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Preface 

I came to UCSF thinking that graduate school would be a quick five-year 

internship.  Looking back, one (not me, of course) might say I was cocky, and I figured 

that my previous lab experience would make the process relatively easy, and that things 

would move along smoothly.  Looking back, though, it is astounding how much I’ve 

learned, how much I’ve grown as a scientist, and how often I find myself in awe of the 

intelligence and generosity of the people around me.  

Looking back, my interest in research was stimulated by my work at Althexis, a 

biotech company, during and after college.  A bunch of talented scientists, Jim Griffith, 

Paul Ala, Andy Magee, Janid Ali, Paul Will, Frank Bruzesse, took me under their 

collective wing and taught me how to do research.  Working in a company with these 

people taught me how to get experiments done, and to move research forward.  It was at 

Althexis I worked with my first scientific heavyweight.  Manuel Navia, while running a 

company, took an interest in me, designed a project for me, and started my career.  

Without Manuel, I would not be where I am today.  His recommendation had a lot to do 

with me getting in to UCSF, I’m sure, but more importantly, his enthusiasm, generosity, 

and the sheer fact that he thought I could be a good scientist launched me on my way. 

My first rotation at UCSF was with Charly Craik.  Another heavyweight, Charly 

has an impressive scientific resume, having done pioneering work in a number of areas, 

but he also has an uncanny ability to package his science in an exciting way.  I was sold 

on the combination of the lab and the PI immediately.  And I don’t think I could have 

made a better choice.  He has been the perfect PI for me; he has given me the freedom to 

guide my own research, but is always there to help guide the project when I inevitably get 
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stuck.  Most of the time, he has the perspective or expertise to fix the problem.  If he 

doesn’t, he puts you in touch with someone who can.  He has taken a deep interest in my 

growth and development as a scientist.  He has sent me to meetings, introduced me to 

people, and made sure I’ve had papers to write and stories to tell.  Furthermore, he truly 

does care for his students.  He looks out for us, makes sure we are ok, and always has a 

helpful word of advice about science or life.  Labs always take on the personality of their 

PI, and my time in his lab been a wonderful experience because of him. 

The Craiklab has been an incredible environment in which to mature as a 

scientist.  It was full of senior graduate students and long-tenured post-docs when I joined 

the lab, and I think they looked upon my scientific precociousness with bemused 

detachment.  But what they demanded, and what has stuck with me, is a sense of 

scientific rigorousness.  Chris Eggers, Youngchool Choe, Anson Nomura, Allart Stoop, 

Jeonghoon Sun, Alan Marnett, Carly Klein-Loeb, Sami Mahrus, and Ami Bhatt are all 

extremely talented scientists, and taught me how to make sure the experiments I did had 

purpose and would answer a specific question.  Furthermore, the lab as a whole instilled 

in me a mindset that whatever one did had to be done well.  Presentations had to be well 

prepared, data interpreted correctly, t’s crossed and i’s dotted.  And I think this is why the 

Craiklab produces such solid work. 

Projects move forward in fits and starts, but Sun generously shared his project 

with me, took me under his wing, and got me started on my way.  Without his guidance, I 

would have been lost.  Sami Mahrus and Alan Marnett were my next set of mentors, who 

taught me to move outside of my scientific comfort zone and try new experiments.  They 

also both made sure my grad school train stayed on track, and have been great colleagues 
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and friends.  And Ami Bhatt, my MT-SP1 buddy and former bay-mate, is perhaps the 

most talented person I’ve ever met, and I sincerely doubt I would have had the graduate 

career I did without her guidance, encouragement, and friendship. 

I have also truly enjoyed the younger Craiklab generation.  A mixture of good 

post-docs and smart graduate students has continued to make the lab a rewarding place to 

work.  AnthonyO’Donaghue and Dan Hostetter are always happy to share their time, 

reagents, and most importantly, advice on how to get an experiment to work.  I 

thoroughly enjoyed working with Eric Schneider as our projects dovetailed.  Manisha 

Ray, Tina Shaihan, and Chris Brown are the future of the lab, and I have enjoyed 

watching them grow into their projects.  I leave my antibodies and project in the hands of 

my friend Molly Darragh.  Molly is my scientific progeny, and I couldn’t be prouder.  

She knew almost no biology before she rotated with the Craiklab, but her development as 

a scientist has been staggering.  Most impressively, she has taken on a project outside the 

area of expertise of the Craiklab, and has made it successful.  I expect her to do great 

things. 

Of course, it takes more than one lab to mentor a graduate student.  I’ve had great 

collaborations with Sue Miller, my graduate advisor and enzymologist extraordinaire.  

She was generous with her time whenever I had an enzymology issue, and has continued 

to look out for me throughout the years.  Robert Fletterick and Jim Wells, my thesis 

committee advisors, have also been instrumental in my graduate education.  They often 

come at problems from different directions, but they both have provided valuable insight 

and sound guidance throughout the years.  The Fletterick lab has also served as my lab 

away from lab, a long-standing collaboration that has supplied me with many scientific 
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insights, reagents, and free coffees.  Finally, Pascal Egea has been my crystallographic 

mentor, and good friend.  He spent more hours than I can count teaching me 

crystallography in the graphics room (and sometimes in Tahoe), for which I am eternally 

grateful.    

This work also couldn’t have been completed without the community at UCSF 

and, in particular, the Biophysics program.  When I came to UCSF, I was stunned to find 

a group of likeminded people in my entering class.  Jeremy Wilbur, Ray Nagatani, and 

Sam Pfaff have heard about every experimental success and, more often, failure, over the 

past 5 years, but they are great friends because talking science with them does not seem 

like work, and often morphs into a conversation about anything but science.   

Finally, I would like to thank my family.  My brother David and I have become 

much closer after I moved 3,000 miles away, and I’ve valued his council on my life over 

the past 5 years.  My parents have been wonderfully supportive of me.  Physically, 

spiritually and emotionally, they have given me every chance to succeed, and I couldn’t 

have done this without them.   
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Abstract 

The Mechanism of Inhibition of Antibody-Based Inhibitors of the Serine Protease      

MT-SP1. 

Christopher Farady 

 

 Due to the conserved nature of protease active sites, it has been difficult to 

develop protease inhibitors that are both potent and specific.  The vast majority of both 

small molecule and naturally-occuring protein protease inhibitors target the active site, 

and while potent, are often promiscuous.  With the goal of developing novel classes of 

protease inhibitors that would be both potent and specific, a phage-displayed antibody 

library was panned against the cancer-associated protease membrane-type serine protease 

1 (MT-SP1).  Two inhibitors were discovered from the screen, and their mechanism of 

inhibition was further studied to understand the basis of their potency and specificity.   

 A number of kinetic and biochemical experiments revealed that while the two 

inhibitors, E2 and S4, bound to the enzyme with different binding mechanisms, they were 

both competitive inhibitors of both small-molecule and macromolecular MT-SP1 

substrates.  Mutational analysis by alanine scanning of the surface loops surrounding the 

protease active site revealed that the antibodies made numerous contacts with these loops.  

The surface loops are sites of natural diversity among closely related serine proteases, 

and created the epitope that allowed for antibody specificity.  Taken together, these 

results suggest that these antibody inhibitors gain a measure of potency by binding in the 

protease active site, and additional potency and specificity through interactions with the 
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protease surface loops.  These strategies could be adapted in efforts to develop specific 

inhibitors against other proteases. 

 A structure of the Fab construct of E2 in complex with the protease domain of 

MT-SP1 was determined by x-ray crystallography.  The structure revealed that the 

inhibitor has a novel mechanism of inhibition; it gains potency and specificity through 

interactions with the protease surface loops, and inhibits by binding a very large H3 loop 

in the active site in a catalytically non-competent manner.   

 The results here illustrate that antibodies can be effective inhibitors because they 

can bind to features that traditional protease inhibitors do not.  These lessons can be used 

to guide the development of molecules that can specifically inhibit any protease.  
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Proteolytic enzymes are ubiquitous in all organisms and constitute 2-4% of the 

encoded gene products.  They are critical for diverse biological processes such as 

digestion, blood clotting, host defense, pathogenic infection, viral replication, wound 

healing, and disease progression, to name a few.  Because proteases trigger an 

irreversible event- the cleavage of a protein- their activity must be tightly controlled.  

Proteases are spatially and temporally regulated, expressed as inactive (or nearly inactive) 

zymogens, and controlled by endogenous inhibitors.  Dysregulated proteolytic activity 

causes a disruption in the homeostatic balance of a biological system and can have 

catastrophic consequences.  Surprisingly though, relatively few design principles underlie 

the mechanisms of inhibition of naturally occurring protease inhibitors.  Protease 

inhibitors tend to tightly bind to the protease in a substrate-like manner.  This is effective, 

and due to the conserved nature of protease active sites, single inhibitors can often target 

multiple proteases.  It seems that in controlling proteolytic activity, endogenous inhibitors 

tend to value potency over specificity.  Specificity is critical in the development of 

therapeutic treatments though, so there is significant interest in designing protease 

inhibitors with novel, and hopefully more specific, mechanisms of inhibition.  

Antibodies, due to their ability to specifically and tightly bind to a diverse array of 

antigens, are intriguing scaffolds on which to build novel inhibitors.  With this aim in 

mind, the Craik lab decided to develop antibody inhibitors against the cancer-associated 

serine protease membrane-type serine protease 1.   

 

Membrane Type Serine Protease 1 (MT-SP1) 
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MT-SP1 was first discovered in a screen for highly expressed serine proteases in 

prostate cancer PC3 cells1.  Subsequent characterization showed that it was a type-two 

transmembrane serine protease (TTSP), a family of more than 20 extracellular proteases 

expressed in mammalian tissues that are anchored on the cell surface by a single helix 

transmembrane domain.  MT-SP1 (Figure 1-1) is a mosaic protein, and it has a number of 

protein-protein interaction domains with poorly defined roles, 1 SEA domain, 2 CUB 

domains, and 4 LDLR domains upstream of the C-terminal trypsin-like serine protease 

domain1.  Nearly a decade of research has begun to shed light on some of the roles MT-

SP1 plays in vivo.  It is clearly important.  The genetic knockout of the mouse ortholog 

epithin was neonatally lethal, due primarily to an inability to correctly cornify the 

epidermis of the mouse2.  Recently, a rare genetic disorder, autosomal recessive 

ichthyosis with hypotrichosis, was documented that resulted in ichthyosis and incomplete 

hair follicle development in humans, which is caused by a point mutant that inactivates 

the MT-SP1 protease domain3.  The relative disparity in the seriousness between the loss 

of MT-SP1 proteolytic activity in humans (non-lethal) and mice could be indicative of 

slightly different roles in different organisms, or it could be a result of an imbalance 

between MT-SP1 expression levels in relation to its cognate inhibitor hepatocyte growth 

factor inactivator I (HAI-1) (Figure 1-1).  MT-SP1 expression levels are co-regulated 

with HAI-1, and a disruption of this balance leads to issues with protease trafficking and 

activation and can have a deleterious effect on the health of the organism4.   

 The relationship between HAI-1 and MT-SP1 expression levels has helped 

solidify the ties between MT-SP1 and cancer.  MT-SP1 is overexpressed in a number of 

cancer tissues, including breast5, prostate6, colon and ovarian cancers7.  SiRNA and small 
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molecule inhibition of MT-SP1 have led to a decrease in invasiveness and tumor size in 

prostate cancer8.  Finally, modest overexpression of MT-SP1 relative to HAI-1 has been 

shown to cause squamous cell carcinoma in mouse models, suggesting the enzyme has 

oncogenic potential9.   

 Traditionally, it has been difficult to verify the specific substrates of a single 

protease, and this is especially true for MT-SP1, which functions in a number of diverse 

biological processes.  There is strong evidence to suggest that MT-SP1 is involved in 

protease activation.  It has been shown to activate urokinase plasminogen activator (uPA) 

in vitro and in ovarian cancer cells and some monocytes10.  UPA is a key upstream 

regulator in the plasminogen activation cascade, which is involved in inflammation, 

tissue remodeling, and cancer progression.  Biochemical and genetic evidence also 

suggests that MT-SP1 activates the serine protease prostasin, and that this pathway 

regulates terminal epidermal differentiation, and accounts for the catastrophic skin barrier 

phenotype that makes the mouse knockout lethal11.   

 MT-SP1 has also been shown to play a role in growth factor and receptor 

regulation.  In vitro experiments showed that MT-SP1 could cleave hepatocyte growth 

factor/scatter factor (HGF/SF) 12, and expression data displayed a tight correlation 

between MT-SP1 and HGF/SF in node-negative breast cancer5, suggesting that they 

could be working together in the same pathway.  Similarly, analysis of a large cohort of 

expression data from cancer tissues showed that MT-SP1 is co-regulated at the mRNA 

level with macrophage stimulating protein 1 (MSP-1) and its receptor RON13.  

Biochemical experiments validated that MT-SP1 could activate proMSP-1 on mouse 

peritoneal macrophages13, and overexpression of the MT-SP1/MSP-1/RON axis may be 
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important in directing breast tumor metastasis to the bone14.  Thus, MT-SP1 has been 

shown to be capable of activating at least two growth factor/receptor pathways.  It is 

unclear, though, how critical MT-SP1 is in these pathways.  MT-SP1 expression is 

somewhat limited to a subset of epithelial tissue, which does not overlap perfectly with 

these growth factor pathways.  And because the mouse knockout is perinatally lethal, it is 

difficult to dissect how these pathways are affected by the loss of MT-SP1.  Therefore, it 

cannot be claimed that MT-SP1 is solely responsible for the activation of growth factors, 

but it is one – there are probably others – protease responsible for the activation of both 

HGF/SF and MSP-1.  As more effective inhibitors are used to probe these questions, 

chemical genetics should help clear up exactly what role MT-SP1 plays in growth factor 

activation.   

 MT-SP1 is also capable of activating or inactivating receptors on the cell surface.  

Protease Activated Receptor 2 (PAR2) was suggested to be a MT-SP1 substrate because 

its cleavage sequence, S-K-G-R (P4-P1), agrees with the extended substrate specificity of 

MT-SP110.  It has been suggested that MT-SP1 can activate PAR2 on the surface of 

endothelial cells and thus induce cytokine expression levels.  This is one of a number of 

recent experiments suggesting MT-SP1 is active at cell junctions.  Curiously, MT-SP1 

also can cleave- and thus inactivate- vascular endothelial growth factor receptor 2 

(VEGFR-2) 15.  While most MT-SP1 substrates have pro-growth activity, VEGFR-2 is 

shed off the surface of endothelial cells, which inactivates the receptor and prevents 

blood vessel growth.  How MT-SP1 balances its pro- and anti- growth functions is 

unclear, and ultimately comes down to how MT-SP1 activity is regulated on the cell 

surface.   
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 Finally, through its cleavage of Trask16 and insulin-like growth factor binding 

protein-related protein 1 (IGFBP-rP1)17, MT-SP1 has been posited to have sheddase 

activity.  Trask and IGFBP-rP1 are both cell surface proteins involved in cell adhesion.  

The extracellular portions of these proteins are shed from the cell surface during the cell 

cycle, and MT-SP1 immunoprecipitates with and can cleave these proteins.  The exact 

role MT-SP1 plays in these processes, in normal biology or cancer biology- where both 

these proteins have been shown to be upregulated- is unclear, but is part of the growing 

body of evidence that suggests the enzyme plays a critical role in cell division and tissue 

growth. 

 

MT-SP1 and the need for better inhibitors 

 MT-SP1 activity is carefully regulated in vivo through spatial and temporal 

localization, zymogen activation, and co-expression with its cognate inhibitor HAI-1.  

HAI-1 is a multi-domain protein with two Kunitz domains and one LDLR domain.  The 

LDLR domain likely interacts with one of the LDLR domains of MT-SP1, while KD1 of 

HAI-1 inhibits the catalytic domain of the enzyme with a KI of 328 pM18.  But clearly, 

MT-SP1 dissociates from HAI-1 to process substrates.  How this happens is unclear, and 

there are interesting biochemical and biophysical questions surrounding this process.  

Regardless, effective exogenous inhibitors are needed to probe the biology of the 

enzyme.  Traditionally, though, it has been difficult to develop potent and specific 

protease inhibitors due to the conserved nature of the protease active site.  The next 

chapter reviews the mechanisms of inhibition of many protease inhibitors, and chronicles 

some of the issues in developing protease inhibitors.  To date, though, a number of 
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inhibitors of MT-SP1 have been reported (Table 1-1).  The standard mechanism serine 

protease inhibitor BPTI inhibits MT-SP1 with a KI of 50 pM19 and has been co-

crystallized with the catalytic domain of the enzyme20, but BPTI is a pan-specific 

inhibitor that can inhibit nearly any trypsin-fold serine protease with P1-arginine 

specificity.  Sunflower trypsin inhibitor (SFTI), a 14-amino acid cyclic peptide, has also 

been shown to effectively inhibit MT-SP1, but it too has broad specificity, as it potently 

inhibits both trypsin and thrombin as well21.  Li et al have developed a chemical synthesis 

for SFTI, which allowed for mutagenesis and the incorporation of non-natural amino 

acids into SFTI.  This did not improve the potency of SFTI for MT-SP1, but the modified 

inhibitors did gain a measure of selectivity for MT-SP1 over thrombin22.  Other naturally 

occurring protease inhibitor scaffolds have been modified to improve their potency or 

specificity for MT-SP1.  Ecotin was matured using phage display23, and eglin c was 

rationally designed to have improved specificity and potency for MT-SP124.  The MT-

SP1 specific ecotin variant showed good selectivity for MT-SP1 over a panel of blood 

clotting proteases, while the eglin c variant showed specificity for MT-SP1 over a very 

limited selection of serine proteases.   

 A number of small molecule MT-SP1 inhibitors have been described in the 

literature as well (Table 1-1).  Bis-benzamidine analogs had sub-micromolar potency 

against MT-SP1, but inhibited thrombin with similar efficiency25.  CVS-3983 is an 

aldehyde peptidomimetic with a KI of 3.3 nM and some anti-tumorigenesis activity, but it 

also had moderate potency against trypsin and FXa26.  Finally, Steinmetzer et al made a 

series of sulfonylated 3-amidinophenylalanine derivatives with low nanomolar potency 

against MT-SP1.  Some of them showed good selectivity for MT-SP1, and crystal 
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structures revealed that the 3-amidinophenylalanine group binds in the S1 pocket of MT-

SP1 in a manner similar to benzamidine, and anchor the inhibitors, which do not bind in a 

substrate-like manner27.  All of these inhibitors require arginine or benzamidine binding 

in the S1 pocket, which give the inhibitors potency, but make it a difficult medicinal 

chemistry problem to build specificity into these molecules due to the similarity of serine 

protease active sites.   

 The existing MT-SP1 inhibitors, whether protein or small molecule, all have 

traditional mechanisms of inhibition.  HAI-1, SFTI, BPTI, eglin c, and ecotin are all 

standard mechanism inhibitors, while the small molecule inhibitors are based on arginine 

substrate analogs.  As detailed in the next chapter, these mechanisms tend to be potent, 

but have broad specificity.  In order to develop inhibitors with novel and more specific 

mechanisms of inhibition, the Craik Lab chose to use phage display to find antibody 

inhibitors of MT-SP1.  Because antibodies have the ability to specifically and tightly bind 

to a diverse array of antigens, and they have favorable biological properties, they seemed 

to be ideal scaffolds for novel inhibitors.  Panning a fully synthetic combinatorial scFv 

library against the catalytic domain of MT-SP1, Sun et al discovered a number of potent 

and specific antibody inhibitors of the protease28.  The authors hypothesized on the 

binding epitopes of the inhibitors based on ELISA data, but the molecular details of the 

inhibition mechanisms remained unclear.   

This thesis summarizes our work that has led to a better understanding of the 

mechanisms of inhibition of the two most potent of these new inhibitors.  Chapter 3 

details the kinetic mechanisms and binding footprints of two scFv inhibitors, E2 and S4.  

Mutational experiments suggest that, in contrast to standard mechanism serine protease 
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inhibitors, these antibody inhibitors gain specificity by binding to the surface loops 

flanking the MT-SP1 active site cleft.  These are areas of relative degeneracy among 

serine proteases, so it stood to reason that they might be valuable binding epitopes for 

inhibitory antibodies.  Furthermore, kinetic and biochemical data suggest that the two 

inhibitors have different modes of binding and inhibition.  Though they both bind in the 

protease S1 pocket, S4 rapidly reaches a binding equilibrium and does not bind in a 

substrate-like manner.  E2 on the other hand, is a slow, tight-binding inhibitor, with a 

very long half-life, and can be cleaved after incubation with MT-SP1 at low pH, 

suggesting substrate-like binding.  That two different inhibitors with different 

mechanisms can be pulled out of an antibody library shows the flexibility of the antibody 

scaffold, and suggests there are many ways for proteins to inhibit proteases beyond the 

relatively few mechanisms of inhibition found in vivo. 

Chapter 4 reports the crystal structure of the E2/MT-SP1 complex, providing us 

with the molecular details of inhibition.  The structure shows that E2 caps the protease 

active site, and inserts its long H3 loop into the protease active site.  An arginine side 

chain binds in the S1 pocket, but the loop is constrained in such a manner that the 

putative scissile bond is located almost 7 Å from the catalytic Ser195 residue.  The 

structure reveals that E2 has a novel mechanism of inhibition; it gains potency and 

specificity through interactions with the protease surface loops, and inhibits by binding in 

the active site in a catalytically non-competent manner.  In contrast to most naturally 

occurring protease inhibitors, which have diverse structures but converge to a similar 

inhibitory archetype, antibody inhibitors provide an opportunity to develop divergent 

mechanisms of inhibition from a single scaffold.   
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Chapter 5 summarizes some unpublished work in which we probed the specificity 

of E2 by crystallizing the antibody with the mouse ortholog of MT-SP1, epithin.  Though 

the two enzymes are 87% identical, E2 inhibits epithin 200-fold less effectively than it 

inhibits MT-SP1.  Structural and kinetic data suggest subtle differences between the 

antigens drastically change the off-rate of the inhibitor, making E2 a less effective 

inhibitor. 

 Taken together, this work gives us a molecular picture of how these antibodies 

inhibit MT-SP1.  The underlying principles leading to potency and specificity, while not 

canonical, seem to be universal, suggesting that antibodies can be developed to 

effectively inhibit nearly any protease.  And the ability to create inhibitors to specifically 

control a single protease has vast therapeutic potential, and will greatly enhance our 

understanding of how these enzymes are involved in complex biological processes. 
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Figure 1-1.  Domain structure of MT-SP1 and its cognate inhibitor, HAI-1 
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Abstract 

Relatively few design principles underlie the mechanisms of inhibition of a 

myriad range of protease inhibitors.  Protease inhibitors tend to be competitive and 

compete with substrate binding, either through direct competition or deformation of the 

protease active site.  While protein inhibitors can gain potency through the burial of a 

large surface area and specificity through contacts with specific exosites, small molecule 

inhibitors primarily gain potency through interactions with the catalytic machinery of the 

enzyme, and specificity through interactions with the substrate binding sites.  

Incorporation of these design principles into chemical probes and drugs have greatly 

improved our ability to create potent and specific protease inhibitors.   
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Proteolytic enzymes are ubiquitous in all organisms and constitute 2-4% of the 

encoded gene products.  They are critical for diverse biological processes such as 

digestion, blood clotting, host defense, pathogenic infection, viral replication, wound 

healing, and disease progression, to name a few.  Because proteases trigger an 

irreversible event- the cleavage of a protein- their activity must be tightly controlled.  

Dysregulated proteolytic activity causes a disruption in the homeostatic balance of a 

biological system and can result in any number of poor biological outcomes.  As a result, 

nature has developed several strategies for inhibiting proteases to control proteolysis.  

Similar approaches have often been employed in the development of synthetic protease 

inhibitors.  To a large extent, the same design principles that work well for naturally 

occurring protease inhibitors work well for inhibitors developed in the laboratory.    

This review aims to survey the mechanisms by which protease inhibitors function.  

To do this, we have divided inhibitors into categories based on their mechanism, to 

illustrate that a relatively small number of design principles can be combined to develop 

new and effective protease inhibitors.  These divisions are somewhat arbitrary, since 

many inhibitors could be grouped in a number of classes.  Due to space limitations, the 

list of mechanisms is not exhaustive in its treatment of all inhibitors, but aims to be 

illustrative of the many ways proteases can be inhibited. Though beyond the scope of this 

review, it is also important to keep in mind that spatial and temporal regulation of 

proteolytic activity is critically important in biology.  Beyond the many levels of 

transcriptional and translational control, proteases are expressed as inactive (or nearly 

inactive) zymogens, and are not activated until needed.  Furthermore, they are often 

localized to cellular structures such as the cell membrane, or stored in specific organelles 
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such as lysozomes or granules to minimize unwanted proteolysis.  Background on the 

four major classes of proteases (serine, cysteine, aspartic, and metalloproteases), as well 

as basic mechanisms of enzyme inhibition is abundant; please consult “Further Reading” 

list at the end of the chapter.  Figure 2-1 provides an overview of basic substrate and 

protease nomenclature, while Table 2-1 and 2-2 list many of the inhibitors discussed in 

the text. 

 

Mechanisms of Naturally Occurring Protein Protease Inhibitors 

A.  Competitive Inhibition 

 A.1 – Standard Mechanism- The most thoroughly studied mechanism of protein 

protease inhibitors is that of the standard mechanism (or Canonical, or Laskowski 

mechanism) inhibitors of serine proteases 1 (Figure  2-2).  Standard mechanism inhibitors 

include the Kazal, Kunitz, and Bowman-Birk family of inhibitors and bind in a lock-and-

key fashion.  All standard mechanism inhibitors insert a reactive loop into the active site 

of the protease, which is complementary to the substrate specificity of the target protease 

and binds in an extended β-sheet with the enzyme in a substrate-like manner.  While 

bound to the protease, the “scissile bond” of standard mechanism inhibitors is hydrolyzed 

very slowly, but products are not released, and the amide bond is re-ligated.  The standard 

mechanism is an efficient way to inhibit serine proteases, and is thus used by many 

structurally disparate protein scaffolds to create potent inhibitors. However, the majority 

of standard mechanism protease inhibitors tend to have relatively broad specificity within 

sub-classes of serine proteases.  For example, bovine pancreatic trypsin inhibitor (BPTI) 
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efficiently inhibits almost all trypsin-fold serine proteases with P1-Arg specificity, and 

can also inhibit chymotrypsin (Phe P1 specificity) with a KI of 10 nM 2. 

 Standard mechanism inhibitors are strictly classified as inhibitors of serine 

proteases.  There have been reports of inhibitors of other classes of proteases that have 

similar mechanisms to those of standard mechanism inhibitors, though.  Initial studies on 

the streptomyces metalloprotease inhibitor (SMPI) suggest that it inhibits the 

metalloprotease thermolysin through a substrate-like binding mechanism 3.  Similarly, 

staphostatin B, a cysteine protease inhibitor from Staphylococcus aureus, binds in a 

substrate-like manner in the active site of staphopain cysteine proteases.  However, 

staphostatin B has a glycine P1 residue, which adopts a backbone conformation that 

appears to prevent nucleophilic attack of the scissile bond 4. 

 A.2 – Non-Canonical Competitive Inhibitors- A number of protease inhibitors 

bind in the active site of the protease, but do not bind in a substrate-like manner, instead 

forming interactions with the catalytic residues in a non-catalytically competent manner, 

and thus are not considered standard mechanism inhibitors. 

The cystatins, a superfamily of proteins that inhibit papain-like cysteine proteases, 

are a classic example of these inhibitors.  The cystatins (Figure 2-3) insert a wedge-like 

face of the inhibitor consisting of the protein N-terminus and two hairpin loops into the 

V-shaped active site of a cysteine protease.  The N-terminal residues bind in the S3-S1 

pockets in a substrate-like manner, but the peptide then turns away from the catalytic 

residues and out of the active site.  The two hairpin loops bind to the prime-side of the 

active site, which provides the majority of the binding energy for the interaction.  Thus, 
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both the prime and non-prime sides of the active site are occupied, but no interactions are 

actually made with the catalytic machinery of the enzyme 5.   

Tissue Inhibitors of Metalloproteases (TIMP) – TIMPs inhibit matrix 

metalloproteases (MMPs) via a two-step mechanism in a manner somewhat similar to 

that of cystatins (Figure 2-3).  While the N-terminal residues of cystatins bind to the non-

prime side of cysteine proteases, TIMPs N-termini bind in the P1-P3’ pockets of the 

protease, coordinate the catalytic Zn2+ ion, and exclude a catalytic water molecule from 

the active site.  Meanwhile a second loop of the TIMP binds both in the P3 and P2 

pockets, and binds to the N-terminus of the MMP.  Despite the similarities in mechanistic 

architecture between TIMPs and cystatins (hairpin loops and N-terminal residues in 

substrate binding pockets), TIMPs interfere with the catalytic machinery of MMPs by 

chelating the catalytic Zn2+ 6.   

 The ascaris pepsin inhibitor-3 is an aspin, a family of inhibitors of aspartic 

proteases that protect worms from host gastric enzymes.  Like the cystatins, the aspins are 

competitive inhibitors that bind in the substrate-binding subsites, but do not have an 

amide bond that is available for nucleophilic attack.  They gain the majority of their 

inhibitory activity by inserting their 3 N-terminal residues in the S1’-S3’ subsites of the 

protease 7 (Figure 2-3). 

While cystatins and aspins do not interact directly with the catalytic residues of 

cysteine proteases, many protease inhibitors, such as cytotoxic T-lymphocyte antigen 2-α 

and the cathepsin propeptides, do interact with the catalytic machinery of the enzyme, but 

do so in a proteolyticaly non-competent manner.  These inhibitors have long lengths of 

peptides that span the active site cleft in the reverse orientation (from C-terminus to N-
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terminus), thus preventing the catalytic cysteine residue from obtaining proper geometry 

for effective nucleophilic attack 8 (Figure 2-3). 

 

B.  Competitive Inhibition with Exosite Binding 

 A number of protease inhibitors are competitive, and bind in the protease active 

site, but also have secondary binding sites outside the active site, which are critical to 

inhibition.  Exosite binding provides two major benefits; it increases the surface area of 

the interaction, leading to a greater affinity, and it can provide a greatly increased amount 

of specificity. 

  Ecotin is a dimeric serine protease inhibitor found in E. coli, which effectively 

inhibits many trypsin fold serine proteases, regardless of primary specificity, and is 

thought to protect E. coli from attack by host proteases.  It inhibits serine proteases 

through a standard mechanism at a primary binding site, but it also has a secondary 

binding site that can contribute 5 kcal/mol of binding energy to the very tight enzyme-

inhibitor complex (Figure 2-4).  Surprisingly, the individual binding energies of the two 

binding sites are not additive; the effect of the secondary binding site on affinity was 

found to be inversely proportional to the strength of binding at the primary site.  The 

secondary binding site seems to provide compensatory effects that can overcome sub-

optimal binding at the primary binding site; if binding at the primary site is not optimal, 

the secondary binding interaction tends to be stronger.  In this case, the secondary 

binding site actually makes the inhibitor less specific, or more capable of inhibiting a 

broad range of proteases, and protects bacteria from a number of host proteases 9. 

23



 Many blood-meal parasites have developed specific inhibitors of clotting enzymes 

to prevent blood clotting of the host.  These often use mechanisms of inhibition described 

in section B, but have domains that bind to protease exosites and provide a high degree of 

target specificity.  Rhodniin, a thrombin inhibitor from the assassin bug Rhodnius 

prolixus has two Kazal-type inhibitory domains, a common standard mechanism serine 

protease inhibitor domain. While the N-terminal domain binds and inhibits via the 

standard mechanism, the second Kazal-type domain has evolved to bind to exosite I on 

thrombin.  The binding affinities of the individual domains are roughly additive, and the 

resultant inhibitor has a KI of 0.2 pM and exquisite specificity for thrombin 10.  Hirudin, 

from Hirudo medicinalis, and tick anticoagulant peptide (TAP) from Ornithodoros 

moubata, specifically inhibit thrombin and factor Xa (fXa), respectively 11 12.  They do so 

by similar mechanisms; they insert the N-terminal tail of the protein in the protease active 

site (analogous to aspin inhibition of pepsin), while the body of the inhibitor binds to 

specific exosites, either exosite I on thrombin (Figure 2-4), or the autolysis loop on fXa.  

Because these secondary binding sites are specific to each clotting factor, the inhibitors 

show a high degree of specificity.   

 Inhibitor of apoptosis (IAP) proteins inhibit caspases, dimeric cysteine proteases 

responsible for programmed cell death, or apoptosis.  IAP’s are multi-domain proteins 

that have multiple BIR domain repeats.  One family member, the X-linked IAP (XIAP) 

has 3 BIR domains, and uses different BIR domains to inhibit different caspases through 

disparate mechanisms.   

 The XIAP-BIR2 domain and its N-terminal peptide extension are responsible for 

inhibition of the “executioner” caspases-3 and -7.  The N-terminal peptide extension 
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binds in the active site in a reverse orientation, similar to the inhibition mechanism of 

cathepsin propeptides.  Meanwhile, the BIR2 domain binds to an exosite on the caspase 

dimer (Figure 2-4).  The BIR2 domain needs both exosite binding capability and the N-

terminal extension to efficiently inhibit its target caspases 13. 

 The XIAP-BIR3 domain is responsible for inhibition of the initiator caspase-9, 

but functions via a completely different mechanism.  The BIR3 domain is an allosteric 

inhibitor of caspase-9; it binds to the dimer interface and prevents dimerization and 

subsequent activation of the enzyme 14 (Figure 2-4). Caspase-9 is at the apex of the 

apoptotic cascade that leads to the activation of executioner cascades.  As such BIR3 can 

provide an extra level of regulation, by sequestering monomers in a catalytically inactive 

conformation, and ensuring that there is no unwanted caspase-9 activity.   

 

C.  Activity Dependent Inhibition  

 Sometimes called suicide substrates, a number of protein inhibitors of proteases 

require proteolytic activity of the enzymes they inhibit, which leads to either covalent 

modification of the enzyme, or releases charged groups that inhibit the catalytic 

machinery.  In either case, this sort of activity dependent inhibition is powerful and 

fundamentally different than the competitive mechanisms outlined above; the inhibitor 

acts as a substrate, then utilizes the enzymes’ catalytic machinery to trap and then inhibit 

the enzyme. 

The potato metallocarboxypeptidase inhibitor (and metallocarboxypeptidase 

inhibitors from leeches and ticks) inhibit carboxypeptidase B after a proteolytic 

processing event.  These inhibitors bind their 4 C-terminal residues in the protease 
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subsites S3-S1’.  The C-terminal residue, Gly39, is processed, but does not diffuse from 

the active site.  In a type of product inhibition, Gly39 instead stays in the S1 pocket and 

chelates the catalytic Zn2+, creating a protease-activated reversible inhibitor 15. 

 The inhibitor α-2-macroglobin and its relatives are responsible for clearing excess 

proteases from plasma.  Less an inhibitor than a “protease sponge”, α2M is a large 

protein, a tetramer of about 600 kD that has four bait loops on its surface.  When a 

protease cleaves one of these reactive loops, it triggers a conformational change, and the 

protease becomes cross-linked to the inhibitor through surface lysines and arginines.  The 

enzyme is still active; small molecule substrates can still be hydrolyzed by proteases 

complexed with α2M, but protein substrates are occluded from the active site, and the 

complex is quickly cleared from the blood 16. 

 The serpins are a family of inhibitors that covalently and irreversibly inhibit 

primarily serine proteases 17 (the serpin Crm1 inhibits cysteine proteases).  Serpins have a 

large reactive center loop (RCL) that is presented to a protease for proteolytic processing.  

Upon productive cleavage of the RCL, the N-terminal half of the RCL, still attached to 

the protease as an acyl-enzyme intermediate, is inserted into a β-sheet in the body of the 

inhibitor.  The resulting free-energy change is enough to translocate the protease (still 

covalently attached to the RCL) to the distal side of the inhibitor, and the resulting steric 

collisions completely deform the protease active site, thus leaving the protease tethered to 

the serpin and completely inactive (Figure 2-5).  The serpin inhibitory mechanism is 

completely irreversible.  Because of the drastic nature and irreversibility of this 

mechanism, serpins function as protease scavengers, protecting cells and tissues from 

unwanted proteolytic activity. 
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 These types of inhibitors, which take advantage of the catalytic activity of a 

protease to trap and inhibit the enzyme, are effective and powerful inhibitors. As 

discussed in the following section, many small molecule irreversible and protease-

activated inhibitors have been developed that rely on the same fundamental mechanism 

of using enzyme activity to trap and inactivate a protease. 

 

Mechanisms of Small Molecule Protease Inhibitors 

 In order to develop both tools for chemical biology and possible drugs, significant 

effort has gone into the discovery and development of small molecule protease inhibitors.  

The two critical components in the design of a protease inhibitor, and indeed any enzyme 

inhibitor, are potency and specificity.  It has been challenging to create potent and 

specific protease inhibitors for clinical use due to the high degree of similarity among 

families of proteases, but even relatively non-specific protease inhibitors have been 

invaluable in teasing apart the roles proteases play in complex biological processes. 

An effective strategy for developing protease inhibitors has been to take peptide 

substrates that target the active site, and turn them into inhibitors by interfering with the 

catalytic machinery of the enzyme (Figure 2-6).  Though sometimes hampered by 

specificity problems, these types of inhibitors can be useful biological probes, can help 

validate an enzyme as a drug target, and can act as lead compounds for further drug 

development.  Transition-state analogs- inhibitors that stably adopt a conformation that 

mimics the transition state of an enzyme-substrate intermediate- have traditionally been 

an effective way to develop inhibitors.  In addition, a number of irreversible inhibitors 
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have been developed that bind covalently to cysteine, serine, and threonine proteases- 

proteases that form a covalent acyl-enzyme complex during peptide bond hydrolysis.  

 

Transition-State Inhibitors 

Transition state inhibitors stably mimic the transition state of the enzymatic 

reaction, thereby interacting with the substrate-binding and catalytic machinery of the 

enzyme in a low energy conformation. Transition state analogs are competitive, 

reversible inhibitors, though some have extremely low KI’s and very slow off-rates.  All 

proteases activate a nucleophile to attack a carbonyl, leading to the formation of a 

tetrahedral intermediate, which then collapses to form the enzyme products – two 

peptides.  Thus, synthetic small molecules that mimic the tetrahedral intermediate of the 

protease reaction are attractive transition state analogs.  A classic class of protease 

transition state inhibitors utilizes a boronic acid scaffold 18; 19.  Boronic acid adopts a 

stable tetrahedral conformation in the protease active site that is resistant to nucleophilic 

attack.  Boronic acid inhibitors, derivatized with different specificity elements, have been 

developed against every class of protease, and have been developed into therapeutic 

agents; the proteosome inhibitor Bortezomib (Figure 2-7) has been approved for the 

treatment of multiple myeloma 20.   

Class-specific transition state analogs have been developed to specifically 

interfere with catalytic residues of each class of proteases.  Aspartic protease inhibitors 

have long been designed around substrate polypeptides, with a replacement of the scissile 

amide bond with a non-cleavable transition state isostere.  The first specific inhibitor for 

aspartic proteases, pepstatin A, was discovered from Actinomyces, as an inhibitor for 
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pepsin.  It also showed strong inhibitory activity against a number of other aspartic 

proteases.  Pepstatin A is a peptide, but the scissile bond is replaced with a statine group 

((3S,4S)-4-amino-3-hydroxyl-6-methyl heptanoic acid) (Figure 2-7).  Instead of a 

trigonal carbonyl, statines have a chiral hydroxyl group, giving it the ability to mimic the 

tetrahedral state of the substrate transition state 21.  Other transition state isosteres, 

including homostatines, hydroxyethylenes, diols, and phosphinates have been developed 

for aspartic proteases, and functionalizing these classes of inhibitors with peptidomimetic 

groups to bind to the substrate binding regions, has resulted in the development of 

numerous drugs, most notably HIV protease drugs 22 (Figure 2-7). 

Another class of transition state inhibitors is the peptide aldehyde inhibitors 

(Figure 2-7).  Aldehydes inhibit cysteine, serine, and threonine proteases via a covalent, 

reversible mechanism, and metalloproteases using an analogous, but non-covalent 

mechanism.  Aldehydes were discovered in screens for protease inhibitors from 

microorganisms, and generally consist of a peptidyl moiety that binds in the non-prime 

specificity sites with a C-terminal aldehyde group.  These inhibitors are substrate analogs 

that form a covalent hemiacetal linkage (or hemithio acetal linkage in cysteine proteases) 

between the aldehyde of the inhibitor and the active site nucleophile of the protease.  The 

resulting tetrahedral adduct mimics the transition state of the normal enzymatic reaction.  

The tetrahedral intermediate can collapse and regenerate free inhibitor; therefore, the 

enzyme-inhibitor complex is in equilibrium with free enzyme and free inhibitor.  Many 

aldehyde inhibitors, such as leupeptin, are non-specific and inhibit a large number of 

proteases, but medicinal chemistry efforts taking advantage of unique protease specificity 

elements have led to a number of very specific aldehyde protease inhibitors18.    
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Transition state inhibitors, especially those with peptidyl or peptidomimetic 

extensions, are slow-binding inhibitors, and the protease-inhibitor binding mechanism 

includes one or more weakly-bound intermediates before the formation of the tightly 

bound E•I complex.  This slow-binding inhibition is a hallmark of inhibitors that bind in 

the active site in a substrate like manner.  In this way, transition state analogs mimic the 

association mechanism of many of the naturally-occuring protein inhibitors described 

above, particularly standard-mechanism inhibitors. 

 

Irreversible Inhibitors 

Serine, cysteine and theonine proteases, which perform a direct nucleophilic 

attack on the scissile bond (as opposed to the water mediated nucleophilic attack 

performed by aspartic and metalloproteases) are excellent targets for covalent, 

irreversible inhibitors.  While there has been hesitation within pharmaceutical companies 

to pursue covalent inhibitors as drugs due to concerns over their possible cross-reactivity 

and potential for the development of an unwanted host immune response, it has been 

shown that a high degree of specificity can be built into these compounds.  Furthermore, 

they are excellent biological tools; when functionalized with fluorescent dyes or biotin, 

covalent inhibitors are effective imaging and pull-down reagents, and have been used to 

determine the presence and roles of active proteases in many biological systems.  Powers 

and coworkers 23 authoritatively reviewed these inhibitors, with detailed analysis of their 

mechanisms of action, structure-activity relationships, and their effectiveness in vivo. 

Covalent irreversible inhibitors of cysteine, serine, and threonine proteases are 

capable of either alkylating or acylating their target enzymes (Figure 2-8).  Alkylating 
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agents are very effective cysteine protease inhibitors, and include chloromethyl ketones, 

fluoromethyl ketones, diazomethyl ketones, acyloxymethyl ketones, epoxides, and vinyl 

sulfones.  The nucleophilic active site cysteine attacks an activated carbon and forms an 

irreversible carbon-sulfur bond.  Because the active site serine of serine proteases is 

generally less nucleophilic than the corresponding catalytic cysteine, alkylating agents 

primarily target cysteine proteases.  An exception is the chloromethyl ketones, which are 

capable of inhibiting serine proteases, though they have a slightly different mechanism of 

inhibition.  After a nucleophilic attack of the carbonyl of the inhibitor, the inhibitor 

alkylates the catalytic histidine.  The enzyme can then be deacylated, but the alkylation of 

the catalytic histidine results in a covalently bound inhibitor.   

Inhibitors that acylate proteases present a carbonyl bond for nucleophilic attack, 

but due to either the poor electrophilicity of the acyl-enzyme intermediate, or the 

inhibitor adopting a conformation unfavorable for deacylation, the enzyme reaction 

coordinate is trapped in the acyl-enzyme intermediate state.  These inhibitors can inhibit 

both serine and cysteine proteases, and can generally be sorted into two classes.  

Peptidyl-acylating agents have a peptide-like specificity element to target the inhibitor to 

a specific enzyme, but have a modified scissile bond, such as an aza-group, a carbamate, 

or an acyl hydroxamate, that are resistant to deacylation.  There are also a number of 

heterocyclic acylating agents, such as isocoumarins, β-lactams, cephalosporins, and 

penems, which have their carbonyl groups enclosed in a ring structure.  Upon 

nucleophilic attack, the ring is sprung open, and geometric or electrostatic effects can 

cause a stable acyl-enzyme complex. 
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Phosphonates (Figure 2-8) and sulfonates represent a third class of covalent 

irreversible inhibitors.  Many adopt a stable tetrahedral geometry, and are covalently 

bound transition state analogs.  They often have a peptide-like specificity element, and 

the electrophilicity of the leaving groups can be modified to tune the reactivity of the 

inhibitor.  These inhibitors are specific for serine proteases, and this seems to be due to 

the fact that the serine protease active site has a well-defined oxyanion hole, which 

stabilizes the transition state mimic. 

A final group of covalent small molecule inhibitors of proteases are mechanism-

based inhibitors.  These inhibitors are enzyme activated irreversible inhibitors, and 

involve a “two-hit” mechanism that completely inhibits the protease.  Some isocoumarins 

and β-lactam derivatives have been shown to be mechanistic inhibitors of serine 

proteases.  A classic example of this is the inhibition of elastase by a number of 

cephalosporin derivatives developed at Merck (Figure 2-8).  The catalytic serine attacks 

and opens the β-lactam ring of the cephalosporin, which, through various isomerization 

steps, allows for a Michael addition to the active site histidine and the formation of a 

stable enzyme-inhibitor complex 24.  These mechanism-based inhibitors require an initial 

acylation event to take place prior to the irreversible inhibitory event.  In this way, these 

small molecules have an analogous mechanism of inhibition to the naturally occurring 

serpins and α-2-macroglobin, which also act as suicide substrates. 

 

Reversible, Competitive Inhibitors 

 Concerns about toxicity, cross-reactivity, and immunogenicity have hampered the 

development of irreversible therapeutics that target proteases.  Therefore, many non-
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covalent, reversible, competitive protease inhibitors have been developed.  The majority 

of these inhibitors interact with both the catalytic residues and substrate binding sites, as 

binding to either individual element usually will not provide enough specificity or 

potency.  In some cases, such as small molecule peptidomimetic inhibitors of thrombin 25 

(Figure 2-9), binding to the substrate binding sites of the protease has provided sufficient 

potency, but this is likely due to the buried nature and unique specificity of the thrombin 

active site.  In most cases, though, binding to the catalytic machinery provides potency 

while the substrate binding sites provide opportunities for specificity.  Metalloprotease 

inhibitors provide a representative example of reversible, competitive, small molecule 

inhibitors.  Metalloproteases have been the targets of multiple large-scale drug discovery 

efforts, and many inhibitors have been developed, with varying results.  A large number 

of inhibitors of the angiotensin-converting enzyme (ACE) have been brought to market to 

combat hypertension and myocardial infarction.  Conversely, the first generation of 

matrix metalloprotease (MMP) inhibitors failed in clinical trials for the treatment of 

cancer, in part because the inhibitors had cross-reactivity with other metalloproteases.  

The common mechanistic feature between these inhibitors, and indeed the majority of 

small molecule metalloprotease inhibitors is that they all have a functionality that 

chelates the catalytic zinc of the enzyme 26 (Figure 2-9).  Numerous chelating groups 

have been reported27, such as hydroxamates, thiols, carboxylates, and boronic acids, but 

the challenge has been to develop molecules that both chelate the catalytic zinc and 

specifically bind to the substrate specificity regions of the enzyme.  The second 

generation of MMP inhibitors have modified the reactivity of the metal-chelating group, 

and improved the specificity profiles of the substrate-binding moiety of the inhibitors 26.  
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The difficulty in producing specific inhibitors might have been predicted by looking at 

naturally occurring macromolecular metalloprotease inhibitors. There are four known 

human TIMPs, which are responsible for the inhibition of well over 20 MMPs.  Clearly, 

MMP evolution has not been guided by the development of strict specificity elements.  

Instead, chelation of the catalytic zinc and substrate site binding defines naturally 

occurring metalloprotease inhibitors, and gaining specificity remains a difficult medicinal 

chemistry problem.  

  

Allosteric Inhibitors 

 As cataloged above, it can be difficult to develop specific protease inhibitors 

targeted to the active site of the enzyme, due to similarities in both the catalytic 

machinery and binding sites among families of proteases.  But as our understanding of 

protein dynamics grows, it is clear that there are allosteric regulation events that control 

protease function, from zymogen activation, to dimerization, to substrate localization, and 

cofactor binding.  Controlling these events offers a way to more specifically control 

protease activity.  There are inherent difficulties in this, as these allosteric sites are often 

not well defined.  Furthermore, it has proven difficult to interrupt protein-protein 

interactions with small molecules, as potential binding sites are usually shallow and 

solvent exposed.  Despite these hurdles, there have been recent strides made in the 

development of small-molecule allosteric inhibitors of proteases.  To try to combat the 

rapid rate of resistance to HIV protease inhibitors, several groups have developed 

modified peptides that disrupt the HIV protease dimer, and thus inactivate the enzyme 28.  

While searching for novel inhibitors of caspases, Wells and coworkers 29 developed small 
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molecule inhibitors of caspase-3 and caspase-7.  Crystal structures determined that the 

inhibitors bound near the dimer interface of the caspase-7, but did not interfere with 

dimerization.  They inhibited the enzyme by locking two of the loops forming the active 

site in a zymogen-like conformation that renders the enzyme catalytically inactive.  This 

is reminiscent of IAP-BIR3 inhibition of caspase-9, which also locks the enzyme active 

site in a catalytically inactive conformation by interfering with loop packing in the active 

site.  While there have been relatively few small molecule allosteric inhibitors of 

proteases to this point, there is growing interest in allosteric regulation of proteases 

(discussed in the following sections), and more allosteric inhibitors are sure to follow. 

Inhibitors Developed via Protein Engineering 

 Protein engineering has allowed for the development of many new protease 

inhibitors with increased potency and specificity, and diverse mechanisms of action.  

Because of the relatively shallow active sites, homology, and broad specificity of many 

proteases, larger molecules are attractive inhibitors in that they can bury more surface 

area upon binding, and hopefully gain more potency and specificity.   

One strategy has been to improve the specificity of naturally occurring protease 

inhibitors, either through rational design, or via phage display.  Mutations to residues that 

interact with the protease active site have drastic effects on inhibitor affinity, but 

specificity tends to be gained through evolution of secondary interactions.  The standard 

mechanism serine protease inhibitors ecotin 30 and eglin c 31 have both been refined at 

both its primary and secondary interaction sites, which drastically improve their 

specificity for a single protease.  While not affecting the primary mechanism of action of 

the inhibitors, the engineering of secondary binding sites gives these inhibitors a 
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mechanism of inhibition similar to that of the anti-clotting inhibitors such as hirudin, and 

greatly improves inhibitor specificity. 

Another strategy has been to develop polypeptide-based inhibitors of proteases.  

Typically consisting of 10-20 amino acids, and often containing disulfide bonds to 

rigidify the inhibitors and decrease the entropic cost of binding, constrained peptides 

have been developed to inhibit aspartic, cysteine, serine, and threonine proteases.  While 

peptides are not ideal drug molecules due to their susceptibility to proteolysis, the 

relatively small size of constrained peptides allows for the creation of extremely diverse 

libraries.  Furthermore, they are amenable to the incorporation of non-natural or D-amino 

acids, thus greatly increasing potential diversity.  The mechanisms of action of these 

inhibitors have sometimes mimicked known biological mechanisms, and sometimes been 

completely novel.  Constrained peptide phage display libraries have yielded standard 

mechanism inhibitors of the serine proteases chymotrypsin 32 and urokinase-type 

plasminogen activator (uPA) 33 with moderate potency and specificity.  Cyclic peptides 

have also been shown to competitively inhibit the aspartic protease renin, and are thought 

to bind to the enzyme in a substrate-like manner 34. 

 Constrained peptides that mimic natural inhibitors are essentially a reduction of 

naturally occurring inhibitors to just their reactive elements.  But a number of allosteric 

peptide inhibitors have been developed that have novel mechanisms of inhibition, which 

reveal information about enzyme function, and suggest new ways of regulating 

proteolysis.  Constrained peptide libraries have yielded two extremely potent exosite 

inhibitors of the clotting enzyme factor VIIa (FVIIa) 35 36.  The two inhibitors bound to 

two different sites outside of the active site of the enzyme, and had unique mechanisms of 
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inhibition.  One inhibitor, A-183, functioned by forcing a loop near the active site into an 

inactive conformation, and occluding substrate binding to the enzyme.  The other 

inhibitor, E-76 was a non-competitive inhibitor of FVIIa’s natural substrate, factor X, and 

it seems to work by locking the enzyme in a zymogen-like conformation.  In another 

example of allosteric inhibition, an α-helical peptide was designed to disrupt - and thus 

prevent activation of - the dimerization of the protease from Kaposi’s sarcoma-associated 

herpesvirus (KSHV) 37.  The mechanisms of inhibition of these peptide inhibitors clearly 

overlap with those of both small molecule and naturally occurring allosteric inhibitors; 

namely they lock their target enzymes in an inactive, closed, or zymogen state. The allure 

of allosteric inhibition is founded in the idea that it is possible find multiple sites on an 

enzyme to regulate activity, and these molecules have done this by using established 

mechanisms to inhibit new proteases. 

A third approach has been to mature specific protease inhibitors on other natural 

protein scaffolds, such as antibodies.  Antibody inhibitors have been raised against 

metalloproteases 38, cysteine proteases 39 and serine proteases 40, and to this point, 

characterized inhibitors have either been monoclonal antibodies raised from hybridomas, 

or from phage display libraries.  The mechanisms of inhibition are familiar; protease 

antibody inhibitors either interfere with multimerization (and thus activation) of a 

protease 41, bind to loops and protein-protein interaction sites to occlude substrate 

binding, or bind in the protease active site.  The benefit of using antibodies as inhibitors 

is that they are exquisitely specific – antibodies have evolved to specifically bind to their 

antigen- and are useful biological tools for imaging and in vivo experiments.  And that 
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they have been able to mimic the mechanism of inhibition of naturally occurring protease 

inhibitors suggests that specific antibody inhibitors can be developed for many proteases. 

Conclusions and Future Directions 

 Relatively few design principles underlie the mechanisms of inhibition of an awe-

inspiring range of protease inhibitors.  Protease inhibitors tend to compete with substrate 

binding, either through direct competition or deformation of the protease active site.  

While protein inhibitors can gain potency through the burial of a large surface area and 

specificity through contacts with specific exosites, small molecule inhibitors primarily 

gain potency through interactions with the catalytic machinery of the enzyme, and 

specificity through interactions with the substrate binding sites.  The search for novel 

modes of enzyme control, such as allosteric regulation, is particularly exciting, with the 

hope that these regulatory sites will be more amenable to the design of specific inhibitors.   

 The design of new inhibitors based on these principles is critically important.  

There is a great deal to be learned about the role of proteases in biology, and effective, 

reliable chemical tools are needed to tease apart these processes.  The failure of MMP 

inhibitors in clinical trials was due to toxicity problems (cross-reactivity that could be 

eliminated with more specific inhibitors), and just as critically, an incomplete 

understanding of which MMP was important to what stage of cancer growth and 

metastasis.  A more thorough understanding of the role of individual proteases might 

have alleviated some of these issues.  Because of their critical roles in biology, proteases 

are attractive drug targets.  While only a handful of anti-protease drug targets have 

approved inhibitors on the market thus far (DPPIV, HIV, ACE, and proteosome 

inhibitors), a number of drug discovery efforts targeting proteases are underway, aiming 
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to treat, for example, viral infections, parasitic infections, thrombosis, osteoporosis, 

neurodegenerative diseases, and cancer.  As our understanding of the targets and the 

design principles of their inhibitors improve, more treatments are sure to follow42 43; 44 45; 

46; 47; 48; 49; 50 51. 
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Figure 2-1.  Diagram of a protease active site.  A protease cleaves a peptide at the 

scissile bond, and has a number of specificity subsites, which determine protease 

specificity.  Substrates bind to a protease with their non-prime residues on the N-terminal 

side of the scissile bond and their prime-side residues C-terminal to the scissile bond.  

The catalytic residues determine the class of protease.  Serine, cysteine, and threonine 

proteases hydrolyze a peptide bond via a covalent acyl-enzyme intermediate, and 

aspartic, glutamic and metalloproteases activate a water molecule to hydrolyze the 

peptide bond in a non-covalent manner. 
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Figure 2-1. 
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Figure 2-2.  Standard mechanism of protein serine protease inhibitors bind in a substrate-

like manner that completely spans the active site, and act as substrates with a very slow 

kcat.  They interact with both the substrate binding sites (shallow indentation) and the 

catalytic residues (rectangle) of the serine protease. 
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Figure 2-2. 
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Figure 2-3.  Competitive, active site inhibitors of proteases.  These inhibitors bind in the 

active site, but not in a substrate-like manner.  Peptide extensions bind in specificity 

subsites, and sometimes interact with the catalytic residues (rectangle), but not in a 

catalytically competent manner.   
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Figure 2-3. 
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Figure 2-4.  Inhibitors that take advantage of exosite binding.  These inhibitors are all 

competitive inhibitors that prevent substrate binding at the active site.  BIR 3 prevents 

substrate binding because the active site is not formed in the caspase monomer.  Exosite 

binding improves the potency and specificity of protease inhibitors. 
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Figure 2-4. 
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Figure 2-5.  Serpins inhibit serine proteases by binding a reactive center loop in the 

active site, forming a covalent complex with the enzyme, undergoing a large 

conformational change, and irreversibly distorting the active site of the protease. 
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Figure 2-5. 
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Figure 2-6.  An effective strategy for developing synthetic protease inhibitors is to 

combine a peptide or peptidomimetic specificity element with a warhead that binds 

(either reversibly or irreversibly) to the catalytic machinery of a protease.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

54



Figure 2-6. 
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Figure 2-7. Various transition-state protease inhibitors.  Bortezomib is an approved drug 

for the treatment of multiple myeloma.  It is a boronic acid analog that inhibits the 

proteosome, a threonine protease.  The boronic acid moiety can adopt a tetrahedral 

conformation in the active site.  Pepstatin is a peptidyl aspartic acid inhibitor.  The 

reactive statine group binds to the catalytic machinery, and the chiral hydroxyl group of 

the statine mimics the tetrahedral geometry of the transition state.  Idinavir is an approved 

HIV 1 Protease inhibitor that binds to the active site via a hydroxyethylene transition 

state isostere.  Aldehydes are also transition state analogs, which are susceptible to 

nucleophilic attack.  In cysteine, serine and threonine proteases, this results in a covalent, 

reversible inhibition mechanism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

56



Figure 2-7. 
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Figure 2-8. Irreversible inhibitors of proteases.  Serine and cysteine proteases can be 

acylated by aza-peptides, which release an alcohol, but cannot be deacylated due to the 

relative unreactivity of the (thio) acyl-enzyme intermediate.  Reactive carbons, such as 

the epoxide of E64, can alkylate the thiol of cysteine proteases.  Phosphonate inhibitors 

form covalent bonds with the active site serine of serine proteases.  Phosphonates are 

specific for serine proteases as a result of the rigid and well-defined oxyanion hole of the 

protease, which can stabilize the resulting negative charge.  Mechanism-based inhibitors 

make two covalent bonds with their target protease.  The cephalosporin above inhibits 

elastase [23].  After an initial acylation event that opens the β-lactam ring, there are a 

number of isomerization steps that eventually lead to a Michael addition to His57.  

Therefore, even if the serine is deacylated, the enzyme is completely inactive. 
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Figure 2-8. 
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Figure 2-9.  Reversible small molecule protease inhibitors.  The peptidomimetic 

thrombin inhibitor Melagatran binds tightly in specificity sites on the non-prime side of 

the thrombin active site [24].  The hydroximate group of the peptidomimetic MMP 

inhibitor Marimastat chelates the catalytic Zn2+ in the MMP active site, while the peptide-

like portion binds in the specificity subsites [25].  Marimastat is a broad spectrum MMP 

inhibitor, but Captopril shows a great deal of specificity for its target enzyme, 

angiotensin-converting enzyme.  Both metalloprotease inhibitors are bifunctional as they 

have both a metal chelating and substrate-binding moiety. 
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Figure 2-9. 
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Table 2-1. 
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Table 2-2. 
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Abstract 
The mechanisms of inhibition of two novel scFv antibody inhibitors of the serine 

protease MT-SP1/matriptase reveal the basis of their potency and specificity.  Kinetic 

experiments characterize the inhibitors as extremely potent inhibitors with KI’s in the low 

picomolar range that compete with substrate binding in the S1 site.  Alanine scanning of 

the loops surrounding the protease active site provide a rationale for inhibitor specificity.  

Each antibody binds to a number of residues flanking the active site, forming a unique 

three-dimensional binding epitope. Interestingly, one inhibitor binds in the active site 

cleft in a substrate-like manner, can be processed by MT-SP1 at low pH, and is a standard 

mechanism inhibitor of the protease.  The mechanisms of inhibition provide a rationale 

for the effectiveness of these inhibitors, and suggest that the development of specific 

antibody-based inhibitors against individual members of closely related enzyme families 

is feasible, and an effective way to develop tools to tease apart complex biological 

processes. 
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Introduction 

Of the 22 families of naturally-occurring protein-based protease inhibitors known to 

inhibit the S1 clan of serine proteases, 18 use an identical mechanism of inhibition1.  

Standard mechanism (also known as Canonical, or Laskowski mechanism) inhibitors all 

insert a reactive loop into the active site of the protease, which binds in an extended β-

sheet in a substrate-like manner2.  While some of these inhibitors have developed 

secondary mechanisms3, the primary mechanism of inhibition is extremely well 

conserved; so much so that crystal structures of unrelated inhibitors overlay perfectly in 

the protease active site4.  As evidenced by this remarkable example of convergent 

evolution, the standard mechanism is an efficient, robust way to inhibit serine proteases.  

However, this robustness often comes at the expense of specificity.  With the exception 

of a small number of parasitic anti-thrombin inhibitors that also bind to protease 

exosites5, the majority of standard mechanism protease inhibitors have relatively broad 

specificity.  Bovine pancreatic trypsin inhibitor (BPTI) efficiently inhibits almost all 

trypsin-fold serine proteases with P1-Arg specificity, but can also inhibit chymotrypsin 

(P1-Phe specificity) with a KI of 10 nM6. 

 

Much effort has been spent on the development of specific protease inhibitors, for their 

use both as biological tools and potential therapeutic agents.  As attempts to make 

specific small molecules have proven to be difficult7, researchers have often attempted to 

gain specificity using peptide or protein-based scaffolds.  Constrained peptide phage 

display libraries have yielded extremely potent exosite inhibitors of factor VIIa (FVIIa)8 9 

and standard mechanism inhibitors of both chymotrypsin10 and urokinase-type 
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plasminogen activator (uPA)11 with moderate potency and specificity.  An alternate 

approach has been to improve the specificity of naturally occurring protease inhibitors12; 13 

14.  For example, maturation of Alzheimer’s amyloid β-protein precursor inhibitor (APPI) 

Kunitz domain, a canonical serine protease inhibitor, via competitive phage display 

improved its specificity for FVIIa by increasing its KI against a panel of some related 

serine proteases by 2-5 orders of magnitude13.  A third approach has been to mature 

specific protease inhibitors on other natural protein scaffolds, such as ankyrin repeats15 or 

antibodies.  To this point, the characterized protease antibody inhibitors have been 

monoclonal antibodies raised from hybridomas, and have tended towards two types of 

inhibitors; inhibitors that interfere with multimerization (and thus activation) of the 

protease16 17 18, and inhibitors that bind to loops and protein-protein interaction sites19 20 21; 

22 and occlude substrate binding, instead of interfering with the catalytic machinery of the 

enzyme, and ensuring complete inhibition23. 

 

Previously, we reported the development of single chain variable fragment (scFv) 

antibody inhibitors of the serine protease membrane-type serine protease 1 (MT-SP1)24. 

MT-SP1 (aka matriptase) was discovered and cloned in a search for serine proteases 

expressed in PC-3 cells, a prostate cancer cell line25, and was independently determined 

to be a highly expressed protease in breast cancer tissue26.  Work from a number of 

groups has since shown that MT-SP1 may be a key upstream factor involved in the ECM 

remodeling and in signal transduction cascades involved in cell transformation27.  

Ablation of MT-SP1 activity has been shown to decrease the invasiveness of both ovarian 

and prostate tumor cells, and modest orthotopic overexpression of MT-SP1 in mouse 
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epidermal tissue led to spontaneous squamous cell carcinomas28, further cementing MT-

SP1’s role in cancer, and suggesting the enzyme is causally involved in malignant 

transformation. 

 

Here we have characterized the mechanism of inhibition of the two most potent scFv 

inhibitors of MT-SP1, E2 and S4. The inhibitors were selected from a fully synthetic 

human combinatorial antibody library in the scFv format (HuCAL, MorphoSys AG).  

HuCAL-scFv contains consensus frameworks with diversified light and heavy chain 

CDR3 regions reflecting the natural human amino acid composition29.  A combination of 

mutagenesis experiments, steady state kinetics, and stopped-flow kinetics reveal that, 

while the inhibitors gain specificity by making a number of critical interactions with 

surface loops on the protease, they can be standard mechanism inhibitors, which insert a 

reactive loop in a substrate like manner into the active site of the protease.  This work 

suggests that the antibody scaffold can be used to create extremely specific standard 

mechanism protease inhibitors.  Furthermore, the design of inhibitors that utilize 

macromolecular recognition factors (variable loops, protein-protein interaction sites) can 

help to differentiate highly homologous proteases, and can thus impart specificity upon 

the inhibitors.   

Results: 

We previously described the maturation and initial characterization of a number of scFv 

inhibitors of MT-SP124.  The scFv’s bound tightly to the catalytic domain of MT-SP1, 

and showed a high degree of specificity, as they showed no appreciable inhibition of a 

panel of closely related serine proteases including factor Xa, thrombin, kallikrein, tissue 
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plasminogen activator (tPA), and urokinase plasminogen activator (uPA) at inhibitor 

concentrations of 1 µM.  Here we characterize the mechanism of inhibition of the two 

most potent of this novel class of serine protease inhibitors, E2 and S4. 

 

Steady State Kinetics 

Previous experiments showed that E2 and S4 had KD’s of 160 pM and 500 pM (as 

determined by surface plasmon resonance), and were potent inhibitors of MT-SP1.  In the 

current study, a number of steady-state kinetic experiments were performed to understand 

the mechanism of inhibition of these inhibitors.  The results of these experiments are 

summarized in Table 1.  Double reciprocal plots revealed that both E2 and S4 are 

competitive inhibitors of MT-SP1 with respect to Spectrazyme-tPA, a small molecule 

para-nitroanilide (pNA) substrate of P1 arginine serine proteases. To further characterize 

the tight-binding nature of these inhibitors, accurate KI values were determined.  E2 and 

S4 are extremely tight-binding competitive inhibitors of MT-SP1 with KI values of 

8.0±1.3 pM and 140±6.0 pM, respectively.    

 

To verify that the mode of inhibition is similar in the context of a macromolecular 

substrate, a discontinuous assay to measure the activation of uPA was developed. The KM 

of uPA as a substrate for MT-SP1 was determined to be 1.7±0.2 µM, and the kcat of MT-

SP1 activation of sc-uPA was 0.89±0.09 s-1.  Double reciprocal plots showed that the 

inhibitors were indeed competitive with respect to macromolecular substrates as well.  

From this data, approximate KI’s of 12 pM for E2 and 160 pM for S4 could be 

extrapolated (Table 3-1).  Since the substrate (uPA) concentration could not be increased 
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above the KM, the errors associated with the KI values are large; nonetheless, they confirm 

that the inhibitors inhibit MT-SP1 equally well, regardless of the size of the protease 

substrate.   

  

Pre-steady State Kinetics 

A closer examination of the progress curves of the steady-state reactions when enzyme 

was added to a mixture of substrate and inhibitor revealed different binding mechanisms 

for E2 and S4 (Figure 3-1).  The progress curves for S4 are linear, suggesting the binding 

of scFv to enzyme comes to equilibrium rapidly.  Conversely, the progress curves for E2 

inhibition are curved, suggesting slow-binding inhibition30.  To define the binding 

mechanisms of these scFv’s, stopped-flow experiments were performed to evaluate the 

onset of inhibition during turnover at higher enzyme concentrations.  Stopped-flow 

experiments measured the appearance of pNA, and were carried out as described in the 

materials and methods section.   

 

The stopped flow traces from the S4 inhibitor experiments were fit by nonlinear 

regression to the rate equations for reversible, tight binding inhibition to obtain observed 

rate constants (kobs) for the onset of inhibition (Equation 5)31.  Plots of kobs vs. [S4] are 

linear with positive y-intercepts (Figure 3-2a), consistent with a one-step reversible 

mechanism for binding of the inhibitor.  The y-intercepts of the plots give an average off 

rate of k-1= 1.7x10-2 s-1, and a secondary plot of the slopes versus substrate concentration 

(Figure 3-2a, inset) defined the on rate as k1= 1.2x108 M-1s-1.  The KI calculated from k-

1/k1= 147 pM, which is in very good agreement with the steady-state experimental KI of 
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140 pM.  From these data, it can be concluded that S4 binds and inhibits MT-SP1 with an 

extremely fast on-rate, and has a one-step binding mechanism as shown in Scheme 3-1.   

 

The stopped flow traces from the E2 inhibitor experiments (Figure 3-2b) revealed a more 

complicated binding mechanism.  In this case, the progress curves are fit well to a sum of 

two exponentials (Equation 7), indicating the presence of at least two steps in the binding 

process, which leads to the onset of inhibition.  At minimum, a double exponential decay 

is consistent with a two-step binding mechanism.  This occurs when the first step in the 

binding process is more rapid than the second, and as a result, the first observed rate 

constant (kobs1) shows a linear dependence on inhibitor concentration32.  If kobs1 shows a 

hyperbolic dependence on inhibitor concentration, the mechanism of inhibition involves 

more than two steps. Unfortunately, due to the extremely tight nature of the enzyme-

inhibitor interaction, the inhibitor concentration could not be increased to a high enough 

concentration to distinguish between a linear or hyperbolic dependence of kobs1 on 

inhibitor concentration. But, due to the presence of two exponential decays, an absolute 

minimal mechanism of E2 inhibition has two steps, and E2 can be classified as a slow, 

tight-binding inhibitor30.   

 

P-Aminobenzamidine Competition Assay 

P-aminobenzamidine (pAB) has been reported as a weak competitive inhibitor of P1-

arginine specific serine proteases33, and can be used as a fluorescent probe to monitor 

substrate or inhibitor binding in the S1 site.  The hydrophobic nature of the S1 site causes 

pAB to fluoresce with a maximum emission around 360 nm when bound to the enzyme, 
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while pAB in aqueous solution has both a lower intensity and longer wavelength of 

emission at 376 nm.  PAB has been used as a probe to monitor binding of inhibitors in 

the S1 site of inhibitors; competitive inhibitors displace pAB from the protease active site 

and reduce emission at 360 nm33 34, while non-competitive inhibitors do not35.  PAB has a 

KI of 28.8 µM for MT-SP1 (data not shown), and 1 µM MT-SP1 incubated with 270 µM 

PAB (to saturate the enzyme) shows a characteristic emission peak at 361 nm when 

excited at 325 nm (Figure 3).  When one equivalent of either E2 or S4 are added to the 

pre-incubated MT-SP1/pAB, the fluorescence is sharply decreased (Figure 3-3).  This 

suggests that both inhibitors bind at or near the S1 site, and most likely insert an arginine 

or lysine side chain in the pocket. 

 

MT-SP1/Inhibitor Digest 

The reactive site of many standard mechanism serine protease inhibitors have been 

determined by incubating protease and inhibitor at low pH, where the inhibitor can be 

cleaved in a substrate-like manner, causing a processing of the inhibitor into two 

fragments, with the cleavage occurring between the P1 and P1’ residue36 37.  When MT-

SP1 and E2 are incubated at pH 6.0 for an extended period of time (>120 hrs), E2 is 

processed into two bands (Figure 3-4).  This processing is not seen at pH 8.0, or without 

MT-SP1 at pH 6.0. MT-SP1 shows no proteolytic activity below pH 6.0, thus making pH 

6.0 the lowest pH at which processing can occur.  ESI mass spectrometry verifies that the 

processing event takes place between R131 and R132 in E2.  The N-terminal fragment 

has a mass of 12,013 Da (expected MW, 12,014 Da) and the C-terminal fragment has a 

mass of 15,624 Da (expected MW, 15,627 Da).  This places the reactive loop in the 
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CDR3 of the heavy chain of E2, which would be expected from the HuCAL library from 

which these scFv’s were matured, as the scaffold had large, diverse CDR3’s29.  No S4 

processing was observed upon incubation with MT-SP1 for extended periods of time at 

low pH, suggesting a different, non-canonical mechanism of inhibition for the S4 scFv. 

 

Inhibitor Point Mutants 

To verify the mechanism of inhibition of the scFv inhibitors, point mutants of the 

arginine residue in the CDR3 loops of the inhibitors were constructed.  It would be 

expected that mutations to residues that bind in the S1 site of the protease would have the 

greatest effect on binding.  The mutational data is summarized in Table 3-2.  E2 R131A 

and R132A had KI values of 78 nM and 454 pM, respectively, as opposed to a KI of 12.3 

pM for the wild-type E2.  The mutation of R131 to an alanine has a 6500-fold effect on 

protease inhibition as would be expected from a residue that binds in the S1 site.  This is 

consistent with the data from the inhibitor digest at low pH.  The mutation of R132 

caused a 38-fold increase in KI, suggesting that the P1’ arginine also makes significant 

contacts with the protease.  The CDR3 loop of S4 also has a double arginine motif, R128 

and R129.  Both arginines were mutated to alanine and had significant effects on protease 

inhibition: S4 R128A had and KI of 2.8 µM, while the R129 alanine mutant had and KI of 

3.9 nM, a 4x104-fold and 56-fold difference, respectively.   

 

MT-SP1 Point Mutations 

To footprint the binding site of the inhibitors, site-directed mutagenesis was used to 

alanine scan the surface of the protease domain38.  Based on the crystal structure of MT-
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SP139, thirty point mutants were identified as potential partners in macromolecular 

interactions (Table 3-3).  The majority of these residues were located on the loops 

flanking the protease active site.  Proteolytic activity against Spec-tPA was used to assure 

that the point mutations did not drastically affect MT-SP1 structure or function.   The 

differences between the mutant and wild-type protease kcat/KM values were less than two 

fold in most cases, suggesting that the mutations had minimal effect on protease 

structure.  MT-SP1 T98A was a 6-fold less efficient enzyme than the wild-type, which 

could be attributed primarily to a lower kcat.  MT-SP1 D217A had a 3-fold decrease in 

protease specific activity, which was due to an increased KM of 210 µM.  The F99A, 

Q192A, and W215A substitutions in MT-SP1 all resulted in inactive enzymes.  The 

inactive variants eluted from a gel filtration column at same size as the zymogen 

protease, suggesting they are inactive because they could not autoactivate (data not 

shown).   

 

The KI values for E2 and S4 were determined against the MT-SP1 point mutants.  As a 

positive control, the fold-specific serine protease inhibitor BPTI was also screened 

against the protease point mutants, since the mechanism of inhibition is known40 and a 

co-crystal of BPTI and MT-SP1 has been solved39.  As would be expected from a fold-

specific protease inhibitor, most point mutants had little effect on BPTI inhibition.  The 

I41A substitution moderately improved BPTI binding to MT-SP1, F94A, F97A, and 

E169A moderately decreased BPTI inhibition (corresponding to <1 kcal/mol binding 

energy), and D60bA and D217A mutations had a more significant affect on BPTI 

inhibition (Figure 3-5b).  Analysis of the crystal structure suggest that the increased KI of 
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MT-SP1 D60bA could be due to D60b hydrogen bonding with R20 of BPTI, and forming 

an intramolecular H-bond with R60c, which packs against BPTI.  A deletion of the H-

bonding ability of this side chain would account for the moderate increase (12.6-fold) in 

KI.  The structure does not readily explain the 43-fold increase in the KI of BPTI for MT-

SP1 D217A, but it is possible that the mutation affects the structure of the 220’s loop, 

which would also account for the increased KM of Spec-tPA for D217A. 

 

Based on the alanine scanning data, S4 makes contacts of moderate strength with a 

number of residues on the six surface loops surrounding the active site (Figure 3-5a, 3-

5d).  Interactions with the side chains of I41, D60b, T98, and Q175 account for modest 

binding energy (pink residues, Figure 3-5d); alanine mutations of these residues increased 

the KI’s of S4 3-6 fold, corresponding to a decrease in free energy of binding of 0.5-1 

kcal/mol.  S4 makes stronger interactions with the side chains of F94, D96, H143, Y146, 

and D217 (red residues, Figure 3-5d), decreasing the free energy of binding by 1.5-2.0 

kcal/mol.  Interestingly, a mutation of R60c to alanine decreased the KI of S4 6-fold.  

This suggests that the protease/scFv interaction has not been completely optimized, and 

could be improved.   Taken together, the mutational data suggest that S4 makes a number 

of moderate contacts with the loops flanking the active site, making the strongest 

interactions with the 140’s and 90’s loops, and thereby bridging the active site. 

 

E2 also makes interactions with a number of loops surrounding the MT-SP1 active site 

(Figure 3-5c), including the base of the 60’s loop, the 90’s loop, the 170’s loop, the 220’s 

loop, and the 140’s loop.  In contrast to S4, though, which makes a number of 
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interactions of moderate strength, E2 gains much of its binding energy from interactions 

with two residues, D96 and F97.  Mutations of each of these residues to alanine increased 

the KI of E2 to >1 µM, corresponding to a decrease in free energy of binding of >7.5 

kcal/mol.  The Q175A variant, on the loop adjacent to the 90’s loop, also has a significant 

effect on E2 inhibition, increasing the KI of E2 by 69-fold (3.0 kcal/mol).  The 90’s loop 

and 170’s loop flank the extended binding sites of MT-SP1,39; 41, and F97 helps form the 

S4 pocket, suggesting E2 binds in the extended binding pockets of MT-SP1.  Though E2 

makes minor interactions with Y146, Q221a, and K224, the majority of the binding 

energy of E2 for MT-SP1 comes from interactions with the 90’s loop, and minor 

interactions with residues flanking the 90’s loop (I60, Q175).  This defines the 90’s loop 

as a ‘hot-spot’ for E2 binding; and as the 90’s loop sequence is unique to MT-SP1, it 

helps explain E2’s specificity for MT-SP1. 

Discussion 

We have described the mechanism by which two novel scFv antibodies inhibit the 

cancer-associated serine protease MT-SP1/matriptase.  The S4 antibody has a fast 

association rate with MT-SP1 (1.2x108 M-1s-1 as measured by stopped-flow kinetics) and 

binds very tightly to the protease, making numerous contacts with the loops surrounding 

the active site of MT-SP1.  The fast on-rate is likely influenced by electrostatic steering, 

which can increase kon’s by more than 104 over the basal diffusion controlled association 

rate42.  Mutational data supports this hypothesis, as nearly all the residues S4 makes 

significant contacts with are polar or charged.  The inhibitor competes with pAB for the 

S1 site, and the R128A variant of S4 nearly abolishes protease inhibition.  Despite these 

data, S4 cannot be considered a standard mechanism inhibitor of MT-SP1 without further 
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structural characterization.  Standard mechanism inhibitors have a characteristic two-step 

binding mechanism; an initial binding step, followed by a tightening of the enzyme-

inhibitor complex, and as such have an association rate approximately two orders of 

magnitude slower than S4.  Furthermore, S4 is not processed by MT-SP1 at low pH, 

meaning the substrate-like binding cannot be assumed. 

 

E2, on the other hand, displays all the characteristics of a standard mechanism serine 

protease inhibitor.  While a crystal structure would help to definitively determine the 

mechanism of inhibition, the data here are consistent with E2 being a standard-

mechanism inhibitor.  The enzyme-inhibitor complex slowly reaches equilibrium, E2 

binds in a substrate-like manner, and inserts an arginine in the S1 site of MT-SP1 (R131), 

which is important, but not absolutely critical to inhibition.  Furthermore, E2 shows a 

slight degree of fold specificity; it inhibits the mouse homolog of MT-SP1, epithin, with a 

KI of 40nM24 and can inhibit trypsin, a digestive protease with extremely broad 

specificity, with an IC50 of 45 µM (data not shown).  In contrast to most standard 

mechanism serine protease inhibitors, though, E2 is highly specific for a single serine 

protease, MT-SP1.  E2 gains much of its specificity through interactions with the 90’s 

loop of MT-SP1, and makes significant interactions with residues D96 and F97 of the 

protease. Perhaps not surprisingly, known protease inhibitors that do exhibit a high 

degree of specificity, such as anticoagulant protease inhibitors from ticks and leeches, 

often employ a similar mechanism of inhibition; they combine the robustness of 

competitive, active site inhibition with protein extensions that bind to recognition sites on 

target enzymes5 43.   
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To our knowledge, these scFvs are the first documented case of mechanistic protease 

inhibitors on an antibody scaffold that bind in the active site.  A number of monoclonal 

antibody protease inhibitors have been reported in the literature17; 18; 19; 21; 22; 44, but despite 

diverse mechanisms, all have the same underlying mode of action; they bind to a small, 

linear peptide sequence and prevent either a protein-protein or enzyme-substrate 

interaction.  While often sufficient for inhibition, these mAb’s can have curious 

inhibitory profiles in which they cannot inhibit the hydrolysis of small-molecule 

substrates, or have different levels of inhibition against different substrates19 21.  Because 

they are selected in vitro against the active form of the enzyme, antibodies developed by 

phage display have the inherent advantage of recognizing three-dimensional epitopes and 

the topography of the enzyme active site.  With this comes the opportunity for tighter 

binding due to greater buried surface areas and minimal entropic penalties upon binding, 

and more complete inhibition through insertion of residues into the protease active site.  

E2 and S4 have clearly used these advantages; they have fast on-rates, very low KD’s, 

bind in the active site groove, and make contacts with a number of loops flanking the 

active site.   

 

The HuCAL-scFv library29 contains consensus framework sequences for all frequently 

occurring VH and VL subfamilies with a germline sequence for the CDR1 and CDR2 in 

each subfamily.  Both the heavy and light chain CDR3 regions were diversified according 

to the natural amino acid composition and cover the natural length variation of the VH and 

VL CDR3 regions.  In retrospect, this proves to be an ideal scaffold for serine protease 
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inhibition; it allows for a large, rigidified reactive loop to be inserted into the protease 

active site while the rest of the antibody stabilizes the CDR3 of the heavy chain and 

makes additional contacts with the protease.  While only the most potent scFv inhibitors 

of MT-SP1 were characterized, all inhibitors had heavy chain CDR3 loops of at least 17 

residues, suggesting that large heavy chain CDR3’s were critical to MT-SP1 inhibition.   

 

The explosion in antibody research over the past 15 years has revolutionized 

biotechnology.  Antibodies have been developed into extremely useful drugs and imaging 

devices, and have become critical tools for nearly all biological research.  Here, scFv 

fragments have shown the ability to specifically inhibit a single member of a family of 

closely related enzymes.  While these molecules will be useful in helping dissect the 

complex biology of MT-SP1,45 the mechanisms through which they work once again 

reveals the innate binding flexibility of antibodies, and the power of protein engineering.  

That these inhibitors have developed the robust inhibition mechanism of standard 

mechanism serine protease inhibitors, suggests that we can develop antibodies to mimic 

any protein-protein interaction, and precisely modulate nearly any biological process. 

Materials and Methods 

Protein Expression, Purification, and Mutagenesis 

MT-SP1 and MT-SP1 mutants were expressed in E. coli and purified from inclusion 

bodies as previously described25.  Antibodies were selected from the HuCAL scFv library 

(MorphoSys AG, Martinsreid, Germany) 29.  Expression and purification of inhibitory 

scFv antibodies was also previously described24.  Point mutants were made using the 

Stratagene Quickchange kit (Stratagene, La Jolla, CA).  One or two base changes were 
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sufficient to create the point mutant in each case, and all sequences were verified by 

DNA sequencing.   

 

Steady-State Kinetics 

All reaction volumes were 120 µL and were carried out in 50mM Tris, pH 8.8, 50 mM 

NaCl, 0.01% Tween-20 unless otherwise stated.  All reactions were carried out in 

triplicate.  Reactions were run in 96-well, medium binding, flat-bottomed plates 

(Corning), and cleavage of substrate was measured in a UVmax Microplate Reader 

(Molecular Devices Corporation, Palo Alto, CA.).  MT-SP1 and mutant protease 

concentrations were determined by 4-methylumbelliferyl p-guanidinobenzoate (MUG-B) 

active-site titration46 in a Fluormax-2 spectrofluorimeter.  Kinetic parameters of MT-SP1 

and mutant proteases were determined at 0.2 nM enzyme, with Spectrazyme-tPA 

(hexahydrotyrosyl-Gly-Arg-pNA, American Diagnostica, Greenwich, CT) concentrations 

varying from 1 µM to 400 µM.  KM and kcat were determined using the Michaelis-Menten 

equation.  

Tight-binding inhibitors require that the effective decrease in free enzyme be 

taken into account when determining KI values31.  This is accomplished by pre-incubating 

enzyme and inhibitor so that the system can reach equilibrium, adding substrate, and then 

measuring steady-state velocities at varying inhibitor concentrations and fitting the data 

to equation 1. 
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*’s are then plotted against substrate concentration to extrapolate the KI at zero substrate 

concentration (equation 2). 

80



! 

K
i
* = K

i
(1+ [S]/K

m
)   (2) 

 

When measuring the effect mutations had on the strength of the interaction between the 

protease and inhibitor, IC50 values were used instead of KI’s as determined above.  

Though less accurate than KI’s47, IC50’s are easier to calculate when screening large 

numbers of inhibitor point mutants, and are sufficient to monitor relative changes in 

inhibition versus the wild type system. IC50’s were determined by incubating inhibitor 

and 0.2 nM enzyme for at least 5 hours at room temperature to assure steady-state 

behavior of the system3.  There was no appreciable decrease in protease activity during 

the incubation period.  Steady-state velocities were then plotted against inhibitor 

concentration and fit to equation 3.   

! 

v = vmin +
(vmax " vmin )

(1+10
([I ]"IC50 ))

 (3) 

Relative KI’s were then calculated from IC50 values according to equation 4. 
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Though nearly all protease mutants had a minimal (less than 2-fold) effect on substrate 

KM, and the substrate concentration was held well above the KM, this correction 

normalizes the IC50 with respect to the strength of the protease/substrate interaction.  All 

graphs and equations were fit using Kaliedagraph 3.6 (Synergy Software, Reading, PA).   

 

Macromolecular Substrate Assay 

In an assay analogous to that used to monitor FVIIa activation of FX8, we developed a 

coupled assay that monitors MT-SP1 activation of uPA.  50 pM MT-SP1 was incubated 
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with varying concentrations (final concentrations, 12.5-400 nM) of single-chain uPA 

(American Diagnostica).  At varying time points (0-150min), aliquots of the reaction 

were removed and quenched with 10 nM E2.  There was no residual MT-SP1 activity 

after the quench, and E2 showed no inhibition of uPA at 10 nM concentrations.  The 

amount of active uPA was measured by monitoring the activity for uPA against the 

paranitroanilide uPA substrate Spectrazyme-UK (American Diagnostica).  The mode of 

inhibition was determined from double reciprocal plots, and kinetic parameters and 

inhibition constants were determined using the Michaelis-Menten equation. The KM of 

Spec-UK for uPA was determined to be 42 µM, and the kcat of uPA turnover was 1.0 s-1.  

 

Stopped-Flow Kinetics 

Stopped-flow experiments were conducted using a HiTech SF-61DX2 instrument (TgK 

Scientific Ltd., Bradford On Avon, U.K.).  Data were collected in dual beam mode using 

photomultiplier detection of absorbance data at 405 nm.  MT-SP1 (10 nM for E2 

experiments, 1 nM for S4 experiments) was rapidly mixed with a solution of substrate 

(Spec-tPA, 200µM-800µM) and inhibitor (10-300 nM for S4, 100-340 nM for E2) and 

the appearance of pNA was monitored for 20 sec (for S4) or 150 sec (for E2).  

Concentrations of enzyme and length of experiments were varied between the two 

systems to ensure robust signal and equilibration of the system. 

 

The stopped flow traces from the S4 inhibitor experiments were fit by nonlinear 

regression to the rate equations for reversible, tight binding inhibition31 (equation 5). 
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The appearance of the product (P) is a function of the initial (vi) and final (vs) velocities, 

and an apparent first-order rate constant, kobs for the onset of inhibition.  Plots of kobs 

versus inhibitor concentration were linear, and fit to equation 6, as would be expected 

when the inhibitory mechanism consists of one reversible binding step, as in scheme 1. 

! 

k
obs

= k"1 + k
1
[I]/(1+ [S]/K

M
)   (6) 

 

E2 stopped flow traces fit poorly to equation 5, but fit well to a mechanism with two 

observed rate constants (equation 7) 32. 
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P-Aminobenzamidine Fluorescence 

Experiments were carried out in PBS on a Fluorolog 3 (Instruments SA Inc. Edison, NJ) 

fluorimeter.  Emission spectra of MT-SP1/pAB were obtained by excitation at 325 nm 

using a 4 nm excitation and 2 nm emission bandpass and were scanned from 335-430nm.  

Spectra were corrected for emission due to free pAB and protease.  Data corrections were 

performed with Datamax 2.20 software (Instruments SA). 

 

Inhibitor Digest 

2 µM E2 or S4 was incubated with 0.1 nM MT-SP1 for 120 hours at room temperature.  

Proteins were incubated in 100 mM NaCl, 100 mM MES, pH 6.0, or 100 mM NaCl, 50 

mM TRIS, pH 8.0.  Proteolysis was monitored by gel-shift on a 12% polyacrylamide gel 

with a 4.5% stacking gel, and stained with coomassie brilliant blue.  ESI mass 

spectrometry was carried out on an LCT Premier mass spectrometer (Waters Corp. 
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Milford, MA), and molecular masses were determined using MassLynx (Waters) 

deconvolution software. 
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Figure 3-1. Progress curves of MT-SP1 inhibition by scFv inhibitors reveal multiple 

mechanisms of inhibition.  The addition of enzyme (0.2 nM) to a mixture of substrate 

(300 µM Spec-tPA) and inhibitor results in a decrease in proteolytic activity.  S4 

inhibition results in a linear progress curve, suggesting rapid-equilibrium inhibition, 

while the curved nature of the E2 progress curve suggests slow-binding inhibition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

89



Figure 3-1. 
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Figure 3-2. Stopped-flow experiments confirm disparate mechanisms of inhibitor 

binding to MT-SP1.  (a) Linear plots of kobs vs. S4 concentration confirm that S4 has a 

one-step binding mechanism, as illustrated in Scheme 1.  Individual traces are carried out 

at different substrate concentrations.  Black (x) experiments were run at 200 µM Spec-

tPA, green (◇) experiments, 300 µM Spec-tPA, blue (□) experiments, 500 µM Spec-

tPA, and red (○) experiments at 800 µM Spec-tPA. The y-intercepts of the observed rate 

constant plots (a) gave an average off rate of k-1= 1.7x10-2 s-1, and a secondary plot of the 

slopes versus substrate concentration (a, inset) defined the on rate as k1= 1.2x108 M-1s-1. 

(b) The raw stopped-flow trace monitoring E2 inhibition of MT-SP1 by measuring the 

appearance of pNA at 405 nm fits well to the double exponential Equation 7 with two 

observed rate constants.  The inset shows the residuals of the non-linear regression fit.  

Final concentrations for this trace were 240 nM E2, 10 nM MT-SP1, and 500 µM Spec-

tPA. 
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Figure 3-2. 
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Figure 3-3. Inhibitors displace pAB from the MT-SP1 active site.  pAB (270 µM) 

incubated with 1 µM MT-SP1 emits a strong emission peak with a maximum at 361 nm 

when excited at 325 nm due to hydrophobic interactions between pAB and the P1 pocket 

of the protease.  When one equivalent of either S4 (blue trace) or E2 (green trace) are 

added to 1 µM MT-SP1 saturated with pAB, the fluorescence decreases, suggesting pAB 

is released into the aqueous environment where it is weakly fluorescent.  Therefore, 

binding of both S4 and E2 are competitive with pAB binding, and both inhibitors bind in 

or near the P1 pocket in a manner that precludes binding of pAB. 
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Figure 3-3. 
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Figure 3-4.  E2 is processed by MT-SP1 at pH 6.0.  2 mM E2 was incubated at pH 6.0 

with (lane 3) and without (lane 1) 0.1µM MT-SP1 for 120 hours.  Samples were run on a 

12% polyacrylamide gel and stained with coomassie blue.  At pH 6.0, E2 was processed 

into two products, with molecular masses determined to be 15,624 Da, and 12,013 Da by 

ESI mass spectrometry.  These masses, when added together, account for the mass of the 

full-length inhibitor (27,219 Da) and the water molecule added to the products during the 

hydrolysis reaction.  This processing does not take place when E2 and MT-SP1 are 

incubated at pH 8.0 (lane2).  The diagram below shows the site of the scissile bond in the 

middle of the heavy chain of E2. 
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Figure 3-4. 
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Figure 3-5. MT-SP1 alanine point mutants and their effect on protease inhibition by 

BPTI (b), E2 (c), and S4 (d).  5a shows the 6 MT-SP1 surface loops surrounding the 

protease active site consisting of a binding cleft and the catalytic triad (sticks).  The 

space-filling models of b, c and d are oriented in the same manner, with the catalytic triad 

in yellow.  Point mutants that had minimal effect on protease inhibition are shaded in 

gray, mutations that had a 3-10-fold increase in inhibitor KI are shaded pink, and point 

mutants that increased inhibitor KI by >10-fold are shaded in red.  Point mutants that 

decreased inhibitor KI’s are shaded in green.  The values of point-mutant/inhibitor KI’s 

are given in Table 3.  MT-SP1 point mutants have a minimal effect on BPTI inhibition, 

S4 interacts with moderate affinity to all 6 protease loops surrounding the active site, and 

E2 binds with high affinity to the 90’s and 170’s loop.  Figure was prepared using 

PyMOL. 
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Figure 3-5.   
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Scheme 3-1. 
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Table 3-1. 
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Table 3-2. 
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Table 3-3. 
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Abstract 

The vast majority of protein protease inhibitors bind their targets in a substrate-

like manner.  This is a robust and efficient mechanism of inhibition, but due to the highly 

conserved architecture of protease active sites, these inhibitors often exhibit promiscuity.  

Inhibitors that show strict specificity for one protease usually achieve this selectivity by 

combining substrate-like binding in the active site with exosite binding on the protease 

surface.  The development of new, specific inhibitors can be greatly aided by binding to 

non-conserved regions of proteases if potency can be maintained.  Due to their ability to 

bind specifically to nearly any antigen, antibodies provide an excellent scaffold for 

creating inhibitors targeted to a single member of a family of highly homologous 

enzymes.  The 2.2 Å resolution crystal structure of an Fab antibody inhibitor in complex 

with the serine protease membrane-type serine protease 1 (MT-SP1/matriptase) reveals 

the molecular basis of its picomolar potency and specificity.  The inhibitor has a distinct 

mechanism of inhibition; it gains potency and specificity through interactions with the 

protease surface loops, and inhibits by binding in the active site in a catalytically non-

competent manner.  In contrast to most naturally occurring protease inhibitors, which 

have diverse structures but converge to a similar inhibitory archetype, antibody inhibitors 

provide an opportunity to develop divergent mechanisms of inhibition from a single 

scaffold.  
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Introduction 

Proteolytic activity in vivo is carefully regulated by spatial and temporal localization, 

zymogen activation, autolysis, and through the inhibition of proteases by macromolecular 

inhibitors.  Despite divergent targets and different mechanisms of inhibition, most 

protease inhibitors bind a critical portion of the inhibitor in the active site in a substrate-

like manner.  Though an effective paradigm for protease inhibition, substrate-like binding 

in the active site often leads to inhibitors that can potently inhibit more than one target 

protease. This promiscuity is evidenced by the fact that 115 annotated human protease 

inhibitors are capable of regulating the activity of the 612 known human proteases1.  The 

few specific protease inhibitors found in biology, such as rhodniin, a thrombin inhibitor 

from Rhodnius prolixus, have gained specificity by combining substrate-like inhibition 

with exosite binding.  Rhodniin has two domains, one of which binds and inhibits the 

protease via a canonical mechanism, and a second domain evolved to bind to exosite I, 

resulting in a potent and specific thrombin inhibitor2.   

 

Dysregulated proteolytic activity plays a role in many disease states, often caused by a 

single member of highly homologous protease families.  As such, there is a need for 

selective inhibitors.  Traditional attempts to develop small molecule or protein protease 

inhibitors have had mixed results3,4; difficulties have primarily been due to specificity 

issues arising from the similarity of protease active sites.  Therefore, there is a need for 

more diverse methods for developing specific inhibitors to single members of these 

highly similar enzymes. 
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Due to their ability to selectively bind closely related antigens, antibodies provide a 

particularly attractive scaffold on which to develop specific enzyme inhibitors.  Of the 

antibody-based protease inhibitors which have been reported in the literature5; 6; 7; 8; 9; 10; 11, 

most work by interfering with protein-protein interaction sites rather than interacting with 

the active site of the enzyme.  Previously, we used a phage-displayed single chain 

antibody library to develop potent and specific inhibitors of membrane type serine 

protease 1 (MT-SP1/matriptase), but the molecular details of the inhibitory mechanism 

remained unclear12; 13. MT-SP1 is a cell-anchored serine protease involved in cell 

signaling pathways and protease activation, and has been implicated in cancer 

progression14; 15; 16.  It is a member of a large family of closely related enzymes, the 

trypsin-fold serine proteases.  Here we report the crystal structure at 2.2 Å resolution of 

E2, the most potent previously described antibody inhibitor, in complex with the catalytic 

domain of MT-SP1.  E2 has a distinct mechanism of inhibition; it gains potency and 

specificity through interactions with the protease surface loops, and binds in the active 

site in a catalytically non-competent manner.   

 

Results 

Characterization of Inhibitory Fab 

E2 was raised from a phage-displayed fully synthetic human combinatorial scFv library 

with modular consensus frameworks and randomized CDR3s as previously described17.  

We have reported the biochemical characterization of E213, but the scFv construct proved 

unsuitable for structural studies, so the Fv was transferred to an Fab scaffold by ligating 

the variable region to a human Fab constant region18.  The conversion from an scFv to 
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Fab scaffold had minimal effect on the inhibitory potency of the antibody, which had a KI 

of 15 pM against MT-SP1 (data not shown). 

 

E2/MT-SP1 Structure 

The E2/MT-SP1 structure was determined to 2.2 Å, with two copies of the complex in 

the asymmetric unit.  The antibody caps the protease active site and makes numerous 

interactions with the surface loops of the protease (Figure 4-1).  These loops surround the 

substrate-binding groove of the protease, modulate macromolecular substrate recognition, 

and are sites of high diversity among the well-conserved family of trypsin-like serine 

proteases19.  The Fv heavy chain packs against the 60’s and 90’s loop (standard 

chymotrypsinogen numbering) while the light chain interacts with the 170’s and 220’s 

loop on the opposite side of the protease (Figure 4-1, Table 4-1). The E2 light chain 

makes very few interactions with MT-SP1, burying only 175 Å2, or about 15% of the 

total buried surface area of the Fab-protease interaction. 

 

The antibody hypervariable loops bind to the protease surface loops by either packing 

against them or by “grabbing” the loop by stacking it between two CDR loops.  This 

“grabbing” phenomenon is seen most clearly in the antibody’s interaction with the 90’s 

loop of MT-SP1, which is stacked between the hypervariable H2 and H3 loops (Figure 4-

2(a)).  The 90’s loop buries the Phe97 side chain in the hydrophobic core of the antibody 

hypervariable region, where it is stacked between H2 residue TyrH58 (Kabat numbering) 

and the AsnH100g side chain of H3.  These two crucial interactions alone bury 145 Å2 of 

surface area (Table 4-1).  In the apo MT-SP1 structure20, Asp96 forms the bottom of the 
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S4 pocket, allowing a positively charged substrate P4 residue.  In the antibody structure, 

however, Asp96 is rotated 180 degrees around the side chain Cβ, allowing it to interact 

with the Fab H2.  This rotation allows the Asp96 carboxylic acid moiety to H-bond to the 

backbone amide of SerH53 (2.8 Å) and the side chain Oγ atoms of SerH53 and SerH56.  

The 170’s loop is also “grabbed” by E2.  It is bound between the L1 loop, which makes 

van der Waals contacts with the protease Pro173, the L3 loop, which makes an H-bond 

between AsnL93 Oδ2 and the protease Gln174 side chain, and H3 residues AsnH100g 

and ValH100h, which make an H-bond to Gln174 Oε1 and van der Waals contacts with 

Gln175, respectively.   

 

The most striking feature of the E2 structure is the extended binding conformation of the 

CDR H3 loop in the protease active site (Figure 4-2(b)).  E2 has a long 18-residue H3 

loop, which bridges the active site and buries 847 Å2 of surface area, about 68% of the 

total buried surface area of the Fab-protease interaction. Though lacking secondary 

structure, the loop is rigidified by the presence of four prolines.  The N-terminus of the 

loop bends over and packs against the 140’s loop, which regulates the approach of H3 

towards the active site. The protease Tyr146 side chain is stacked between the antibody 

side chains TyrH99 and GlnH100a, and the Tyr146 OH residue forms H-bonds with the 

backbone nitrogens of ProH100 and GlnH100a, at 3.1 Å and 2.9 Å, respectively (Figure 

4-3).  As the H3 loop approaches the catalytic residues, it inserts the first of two 

arginines* (ArgH100b) in the S1 pocket.  The H3 loop then makes a sharp turn, allowing 

the side chain of the second arginine (ArgH100c) to extend into the prime side of the 

                                                
*The scFv residues corresponding to ArgH100b and ArgH100c were previously13 referred 
to as Arg131 and Arg132, respectively. 
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active site.  The next two residues, P2’ and P3’, bind in the S2 and S3 pockets, 

respectively, before bending up and back out of the active site (Figure 4-2(b)).  The P2’ 

and P3’ residues are GlyH100d and ProH100e, respectively, and though they bind in the 

substrate pockets, they do not bind in a substrate like manner, as the chloromethyl ketone 

inhibitor D-FPR-cmk binds in the fVIIa active site21.  They are oriented slightly above D-

FPR-cmk, and do not extend side chains into the binding pockets (Figure 4-4(a)).  We 

previously showed that E2 could be processed between the two arginine residues when 

incubated with MT-SP1 at pH 6.0 for an extended period of time.  This is a hallmark of 

standard mechanism serine protease inhibitors, and suggested that the inhibitor bound in 

some sort of substrate-like manner.  In light of the structure, it is clear that E2 is in fact an 

extremely poor substrate due to the 7.5 Å distance between the catalytic Ser195 Oγ and 

the carbonyl carbon of the scissile bond (defined as the peptide bond in closest proximity 

to Ser195) and can only be cleaved when the complex is compromised at low pH22.   

 

The ArgH100b side chain of E2 binds in the S1 pocket of MT-SP1 in an unexpected 

manner (Figure 4-2(c)).  The NH2 makes a 3.1 Å hydrogen bond to Ser190 Oγ and a 2.9 

Å water-mediated hydrogen bond to Asp189 Οδ1 at the base of the S1 pocket.  This is 

similar to the binding mode of the terminal amine of Lys15 of BPTI, but different than 

that of benzamidine20, an inhibitor which mimics arginine-binding in the S1 pocket by 

making a salt bridge interaction with Asp189 (Figure 4-2(c)).  P1 arginine binding in the 

S1 pocket is thus sub-optimal.  The side chain – and by extension the scissile bond – are 

restricted from binding more deeply in the active site due to the geometric constraints 

placed upon them by the orientation of the H3 loop. 
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E2 Preferentially Binds to the Active Form of MT-SP1 

The significant interactions E2 makes with the protease active site have another benefit.  

E2 interacts with the 220’s loop, 140’s loop, and in the S1 pocket.  These residues are all 

part of the activation domain of trypsin-fold serine proteases, which become ordered 

upon zymogen activation23.  Surface plasmon resonance shows that E2 does not bind to 

the zymogen form of the enzyme (Figure 4-6).  At 500 nM, the zymogen does not bind to 

immobilized E2, while the active protease gives a robust binding signal.  A KD for the 

zymogen could not be determined as the zymogen could not be concentrated enough to 

see binding.  E2 can thus preferentially bind to the active form of the protease, further 

showing that antibody inhibitors can be specific enough to target distinct conformations 

of a single enzyme.  

Discussion 

The structure of the antibody-based inhibitor E2 in complex with the serine protease MT-

SP1 reveals the basis of its potency and specificity.  In contrast to the vast majority of 

naturally-occurring protein protease inhibitors, which primarily bind in the protease 

active site, this antibody-based inhibitor binds to the surface loops flanking the protease 

active site.  The sequences and conformations of these loops are highly degenerate among 

families of proteases, and thus they are sites of natural diversity.  This is analogous to 

naturally occurring inhibitors that show a high degree of specificity, such as anti-

coagulation inhibitors from blood-meal parasites, which gain selectivity by binding to 

exosites on the surface of the protease.  But while relatively few protease exosites have 
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been discovered, the diversity of protease surface loops makes them attractive areas to 

target to build specificity into an inhibitor.    

 

The potency of E2 is striking, and our structure reveals why; the inhibitor buries a large 

surface area, and the antibody scaffold orients the inhibitor H3 loop in a non-substrate-

like conformation in the active site to inhibit the protease.  The canonical serine protease 

inhibitor BPTI inhibits trypsin with a KI of 0.6 pM24; a potency that arises from exquisite 

shape and charge complementarity between enzyme and inhibitor25.   In contrast, these 

inhibitors bind in a sub-optimal manner in the active site. E2 does not make an 

energetically favored salt bridge with Asp189 in the S1 pocket of the protease, and 

though it makes significant contacts with other protease subsites, they are not optimal.  

The P2’ and P3’ residues are glycine and proline respectively, and make only modest 

backbone interactions with the protease (Figure 4-4(a)).  Despite this, E2 has a KI in the 

low picomolar range.  Active site binding is responsible for some of this binding energy – 

the ArgH100b binding in the S1 pocket provides 5 kcal/mol binding energy for E213 - but 

the many interactions with the surface loops are critical as well. The 1241 Å2 of surface 

area that E2 buries on MT-SP1 is larger than the typical antibody/ protein antigen 

interaction, which averages about 875 Å2 26; 27.  This interaction area is also large for a 

protease inhibitor; TIMP inhibitors bury a similar surface area on matrix 

metalloproteases28, while stefin inhibitors of cysteine proteases 29 and canonical serine 

protease inhibitors30 have interfaces of about 900 Å2.  Much effort has gone into using 

phage display and rational design to impart selectivity onto naturally occurring protease 

inhibitors31; 32.  This is difficult, since standard mechanism inhibitors have been evolved 

111



for maximum inhibitory efficiency.   Some of this potency has to be sacrificed for these 

inhibitors to gain specificity.  But with protein scaffolds engineered to be protease 

inhibitors, potency and specificity are necessarily linked.  If a protein can be engineered 

to bind to a large surface area and interfere with the catalytic machinery of an enzyme, it 

will most likely be specific.   

 

A number of macromolecular MT-SP1 inhibitors have been described, all of which bind 

in the active site in a substrate like manner20; 33; 34; 35.  Using the structural and kinetic data 

presented here, we can describe a broader ‘inhibitope’ for MT-SP1, a set of crucial 

contacts and interactions that, when linked together on the correct scaffold, lead to potent 

and specific inhibition.  For E2, maximal MT-SP1 inhibition depends on interactions with 

the 90’s loop, 140’s loop, an arginine side chain in the S1 pocket, and non-substrate-like 

binding in the protease active site.  Inhibitors of the closely related protease urokinase 

plasminogen activator (uPA) have a different inhibitope.  Cyclic peptide uPA inhibitors 

have a strict requirement for an arginine P136, but anti-uPA mAb’s9 make many more 

significant interactions with the 37’s and 60’s loops of uPA, on the prime-side of the 

protease active site, suggesting these loops provide possible anchor points for inhibition.  

 

Recently, the structures of two inhibitory antibodies of the serine protease hepatocyte 

growth factor activator (HGFA) were reported37.  One inhibitor, Ab75, appeared to be an 

allosteric inhibitor, while the most potent inhibitor, Ab58, had some similarities to E2 

inhibition of MT-SP1.  Ab58 buries the Phe97 residue of HGFA between two 

hypervariable loops, and uses the 90’s loop as an anchor point, but binds to and inhibits 
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the protease very differently.  While E2 caps the MT-SP1 active site, Ab58 approaches 

the active site at an angle (Figure 4-5(a)).  The H1 and H2 loops of Ab58 are located in 

the substrate-binding groove, but the inhibitors do not approach the S1 pocket or the 

catalytic residues (Figure 4-5(b)).  A similar mechanism of inhibition would probably not 

be possible for MT-SP1, which has a deeper and more occluded active site cleft than 

HGFA.  Thus, using a similar antibody scaffold it is possible to develop specific protease 

inhibitors with completely novel mechanisms of inhibition.  Whether aspects of these 

inhibitopes and mechanisms can guide the rational design of new inhibitors is yet to be 

seen, but given an appropriate scaffold, an antigen with a three-dimensional epitope, and 

an inhibitor library with sufficient diversity, it should be possible to develop specific 

inhibitors with novel mechanisms of action.  

 

The structure presented here helps define the mechanism of inhibition of a potent and 

specific antibody inhibitor of a serine protease.  The mechanism was unexpected.  It 

would be difficult to predict which protease residues or loops would be amenable to 

binding, or that the H3 loop would be able to adopt a non-substrate-like conformation in 

the active site that would allow for potent inhibition of MT-SP1. By utilizing robust 

binding scaffolds and combinatorial selection techniques to identify unique inhibitopes, 

we have developed selective inhibitors with mechanisms that are specific for MT-SP1.  

This provides the opportunity to develop potent and selective inhibitors against individual 

enzymes, and precisely monitor and modulate a wide array of proteolytic processes. 
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Materials and Methods 

Protein Expression, purification, and mutagenesis 

MT-SP1 and its mutants were expressed in Escherichia coli and purified as previously 

described13; 38.  The zymogen was created by an R15A substitution, which prevented 

protease activation.  It elutes from a gel filtration column at the same time as the active 

protease, but shows no enzymatic activity.  For crystallization purposes, the surface 

Cys122 residue was mutated to serine using the Stratagene Quickchange kit (Stratagene, 

La Jolla, CA).  The E2 scFv was converted to an Fab by using overlap extension PCR39 

between the scFv and the humanized constant region from the Fab phage displayed 

library.  The overlapped region corresponded to residues 104-113 in the heavy chain and 

98-107 in the light chain.  It was verified by DNA sequencing, expressed in E coli, and 

purified as previously described 12. 

 

Steady State Kinetics  

Kinetics were carried out as previously described13.  Briefly, reactions were carried out in 

50 mM Tris, pH 8.8, 50 mM NaCl, 0.01% Tween-20 in 96-well, medium binding, flat-

bottomed plate (Corning), and cleavage of substrate (Spectrazyme-tPA 

(hexahydrotyrosyl-Gly-Arg-pNA), American Diagnostica, Greenwich, CT) was 

monitored in a UVmax Microplate Reader (Molecular Devices Corporation, Palo Alto, 

CA.).  KI’s were measured using the tight-binding inhibition equations of Williams and 

Morrison40. All graphs and equations were fit using Kaleidagraph 3.6 (Synergy Software, 

Reading, PA). 
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Surface Plasmon Resonance.  

The association and dissociation curves for MT-SP1 and the inactive zymogen MT-SP1 

R15A were obtained by surface plasmon resonance using a BIAcore Biosensor T100 (GE 

Healthcare). The E2 Fab (ligand), in 25 mM sodium acetate buffer, pH=5.0, was 

covalently immobilized onto a CM5 chip according to the manufacturer's protocol with a 

final immobilization level of ~120 RU. The reference channel was treated using the same 

chemistry as the ligand coupled surface.  Enzymes (analytes) were washed in HBS-EP 

buffer (10 mM HEPES pH=7.4, 150 mM NaCl, 3 mM EDTA and 0.005% [v/v] Tween 

20) and injected in varying concentrations (0.4-400 nM for MT-SP1, 100 nM-20 µM for 

MT-SP1 R15A) across the chip surface at 25 µL/min.  Surface regenerations were 

performed with 100 mM Glycine pH=2.2, allowing a complete return to baseline. The 

sensorgram of the reference surface was subtracted from the ligand-conjugated surface 

for each injection.  Multiple injections of HBS-EP were also used to remove noise from 

the data. 

 

Crystallization and Data Collection 

E2 was incubated with MT-SP1 in 1:1 molar ratio, the complexes were purified by gel 

filtration in a buffer containing 50 mM Tris pH8.0, 100 mM NaCl, 5% glycerol, and then 

concentrated to 15-20 mg/ml. High-throughput crystallization screening was performed 

using a nanoliter-scale Mosquito robot (TTP Labtech) in hanging drops by vapor 

diffusion. The E2/MT-SP1 complex crystallized in 16% PEG 5000 MME, 0.21 M 

AmSO4 and 0.1 M Tris pH8.0. Crystals belonging to the orthorhombic space group 

P212121 (a=48.63Å, b=163.28 Å and c=201.16 Å) grew in two days, and were 
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cryoprotected in the mother liquor supplemented with 20% ethylene glycol. Diffraction 

data were collected at beamline 8.3.1 at the Advanced Light Source at LBNL.  E2/MT-

SP1 data were reduced and scaled using Elves41.  

 

Structure determination and refinement.  

The structure was solved by molecular replacement using Phaser42 in CCP443, first 

searching for MT-SP1 (using 1EAX as search model), then searching for the Fab 

fragment with its H3 loop truncated (using 2HFF as search model) for the MT-SP1 

complex.  Molecular replacement was followed by automatic building in ARP/wARP44 

and manual building cycles.  Restrained refinement cycles were done using Phenix45 and 

TLS refinement was applied in the last stages of the refinement.  Fab residues 127-137 

and 186-192 of heavy chain D and 127-131 of heavy chain F had no density, and were 

left out of the refinement model. These regions are often disordered in Fab structures, and 

make no interactions with the protease.  Furthermore, light chain E residues LysH145, 

LysH190, AsnH210, light chain C residues LysH190 and PheH209, heavy chain D 

residues LysH209, LysH210, and LysH214, and heavy chain F residue ThrH191 and 

LysH214 had no side chain density and were truncated at Cβ.  

 

For both structures, analysis of the thermal motion parameters with TLSMD 

(http://skuld.bmsc.washington.edu/~tlsmd/) revealed anisotropic motions between the 

constant and variable regions for the complexes present in the asymmetric unit.  The 

proteases were treated as single groups and antibody chains were treated as two separate 

groups with the boundary defined at the hinge between the constant and variable regions.  

116



The quality of the final structure was assessed using Molprobity46. Buried surface area 

calculations were performed using PISA27.  Coordinates and structure factors have been 

deposited at the Protein Data Bank (code 3BN9). 
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Figure 4-1. Structure of the E2/MT-SP1 complex.  The Fab (heavy chain, light blue; 

light chain, light red) caps MT-SP1 (grey) at the active site through interactions with the 

surface loops (green).  H3 of E2 (dark blue) is inserted directly into the active site 

(catalytic triad indicated in yellow) while the remaining hypervariable loops (L1 and L2, 

pink; L3, red; H1 and H2, sky blue) interact with the protease surface loops.  All figures 

were prepared using PyMoL [http://www.pymol.sourceforge.net]. 
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Figure 4-1. 
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Figure 4-2. Critical determinants of E2 (magenta) inhibition of MT-SP1 (gray).  (A) The 

90’s (green) loop of MT-SP1 is bound between the H2 and H3 loops of E2.  Phe97 is 

critical to binding13, and is stacked between TyrH58 of the H2 loop and AsnH100g of the 

H3 loop, while Asp96 hydrogen bonds to SerH52 and SerH53 of E2.  (B) The H3 loop of 

E2 bridges the MT-SP1 active site, and makes contacts with the 90’s, 140’s, and 170’s 

loop of the protease.  ArgH100b is bound in the S1 pocket, ArgH100c is bound in the S1’ 

pocket, while ProH100e is bound in the S3 pocket.  (C) ArgH100b is bound sub-

optimally in the S1 pocket.  Benzamidine (ball and stick, PDB code 1EAX) adapts a 

substrate like binding orientation, making a salt bridge with Asp189 at the bottom of the 

S1 pocket of MT-SP1 (distance of 3.1 Å).  By comparison, ArgH100b NH2 of E2 is at a 

distance of 4.4 Å from Asp189 Oδ1 of MT-SP1 and alternatively makes a water 

mediated hydrogen bond of 2.9 Å to Asp189.   

 

 

 

 

 

 

 

 

 

 

 

124



Figure 4-2. 
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Figure 4-3. Stereoview of 2Fo-Fc map at 2σ of the E2 H3 (blue) interacting with Tyr146 

of MT-SP1 (gray). The protease Tyr146 side chain is stacked between the side chains of 

the antibody TyrH99 and GlnH100a, and the Tyr146 OH residue forms H-bonds with the 

backbone nitrogens of ProH100 and GlnH100a, at 3.1 Å and 2.9 Å, respectively 
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Figure 4-3. 
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Figure 4-4.  E2 adopts a unique conformation in the MT-SP1 active site.   (A) When the 

chloromethyl ketone inhibitor D-FPR-cmk (teal, bound to the serine protease fVIIa, PDB 

code 2FIR) is overlayed in the MT-SP1 active site, the amino acid side chains are buried 

in the substrate binding sites, S1 (green), S2 (orange), S3 (light magenta) and S4 (purple).  

By contrast, E2 inserts ArgH100b into the S1 pocket, but then bends above the catalytic 

residues and binds the P2’ GlyH100d and P3’ ProH100e in a reverse orientation in the S2 

and S3 residues, respectively.   This unexpected conformation (B) allows the H3 loop to 

conform to the unique shape of the MT-SP1 binding cleft and make numerous beneficial 

interactions in the active site, but prevents the loop from being readily cleaved by the 

enzyme.    
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Figure 4-4. 
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Figure 4-5. Comparison of E2 with HGFA antibody inhibitor Fab58 (PDB code 2R0K).  

The HGFA structure was aligned with MT-SP1.  (A) Fab58 (heavy chain, orange, light 

chain, light brown) approaches the protease (gray) active site from a different angle than 

E2 (heavy chain, magenta, light chain, light magenta).  The Fab58 light chain also makes 

very few interactions with the protease.  (B) The heavy chain hypervariable loops of both 

inhibitors bind in the substrate-binding cleft of the protease.  Fab58 (orange) binds the H2 

and H1 loops in the S2 and S3 substrate pockets, respectively, while the E2 (magenta) H3 

loop also binds in the S1 pocket.  Both inhibitors “grab” the protease 90’s loop, Fab58 

with H1 and H3, E2 with H2 and H3. 
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Figure 4-5. 
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Figure 4-6.  SPR binding curves of MT-SP 1 (black) and the catalytically inactive mutant 

R15A (grey) show a lack of binding by the zymogen to E2.  Analysis of binding curves 

for 100, 200 and 500 nM MT-SP1 R15A did not yield a reliable fit using the BIAcore 

Evaluation Software, indicating that changes in RU are due to transient association of the 

zymogen with the chip surface or general buffer effects. 
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Figure 4-6. 
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Table 4-1. 
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Table 4-2. 
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Introduction 

This chapter summarizes some unpublished work concerning the differences between E2 

inhibition of MT-SP1 and its mouse ortholog, epithin.  It is meant to be a framework for a 

future paper.  Though MT-SP1 and epithin are 87% identical, E2 is a 200-fold better 

inhibitor of the human enzyme.  A study of the basis of this 200-fold difference could 

give us insight into the mechanism of E2 inhibition and the basis of its specificity, and 

perhaps allow the structure-based design of antibodies that could preferentially inhibit 

epithin for use in animal studies.  To better understand the interaction between E2 and 

epithin, Elaine Kirschke and I, with the assistance of Dr. Pascal Egea, crystallized and 

determined the structure at 2.4 Å resolution of the E2 Fab in complex with the catalytic 

domain of epithin.  The crystal structure reveals that the difference in inhibitory potency 

is primarily due to a slight difference in the orientation of the antibody H3 loop in the 

protease active site resulting from a Tyr to Glu substitution in the 140s loop of the 

protease.  Surface plasmon resonance experiments were performed by Molly Darragh and 

I, and suggest that the 200-fold difference is mostly a result of a shorter off-rate.  Taken 

together, the structural and kinetic data presented here more precisely define the binding 

and inhibition mechanism of E2, and suggest that large antibody loops with intrinsic 

flexibility allow for conformational changes that can significantly increase the KI of an 

inhibitor. 
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Results 

Previous experiments determined that E2 potently inhibited MT-SP1 with a KI of 15pM 

by binding in the active site in a non-substrate-like manner, and making interactions with 

the surface loops flanking the substrate-binding groove1. MT-SP1 is 87% identical 

(Figure 5-1) to its mouse ortholog epithin, and only three residues in the MT-SP1/ E2 

epitope1 differ in the mouse version of the protease; Arg60c is a Lys, Asp60d an Asn, and 

Tyr146 a Glu. Despite these minor differences, E2 inhibits epithin with a KI of 3.1 nM 

(data not shown), about 200-fold less effectively than it inhibits MT-SP1.   

 

E2/Epithin Structure 

To further understand the basis of E2 selectivity, we determined the crystal structure of 

E2 in complex with the catalytic domain of epithin.  Though the crystal structure has 4 

complex molecules in the asymmetric unit (Figure 5-2), and the quality of the electron 

density of these complexes varies, all four molecules have identical antibody/antigen 

interfaces (see materials and methods).  E2 caps the epithin active site in a manner that is 

nearly identical to its MT-SP1 interaction.  The RMSD of the protease and Fv region of 

two structures is 0.6 Å.   The light chain of the antibody buries a similar amount of 

surface area on epithin, 180 Å2, while the heavy chain interaction area is 962 Å2, about 

100 Å2 less than in the MT-SP1 structure (Table 5-1).  The only region with significant 

variation between the two structures is the antibody H3 loop in the active site (Figure 5-

3(a)).  ArgH100b, ArgH100c, GlyH100d and ProH100e bind in a similar conformation in 

the epithin active site as they do in the MT-SP1 structure, with ArgH100b binding in the 

S1 pocket, and GlyH100d and ProH100e in the substrate-binding groove.  The ArgH100c 

138



side chain adopts slightly different orientation in the S1’ pocket, but this is most likely 

due to a phosphate ion bound in the active site as a result of the crystallization conditions 

(Figure 5-3(a)).  The N-terminal portion of the H3 loop, ThrH98, TyrH99, ProH100, and 

GlnH100a are shifted up to 3.4 Å away from the 140’s loop in the epithin structure as 

compared to the MT-SP1 structure (Figure 5-3(a)).  In the MT-SP1 structure, the protease 

Tyr146 residue is stacked between the side chains of TyrH99 and GlnH100a, and the 

Tyr146 OH residue forms H-bonds with the backbone nitrogens of ProH100 and 

GlnH100a, at 3.1 Å and 2.9 Å, respectively (Figure 5-3(b)).  Epithin has a Glu146 

substitution, and the Glu sidechain is positioned away from the active site and makes a 

strong 2.4 Å intramolecular hydrogen bond between Glu146 Οε2 and the Gln221a Nε2 

atom (Figure 5-3(c)).  As a result, the epithin Glu146 residue does not make as favorable 

intermolecular interactions.  It stacks on the TyrH99 side chain, but makes no H-bonds 

with the antibody H3 backbone or GlnH100a of E2.  Therefore, the H3 loop does not 

bridge the epithin active site as effectively, and about 85 Å2 of buried surface area is lost.  

While the structures suggests that most of the difference in potency for E2 against MT-

SP1 and epithin result from a tyrosine to glutamic acid substitution, this is a bit 

simplistic.  The Y146A mutant of MT-SP1 has only a 6.2-fold reduction in KI.  As such, 

there must be significant second shell interactions responsible for the precise alignment 

of enzyme and inhibitor.  This could come from the slight shift in the backbone of the 90s 

and 140s loops (Figure 5-3(a)), or from different electrostatic potential of the MT-SP1 

and epithin epitopes that affect the complicated inhibition mechanism of E2. 

 

E2/Epithin has a fast off rate 
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In light of the structural evidence that suggested that there are no major structural 

differences between the MT-SP1/E2 and epithin/E2 structures, the association and 

dissociation kinetics of the enzyme-inhibitor complexes were measured by surface 

plasmon resonance.  The sensogram traces show it takes a long injection time for MT-

SP1 to reach equilibrium, and that there is a very slow dissociation rate (Figure 5-4).  The 

long off-rate and slow, tight-binding nature of the E2/MT-SP1 complex combine to make 

E2 such an effective inhibitor2.  Surprisingly, the epithin/E2 complex adopts a different 

binding trajectory.  The complex comes rapidly to equilibrium, but has a similar net on-

rate on the Biacore (MRD, unpublished results).  The off rate for the E2/epithin complex 

is much faster than that of the Fab/human enzyme complex, though, and this accounts for 

much of the difference in affinity between the two interactions. Stopped-flow 

experiments are needed to verify this result, but the surface plasmon resonance 

experiments suggest that E2/epithin complex reaches a rapid equilibrium, and thus the 

inhibitor is a one-step binder.  This is in stark contrast to E2’s inhibitory mechanism of 

MT-SP1, which, as the sum of two exponentials, involves at least one conformational 

change and intermediate complex2.  The reason E2 does not undergo this conformational 

change is not immediately clear, but it is due to more than the loss of an interaction with 

Tyr146, as might be suggested by the structural data.  The Y146A MT-SP1 mutant, with 

6.2-fold reduction in KI, mimics the binding trajectory of the E2/MT-SP complex, in that 

it takes a long time for the complex to come to equilibrium, and the complex has a slow 

dissociation rate (Figure 5-4).  

 

Discussion 
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Due to their ability to specifically and tightly bind to nearly any target, antibodies provide 

an attractive scaffold on which to build protease inhibitors.  E2 is a potent and specific 

inhibitor of the cancer-associated serine protease MT-SP1, which we previously showed 

binds in the active site in a non-canonical manner.  The Fab is so specific that it inhibits 

MT-SP1 200-fold more potently than it inhibits its mouse ortholog epithin.  Epithin is 

87% identical to MT-SP1, and only three residues at the E2/MT-SP1 interface differ 

between the two enzymes.  We wanted to explore the basis of this KI disparity with two 

goals in mind: to better understand the mechanism of inhibition of E2, and to aid in the 

design of an E2 variant with improved epithin specificity that could be used in mouse 

models of cancer.   

 

The crystal structure of E2 in complex with the catalytic domain of epithin reveals that 

the Fab does indeed bind to epithin in a manner similar to its interaction with MT-SP1.  

E2 gains specificity by binding to the protease surface loops, and inserts a long H3 loop 

in the protease active site.  The H3 loop binds the side chain of ArgH100b in the S1 

pocket of epithin, and then makes a hairpin turn as GlyH100d and ProH100e bind in the 

S2 and S3 substrate pockets, respectively.  The N-terminus of the H3 loop is shifted 3.4 

Å from the position it adopts in the MT-SP1 structure, due to a substitution of a glutamic 

acid for a tyrosine at residue 146.  As a result, a network of connections between the H3 

loop of the antibody and the 140’s loop of the mouse protease are non-existent. 

 

These minor structural differences did not completely explain the difference in potency, 

so the binding kinetics of E2 were measured by surface plasmon resonance.  The data 
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revealed that the disparity in E2 binding affinity to epithin and MT-SP1 is primarily an 

off-rate effect.  E2 binds to the slightly different epithin epitope with a similar on-rate, 

but a much faster off-rate than the interaction between MT-SP1 and E2 has.  The data 

suggest the increased off-rate is most likely due to a different inhibition mechanism.  E2 

is a slow, tight-binding inhibitor of MT-SP1, which by definition means there are 

enzyme-inhibitor complex intermediates formed during the equilibrium binding process.  

The presence of and the rate of interconversion between the enzyme-inhibitor 

intermediates define the long off-rates of slow, tight-binding inhibitors3.  E2 binding to 

epithin comes to equilibrium much more quickly, suggesting there are no enzyme-

inhibitor intermediate complexes, and therefore a much faster off-rate.  One could 

envision the structure of the E2-epithin complex as a surrogate model for the initial E•I 

intermediate of the E2-MT-SP1 complex, which would then undergo a conformational 

change at the H3 loop N-terminus and adopt the E•I* conformation seen in the E2-MT-

SP1 structure. 

 

The ability of E2 to undergo conformational changes is most likely aided by its 

abnormally large H3 loop, but plasticity at the antibody/antigen interface has long been 

noted 4.  It has been proposed that antibodies- especially primary antibodies- undergo 

conformational isomerization as a way to increase antibody diversity.  This flexibility 

allows antibodies to bind to a wider array of antigens, but results in complex binding 

mechanisms 5.  Fortunately, complex binding mechanisms result in slow binding 

inhibitors, and thus make antibodies ideal scaffolds for developing inhibitors with long 

half-lives.     
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When the association and dissociation rates of antibodies and their antigens have been 

monitored during the affinity maturation process, it has been noted that there are both 

kinetic and thermodynamic selection pressures.  When challenged by a hapten, maturing 

B-cells consistently increase their off-rate to create antibodies with higher affinities, and 

there is simultaneously a selection for antibodies with faster on-rates.  But the off-rate 

selection tends to be systematic and incremental, on-rate variations are more random 6.  

In response to a vesicular stomatitis virus (VSV) challenge, in fact, mice have been 

shown to have antibodies with rapid on-rates (107 M-1s-1) within six days of 

immunization7, suggesting on-rates, subject to diverse pressures such as salt 

concentration, crowding effects, and diffusion (and thus the size of the antibody and 

antigen), are more difficult to tune.  In this respect, one can imagine that E2 inhibition to 

epithin represents a non-mature antibody-antigen interaction, one that has been matured 

to inhibit MT-SP1 by improving its off-rate.  And this might be a way to test the 

robustness of the E2 mechanism.  Computational modeling by Ben Sellers has suggested 

a handful of mutations that might improve E2’s affinity for epithin.  The top eight 

mutations suggested by his modeling in PLOP are T102K, T102Q, T102R, T102S, 

T102W, Y103R and P104H.   Alternatively, an affinity maturation of the E2 heavy chain 

CDR3, with the double arginine residues fixed, might allow for the development of 

tighter binding inhibitors of epithin, and eventually, other P1-arg specific serine 

proteases. 

 
Materials and Methods 

Protein Expression, purification, and mutagenesis 
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MT-SP1, E2, epithin, and mutants were expressed in Escherichia coli and purified as 

previously described2. 

 

Steady State Kinetics  

Kinetics were carried out as previously described2.  Briefly, all reactions were carried out 

in 50 mM Tris, pH 8.8, 50 mM NaCl, 0.01% Tween-20 in 96-well, medium binding, flat-

bottomed plate (Corning), and cleavage of substrate (Spectrazyme-tPA 

(hexahydrotyrosyl-Gly-Arg-pNA), American Diagnostica, Greenwich, CT) was 

monitored in a UVmax Microplate Reader (Molecular Devices Corporation, Palo Alto, 

CA.).  KI’s were measured using the tight-binding inhibition equations of Williams and 

Morrison8. All graphs and equations were fit using Kaleidagraph 3.6 (Synergy Software, 

Reading, PA).  

 

Epithin and E2 were incubated in a 1:1 molar ratio, and the complex was purified by gel 

filtration in a buffer containing 50 mM Tris pH8.0, 100 mM NaCl, 5% glycerol, and then 

concentrated to 15-20 mg/ml.  The complex crystallized in 16% PEG 3350, 0.2 M Na/K 

phosphate, and 0.1 M Bis/Tris propane, pH 6.5. Crystals were monoclinic, P21 

(a=73.46Å, b=150.57 Å, c=153.01Å, and β= 90.02°) grew in three weeks and were 

cryoprotected in the mother liquor supplemented with 20% ethylene glycol. Diffraction 

data were collected at beamline 8.3.1 at the Advanced Light Source at LBNL and the data 

were reduced and scaled using HKL20009. 

 

Structure determination and refinement.  
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The structure was solved by molecular replacement using Phaser10 in CCP411, first 

searching for epithin (using 3BN9 as search model), then searching for the Fab fragment 

with its H3 loop truncated for the MT-SP1 complex.   Restrained refinements cycles were 

done using Phenix 12 and TLS refinement was applied in the last stages of the refinement.  

The E2/Epithin crystal was pseudo-orthorhombic and could be merged in the P222 space 

group with an Rmerge = 9.3%, but the molecular replacement solution could not be refined.  

The Rmerge in the monoclinic space group is 6.2% (Table 5-2).  Analysis of the orientation 

of the individual complex molecules in the lower symmetry space group P21 shows this 

pseudosymmetry (Figure 5-2).  Complex molecules 2 and 3 are aligned in the same 

orientation in the asymmetric unit, while molecules 1 and 4 are oriented in the opposite 

direction. 

 

Surface Plasmon Resonance 

 The association and dissociation curves for MT-SP1, epithin and Y146A MT-SP1 were 

obtained by surface plasmon resonance using a BIAcore Biosensor T100 (GE 

Healthcare). The E2 Fab (ligand), in 25 mM sodium acetate buffer, pH=5.0, was 

covalently immobilized onto a CM5 chip according to the manufacturer's protocol with a 

final immobilization level of ~120 RU. The reference channel was treated using the same 

chemistry as the ligand coupled surface.  Enzymes (analytes) were washed in HBS-EP 

buffer (10 mM HEPES pH=7.4, 150 mM NaCl, 3 mM EDTA and 0.005% [v/v] Tween 

20) and injected in varying concentrations (0.4-400 nM for MT-SP1, 100 nM-20 µM for 

MT-SP1 R15A) across the chip surface at 25 µl/min to minimize mass transfer effects.  

Surface regenerations were performed with 100 mM Glycine pH=2.2, allowing a 
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complete return to baseline . The sensorgram of the reference surface was subtracted 

from the ligand conjugated surface for each injection.  Multiple injections of HBS-EP 

were also used to remove noise from the data. 
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Figure 5-1.  Sequence alignment of MT-SP1 and epithin.  The enzymes are 87% 

identical, with differences highlighted in blue.  The surface loops of the enzyme are 

blocked and labeled, and the majority of mutations are centered around the protease 

surface loops. 
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Figure 5-1. 
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Figure 5-2.  The asymmetric unit of the epithin/E2 structure contains 4 complex 

molecules.  For each complex, the arrows point towards the protease, and reveal the 

pseudosymmetric nature of the asymmetric unit.  While complex 2 and 3 are parallel, 

complex 1 and 4 are anti-parallel.  If one of these had adopted the opposite orientation, 

the unit cell would be orthorhombic. 
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Figure 5-2. 
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Figure 5-3.  Comparison of E2 bound to MT-SP1 (magenta/gray) and the mouse ortholog 

epithin (teal/yellow).  (a) ArgH100b and ArgH100c bind in the S1 and S1’ pocket of 

epithin, while the putative scissile bond is 6.8 Å away from the catalytic Ser195 residue 

(yellow).  While the overall binding mode of the H3 loop is the same, the N-terminal 

portion of the loop is shifted 3.4 Å in the active site.  The MT-SP1 Tyr146 residue (b) is 

stacked between TyrH99 and GlnH100a of the antibody, and makes a 3.1 Å H-bond with 

ProH100, while the epithin Gl146 residue (c) cannot make these interactions.  The epithin 

Glu146 residue makes an intramolecular H-bond with Gln221a, and therefore does not 

interact with the H3 loop backbone or GlnH100a.  The loss of these interactions accounts 

for the majority of E2’s 200-fold difference in affinity between MT-SP1 and epithin. 
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Figure 5-3. 
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Figure 5-4.  Biacore traces of enzyme binding to immobilized E2 reveal differences in 

the binding kinetics of epithin and MT-SP1.  At both 50 nM and 100 nM analyte 

concentrations, epithin comes to equilibrium and dissociates much more quickly than 

MT-SP1.  The Y146A mutant of MT-SP1 has a binding profile similar to that of MT-

SP1, suggesting that the differences in binding are due to more than the lack of a tyrosine 

side chain at residue 146. 
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Figure 5-4. 
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Table 5-1. 
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Table 5-2. 
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Chapter 6 | Conclusions and Future Directions 
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Conclusions 

The goal of my graduate work was to understand how an antibody could inhibit a 

protease.  Conceptually, it does not seem like this would be difficult; anything that could 

prevent substrate binding to the enzyme would act as an inhibitor.  Cell biologists have 

long used antibodies that ablate the function of a certain protein by interfering with a 

protein-protein interaction, and proteases usually have a large substrate-binding footprint 

and an exposed active site, seemingly making them good targets.  But, when I started 

graduate school, there were very few examples of antibody-protease inhibitors.  There 

were a couple of antibodies raised against the dimer interface of dimeric proteases, but no 

antibodies that bound to the protease active site.  I cannot hazard a guess to how many 

labs attempted to develop antibody-based protease inhibitors, but it seemed as if it would 

be an efficient way to develop specific inhibitors for a single enzyme, and that it would 

have been done earlier.  As I joined the Craiklab, Jeonghoon Sun had just published a 

paper describing a number of competitive inhibitors of membrane-type serine protease 1 

(MT-SP1) raised from a phage-displayed scFv library, and I set out to determine their 

mechanism of inhibition.   

But first, a bit of context.  Chapter 2 is a review of the mechanisms of inhibition 

of both protein and small-molecule protease inhibitors.  While by no means an exhaustive 

list, the chapter reviews the mechanisms of many protease inhibitors, and aims to point 

out that there are remarkably few protease inhibitory motifs.  Almost all protein protease 

inhibitors bind a portion of the inhibitor in the active site in a substrate-like manner.  

While these inhibitors might have evolved to have secondary binding sites for improved 

potency and specificity, or downstream mechanisms that might involve conformational 
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changes or proteolytic processing, if the substrate-like binding portion of the inhibitor is 

removed, the inhibitory activity of the protein is severely compromised.  As evidenced by 

this remarkable convergent evolution to a single motif, substrate-like binding is a robust 

and efficient way to inhibit nearly any protease.  Unfortunately, potent inhibition is often 

achieved at the expense of specificity; most protease inhibitors can efficiently inhibit 

more than one protease.  Nature has actually taken advantage of this promiscuity; there 

are 115 annotated human protease inhibitors that regulate the 612 known human 

proteases, and in normal biology, proteolytic activity is also regulated by spatial and 

temporal localization, zymogen activation, and protease inactivation.   

Of course in the development of exogenous inhibitors to regulate aberrant 

biological processes, specificity is paramount.  And when we look at how nature inhibits 

proteases, it seems that it might be difficult to develop an inhibitor that has a novel 

inhibitory motif, yet still retains potency and has specificity.  It is hard to get potency 

without binding in the active site, but any protein that binds in the active site in a 

substrate-like manner is likely to be a substrate rather than an inhibitor.  This is why these 

scFv inhibitors were so exciting.  They seemed to avoid this problem and had the 

potential to reveal completely novel mechanisms of inhibition, which could guide the 

development of a generation of potent and specific protease inhibitors. 

In chapter 3, I used a battery of kinetic and mutational experiments to characterize 

the mechanisms of inhibition of the two most potent MT-SP1 inhibitors, E2 and S4.  The 

inhibitors had different mechanisms of inhibition, but a number of similar characteristics 

as well.  They were both competitive inhibitors of both small-molecule and 

macromolecular substrates of MT-SP1, with low picomolar KI’s.  They both bind the first 
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arginine residue of a double arginine motif in the S1 pocket of the enzyme, and gain 

specificity by making significant interactions with the surface loops flanking the protease 

active site.  This was not surprising perhaps, as the surface loop sequences are highly 

divergent among serine protease family members.  It is logical that they would provide an 

epitope that could impart specificity to the scFv inhibitors.  But this is also in direct 

contrast to naturally-occuring serine protease inhibitors, which make minimal interactions 

with the protease surface loops.  The inhibitors are not the same though, as evidenced by 

different binding footprints and divergent binding characteristics.  S4 has a fast on-rate, 

and the S4-MT-SP1 complex comes to rapid equilibrium, while E2 was a slow-tight 

binding inhibitor, which implies that some sort of conformational re-arrangement takes 

place upon binding.  Furthermore, E2 binds in a quasi substrate-like manner, as the 

inhibitor can be processed by MT-SP1 at low pH.  Taken together, this chapter suggests 

there are multiple ways an antibody could inhibit a protease, and that it is beneficial to 

interact with surface loops to gain specificity while binding portions of the antibody in 

the active site.  Furthermore, phage display is shown to be an effective way to develop 

these inhibitors, as it gives the antibodies a three-dimensional antigenic epitope, which 

increases available surface area and ensures potency and specificity in a way that might 

not be achieved from monoclonal antibodies produced from hybridomas. 

To gain a molecular understanding of how E2 inhibits MT-SP1, I converted the 

E2 scFv to an Fab antibody fragment and determined the crystal structure of the enzyme-

inhibitor complex.  These results are discussed in chapter 4.  In short, the structure 

reveals that the antibody does indeed bind to the protease surface loops, and the antibody-

protease complex has an abnormally large buried surface area.  Furthermore, the large H3 
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loop of the antibody was inserted in the protease active site, but in a non-substrate-like 

and catalytically non-competent manner.  Thus, the antibody provides a scaffold that 

allows for an antibody CDR loop to be inserted in the protease active site.  The 

orientation of the loop in the active site is sub-optimal compared to the orientation of a 

standard mechanism inhibitor, but this is acceptable as long as the scaffold buries a large 

surface area, and prevents the antibody from being processed.  And one could imagine 

many ways an antibody could do this.  Work from the Kirchoffer lab showed that an 

antibody inhibitor of the serine protease HGFA provided a scaffold for the insertion of 

the H2 and H3 loops of the antibody into the S2 and S3 pockets of the substrate-binding 

groove.  These two results suggest that antibodies provide a robust, biologically relevant 

scaffold that will allow for the development of a myriad of protease inhibitors that will 

allow for specificity as well as potency. 

Chapter 5 aims to explore the specificity of E2 by comparing its inhibition of MT-

SP1 to its inhibition of the mouse ortholog of MT-SP1, epithin.  Structural and kinetic 

evidence suggests that the E2/epithin and E2/MT-SP1 binding epitopes are similar, but 

subtle differences between the antigens drastically change the off-rate of the inhibitor, 

making E2 a less effective inhibitor.  This work needs to be finalized, with the 

crystallography confirmed and accurate kinetic values determined.  But, if coupled with 

computationally designed mutations that increase the KI of the E2/epithin complex, the 

information obtained from the biophysical characterization leading to the design of a 

more potent inhibitor would be an important contribution. 

 

Future Directions 
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At this point, the biophysical characterization of these inhibitors is close to 

finished.  There are a number of experiments that could be done – computationally 

designed mutational experiments to improve E2 affinity for epithin, reduction of the 

antibody to an H3 loop peptide, conversion of S4 to an Fab and crystallization of the 

S4/MT-SP1 complex- but there is an issue of diminishing returns with these experiments.  

With the E2/MT-SP1 structure, the HGFA/antibody structures, and Eric Schneider’s 

A11/MT-SP1 structure, it is no longer surprising that antibodies can inhibit serine 

proteases in novel and interesting ways.  It might be difficult to make any universal 

claims from more in-depth biophysical characterizations of these complexes, which will 

limit the impact of these results.  One difficult, yet potentially rewarding line of 

exploration would be to try to develop Fab inhibitors of other serine proteases with a 

similar mechanism of inhibition to MT-SP1.  Select residues on the E2 H3 loop could be 

fixed, while the rest of the hypervariable loops were randomized via phage display.  If the 

mechanism could be “universalized” to effectively target any arginine-specific serine 

protease, we could develop inhibitors of many previously uninhibitable targets. 

But more likely, there are many ways to inhibit proteases, and combinatorial 

methods such as phage display are the most efficient way to find interesting inhibitors.  It 

is critical that we test our phage-displayed antibody libraries against metallo- and 

cysteine proteases.  This will test the robustness of the strategy of inhibiting proteases 

with antibodies, and move us closer to the point where we can develop a potent and 

specific inhibitor for any protease rapidly and efficiently.  Characterization of these 

inhibitors would also be valuable.  Furthermore as novel fVIIa and caspase inhibitors 

have illustrated, it is likely that inhibitors of more “complicated” proteases could be 
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mixed-type or non-competitive inhibitors and reveal information about the catalytic 

mechanisms or regulation of these enzymes.  

In the end, we want to develop these potent tools to probe biology.  E2 has proven 

to be a valuable tool.  Ami Bhatt used E2 to validate the growth factor MSP as a substrate 

for MT-SP1, and Molly Darragh is using E2 to assess the viability of MT-SP1 as an 

imaging or therapeutic target for cancer.  At this point, though, there are many other 

unanswered questions about MT-SP1 biology that could be addressed.  Specific inhibitors 

such as E2 can be used to probe whether MT-SP1 cleaves a putative substrate in an in 

vivo setting.  Another interesting question deals with MT-SP1 activation.  We know MT-

SP1 can autoactivate, but it is also tightly co-expressed with its cognate inhibitor, HAI-1, 

which would be bound in the active site and prevent activation.  It is possible that the 

enzyme is transactivated by another protease, such as a furin, during secretion, or that it is 

transactivated by another MT-SP1 molecule that has been dissociated from HAI-1.  Since 

E2 preferentially binds to the active form of MT-SP1, it could be a valuable tool to help 

dissect how MT-SP1 is activated in vivo. 

A question that has piqued my interest a number of times in graduate school is the 

role of the upstream domains in MT-SP1.  The TTSP family all have relatively similar 

protease domains, primary specificity, and activity, but are differentiated by their diverse 

patterns of upstream domains.  The LDLR, CUB and SEA domains of MT-SP1 are 

reported to be generic protein-protein interaction domains, but their role is largely 

undefined.  In corin, another TTSP, the upstream domains orient the substrate ANP for 

proteolytic processing.  The proteolytic domain alone cannot activate ANP, yet it still can 

cleave small molecule substrates.  One would imagine the upstream domains of MT-SP1 

164



could also play a role in orienting or binding putative substrates or HAI-1.  I cloned the 

extracellular portion of MT-SP1, as well as a number of constructs with deletions of 

some of the upstream domains, and placed them in a vector for expression in mammalian 

cells.  I was then sidetracked by other projects.  But these constructs still have the 

potential to be very useful reagents.  Pull-downs with these longer versions of the 

enzyme, or kinetic experiments to see how the upstream domains affect the activation of 

uPA or prostatsin, could shed light on the activity and specificity of MT-SP1 on the cell 

surface.   

From a structural biologists’ point of view, it would also be interesting to solve a 

structure of the extracellular portion of MT-SP1 in complex with HAI-1.  Because there 

is such a dearth of information about the role of the upstream domains of TTSPs, it would 

be valuable to see how the protein-protein interaction domains are oriented relative to the 

protease active site, and how HAI-1 interacts with both the protease and upstream 

domains.  A number of fascinating structures of the complement factors have recently 

been published that reveal how large-scale conformational changes of these multi-domain 

proteases are critical to cell recognition and immune response.  It is possible that similar 

concerted domain movements are involved in the HAI-1/MT-SP1 interaction, and could 

reveal structural information about how MT-SP1 is regulated in vivo beyond the 

canonical interaction of the MT-SP1 protease domain and the kunitz-type domain of 

HAI-1.  This project would be an ambitious crystallographic undertaking, and would 

require some cloning and a fair amount of protein expression in mammalian cells to 

assure the small protein-protein interaction domains are correctly folded, but would be 
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very rewarding, and nicely position the Craiklab as the protease field starts to take a more 

holistic view of the TTSPs as a sum of all their protein domains. 

A final crystallography project that would improve our understanding of 

protease/substrate interactions would be to crystallize MT-SP1 with a macromolecular 

substrate.  This thesis showed the important role the protease surface loops play in 

making interactions with our antibody inhibitors.  Though these loops rarely make 

interactions with standard-mechanism protease inhibitors, they are clearly important for 

macromolecular specificity.  Single-chain uPA has a KM of 1.7 µM as a substrate for the 

catalytic domain of MT-SP1, which is consistent with KM’s for macromolecular serine 

protease substrates in the low micromolar range.  This is about 20-fold higher than the KM 

for small-molecule protease substrates, and one would imagine this increased affinity 

would be due to interactions with the protease surface loops. A co-crystal structure of 

S195A MT-SP1 with sc-uPA or the prostasin zymogen might answer some of these 

questions.  This would provide information about what sort of secondary interactions 

proteases and substrates make, give insight into how presumably unstructured loops are 

presented to the catalytic residues in the protease active site, and would give us an 

opportunity to correlate primary specificity data to an in vivo enzyme-substrate pair.  

There would be some technical hurdles in the production of an active form of S195A 

MT-SP1, and the lab would need to re-start sc-uPA production- probably in mammalian 

cells- but with the library of surface loop mutants and the possible reward with a novel 

structure, it could be a very rewarding project.  To my knowledge, the only structure of a 

protease in complex with a macromolecular substrate is a co-crystal of USP2, a 
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deubiquinating enzyme, with a 76 amino acid ubiquitin molecule, so a structure like this 

would be novel. 

Final Thoughts 

This project is exciting partly because it is at the intersection of, and makes a 

contribution to, so many interesting fields.   Due to the success of antibody therapeutics, 

there is great interest in understanding how and what antibodies can bind to and regulate.  

One of the striking lessons, both from this work and from Eric Schneider’s antibody 

inhibitor work, is the value of a large H3 antibody loop.  Traditionally, antibody 

hypervariable loops are thought to “catch” their antigens.  While E2’s loops do grab the 

surface loops of MT-SP1, the large H3 loop is cast into the active site and adopts a 

conformation allowing it to inhibit the enzyme.  In this case, at least, large H3 loops 

make it easier to inhibit an enzyme, and perhaps phage displayed antibody libraries 

intended to target proteases can be weighted accordingly. 

The biology of MT-SP1 and other extracellular regulatory proteases is fascinating 

as well.  MT-SP1 has a diverse set of putative biological functions, and it is probably 

involved in a number of different regulatory pathways.  There are therefore a number of 

significant biological questions dealing with substrate specificity in an in vivo context 

that need to be addressed, but which traditionally been difficult to answer due to 

proteolytic redundancy and inhibitor specificity issues.  Creating molecules like E2 that 

can then be used to validate MSP as an MT-SP1 substrate is exciting, and we hope that 

others can use similar strategies to help address these interesting biological questions. 

Finally, I feel these results are on the vanguard of work that expands how we 

think about protease inhibitors.  Interactions between proteases and inhibitors have been 
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thoroughly studied over the past 60 years.  It’s a relatively mature field, but since nearly 

all inhibitors bind in the protease active site in a substrate-like manner, it has been hard to 

envision novel ways to inhibit proteases.  That has begun to change, as combinatorial 

efforts have been directed at protein-protein interaction sites, and a handful of fascinating 

molecules have been developed.  We too, have inhibitors that bind at a protein-protein 

interface, the protease surface loops, which is why they are specific.  As the  

protease/substrate interface expands beyond the catalytic residues and primary substrate 

pockets, the available surface area that an inhibitor can target becomes much greater, and 

just as importantly, more diverse.  And that suggests that we can develop molecules to 

mimic any protein-protein interaction, and precisely modulate nearly any biological 

process. 
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