light chains, respectively. Upon 

activation by thrombin, three distinct bands can be seen. Cleavage at R1689 removes the 

a3 domain from the light chain, resulting in band 3. Bands 4 and 5 are the separate A1 

and A2 domains, respectively, resulting from cleavage at R372 in the heavy chain. The 

lack of additional bands upon incubation with thrombin (Figure 6.1, Panel B) confirms 

that R372A and R1689A confer activation resistance. 

 A second method was used to confirm activation resistance by measuring the 

binding of fVIII to vWF, as fVIIIa does not bind to vWF. To test this, we examined the 

binding of WT or R372/1689A BDD fVIII to vWF before and after thrombin activation 

by surface plasmon resonance measurements. 50 nM fVIII was flowed over vWF 

immobilized to the surface of a chip before or after thrombin activation. As shown in 

Figure 6.2 panel A, WT BDD fVIII binds with high affinity to vWF without thrombin but 

failed to bind to vWF after activation by thrombin. This is due to cleavage at R1689 

removing the a3 domain from the light chain, the site of a critical vWF binding region 

(87). After incubation with thrombin R372/1689A BDD fVIII binds to vWF just as well 

as before incubation, confirming that incubation with thrombin does not alter its vWF 

binding properties (Figure 6.2, Panel B).  
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Figure 6.1 WT and R372/1689A BDD fVIII before and after 
activation by thrombin. WT (A) and R372/1689A (B) BDD fVIII 
separated by 4-20% Tris-Glycine gel and visualized by silver stain. 
Numbers on the left side of the panels indicate molecular weight standards. 
Numbers 1-5 in between the panels denote the bands shown in the gels.  
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Figure 6.2 WT and R372/1689A BDD fVIII to VWF before and after 
activation by thrombin. Surface plasmon resonance measurements of 
WT (A) and R372/1689A (B) BDD fVIII binding to vWF. 50 nM BDD 
fVIII were run without thrombin activation (black, solid lines) and after 
thrombin activation (red, dashed lines).  
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Mutagenesis of fVIII does not alter its binding affinity to LRP1 or vWF 

 Upon confirming that R372/1689A BDD fVIII is not activated by thrombin, we 

examined the binding of WT and R372/1689A BDD fVIII to LRP1 and vWF to confirm 

no changes in affinity. We investigated the ability of WT and R372/1689A BDD fVIII to 

bind to LRP1 immobilized to the surface of microtiter wells. Analysis of the data 

confirms high affinity binding of WT and R372/1689A BDD fVIII to LRP1 (53 ± 2 nM 

and 44 ± 3 nM, respectively) (Figure 6.3). Binding of WT and R372/1689A BDD fVIII to 

vWF was conducted by surface plasmon resonance measurements in which vWF was 

coupled to the surface of the chip. Analysis of the data obtained at equilibrium confirms 

high affinity binding for WT and R372/1689A fVIII (3.3 nM and 4.6 nM, respectively) 

(Figure 6.4).  

 Previous experiments (see Figure 5.6) led to the conclusion that BDD fVIII can 

bind to both isolated LRP1 clusters II and IV. To confirm that mutating R372 and R1689 

to alanine in BDD fVIII do not alter the specific binding regions interacting with fVIII, 

we examined binding of LRP1 clusters II, III and IV to R372/1689A BDD fVIII 

immobilized to the surface of microtiter wells. The results of this experiment revealed 

that R372/1689A binds to clusters II and IV with KD values of 268 nM and 63 nM, 

respectively (Figure 6.5). The results also show that R372/1689A BDD fVIII does bind to 

the same cluster regions of LRP1 as BDD fVIII, although the affinity of the interaction 

for cluster II is considerably lower than that of WT BDD fVIII. Further, our data reveal 

that R372/1689A BDD fVIII binds to full length LRP1 with an affinity similar to that of 

WT BDD fVIII. We conclude that no inherent differences exist in R372/1689A BDD 

fVIII binding to LRP1 or vWF that may confound in vivo experiments.  
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Figure 6.3 WT and R372/1689A BDD fVIII binding to LRP1. ELISA 
measurements of WT (open circles) and R372/1689A (closed squares) 
BDD fVIII binding to immobilized LRP1. Amount of fVIII bound to 
LRP1 was detected by fVIII specific antibody and absorbance readings 
were taken at 410 nm. The KD for each protein was determined by fitting 
data to non-linear regression analysis with one-site specific binding.  
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Figure 6.4. WT and R372/1689A BDD fVIII binding to vWF. Surface 
plasmon resonance measurements of WT (open circles) and R372/1689A 
(closed squares) BDD fVIII binding to immobilized vWF. BDD fVIII was 
run from 0.82 to 200 nM, three-fold dilutions. Response units at 
equilibrium (Req) plotted against concentration and equilibrium binding 
constant (KD) was determined by fitting the data to non-linear regression 
analysis with one site, total binding.   
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Figure 6.5 R372/1689A BDD fVIII binding to LRP1 clusters II, III 
and IV. ELISA measurements of LRP1 clusters II (circles), III (squares) 
and IV (triangles) binding to immobilized R372/1689A BDD fVIII. 
Amount of cluster bound to fVIII was detected by Anti-human Fc 
antibody and absorbance readings were taken at 410 nm. The KD for each 
was determined by fitting data to non-linear regression analysis with one-
site specific binding.  
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Activation of WT fVIII does not increase binding to LRP1 

 The first step in determining if activation is required for clearance of fVIII is to 

examine how fVIII binds to LRP1 before and after activation by thrombin. Surface 

plasmon resonance measurements of WT BDD fVIII were determined before and after 

thrombin activation. 50 nM WT BDD fVIII without activation was injected over a chip 

with immobilized LRP1 and binding is shown in figure 6.6 (solid, black lines). 

Immediately following thrombin activation, fVIIIa samples were injected over the same 

chip and binding is shown in figure 6.6 (red, dashed lines). Overlay of the curves shows 

no differences in binding of fVIII before or after activation by thrombin.  

 

R372/1689A fVIII is cleared from circulation with kinetics similar to WT-fVIII 

 Having confirmed that WT and R372/1689A BDD fVIII bind to LRP1 and vWF 

with similar affinity, we next initiated studies to monitor their clearance in mice. If 

activation of BDD fVIII is required for its clearance, R372/1689A BDD fVIII would 

have a significantly slower half-life than WT BDD fVIII. For these experiments, BDD 

fVIII was first radiolabeled with 125Iodine for easy detection and monitoring in blood. To 

confirm that iodination did not result in protein aggregation, each protein was tested by 

SDS-PAGE and for free iodine by TCA precipitation. Samples with less than 10% TCA-

precipitable protein were used for experiments. Balb/c mice were injected with 20 nM 

125I-WT or 125I-R372/1689A BDD fVIII and blood draws were taken at indicated times. 

The results of this experiment reveal no significant differences in the clearance rate 

between 125I-WT or 125I-R372/1689A BDD fVIII (Figure 6.7). Using two-exponential 

decay fit, 125I-R372/1689A BDD fVIII has a fast phase half-life of 18 minutes and a  
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Figure 6.6. WT BDD fVIII binding to LRP1 before and after 
activation by thrombin. Surface plasmon resonance measurements of 50 
nM WT BDD fVIII binding to immobilized LRP1 before (black, solid 
lines) and after (red, dashed lines) thrombin activation.  
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Figure 6.7. WT and R372/1689A BDD fVIII Clearance in Balb/c mice. 
200 µl of 125I-WT (open circles) or 125I-R372/1689A (closed squares) 
BDD fVIII was injected into the tail vein of Balb/c mice (n = 3 per 
protein). At the indicated times, blood was collected and counted for 125I-
radioactivity. The amount of 125I-radioactivity at 2 minutes was defined as 
100%.  
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slow phase half-life of 272 minutes while 125I-WT BDD fVIII has a fast phase half-life of 

27 minutes and a slow phase half-life of 349 minutes. The data and parameters of the fits 

are summarized in table 6.1 This mode of clearance is consistent with previous studies 

for fVIII clearance from circulation by LRP1 (153) and reveal that activation of fVIII is 

not essential for its clearance.  

 

Discussion 

 

 In this investigation we conducted studies to examine if conversion of fVIII to 

fVIIIa was required for the effective clearance of fVIII from the circulation. To achieve 

the objective of these experiments, our studies employed a form of BDD fVIII in which 

thrombin cleavage sites R372 and R1689 were mutated to alanine. Characterization of 

R372/1689A BDD fVIII determined that these mutations indeed resulted in resistance to 

activation by thrombin. SDS-PAGE verified the absence of separated A1 and A2 

domains and lack of cleavage of the light chain after incubation with thrombin (Figure 

6.1) and binding experiments to vWF were sustained for R372/1689A BDD fVIII 

following incubation with thrombin (Figure 6.2). Binding studies revealed that 

R372/1689A mutations do not inherently alter BDD fVIII affinity to LRP1 or vWF 

(Figure 6.3, 6.4). This was critical to confirm before continuing, as we required activation 

resistance to be the only factor in clearance studies. Examination of the clearance of WT 

and R372/1689A BDD fVIII in Balb/c mice revealed a similar half-life for the clearance 

of R372/1689A BDD fVIII when compared to WT BDD fVIII, confirming that activation 

is not required for fVIII clearance (Figure 6.6). If activation were required for clearance,  
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Table 6.1 Two-exponential decay parameters of clearance of WT and R372/1689A 
BDD fVIII in Balb/c mice.  
 

 WT fVIII R372/1689A 
fVIII 

Percent Fast 40.3 39.2 
KFast .026 .039 
KSlow .0012 .0026 

Half Life (fast) 27 min 18 min 
Half Life (slow) 349 min 272 min 
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R372/1689A BDD fVIII would have had a longer half-life, however, our data revealed a 

similar half-life to WT BDD fVIII.  

Employing just the heavy chain of fVIII, Bovenschen et al. (123) concluded that 

activation of fVIII is required for high affinity binding to LRP1. However, our results 

using the intact fVIII molecule suggest otherwise. Since the conclusions drawn in the 

previous study were based on experiments done solely using the isolated heavy chain of 

fVIII binding to LRP1, we contribute the differences in our data to the fact that we 

employed intact, BDD fVIII binding to LRP1 rather than a fragment of fVIII. It is 

plausible that the isolated fragment would have different properties than the intact BDD 

fVIII, as different residues would be exposed in each condition.  
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CHAPTER 7. DISCUSSION 

 

Introduction 

 In the current study, we sought to characterize the binding of ligands to full length 

LRP1, specifically RAP D1D2 and fVIII. Ligand binding to LDL receptor family 

members appears to involve lysine residues on the ligand that dock into acidic pockets of 

the complement repeat (CR) modules of the receptor. This model was discovered from a 

structure of the RAP D3 domain in complex with CR34 of the LDL receptor (52). 

Support for this model was derived from earlier mutagenesis studies that revealed a 

critical role for K256 and K270 in the binding of D3 with LRP1 (51). However, the 

interaction between RAP and the LDL receptor is weak, and may not occur 

physiologically, which raises the question of whether or not this model would apply to all 

LDL receptor family member ligands. For this reason, it was important to determine if a 

common interaction mode occurs for multiple LRP1 ligands. In addition, certain studies 

suggest that activation of fVIII is required for its in vivo clearance. Thus, Bovenschen et 

al. (123) demonstrated that the isolated heavy chain of fVIII binds to LRP1 with high 

affinity after activation by thrombin and additional studies have shown that the isolated 

A2 domain binds tightly to LRP1 (124, 125). It was important to confirm if activation is 

required for the clearance of intact fVIII to gain insight into which regions of fVIII are 

critical for the interaction with LRP1.  

The current studies reveal that the binding of RAP D1D2 as well as fVIII to LRP1 

occurs via formation of a bivalent complex. The high affinity bivalent complex results 

from avidity effects in which multiple lysine residues on the ligand interact with different 
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CR modules on the receptor. The interaction between D1D2 and LRP1 was shown to 

involve lysine residues and K60 in the D1 domain and K191 in the D2 domain were 

found to be critical for the binding. By employing chemical modification studies in which 

lysine residues were modified, we confirmed the critical role of these residues in the 

binding interaction. Further, by examining the ionic strength dependence of the binding 

interaction, we found a critical role for 2 charged residues that are involved in the 

interaction. Further, we determined that the cluster IV region of LRP1 is the primary 

region involved in binding fVIII. Studies employing a fVIII molecule that was unable to 

be activated by thrombin revealed that activation of fVIII is not required for its in vivo 

clearance. This suggests that the light chain of fVIII is primarily involved in binding to 

clearance receptors such as LRP1 in its native state.  

 

LRP1 ligands fVIII and RAP D1D2 bind via a bivalent binding model involving 

lysine residues 

 The current investigation revealed that a common mode of binding holds true for 

multiple ligands binding to LRP1. This model involves the formation of a bivalent 

complex between the ligand and LRP1 that relies on lysine residues on the ligand 

docking into two distinct determinants on the receptor. This model was confirmed for 

both D1D2 and fVIII using a combination of lysine modification, ionic strength 

dependence and comprehensive binding experiments. The identification of K60 and 

K191 in D1D2 as critical lysine residues for binding to LRP1 showed that in order to 

significantly reduce the affinity of D1D2 to LRP1, both lysine residues must be mutated. 

Mutation of either residue alone generated a molecule that still bound to LRP1. 
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Interestingly, additional lysine residues were identified that could also contribute to the 

bivalent complex formation. These residues can substitute for K191, although with 

reduced affinity, due to the flexibility of D1D2. In between the D1 and D2 domains is a 

flexible linker region that allows for movement of residues to compensate when the 

primary residues, K60 or K191, are mutated or unavailable for binding. The studies with 

D1D2 confirm that mutagenesis of a single residue in other LRP1 ligands is not likely to 

reduce the affinity sufficiently to preclude the ligand from interacting with LRP1.  

 Considerable interest exists in determining the residues involved in the interaction 

between fVIII and LRP1 and numerous studies have attempted to do just this. It appears 

that the major binding sites within fVIII are located with the A3 (126) and C1 (145) 

domains of fVIII, both on the light chain. Chemical modification of lysine residues in the 

light chain of fVIII examined binding to cluster II of LRP1 and determined that lysine 

residues are critical for the interaction (127). The contribution of lysine residues in fVIII 

was confirmed in our studies examining the binding of native BDD fVIII binding with or 

without chemical modification of lysine residues to full length LRP1.   

The importance of lysine residues for an LRP1 ligand has been previously 

confirmed using the D3 domain of RAP binding to LRP1. Random mutagenesis 

experiments of D3 identified K256 and K270 as critical lysine residues that are necessary 

for high affinity binding to LRP1 (51). It was noted that additional lysine residues 

contributed moderately to the interaction but when mutated, did not completely ablate 

binding. In contrast to our study, however, mutagenesis of a single lysine residue in D3 

was enough to knock out interaction of LRP1. This confirms that importance of 

examining all aspects of protein-protein interaction to draw accurate conclusions. Our 
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studies reveal that both binding sites within RAP, one in D1D2 and one in D3, rely on 

key lysine residues for the high affinity binding to LRP1. 

In addition to the D3 domain of RAP, the importance of lysine residues in the 

interaction with LRP1 has been noted in another ligand, TIMP-3. TIMP-3 is an inhibitor 

of metalloproteinase catalytic activity and is a regulator of connective tissue turnover. It 

is known that LRP1 regulates levels of TIMP-3 by its endocytosis and lysosomal 

degradation. Well-designed studies by Doherty et al (154) sought to determine if 

mutation of lysine residues could decrease the affinity of TIMP-3 to LRP1. In line with 

our findings with D1D2, only mutation of lysine residues in pairs had a significant impact 

on the interaction with LRP1. Double lysine mutants of TIMP-3 remained in the media of 

HTB94 chondrosarcoma cells significantly longer than WT TIMP-3 as they failed to be 

internalized. The same internalization failure was detected in LRP1-expressing PEA10 

cells. Surface plasmon resonance measurements revealed that double lysine mutants had 

markedly reduced binding to LRP1 compared to WT TIMP-3. These data support that our 

model of ligand binding, multiple lysine residues docking into CR modules of LRP1, 

holds true for multiple ligands.   

 

Potential lysine residues involved in binding fVIII to LRP1 

 Since it was revealed that lysine residues are critical for binding fVIII to LRP1, 

we are confident that future studies will be able to identify specific lysine pairs that are 

involved in the interaction. Numerous studies have attempted to identify specific residues 

within fVIII that are involved in the interaction with LRP1. Initial studies noted that a 

monoclonal antibody to the A2 domain blocked the interaction of fVIII to LRP1 and 
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resulted in investigation into residues within this domain. Sarafanov et al. (124) identified 

that mutation of K466 and K499 to alanine reduced the affinity of the A2 domain for 

LRP1 by 4- and 3-fold, respectively. However, further study determined that these 

residues are buried in the native fVIII and likely not available for binding. This is 

consistent with the observation that sites in the A2 domain are likely only exposed upon 

thrombin cleavage of the heavy chain (123).  

Studies employed hydrogen-deuterium exchange with mass spectrometry to 

characterize the interaction between the fVIII and LRP1 and determined that the major 

binding sites in fVIII are located within the light chain (127). Numerous studies have 

revealed that the light chain binds to LRP1 (42, 126, 127). The light chain is comprised 

of three domains, A3, C1 and C2 and it is likely the A3 and C1 domains specifically are 

involved in the interaction. Examination of the light chain binding to LRP1 revealed there 

are two distinct binding sites, one with high and one with low-affinity to LRP1. The high-

affinity site was identified, as the A3-C1 region while the low-affinity site is located in 

the C2 domain (126). This was confirmed by the determination that recombinant C2 

domain can interact with LRP1, although with much lower affinity than the entire light 

chain (42). Our studies showed that activation of fVIII is not essential for its binding and 

clearance. These findings support the notion that identification of lysine residues should 

focus on the A3 and C1 domains in the light chain of fVIII due to the fact that residues on 

the heavy chain are not accessible until activation. Focusing on residues within the heavy 

chain would be likely less effective since the residues are only accessible under certain 

conditions. Additionally, the identification of two distinct regions located in fVIII that 

interact with LRP1 is in agreement with the kinetic data derived from the current study.  
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 Using previously published data and structural information, we investigated 

potential lysine residues in the A3 and C1 domains that may be involved in the 

interaction between fVIII and LRP1. Van den Biggelaar et al. (127) mutated lysine 

residues in the light chain to arginine and examined the change in affinity to the LRP1 

cluster II. A number of lysine residues in the A3 and C1 domains of fVIII were 

determined to have significant impact on the affinity of fVIII to LRP1. The lysine 

residues identified from this study that we investigated further are listed in Table 7.1. 

Next, we determined the accessible surface area of these lysine residues in the 

context of intact fVIII. This was important to investigate because only lysine residues that 

are readily accessible on the surface of the protein would be involved in the interaction 

with LRP1. Accessible surface area (ASA) was determined by Volume Area Dihedral 

Angle Reporter software (VADAR version 1.8), a compilation of algorithms and 

programs to quantitatively assess protein structures based on their PDB structural data 

(155).  Based on a structure of BDD fVIII determined by x-ray crystallography, noted as 

3CDZ, (156), we determined the ASA of the lysine residues identified above and the 

results are shown in Table 7.1. Notably, although K1967 and K1972 were identified as 

impactful for the light chain of fVIII binding to LRP1, these residues are inaccessible in 

the entire BDD fVIII molecule (ASA= 0.17 and 0.10, respectively). Combining the use of 

mutagenesis with structural analysis allowed us to determine which lysine residues are 

potentially important and rule out residues that, due to lack of accessibility, would not be 

worth pursuing further. Lysine residues we identified based on these two conditions are 

highlighted in cyan in the fVIII structure (Figure 7.1, panel A).  
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Table 7.1. Accessible surface area of lysine residues in the A3 and C1 domains as 
determined by VADAR. 
 
 

Domain Residue Accessible 
Surface Area 

A3 

K1693 0.62 
K1694 0.69 
K1813 0.41 
K1818 0.49 
K1827 0.95 
K1967 0.17 
K1972 0.10 

C2 K2065 0.72 
K2092 0.83 
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Figure 7.1. Structure of fVIII showing potential critical lysine residues 
for binding to LRP1. (A) Factor VIII domains are highlight by different 
colors (A1 domain, yellow; A2 domain, green; A3 domain, blue; C1 
domain, red; C2 domain, orange). Critical lysine residues potentially 
involved in LRP1 binding are colored in cyan. (B) The distances between 
key lysine residues are shown. Figure is drawn with Pymol from PDB 
structure 3CDZ.  
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Interestingly, the lysine residues within each domain are between 16 and 24 Å 

apart (Figure 7.1, panel B), as measured in the PDB structure 3CDZ of BDD fVIII. These 

values are in general agreement with the 20-43 Å spacing of CR modules that are 

available from the structural information of various LDL receptor family members (52, 

53, 147). The spacing of lysine residues is critical as they must be able to dock into 

sequential CR modules to attain high affinity binding, a binding motif previously seen 

with other LRP1 ligands (51–53, 146). Mutagenesis studies with the LRP1 ligand TIMP-

3 mutated lysine residues that were chosen based on the distance between the residues 

(154). This strategy successfully identified K26/45A and K45/110A as pairs of residues 

that upon mutation, significantly reduced binding to LRP1. Not only did this work stress 

the importance of conducting thorough structural analysis prior to mutagenesis, it 

confirms that mutation of pairs of lysine residues can reduce ligand affinity to LRP1.  

 A number of fVIII residue mutations have been reported in hemophilia A patients 

and were recently compiled in the CDC Hemophilia A Mutation Project (CHAMP) (157). 

CHAMP was compiled from mutations originally listed in the Hemophilia A Mutation, 

Structure, Test and Resource site plus mutations from more than 40 additional 

publications. The database can be searched by either worldwide mutations or those 

identified in the United States. Since our hypothesis is that lysine residues, specifically 

those noted in figure 7.1, are involved in the interaction between fVIII and LRP1, we 

searched the worldwide CHAMP database for any noteworthy mutations. Interestingly, 

three of the lysine residues that we identified, K1818, K1827 and K2065, have been 

reported to be mutated in hemophilia A patients (158–161). The mutations in K1827 and 

K2065 have been reported once while K1818 mutations have been reported in three 
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separate patients. All mutations of K1818, either duplication or substitution, have resulted 

as either severe or mild hemophilia A depending on the patient. Both substitution 

mutations of K1827 and K2065 present as severe hemophilia A in the respective patients. 

The residue K1818 is known to be involved in the interaction between fVIII and fIXa 

(162) and the mutation of this residue resulting in hemophilia A may be the result of the 

loss of interaction with fIXa. The C1 domain of fVIII is known to be involved in the 

interaction with vWF and K2065 may be present within this region. Other C1 domain 

mutations present in hemophilia A patients have been shown to result in reduced affinity 

of fVIII to vWF (163) and this may be the case for K2065.  

 Finally, we examined the conservation of the identified lysine residues in fVIII 

across a variety of species to determine the potential importance of the residues in the 

bivalent binding complex. For this binding model to hold true, a pair of lysine residues 

within fVIII dock into complementary sites on LRP1. We compared the sequence of 

human fVIII with a number of other species using the UniProt database and the results of 

our analysis are shown in Table 7.2. A conserved lysine residue is denoted by a “yes” and 

if another residue was present, this is indicated by a “no” in a highlighted yellow box. 

Within the C1 domain, K2065 and K2092 may potentially serve as the two binding sites. 

Examination of the conservation of these residues revealed that both residues are 

conserved in all species, with the exception of K2092 in rat. Conservation of the potential 

lysine residues involved in the A3 domain binding site is more complicated as multiple 

residues may function in this role. Based on the structure of the A3 domain and the 

distances between residues, we postulate that K1693, K1694 or K1818 may be able to 

substitute for one another and function as one residue in the pair. This is supported by  
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Table 7.2. Conservation of selected lysine residues within fVIII through a variety of 
species as determined by a UniProt search.  

 
Residue Chimpanzee Gorilla Horse Rabbit Elephant Cat 
K1693 Yes Yes Yes Yes Yes Yes 
K1694 Yes Yes No No Yes Yes 
K1813 Yes Yes Yes Yes Yes No 
K1818 Yes Yes Yes No No Yes 
K1827 Yes Yes Yes Yes No No 
K2065 Yes Yes Yes Yes Yes Yes 
K2092 Yes Yes Yes Yes Yes Yes 

	 	 	 	 	 	 	
	 	 	 	 	 	 	Residue Dog Bovine Guinea 

pig Mouse Rat Pig 

K1693 Yes Yes Yes No No Yes 
K1694 Yes No No Yes Yes No 
K1813 Yes No Yes Yes Yes No 
K1818 Yes Yes No Yes No Yes 
K1827 Yes Yes No No No No 
K2065 Yes Yes Yes Yes Yes Yes 
K2092 Yes Yes Yes Yes No Yes 
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lysine substitution seen in the D1D2 domains of RAP (151). The other residue could be 

either K1813 or K1827, and these residues would bind independently of one another. For 

this model to hold true, either K1813 or K1827 must be present, while one of K1693, 

K1694 or K1818 must be present. Examination of the conservation revealed that this 

situation occurs in all species. The high conservation of the identified lysine residues 

supports the potential for these residues to play a critical role in the interaction between 

fVIII and LRP1.  

Our ionic strength dependence experiments suggest that binding between fVIII 

and LRP1 involves two charged residues. However, van den Biggelaar et al. (127) found 

that the interaction between fVIII and LRP1 occurs over an extended surface, suggesting 

a number of residues involved in the interaction. The substitution of lysine residues 

within pairs could account for the apparent contradiction in these results. Since different 

lysine residues could interact with LRP1 depending on the confirmation, the analysis 

done by van den Biggelaar et al. (127) may have captured several arrangements of lysine 

residues interacting with LRP1, which would present as the interaction occurring over an 

extended surface rather than a few specific sites.  

 

Cluster IV is the primary region of LRP1 for binding fVIII 

 Binding experiments, combined with cell based internalization experiments, 

revealed that cluster IV is the primary region of LRP1 involved in the interaction with 

fVIII. Although in isolation fVIII could interact with both clusters II and IV, fVIII does 

not interact with cluster II in the context of full length LRP1 as shown by competition 

studies. Cluster IV has previously been identified as the binding region for other LRP1 
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ligands including tPA/PAI-I, PAI-I, Pro-uPA, TFPI, ApoE, LpL (128), RAP and a2M 

(128, 164). The CR modules within LRP1 are highly conserved. The individual CR 

modules contain a highly conserved cluster of negatively charged amino acids that are 

critical for the interaction with ligands (13). A BLAST search of the residues in LRP1 

cluster IV showed a greater than 98% identity between human LRP1 cluster IV and over 

80 other species. It has also been suggested that a common origin for the CR modules 

dates back at least 600 million years, confirming that the residues within this region are 

critical for ligand binding.  

 The discovery that cluster IV is the primary region of LRP1 involved in the 

interaction with fVIII uncovers an intriguing possibility for hemophilia A treatment. 

Further investigation of the CR modules within cluster IV may be able to identify a small 

region that is able to bind to fVIII and compete for the interaction with LRP1. Cluster IV 

is comprised of 11 CR modules, designated 21-31. Sagare et al. (165) expressed groups 

of three CR modules in CHO cells. The cDNA containing the repeats with a His6 tag 

were cloned into the mammalian expression vector pSecTag2 B before CHO cells were 

transfected with the expression vectors. Clones expressing the constructs were selected, 

protein was expressed and purified using Ni2+-nitrilotriacetic acid-agarose. A second 

group expressed groups of three CR modules using the Bac-to-Bac expression system 

protocol (125). This strategy involves the generation of expression cassettes that are 

transposed into bacmids and expressed. Proteins are purified on Talon Superflow resin 

followed by size-exclusion chromatography on Superdex-75 columns. Either strategy 

could be used to express the CR module groups of interest, which would then be 

investigated for the binding to fVIII. Once the specific region of cluster IV involved in 
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binding to fVIII, this fragment could be co-injected with fVIII and the clearance rate of 

fVIII would be determined. Our hypothesis is that co-injection with a small fragment of 

cluster IV would compete for fVIII binding and clearance by LRP1, resulting in an 

extended half-life of fVIII. Further investigation for feasibility should be pursued, 

however we postulate that this may lead to the development of an improved treatment for 

hemophilia A patients.  

 

Impact on fVIII treatment for Hemophilia A 

 Considerable interest exists in manipulating fVIII clearance to extend its half-life 

in circulation. Current prophylactic treatments for hemophilia A involve a rigorous 

infusion schedule that is difficult for many patients to properly maintain. Extending the 

half-life of fVIII in the circulation could decrease the frequency of infusions and reduce 

the burden on patients, making treatment easier to sustain. One strategy to achieve a 

prolonged half-life would be to reduce fVIII binding to LRP1. Although previous studies 

have characterized the binding of fVIII to LRP1, most have employed fragments of the 

proteins which do no give a clear picture of the molecular interactions involved. Our 

investigation combined the use of fragments and full length protein to conduct a 

comprehensive examination of the interaction between fVIII and LRP1 in order to 

identify potential strategies to prolong the half-life of fVIII. First, our studies suggest that 

it may be possible to ablate the binding of fVIII to LRP1 by mutation of select lysine 

residues. Further, we have shown that cluster IV is the primary binding site on LRP1 for 

fVIII. A small region of cluster IV may be able to extend fVIII half-life by competing for 

the interaction with and clearance by LRP1. Further studies must be done to determine 
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the feasibility of these strategies which may lead to the development of an improved 

treatment for hemophilia A patients.  

Current prophylaxis treatment for hemophilia A patients involves infusions of 25-

40 IU/kg fVIII two or three times per week for patients with the severe disease (107, 108). 

To be considered as undergoing prophylactic treatment, patients must have a minimum of 

once a week infusions for 45 weeks per year, although most patients require more 

infusions. A number of different strategies are being used to extend the half-life of fVIII 

such as PEGylation and Fc-fusion proteins (94, 108), which would decrease the number 

of infusions required to maintain levels of fVIII. Although an improved prophylactic 

treatment for hemophilia A patients is desired, a number of factors must be considered. 

There is a high variance of fVIII half-life between patients, from 6-24 hours, due to 

influences such as vWF levels, blood group and age. In addition, the time spent at trough 

levels of fVIII activity must be considered. Ideally, trough levels of fVIII activity above 

1% should be maintained in order to minimize bleeds. Current prophylactic treatments 

with more frequent infusions minimize the time patients spend with low plasma levels of 

fVIII. If the time between infusions is extended, the patient will have lower plasma levels 

of fVIII for a longer period of time. This may increase the risk of bleeding, and will 

likely lead to the need for a very personalized infusion schedule depending on bleeding 

risk factors for the individual patient.  

 Despite the considerations that must go into the development of an improved 

hemophilia A treatment, there are numerous potential benefits. Many patients require 

central venous access devices (CVAD) in order to easily deliver replacement fVIII to the 

circulation because of the frequency of infusions. Reducing the number of infusions 
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required could reduce the need for CVADs for many patients. A major factor that keeps 

patients from properly maintaining treatment is the high cost of treatment. An indirect 

cost is the high number of clinic visits required for certain patients who are unable to 

maintain treatment at home, a complication that would be reduced with the decreased 

number of infusions. The rigorous infusion schedule is difficult to maintain for many 

patients as the infusions take a significant amount of time and interfere with daily activity. 

Fewer infusions would be easier for patients to sustain and may lead to fewer missed 

doses. The option to switch to an extended half-life fVIII would provide many patients 

with the flexibility to personalize treatment. Every patient could weigh the decreased 

infusions against higher trough levels that would come with more frequent infusions and 

could tailor their treatment based on individual lifestyle factors to result in the highest 

quality of life for each patient. 

 In summary, the studies contained within this dissertation suggest that it should be 

possible to determine a method to extend the half-life of fVIII in circulation. The 

identification of a bivalent binding complex involving lysine residues on the ligand 

revealed that it is possible to ablate the binding between fVIII and LRP1 by select 

mutation of a minimal number of residues. Our studies further reveal that the light chain 

of fVIII is likely the primary region involved in the binding to LRP1, due to activation of 

fVIII not being required for its clearance from circulation. This information will allow for 

better focus on specific domains of fVIII in future mutagenesis studies. Although further 

studies are necessary to determine specific residues in the light chain that may be 

involved, it is a promising step towards this goal. We also showed that LRP1 cluster IV is 

the primary region of LRP1 involved in the interaction with fVIII. This may provide 
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another manner to extend the half-life of fVIII in circulation. Combined, our studies may 

contribute to the development of an enhanced treatment for hemophilia A patients to 

improve their overall quality of life.  
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