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Lay Abstract 

When harmful substances enter our body such as bacteria or viruses, we have 

ways of protecting ourselves from them. One of those ways is through a cell called the 

neutrophil. This is an immune cell that can release “fighting tools” into our blood to 

combat the harm. Some of these tools are called proteins. One of those proteins is 

Proteinase 3. However, sometimes our neutrophils can be activated without the presence 

of viruses or bacteria by products made in our bodies called autoantibodies. When this 

happens, too many of the “fighting tool” Proteinase 3 is released leading to damage to the 

tubes or vessels that our blood flows through. This project aimed to find a new possible 

way to stop these extra fighting tools from doing harm to our body. We did this by 

creating a library of different proteins that can stop Proteinase 3 once it is released by the 

neutrophil. 
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Abstract 

Activated neutrophils release a neutrophil serine proteinase (NSP) called Proteinase 3 

(PR3). In granulomatosis with polyangiitis (GPA), an autoimmune vasculitis, enhanced PR3 

release results in endothelial damage. Serine proteinase inhibitors (serpins) such as α-1 proteinase 

inhibitor (API) inhibit NSPs through the serpin’s reactive center loop (RCL). However, API is 

known to bind PR3 with a low specificity, compared to its main inhibitory target Human 

Neutrophil Elastase (HNE). The current treatment for GPA is immunosuppression, which leaves 

patients immunocompromised. Thus, the overall aim of this study was to engineer an API variant 

with a higher specificity to PR3 than HNE, which could serve as a possible novel therapeutic 

strategy for GPA.  

We created an API expression library, hypervariable at RCL residues A355-I356-P357-

M358-S359, and expressed it in a T7 bacteriophage display system. This phage library was then 

biopanned for PR3 binding. Two conditions were used for each round of biopanning: 

experimental, with PR3, and the negative control, without PR3. The library was biopanned for a 

total of five consecutive rounds, with the product of one screen serving as the starting material for 

the next. A bacterial mass lysate screen was also employed to further probe the library with PR3.  

The phage-display and bacterial lysate screens resulted in the selection of two novel 

variants API-DA (D357/A358) and API-N (N359). Serpin-proteinase gel complexing assays 

indicated that API-N formed complex with PR3 similar to API-WT (wild-type), while API-DA 

was mainly cleaved as a substrate. There was no significant difference between the second order 

rate constants of API-N and API-WT reactions with PR3. Rate constants for API-DA binding to 

PR3 or for API-HNE reactions were not completed due to novel coronavirus (COVID-19) 
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restrictions. However, this project successfully demonstrated the ability to screen a hypervariable 

API phage library with PR3, yielding two new novel API variants. 
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1 Introduction  

In this thesis, the engineering of a novel recombinant proteinase inhibitor was 

explored, with the long-term goal of inhibiting a specific proteinase involved in a serious 

illness, Granulomatosis with polyangiitis (GPA).  

1.1 Granulomatosis with Polyangiitis 

GPA, formerly known as Wegner’s Granulomatosis, is an autoimmune vasculitis.1 

It commonly affects small to medium sized vessels and manifests as systemic necrotizing 

vasculitis, necrotizing granulomatous inflammation and necrotizing glomerulonephritis.1 

Its clinical signs usually present in the upper and lower respiratory tracts and the 

kidneys.1 GPA has an incidence of 2.1-15 per million population equally distributed 

between males and females.2 It is most common in individuals between the ages of 65 and 

70 years.2  

1.2 Pathogenesis of GPA 

The pathophysiology of GPA begins with anti-neutrophil cytoplasmic 

autoantibodies (ANCAs). These are autoantibodies that specifically target antigens 

ordinarily stored in the cytoplasmic granules of neutrophils and lysosomes of monocytes, 

but which may be presented elsewhere during disease onset.3,4 GPA is also known as an 

ANCA-associated vasculitis (AAV), which are a group of autoimmune vasculitis diseases  

provoked by the release of ANCAs.3,4 The two main autoantigens of ANCAs in GPA are 

Proteinase 3 (PR3) and Myeloperoxidase (MPO), both stored in azurophilic granules in 

neutrophils.3,4 These are proteins that are released when ANCAs bind to neutrophils and 

activate them (detailed mechanism is discussed in later sections). These proteins then 
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cause endothelial damage leading to vasculitis.3,4 This paper will focus on PR3-mediated 

GPA (PR3-GPA). However, it is useful to understand the distinction between it and 

MPO-mediated GPA (MPO-GPA). Briefly, PR3-GPA generally affects the 

microvasculature in the lungs, while MPO-GPA is mostly restricted to renal vasculitis.3,4 

Furthermore, PR3-GPA is more common in northern parts of the world, whereas MPO-

GPA is found in southern Europe and Asia.4  

1.2.1 Source of ANCAs 

 The exact mechanism by which ANCAs are produced in the body is still unclear. 

However, evidence has shown that it could be due to a complex interaction between 

different stimuli.3 The first stimulus is infection. In PR3-GPA, respiratory pathogens have 

been of interest in the genesis of ANCAs. Essentially, these pathogens (specifically 

Staphylococcus aureus) could produce complementary peptides to PR3 (cPR3).5 These 

are the antisense coded peptides of PR3. A study has found that the adaptive immune 

system is capable of producing antibodies against cPR3, which in turn causes the 

production of cognate antibodies against PR3.5 Thus, autoantibodies against PR3 are 

produced leading to their release and binding. Another factor that contributes to PR3-

GPA pathogenesis is the existence of genetic mutations that predispose individuals to 

ANCA production and vasculitis. PR3-GPA is associated with single nucleotide 

polymorphisms in HLA-DP1, a gene complex that encodes major histocompatibility 

complex (MHC), and genes encoding PR3 (PRTN3) and α1-proteinase inhibitor (API), a 

serine proteinase inhibitor (serpin).6  
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1.2.2 Proposed Mechanism of PR3-GPA 

 Although this mechanism is not fully elucidated yet, the proposed sequence of 

events leading to GPA starts when circulating neutrophils are primed for activation by 

ANCAs by inflammatory cytokines or C5a, which is a component of the complement 

system.7 This priming allows neutrophils to express ANCA autoantigens, in this case PR3 

on their cell surfaces.8-11 This PR3 is denoted membrane PR3 (mPR3). Although most of 

the PR3 is stored in azurophilic granules and secretory vesicles in neutrophils, there is a 

subset that is found as mPR3.8 It should be noted however, that since PR3 is not a 

transmembrane protein, it binds to other cell surface receptors, such as CD177, to remain 

expressed on the plasma membrane.12  mPR3 expression within patients can also be 

bimodal, with high-mPR3 and low-mPR3 expressing neutrophils.8,9 This PR3 expression 

allows for ANCA binding to mPR3 followed by neutrophil activation. The activated 

neutrophils then release further C5a recruiting more neutrophils that undergo similar 

activation.13,14 However, ANCA binding to mPR3 is not the only interaction required for 

neutrophil activation and subsequent degranulation. Neutrophil surface Fc receptor 

binding with ANCAs and the crosslinking of F(ab′)2 fragments can also occur.15,16  

Furthermore, ANCAs could also lead to neutrophil activation through the 

phosphoinositide 3-kinase-protein kinase B (PI3K-AKT) pathway.17,18 This activation 

ultimately results in the release of PR3 from secretory vesicles and granules.19 It has been 

shown that endothelial cells are capable of internalizing PR3 once it has been released 

into the plasma.20 This PR3 is then localized to the nucleus, and becomes associated with 
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chromatin, which triggers apoptosis. Such observations provided further insight into how 

PR3 could lead to vasculitis and endothelial damage once released from neutrophils.20 

1.3 Current GPA Treatment Strategies 

GPA lacks a specific treatment; therefore, cyclophosphamide and corticosteroid 

combination therapy has been utilized since the 1970s.1 Cyclophosphamide is a common 

chemotherapy drug used to suppress a variety of cancers.21 It is an alkylating agent, with 

an active metabolite called phosphoramide mustard.22 This active agent reacts with 

guanine and cytidine, leading to inter-strand crosslinks in DNA and acting as an anti-

mitotic agent.23 By targeting immune cells, cyclophosphamide leads to 

immunosuppression.21,22 Corticosteroids on the other hand, are a class of commonly used 

anti-inflammatory drugs.24 These steroid molecules bind to intracellular glucocorticoid 

receptors, forming a complex.24 This complex is then internalized into the cell’s nucleus 

where it binds to glucocorticoid response elements as dimers.24 This binding results in 

inhibition of transcription factors that control the synthesis and expression of pro-

inflammatory mediators such as macrophages, inflammatory cytokines and various 

interleukins.24 Corticosteroids also upregulate annexin A1, which can reduce 

prostaglandin and leukotriene synthesis. This upregulation also inhibits cycolooxegenase-

2 activity, which reduces neutrophil migration to sites of inflammation.24 Due to their 

intracellular mode of action, the effects of corticosteroids are persistent even if their 

plasma levels are undetectable.24  

This combination of immunosuppressive and anti-inflammatory therapy became 

the standard of care after Fauci et al. published their paper in 1983.25 These investigators 
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found that prolonged cyclophosphamide treatment was effective in ANCA-related 

vasculitis, whereby 91% of patients showed improvement in disease status and 75% 

achieved sustained disease remission.25 This remission, due to prolonged chemotherapy 

treatment, came with substantial risk. 46% of patients developed serious infection, 57% 

became infertile, and 43% developed hemorrhagic cystitis.25 It was later found that pulsed 

cyclophosphamide (15 mg/kg intravenously (IV) every 2–3 weeks) produced similar 

remission results as prolonged cyclophosphamide, but with a reduction in risk.26 

However, the long-term probability of relapse in disease is higher with the pulsed 

regimen.27 

To help sustain remission of disease in patients, rituximab has also been suggested 

as a substitute for cyclophosphamide.21 Rituximab is a monoclonal antibody that binds to 

the CD20 receptor on B cells, causing antibody binding-mediated cytotoxicity.28 Using 

this drug with corticosteroids is logical because B cells produce ANCAs, thus 

theoretically, this combination can reduce ANCA production and inflammation.28 

However, this reduction in B cells is transient and variable between patients.28  

All of the current treatment strategies are immunosuppressive and leave patients 

susceptible to infection, even though rituximab has shown reduction in risk. There is a 

need for a non-immunogenic disease management strategy. Thus, downstream rather than 

upstream targets in GPA could be inhibited. One of those main targets would be PR3. 

This could be done by exploiting the body’s natural inhibitor of PR3, API, which is a 

member of the serpin family of proteins.29 
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1.4 Serine Proteinase Inhibitors 

Serpins are a superfamily of proteins.30 They are not only found in mammals, but 

other animals, plants, bacteria and viruses.30 The majority of serpins inhibit serine 

proteinases. However, some serpins can assume other roles such as hormone transporters, 

molecular chaperones and tumor suppressors.30 Over 1500 members have been 

discovered with 34 being serpins found in humans.30 Most serpins have a conserved 

primary structure of approximately 380 residues that fold into a single domain composed 

of three β-sheets (A, B and C) and 8 or 9 α-helices packed mostly on one side of the 

major β-sheet, sheet A (Figure 1).30,31 The variability between different serpins lies within 

the reactive center loop (RCL).30,31 This is an exposed loop on the surface of serpins that 

is critical for function. It is approximately 20-25 residues long and is linked to strand 5 of 

β-sheet A on the N-terminal end (s5A) and strand 1 on β-sheet C (s1C) on the C-terminal 

end (Figure 1).30,31 The RCL contains the recognition scissile bond for target 

proteinases.31 This sequence is named P1-P1’ with residues towards the N-terminal 

labelled P1, P2, P3 and so on, and residues towards the C-terminal are labelled P1’, P2’, 

P3’ and so on.32 Although many residues within the RCL can control the specificity of a 

serpin, the P1 residue is a major determinant.31 Altering the P1 residue allows serpins to 

inhibit different proteinases. For example, proteinase inhibitor 8 (PI8) inhibits trypsin-like 

proteinases by utilizing R339 (the predicted P1) as the P1 residue, and chymotrypsin-like 

proteinases by utilizing S341 (the predicted P2’) as the P1 residue.33 

Unlike traditional and canonical inhibitors, serpins utilize unique and extensive 

conformational changes that allow them to act as “suicide” or “single use” inhibitors of 
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proteinases.30,31 The first change that occurs is the spontaneous folding of serpins into a 

metastable conformation (Figure 1).30,31,34 This is the active or native conformation of 

serpins. In this form, the RCL exists as an extended loop on the surface of the 

protein.30,31,34 Even though the native conformation is stable, the RCL itself can be 

unstable as an exterior loop.30,31 To increase their stability, some serpins such as human 

plasminogen activator inhibitor-1 (PAI-1) can spontaneously enter a latent (inactive) 

conformation where the RCL is inserted into the center of β-sheet A as a fourth strand 

(s4A) (Figure 1).30,31 This change occurs with the concomitant extraction of s1C. 

Although the depletion of strands in β-sheet C is energetically unfavourable, the insertion 

of s4A results in an overall gain in stability.30,31 This principle was validated by an 

increase of 17oC in the denaturation temperature of latent PAI-1 compared to its native 

state.34 The third and most stable conformation occurs with the cleavage of the RCL 

towards the C-terminal, at the P1-P1’ bond (Figure 1).34 This allows for the insertion of 

s4A into β-sheet A without the extraction of s1C from β-sheet C, thereby resulting in a 

very energetically favoured state. This cleaved state closely resembles the structure of the 

serpin portion of serpin-proteinase inhibitory complexes .34 
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Figure 1: Different Conformations of Serpins.  

API is shown in this figure. (A) is the active/native conformation. (B) is the cleaved and 

(C) is the latent. The active conformation has the most potential energy thus the most 

unstable. This is followed by the latent, and finally the cleaved conformation which is the 

most stable conformation. When the RCL inserts into β-sheet A, it is designated as strand 

4 of β-sheet A (s4A). The red indicates β-sheet A.34
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1.5 Serpin-Proteinase Inhibition 

When a proteinase binds to the RCL of a serpin, a non-covalent complex is 

formed that is similar to the “lock and key” complexes that form with classical inhibitors, 

and proteinase-substrate docking.34 However, in the serpin-proteinase complex, after 

formation of a tetrahedral intermediate, the subsequent cleavage of the scissile peptide 

bond forms an acyl-enzyme intermediate.35 With this cleavage, the energetically 

favourable insertion of the RCL into β-sheet A can occur.34,36 As mentioned earlier, the 

proteinase binds to the C-terminal end of the RCL. Therefore, once the RCL is inserted, 

the proteinase will be pulled towards the distal or bottom end of the serpin along with the 

C-terminal end.36 At this point, distortion and compression of the active site of the 

proteinase results in a kinetically trapped acyl-enzyme intermediate.36 This, otherwise 

short-lived intermediate, is stabilized by a covalent linkage between the active site serine 

of the proteinase and the carbonyl of the cleaved RCL.36 Furthermore, a fluorescence 

study has shown that the proteinase was partially unfolded in the final serpin-proteinase 

complex, further inhibiting its function.37 The investigators demonstrated a rise in the 

fluorescence of the proteinase (in this case it was thrombin), which corresponded with the 

serpin-proteinase docking complex.37 This initial increase was followed by a decrease in 

fluorescence of the proteinase, which corresponded with its translocation, due to the 

insertion of the RCL into the body of the serpin.37  Since a serpin requires the cleavage of 

its RCL to inhibit proteinases, once present in a serpin-proteinase covalent complex, it 

can no longer be reused, explaining its description as a “suicide inhibitor”.34 
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Moreover, for successful inhibition to occur, the serpin must enter its metastable 

state efficiently without transitioning into its latent state.38 The RCL must be of an 

appropriate length to ensure the proper translocation of the proteinase without any slack 

to facilitate distortion of the proteinase’s active site, which prevents serpin release from 

the complex.39 Such a length is usually 17 residues on the N-terminal end of the P1-P1’ 

cleavage site.39 Furthermore, the translocation must occur rapidly enough to avoid 

deacylation. 40 Finally, the residues within the RCL need to be compatible with the folds 

in β-sheet A to ensure proper insertion.41 If these conditions are not met, instead of 

forming a serpin-proteinase complex, the serpin will act as a substrate to the proteinase, 

resulting in an inactive cleaved serpin and an active proteinase, following attack by a 

water molecule and hydrolysis of the acyl intermediate.34 

1.6 α-1 Proteinase Inhibitor 

API, also called α-1 Antitrypsin, is the most abundant serpin present in human 

plasma, at 20-40 μM.42 It is primarily synthesized in hepatocytes; however, monocytes 

and macrophages could also produce API.43 Upon synthesis, a 24-amino acid pre-

sequence peptide is produced, which is later eliminated through intracellular processing, 

leading to the production of a mature 394 amino acid polypeptide chain.44 Furthermore, 

API has 3 N-linked glycosylation sites resulting in a 52 kDa glycoprotein.43 It was the 

first serpin to have its structure solved using X-ray crystallography, which provided 

insight into RCL cleavage and insertion.30 Its main inhibitory target is Human Neutrophil 

Elastase (HNE).30 API became a major protein of interest due to the Pittsburgh mutation 

(API-R).45 The mutation is so called due to its discovery in the fatal case of a boy from 
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Pittsburgh, Pennsylvania, who suffered from uncontrolled bleeding in the late 70s.45 This 

mutation resulted in a single substitution of the P1 residue (M358) from methionine to 

arginine.45,28 This change altered the specificity of API. The new API mutant became a 

potent inhibitor of procoagulant enzymes, including thrombin and factor XIa (fXIa), 

thereby leading to a hemorrhagic disease.45,46 This case provided insight into the 

importance of the P1 residue in determining serpin specificity.30,31  

API deficiency can also result in other diseases throughout the body. This can 

occur due to the Z-mutation, in which a lysine substitutes for a glutamic acid residue at 

position 342 at the top of β-sheet A.34,47 Such a substitution causes an increase in 

instability in the protein, which leads API to polymerize. In this scenario, the RCL of one 

API inserts into β-sheet A of another API and so on till a chain of inactive APIs is 

formed.34 Because API ordinarily partitions from the circulation into pulmonary 

secretions, with a lack of active circulating API, HNE’s activity is increased, resulting in 

emphysema.34,47 

1.7 Targeting PR3 in GPA 

 PR3 belongs to the chymotrypsin-like proteinase superfamily.48 This group 

includes HNE and Cathepsin G, both of which are also stored in azurophilic granules 

alongside PR3 in neutrophils.20,48 This class of proteinases can degrade extracellular 

matrix macromolecules such as elastin, fibronectin, laminin, vitronectin and type IV 

collagen.48 In addition to its aforementioned intra-nuclear effects, PR3 can attack other 

nuclear substrates. These targets include the transcription factors nuclear factor-κB and 

SP1, and cytokines such as TNF-α, transforming growth factor-β1, and interleukin-1β.20 
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In GPA, when neutrophils are activated and degranulated, they do not only release PR3 

but other contents as well, including HNE.3 Due to their structural similarities, PR3 and 

HNE share the same natural inhibitor: API.49 However, wild-type API is at a  

disadvantage at inhibiting PR3; it inhibits PR3 approximately 100 times less rapidly than 

HNE, with second order rate constant (k2) values of 4.5x105 and 6.5x107 M-1s-1, 

respectively.50,51 Therefore, with a decreased specificity towards PR3, and the abundant 

presence of the proteinase during neutrophil activation, wild-type API is not an ideal 

inhibitor. In other words, during degranulation HNE inactivation by API will be favoured, 

leaving excess amounts of PR3 that are released into the plasma uninhibited and free to 

cause endothelial damage. This project aimed to address this issue by exploiting the 

phenomenon seen with the API-R Pittsburgh variant, where mutations to the RCL of API 

changed its specificity towards thrombin, as mentioned earlier. This approach relied 

primarily upon phage display (see later sections).  

HNE and PR3’s sequences are 57% identical.49 Both have similar primary 

cleavage substrate specificities.52 Generally, elastases cleave after aliphatic amino acids 

such as valine, alanine and isoleucine. HNE has been shown to cleave substrates with all 

3 amino acids in the P1 position.52 However, PR3 has been shown to cleave after alanine 

better than HNE did. Furthermore, PR3 did not have any activity against substrates with 

isoleucine in the P1 position.52 Based on published peptide phage display data, PR3 

showed a preference for aromatic amino acids such as tryptophan both upstream and 

downstream of the cleavage site.52 PR3 also cleaved substrates after aromatic amino acids 

at the P1 position, where HNE did not. Furthermore, both enzymes tolerated both 
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positively charged and negatively charged residues, upstream and downstream of the P1 

position.52 However, PR3 seemed to have lower activity to substrates with aromatic or 

negatively charged amino acids in the P1’ position, suggesting that it does not cleave 

before aromatic residues. Overall, this shows that HNE does not cleave after aromatic 

residues, but PR3 does.52 Because there are some differences in preference between the 

two proteinases, it is possible to contemplate the design or selection of an inhibitor with a 

higher specificity towards PR3 than HNE, to effectively target PR3 in GPA.  

1.8 Previous Anti-PR3 Strategies  

There is a need for a specific PR3 inhibitor that does not cause any immunological 

side effects. Investigators have produced recombinant PR3 inhibitor candidates by 

mutating their corresponding wild-type proteins.52-55 Groutas et. al utilized a reactive site 

variant of α-1-antichymotrypsin (ACT) and substituted its P3-P3’ residues with those 

from API. Although this variant showed inhibition of PR3, its second order rate constant 

of binding with PR3 (k2 1.9 X 105 M-1 s-1) was 5-fold lower than HNE (k2 1.0 X 106 M-1 s-

1). Jegot et al. generated a variant of SERPINB1 (also known as leukocyte elastase 

inhibitor (LEI)), to inhibit PR3. They substituted the pentapeptide STADR for the natural 

AFTCM sequence at positions P4-P1’ in the RCL of SERPINB1. This variant rapidly 

inhibited PR3 (k2 of 1.4 X 107 M-1 s-1) but was cleaved and inactivated by HNE without 

HNE inhibition.  

Furthermore, small molecule inhibitors and mouse monoclonal antibodies with 

anti-PR3 function have also been generated.56,57 Although there was some improved 

specificity for PR3, no previous anti-PR3 strategy produced sufficient specificity or 
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activity against PR3 with a sufficiently favourable toxicity/immunogenicity profile to 

move past the pre-clinical phase. This gap demonstrates the necessity of exploring the 

engineering of a viable PR3 inhibitor. 

1.9 Benefits of Phage Display  

As mentioned earlier, using serpins to inhibit PR3 could be a possible strategy to 

target this proteinase in GPA. Engineering a serpin by altering residues within its RCL 

could alter its specificity towards the proteinase.31 Although there are no specific rules on 

how to engineer serpins, one way is to use phage display.58 This system utilizes 

bacteriophages that express the mutant serpin fused to a bacteriophage capsid surface 

protein.59 The recombinant phage DNA that codes for the mutant protein is stored safely 

within the capsid itself. Essentially, this technique allows for the expression of millions of 

variants of a serpin, which are hypervariable at a desired sequence of residues.59 In the 

case of API, a recombinant library of API hypervariable at positions P7-P3 was 

previously fused to the T7Select capsid 10-3 protein (T7Select10) in our laboratory, and 

was used successfully to identify novel variants with increased rates of inhibition of 

thrombin.60 The T7Select phage system allowed for the surface display expression of a 

full-length protein as large as 1200 amino acids, at 5-15 copies per phage, easily 

accommodating API’s 394 amino acids.59 The commercial system included an 

Escherichia coli (E. coli) strain pre-transformed with a plasmid designed to increase the 

number of coat proteins available, making phage production more rapid.59 To screen the 

millions of variants, the randomized library was “biopanned” using thrombin.60 The 

biopanning worked by using thrombin as “bait” to “fish” out the API variant that bound 
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with higher specificity to the protein.59,60 This study used a P7-P3 hypervariable API 

library in which P1 was fixed as arginine (M358R),60 and yielded two novel mutants with 

2-fold increases in k2 values for thrombin.60 Validation of the phage display candidates 

required their re-expression as unfused recombinant API molecules, helping eliminate the 

possibility that lock-and-key inhibitors had inadvertently been created using an API 

scaffold.  

Phage display has also been used to successfully express another serpin, PAI-1.61 This 

proteinase inhibitor was expressed on the surface of M13 phage, which is a filamentous 

bacteriophage.61,62 The formation of a serpin-enzyme complex by phage-displayed PAI-1 

was confirmed, and its specific function was studied.61,63 The developed PAI-1 libraries 

yielded mutants with increased stability and resistance to the latent or inactive 

conformation.63 

2 Hypothesis 

The hypothesis that was tested in this work was that altering the API RCL at residues 

P4-P1’ inclusive would increase its specificity for, and activity against, PR3. These 

residues were chosen as they were previously mutated in SERPINB1, which resulted in a 

rapid inhibitor of PR3 (k2=1.4x107).54 However, as mentioned earlier, this variant was 

inactivated by HNE.54  

3 Specific Objectives of the Project 

The specific objectives of this project were as follows: 

i. To create an API expression library hypervariable between RCL residues P4-P1’ 

(API-P4P1’) inclusive using DNA manipulation and cloning techniques; 
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ii. To biopan a previously generated API-P2P1 hypervariable phage library against 

PR3 to determine the feasibility of screening a larger hypervariable library (P4-

P1’); 

iii. To insert the hypervariable API-P4P1’ cDNA into T7Select10 phage;  

iv. To perform a positive biopan using the API-P4P1’ library against PR3 to 

determine optimal residues for PR3 specificity and deep sequence the lysate of 

each biopanning round; 

v. To express and purify API-DA from the positive API-P4P1’ biopan in a bacterial 

expression system 

vi. To functionally screen the lysate library generated from the 3rd round of positive 

biopanning using a microtiter plate assay to help randomize the selection of 

variants; 

a. Generate and purify the high-binding variants, if different from the 

obtained deep sequencing results; 

vii. To characterize the selected variants kinetically against PR3 to determine the best 

inhibitor of PR3. 

4 Methods 

4.1 Biopanning API-P2P1 Hypervariable Phage Library  

4.1.1 Amplifying API-P2P1 Phage Library Glycerol Stock via Liquid Lysate 

Amplification 

6 mL of overnight BLT5403 (Novagen T7Select) E. coli bacterial culture was 

diluted (1:50 dilution) in 50mL of Luria Broth (LB) and ampicillin (LB+AMP 
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100µg/mL) and shaken at 225 rpm at 37oC in an environmental shaker until an OD600 of 

0.677 was reached. The number of bacterial cells were then calculated using the 

following formula: 

  𝑂𝐷!""	x
#$%"!

".'
	x	100 = #	of	cells  

The culture was then infected with a previously made API-P2P1 phage library60 

(T7Select103b phage supplied by Novagen) at a multiplicity of infection (MOI) of 0.001-

0.01 (i.e. 100-1000 cells per plaque forming unit (pfu) of phage). This ratio allowed for a 

substantial excess of bacterial cells to avoid rapid lysis of all the host cells in solution. 

The infected BLT5403 culture was then allowed to shake at 225 rotations per minute 

(rpm) at 37oC for approximately 2-3 hours until lysis of bacterial cells was observed. The 

solution was then centrifuged at 8000xg at 4oC for 10 minutes. The supernatant 

containing the amplified phage lysate was harvested and stored at 4oC. 

4.1.2 Plaque Assay to Determine API-P2P1 Amplified Phage Lysate Titer  

This protocol was based on the Novagen T7Select system manual.64 The host 

bacterial strain was BLT5403 E. coli. Serial dilutions of the amplified lysate (produced as 

in Section 4.1.1) were made in LB. The dilutions reached up to 1/108 of lysate to LB. 

250µL of the host strain (OD600 ~0.5) was added to three 4mL sterile tubes marked A, B 

and C. Dilutions 1/106, 1/107 and 1/108 of the lysate were added to tubes A, B and C 

respectively. Three dilutions were used in case the phage titer was too low to form 

plaques at higher dilutions. 3mL of melted top agarose was added to each tube. The tubes 

were gently shaken to mix the different components and then poured onto pre-warmed 

(37oC) LB+AMP agar plates. Once the top agarose hardened, the plates were inverted and 
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stored at room temperature (RT) overnight to allow for plaque formation. This assay 

resulted in a lawn of bacteria in which clear phage plaques formed. The phage titer was 

then calculated by counting the amount of plaques on one of the plates and using the 

equation:  

#	of	plaques	x	dilution	factor	x	10 = 	titer	in	pfu/mL	 

4.1.3 Plaque Lift of API-P2P1 Amplified Lysate Plaque Assay 

An immunoblotted plaque lift was done on the API-P2P1 amplified lysate plaque 

assay to ensure that the phage were producing API. This protocol was based on the 

Novagen T7Select system manual.64 Plaque assay LB+agar plates expressing phage were 

chilled for 1 hour at 4oC prior to use to reduce the tendency of top agarose to stick to 

nitrocellulose membrane. The membrane was first placed on the plate to cover it entirely. 

After 1 minute of contact, the membrane was peeled off and inverted on a plastic wrap to 

air dry for 10-20 minutes. The membrane was then soaked in blocking buffer [3% bovine 

serum albumin (BSA) in 1X Tris-buffered saline containing Tween 20 (TBST)] for 30 

minutes with gentle rocking, to block non-specific binding of antibody. The blocking 

solution was discarded. Affinity purified sheep anti-human horse radish peroxidase 

(HRP)-conjugated anti-antitrypsin immunoglobulin G (IgG) polyclonal antibody (Affinity 

Biologicals) was then diluted in blocking buffer at 1/5000. This solution was then added 

to the membrane for 30 minutes with gentle rocking. After discarding the antibody 

solution, the membrane was washed 3 times for 5 minutes with 25 mL of 1X TBST. After 

the final wash, developing solution (5mg 3,3’diaminobenzidine, 200µL of 1% cobalt 

chloride, 9.8mL of 1X phosphate buffered saline (PBS) and 10 µL of 30% hydrogen 
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peroxide in 10mL solution) was used to visualize plaques containing anti-antitrypsin-

reactive antigen. The number of plaques was then compared to that generated in the 

corresponding plaque assay to ensure the expression of API on the surface of the phages 

being used.  

4.1.4 Biopanning the API-P2P1 Phage Lysate with PR3 

1x109 pfu phage lysate was added to 3% BSA in 1X PBS in a total volume of 

1mL. 2nM final concentration of PR3 was added to the experimental (EXP) condition and 

the equivalent volume of 3% BSA in 1X PBS was added to the negative (NEG) control. 

The solutions were incubated at 37oC for 30 minutes. To block any unbound PR3, 1µL of 

100mM phenylmethylsulfonyl fluoride (PMSF) was added to both solutions. 1µg of 

affinity purified rabbit anti-human biotinylated anti-PR3 polyclonal IgG antibody was 

also added to both conditions. The reactions were mixed at RT for 30 minutes with end-

over-end rotation. 50µL of resuspended streptavidin-coated magnetic beads (Dynabeads) 

was added to both reactions and mixed at RT for 30 minutes with rotation. The phage-

serpin-proteinase-antibody-bead complexes (Figure 2) were pulled down using a 

magnetic stand for 2 minutes and the supernatant was discarded. The complexes were 

then washed with PBS+1% Triton-X-100 for 5 minutes with rotation. The wash step was 

repeated 10 times and the washed beads were transferred to a fresh tube after every 

second wash. After the final wash, the complexes were resuspended with 0.5mL PBS. 

The EXP beads were inoculated with 35mL of BLT5403 cells grown in LB+AMP to an 

OD600 of 0.8. The NEG beads were inoculated in the same volume of BLT5403 cells for 

the first round of biopanning, or in 15mL of cell culture in the consequent steps due to 
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low phage titer (based on plaque assays done after each round of selection). The infected 

bacterial cultures were then shaken at 37oC until lysis was visible after approximately 2-3 

hours. The solutions were then centrifuged, and the lysates were titered via plaque assay 

as described above. The new lysates were then used for the next round of biopanning. The 

biopanning procedure was repeated for 5 rounds, with plaque assays performed after each 

round to determine the phage titer. The NEG lysate was amplified via liquid lysate 

amplification after rounds 2 and 4, due to the production of a low phage titer. The original 

lysate and the 5th round lysates from both the EXP and NEG were then subjected to Next 

Generation Sequencing (NGS), also called deep-sequenced, for analysis. The biopanning 

procedure is shown in Figure 3. 
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Figure 2: Phage-Serpin Complex.  

Illustration of the phage-serpin-proteinase-antibody-bead complex used during the 

biopanning protocol.59
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Figure 3. Biopanning Procedure (schematic diagram).  

The process begins by amplifying the API-expressing phage in bacterial culture. The 

screening complex is then assembled by adding PR3 (green boxes) (step 1), biotinylated 

antibody (purple “Y”, step 2) and streptavidin-coated magnetic beads (yellow “S” and red 

circles, step 3). This phage-PR3-antibody-streptavidin-bead complex is then pulled down 

using a magnet and washed to eliminate non-specifically bound phage and PR3 (step 4). 

Finally, the resultant selected phage population is used to infect a new bacterial culture by 

direct inoculation (step 5). This lysate is then amplified and the new phage lysate 

becomes the starting material for the next round. We performed a total of 5 rounds of 

biopanning.60 
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4.2 Preparing Phage Library for Deep Sequencing 

To prepare the selected or non-selected phage libraries for deep sequencing, they were 

first amplified through polymerase chain reaction (PCR), as per the Thermo Scientific 

Phusion High-Fidelity DNA Polymerase manual. The sequences for the sense 

oligodeoxyribonucleotide primer (S-Phage-API) and anti-sense primer (AS-Phage-API) 

can be found in Table 1. Each primer had a different tag to distinguish the biopanned 

libraries during the deep sequencing protocol. Approximately 5 x107 pfu of phage lysate 

was used to provide the template DNA for the PCR reaction. Samples were then sent to 

the Mobix Lab at McMaster University for deep-sequencing (Illumina NGS). The 

samples were analyzed in parallel with samples from other labs, with all the samples 

loaded on the same plate, to minimize cost. The coverage or “read-out” for our samples 

was 1% (i.e. the number of sequences detected comprised 1% of the total sequences on 

the entire plate). 

4.3 Cloning API-P4P1’  

To produce API-P4P1’, an oligonucleotide encoding the API RCL was used. In this 

sequence, the nucleic acid bases that coded for residues P4 to P1’ were randomized as 

shown in Table 1.  

 Cloning protocols were employed to produce API-P4P1’ inserted into a pUC19 

plasmid vector, which had EcoRI and HindIII restriction sites that corresponded to 

T7Select103b phage vector arms. The template used for the PCR was pBAD-API-R 

(M358R)46 with sense PmlI and antisense P4P1’ random oligonucleotides (Table 1). The 

PCR protocol was as done as per the Thermo Scientific Phusion High-Fidelity DNA 
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Polymerase manual. The PCR product was then purified using a Thermo Scientific 

GeneJET PCR clean-up kit. 
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Table 1: Oligonucleotides Used in PCR Experiments.  

‘N’ indicates any nucleic acid base. 



 29 

 

 

 

Sense 

PmlI 

5’ CAAGGACACCGAGGAAGAGGACTT 3’ 

Antisens

e P4P1’ 

random 

5’ 

CTTGACCTCAGGTGGGATNNNNNNNNNNNNNNNCTCTAAAAACATGGCCCCAG

C 3’ 

S-API-N-

TERM 

5’ GAGGATCCCCAGGGAGATGCTGCCCAGAAGACAGATACATCC 3’ 

AS-API-

DA 

5’ CTTGACCTCAGGTGGGATAGAAGCGTCTATGGCCTCTAAAAACATGGC 3’ 

S-Phage-

API 

5’ GATCCGAATTCAGAGGATCCCCAGGGAGATGC 3’ 

AS-

Phage-

API 

5’ GCTAAGCTTCATTTTTGGGTGGGATTCACCAC 3’ 
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4.3.1 Restriction Enzyme Digest of PCR Product and Vector Plasmid 

The pBAD-API-P4P1’ PCR product was digested using Thermo Scientific 

FastDigest BamHI (10U/µL) and Bsu361 (10U/µL), following the manufacturer’s 

guidelines. This digestion produced the 1082 base pair (bp) insert that contained the 

randomized P4-P1’ RCL sequence. The digestion reaction was then electrophoresed on a 

1% agarose gel and the band of interest was excised and purified using a Thermo 

Scientific GeneJet gel extraction kit. 

The digestion of the pUC19-API-P2P1 plasmid that would provide the vector for 

the subsequent ligation reaction was done in the same way as described for the above 

PCR product. However, this digestion included the addition of CIAP (1U/µL), an alkaline 

phosphatase. This manipulation dephosphorylated the 5’ ends of the vector strand to 

prevent plasmid self-recircularization of any single-cut plasmids. These reactions 

generated a 2744bp pUC19-API vector preparation. 

4.3.2 Ligation of API-P4P1’ Insert and pUC19-API Vector 

The insert and vector fragments were quantified using a Nanodrop 

spectrophotometer. The ligation reaction was set up using 10X T4 DNA ligase buffer and 

1µL of T4 DNA ligase 5U/µL (Thermo Scientific). The amount of insert needed was 

calculated using the equation:  

𝑛𝑔	𝑖𝑛𝑠𝑒𝑟𝑡 = 𝑛𝑔	𝑣𝑒𝑐𝑡𝑜𝑟	 ×
𝑠𝑖𝑧𝑒	𝑜𝑓	𝑖𝑛𝑠𝑒𝑟𝑡	𝑖𝑛	𝑏𝑎𝑠𝑒	𝑝𝑎𝑖𝑟𝑠
𝑠𝑖𝑧𝑒	𝑜𝑓	𝑣𝑒𝑐𝑡𝑜𝑟	𝑖𝑛	𝑏𝑎𝑠𝑒	𝑝𝑎𝑖𝑟𝑠 	× 	𝑑𝑒𝑠𝑖𝑟𝑒𝑑	𝑚𝑜𝑙𝑎𝑟	𝑒𝑥𝑐𝑒𝑠𝑠		 

A 3:1 molar excess of insert to vector was used in a 20µL reaction volume. The reaction 

was incubated at RT for 1 hour. A negative control reaction was also carried out, one that 

followed all the same parameters but did not include the insert fragment. 
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4.3.3 Transforming pUC19-API-P4P1’ into E. coli DH5α  

The pUC19-API-P4P1’ ligation product and the negative control from the ligation 

reactions were separately transformed into E. coli DH5α competent cells. 50µL of cells 

and 5µL of ligation product (25% of total ligation mixture) or water were employed, 

respectively. The reactions were incubated on ice for 15 minutes, then heat shocked at 

37oC for 20 seconds, and then returned on ice for another 2 minutes. 1mL of RT LB was 

added to each reaction and the suspension was then shaken at 37oC for 1 hour. The tubes 

were then centrifuged at maximum speed (14000Xg) for 1 minute and the supernatant 

was partially decanted. The cells were resuspended and plated on LB+AMP agar plates. 

The plates were incubated overnight at 37oC. This transformation was done to ensure that 

there was a sufficiently low background in order to transform the remainder of the 

ligation reaction for mass plasmid propagation (see next section). Furthermore, this 

allowed for an initial assessment of the depth of the library, which was determined 

through counting the number of colonies that grew on the plate, and back-calculating to 

determine the approximate number of sequence variants in the ligation mixture. Selected 

colonies were spot-checked by DNA sequencing to ensure the randomization of P4-P1’ 

RCL sequence. Each colony was grown in 6mL LB+AMP culture and the plasmid was 

extracted using Thermo Scientific GeneJET plasmid miniprep kit. 

4.3.3.1 Mass Plasmid Propagation 

The remaining experimental ligation reaction was transformed as described above. 

However, since 15µL of DNA was used, the amount of DH5α competent cells was scaled 

up to 150µL. The entire transformation product was grown in 200mL of LB+AMP 
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overnight at 37oC with shaking, instead of being poured on agar plates. Plasmid DNA was 

then extracted from the cells using the Thermo Scientific GeneJET plasmid midiprep kit 

and the purified pUC19-API-P4P1’ plasmid DNA was quantified using Nanodrop 

spectrophotometer. 

4.4 Inserting API-P4P1’ into T7Select Vector 

The pUC19-API-P4P1’ plasmid was digested using restriction enzymes EcoRI and 

HindIII as these correspond with the ends of the T7Select10 vector arms. The digestion 

protocol was the same as the one described above, with 5µg of plasmid digested. The 

insert fragment generated, which encoded was full length API-P4P1’, was ligated with the 

T7Select10 vector arms following the protocol described in the Novagen T7Select system 

manual.64 In this reaction, 0.027pmol of insert DNA and 0.02pmol of vector arms were 

added for a ratio of 1.35:1 of insert to vector.  

4.5 In Vitro Packaging of Ligation Reaction 

The packaging of the T7Select103b-API-P4P1’ DNA was done following the protocol 

outlined in the Novagen T7Select system manual.64 5µL of API-Phage ligation reaction 

was added to 25µL of T7Select packaging extract. They were stirred gently to mix and 

incubated at RT for 2 hours. The reaction was stopped by adding 270µL of sterile LB. 

The in vitro packaging phage product was titered by plaque assay and amplified via 

liquid lysate amplification and a glycerol stock was made from the lysate. The titer of the 

amplified library was also determined through plaque assay, and an immunoblotted 

plaque lift was also done to ensure that the phages were API producing. This lysate was 
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also used for the subsequent biopanning protocol of the API-P4P1’ phage library with 

PR3.  

4.6 Biopanning API-P4P1’ Phage Library with PR3. 

The biopanning of the API-P4P1’ phage library followed the same approach as 

described in section 4.1.4, except that after the 2nd round of biopanning, the washed EXP 

phage-serpin-proteinase-antibody-bead complex solution was inoculated into 25mL of 

BLT5403 bacterial culture instead of 35mL. This was done to ensure a high enough titer 

for subsequent rounds of biopanning. After 5 rounds of biopanning, the final lysate from 

the EXP and NEG reactions were deep-sequenced for analysis. 

4.7 Cloning pBAD-API-DA 

The PCR protocol for generating pBAD-API-DA plasmid was similar to that used in 

Section 4.3 (where API-DA is API P357D/M358A). However, different sense (S-API-N-

TERM) and antisense (AS-API-DA) primers were used. The primers’ sequences can be 

found in Table 1. 

4.7.1 Inserting API-DA into pGEX Bacterial Vector  

The PCR product pBAD-API-DA and the vector plasmid pGEX-API-R were digested 

using restriction enzymes to produce a pGEX-API-DA plasmid, which was tagged with 

both hexahistidine and glutathione-S-transferase (GST) segments for protein purification 

purposes. The digestion procedure was similar to that employed in Section 4.3.1. The 

enzymes used in this experiment were Bsu361 and Knp21. The resulting insert and vector 

fragments were ligated as described in Section 4.3.2. The ligation product was then 
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transformed (as discussed in Section 4.3.3) into E. coli BL21 competent cells for protein 

expression. 

4.8 Recombinant Histidine-Tagged and Glutathione-S-Transferase Fusion Protein 

Expression in Bacterial Expression System 

The following protocol was applied to express all the recombinant variants of API. A 

glycerol stock of E. coli BL21 cells expressing only one variant of API was scraped using 

a sterile tooth pick and added to LB+AMP (100µg/mL) solution and the bacterial cells 

were grown overnight at 37oC while shaking at 225rpm. The next morning, the overnight 

culture was added to 1L LB+AMP (100µg/mL) in a 1/50 dilution. The culture was then 

allowed to grow to an O.D.600 of ~0.5 at 225rpm and 37oC. Once the desired O.D. was 

reached, protein expression was induced using isopropyl β-d-1-thiogalactopyranoside 

(IPTG) at a final concentration of 0.1mM. After 4 hours of induction at 225rpm and 37oC, 

the bacterial cells were harvested by centrifugation at 6,000 rpm at 4oC. The supernatant 

was discarded, and the pellets stored at -20oC. The volume of growth media and amount 

of the other reagents were scaled up or down as needed, to generate more, or less protein. 

4.9 Recombinant Histidine-Tagged and Glutathione-S-Transferase Fusion Protein 

Purification 

The following protocol was applied to purify all recombinant API variants. Bacterial 

pellets from a 1L culture were resuspended with 20mL PBS, with one Complete Protease 

Inhibitor Cocktail tablet (Roche) added/1L culture. The solution was then placed on ice 

and sonicated for 3 minutes at an amplitude of 30% with 5 seconds on/5 seconds off 

pulses using Sonics Vibra Cell Sonicator model VCX500. The sonicated cells were then 
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placed in a centrifugation tube with Titron X-100 at a 1% final concentration. The 

solution was rocked at RT for 15 minutes. It was then centrifuged at 12,000rpm for 30 

minutes at 4oC to pellet the cell debris. The cell lysate was then added to 1.5mL 

glutathione agarose resin (equilibrated with PBS) and allowed to batch-bind through the 

GST-fusion protein for 40 minutes. The glutathione agarose beads were stored in a 1:1 

slurry of 30% ethanol to agarose beads solution, hence the need for an equilibration step. 

The agarose beads were then poured into a purification column and the flow-through was 

collected. The resin was then washed with 10 column volumes of PBS followed by 10mL 

of HRV3C Cleavage Protease buffer (Thermo Scientific). The wash buffers were also 

collected. 20µL of HRV3C Cleavage Protease (2U/µL) in 3mL of cleavage buffer were 

added to the resin. The resin was then rocked at 4oC overnight to cleave the GST-fusion 

protein from the recombinant API variants. 

The next morning, the unbound fraction of the column was collected and added to a 

packed volume 1.5mL of nickel chelate affinity (Ni-NTA agarose) resin (equilibrated 

with PBS) as an additional purification step. These beads were also stored in the same 

conditions as the aforementioned glutathione agarose beads. The flow-through was 

collected and the resin was washed with 20mL of PBS and 20mL of 50mM sodium 

phosphate/300mM NaCl/20mM imidazole/pH 8. After collecting the wash solutions, the 

histidine-tagged recombinant protein was eluted from the column with 50mM sodium 

phosphate/300mM NaCl/250mM imidazole/pH 8 and collected using a fraction collector. 

Samples of the elution fractions were then visualized on a 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) gel. The fractions showing the presence 
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of protein were then pooled and dialyzed overnight into PBS at 4oC. The dialyzed 

solution was then concentrated through centrifugation, aliquoted and stored at -80oC. The 

glutathione-sepharose column was also eluted with 2mM glutathione, and the fractions 

were visualized on a 10% SDS-PAGE gel. 

4.10 Bradford Assay to Quantify Purified Recombinant Protein 

BSA was used to create a protein standard for this assay. Eight dilutions of 2mg/mL 

BSA ranging from 0.1-1.0mg/mL (in PBS) were made. Undiluted, 1 in 2 and 1 in 5 

diluted samples of purified protein were also created (in PBS). 5µL of each standard 

dilution, sample and blanks composed of only buffer were added in duplicate to a 96 well 

microtiter plate. 200µL of Coomassie Plus Protein Assay Reagent (Thermo Scientific) 

was added to each well. The plate was read using a BioTek EL808 plate reader. 

4.11 ELISA Protocol for Recombinant Protein Quantification 

The purified recombinant proteins were first quantified using Bradford assay. The 

estimated concentrations were then used to dilute the protein to lie within the standard 

curve used for the ELISA protocol. The procedure was done as per the Matched-Pair 

Antibody Set for ELISA of Human α1-Antitrypsin Antigen manufacturer’s instructions 

(Affinity Biologicals). Plasma-derived API-wild-type (PD-API-WT) was used to generate 

the standard curve for all ELISA experiments. Anti-API capture antibody was diluted in 

coating buffer (50mM carbonate pH 9.6) at 1/100 dilution. 100µL of capture antibody 

was used to coat each well in a microtiter well plate and incubated at 4oC overnight. The 

next day, the coating solution was discarded, and the wells washed once with PBS-T 

(PBS with Tween-20 0.1% v/v). The plate was then banged on a stack of paper towels to 
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eliminate any moisture in the wells. 200µL of blocking buffer (PBS with BSA at 1% v/v) 

were added to each well and incubated at RT for 1 hour. Each API sample was prepared 

at 3 dilutions to fall within the standard curve. After blocking the wells, the blocking 

buffer was discarded, and the wells washed twice with PBS-T. The samples and standard 

were then loaded in duplicate using 100µL per well and incubated for 1 hour at RT. The 

solutions were then discarded, and wells washed 5 times with PBS-T. Anti-API detecting 

antibody was diluted in blocking buffer at 1/100 dilution and added to each well using 

100µL of solution. The detecting antibody was incubated for 1 hour at RT. The antibody 

solution was then discarded, and the wells washed 5 times with PBS-T. 100µL of TMB 

developing solution (Thermo Scientific) was then added to each well and allowed to 

incubate for 10-30 minutes. Wells with a positive signal displayed blue colouration. The 

reaction was stopped with 2M sulfuric acid. The plate was then read using a Biotek 

ELx808 spectrometer at 450nm. 

4.12 Mass Lysate Screen using Round 3 Phage Display Lysate 

This screen was done in addition to the phage-display screen to detect any other 

possible high-binding candidates in addition to API-DA. A small volume of Round 3 

phage lysate (~25 µL, titer 6x1011pfu/µL) selected with PR3 was scraped from the surface 

of a frozen aliquot using a sterile toothpick, and added to 50µL of autoclaved ddH2O. The 

phage solution was heated at 95oC to lyse any bacteria in the sample. The 3rd Round 

lysate was then used as the template for PCR reactions to amplify the randomized RCL 

DNA segment. The primers used were S-Phage-API and AS-Phage-API (Table 1). The 

PCR product and a pBAD-API-R plasmid DNA sample were digested using the 
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restriction enzymes EcoNI and HindIII as described earlier. The insert (RCL fragment 

from PCR) and vector (pBAD from pBAD-API-R plasmid) were ligated as mentioned in 

previous sections. The resultant plasmid library was then transformed into E. coli Top10 

competent cells. Additionally, pBAD-API-WT (positive control in the screen), pBAD-

API-R and pBAD empty vector (negative controls) plasmids were also transformed into 

Top10 competent cells.  

The mass lysate screen was set up similarly to an ELISA protocol. Microtiter plate 

wells were coated with 100µL of PR3 (1µg/mL) diluted in PBS overnight at 4oC. For 

each experiment, 16 colonies from the Round 3 library transformation plate and 2 

colonies from each of API-WT, API-R and empty vector were picked and grown 

overnight in LB+AMP (100µg/mL) at 225rpm and 37oC. Each of the 16 colonies were 

dotted on a gridded LB+agar plate and allowed to grow at 37oC overnight. The next 

morning, arabinose (0.002% final concentration) was added to the bacterial cultures to 

induce protein production for 3 hours at 225rpm and 37oC. 2mL from each sample was 

collected and centrifuged at maximum speed for 2 minutes in a table-top centrifuge. The 

supernatant was discarded, and the bacterial pellets were resuspended in 0.5mL PBS. 

Each sample was then sonicated for 10 seconds. The samples were then centrifuged for 

20 minutes at maximum speed to pellet the cell debris. Prior to sonication, the PR3 

coating solution was discarded and the PR3-coated wells were washed once with PBS-T, 

then blocked with 5% milk powder in PBS-T for 1 hour at RT. The blocking solution was 

then discarded, and the wells were washed 5 times with PBS-T. The lysate supernatants 

were then added in duplicate along with a blank solution of only PBS, and incubated for 1 
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hour at RT. The lysate supernatants were then discarded, and the wells were washed 5 

times with PBS-T. HRP-conjugated anti-antitrypsin antibody (same antibody used in 

section 4.1.3) was diluted 1/5000 in blocking solution and added to each well and 

incubated for 1 hour at RT. The antibody solution was then discarded, and wells washed 

as above. TMB developing solution (Thermo Scientific) was then added to each well for 

colour development. This reaction was then stopped using 2M sulfuric acid. The plates 

were read using a Biotek ELx808 spectrometer at 450nm.  

This procedure was repeated twice for a total of 32 screened colonies. The wells 

showing positive results were matched with their colonies on the gridded plates. Those 

colonies were then picked, grown in LB+AMP (100µg/mL) and their plasmid DNA was 

extracted using the Thermo Scientific GeneJET plasmid miniprep kit. The resulting 

plasmid DNA samples were then sequenced for RCL sequence determination. In some 

experiments, purified coagulation fXIa60 was substituted for PR3 (with 100µL of 

0.1µg/mL purified fXIa used to coat the wells) and purified recombinant API-WT, API-

R, or API-DA at 2.5 – 5.0 µg/mL was substituted for bacterial lysates. In others, lysates 

from 2mL of cell culture were substituted for lysates from 1mL of cell culture. 

4.13 Serpin-Proteinase 3 Gel-Based Complexing Assay 

An SDS-PAGE gel-based complexing assay was used to determine if the novel API 

variants formed a complex with PR3, with API-WT serving as the positive control. The 

experimental procedure was the same for all API variants. The variants and PR3 were 

reacted at 3 different molar concentration ratios 10:1, 5:1 and 1.5:1 (API:PR3) with 1µM 

PR3 used for all ratios. Each reaction was done by adding the appropriate concentration 
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of API, based on the stock concentrations determined through ELISA, and PR3, based on 

the concentration provided by the manufacturer. Each reaction was allowed to proceed for 

5 minutes at 37oC and was stopped by adding SDS-PAGE loading dye. The reaction 

mixtures were then loaded onto a SDS-PAGE gel and visualized through traditional 

Coomasie Brilliant Blue staining and destaining techniques.65 

Through this experiment, optimal molar concentrations of API were determined for 

subsequent kinetic analyses. 

4.14 Unsuccessful Kinetic Characterization of API-PR3 Binding using FRET 

Substrate 

To determine the k2 of API to PR3 binding, a PR3 specific fluorescence resonance 

energy transfer (FRET) substrate developed by Korkmaz et al. was employed.66 The 

method used to calculate the second order rate constants was based on work done by 

Beatty et. al and adapted by Korkmaz et al. and Sinden et al.50,51,67 Equimolar amounts of 

PR3 and API (1nM each) were mixed in a 150µL reaction volume in black opaque 

microtiter well plates. Each protein was diluted in NSP assay buffer [50mM Hepes, pH 

7.4, 150mM NaCl, 0.05% Igepal CA-630 (v/v)]. Residual PR3 activity at 1 to 5 minutes 

of incubation was measured by stopping the reaction with 3µL of the PR3 specific FRET 

substrate Abz-Val-Ala-Asp-Nva-Arg-Asp-Arg-Gln-EDDnp at a concentration of 1mM. 

The change in fluorescence was measured every 2 minutes for 40 minutes (excitation 

340nm and emission 460nm) using the Thermo Fluroskan Ascent fluorospectrometer. 

The k2 value was then calculated by plotting the inverse of PR3 activity at each time point 
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versus time. From the linear portion of the slope, the half-life (t1/2) of the reaction was 

calculated using the formula: 

𝑡
"
# = 	y ()*+,-+.*

/01.+
  

The k2 value was then calculated using the following equation: 

𝑘# = 	Concentration	of	PR3	x	𝑡%/#		 

4.15 Serpin-Proteinase 3 Gel-Based Kinetic Analysis 

Gel-based kinetic analysis was done for the novel API variants, with API-WT being 

the main comparator, to determine the second order rate constant (k2) for the API-PR3 

interaction. This analysis was done for one of the novel API variants (API-N, i.e. API 

S359N) and not the other (API-DA) due to the suspension of graduate research activities 

caused by the novel coronavirus (COVID-19) pandemic.  

This reaction was done under pseudo-first order conditions (10:1 API to PR3 molar 

ratio) at 37oC. Under these conditions, the change in concentration of API becomes 

negligible, making the reaction dependent on the concentration of PR3 only. The reaction 

was allowed to progress for 5 minutes with 20µL aliquots taken out of the reaction tube 

and added to SDS-PAGE loading dye. This allowed for the collection of reaction samples 

at 1-minute intervals. The samples were then loaded onto an SDS-PAGE gel and analyzed 

by immunoblotting using HRP-conjugated anti-API antibody. Each blot was imaged 

using a Bio-Rad Gel Doc XR instrument. Once imaged, the complex band intensities 

were quantified using the QuantityOne companion software (Bio-Rad). The intensities 

were measured through the “band intensity” function in the QuantitytOne software. 

Moreover, only blots with API-N-PR3 complex bands were also measured through the 
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“band volume” function of the software (due to COVID-19).  Each API variant was tested 

5 times (n=5) for subsequent statistical analysis. 

4.16 Standard Curve Generation for Gel-Based Kinetic Assay 

To calibrate the immunoblots produced by the gel-based kinetic analysis of API-PR3 

binding, a standard curve of known concentrations of API was generated. However, only 

one calibration experiment was completed for the recombinant API variants, due to 

COVID-19 closures.  

The API-PR3 bands could reach a theoretical maximum concentration of 1µM, as that 

corresponded to the maximum amount of PR3 used in the gel-based kinetic assay. 

Therefore, recombinant API-N was diluted to 2, 1, 0.5, 0.25, 0.125 and 0.0625µM 

concentrations. Aliquots of these dilutions were analyzed by SDS-PAGE. A parallel 

immunoblot was also generated, as described in previous sections. This blot featured 

bands from an API-N dilution series between 0.1 to 1µM of API-N. The calibration blot 

was then imaged using a Bio-Rad Gel Doc XR. The bands were quantified through the 

“band volume” function in the QuantityOne software. Due to COVID-19 restrictions, 

only API-N blots were measured through the same modality. Thus, the standard curve 

could not be used to calibrate the API-WT-PR3 complex bands. 

4.17 SDS-PAGE Electrophoresis 

10% SDS-PAGE gels were used to perform all electrophoresis protocols. 20µL of 

protein samples were mixed with 8µL of 4X SDS-PAGE loading dye. The mixture was 

then heated at 95oC for 2 minutes. 20µL of the boiled solution was then loaded onto the 

gel. The samples were electrophoresed using a Mini-PROTEAN Tetra Vertical 
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Electrophoresis Cell (Bio-Rad) for 30-35 minutes. The resulting gels were either stained 

and destained for analysis (see previous sections) or underwent immunoblotting. 

4.18 Immunoblot Protocol 

The following protocol was applied to all immunoblots done in this project. 

Electrophoresed SDS-PAGE gels were transferred to a nitrocellulose membrane using 

iBlot Gel Transfer Stacks and an iBlot machine as per the manufacturer’s instructions 

(Thermo Scientific). The membrane was incubated for 1 hour in 5% milk-TBST while 

rocking at RT. HRP-conjugated anti-antitrypsin antibody (same antibody used in section 

4.1.3) was diluted 1/5000 in 10mL of 5% milk-TBST and added to the membrane for 1 

hour with rocking at RT. After discarding the antibody solution, the membrane was 

washed 3 times for 5 minutes with 25 mL of 1X TBST. After the final wash, developing 

solution (5mg 3,3’diaminobenzidine, 200µL of 1% cobalt chloride, 9.8mL of 1X PBS and 

10µL of 30% hydrogen peroxide in 10mL solution) was used to visualize the reactive 

bands. The immunoblots were then imaged using a Bio-Rad Gel Doc XR instrument. 

4.19 Statistical Analysis of Gel-Based Kinetic Assays 

Statistical analysis was performed using the InStat software from GraphPad. The data 

was analyzed using an unpaired t-test. 
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5 Results 

5.1 Assembly and Characterization of a Hypervariable API-P4P1’ Library 

5.1.1 Size of API-P4P1’ Library 

The first experimental priority of this project was to create an API expression library 

hypervariable between the P4 and P1’ codons of the API RCL. The library was 

characterized by plating a portion of the ligation reaction as described in Section 4.3.3. 

The vector plus insert pUC19-API-P4P1’ condition yielded 616 colonies versus only 23 

in the pUC19 vector only negative control. This finding suggested that the library 

contained ~2372 independent clones ([616 – 23] X 4), since only 25% of the ligation 

reaction was plated. 

 Eight colonies were picked at random from the plated cells transformed with the 

plated vector plus insert ligation reaction, as a spot check on the diversity of the library. 

Not only did these plasmids contain differing DNA sequences (data not shown), they each 

encoded different API variants at the primary sequence level; the 8 colonies picked from 

the 616 colonies had different randomized P4-P1’ RCL residues (Table 2). This 

observation indicated that the cloning protocol was successful in producing pUC19-API-

P4P1’, hypervariable at P4-P1’ residues, and rendered even less likely the remote 

possibility that DNA encoding other API variants previously studied in the laboratory had 

contaminated any step of library construction. 
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Table 2: Spot-check DNA Sequencing Results of Randomly Selected pUC19-API-

P4P1’ Colonies.  

DNA samples prepared from liquid cultures grown from these colonies were sequenced 

using the Sanger sequencing method. The wild-type residues at those positions are 

AIPMS. The sequence for colony D was inconclusive, likely due to two colonies being 

picked simultaneously in error. The dash in sequence G indicates a stop codon. 
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Colony P4-P1’ Sequence 

A QTPQP 

B NPCRL 

C PRTSH 

D S ? ? ? ? 

E YPNSS 

F ILQKA 

G HYIN- 

H RDTRD 
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5.1.2 Verification of Expression of API-P4P1’ Library 

The cloning protocols used to produce pUC19-API-P4P1’ plasmid library were 

employed solely in order to package the hypervariable API-P4P1’ cDNA into the 

T7Select10 phage. To ensure that this library was in fact API producing, an 

immunoblotted plaque lift was performed on the plaque assay of the original lysate 

generated after packaging. The results showed 450 immunoreactive plaque signals, which 

corresponded to the same number of plaques on the plaque assay (Figure 4, lower panels). 

This observation indicated that the phages were API producing (Figure 4). The in vitro 

packaging phage product’s titer was 3.0x107 pfu/mL, which was within the 

manufacturer’s recommended range for efficient packaging. The specificity of the 

immunoreactivity was suggested by the lack of staining on plaque lifts from control 

phage expressing a 15 amino acid “S-tag” provided by the T7Select system manufacturers 

(data not shown). 
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Figure 4: Plaque Assay and Plaque Lift of the API-P2P1 and API-P4P1’ Phage 

Libraries.  

The top two images correspond to the plaque assay (panel A) and plaque lift (panel B) of 

the API-P2P1 phage library. The blots on the nitrocellulose sheets in panel B correspond 

to the plaques in the top agarose in panel A. The results indicate that the plaques were 

API producing. Panels C and D show the same results but for the API-P4P1’ phage 

library, where panel C is the plaque assay and panel D is the plaque lift.



 49 

 

 

 

 

 

 

 

 

 

 



 50 

5.2 Screening an API-P2P1 Phage Library with PR3 

After construction of the API-P4P1’ library, it was decided to screen a previously 

constructed API-P2P1 phage library60 with PR3 before employing the new library with its 

larger number of hypervariable codons.  

5.2.1 Verification of Expression of the API-P2P1 Phage Library 

Since the API-P2P1 phage library had been stored for >4 years since its last use, 

its ability to produce phage with immunoreactive API domains was verified. The 

immunoblotted plaque lift of the plaque assays for the API-P2P1 library showed 74 

immunoreactive plaque signals, which corresponded to the number of plaques present in 

the plaque assay itself (Figure 4, top panels). This result demonstrated that the plaques 

were immunoreactive to anti-API antibody, therefore expressing API. This helped 

indicate that the library was eligible for biopanning as the correct serpin was expressed on 

the phage.  The specificity of the immunoreactivity was suggested by the lack of staining 

on plaque lifts from control phage expressing a 15 amino acid “S-tag” provided by the 

T7Select system manufacturers (data not shown). 

5.2.2 Biopanning the API-P2P1 Phage Library with PR3 

Because the API-P2P1 biopanning experiments served as a trial run to determine the 

feasibility of using PR3 to screen API variants expressed by bacteriophages, only the 

unselected library and the 5th round screen were deep sequenced. In the unselected 

library, there were 4,593 different variants (based on the reads obtained from deep 

sequencing at the DNA level). The results from the 5th round screen showed the presence 

of 1,090 different API variants in the experimental (EXP, with PR3) condition and 525 in 
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the negative, or control (NEG, lacking PR3) condition. This reduction in the number of 

unique variants between the original and selected library indicated that PR3 was a 

feasible “bait” in the biopanning experiments.  

The top 20 most abundant nucleotide sequences in the 5th PR3-selected biopanning 

round were chosen from the deep sequencing data and were translated and analysed using 

Clone Manager software. The most abundant P2-P1 encoded dipeptide in the EXP library 

was D357-A358 (API-DA) at 23,191 copies as well as the 5th most abundant at 6,572 

copies (employing different codons from the other, major genotype). The second most 

abundant was S357-S358, followed by P357-M358 (wild-type API) with 11,369 and 

10,126 copies respectively. API-DA was not abundant in the NEG condition, with only 1 

copy. The relative difference in copies between API-DA and other variants indicated that 

the API-DA was a possible candidate for PR3 inhibition. Tables 3 and 4 show the top 20 

P2-P1 sequences in the EXP and NEG conditions.  
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Table 3: Top 20 Most Abundant Variants in the 5th Round EXP Biopan.  

The repeating variants were a result of different nucleic acid sequences expressing the 

same amino acid sequence. The numbers shown in this table represent the reads or copies 

of variants from the deep sequencing data. There was a total of 1,090 unique variants with 

a total of 103,428 reads or copies. Note: the wild-type API P2-P1 sequence is PM. 
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P2-P1 Residues Abundance 
DA 23191 
SS 11369 
PM 10126 
PL 6718 
DA 6572 
PL 5882 
GT 3490 
DV 2863 
GA 1782 
PS 1508 
DT 1455 
DS 1241 
PS 1005 
DV 1002 
PM 921 
PA 860 
PS 819 
PS 751 
DS 747 
PT 744 
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Table 4: Top 20 Most Abundant Variants in the 5th Round NEG Biopan.  

The repeating variants were a result of different nucleic acid sequences expressing the 

same peptide. The numbers shown in this table represent the reads or copies of variants 

from the deep sequencing data. There was a total of 525 unique variants with a total of 

90,956 reads or copies.  “-“ indicates a stop codon. Note: the wild-type API P2-P1 

sequence is PM.
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P2-P1 Residues Abundance 
GG 38309 
-L 14444 
PA 5035 
PP 4808 
PD 3959 
SQ 3461 
GN 2403 
FS 2356 
PP 1398 
PT 1352 
EP 1351 
PA 1330 
VG 1254 
QP 1220 
DI 1184 
TD 1073 
IY 977 
PP 951 
LS 757 
LS 751 
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5.3 Biopanning the API-P4P1’ Phage Library with PR3 

The deep sequencing parameters explained in the Methods (see Section 4.2) resulted 

in 7,495 unique nucleic acid variants in the unselected/original library. All rounds of 

biopanning for the API-P4P1’ were deep sequenced. The 5th round biopanning results 

showed the presence of 605 different API variants in the EXP condition and 617 in the 

NEG condition. The top 20 most abundant nucleotide sequences were translated and 

analysed. The enrichment of those variants in the EXP condition was quantified and 

shown in Table 5 and Figure 5. The most abundant P4-P1’ sequence in the EXP library 

was A355-I356-D357-A358-S359 (designated API-DA since the residues at the other 

three positions were wild-type) at 69,513 copies. This dipeptide was the same amino acid 

sequence that was the most abundant in the biopanning of the API-P2P1 library. The 

second most enriched sequence was A355-I356-P357-M358-N359 (API-N) at 35,030 

copies. API-N was the 8th and API-DA was the 12th most abundant variant in the 5th 

round of the NEG control. However, this was their abundance at the particular screen 

only. Based on their enrichment level (or lack thereof) within the NEG control screens 

and their significant enrichment in the EXP condition, they were considered viable 

options for kinetic characterization with PR3 (Table 6 and Figure 6). A consensus motif 

of AI - - S was also observed in 27 (54%) variants in the top 50 selected variants in 

Round 5 of screening (Table 7). 
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Table 5: Abundance of the Top 20 Variants in the API-P4P1’ Library.  

“R-0” indicates the initial, unselected library. There are two “AITTS” sequences 

represented in this table. Each of those variants was expressed by different nucleic acid 

sequences, resulting in the observed repetition. Note: the wild-type sequence at the P4-

P1’ is AIPMS.
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 AIDAS AIPMN AISSS AISTS AINTS 
R-0 32 36 33 85 32 
R-1 940 881 529 614 535 
R-2 7766 6182 2779 1476 1439 
R-3 23298 18226 5516 2551 2298 
R-4 34093 28608 4196 1966 1792 
R-5 69513 35030 3759 2002 1747 

 AINAS AIDLS AISVS RSYGC ALTSS 
R-0 162 26 36 28 20 
R-1 1489 213 374 1642 357 
R-2 2908 543 1522 691 648 
R-3 2934 820 1937 267 593 
R-4 1301 660 1100 1388 563 
R-5 854 703 687 624 536 

 AITTS SLTSG MLDTT TISST AIPTS 
R-0 48 16 18 55 55 
R-1 370 58 238 308 667 
R-2 889 260 631 627 924 
R-3 947 339 681 722 876 
R-4 593 722 393 556 490 
R-5 427 403 377 360 326 

 AITTS ANSVS SHHIT AIELS AIGAS 
R-0 42 74 39 27 23 
R-1 353 853 393 235 259 
R-2 848 1042 963 379 637 
R-3 818 471 592 391 348 
R-4 387 235 272 222 188 
R-5 315 184 151 135 127 

 

 

 

 



 59 

Figure 5: Enrichment Graph of the Top 20 Variants from the API-P4P1’ Library.  

The abundance of the variants (at right) is shown, in number of deep sequencing reads, 

versus the round number of biopanning. This graph demonstrates the abundance of the 

top 20 variants from the 5th round of biopanning, throughout the entire screening protocol. 

Only AIDAS (API-DA) and AIPMN (API-N) were enriched through the different 

screening experiments. Note: the wild-type sequence at P4-P1’ is AIPMS.
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Table 6: Abundance of the Top 20 Variants in the NEG Control API-P4P1’ Library.  

“R-0” indicates the initial, unselected library. 
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 RSYGC TPLKP HIRTF VTKAY GVPAY 
R-0 28 48 32 53 46 
R-1 21 128 56 117 98 
R-2 6136 6572 3291 986 690 
R-3 8851 2661 3030 664 182 
R-4 19738 17951 6520 7481 1792 
R-5 44065 29997 11832 3520 2777 

 RSDHS AIPMN TIRDE RKLS- PPNLQ 
R-0 20 36 24 56 47 
R-1 87 11 182 0 94 
R-2 1961 199 6471 336 2040 
R-3 746 1041 3634 189 1323 
R-4 716 108 2340 539 1368 
R-5 2035 1965 1607 1549 1374 

 RDLIQ AIDAS AIPTS STSIP LCH-V 
R-0 20 32 44 12 40 
R-1 106 2 62 89 54 
R-2 0 2 49 297 118 
R-3 504 1444 33 239 34 
R-4 2569 1092 0 931 339 
R-5 1281 1183 1090 871 516 

 QIMYQ YHYAR TISST TRARH KSVKD 
R-0 50 29 55 41 10 
R-1 149 32 8 211 128 
R-2 943 0 924 850 0 
R-3 563 28 774 500 87 
R-4 3058 164 937 494 835 
R-5 456 436 391 92 68 
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Figure 6: Enrichment Graph of the Top 20 Variants from the NEG Control Screens 

of the API-P4P1’ Library.  

The abundance of the variants (at right) is shown, in number of deep sequencing reads, 

versus the round number of biopanning. This graph demonstrates the enrichment of the 

top 20 variants in the NEG condition from the 5th round of biopanning throughout the 

entire screening protocol. Even though API-DA and API-N both appeared in the top 20 

most abundant variants in the 5th round of screening, they were not substantially enriched 

over the 5 rounds of screening without the selective pressure of PR3. 
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Table 7: Consensus Motif in the Top 50 Most Abundant Variants in Round 5 

API-P4P1’ Library.  

The sequence motif AI - - S where the P4, P3 and P1’ residues are conserved to alanine, 

isoleucine and serine respectively appears in 27 variants out of the top 50 selected 

variants after 5 rounds of screening. 
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AIDAS NQATQ 
AIPMN TIRDE 
AISSS AMPIT 
AISTS AYNAS 
AINTS AIDAS 
AINAS TPLKP 
AIDLS AIDAS 
AISVS AIDAS 
RSYGC AIDAS 
ALTSS AIPMN 
AITTS QITAN 
SLTSG AIDAS 
MLDTT SRNTV 
TISST AIPVS 
AIPTS AIDAS 
AITTS  AITMS 
ANSVS AISLS 
SHHIT GVPAY 
AIELS AIDAS 
AIGAS PPTKN 
AIGAS AIDAS 
TVATT AIDAS 
AIETS GIDLA 
AIPTS HIRTF 
FMDSA RRVHD 
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5.4 Screening the Round 3 PR3-selected Candidates in Bacterial Lysates   

As was done in a previously published API biopanning study from our laboratory60, 

the entire API-encoding DNA population was mobilized after three rounds of PR3 

biopanning and transferred into a pBAD plasmid background. This is a plasmid directing 

soluble cytoplasmic expression of unfused API variants. Round 3 was selected over 

Round 5 (as in the analogous published approach) because of the abundance of API-DA 

in Round 5 phage and our desire to probe the functionality of other candidates as PR3 

inhibitors (see Figure 5).  

Prior to applying this technique to the current project, it was necessary to determine if 

PR3 could be substituted for thrombin in the previously published study, as the proteinase 

bound to microtiter plate wells, and remain competent for API binding in that setting. 

Two optimization reactions were therefore done. The results from the first test (Figure 7) 

indicated that immobilized PR3 bound more avidly to purified API proteins than to API 

contained in lysates. API-WT was expected to bind PR3 avidly and API-R was expected 

to bind PR3 less effectively.50,67 The optical density signal for immobilized purified API-

WT (1.0 ± 0.4, mean ± SD, n=4) was greater than that for purified API-R (0.20 ± 0.006, 

n=4) and both were higher than blank wells (0.010 ± 0.006, n=2); the difference between 

API-WT and API-R lysates was less substantial (0.051 ± 0.021 versus 0.027 ± 0.05, n=2). 

This test also included fXIa-coated wells as a positive control for this assay. Only API-R 

resulted in a substantial signal (1.28 ±0.097, n=1), as expected from previous studies 

(Figure 8).60 
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The results shown in Figure 7 were obtained with lysates from 1mL of bacterial 

culture. This amount was raised to 2mL in the experiment shown in Figure 9. This change 

in procedure produced a more substantial difference between API-WT lysates (0.15 ± 

0.01) and API-R lysates (0.08 ± 0.02) than the previous approach and was adopted for 

screening of unknown candidate lysates. 

Of the 32 screened colonies, 8 produced a positive signal indicating possible high 

binding of an API variant to PR3. All 8 were selected for Sanger sequencing. Three of the 

plasmids showed indeterminate results, whereas the remaining 5 produced the same 

sequence at the P4-P1’ RCL positions: GCT ATT CCG ATG AAT (AIPMN residues). 

This was the second most enriched variant in the API-P4P1’ phage library (Table 5 and 

Figure 5). It differs from WT at only position (P1’, S359N). This variant was therefore 

designated API-N. The data from the screens is shown in Figure 10. 
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Figure 7: Results of First Mass Lysate Optimization Test with PR3-Coated Wells.  

Lysates were made from bacteria contained in 1mL of cell culture. The lysates were 

added onto microtiter wells coated with 1µg/mL PR3. In addition to bacterial lysates, 2.5-

5µg/mL of purified API-DA and API-WT were also added. The Y-axis shows the mean 

optical densities at 450nm for all the samples. The mean of duplicate (n=2) 

determinations ± SEM is shown for each sample. 
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Figure 8: Results of First Mass Lysate Optimization Test with fXIa-Coated Wells.  

Lysates were made from bacteria contained in 1mL of cell culture. The lysates were 

added onto microtiter wells coated with 0.1µg/mL fXIa. In addition to bacterial lysates, 

5µg/mL of purified API-DA and API-WT were also added. The Y-axis shows the mean 

optical densities at 450nm for all the samples. The mean of duplicate (n=2) 

determinations ± SEM is shown for each sample. 

 



 72 

 

 

 

 

 

 

 

 

 

 

 

 

 

API-W
T Ly

sa
tes

API-R
 Ly

sa
tes

Empty 
Vec

tor

Purif
ied

 A
PI-D

A

Purif
ied

 A
PI-W

T
Blan

k
0.0

0.5

1.0

1.5

First Mass Lysate
Optimization Test - fXIa

O
D

45
0



 73 

Figure 9: Results of the Second Mass Lysate Optimization Test with PR3-Coated 

Wells.  

Lysates were made from bacteria contained in 2mL of cell culture. The lysates were 

added onto microtiter wells coated with 1µg/mL PR3. The Y-axis shows the mean optical 

densities at 450nm for all the samples. The mean of duplicate (n=2) determinations ± 

SEM is shown for each sample. 
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Figure 10: Mass Lysate Screening Results.  

The mean optical density at 450nm for each sample is shown on the Y-axis. The red bars 

indicate PR3-lysate binding “hits” that were then further analyzed because their optical 

densities were above the range of values for API-R. The yellow bar indicates API-WT 

lysates, green bar indicates API-R lysates, and blue bar indicate empty vector-

transformed cell lysates. All wells in this screen were coated with 1µg/mL PR3. The 

mean of duplicate (n=2) determinations ± SEM is shown for each colony and control. 
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5.5 Recombinant Histidine-Tagged and Glutathione-S-Transferase Fusion Protein 

Purification 

To assess the reactivity of the variant API proteins identified in the phage display and 

bacterial lysate screening experiments, it was necessary to express and purify them. An 

expression system similar to that previously published by our laboratory was 

employed46,68,69, in that API proteins were expressed as soluble proteins in the E. coli 

cytoplasm. They were expressed as GST fusion proteins to enhance yield and separated 

from the GST domain by cleavage at a human rhinovirus type 14 3C proteinase site 

(HRV3C Proteinase, Thermo Scientific). The API moiety contained an N-terminal 

hexahistidine tag for further purification after proteolytic elution from a glutathione-

sepharose resin. A schematic diagram of the pGEX-API plasmid containing those 

domains is shown in Figure 11. 

Elution fractions from the glutathione-sepharose and Ni-NTA columns from the 

purification of API-WT, API-DA and API-N were electrophoresed on 10% SDS-PAGE 

gels as shown in Figures 12, 13, and 14, respectively. E. coli BL21 cell cultures 

transformed with pGEX-API-(WT or DA or N) and induced with IPTG expressed an 

abundant polypeptide of 74 kDa. Most of this protein remained insoluble and was not 

mobilized into the cleared lysate following sonication and clarification. Elution of protein 

bound to the glutathione-sepharose column with HRV3C Proteinase released a 48 kDa 

protein with the expected mobility of hexahistidine-tagged API. Subsequent elution of the 

glutathione-sepharose column with glutathione released a small quantity of uncleaved 74 

kDa fusion protein, a larger quantity of 26 kDa protein (the expected mobility of GST) 



 78 

and a small quantity of 48 kDa protein. The latter was either API protein that remained 

associated with the column despite its liberation from GST residues, or GST-tagged 

HRV3C Proteinase (termed “Precision Protease” by its manufacturers), which 

coincidentally had the same mobility. The mobility of the presumptive API band (48 kDa) 

and presumptive GST band (26 kDa) was consistent with their being cleavage products of 

the presumptive GST-API band (74 kDa). The presumptive API polypeptide eluting from 

the Ni-NTA column was the only stained band in the preparation, and its identity was 

subsequently confirmed by immunoblotting and inhibitory activity. Expression and 

purification of all three API variants (WT, DA and N) resulted in similar concentrations 

of purified protein at approximately 1mg/mL. 
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Figure 11: Schematic Diagram of the pGEX-API Plasmid.  

In this figure, the GST-API open reading frame (ORF) is highlighted, with the GST 

protein being expressed at the N-terminus of the GST-API protein, followed by the 

hexahistidine-tag (specific sequence not shown) then the API protein. The AmpR gene 

ORF is also shown that codes for the antibiotic resistance protein within the bacteria, 

allowing the growth of E. coli on ampicillin-rich LB+agar plates. The lacl repressor gene, 

which inhibits the expression of lactases within the bacteria is also shown, with the origin 

of replication (ori) embedded between it and the AmpR gene segment. Finally, written on 

the outer border of the schematic are the restriction sites within the plasmid that cleave a 

single time.
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Figure 12: Purification of API-WT Expressed in E. coli BL21 Cells.  

A Coomassie Brilliant Blue-stained 10% SDS-acrylamide gel is shown. The samples 

were not loaded onto the gels in the temporal order of the purification scheme. Each 

sample was electrophoresed under reducing conditions. Aliquots of fractions generated 

during purification, identified above the lanes, are shown. The Cleared Lysate was loaded 

onto a glutathione-sepharose column, generating a Flow-Through (FT Lysate). Following 

washing (Wash, fifth lane from left), the glutathione-sepharose column was eluted by on-

column cleavage with HRV3C Proteinase to generate the Ni-NTA Input (tenth lane from 

left), flow-through (FT) and wash (Wash). The glutathione-sepharose column was eluted 

with 2mM glutathione and elution fractions 1, 3, and 5 were electrophoresed. The Ni-

NTA column was eluted with Imidazole buffer as indicated in Methods; fractions 1,3,5, 

and 7 are shown. Marker lanes contain PageRuler Protein Ladder (Thermo Scientific); the 

position of the 70, 50, and 30 kDa markers is identified on both lanes. 
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Figure 13: Purification of API-DA Expressed in E. coli BL21 Cells.  

A stained gel identical to that in Figure 12 is shown, except that API-DA rather than API-

WT was purified, and elution fractions 1-4 are shown both for the glutathione-sepharose 

column with glutathione (underlined lanes, at left) and the Ni-NTA agarose column 

(underlined lanes, at right).  
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Figure 14: Purification of API-N Expressed in E. coli BL21 Cells.  

A stained gel identical to that in Figure 12 is shown, except that API-N rather than API-

WT was purified. 
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5.6 Serpin-Proteinase 3 Gel-Based Complexing Assay 

Purified recombinant API proteins were reacted with purified PR3 for 5 minutes, at 

different molar ratios, and the reaction products were analyzed by SDS-PAGE (Figures 

15, API-WT and Figure 16, API-N). In both cases, at high serpin: proteinase ratios, 

reaction samples revealed a novel polypeptide not found in either recombinant API 

preparation or in that of PR3, of a mobility consistent with a size of 72 kDa. This 

polypeptide species was consistent with the anticipated size of covalently bonded PR3 

and API 1-358 (with API 359-394 C-terminal fragment separating on reducing SDS-

PAGE). Proteolytic digestion products migrating with a more rapid mobility than 

recombinant API were also observed; the major species in both API-WT and API-N 

reactions with PR3 was of approximately 44 kDa, consistent with its being API 1-358. 

Such a reaction product is consistent with API-WT and API-N serving in part as a 

substrate for PR3 cleavage and in part as an inhibitor.   

The gel-based complexing assays for API-N and API-WT showed the presence of 

presumptive API-PR3 complex bands of 72 kDa at all API to PR3 ratios (Figures 15 and 

16). The 10:1 and 5:1 API to PR3 reactions showed the presence of more intense 

presumptive complex bands compared to the 1.5:1 ratio reactions. However, the complex 

bands were very faint on a stained SDS-PAGE gel, suggesting that an immunoblot could 

serve as a more sensitive method to visualize the bands.  

In contrast to the complexing assay results for API-WT and API-N, reaction of 

recombinant API-DA yielded little or no stainable API-PR3 complexes; instead, the 

predominant reaction product at all ratios tested was cleaved API-DA, with a mobility 
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corresponding to the ~4 kDa reduction anticipated for separation of API-DA 359-394 

from the rest of the protein (Figure 17). 
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Figure 15: Reaction of API-WT and PR3 at Different Molar Ratios.  

A Coomassie Brilliant Blue-stained 10% SDS-PAGE gel is shown, with molecular mass 

markers at left. The red boxes highlight the presence of the presumptive API-WT-PR3 

complex band at around 72 kDa. 
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Figure 16: Reaction of API-N and PR3 at Different Molar Ratios.  

A Coomassie Brilliant Blue-stained 10% SDS-PAGE gel is shown, with molecular mass 

markers at left. The red boxes highlight the presence of the presumptive API-N-PR3 

complex band at around 72 kDa. 
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Figure 17: Reaction of API-DA and PR3 at Different Molar Ratios.  

A Coomassie Brilliant Blue-stained 10% SDS-PAGE gel is shown, with molecular mass 

markers at left. 
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5.7 Unsuccessful k2 determination using FRET Substrate 

Using a FRET substrate was not successful in measuring the k2 for the API-PR3 

interaction. With multiple trials of the method described in Section 4.14, none produced a 

linear curve to calculate the k2 of the reaction. Figure 18 shows the most “linear” curve 

produced from the API-WT+PR3 reaction at a 1:1 ratio. However, we could not 

reproduce or improve this trial, as seen in trials 2 and 3 (Figure 19). These results made 

us change our approach and rely on gel-based kinetic assays. 
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Figure 18: k2 Determination of the API-WT-PR3 Interaction using a FRET 

Substrate (Trial 1). 

The FRET substrate used in this experiment was Abz-Val-Ala-Asp-Nva-Arg-Asp-Arg-

Gln-EDDnp (Peptides International).
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Figure 19: k2 Determination of the API-WT-PR3 Interaction using a FRET 

Substrate (Trials 2 and 3).  

The FRET substrate used in these experiments was Abz-Val-Ala-Asp-Nva-Arg-Asp-Arg-

Gln-EDDnp (Peptides International).
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5.8 Determination of the Second Order Rate Constant for API-WT Inhibition of 

PR3 

Anti-API immunoblots were used to follow the formation of API-WT-PR3 complexes 

over time, in order to determine the k2 for the reaction (as shown in Figure 20). Note that 

the immunoreactivity of the 72 kDa presumptive API-WT-PR3 complex with specific 

anti-API antibodies, and its absence from either purified API-WT or PR3 preparations, 

confirmed its identity. The blots demonstrated an increase in complex formation over 

time. The band intensities were plotted against time (Figure 21) and the average k2* value 

of all 5 trials was calculated using a previously established method in our lab.60 The API-

WT+PR3 experiments yielded a k2* of 1.16x105 arbitrary intensity units-1s-1 ±0.53x105 

(±45%). As indicated by the units, this k2*, although proportional to the real k2, is not the 

true value, as it is based on arbitrary intensity units rather than molar concentrations of 

API. To obtain the true k2 value, the change in complex band intensity was calibrated 

with known molar concentrations of API (see Sections 4.16 and 5.10). 
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Figure 20: Immunoblots of API-WT+PR3 Gel-Based Kinetic Experiment. 

Trials 1-5, with trial 1 shown in the upper left panel, trial 2 in the upper right panel, trial 3 

in the middle left panel, trial 4 in the middle right panel, and trial 5 in the lower left panel.
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Figure 21: API-WT+PR3 Kinetic Analysis Plots. 

Gel-based kinetic analysis of API-WT and PR3 binding showing the progression of 

inhibitory complex formation between the two proteins over 5 minutes (trials 1-5). These 

graphs correspond to the immunoblots shown in Figure 18.



 104 

 

 

 

 

 

 

 

 

 

 

 

0 100 200 300 400
0

200

400

600

Time (sec)

Av
er

ag
e 

In
te

ns
ity

API-WT+PR3 Trial 1

Y = 0.6869*X - 21.88

R2 = 0.8390

0 100 200 300 400
0

200

400

600

Time (sec)

Av
er

ag
e 

In
te

ns
ity

API-WT+PR3 Trial 2

Y = 0.5025*X + 11.78

R2 = 0.9496

0 100 200 300 400
0

200

400

600

Time (sec)

Av
er

ag
e 

In
te

ns
ity

API-WT+PR3 Trial 3

Y = 1.683*X + 53.16

R2 = 0.9317

0 100 200 300 400
0

200

400

600

API-WT+Pr3 Trial 4

Time (sec)

Av
er

ag
e 

In
te

ns
ity Y = 1.483*X + 25.10

R2 = 0.9002

0 100 200 300 400
0

200

400

600

API-WT+PR3 Trial 5

Time (sec)

Av
er

ag
e 

In
te

ns
ity Y = 1.424*X + 62.60

R2 = 0.8809



 105 

 

5.9 Determination of the Second Order Rate Constant for API-N Inhibition of PR3 

The immunoblots of the API-N reactions with PR3 are shown in Figure 22. The blots 

demonstrated an increase in complex formation over time, similar to API-WT. The band 

intensities were plotted against time (Figure 23) and the average k2* value of all 5 trials 

was calculated, as mentioned earlier.60 The API-N+PR3 experiments yielded a k2* of 

1.10x105 arbitrary intensity units-1s-1 ±0.34x105 (±31%), which was not significantly 

different than API-WT (Table 8). The data was analyzed using an unpaired t-test and 

yielded a p-value of 0.8244 (see Sections 4.16 and 5.10 for complex band calibration). 
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Figure 22: Immunoblot of API-N+PR3 Gel-Based Kinetic Experiment. 

Trials 1-5, with trial 1 shown in the upper left panel, trial 2 in the upper right panel, trial 3 

in the middle left panel, trial 4 in the middle right panel, and trial 5 in the lower left panel.
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Figure 23: API-N+PR3 Kinetic Analysis Plots. 

Gel-based kinetic analysis of API-N and PR3 binding showing the progression of the 

complex formation between the two proteins over 5 minutes (trials 1-5). These graphs 

correspond to the immunoblots shown in Figure 20. 
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Table 8: k2* Values for API-WT and API-N.  

API-N yielded a second order rate constant that was not significantly different than API-

WT, with a p-value of 0.8244 (unpaired t-test). 
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Protein Variant 
k2*(105 arbitrary intensity 

units-1s-1) 

Significant Difference 

from API-WT 

API-WT 1.16 ±0.53  

API-N 1.10 ±0.34 Not Significant; p=0.8244 
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5.10 API-N-PR3 k2 Calibration Using Known Concentrations of API-N 

The calculated k2*, which was based on arbitrary band intensity units, needed to be 

calibrated with known concentrations of API to obtain the true k2 value. However, this 

was only done for the k2 of the API-N-PR3 interaction and not API-WT-PR3, due to 

COVID-19 closures. Figure 24 shows the API-N calibration immunoblot with decreasing 

concentrations of API-N from 2µM to 0.0625µM. Unlike prior immunoblots, the bands in 

this calibration test were quantified by measuring the bands’ volume, rather than their 

mid-line intensities. The API-N-PR3 complexing trials (Figure 22) were also re-

quantified using the volume method, to ensure consistency within the calibration. A 

standard curve was made from the calibration plot (Figure 25), which was then used to 

determine the concentrations of the API-N-PR3 complex bands.  

To calculate the k2 value, a previously described method60 was utilized. Per this 

method, a ln(P0/Pt) versus time curve was generated where P0 is the starting concentration 

of PR3 in the assay (1µM) and Pt is the remaining unreacted PR3 (Figure 26). The slope 

of the curve was then divided by the concentration of API (10µM) to calculate the k2 

value for each trial. All those values were then averaged to produce a mean k2 of 0.68x103 

M-1 s-1 ± 0.34x103 (±50%). 
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Figure 24: API-N Calibration Immunoblot.  

Purified recombinant API-N was loaded at decreasing concentrations starting with 2µM. 
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Figure 25: API-N Standard Curve of Densitometric Band Volume versus 

Concentration (µM). 

This standard curve was used to calibrate the gel-based kinetic analysis of the API-

N+PR3 reactions. 
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Figure 26: Example of Calibrated API-N+PR3 Gel-Based Kinetic Curve.  

This was the curve for the first trial, where P0 is the starting concentration of PR3 in the 

assay (1µM) and Pt is the remaining unreacted PR3. Other trials are not shown in this 

thesis. 
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6 Discussion 

The overall aim of this project was to explore a possible novel therapeutic approach 

for GPA, an autoimmune vasculitis whose pathology involves unregulated PR3. To do so, 

we chose to manipulate the endogenous PR3 inhibitor API, a member of the serpin 

superfamily. However, API is a better inhibitor of HNE than PR3 with k2 values of 

6.5x107 and 4.5x105 M-1s-1 respectively.50,51 Thus, we endeavored to engineer a novel API 

variant that was more specific and reactive with PR3, thus shifting API’s specificity away 

from HNE. To achieve this goal, we manipulated the RCL of API. This is the active site 

of the protein that contains the scissile bond P1-P1’, which is cleaved by target 

proteinases, triggering a massive conformational change leading to their inhibition. This 

approach was chosen based on the precedent set by the Pittsburgh mutation, in which the 

methionine at position 358 of the RCL was substituted with an arginine resulting in API-

R.45 This variant had a shift in target proteinase specificity from HNE to thrombin and 

fXIa resulting in a bleeding disorder in the child that first acquired this mutation.45 This 

case provided insight into the possibility of engineering other serpins to target specific 

proteinases. Our lab has had some previous success in this area, in studies in which a P7-

P3 hypervariable API M358R library was inserted into a phage display system, and 

screened to yield two novel mutants with 2-fold increases in k2 values for thrombin.60  

6.1 Results and Limitations of Phage Display 

This project utilized the same phage display approach, however, we randomized the 

P4-P1’ positions within the RCL of API, and used PR3 to screen or biopan this API-

P4P1’ phage library. As mentioned earlier, these 5 positions were chosen to be 
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randomized as they were previously shown to produce variants of SERPINB1 with 

improved specificities to PR3 over HNE.54 However, there was another consideration that 

also limited the number of codons in the RCL that could be randomized. This important 

factor was called the multiplicity, which was the number of times a different serpin 

possibility at the amino acid level was expressed in the biopanned phage.59 There were 64 

possibilities per codon that were generated by only 21 amino acids or stop outcomes, 

giving an average of ~3.05/64 possibilities. The biopanning protocol employed 109 

amplified phage. Therefore, randomizing five codons will give the following maximum 

theoretical multiplicity: 

103/(
3.05
64 )

' 	≈ 	245	 

Since the phage library used for biopanning had already been biologically 

amplified by infection of E. coli, each original packaged library member would have 100 

copies minimum, based on the manufacturer’s guidelines.59 This reduced the maximum 

multiplicity to ~2.45. The T7Select manufacturers recommended a multiplicity of 100 to 

ensure that rare variants were not missed in biopanning. However, our lab has shown that 

API libraries hypervariable from P7-P3 (five codons), P13-P8 (six codons, with P12 fixed 

as alanine), and P2-P3’ (five codons, with P1 fixed as arginine) resulted in decreased 

diversity and the identification of variants inhibiting the proteinase of interest being 

present in the Round 4 or 5 populations, despite the sub-optimal multiplicity. 59,60 Based 

on the evidence in the literature, and limitations to multiplicity, a maximum of 5 residues 

(P4-P1’) were randomized. The phage libraries were then biopanned a total of 5 

consecutive rounds, with each resulting library serving as the starting material for the next 
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round. The choice to perform 5 rounds of biopanning was made based on data from our 

group and others that showed this number was sufficient in producing a phage library 

with desirable properties and selective pressure.52,60 

 Another important aspect of phage library screening that researchers must 

consider is the depth of their library. That is to say, “is the library being screened 

representative of the total number of variants that could possibly exist within it?” Within 

this project, it became evident to us that our API-P4P1’ phage library screens did not 

probe all the possible variants that could be produced from randomizing 5 residues in the 

RCL. Theoretically, by randomizing 5 positions that could produce 21 amino acids in 

each of them, 4,084,101 API variants should be generated. However, when the plasmid 

library was inserted into the phage, tittered and deep-sequenced, only 7,495 (~0.002% of 

all possible variants) unique nucleic acid variants were expressed. This reduction in 

library depth could be a result of two limitations: the transformation efficiency of the 

competent E. coli cells initially used in the mass plasmid propagation of the library; and 

the deep-sequencing parameters that we employed. We used chemically competent E. coli 

DH5α cells. A more appropriate choice would have been to use electrocompetent strains 

that were better suited for large library transformations. Such cells have a high 

transformation efficiency of >1x1010 colony forming units (cfu)/µg compared to 

chemically competent cells that have a medium transformation efficiency of 1x108 

(cfu)/µg. Furthermore, when NGS was employed, we analyzed our samples on the same 

plate in parallel with samples from other labs, to minimize cost. The resulting number of 
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sequences reported comprised 1% of the total possible sequences on the plate, which also 

reduced the number of unique variants we ultimately considered.  

 Even though these limitations were present, we found compelling data that made 

us proceed to kinetically characterize the enriched API variants. After 5 rounds of 

biopanning, the API-P4P1’ phage library resulted in the enrichment of API-DA (API 

P357D/M358A), as seen in Figure 5. Moreover, this variant was the most abundant in the 

Round 5 screen of the API-P2P1 library, a previously made less hypervariable library that 

was used as a preliminary test for this project. API variants expressed on the surface of 

phage, exist in a fusion form with phage coat protein 10B, rather than a soluble one.59,60 

These fusion proteins may not exist in the correct orientation or conformation to bind 

with the target proteinases. Thus, we used the API-P2P1 phage library to ensure that PR3 

applied selective pressure to the phage, therefore allowing us to proceed to the larger 

library, API-P4P1’. The convergence of two independent screens towards API-DA, and 

its novelty within the literature, made it a protein of interest. Based on this data and time 

constraints, we chose to proceed with the expression, purification and characterization of 

the API-DA variant.  

6.2 Combining Phage Display with Bacterial Lysate Screening 

 To eliminate bias resulting from only selecting API-DA for further analysis, we 

performed a mass lysate screen that was developed within our lab.70 This screening 

technique was previously used to distinguish the thrombin-specific API-R from other 

non-inhibitory API variants in E. coli lysates containing soluble recombinant API. By 

using thrombin-coated microtiter wells, the investigators were able to detect the API-R 
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variant functionally, in a library that expressed API-R at a 1:99 ratio with non-inhibitory 

variants. This approach was then further employed to screen a library encoding 

hypervariable API with all possibilities at codons 352-358, which yielded novel 

thrombin-inhibitory variants. Another library expressing all possible codons at position 

347 was also probed using this modality and yielded the wild-type, 6 different functional 

variants, one partially active variant, and two variants with no thrombin-inhibitory 

activity.  

In this project, the 3rd round phage library lysates, comprising soluble forms of the 

variants selected within the phage-display screen, were expressed and screened against 

PR3. The Round 3 lysate was chosen over the Round 5 as the API-DA variant made up 

approximately 32% and 57% of each library, respectively. This choice allowed us to use a 

library of API variants that had been subjected to sufficient selective pressure, while 

reducing the possibility of saturating the mass lysate screen with API-DA. Furthermore, 

this approach allowed us to screen non-tethered API variants. As previously described, 

the employed phage expresses fusion forms of API, which may hinder the interaction of 

some variants with PR3. Although such variants were still selected through phage display, 

they may possess better binding qualities to PR3 in their soluble forms. Therefore, this 

assay provided us a phage display-independent approach to screen our library. This 

yielded another novel variant: API-N (API S359N), which was the second most enriched 

variant within the API-P4P1’ phage-display screen. Its selection within this screen over 

API-DA could be due to its expression as a soluble rather than a fusion protein, as 
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mentioned earlier. Its selection within two different screening techniques also made it a 

variant of interest for further analysis.  

6.3 What About Other Variants? 

Although the variants AISSS, AISTS and AINTS were the 3rd, 4th and 5th most 

abundant variants in Round 5 of the phage display screen, their abundance levels were 

much lower than those of API-DA and API-N. Their enrichment levels over the 5 rounds 

were also not as consistent as API-DA and API-N, as their abundance began to decrease 

after Round 3 of screening (Figure 5 and Table 3). Finally, none of these variants were 

selected by the mass lysate screen. For these reasons, coupled with the contrasting 

abundance and consistency of selection of API-DA and API-N, the variants AISSS, 

AISTS and AINTS were not considered for further analysis. 

6.4 Assessing the Rate of PR3 Inhibition by API 

To assess the rate of PR3 inhibition by API, first we performed serpin-proteinase gel-

based complexing assays. Due to the nature of the covalent linkage between serpins and 

their target proteinases, the serpin-proteinase complex could be visualized on an SDS-

PAGE gel. Based on these preliminary qualitative experiments, we observed complex 

formation between PR3 and recombinant API-WT and API-N, but not API-DA (Figures 

15-17). However, the lack of a visible complex on a gel did not definitively eliminate 

API-DA as a possible inhibitor. Thus, k2 determination experiments were done. At first, 

we chose to adapt the protocol used by Korkmaz et al. and Sinden et al. to calculate the k2 

of API-PR3 binding.66,67 Their approach employed PR3-specific FRET substrates, as 

Korkmaz et al. had shown that these substrates were more specific towards PR3 than 
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other commercial products (i.e. chromogenic substrates). However, this approach was not 

successful in producing linear plots to generate a second order rate constant. Even though 

we attempted to reproduce their design, not all reagents were the same. Both groups used 

PD-API-WT, which may have had higher activity than our recombinant API stock. Our 

FRET substrates also slightly differed, due to commercial availability. Sinden et al. used 

the FRET substrate Abz-Val-Ala-Asp-Nva-Ala-Asp-Arg-Gln-EDDnp, whereas we used 

Abz-Val-Ala-Asp-Nva-Arg-Asp-Arg-Gln-EDDnp.67 Their substrate had an alanine after 

the norvaline at the cleavage site, while ours had an arginine residue. Steps were then 

taken to adjust the experiment. Several trials were done by changing the molar ratio of 

API:PR3, where API was used in 5:1, 10:1 and 20:1 ratios. Furthermore, the absolute 

concentrations of the proteins were also varied. Although these attempts were made to 

optimize this approach, none of the trials yielded a linear plot over time to calculate a k2 

value. As a result, we chose to move on to gel-based kinetic analysis instead. 

With our new approach, we were able to produce immunoblots showing increasing 

complex formation over time. This observation allowed us to calculate k2* values for 

recombinant API-WT and API-N that were based on arbitrary band intensity units. We 

found that there was no significant difference between the k2* of API-WT and API-N. 

This finding was supported by the qualitative gel-based complexing assays, that showed 

no discernable differences between the complex formation of PR3 with API-WT and 

API-N. This k2* value was then calibrated for API-N with known concentrations of API-

N. However, the calibrated second order rate constant was not determined for API-WT 

due to COVID-19 closures. Therefore, our observations were drawn from the k2*. 
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Moreover, even though both API-WT and API-N bound to PR3 at the same rate, API-N 

could still be a viable candidate for a protein therapeutic agent if its specificity for HNE 

was reduced. However, kinetic analysis between API and HNE was not completed due to 

COVID-19 restrictions (see Section 7.2).  

6.5 Slower Rates of Inhibition by Recombinant His-Tagged API than Glycosylated 

Isoforms 

When determining the k2* of API-WT, we compared it to the reported k2 within the 

literature. Korkmaz et al. and Sindern et al. had reported k2 values of 4.5x105 and 9.2x105 

M-1s-1, respectively.50,67 We found that API-WT had a k2* of 1.16x105 arbitrary intensity 

units-1s-1. However, we realized that the apparent similarity in order of magnitude of k2* 

of API-N of 1.10x105 arbitrary intensity units -1s-1, compared to the published values 

above, was merely coincidental, with the true k2 being 0.68x103 M-1s-1 after calibration. If 

a proportional decrease in the k2* of API-WT was to be assumed (based on the 

aforementioned API-PR3 gel-based complexing assays), that would make our k2 value at 

least 2 orders of magnitude lower than the published data. This difference could be 

explained by the use of different assays between us and the other groups. Our approach of 

using gel-based analysis introduced more variability between trials than FRET-based 

analysis. This variability could have occurred during the transfer of gel-components to 

nitrocellulose membranes for immunoblotting. To ensure complete transfer, the SDS-

PAGE gels were stained with Coomassie Brilliant Blue dye and destained to ensure the 

disappearance of all bands. Another source of variability was the development of the 

immunoblots. Although steps were taken to ensure consistency, such as limiting 
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development times to 5 minutes maximum, some gels developed at a faster pace than 

others. This variability could have skewed our k2* values.  

Another major difference between our approach and that of the other two groups, was 

the use of recombinant protein expressed in an E. coli system. We used non-glycosylated 

hexahistidine-tagged API-WT protein (mass ~48 kDa), whereas the other groups used 

commercially procured PD-API-WT (mass ~52 kDa). Generally, glycans are important 

for protein folding, stability, flexibility and signaling. In API, it has been shown that 

glycosylated and non-glycosylated isoforms have different folding and refolding patterns 

in in vitro studies. Unfolding was slowed down by glycosylation without affecting the 

rate of refolding. Moreover, unglycosylated API was more prone to heat-induced 

deactivation compared to PD-API-WT.71 This finding indicates the importance of 

glycosylation to the stability of API. In addition, these glycans play an important role in 

preventing API polymerization, where reduced glycosylation could lead to increased 

polymerization rendering the protein inactive.72 

Finally, our recombinant API proteins had an N-terminal hexahistidine-tag for 

purification purposes. This tag was not cleaved post-purification. One study has found 

that histidine-tagged recombinant API variants had higher thermal stability than their 

non-tagged counterparts.73 This tag was also inserted at the N-terminus of the protein, 

away from the RCL. It was therefore unlikely that the histidine-tag interfered with 

binding of recombinant API to PR3, although this possibility cannot be excluded without 

further experimentation. 
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6.6 Observed and Theoretical Properties of API-DA and API-N 

Although k2 determination for API-DA binding to PR3 was not done due to COVID-

19 closures, there were some observed differences between it and API-N from other 

experiments. Serpin-proteinase gel-based complexing assays showed us that while API-N 

formed complex similarly to API-WT, API-DA had a higher tendency to act as a 

substrate than the other two variants, suggesting that it was not a good inhibitor of PR3. 

However, API-DA was still highly selected within both our API-P4P1’ and API-P2P1 

phage display libraries. This high selection could be in part due to the presence of an 

alanine at the P1 position. Fu et al. had demonstrated through phage display experiments 

that PR3 preferred sequences with alanine in the P1 position, whereas HNE preferred 

valine.52 They also found that PR3 slightly favoured sequences with serine in the P1’ 

position compared to HNE. Serine was the natural amino acid at the P1’ position in API, 

which was present in our API-DA variant. As mentioned in Section 1.7, amino acids 

upstream or downstream of the P1-P1’ cleavage site could also have effects on the 

specificities of PR3 and HNE. Since both API-N and API-DA had those residues 

conserved from API-WT, they would not provide an explanation to the differences 

between the two variants.  

However, Korkmaz et al. showed that there were differences in the charge-surface 

potentials of PR3 and HNE active sites.74 The S2 subsite in PR3 was positively charged 

due to the presence of a lysine residue, as opposed to a leucine residue within HNE. Thus, 

a negatively charged residue at the P2 position of the substrate was preferred by PR3, as 

seen in API-DA where in the P2 position was an aspartic acid residue. There are, 
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however, two caveats that need to be considered. First, this data was generated from short 

substrates of around 8-10 amino acids in length, whereas our experiments utilized full 

length API. Second, we made the assumption that the cleavage site (P1-P1’) remained at 

the same position and was not shifted within our variants. This assumption was made as 

the RCL environment around the assumed cleavage site was largely unchanged from 

wild-type. This assumption may not have been valid, with reference to the work done by 

Fu et al., who reported that the introduction of an arginine-glycine-glycine motif upstream 

of the cleavage site for HNE, shifted the P1-P1’ site by 5 positions. It should be noted 

however, we found a consensus motif of AP - - S where the P4, P3 and P1’ positions were 

conserved to alanine, isoleucine and serine, respectively, in our selected API-P4P1’ 

library. This finding suggests that API’s specificity to PR3 could be driven by the P2 and 

P1 residues, which complements the aforementioned studies where the profile of the P2 

residue must match that of the PR3 S2 subsite, and the profile of the P1 residue must also 

be conducive to scissile bond cleavage. 

Although COVID-19 closures prevented further experimentation with API-DA, 

independent confirmation that it could bind PR3 was provided by preliminary 

experiments in the bacterial lysate assay (Figure 7), in which it was demonstrated that 

API-DA bound PR3 more avidly than API-R but not as avidly as API-WT. This 

observation suggests several possible interpretations as to why API-DA was so 

vigorously selected in the phage display system, while not demonstrating vigorous 

complex formation with PR3 in gel-based assays. Firstly, complex formation could have 

been favoured in the context of the coat protein-API fusion protein to a greater extent 
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than in soluble form. Secondly, the prolonged reaction times and high affinity, biotin-

assisted capture in the phage system could have facilitated the formation of covalently 

linked PR3-API complexes, even if API-DA is more suited to act as a substrate than an 

inhibitor in the known branched reaction pathway. Finally, it is possible that API-DA 

acted as a canonical or traditional “lock and key”, rather than serpin-type inhibitor, to a 

greater extent than other variants, and could have formed a high affinity non-covalent 

complex with PR3 without reactive centre cleavage, or prior to it, in a stabilized 

encounter complex. 

API-N, on the other hand, was largely unchanged from API-WT, as only the P1’ 

residue was changed from a serine to an asparagine. Both these amino acids have polar 

uncharged side chains. There is no data in the literature that suggests this single mutation 

could have an impact on the specificities of either PR3 or HNE. To answer this question 

definitively, additional kinetic characterization of the API-N-HNE reaction needs to be 

done. It was clearly apparent, however, from the data that was generated that API-N 

behaved much more like API-WT with respect to covalent complex formation with PR3 

than did API-DA.  

Based on the evidence in the literature, API-DA may be more specific to PR3 than 

HNE (although this cannot be confirmed without performing k2 determinations for the 

reactions between HNE and our two variants), compared to API-N. This speculative 

possibility was supported by API-DA’s higher enrichment within our phage display 

experiments. However, serpin-proteinase gel-based complexing data suggested that API-

DA was not a good inhibitor of PR3, as it acted as a substrate to the proteinase.  
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7 Conclusions and Future Directions 

7.1 Conclusions 

Within this project, we were able to demonstrate that PR3 was a viable “bait” 

proteinase within our phage display system, which allowed us to screen two 

hypervariable libraries of API (API-P2P1 and API-P4P1’). The libraries’ diversity 

decreased over the 5 rounds of biopanning, yielding two enriched variants: API-DA and 

API-N, with the latter being further selected within a bacterial mass lysate screen. We 

were able to express variants within an E. coli expression system and produce purified 

soluble forms of those proteins. Although our kinetic characterization experiments were 

cut short due to the COVID-19 pandemic, we were able to demonstrate some inhibitory 

activity for these variants. We found that API-N and not API-DA formed inhibitory 

complexes with PR3 on SDS-PAGE gels, and that API-N had a similar k2 value to 

recombinant API-WT.  

7.2 Experiments Cut Short by COVID-19 

The following experiments were planned to complete this master’s project; however, 

we were unable to perform them due to laboratory restrictions as a result of the COVID-

19 pandemic. First, we planned to determine the second order rate constant value for the 

binding of PR3 with API-DA, and HNE with API-WT, API-DA and API-N. These 

experiments would have allowed us to more accurately conclude which of the two novel 

variants was a better inhibitor of PR3 compared to HNE. Second, the gel-based kinetic 

analysis experiments of API-WT and API-DA were also to be calibrated with known 

concentrations of API, as was done for API-N. Finally, the experiments done using 
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recombinant API-WT were going to be repeated using PD-API-WT. The goal of these 

experiments was to determine if the size and glycosylation profile of API-WT could have 

an effect on its binding to PR3. This could have provided an explanation to the 

differences between our k2 values and those published within the literature for wild-type 

API-PR3 reactions. 

7.3 Future Directions  

Future experiments could be designed to engineer API to more specifically inhibit 

PR3 using different approaches. Some of the API peptide sequences that have been found 

to have a high specificity towards PR3 could be inserted into the RCL of API and then 

kinetically characterized, such as the sequences VLLVSEVL and GLLVSGL, in which 

the predicted the cleavage site would be between the valine and serine.52 The aim of such 

a study would be to ensure that these sequences would be viable in the larger context of 

an entire RCL, as the upstream and downstream environment of cleavage sites play a part 

in the serpin’s binding to its target. Another possible manipulation would be to insert only 

the cleavage sites of those peptides into API’s RCL, while also introducing aromatic 

residues upstream of the scissile bond, as seen in WWVAVS (P5-P1’) which was highly 

selected by PR3 in a phage display screen.52  

The aforementioned approaches are phage display-independent, however, future 

experiments could also enhance the screens done within this project. This includes a 

negative screen of the API-P4P1’ library using HNE. If a variant was highly selected 

within both this screen and that with PR3, then it would be eliminated as a viable 

inhibitor, thus, providing more insight into identifying novel inhibitors of PR3. This 
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approach could be done separately from a PR3 screen, or it could be combined, by using 

negative selection to deplete libraries of HNE-reactive API variants and positive selection 

to enrich for PR3-reactive candidates. However, this approach remains API-dependent. 

Other API-independent approaches to inhibiting PR3 could also be explored. For 

instance, a library of recombinant antibody single chain variable fragments (ScFv) against 

PR3 could be expressed in a phage display system and probed with the same proteinase. 

Enriched candidates could then be further characterized through flow cytometry and 

kinetic analyses.75 Such fragments have been previously identified against PR3, but not in 

an inhibitory capacity.76 Furthermore, using ScFv over full-length recombinant protein 

has a few advantages. These include a reduced immunogenicity, lower retention time in 

non-target tissue, and these small fragments could also be coupled with other drugs to 

improve administration and inhibition of targets.77  
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