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Chapter 1 - A tale of two proteins: PAI-1 and 

Vitronectin 
 

1.1 Introduction to Plasminogen Activator Inhibitor - 1 

1.1.a An Overview of Plasminogen Activator Inhibitor - 1  

Plasminogen Activator Inhibitor 1 (PAI-1) is found throughout the human body, both in 

circulation, and in the extracellular matrix (ECM).  PAI-1 is expressed in the liver, adipose 

tissue, smooth muscle cells, and platelets.  Tumor cells and other inflammation activated cells 

have also been shown to secrete PAI-1 [1, 2].  PAI-1 plays a role in a wide variety of 

physiological processes due to its involvement in fibrinolysis, ECM remodeling, and cell 

migration (figure 1.1) through inhibitory and non-inhibitory processes [3-5].   

  As the name implies, PAI-1 is involved in the delicate regulation of plasminogen 

activation.  Plasminogen, the zymogen form of plasmin, is a ubiquitous protein expressed in all 

major tissues and organs. Plasminogen binding to cell surface receptors and fibrin renders it 

more readily activated through a cleavage mechanism [6].  Plasmin is a multifunctional, highly 

efficient protease that, if left unchecked, could lead to a hemorrhagic state within minutes due to 

its role in fibrin degradation.  Plasminogen, and the active form plasmin, are both regulated at 

several levels in order to maintain a ready supply of the protein, and preserve the hemostatic 

integrity of the systems in which it is involved [7].  Plasminogen plays a key role in fibrinolysis, 

cell adhesion, cell migration, wound healing, clotting, inflammation, ECM degradation, and 

promotes hormone, and growth factor release [4, 7, 8].  Mice deficient in plasminogen have 

delayed wound healing, and deficiency in EMC remodeling. Additionally, plasmin also plays 
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Figure 1.1 Physiological Role of PAI-1 

PAI-1 inhibits plasminogen activators and through them the activation of plasminogen to 

plasmin.  Through this inhibition, PAI-1 plays a role in fibrinolysis, ECM remodeling and cell-

migration. 
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role in cancer progression, in which elevated levels typically result in a poor prognosis due to 

increased ECM remodeling [6, 9].    

PAI-1 acts to limit the generation of plasmin by inhibiting tissue type and urokinase type 

plasminogen activators (known as tPA and uPA respectively) [10, 11].  This cleavage is 

consistent with the standard mechanism of serine proteases, a protein family to which tPA, uPA, 

and plasmin belong, and involves the recognition and binding of the protease to a specific 

peptide sequence, then cleavage through the formation of tetrahedral and acyl intermediates [12, 

13].  Through this mechanism, tPA and uPA are able to generate the active protease, plasmin.  

PAI-1 inhibits this activation by permanently inactivating tPA and uPA through the classic serine 

protease inhibitor (serpin) mechanism (figures 1.2 and 1.3) wherein the PA cleaves the reactive 

center loop of PAI-1, triggering a mechanism that results in the translocation of the PA, and 

disruption of the PA active site [14, 15]. 

Through its role in regulating the activation of plasmin, PAI-1 plays a key role in the 

same processes that plasmin effects.   PAI-1 also has non-inhibitory effects on cell migration and 

adhesion through its interaction with cell receptors and vitronectin (VN).  PAI-1 binds to Low 

density lipoprotein receptor-related protein 1 (LRP1) and is endocytosed, along with the cell 

surface receptor.  This mechanism not only clears PAI-1 from the system, but also leads to 

cellular migration through endocytosis of cellular receptors, as well as through the activation of 

the JAK/Stat pathway [16-19].  PAI-1 also has an anti-apoptotic effect through its activation of 

the PkP/Akt pathways [20].   

Imbalances in PAI-1 levels, or alterations to the activity of PAI-1, are frequently 

associated with disease states.  Low levels of PAI-1 are typically tied to mild or moderate  
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Figure 1.2 Serpin mechanism 

Serpins structure includes a reactive center loop (RCL) which contains a region that mimics the 

consensus sequence of certain proteases.  The protease binds to this region, forming a Michaelis 

complex.  Once the protease has bound to the serpin, it forms the acyl intermediate and 

undergoes the first cleavage reaction, releasing one half of the RCL as the first product.  At this 

point, there are two fates for the protease-serpin complex.  In the first, cleavage of the RCL 

triggers a conformational change in the serpin, leading to the insertion of the RCL into the 

central β-sheet.  This results in an ~70A translocation of the protease, leading to a 

conformational change in the protease active site that renders it unable to complete the final 

hydrolysis step that would release it from the serpin.  The second fate occurs when the serpin is 

in a substrate form, and results in the protease completing the final hydrolysis step that allows it 

to release the RCL and escape in active form.  Figure adapted from our work with Blouse et al 

2009 [21]. 
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Figure 1.3 Serpin Inhibition of Serine Protease 

Serpins utilize the RCL as “bait” to attract target serine proteases.  Upon cleavage of the RCL by 

the serine protease, the RCL inserts into the central β-sheet, causing the serine protease to 

undergo a 70Å translocation which causes disruption of the proteases active site.  This is a 

suicide inhibitory mechanism, as the proteins are now covalently attached.  On the right is the 

PAI-1:uPA complex – pre cleavage [10].  On the left is the α-1-Antitrypsin:Trypsin complex – 

post cleavage.   [14] 
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bleeding disorders and frequently go undiagnosed although severe deficiencies can be life 

threatening [22, 23].  These PAI-1 deficiencies manifest in abnormal bleeding following surgery, 

heavy menstruation, and are typically a heritable trait [24-26].  However, there is at least one 

case of acquired PAI-1 deficiency in a patient with cirrhosis of the liver [27].   

On the other side of the balance, elevated PAI-1 levels are associated with a variety of 

pathological symptoms.  Imbalances in PAI-1 levels are brought about by a variety of factors and 

PAI-1 not only serves as a marker for many disease states, but it also exacerbates several 

pathologies [28, 29].   High levels of PAI-1 are tied to disease states in cancer, skin fibrosis, 

insulin resistance syndrome, cardiovascular disease, multiple sclerosis, Alzheimer’s, 

hypertension, and fibrosis   [16, 30-36].  Additionally, elevated levels of PAI-1 are tied to genetic 

factors, as well as weight, diet, and other environmental factors [37-40].  Some studies have 

published conflicting data regarding the role of PAI-1 in disease states, however, when these 

studies are compared, it is found that the discrepancies are due to variances in experimental 

conditions, and the alternate roles of PAI-1 in different tissues [6, 18, 41, 42].  This is important 

to note as it demonstrates that PAI-1 adopts different roles based on its environment and 

interaction partners.  

Because of the myriad of disease states PAI-1 is involved in, particularly cancer, it has 

become a promising subject for study as science seeks to understand the physiological role that 

PAI-1 plays, so that it can be utilized as a therapeutic agent [23, 29, 42-49].  Many approaches 

have been taken to modulate PAI-1 function with synthetic inhibitors [45, 50]. One method is to 

target the flexible joint region of PAI-1 in order to render it unable to inhibit plasminogen 

activation, either through speeding the latency transition, or converting PAI-1 to the substrate 

form [51-53].  Other groups have sought to alleviate elevated PAI-1 prior to the translation phase 
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[43, 54].  Still other groups have turned to naturally existing substances to find a way to lower 

elevated PAI-1 [55, 56].  Unfortunately, while many of these inhibitors were effective in vitro, 

very few function in vivo at levels that would allow them to be adopted for widespread 

therapeutic use.  Successful inhibitors need further refinement to improve on current options with  

features such as a higher affinity for PAI-1, ability to bind PAI-1 when it is in complex with VN, 

the ability to bind glycosylated PAI-1, greater solubility, and a longer half-life in vivo [5, 53, 

57].  This struggle to identify effective PAI-1 inhibitors highlights the need for further research 

into PAI-1 and  its interaction partner VN as a piece in the puzzle that is therapeutic targeting of 

PAI-1.  

 

1.1.b PAI-1 and its Role as a Serine Protease Inhibitor.   

PAI-1 belongs to the protein superfamily known as serpins (serine protease inhibitors).  

There are over 3,000 serpins throughout eukarya, bacteria, archaea and certain viruses [58, 59].  

The serpin superfamily of proteins acts to regulate thrombolysis and apoptosis, control cell 

development and survival, maintain homeostasis, and function as part of the host defense system 

vs pathogens and predators.   Due to the many processes that serpins regulate, imbalances in 

normal levels, high or low, of serpins are frequently linked to disease states. Their primary mode 

of action is inhibition of serine and cysteine proteases. However, it has also been found that some 

serpins can act as chaperones, and hormone transporters. [58-63].  Inhibitory serpins serve as 

protease inhibitors via a highly conserved mechanism (shown in figure 1.2) wherein the reactive 

center loop (RCL) on the serpin functions as “bait” for the protease, and upon cleavage, inserts 

into the central β-sheet, disrupting the protease active site in the process [12].  Serpins share a 

common three-dimensional structure consisting of three beta-sheets, nine alpha-helices, and a 
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reactive center loop that contains the scissile bond recognized by the target serine proteases [12] 

(figure 1.4).  This RCL is a crucial component of the serpin inhibitory mechanism and as such 

the length is highly conserved despite variations in amino acid composition [64].   

While PAI-1 shares the key structural and mechanistic features of other serpins, there are 

differences between PAI-1 and the rest of the serpin family.  Unlike many other serpins, PAI-1 is 

highly metastable.  Where nearly all serpins remain in the stressed, or active, state until cleaved 

by a serine protease, PAI-1 will spontaneously convert to the latent, or relaxed, state under 

physiological conditions and does so more rapidly than other members of the serpin family.  [59, 

65, 66] (figure 1.4).  The latency conversion occurs when the reactive center loop spontaneously 

inserts into the central beta sheet of PAI-1, without a protease cleavage event, rendering the 

protein inactive for future inhibitory activity [59, 67].  This difference, likely part of a delicate 

control mechanism to regulate activity [59, 68], is thought to be due to variations in the protein 

sequence [69, 70].   Several factors influence the rate of latency transition in PAI-1 including pH, 

and ligand binding [71, 72].  

While the metastable nature of PAI-1 helps regulate the delicate balance of plasminogen 

activation, the metastable nature of PAI-1 makes study of this serpin difficult.  PAI-1 has a half-

life of only 60 minutes [66, 73] at 37° C.  Because of this, mutations in the PAI-1 sequence have 

been generated that lengthen the half-life of PAI-1 considerably.  The first stable PAI-1 variant, 

commonly referred to as “14-1B” PAI-1, contains four separate mutations (N150H, K154T, 

Q319L, and M354I) and was the first active PAI-1 construct to be crystalized [74, 75].   
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Figure 1.4 Structures of PAI-1 

Three PAI-1 structures are displayed above. The central β-sheet is highlighted in green, and the RCL is shown in blue. Because of the 

inherent flexibility of the RCL in active PAI-1 it is missing from the crystal structures. A dashed blue line is included in active 

structures to represent the RCL. The leftmost structure is the active form of W175F PAI-1. This active structure is shown, rather than 

141B, as the W175F PAI-1 construct is used throughout this work.  The center structure is latent Wt PAI-1. In this structure the RCL 

has inserted into the central β-sheet as strand 4. The rightmost structure is the co-crystal structure of 141B PAI-1 and the SMB domain 

of VN. The SMB domain is shown in cyan. [76-78] 
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A second stable PAI-1 variant has also been crystalized more recently, known by its point 

mutation W175F.  This PAI-1 variant slows the latency transition by restricting pre-insertion of 

the RCL [76, 79].  W175F PAI-1 has been shown to have a similar thermodynamic stability in 

comparison with wild type PAI-1 (Wt PAI-1) [76, 79], unlike 14-1B PAI-1 which is much more 

thermodynamically stable than Wt PAI-1.  A study using epitope specific PAI-1 antibodies, as 

well as several PAI-1 variants, has demonstrated that 14-1B PAI-1 contains structural differences 

compared with Wt PAI-1 that affect interaction with VN, antibodies, and small peptides [80].  

These discrepancies have demonstrated that 14-1B PAI-1 is a less than ideal model for studying 

PAI-1 in a physiologically relevant way.  W175F PAI-1, contains a much more conservative 

mutation, and is considered to be a more appropriate stable PAI-1 variant for physiological 

relevance.  Consequently, this study used W175F PAI-1for all experiments in which a stable 

PAI-1 variant was needed.  

In addition to the metastable nature of PAI-1, there is another distinction between PAI-1 

and other serpins.  Many serpins form multimers in solution, which lead to the development of a 

class of pathological states referred to as serpinopathies.  Often these multimers are formed 

through domain swapping when the RCL on one serpin inserts into the central β-sheet of another.  

This interaction causes disease through formation of polymers and depletion of functional 

serpins [61, 62].  This “self-interaction” is a feature that PAI-1 does not share when alone in 

solution, under physiological conditions.  PAI-1 does have the ability to polymerize when under 

low pH and high salt conditions.  However, even these PAI-1 polymers differ from other 

polymerized serpins in that they can dissociate back into functional PAI-1 monomers [81].   
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1.2 Introduction to Vitronectin 

1.2.a An Overview of Vitronectin 

Vitronectin (VN) is an abundant glycoprotein found in plants, algae, insects, and 

vertebrates and fungi.  In higher vertebrates it is primarily synthesized in the liver.  However, it 

is a diffusible protein and is consequently found in many bodily fluids and nearly all tissues.  

Despite this broad distribution of VN, it is primarily found in circulation and the ECM, though it 

is also stored in platelets [82, 83].  VN has a significant role in cell migration, tissue repair, 

fibrinolysis, platelet aggregation, and membrane attack complex formation. It also enhances the 

inflammatory response [82, 84, 85].  Many of the biological functions of VN are dependent on 

its conformational state, which is in turn dependent on ligand interactions.  These binding 

partners include PAI-1, fibrinogen/fibrin, thrombin, urokinase, plasminogen/plasmin, heparin, 

intergrins, and other cell surface receptors [82, 86-88].  This multifunctional aspect of VN is in 

part, due to the multiple VN domains [83].   

VN is composed of four domains, the somatomedin B domain (SMB), the intrinsically 

disordered domain (IDD), the central domain, and the C-terminal domain (figure 1.5).  The 

central and C-terminal domains have been computationally predicted to fold into a β-propeller 

type structure and β-blade (half a propeller) type structure respectively [83, 89].  The only VN 

domain with experimentally derived structural data is the SMB domain.  The SMB has been 

crystalized in complex with PAI-1 and the solution structure has also been determined via NMR.  

The SMB only contains two structural features, a single turn α-helix and a partial 3-10 helix.  

The rest of the SMB domain is comprised of unstructured loops, linked into a knot via disulfide 

bonds [90-93].  No full length crystal structure is available for VN.   However, a three  
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Figure 1.5 Structure of VN domains 

Model of the four domains of VN.  The somatomedin B domain is shown in blue.  This is the 

only domain of VN to have an experimentally determined structure available [90, 93, 94].  The 

IDD is shown in orange.  The Central and C-terminal domains are shown in red and green 

respectively.  These two domain structures were generated via computational predictions.  Figure 

adapted from our work with Lynn et al. [95] 
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dimensional model has been proposed based on computational modeling of small-angle x-ray 

scattering (SAXS) data (figure 1.6).   

Through interaction with its multitude of partners, VN accumulates at sites of injury and 

stabilizes platelet-fibrinogen/fibrin bridges, also concentrating PAI-1 at the site of fibrin clots to 

prevent early lysis.  The expression of VN is upregulated under stress conditions as part of the 

pro-inflammatory response and also serves to facilitate wound healing [87, 96].   VN also 

interacts with components in the ECM and with cell surface receptors and intergrins to regulate 

cell migration [97, 98].  It accumulates in the extravascular space and in the interstitial space 

through interaction with cell surface receptors, playing a role in cell motility and adhesion.  This 

function of VN is important for hemostasis and wound healing, but also is appropriated by 

cancers and several pathogens [85, 97, 99].   Due to a role in some disease states, VN has also 

been the target of therapeutic research though not as heavily targeted as PAI-1 [96, 100, 101].  

 

1.2.b The Field of Intrinsically Disordered Domains and How it Applies to VN 

Intrinsically disordered proteins (IDPs) and intrinsically disordered domains (IDDs) 

represent an enigmatic face of protein structure research that, until the last decade, had been 

largely understudied.  For decades, the overarching doctrine was that function required structure 

[102, 103].  The difficulty of studying IDPs and IDDs certainly contributed to their time in the 

shadows of biochemistry.  However, in the eighties, disordered proteins got a second look.  

Highly dynamic regions of proteins were assigned function and disorder was characterized as an 

aspect of protein structure [104].  Now, many significant biological functions are known to 

directly depend on disorder.  IDPs are common across all domains of life, particularly among  
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Figure 1.6 Three Dimensional Model of VN Using SAXS 

Using small-angle x-ray scattering our group, in collaboration with others, was able to create a 

spatial envelope for VN in solution.  This envelope was then used to orient the four VN in three-

dimensional space to generate a model for full-length VN. At the top portion of the SAXS 

envelope, the SMB domain is fitted.  In the neck of the SAXS envelope an orange cylinder is 

used to represent the disordered VN domain.  The central and C-terminal domains are aligned in 

the bottom of the SAXS envelope.  This figure is adapted from Lynn et al [95]. 
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eukaryotes.  Disorder is a common feature in proteins involved in neural development, synaptic 

transmission, and cell cycle regulation [105, 106].  Signaling sequences are commonly located in 

disordered regions and scaffolding proteins utilize intrinsic disorder to facilitated mechanisms 

which enhance function [107-111].  Intrinsic Disorder is now acknowledged as a powerful tool 

to facilitate the complexity of living systems [112].   

Disorder defines the ability of some proteins to serve as promiscuous binders.  This 

feature of IDPs is demonstrated by the many proteins in sub-nuclear organelles, many of which 

are enriched in disorder [113].   RNA binding proteins and domains are also rich in disorder.  

The long disordered regions that exist in these proteins establish extended, conserved interfaces 

that specifically interact with RNA partners via an induced fit mechanism, yet possess 

multifunctional binding due to their disordered state [114].  IDPs have also been shown to adopt 

secondary structure when interacting with different binding partners.  A notable example of this 

is found in p53 which can adopt different secondary structural features upon binding to its 

myriad of partners [115].  This disorder to order transition allows for versatility in binding 

partners, while still forming specific interactions [110, 116].  Not all disorder to order transitions 

are beneficial for IDPs however.  Nearly 20% of disease causing mutations in IDPs cause 

disorder to order transitions, drastically affecting the function and role of the IDP [117].  Many 

more mutations that affect the disorder properties of IDPs have also been shown to cause disease 

[118].  

The newly recognized importance of intrinsic disorder has led to the development of 

databases and prediction tools to identify disorder and has also resulted in a concerted effort to 

define what makes an IDP [119-121].  Not all unstructured sections of a protein are considered to 

be IDDs. In fact, a recent study analyzed a database of proteins/protein domains and found 



16 

 

several traits that are present in IDDs and IDPs when compared to other proteins with minimal 

(<5%) secondary structure.  Notably, IDPs are enriched in glutamate (E), aspartate (D), and 

glutamine (Q), and simultaneously depleted of glycine (G) and cysteine (C).  These findings 

demonstrate that there is more to IDPs than a simple lack of secondary structure [122].  In 

comparing the second domain of VN to these qualifications, we note that nearly 30% of the 

second domain of VN is composed of aspartate, glutamate, and glutamine.  Additionally, the 

disordered domain of VN has a number of negative charge repulsive interactions within four 

residues, as opposed to positive charge repulsions, which is another characteristic of IDPs.  

These findings support the classification of the disordered region in VN as an IDD.  

 

1.3 Interactions between PAI-1 and VN 

1.3.a An Overview of PAI-1:VN interactions 

VN and PAI-1 are well characterized binding partners. VN is known to localize PAI-1, 

bringing PAI-1 to sites of function through interactions with proteins such as fibrin [123].  VN 

binding stabilizes PAI-1, increasing the length of time that PAI-1 is able to function as a protease 

inhibitor [124].  This stabilization, and other protective effects, is accomplished through 

restriction of movement in β-sheet A, particularly the movement of strand 5 (s5A) [69, 125, 

126].  VN and PAI-1 also serve to expand their respective physiological roles through binding 

induced conformational changes [21, 127, 128]. For instance, PAI-1, when bound to VN, has 

expanded protease functions and is able to inhibit thrombin, and also to protect against cardiac 

fibrosis [129, 130].  Indeed, VN binding has been demonstrated to affect the conformation of the 

RCL, causing the scissile bond to be more solvent exposed [131].  PAI-1 also serves to expand 

the function of VN, which remains in a monomeric, non-adhesive state until PAI-1 binding at 
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both the primary and secondary sites, inducing a permanent conformational change in the 

glycoprotein [132].   

PAI-1 and VN are primarily found in plasma, the ECM, and platelets.  Indeed, the largest 

pool of PAI-1 is stored in platelets, ready for deposition at sites of injury [83, 97].  However, 

only 5% of the PAI-1 present in platelets is active [133].  VN is also stored in platelets, in the 

multimeric form, due to PAI-1 interactions.  Upon secretion of PAI-1 and VN, the multimeric 

VN promotes aggregation of the platelets while active PAI-1 prevents fibrin breakdown and 

latent PAI-1 promotes wound healing through LRP1 mediated cell migration [16, 83, 124].  PAI-

1 and VN also serve to modulate the migratory properties of each other.  Notably, the PAI-1:VN 

complex is non-motogenic, whereas each protein has pro-migratory roles when not in complex 

with the other.  Imbalances in PAI-1:VN levels, and disruption of the complex through PAI-1 

activity or latency transition, free both partners to promote cell migration [16, 17, 134, 135]. 

 

1.3.b Interactions between PAI-1 and VN. The PAI-1 Perspective 

PAI-1 and VN interact at two distinct and separate sites.  The first site of interaction to be 

characterized between these two proteins was between the somatomedin B (SMB) domain of VN 

and the shutter region of PAI-1 (specifically helices E and F and strand 1 of β-sheet A) [136].  

This site has been well characterized, and a co-crystal structure of PAI-1 and the SMB domain 

was published in 2003 (figure 1.3)  [77] .  PAI-1 and the SMB domain of VN have a very tight 

binding affinity (Kd ~1 nM), so much so that all active PAI-1 in circulation is in complex with 

VN [21, 77].  This tight binding is only applicable to the active form of PAI-1 however.  Even 

though VN, and the SMB domain, are able to stabilize PAI-1, over time a latency transition still 
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occurs and the affinity for PAI-1 is reduced (Kd ~100nM) , resulting in a dissociation of PAI-1 

from the protein complex [77, 137]. 

The secondary, lower affinity (Kd = 29nM), binding site for VN, on PAI-1, was 

characterized in 2008 [137, 138].  A series of point mutations in PAI-1 were used to pinpoint the 

location of the secondary site at which PAI-1 interacts with VN (outside the SMB domain).  In 

order to test this, a VN construct, lacking the SMB domain was used.  Schar et al. found that an 

extended region of PAI-1 serves as the binding interface for ∆SMB VN, and that PAI-1 and 

∆SMB VN interact with a 1:1 stoichiometry while in circulation [137].   

PAI-1 and the VN fragments, that only contain a single PAI-1 binding site, interact in a 

1:1 ratio.  Additionally, PAI-1 and full-length VN interact in a 1:1 ratio in circulation.  However, 

PAI-1 and VN have been shown to interact with a 2:1 stoichiometry when in the ECM and in 

vitro [132]. This difference in stoichiometry is due in part to PAI-1 concentrations in circulation 

versus the concentration in the platelets and the ECM where higher PAI-1 concentrations 

(~200ng/mL) make binding at the secondary, lower affinity, site more likely [21, 128, 139].   

The 2:1 stoichiometry for PAI-1:VN interaction was first by Podor et al in 2000 using 

sedimentation equilibrium Analytical Ultracentrifugation (AUC) [140].  The existence of a 2:1 

complex was a novel discovery that greatly advanced the field, and clarified controversy that had 

arisen due to the observation of multiple PAI-1 binding sites on VN.  Podor et al demonstrated 

that both PAI-1 binding sites can be occupied simultaneously and that the newly discovered 2:1 

complex can go on to form higher order oligomers.  In 2005, Minor et al expanded upon the 

observations made by Podor in 2000 by demonstrating that the 2:1 complex serves as an 

intermediary in the assembly of higher order PAI-1:VN complexes [128].  They noted that the 
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formation of the 2:1 complex only occurs under higher concentrations of PAI-1 and that 

sequential binding of PAI-1 results in the formation of the 2:1 complex.  This 2:1 complex then 

acts as a modular unit in assembly of higher order PAI-1:VN oligomers.  In 2008, Schar et al 

measured the distance between the two PAI-1 molecules in a 2:1 PAI-1 VN complex using 

FRET and found that the two PAI-1 molecules are separated by 57Å [138].  The discovery of the 

2:1 complex and development of techniques to study the higher order PAI-1:VN interactions 

greatly advanced the field and laid the ground work for this study. 

In 2009, Blouse et al measured the distance between PAI-1 molecules using fluorescence 

measurements and stopped –flow.  They discovered that PAI-1 binding to full-length VN is a 

rapid, biphasic, process.  The first phase of binding occurred rapidly, and the second phase 

occurred more slowly, or at a lower affinity site than the first.   Notably, PAI-1 binding to the 

SMB is a monophasic interaction identical to the first phase of binding for PAI-1 and VN. These 

data reveal that a single PAI-1 binds to both sites on VN in relatively quick succession. Blouse et 

al also discovered that PAI-1 binding induces a structural change in VN that occurs more rapidly 

that VN oligomerization, indicating that the conformational change precedes VN oligomerization 

[21].  Their data, and that of Schar [137], support a model in which the first PAI-1 binds to VN 

at two separate interfaces and the second PAI-1 is recruited following a conformational change 

induced when the first PAI-1 binds [21].   

 

1.3.c Interactions between PAI-1 and VN: The VN perspective 

The primary site of interaction between PAI-1 and VN occurs in and around the single 

turn α-helix of the SMB domain.  This interaction doubles the half-life of PAI-1 from 
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Figure 4.17 Density Plot for Unbound SMB-IDD 

The SMB domain is shown at the core in cyan. The outer gray cloud represents the 

conformational space inhabited by the IDD in all structures with a Χ
2
 value of <5.  The data 

show that unbound, the IDD samples a range of conformational space around the SMB core.  

When viewed in three dimensional space (not shown) the IDD samples space around the SMB 

core relatively equally.  
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Figure 4.18 Overlay of Bound and Unbound Density Plots 

The PAI-1:SMB complex is shown at the core in green and cyan respectively. The outer gray 

cloud displays unbound IDD structures with a Χ
2
 value of <5.  The smaller orange cloud 

displays all bound IDD structures with a Χ
2
 value of <5.  The data demonstrate that when 

bound, the IDD samples a smaller range of conformational space around the PAI-1:SMB core in 

comparison to the space sampled by unbound SMB-IDD.  When viewed in three dimensional 

space (not shown) the bound IDD localizes around the front (shown) and sides of the PAI-

1:SMB core, with little density behind the PAI-1 molecule. 
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disordered” there are several requirements.  IDPs have a high content of acidic residues (Asp and 

Glu), as well as Gln, and are depleted in Cys and Gly residues.  They also have an overall 

negative charge and exhibit negative charge repulsion interactions [122].  The disordered domain 

of VN shares these key features which lead to our hypothesis that the domain can be classified as 

intrinsically disordered.   

In order to fully test the classification we examined the disordered domain of VN for 

another feature of IDPs, disorder to order transition.  The inherent versatility of IDPs is in part 

due to their ability to adopt a variety of structures upon interaction with binding partners.  The 

regions of the protein that adopt these structures are referred to as molecular recognition features 

(MoRFs) [213]. We utilized MoRF prediction software to identify the presence of MoRFs in the 

disordered domain of VN.  In addition to this prediction, we experimentally confirmed that the 

disordered domain of VN undergoes a disorder to order transition upon interaction with PAI-1.  

Together these data support the classification of the disordered domain of VN as an IDD.  This 

classification provides insight into the function of this understudied domain of VN, and opens 

new research avenues for studying VN interactions with partners other than PAI-1.   

The presence of an IDD in VN also provides insight into the versatility of VN in binding 

partners and physiological functions. Future research on the IDD of VN may include efforts to 

obtain higher resolution structural data that SANS provides.  We have already generated cell 

stocks to allow N
15

 labeling of the SMB-IDD for study in the NMR when bound to PAI-1.  

Additionally, while the IDD is still flexible when in complex with VN, there may be enough 

induced order to allow for crystallization.  Even if some portions of the IDD are flexible, and 

unresolvable in a crystal structure, if the IDD houses part of the PAI-1 binding domain, we 

would be able to resolve that region with crystallization.  
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5.4 Glycosylation and the IDD of VN 

For the purposes of our break through study, we did not attempt to generate glycosylated 

SMB-IDD.  However, it is important to acknowledge the fact that VN is a glycoprotein, and one 

of the key glycosylation sites exists in the IDD [95].  The glycosylation of VN is versatile, and 

changes in the glycosylation state affect cell survival and formation of the ECM [215].  

Additionally, the conformational change induced by PAI-1 binding causes a rearrangement of 

VN that repositions carbohydrates, allowing for multimerization [216].  These data demonstrate 

that there is still more to the PAI-1 VN interaction to discover, but important strides have been 

made with this study to further our understanding of VN.   

The presence of a carbohydrate likely affects the flexibility of the IDD.  Additionally, the 

two remaining domains of VN would also affect the conformational space sampled by the IDD 

in our studies.  Likely, several of the conformational states sampled by the IDD in our SASSIE 

analysis would not be feasible with the additional bulk provided by glycosylation and additional 

domains.  This illuminates the need for future studies that incorporate glycosylation and 

additional domains.  Our lab has previously used S2 cells to recombinantly express glycosylated 

VN, and these could be used to generate glycosylated SMB-IDD for additional SANS studies.  

These studies would lend insight into the importance of glycosylation in PAI-1:VN interactions, 

and the flexibility of the IDD when bound.   

When comparing our SANS data to the full-length VN SAXS envelope generated by 

Lynn et al. we observed that the unbound IDD has an average Rg of ~39Å.  The narrowest point 

of the SAXS model, where the IDD is thought to reside, is ~35Å.  The difference of 4Å between 

our data could be a result of the truncation of VN allowing the IDD to sample a greater 
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conformational space.  It could also be due to the fact that the IDD is not fully contained in the 

narrowest portion of the SAXS model.  Due to the flexible nature of the IDD a difference of 4Å 

is not outside the margin of error when comparing data such as these.  However, it will still be 

beneficial for future studies to focus on a way to better study full length VN, and the structure of 

each of the four domains.  
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